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FOREWORD 

Public concern about food safety has never been greater. In part this is due to the ever increasing demand 
from consumers for higher and higher standards. But new food-borne pathogens like E. coli 0157 have 
emerged in recent years to become important public health problems, and changes in production and 
manufacturing sometimes reopen doors of opportunity for old ones. A powerful reminder that food scientists 
have much unfinished business to attend to is provided by the succession of food scares that generate strong 
stories for the media. 

Experience tells us that science must underpin all approaches to food safety, whether through the application 
and implementation of well-tried approaches or the development of new or improved methods. Microbiologists 
have had a central role in this since the high quality work of pioneers like van Ermengem on botulism and 
Gaffky on typhoid more than a century ago. The large amount of important data that has accumulated since 
then joins with the current rapid rates of technological and scientific advance to make the need for a structured 
and authoritative source of information a very pressing one. It is provided by this encyclopedia. 

These are exciting times for food microbiologists. Expectations are high that as scientists we will soon 
provide answers to the many problems still posed by microbes - from spoilage to  food poisoning. Approaches 
like HACCP are making everyone think hard about how best to apply the data we have to  develop better 
ways for reducing and eliminating food-borne pathogens. The pace of scientific developments continues to 
accelerate and more and better methods are available for the detection and enumeration of microbes than 
ever before. The microbes themselves continue to evolve and so present moving targets. The solid foundation 
presented by the mass of information in this encyclopedia provides the launching pad and guide for meeting 
these challenges. 

It could be said that a penalty of working in food microbiology is that because the subject is broad-ranging, 
mature and dynamic, its practitioners, teachers and students have to know about many things in breadth and 
depth. For most of us, of course, this is not a penalty but an attractive bonus because of its intellectual 
challenge. I am particularly pleased to be associated with the encyclopedia because it will help us all to meet 
this test with confidence. I wish it every success. 

Professor H Pennington 
Department of Medical Microbiology 

University of Aberdeen 



INTRODUCTION 

The advent of antibiotics gave the general public, and many professional microbiologists as well, the feeling 
that bacterial diseases were under control, and the elimination of smallpox and the control of polio suggested 
that even viruses posed few problems. However, this complacency has received a nasty jolt over the last 
decade, and the emergence of HIV and multiple-drug-resistant strains of bacteria has become a major concern 
for the medical profession. The food industry has been similarly shaken by the appearance of new, and 
potentially fatal, strains of Escherichia coli, a species that for over 100 years was regarded as little more than 
a nuisance. Equally unexpected was the devastating impact of BSE, and fresh reports of the activities of so- 
called ‘emerging food-borne pathogens’ are appearing with alarming regularity. 

In some cases, it has been possible to understand, with the advantages of hindsight, why a particular species 
of bacterium, fungus or protozoan has become a major risk to human health while, on other occasions, the 
vagaries of nature have left the ‘experts’ totally bemused. However, even in these latter situations, control 
over the threat posed to food supplies has to be instituted, but the ability of the food industry, in conjunction 
with Public Health and other bodies, to develop effective responses can only be as good as the scientific 
knowledge available. In the case of food microbiology, this background has to be derived from a wide range 
of sources. Thus, agricultural practices may alter the biochemistry of a crop and, perhaps, its microflora as 
well; the microflora of any given foodstuff and/or processing facility will have specific characteristics that 
need to be understood before control is possible; techniques must be available to monitor a retail food for 
microorganisms that would pose a risk to the consumer. As the procedures necessary to monitor these various 
facets become ever more sophisticated, so fewer microbiologists can claim total competence, and the need for 
a specialist source of outside knowledge increases. 

It is this latter need that the Encyclopedia of Food Microbiology seeks to satisfy for, within this work, a 
busy microbiologist can find details of all the important genera of food-borne bacteria and fungi, how the 
same genera may react in different foods and under different environmental conditions, and how to detect 
the growth and/or metabolism of the same organisms in foods using classical o r  modern techniques. In order 
to place this information into a broader context, the reader can explore the latest advice concerning food 
standards/specifications, or the role of monitoring systems like HACCP in achieving product targets for 
specific microorganisms; potential concerns over viruses and protozoa are also evaluated in the light of current 
knowledge. Readers interested in fermented foods will find the pertinent information in a similarly accessible 
form; indeed, purchasers of the print version of the encyclopedia will be entitled to register for access to the 
on-line version as well. This form allows the user the benefit of extensive hypertext linking and advanced 
search tools, adding value to the encyclopedia as a reference source, teaching aid and text for general interest. 

It is inevitable, of course, that short articles written to a tight deadline may have omissions, but it is to be 
hoped that such faults are minimal and, in any event, more than compensated for through the careful selections 
of further reading. If this optimism is justified, then the major credit rests with the authors of each article. 
They are all recognized as experts in their fields, and their willing participation has been much appreciated 
by the editors. The role of the Editorial Advisory Board merits a special mention as well, for their constructive 



xii Introduction 

criticisms of the list of articles, their suggestions for authors and their expert refereeing of the manuscripts 
has provided a solid foundation for the entire enterprise. 

However, the finest manuscripts are of little value to the scientific community until they have been published, 
and the editorial team at Academic Press - Carey Chapman (Editor-in-Chief), Tina Holland (Associate Editor), 
Nick Fallon (Commissioning Editor), Laura O’Neill (Editorial Assistant), Tamsin Cousins (Production Project 
Manager), Richard Willis (Freelance Project Manager), Emma Parkinson (Electronic Publishing Developer), 
Peter Lord (Publishing Services Manager), Emma Krikler (Picture Researcher) - have been outstanding in 
their support of the project. Obviously, each member of the team has made an  important contribution, but it 
must be recorded that the role of Tina Holland has been absolutely invaluable. Thus, not only has Tina co- 
ordinated the numerous inputs from the editors, referees and authors, but even found time to help the editors 
with the location of authors; the editors acknowledge this unstinting assistance with much gratitude. 

R.K. Robinson, C.A. Batt, P.D. Pate1 
Editors 



PREFACE 

Although food microbiology and food safety have, in recent times, become major concerns for governments 
around the world, equally importts the fact that, without yeasts and bacteria, popular meals like bread 
and cheese would not exist. Consequently, a knowledge of the relationship between foodstuffs and the 
activities of bacteria, yeasts and mycelial fungi has become a top priority for everyone associated with food 
and its production. Farmers have concerns related to produce harvesting and storage, food processors have 
to generate wholesome retail products that are both free from pathogenic organisms and have a satisfactory 
shelf life and, last but not least, food handlers and consumers need to be aware of the procedures necessary 
to ensure that food is safely prepared and stored. 

In order for these disparate groups to operate successfully, accurate and objective information about the 
microbiology of foods is essential, and this encyclopedia seeks to provide a source of such information. In 
some areas, introductory articles are provided to guide readers who may be less familiar with the subject but, 
in general, superficiality has been avoided. Thus, the coverage has been developed to include details of all the 
important groups of bacteria, fungi, viruses and parasites, the various methods that can be employed for their 
detection in foods, the factors that govern the behaviour of the same organisms, together with an analysis of 
likely outcomes of microbial growth/metabolism in terms of disease and/or spoilage. A further series of articles 
describes the contribution of microorganisms to industrial fermentations, to traditional food fermentations 
from the Middle or Far East, as well as during the production of the fermented foods like bread, cheese or 
yoghurt that are so familiar in industrialized societies. The division of these topics into 358 articles of 
approximately 4000 words, has meant that the contributing authors have been able to handle their specialist 
subject(s) in real depth. 

Obviously, another group of editors might have approached the project in a different manner, but we feel 
confident that this encyclopedia will provide readers at all levels of expertise with the data being sought. A 
point enhanced, perhaps, by the inclusion at the end of each article of a list for further reading, comprising a 
selection of review articles and key research papers that should encourage further exploration of any selected 
topic. If this confidence is borne out in practice, then the efforts of the contributors, the members of the 
Editorial Board and the editorial team from Academic Press will be well rewarded, for raising the scientific 
profile of food microbiology is long overdue. 

R.K. Robinson, C.A. Batt, P.D. Patel 
Editors 
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I Accreditation Schemes see Laboratory Management: Accreditation Schemes. 

ACETOBACTER 
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Acetic acid bacteria have been used for making 
vinegar, their best-known product, since Babylonian 
times. For most of this time, vinegar was obtained by 
fermentation from alcoholic solutions without under- 
standing of the natural process. A number of research- 
ers established the microbial basis of this process 
in the beginning of the nineteenth century, such as 
Kiitzing, Lafare and Boerhaave. In 1822 Persoon per- 
formed the first biological study of surface films of 
wine and beer and proposed the name Mycoderma. 
Later Kiitzing (1837) isolated bacteria from naturally 
fermented vinegar for the first time. Considering them 
to be a kind of algae, he named them Ulvina aceti. 
Pasteur established the causal connection between the 
presence of Mycoderma aceti and vinegar formation 
in the first systematic studies on acetic acid fer- 
mentation. These discoveries and following studies 
resulted in better understanding and new methods 
(Pasteur method) of vinegar formation. 

Characteristics of the Genus Acetobacter 

The classification of protobacteria by DNA-rRNA 
hybridization studies places acetic acid bacteria in the 
rRNA superfamily IV (synonymous: alpha group). 
Acetic acid bacteria, formerly classified into the family 
Pseudomonadaceae, constitute the family Aceto- 
bacteraceae consisting of only two closely related 
genera, Acetobacter and Gluconobacter, each of 
which is a separate rRNA branch. The family Aceto- 
bacteraceae represents strictly aerobic chemo- 
organotrophic bacteria, able to carry out a great 
variety of incomplete oxidations and living in or on 
plant materials, such as fruits and flowers. Some 
members of this family are plant pathogens. None 
display any pathogenic effect toward mammals, 
including humans. 

Based on physiological criteria the present nomen- 

clature of the genus Acetobacter subdivides it into 
four species: A. aceti, A. liquefaciens, A. pasteurianus 
and A. hansenii. DNA-rRNA hybridization studies 
indicate the presence of three additional species: A. 
diazotrophicus, A. methanolicus and A. xylinum. 
Based on DNA-DNA hybridization a new species, A. 
europaeus, has been proposed; strains of this species 
show very low similarity to other species of the genus. 

Acetobacter are Gram-negative rods. Old cells may 
become Gram-variable. Cells appear singly, in pairs, 
or in chains and they are motile by peritrichous flagella 
or non-motile. There is no endospore formation. 

Acetobacter spp. are obligate aerobes except for A. 
diaztrophicus and A. nitrocaptans which belong to the 
diverse group of free-living aerobic or microaerophilic 
diazotrophs. 

The metabolism is respiratory and never fer- 
mentative. Single amino acids do not serve as sole 
source of nitrogen and carbon. Essential amino acids 
are not known. Depending on growth substrates, 
some strains may require p-aminobenzoic acid, niacin, 
thiamin, or pantothenic acid as growth factors. The 
temperature range is 5-42°C with optima between 25 
and 30°C. 

Acetobacter strains show a moderate to high acid 
tolerance. The pH range is between pH 4 and pH 7, 
with optima between pH 5.4 and pH 6.3. Strains used 
in making vinegar are more resistant toward acidic 
pH. The minimum accepted by A. acidophilus is 
pH2.6. The maximum is pH4.2.  The internal pH 
closely follows the external (A. aceti). At or below 
pH 5.0 the membrane potential of a cell is normally 
uncoupled, resulting in free proton exchange across 
the cytoplasmic membrane, thus depriving ATP syn- 
thesis of its driving force. However, the formation of 
acetic acid (or other acids) proceeds via membrane- 
bound dehydrogenases. These processes are closely 
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connected to irreversible ATP-yielding reactions, suf- 
ficient to keep the energy metabolism alive. In A. aceti, 
a gene encoding citrate synthase is involved in acetic 
acid tolerance. This enzyme is assumed to play a 
central role in supplying sufficient ATP to protect the 
cell against accumulation of acetic acid. 

Ethanol concentrations higher than 8% and 10% 
inhibit strains A. aceti and A. xylinum, respectively. 
Some strains, for example spoilers of sakC, tolerate a 
higher ethanol content. In general, the ethanol tol- 
erance in Acetobacter is higher than in Gluconobacter. 

The high direct oxidative capacity for sugars, alco- 
hols and steroids is a special feature of Acetobacter. 
This ability is used in vinegar fermentation, food 
processing, chemical synthesis, and even in enantio- 
selective oxidations, for example with A. past- 
eurianus. Examples of other reactions are the 
formation of 2,5-dioxogluconic acid by A. mel- 
anogenum and A. carinus, the oxidations of ethane- 
diol to glycolic acid, of lactate to acetoin, of glycerol 
to dihydroxyacetone, for example polyols in which 
two secondary cis-arranged hydroxyl groups in D- 
configuration may be oxidized to ketoses. Two strains, 
A. rancens and A. peroxidans, are reported to oxidize 
n-alkanes, mainly by monoterminal attack yielding 
the corresponding fatty alcohols and fatty acids. 

Acetobacter are equipped with two sets of enzymes, 
catalysing the same oxidation reactions. Enzymes in 
the first set are bound in the cytoplasmic membrane, 
the active site facing the periplasm. Enzymes in the 
second set are located in the cytoplasm and are 
NADP-dependent. The latter enzymes display neutral 
or alkaline pH optima. Membrane-bound enzymes 
show acidic optima. The high oxidative capacity of 
Acetobacter is attributed to membrane-bound pro- 
teins such as alcohol dehydrogenase, aldehyde 
dehydrogenase, glucose dehydrogenase and sorbitol 
dehydrogenase. The specific activities of these 
enzymes are up to three orders of magnitude higher 
than those of their cytoplasmic counterparts. Most 
membrane-bound enzymes share the prosthetic group 
pyrroloquinoline quinone (PQQ; Fig. 1). The sub- 
strates do not need to be transported into the cell for 
oxidation. Electrons generated are transferred by the 
reduced form of PQQ either directly to a ubiquinone 
( Q S )  of the respiratory chain or via a cytochrome 

COOH 
I 

HOOC 

0 

Figure 1 Structure of pyrroloquinoline quinone (PQQ). 

c (subunit of some alcohol dehydrogenases) to the 
terminal ubiquinol oxidase which is either cyto- 
chrome al  or cytochrome 0. Energy is gained by these 
oxidations but they are not contributing to carbon 
metabolism. For instance, the oxidation of one mole 
ethanol to one mole acetic acid yields six moles of 
ATP. It is assumed that these systems function as 
ancillary energy-generating pathways when the 
energy demand of the cell is high. Nz-fixing cells of 
A. diazotrophicus contain three-times higher enzyme 
levels of quinoprotein glucose dehydrogenase than 
under non-N2-fixing conditions. Flavin (FAD) is an 
additional covalently bound prosthetic group present 
in the membrane-bound gluconate dehydrogenase. It 
is also linked directly to the respiratory chain. 

For intracellular sugar metabolism, Acetobacter 
possesses the hexose monophosphate pathway and a 
complete tricarboxylic acid cycle. Glycolysis is absent 
or rudimentary. In A. xylinum sugar metabolism pro- 
ceeds (as in Gluconobacter) via the Entner-Doudoroff 
pathway. 

In addition to the typical growth substrates, such 
as sugars or ethanol, A. methanolicus also accepts 
methanol. The major assimilatory pathway of this 
facultative methylotrophic bacterium proceeds via the 
ribulose monophosphate cycle. In contrast, most of 
the Gram-negative methanol-utilizing bacteria that 
contain the ribulose monophosphate cycle are obli- 
gate methylotrophs. 

Some Acetobacter species, e.g. A.  xylinum, syn- 
thesize bacterial cellulose. The fibres may be regarded 
as part of the glycocalyx and serve to maintain these 
highly aerobic organisms at the liquid-air interface. 
This exopolysaccharide, (f3-glul+4P-glu)n, is ex- 
creted into the medium and then rapidly aggregates 
as microfibrils yielding a surface pellicle. Bacterial 
cellulose is produced either in static cultures, or in 
submerged, fed-batch cultures with low share con- 
ditions. Yields up to 28 g 1-' of dry polysaccharide 
may be obtained after selection of high yielding 
strains. The product, cellulose I form, is very pure. 
It does not contain hemicelluloses, lignins or pectic 
substances, and is therefore used mainly in medicine 
as wound dressings for patients with burns, extended 
loss of tissue, etc. 

The majority of Acetobacter species have 1-8 plas- 
mids varying in size from 1.5 to 95 kb. Isolates from 
some German submerse vinegar processes have 3-1 1 
plasmids, isolates from surface fermentation processes 
3-7 plasmids (2-70 kb). Plasmid profile analysis has 
become a powerful tool for controlling homogeneity, 
stability, identity etc. of the microbial populations in 
production processes. However, many strains used 
industrially are highly variable, changing their pheno- 
typic and other properties in just a few generations. 
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This phenomenon could not be correlated with 
plasmid profiles. Acetobacter contains four ribosomal 
RNA operons on the chromosome. 

Recombinant DNA techniques have been adapted 
to Acetobacter. Host-vector systems and trans- 
formation methods have been developed. Trans- 
formation systems are available for A. aceti and A. 
xylinum. For instance, bacteriophages specific for 
Acetobacter lead to a complete stop of submerged 
fermentation. Morphologically different phage types 
are described which were isolated from vinegar fer- 
mentations in Europe. They belong to the Bradley's 
group A and to the Myoviridae. The high number of 
phages in disturbed acetic acid fermentations suggests 
their responsibility for production problems. 

The classical, well known and well-studied, niches 
of Acetobacter are in making vinegar and spoilage of 
beer and wine (see below). Acetobacter spp. were 
originally associated with plants and soils. Preferred 
habitats, such as fruits and flowers, are rich in sugars, 
alcohols and/or acids. Fermenting fruits, in particular, 
are excellent sources of sugar and ethanol. Various 
Acetobacter spp. have been isolated from apricots, 
almonds, beets, bananas, figs, guavas, grapes, man- 
darins, mangoes, oranges, pomegranates, pears, 
peaches, persimmons, pineapples, plums, strawberries 
and tomatoes. A. aceti, A. xylinum and A. past- 
eurianus were predominantly associated with ripe 
grapes. Local priorities have been found: A. past- 
eurianus accounted for 75% of the strains in isolates 
from Southern France. Especially high numbers were 
found on damaged grapes. Acetobacter spp. have been 
isolated from the immature spadix of the palm tree. 
A. xylinum was present on the leaflets of the palm 
tree and in the surrounding air. Acidic acid bacteria, 
such as A. aceti and A. pasteurianus, hibernate in 
dried and injured apples and in spring they are able 
to spread to flowers. The nitrogen fixing A. diazo- 
trophicus has settled the stem and roots of sugarcane 
in Brazil. Different Acetobacter spp. have been isol- 
ated from cocoa bean flora. Acetobacter is the causal 
agent of bacterial rot in pears and apples, resulting in 
different shades of browning and tissue degradation. 
Pears are more susceptible to  bacterial brown rot. 
Acetobacter spp. have been isolated from decaying 
apple tissue and from the larvae and adults of apple 
maggots. Artificial inoculation of 100 cells may 
induce apple brown rot. Although the optimum tem- 
perature is about 25"C, rotting also proceeds at 4°C. 
The pink disease of pineapple fruit is caused by A. 
liquefaciens. Through the open flowers the bacterium 
enters the internal nectary and placental regions, 
invades the ovaries and starts to grow in the ripening 
tissue. The dilution of nectar by rain during flowering 

is a prerequisite, because undiluted nectar is not a 
growth substrate. 

Methods of Detection 

Strains of both Acetobacter and Gluconobacter are 
present in the same habitat. Members of the latter 
genus are normally co-isolated. For routine isolation 
of Acetobacter from natural or artificial habitats, 
culture media of low pH, containing 2-4% ethanol 
as energy source, are recommended. Aerobic growth 
is optimal between 25°C and 30°C. As low cell counts 
are expected, enrichment cultures become necessary. 
For such purposes beer has been recommended. 
However, preservatives added to the beer may limit 
success. Many specific enrichment cultures adapted 
to individual sources are described in older literature. 

Yeast water-glucose medium is recommended for 
isolation and purification. It contains yeast water 
(supernatant of autoclaved bakers' or brewers' yeast, 
200 g I-'), and glucose (20 g I-'), p H  5.5-6.0. This 
composition is also very useful for the enrichment of 
solid media (agar concentration: 15-30 g I-'). 

Wort medium comprises malt powder diluted with 
tap water to 8% soluble solids; for solid medium the 
pH should be 5.5-6. 

Peptone glucose agar comprises bacto-peptone or 
bacto-tryptone ( 5  g I-'), glucose (20 g I-'), primary 
potassium phosphate (1 g I-') in tap water; agar con- 
centration: 15-20 gl-'. 

To enhance the growth of some strains, the addition 
of yeast extract (3-Sg1-') may be useful. Further 
enhancement may be achieved by the addition of 
100ml of filtered and freshly prepared tomato juice 
to 1 litre of culture medium. 

An isolation procedure to  differentiate between A. 
pasteurianus, A. aceti and Gluconobacter oxydans 
has been developed by Frateur, which uses three to 
five different culture media for each species. It includes 
enrichment in liquid media (30°C) and subsequent 
agar plating. 

Isolation of production strains from vinegar tends 
to be difficult due to the strains being highly adapted 
to the production conditions (see below). A mixture 
(4  ml) of vinegar to be tested and pasteurized vinegar 
is added to tubes with 15ml of solid medium (yeast 
water, 100 g I-' glucose, 30 g I-' CaC03, 20 g IF' agar). 
Bacterial growth proceeds in the interphase. Alter- 
natively, yeast extract-calcium lactate agar or wort 
agar containing 1.5% ethanol or 5gl-l  yeast extract, 
and 25 g I-' agar may be used. 

Acetobacter settling on flowers or fruits may be 
efficiently enriched in a broth containing 50 g I-' 
glucose, 10 g IF' yeast extract, and 0.1 mg I-' cyclohe--- 
imide at 30°C. The ring or pellicle formed after 2-8 
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days is plated out on a solid medium which may 
also servc for further purification of the acid-forming 
colonies: 50 g I-' glucose, 10 g IF' yeast extract, 30 g I-' 
CaC03  and 25 g IF1 agar. 

In cider making, various culture media are re- 
commended for successful isolation of acetic acid bac- 
teria from orchard soil, apples, pomace, juice, 
fermenting juice, cider or from the factory equipment. 
The media are based on apple juice-yeast extract 
made from apple juice with low tannin content, 
pH4.8 and 3Ogl-l agar. The addition of 0.1 mgl-' 
actidione is recommended to suppress yeasts and 
moulds. Incubation is carried out at 28°C for 3-5 
days. Alternatively, a broth composed of 500ml of 
sweet cider, 500 ml deionized water, 12 g I-' yeast 
extract, and 2 g (NH4)#04 (pH 5), yields good results. 

Strains of A. diazotrophicus can be isolated by 
stepwise enrichment in different media, including 
semisolid ones. Acetobacter strains may be held in or 
on a variety of media, such as beer (without pre- 
servation agents) or wort. Recommended con- 
servation media are summarized in Table 1. Optimum 
growth is obtained at  25-30°C. Agar cultures should 
be kept at 4°C and transferred monthly. Most strains 
stay alive lyophilized for several years and some for 
longer than 10 years. 

Phenotypic identification of Acetobacteraceae is 
based on general properties which are partially shared 
with Gluconobacter and some members of the genus 
Frateuria (superfamily I1 syn. gamma subclass). One 
of the properties used to further identify Acetobacter 
is the oxidation of acetate and lactate to COZ and 
HzO (overoxidation) at neutral and acidic pH. This 
is detected on medium composed of ethanol ( 3 % ) ,  
C a C 0 3  (20 g I-'), and agar (20 g I-'). The appearance 
of acetic acid reveals clear zones around the colonies 
and overoxidation results in (re-)precipitation of 
CaC03.  Alternatively, bromcresol green (0.022 g I-') 
may be added to a medium composed of yeast extract 
(30gl-'),  ethanol (2%) and agar (2OgI-I). The colour 
shifts from green to yellow as acid is formed. Overox- 
idation results in a change of the indicator to blue. 

Bacteria belonging to Acetobacteraceae may be 
Gram-negative or Gram-variable (namely older cells), 
are strictly aerobic and oxidize ethanol to acetic acid 
in neutral or acidic media. Cells are ellipsoidal t o  rod- 
shaped (0.6-0.8 x 1-4 pm), have a respiratory type of 
metabolism, are oxidase negative and acidify glucose 
below p H  4.5. They d o  not form endospores, liquefy 
gelatin, reduce nitrate or form indole. The rapid 
phenotypic idcntification of Acetobacter is based on 
the following features: 

0 peritrichous flagella 

Table 1 
Acetobacter 

Common media for maintenance and cultivation of 

Medium Component Amount 

Glucose-yeast extract agar 
('Acefobac ter/G/uconobacter 
agar') 
pH 7.5 f 0.2, 25°C 

'Acetobacter agar' 

'Acetobacter medium' 
pH 7.0 f 0.2, 25°C 

Mannitol agar 
(YPM agar: 12 g I-' agar) 

Yeast-glucose agar 
pH 7.0 f 0.2, 25°C 

Potato glycerol agar 
25°C 

Glucose 
Yeast extract 
CaCO, 
Agar 
Distilled/deionized 
water 

Glucose 
Yeast extract 
CaCO, 
Agar 
Tap water 

Glucose 
Autolysed yeast 
CaC03 
Agar 
Distilled/deionized 
water 

Mannitol 
Yeast extract 
Peptone 
Agar 
Disti Iled/deionized 
water 

Glucose 
Yeast extract 
Agar 
Distilled/deionized 
water 

Glycerol 
Glucose 
Yeast extract 
Agar 
Supernatant of 
freshly sliced and 
boiled potatoes 
(200 g 1-1) 

oxidation of acetic acid and lactic acid to C 0 2  and 

no  H2S formation 
growth factors may or may not be required 
specific ubiquinone types. 

The ubiquinones are Q9 and Q S  with minor com- 
ponent of Q8 (A .  aceti, A. pasteurianus); some strains 
have Qlo or Qlo with minor component Q9 (A.  meth- 
anolicus, A. diazotrophicus, A. xylinum, A. 
liquefaciens). Acetobacter strains grow at p H  5 and 
prefer ethanol or lactate over glucose for growth. 
Further differentiation among Acetobacter species can 
be achieved as shown in Table 2. 

The phenotypic identification may be affected by 
spontaneously occurring mutations even in taxo- 
nomically important properties. Mutants of A. aceti 
exist that are unable to oxidize ethanol. In these cases 

HZO 
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Table 2 Phenotypical differences among Acetobacter species (Reproduced with permission from Swings 1992) 

Feature A. A. A. A. A. A. A. 
aceti lique- Pasteur- hansenii xylinum methano- diazo- 

faciens ianus licus trophicus 

Formation of 
Water-soluble brown pigments on GYC" medium 
y-Pyrones from D-fructose 
5-Oxogluconic acid from o-glucose 
2, 5-Dioxogluconic acid from o-glucose 

Ketogenesis from glycerol 
Growth factor required 
Growth on carbon sources 

Ethanol 
Methanol 
Sodium acetate 

Growth on L-amino acids in the presence 
of D-mannitol as carbon source 

L-Asparagine 
L-Glutamine 

Formation of H2S 
Growth in presence of 30% D-glucose 
Ubiqinone type 
G+C content (mol%) 

d + 
d + - + 

- + - - 
- - 

- - - - - - 
- - - - - - 
Q g  Qio Qs ND Qio Qio 
56-60 62-65 53-63 58-63 55-63 62 

+ 
+ 
- 
+ 
d 
- 

+ 
- 
+ 

+ 
- 
- 
+ 
Qio 
61 -63 

~~ ~~~~~ ~~~~ ~ 

Symbols: +, 90% or more of the strains positive; (+), weakly positive reaction; d, 11-89% of the strains positive; -, 90% or more of 
the strains negative; ND, not determined. 

Glucose-yeast extract cycloheximide. 

DNA-rRNA hybridization studies and polymerase 
chain reaction (PCR) studies will be more useful for 
exact taxonomic classification. 

Importance to the Food Industry 

Food Processes 

Acetobacter spp. are used in different processes of 
making foods and food additives. Well established are 
the fermentations to produce one special product, 
such as acetic acid or gluconic acid. These oxidation 
reactions are backed by the high oxidative capacity 
of enzymes bound in the cytoplasmic membrane with 
the active centre directed into the periplasm. Other 
processes also use such enzymes but are more complex 
with regard to the microbial population and the sub- 
strates used. 

Vinegar is the most popular product of Acetobacter. 
This process is discussed in detail in a separate article. 
In acetic acid fermentation, mixtures of highly 
adapted predominantly Acetobactsr spp. are used, 
which are not derived from pure cultures. These 
strains display an extremely strong tolerance to acetic 
acid. The most important detectable species are A.  
pasteurianus, A.  lovaniensis, A .  ascendens, A. 
paradox, A.  aceti, A .  xylinum and A .  orleanensis. 

Difficulties may arise during isolation, subsequent cul- 
tivation under artificial conditions, and preservation 
due to the high adaptation as demonstrated with A.  
polyoxogenes isolated in Japan and with A .  acid- 
ophilus. Both could not be maintained in strain col- 
lections and were lost. A .  europaeus isolated from 
production facilities in Switzerland requires acetic 
acid for growth on agar plates and tolerates 4-8'30. 
Specialized industrial strains tolerate p H  values down 
to 2.6.  DNA-DNA hybridization studies shows 
nearly no difference between isolates from different 
commercial processes (9O-lOO% hybridization). 
However, a comparison of highly productive strains 
from German plants and those from strain collections 
showed large differences. Values below 45% were 
obtained with definite strains ( A .  pasteurianus, A .  
aceti, G .  oxydans). The DNA-DNA similarities of A .  
europaeus strains isolated from industrial processes 
versus strains from collections are below 22%. 

Membrane-bound quinoproteins, i.e. alcohol and 
aldehyde dehydrogenases, are the enzymatic basis of 
acetic acid formation (Fig. 2). These enzymes are 
more active and stable under acidic conditions than 
those of Gluconobacter. Prevention of overoxidation 
of acetic acid to COz and H20 requires a constant 
high concentration of ethanol. Lack of ethanol and 
oxygen damage acetic acid bacteria populations. Even 
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Ethanol +--;?---<--Acetaldehyde --;;---<:--* Acetate 
Y 's / Y  

NAD+ NAD(P)H NAD+ NAD(P)H 

Figure 2 Scheme of ethanol oxidation by acetic acid bacteria. 
The formation of acetic acid via the quinoprotein alcohol dehydro- 
genase (ADH) and aldehyde dehydrogenase (ALDH) yields 6 mol 
of ATP per mol of ethanol. The cytoplasmic pyridine nucleotide- 
dependent counterparts are alcohol dehydrogenase (NAD(P)- 
ADH) and aldehyde dehydrogenase (NAD(P)-ALDH). The pre- 
ferred direction of the reversible reaction of the NAD(P)-ADH 
is indicated by the arrow. (Reproduced with permission from 
Matsushita et al (1994)) 

the application of pure oxygen or oxygen-enriched 
air harms the process. 

Aspergillus niger and Gluconobacter oxydans (syn. 
Acetobacter suboxydans) are the preferred micro- 
organisms in the production of gluconic acid, which 
has useful properties, such as an extremely low tox- 
icity, low corrosiveness and formation of water- 
soluble complexes with divalent and trivalent metal 
ions. On this basis gluconic acid has found many 
applications in the food, textile and tanning industries 
and in medicine. According to German law gluconic 
acid is considered a food. The quinoprotein-depend- 
ent glucose oxidase also occurs in Acetobacter. Acet- 
obacter methanolicus possesses a similar enzyme. It 
grows on methanol and oxidizes glucose that is not 
assimilated to gluconic acid. Glucose (150-250 g 1-') 
is nearly completely (98%) converted with a prod- 
uctivity > 30 g 1-' h-'. 

Acetobacter spp. are involved in a number of 
natural fermentations. A typical tropical beverage, 
palm wine, is made from the fermentation of palm 
sap. It is a result of a mixed alcoholic, lactic acid and 
acetic acid fermentation. The microbial consortium is 
complex. At first, yeasts and Zymomonas ferment the 
available sugar to ethanol, which is partly converted 
into acetic acid by Acetobacter spp., which appear 
after two to three days of fermentation and can be 
isolated from the final product. 

Acetobacter strains have been isolated from cocoa 
wine, made by fermentation of cocoa seeds. Its alcohol 
content of 9-12% is higher than that of palm wine. 

Species of Acetobacter, A. rancens, A. xylinum, A. 
ascendens, A. lovaniensis and others, are involved in 
cocoa seed fermentation. Seeds in the fruit mass are 

naturally fermented by a high supply of air in up to 
13 days. Yeasts, moulds and bacteria are involved. 
Ethanol produced by yeasts is oxidized by Acetobacter 
spp. Seeds are killed in the presence of acetic acid and 
by a temperature of 50°C. The fruit mass is then 
degraded and the typical flavour and brownish colour 
of the bean are developed. 

Nata is a dessert delicacy in Southeast Asia. This 
gelatin-like, firm, creamy-yellow to pinkish substance 
is composed of a form of cellulose formed by bacteria 
from sugared fruit juices. Acetobacter hansenii is 
responsible for this process. Nata is usually grown on 
fruit juice and the floating mat is candied, while still 
chewable, to produce gumdrops-like treats. 

A symbiosis culture of a yeast with Acetobacter (A.  
xylinum) is the so-called 'tea fungus'. In this process a 
slightly sweet, alcoholic, aromatic and acidic beverage 
(kombucha, Ma-Gu etc.) is made by fermenting 
sweetened (sucrose, 5-150 g 1-') black tea. Health 
effects attributed to it include in vitro antimicrobial 
activity, improved athletic performance, and 
enhanced sleep and pain thresholds. The yeasts yield 
ethanol; the alcohol content never exceeds l o g  I-'. A. 
xylinum initially oxidizes ethanol to  acetic acid and 
glucose to gluconic acid. Acetic acid concentrations 
may rise to levels as high as 30 g 1-' if the tea is allowed 
to ferment for up to 30 days. The usual concentration 
of acetic acid is 10 g 1-' (after 3-5 days). Gluconic acid 
is also present in substantial quantities, about 20 g 1-'. 
Different yeasts are involved, like Brettanomyces, 
Candida, Pichia, Saccharomyces, Schizosaccharo- 
myces, Torulaspora, Zygosaccharomyces, depending 
on origin and culture conditions. The production of 
cellulose by A. xylinum forms a compact, granular 
and gelatinous surface film in which yeast and bac- 
terial cells are housed. Both benefit from the floating 
mat which eases aeration for these aerobic micro- 
organisms. 

Food Spoiling 

Acetobacter may cause both considerable economic 
profits and losses. The latter aspect results from the 
spoiling activity in many products that provide suf- 
ficient conditions for growth. The best example is the 
aerobic acidification of wine, the origin of vinegar 
making. Acetobacter spp. are present in the wine 
must, on the surface of grapes, and on injured grapes. 
Acetic acid formation may only proceed when 
adequate oxygen is available, i.e. on fruits, in juices 
and in mashes. Under the anaerobic conditions of 
wine making, vinegary spoilage is rare. Its occurrence 
is indicated by increased concentrations of acetic acid, 
ethyl acetate and D-lactate. There is a positive cor- 
relation between acetic acid and ethyl acetate. Sweet 
white wines spoiled by dextran-producing Aceto- 

Next Page
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The genus Bacillus is one of the preferentially used 
organisms for producing metabolites and enzymes by 
fermentation. This is partly due to the fact that most 
(but not all) members of the genus are non-patho- 
genic, excellent protein and metabolite secretors, and 
easy to cultivate. Non-pathogenic Bacillus strains are 
used both in foods and in industry. The numerous 
products accepted as safe include enzymes for food 
and drug processing, as well as foods produced from 
these strains. The tremendous advances in molecular 
biology have increased the use of Bacillus spp. in 
heterologous gene expression. One member of the 
genus, Bacillus subtilis, has been especially subjected 
to intensive microbiological, biochemical and genetic 
investigations. In the late 1950s, John Spizizen suc- 
cessfully demonstrated the genetic transformation of 
a particular B. subtilis isolate using purified DNA. 
This laid the foundation for a series of intensive 
studies of metabolism, gene regulation, bacterial dif- 
ferentiation, chemotaxis and starvation. At present, 
B. subtilis, together with Escherichia coli, is one of 
the best understood prokaryotes, and the complete 
sequence of the genome of B. subtilis is now available, 
which facilitates further investigations into biological 
molecular mechanisms. Insights made by analysing 
molecular mechanisms in B. subtilis can easily be 
transferred to related organisms, thereby helping to 
advance applied research and food production. 

The Genus Bacillus 

At present the genus Bacillus encompasses more than 
60 species. It is widespread in nature and can be 
isolated from food, soil, water and even from euka- 
ryotic organisms. Owing to the enormous genetic 
diversity of this genus, it is difficult to define it con- 
cisely. One of the most important properties for tax- 
onomy is spore formation, since it is easily detectable. 
However, the fact that sporulation depends on the 
growing conditions complicates classification by this 
characteristic. Spores can be detected microscopically 
and provide a simple characteristic for the endospore- 
forming family Bacillaceae. In this family, the genus 
Bacillus incorporates many species of Gram-positive, 
rod-shaped bacteria, which are able to grow under 
aerobic and facultatively anaerobic conditions and 
thus differ from Clostridium spp. which are strictly 
anaerobic. However, aerobic endospore-forming bac- 
teria are currently assigned to four genera in the family 
Bacillaceae. Therefore, the genus Bacillus is basically 
defined by morphological characteristics. Depending 
on the type of spore formation observed, we dis- 
tinguish between: 
0 species producing oval endospores that distend the 

mother cell 
species producing oval endospores that do not 
distend the mother cell 

0 species producing spherical endospores. 

Typically, Bacillus spores contain dipicolinic acid, but 
the diversity of spore formation described above 
makes a classification by this property difficult. 
Numerical analysis of additional phenotypic features 
leads to some idea of how the genus Bacillus might be 
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reorganized into several genera. There is no generally 
accepted definition of a prokaryote genus. Never- 
theless, it has been recommended that the maximum 
genetic diversity should not exceed a chromosomal 
base composition range of 10-12% guaninekytosine 
(G+C) content. Phylogenetically, Bacillus belongs to 
the low G+C content group of bacteria, although, 
depending on the species, the G+C content can vary 
in the range from 33% ( B .  anthracis) to 69% ( B .  
tbermocatenulatus).  Assuming the G+C content 
definition is correct, the chromosomal base com- 
position range in Bacillus would signify great phylo- 
genetic divergence, leading to the conclusion that 
Bacillus encompasses more than one genus. This 
assumption is also supported by rRNA sequence 
analysis, which reveals as much divergence as in the 
combined families of Enterobacteriaceae and Vib- 
rionaceae. In turn, the size of the genus Bacillus com- 
plicates the identification of new isolates. Therefore, 
at  least thirty phylogenetic tests must be carried out 
before grouping an isolate in this genus, including 16s  
rRNA analysis (Fig. 1). 

From Genomes to Proteomes 

The composition and structural organization of 
genomes are increasingly important in the clas- 
sification and subdivision of bacteria into families and 
genera. Owing to the rapid development of molecular 
methods and automatic DNA sequencing, a complete 
genome can be determined within a short period. 
One of the most famous representatives of the genus 
Bacillus, B. subtilis, is used as a model organism in 
basic research and as a host for recombinant DNA in 
applied research. In the early 1990s B.  subtilis was 
chosen for investigation of its complete genome 
sequence. This collaborative project involved about 
35 groups in Europe, the USA and Japan and was 
completed in the autumn of 1997. The whole genome 
is composed of 4 214 814 base pairs (which may vary 
slightly due to error corrections) harbouring about 
41 00 open reading frames, which reflect potential 
protein-encoding genes. The genes present in the 
genome have been classified according to functional 
features (Table I). At present, the assignmcnt of genes 
can be grouped into five categories based on sequence 
homologies and functional analysis: 

definite assignment of genes due to experimentally 
identified functions (about 10%) 
probable assignments due to high sequence hom- 
ologies (about 50%) 
possible assignments due to low sequence hom- 
ologies (about 1 5 % )  
putative assignments due to weak sequence hom- 
ologies (about 10%) 

6. pantothenticus (37) 
6. lentus (36) 
6. badius (44) 
6. smithii (39) 
6. azotoformans (39) 
6. firmus (41) 
6. circulans (39) 
6. benzoevorans (41) 
6. simplex (4 1 ) 
(6. rnagaterium C) 
6. maroccanus (ND) 
6. psychosaccharolyticus (44) 
6. megaterium (37) 
B. fastidiosus (35) 
6. acidoterrestris (52) 
6. coagulans (44) 
6. mycoides (34) 
6. medusa (ND) 
6. fhuringiensis (34) 
6. cereusB. anthracis (36) 
6. pumilis (41) 
6. atrophaeus (42) 
6. popilliae (41) 
6. lentimorbus (38) 
6. amyloliquefaciens (43) 
6. subtilis (43) 
6. licheniformis (43) 
B. lautus (51) 
B. sphaericus (37) 
B. fusiformis (36) 
6. insolitus (36) 
6. globisporus (40) 
6. psychrophilus (42) 
6. pasfeurii (38) 
6. thermoglucosidasius (45) 
6. stearothermophilus (52) 
6. kaustophilus (53) 
6. aicalophilus (37) 
8. aneurinolyticus (42) 

6. laterosporus (40) 
6. cycloheptanicus (56) 
B. alvei (46) 
6. gordonae (55) 
6. larvae (38) 
6. pulvifaciens (44) 
6. rnacerans (52) 
B. poiymyxa (44) 
6. azotofixans (52) 
6. pabuli (49) 
6. macquariensis (40) 
6. amylolyficus (53) 

. -. .. - -- 6. brevis (47) c 

Figure I Phylogenetic tree of Bacillus spp. according to 
16s rRNA analysis. The G+C content is given in parentheses 
in mole per cent. ND, not determined. 

15% with no  counterpart found in the protein 

About half of the genes can be assigned to proteins 
with a defined or probable function, and half have no  
clear function. Based on these genome sequence data, 
a systematic function search programme has been 
started. The analysis of the protein composition of B. 
subtilis (the proteome) will provide further knowledge 
of the organism and the genus Bacillus in general and 
lead to the functional assignment of the proteins and 
the corresponding genes. 

sequence data base. 

Cell Wall Composition 

In contrast to the Gram-negative bacteria, the Gram- 
positive bacteria including Bacillus reveal a highly 
varied peptidoglycan composition and structure. 
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Table 1 Bacillus subtilis genome summary 

4099 
3044 
1326 
1700 
578 

540 
1140 
75 1 

61 3 

152 

185 
693 
181 

1971 
114 

ORFs are known at present 
ORFs have homologues (73.3%) 
ORFs contain superfamily assignments (32.3%) 
ORFs are assigned to functional categories (41 5%) 
ORFs have known or homologous three-dimensional 
structure (1 4.1 %) 
ORFs have signal peptides (13.2%) 
ORFs have at least one transmembrane region (27.8%) 
ORFs have at least two transmembrane regions 
(1 8.3%) 
ORFs have at least three transmembrane regions 
(1 5.0%) 
ORFs contain more then 20% of low-complexity 
sequence (3.7%) 
ORFs contain coiled-coil regions (4.5%) 
ORFs are all-alpha proteins (16.9%) 
ORFs are all-beta proteins (4.4%) 
ORFs are alphdbeta proteins (48.1 %) 
ORFs are irregular proteins (2.8%) 

ORF, open reading frame, including all putative, potential and 
defined genes. 

About a hundred different types have been described. 
Therefore, cell wall composition is often a useful 
criterion in taxonomy. The murein sacculus of Bacil- 
lus consists of peptidoglycan and is composed of up 
to about thirty layers. The peptidoglycan is a hetero- 
polymer of glycan cross-linked by short peptides. 
Peptide chains are always composed of alternating L- 

and D-amino acids. In the genus Bacillus, the murein 
version of most species (with some few exceptions) is 
of the direct-linked meso-diaminopimelic acid type. 

Sporulation 

Spore formation in Bacillus takes place when the 
cell culture reaches the stationary growth phase. The 
process of spore formation is an excellent model 
system for studying the molecular biology of dif- 
ferentiation. During the sporulation process, a vege- 
tative cell (the progenitor) gives rise to  two specialized 
cells differing in cell type both from each other and 
from the parent cell. Furthermore, in some cases this 
process is associated with the synthesis of bio- 
technologically important products such as insect 
toxins and peptide synthetases creating peptide anti- 
biotics. 

The sporulation process is initiated at the end of 
the exponential growth phase. The development of 
the endospore formation involves an energy-intensive 
pathway and requires the production of a complex 
morphological structure. External (and presumably 
also internal, however partially unknown) signals 
force the cell to respond by inhibiting cell division and 
initiating the sporulation process. Initially a complex 
signal transduction system is turned on, the phos- 
phorylay, which subsequently, at the end of the signal 

cascade, activates the transcriptional regulator 
protein SpoOA through phosphorylation. In contrast 
to vegetative growth, sporulation gives rise to an 
asymmetrically positioned septum which partitions 
the developing cell into compartments of unequal 
sizes. The smaller part is the forespore, which in 
its subsequent development exhibits a biochemical 
composition and structure completely different from 
the remaining mother cell. During the sporulation 
process several genes are sequentially activated; this 
selected gene activation is induced by the com- 
munication of mother cell and forespore, by signals 
transferred across the septum. The subsequent specific 
transcriptional regulation of spore genes is influenced 
by the activation of different alternative sigma factors, 
which confer promoter specificity to the RNA poly- 
merase. In turn, the forespore transforms itself into 
the endospore, and the mother cell dies by cell lysis. 

The sporulation characteristics of various Bacillus 
species are summarized in Table 2. 

Isolation of Sporulating Bacteria 

Spore-formers can be selectively isolated from natural 
samples after incubation at 80°C for 10min. This 
treatment effectively destroys vegetative cells, whereas 
spores remain viable. The heat-treated probes can be 
streaked onto plates of medium and further incubated 
under aerobic conditions at their individual optimal 
growing temperatures. The colonies obtained are 
almost exclusively made up of the genus Bacillus. 

Gene Transfer 
Another interesting features of some members of the 
Bacillus genus, which has been well analysed for B. 
subtilis, is the development of natural competence for 
DNA uptake. Before sporulation initiation, about 10- 
20% of a cell culture express competence in the post- 
exponential growth phase under defined growth con- 
ditions. Such competent cells efficiently bind, process 
and internalize available exogenous high-molecular- 
weight DNA. The DNA can originate either from 
chromosomal DNA or DNA fragments, which must 
integrate themselves into the host chromosome in 
order to survive there, or from plasmid DNA, which 
can endure and replicate as extrachromosomal DNA 
in the cytoplasm if it contains a functional origin of 
replication. Several stages of the DNA transformation 
process have been described, including binding, frag- 
mentation, uptake, and (in the case of transforming 
chromosomal DNA) also integration and resolution. 
In several organisms, including B. subtilis, com- 
petence has been used to genetically analyse and con- 
struct stable and defined mutationally altered strains. 
The latter can be obtained by allelic exchange based 
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Thermophiles and acidophiles 

B. acidocaldarius 

Table 2 Selected characteristics of representative species of the genus Bacillus 

Spore position central or terminal 

Spore position terminal 

1 (A) Spores oval or cylindrical, facultative aerobes, casein and starch hydrolysis, no swollen sporangia and thin spore wall I 

B. stearothermophilus 

B. polymyxa 

B. macerans 

B. circulans 

B. larvae 

8. popilliae 

Thermophile Spore position terminal 

Mesophiles Spore position terminal 

Spore position terminal 

Spore position central or terminal 

Spore position central or terminal 

Spore position central 

Insect pathogens 

B. cereus 

B. subtilis 

B. sphaericus 

MesoDhiles 

Sporangia swollen Spore position terminal 

Spore position central 

Spore position central 

Spore position central 

Spore position central 

Spore position central 

I B. thuringiensis I Insect pathogen ] Spore position central I 
I Sporangia distinctly swollen, thick spore wall I 

I B. pasteurii 1 Sporangia not swollen 1 Spore position terminal I 

on homologous recombination, introducing defined 
mutations, recombinant DNA or foreign genes 
flanked by DNA fragments with homologies to 
genomic regions. This important feature of B. suhtilis 
makes the strain suitable as a host for genes under 
regulatory promoter control for industrial use in 
protein overproduction. 

From Starch to Sugar 

Many bacilli produce extracellular hydrolytic 
enzymes essential for the breakdown of poly- 
saccharides or  oligosaccharides, nucleic acids, pro- 
teins and lipids. The resulting products can be used 
as carbon sources, nitrogen sources, energy sources 
and electron donors. However, they also contain 
hydrolytic enzymes in the cytoplasm, which prepare 
carbon sources to enter glycolysis by further hydro- 
lysation, phosphorylation and isomerization reac- 
tions. The enzymes involved in sugar metabolism are 
of commercial interest to the food industry and in 
diagnostic medicine. 

Bacillus species are used to manufacture com- 
mercially important enzymes (Table 3), for example 
for the production of glucose from corn, wheat or 
potato starch. The resulting glucose can be attacked 
by glucose isomerase to produce fructose, which has 

a sweeter taste than either glucose or sucrose. This 
enzymatic process therefore has become increasingly 
important for the industrial production of sugar from 
starch, especially as a sweetening agent in soft drinks. 
In principle, these reactions can be catalysed sep- 
arately by enzymes which operate sequentially in the 
conversion reactions. These reactions are composed 
of three principal steps: 

Thinning reaction, in which the starch poly- 

Table 3 Examples of commercially produced enzymes from 
Bacillus spp. 

Bacillus species Enzyme 

B. amyloliquefaciens, B. 
licheniformis, B. 
stearothermophilus 

B. coagulans 
B. stearothermophilus 
B. stearothermophilus 

B. amyloliquefaciens 
B. cereus 
B. stearothermophilus 
B. acidopullulyticus 
B. licheniformis, B. lentus, B. 
alcalophilus 

Alpha-amylase 

Glucose isomerase 
Glucose kinase 
Glucose-6-phosphate 
dehydrogenase 

Metalloprotease 
Phospholipase 
Phosphotransacetylase 
Pullulanase 
Serine protease 
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saccharides are attacked by a-amylase, shortening 
the chain and reducing viscosity. 

0 Saccharification, which produces glucose from the 
shortened polysaccharides catalysed by the glu- 
coamylase. 

0 Isomerization, which converts glucose into fruc- 
tose, catalysed by the glucose isomerase. 

The resulting fructose-containing syrup can be used 
directly to sweeten food products. 

Regulatory Aspects Studied in B. subfilis 

Bacillus detects and responds to  environmental 
changes to survive adverse conditions by adapting to 
changes in the composition of available nutrients. 
This is also the case during fermentation in industrial 
microbial enzyme production, where the meta- 
bolization of nutrients and the secretion of end prod- 
ucts result in the medium composition continuously 
changing. These environmental signals subsequently 
result in a shift of gene expression rates. Therefore, an 
understanding of signal reception and the molecular 
mechanisms of cellular response responsible for gene 
expression is crucial to optimize enzyme production 
and to cut production expenses. As mentioned above, 
B. subtilis has been chosen as a representative of the 
genus Bacillus for fundamental molecular biological 
research, and numerous scientific projects deal with 
aspects of regulatory mechanisms on the tran- 
scriptional, translational and enzymatic levels. An 
important network regulation mechanism on the tran- 
scriptional level with a central regulatory component 
is known as carbon catabolite repression (CCR). The 
presence of different rapidly metabolized carbo- 
hydrates leads to the sequential expression of different 
specific sugar utilization systems. Glucose and fruc- 
tose are preferentially metabolized. Therefore, a 
change in the sugars used during fermentation or 
food production will affect the concentration and 
composition of the remaining nutrients and fer- 
mentative products, thereby altering the taste of the 
end product. In Bacillus CCR is essentially mediated 
by the central regulatory component CcpA, after its 
interaction with HPr (phosphorylated at serine pos- 
ition 46 by an ATP-dependent HPr kinase). When it 
is phosphorylated at a second site, namely histidine 
position 15, HPr is one of the central components 
in the phosphoenolpyruvate-dependent phospho- 
transferase systems of sugar uptake systems, where it 
transfers the phosphate from enzyme I to the sugar 
permease. The component CcpA belongs to the LacI- 
GalR regulator family. In the mediation of CCR for 
transcriptional control, it acts as a repressor able to 

Flgure 2 Model of CcpA-dependent mediated carbon cat- 
abolite repression in Bacillus. ATP, adenosine triphosphate; cre, 
catabolite responsive element (DNA); El, enzyme I of the pho- 
sphoenolpyruvate-dependent phosphotransferase system; Ell, 
specific glucose permease; FDP, fructose diphosphate; His, his- 
tidine residue; P, phosphoryl group; PEP, phosphoenolpyruvate; 
Ser, serine residue. 

bind cis-active DNA elements (cre) (Fig. 2) located in 
a range of 200 base pairs downstream or upstream 
from the transcriptional start sites of genes or operons 
under catabolite control. 

This newly discovered CCR mechanism differs 
completely from the mechanism observed in Esch- 
erichia coli, which presumably exists only in the 
Enterobacteriaceae. The CcpA protein was detected 
in eight different species of Bacillus, in Lactobacillus, 
Lactococcus, Micrococcus, Mycobacterium, 
Staphylococcus, Streptococcus and Streptomyces. 
Therefore, it can be concluded that the CcpA-depend- 
ent regulation of CCR is probably widespread in 
Gram-positive bacteria and a universally used regu- 
latory mechanism in bacteria. 

Pathogenesis 

Different variants of Bacillus thuringiensis, B. pop- 
illiae, B. larvae, B. cereus, B. sphaericus and other 
related species are pathogenic to insects. The use of 
these strains for microbial insect control offers the 
advantage of being safer than the more toxic chemical 
control agents. Furthermore, they have relatively 
slight effects on the ecological balance of the envir- 
onment. The microbial insecticide comprises spores 
and crystalline proteins which, when ingested by 
larvae, cause gut paralysis, probably by upsetting the 
ionic balance of the gut. The spore survives its passage 
through the gut, penetrates the weakened midgut wall, 
and multiplies in the haemolymph. Death results from 
either intoxication or septicaemia. High selectivity 
and the absence of harmful side effects on plants, 
warm-blooded animals or humans give many of the 
Bacillus products an advantage over other insecti- 
cides. Several insect-specific pathogens are com- 



1 18 BACILLUWlntroduction 

mercially produced for use as microbial pesticides. 
Bacillus thuringiensis produces insect larvicides. Cul- 
tures of sporulated B.  thuringiensis have been used 
worldwide to control damage to crops, trees and 
ornamental plants. During endospore formation, this 
bacterium produces toxic protein crystals (Bt toxin) 
that make it a good pesticide, which differs from B. 
cereus (see below). Most of the toxin genes of B .  
thuringiensis are located on conjugative plasmids, 
which are transmissible by conjugation between B .  
thuringiensis and B. cereus under laboratory con- 
ditions. The resulting B. cereus transconjugants are 
able to synthesize crystal proteins. Because the divid- 
ing line between B .  cereus and B. thuringiensis is so 
dubious, these organisms could be considered to have 
changed species to B. thuringiensis. 

Bacillus popilliae causes a fatal illness called milky 
disease in Japanese beetle larvae. After ingestion by 
the larvae, B.  popilliae germinates in the gut, begins 
to multiply and invades the haemolymph. After about 
10 days a typical milky appearance is observed due 
to the massive numbers of bacteria. 

Bacillus cereus strains are also often pathogenic 
for insects. They produce phospholipase C, an ci- 
exotoxin which permits the bacteria to pass through 
the barrier of the intestinal epithelial cells. Subsequent 
penetration into the haemolymph followed by multi- 
plication kill the insect. 

Certain strains of the soil saprophyte B .  cereus are 
also pathogenic for humans. Two toxins, one causing 
diarrhoea and the other provoking vomiting, are pro- 
duced in starchy foods, custards and dairy products 
containing the common contaminant B. cereus. 
Another member of the genus Bacillus with patho- 
genic properties is B.  anthracis. The three toxin genes 
are located extrachromosomally on a large plasmid. 
Bacillus anthracis causes the animal disease anthrax, 
which spreads to humans primarily through minor 
breaks in the skin or mucous membranes. Infection 
sources can be milk, meat, wool or hairs from infected 
animals. Cutaneous anthrax first appears as a papule 
which develops into a vesicle and after 2-6 days into 
a black eschar. This bacterium produces a potentially 
lethal toxin and 5-20% of untreated cases are fatal. 
Bacillus anthracis is similar in many respects to B.  
cereus and B.  thuringiensis. These taxa can be dis- 
tinguished phenotypically by numerical taxonomy, 
and there are some phenotypic tests such as sensitivity 
to penicillin: B.  cereus possesses a chromosomally 
encoded p-lactamase, whereas B .  anthracis is virtually 
always penicillin-sensitive. 

Outlook 

In the near future the demand of biotechnological 
industry for new or improved products will lead to 
the development of new genetically engineered strains 
and new isolates from the environment, which will be 
grouped in the genus Bacillus, increasing its enormous 
phylogenetic diversity. The taxonomy of the genus 
Bacillus is evolving; consequently, definitions for a 
subdivision of the genus into phylogenetic and phene- 
tic groups must be considered. Furthermore, the 
genetic information about members of Bacillus will 
dramatically increase. However, our knowledge of 
chromosomal composition and the genes can only 
give us a hint about their function when homologous 
genes and proteins are known. Therefore, biochemical 
research into protein functions will be a field of 
increasing significance. In food production, as well as 
in enzyme production involving bacilli, gene manipu- 
lation will lead to strain constructions with new 
(designed) features allowing an optimized and there- 
fore less expensive production process. This can be 
achieved by introducing and designing specific meta- 
bolic pathways or heterologous enzyme over- 
production. 

See color Plate 2. 

See also: Bacillus: Bacillus cereus: Bacillus stearo- 
thermophilus; Bacillus anthracis; Bacillus subtilis: Detec- 
tion of Toxins; Detection by Classical Cultural Techniques. 

Further Reading 
Cliver D (ed.) (1990) Food Borne Diseases. San Diego: 

Academic Press. 
Gerhardt P, Murray RGE, Wood WA and Krieg NR (eds) 

(1994) Methods for General and Molecular Bac- 
teriology. Washington: American Society for Micro- 
biology Press. 

Glick BR and Pasternak JJ (1998) Molecular Biotechnology, 
2nd edn. Washington: American Society for Micro- 
biology Press. 

Hoch JA and Silhavy TJ (eds) (1995) Two Component 
Signal Transduction. Washington: American Society for 
Microbiology Press. 

Hueck CJ and Hillen W (1995) Catabolite repression in 
Bacillus subtilis: a global regulatory mechanism for the 
Gram-positive bacteria? Molecular Microbiology 15(  3): 

Kunst F, Ogasawara N, Moszer I et a1 (1997) The complete 
genome sequence of the Gram-positive bacterium Bacil- 
lus subtilis. Nature (London) 390: 249-256. 

Piggot PJ, Moran CP and Youngman P (eds) (1994) Regu- 
lation of Bacterial Differentiation. Washington: Ameri- 
can Society for Microbiology Press. 

Sneath PHA (ed.) (1982) Bergey’s Manual of Systematic 
Bacteriology. Vol. 2.  Baltimore: Williams & Wilkins. 

3 9 5-40 1. 

Next Page



CAMPYLOBACTERAntroduction 335 

Cakes see Confectionary Products: Cakes and Pastries. 

Contents 
Introduction 
Detection by Cultural and Modern Techniques 
Detection by Latex Agglutination Techniques 

I Introduction 
M T Rowe and R H Madden, Department of 
Agriculture for Northern Ireland and Queen’s University 
of Belfast, Northern Ireland 
Copyright 0 1999 Academic Press 

This article provides a synopsis of the current state of 
knowledge on those aspects of the genus Cam- 
pylobacter which the authors consider relevant. These 
include taxonomy, general physiology, ecology, 
pathogenicity, typing of the genus, methods of control 
and viable but non-culturable forms. It should be 
appreciated that because of the relatively recent rec- 
ognition of the importance of members of the genus as 
food-poisoning agents and developments in molecular 
methods, the taxonomy of the genus, in particular, is 
evolving rapidly. 

Introduction 

Theodor Escherich in the 1880s made the first 
recorded observation of spiral bacteria in the faeces 
of patients with infantile diarrhoea but he was unsuc- 
cessful in culturing them and regarded them as non- 
pathogenic. The first isolation of Campylobacter spp. 
was achieved by King in 1957 when he successfully 
isolated ‘vibrios’ from blood samples of humans with 
diarrhoea. A major advance in the culture of these 
organisms was made by Martin Skirrow who devel- 
oped a selective medium that obviated the need for a 
laborious filtration stage, making possible the routine 
isolation of these organisms. Currently Campylo- 
bacter spp. are isolated more frequently than 

Salmonella spp. in human gastroenteritis patients. In 
these cases C. jejuni is the major species responsible, 
with the incidence of C. coli being approximately 
l o % ,  but this figure may be higher depending on the 
geographical location. 

The incubation period for Campylobacter enteritis 
is usually 1-7 days but can extend to 10 days. The 
onset of symptoms is characterized by fever with 
confusion or delirium and general malaise followed 
by severe abdominal cramping which in turn is fol- 
lowed by profuse diarrhoea that becomes watery, 
often containing blood and mucus. Although the diar- 
rhoea usually lasts for 2-7 days, abdominal pain and 
cramping can persist for up to 3 months. Systemic 
infection is uncommon but complications such as 
Guillain-Barr6 syndrome (GBS) and reactive arthri- 
tides (reactive arthritis and Reiter’s syndrome) can 
arise. Fortunately, most Campylobacter enteritis cases 
are self-limiting and fatality rates are low. The infect- 
ive dose can be as low as 5-800 organisms with the 
attack rate correlating with increasing dose. 

Guillain-Barre Syndrome 

This disorder is rare and affects the peripheral nerves 
of the body. It can vary greatly in severity from the 
mildest cases where clinical treatment is not sought 
to a complete paralysis that brings the patient close 
to death. Lipopolysaccharides isolated from C. jejuni 
strains implicated in GBS have regions homologous 
to the human gangliosides GM1 and GDlb.  The 
molecular mimicry between these regions may lead 
to autoimmunity and GBS. Miller-Fisher syndrome, 
similar to GBS, is an acute neuropathic disorder char- 
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acterized by paralysis of the eye muscle, absence of 
reflexes and facial weakness. 

Reactive Arthritides (Reactive Arthritis 
and Reiter's Syndrome) 

Both syndromes are characterized by sterile inflam- 
mation of joints from infections originating from non- 
articular sites and are mediated by T cells. This may 
be triggered by enteritis involving Campylobacter spp. 
or other pathogens such as Salmonella or Yersinia. 
Although viable organisms are not present, bacterial 
antigens are probably transported to the joints within 
phagocytic cells. 

Taxonomy 

The Campylobacter-like organisms are members of 
the family Spirillaceae, which comprises Gram-nega- 
tive curved rods and consists of the related genera 
Anerobiospirillum, Arcobacter, Campylobacter and 
Helicobacter. The unusual physiology of Campylo- 
bacter spp. led to them being discovered as a sig- 
nificant cause of food-borne disease only relatively 
recently. In 1984 Bergey's Manual listed five 
Campylobacter species; however, in 1996 a prob- 
ability matrix for the identification of campylobacters 
(and related organisms) was published which listed 
eight more, with several subspecies also described. 

The use of DNA hybridization studies led to a 
major reorganization of campylobacters in 1991 with 
the creation of the genus Arcobacter to which two 
species of Campylobacter were assigned. At that time 
11 species of Campylobacter were recognized and 
both C. jejuni and C. coli were listed in the genus. It 
is probable that more campylobacters are awaiting 
discovery since techniques based on isolating and 
amplifying DNA from normal and pathological 
samples of the gastrointestinal tracts of animals and 
humans indicate the presence of species which have 
not yet been isolated in pure cultures. There is even a 
possibility that campylobacters are present in humans 
as commensal organisms. 

Differentiating between the two species most impli- 
cated in food poisoning is usually simple since C. 
jejuni can hydrolyse hippuric acid whilst C. coli 
cannot. Thus the hippurate hydrolysis test is of great 
importance in food microbiology. Care must be exer- 
cised in its application, however, as inadequate buf- 
fering of the reaction mixture can lead to false- 
negative results. There have also been reports of hip- 
purate-negative C. jejuni isolates. Further inves- 
tigations have shown the gene required for hippurate 
hydrolysis to be present in such isolates but not to be 
transcribed. Thus genetic probes can help to identify 
these species correctly. 

General Physiology 

Campylobacters have a distinctive morphology, being 
slender, spirally curvcd rods 0.2-0.5 km wide and 
0.5-5 pm long. Species are highly motile by means of 
a single polar flagellum at one or  both ends, giving 
rise to a characteristic corkscrew-like motion. The 
principal distinguishing feature of the physiology of 
this genus is that they are microaerophilic with a 
respiratory type of metabolism. Thus oxygen is 
required for energy production but can only be tol- 
erated at  levels below normal atmospheric pressure. 
This property was partly responsible for the genus 
remaining undetected until relatively recently as it 
could tolerate neither fully aerobic nor anaerobic con- 
ditions, i.e. those normally employed to isolate organ- 
isms from animals and humans. 

Optimal oxygen concentrations have been quoted 
as being 3-6% but media supplements can be used to 
allow growth at  higher concentrations, for example 
FBP (ferrous sulphate, sodium metabisulphite and 
sodium pyruvate) increases aerotolerance, allowing 
growth at oxygen levels of 15-20%. The size and 
state of the inoculum will also dictate whcthcr growth 
in synthetic media takcs place with a heavy inoculum 
usually advised to ensure growth. Elevated levels of 
COZ are also recommended with levels of 2-10% 
having been cited, and the growth of some species is 
dependent on the presence of hydrogen. Latterly it 
has been recommended that hydrogen is present in 
the atmosphere used to incubate any clinical samples. 

Despite their sensitivity to oxygen, C. jejuni and C. 
coli possess catalase, oxidase and superoxide dis- 
mutase activity; however, these enzymes appear to 
give limited protection from hydrogen peroxide and 
superoxide ions as shown by the increased growth 
resulting from the addition of FBP supplement which 
destroys these compounds. Blood also encourages 
good growth and contains both catalase and super- 
oxide dismutase. 

Campylobacters are chemo-organotrophs which 
neither ferment nor oxidize carbohydrates. Instead, 
energy is derived from either amino acids (aspartate 
and glutamate can be utilized) or  tricarboxylic acid 
(TCA) cycle intermediates. The amino acids are deam- 
inated to provide TCA intermediates for subsequent 
oxidation but no  complex molecules, such as proteins, 
are utilized. 

In terms of growth temperature, campylobacters 
are mesophilic, as would be expected from their asso- 
ciation with warm-blooded creatures. Growth tem- 
peratures range from about 25 to 45.S"C. The latter 
temperature can be referred to as thermophilic in 
medical circles and hence organisms growing at  42°C 
are sometimes grouped under the general term of 
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thermophilic campylobacters. None of the genus arc 
however true thermophiles. 

Ecology 

The normal habitats of Campylobacter spp. are 
selected niches (intestinal tract, reproductive organs 
and oral cavity) of warm-blooded animals. For those 
organisms related to gastroenteritis the normal 
habitat is the lower part of the gastrointestinal tract. 
In this environment the organisms are exposed to 
controlled temperatures in the range 37-41 "C and 
hence the inability of campylobacters to grow below 
30°C is of no consequence. The low oxygen tensions 
found in the lumen of the gut mean that cam- 
pylobacters do not require protective mechanisms to 
counter the toxic effects of atmospheric levels of 
oxygen, whilst the high nutrient levels are conducive 
to the proliferation of these highly fastidious 
organisms. 

Campylobacters do not persist in the environment 
due to their limited defences against oxygen, relatively 
high minimum growth temperature and complex 
nutritional requirements. Their spread is therefore 
most likely to be by oral-faecal contamination. In the 
case of foodstuffs they are relatively sensitive to heat, 
hence normal cooking will kill them and transmission 
will therefore be due to underprocessing or raw- 
cooked contamination. 

Species Other than C. jejuni and C. coli 

Campylobacter upsaliensis 

This species can be carried by healthy puppies and 
kittens. In a survey of ribotypes isolated from humans 
and dogs, the human strains were found to possess 
a unique 16s ribotype and carried plasmids more 
frequently than did canine strains. Besides human 
enteritis, strains can cause abortion, bacteraemia and 
haemolytic-uraemic syndrome. Transmission is much 
more likely to be via contact with domestic pets rather 
than food-borne. 

Campylobacter sputorum 

C. sputorum has been isolated from dairy cows and 
calves. Although this species has not been associated 
with human enteritis, it has been implicated in peri- 
odontitis. Three biovars have been proposed and their 
characteristic biochemical tests are as follows: 

0 C. sputorum biovar sputorum: catalase-negative 
C. sputorum biovar fueculis: catalase-positive 

0 C. sputorum biovar puruureolyticus: urease-posi- 
tive. 

If this proposal is adopted then this would require 
the unification of biovars sputorum and bubulus into 
biovar sputorum and the biovar name bubulus would 
be discarded. 

Campylobacter concisus 

C. concisus has mainly been associated with peri- 
odontitis but has been isolated from stool samples of 
children suffering from enteritis. However, in one 
study of children with and without enteritis there 
was no significant difference in isolation rates of C. 
concisus between the groups. Specific primers based 
on 23s rDNA have been developed for this species. 

Campylobacter fetus 

This species has two subspecies: fetus and venerealis. 
Both are primarily associated with animals. Although 
better known as a cause of sporadic abortion in cattle, 
they are also a rare cause of human disease. The 
presence in the blood stream of C. fetus subsp. fetus 
may be associated with cancer. Primers common to 
both subspecies have been identified. 

Campylobacter gracilis 

C. gracilis may be involved in periodontal disease and 
has been shown to cause infections in dental implants. 
No conclusive evidence exists that it is a cause of 
human enteritis. 

Campylobacter helveticus 

This species has been isolated from the faeces of 
domestic cats and dogs. No conclusive evidence exists 
that it is involved in human disease. A species-specific 
recombinant DNA probe has been developed to help 
determine its pathogenicity. 

Campylobacter hyointestinalis 

Two subspecies exist for this species: hyointestinulis 
and lawsonii. The subspecies may be differentiated by 
phenotypic tests, whole-cell protein and macro- 
restriction profiling. Although this species was first 
considered to be a pathogen of pigs, it has now been 
established as an occasional human pathogen. 

Campylobacter lari 

This species has been isolated from mussels and 
oysters. It is presumed that the shellfish become con- 
taminated by the faeces of gulls feeding in the growing 
waters. In one survey relatively extensive DNA poly- 
morphisms were found within a single batch of shell- 
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fish, indicating a high degree of genetic diversity 
within the species. It has only been infrequently asso- 
ciated with human enteritis and bacteraemia but there 
is one published case where it was deemed to have 
caused chronic diarrhoea and bacteraemia in a 
neonate. Reactive arthritis may be a complication 
following enteritis. Unique polymerase chain reaction 
(PCR) primers for C. lari have been identified based 
on a 23s rDNA sequence. 

Pathogenicity 

Campylobacter spp. can express virulence either dir- 
ectly, by invasion of the epithelial cells of the gut and 
releasing toxin or indirectly, by inducing an inflam- 
matory response. Like many pathogens, the patho- 
logical changes can be multifactorial in nature, with 
a combination of determinants being involved. The 
main factors described are motility, adhesion, inva- 
sion, iron acquisition and toxin production. 

C. jejuni has a polar flagellum (at one or both ends 
of the cell) and is capable of rapid motility which, 
when combined with a spiral morphology, gives the 
organism a selective advantage in penetrating and 
colonizing the thick viscous mucus barrier of intes- 
tinal cells. Campylobacter spp. also exhibit chemo- 
taxis regulated by the cheY gene. The flagella are 
highly immunogcnic and can undergo both phase and 
antigenic variations which help them to evadc the 
immune response of the host. Two flagella genes have 
been identified: flaA and flaB which are in a tandem 
chromosomal arrangement separated by a short inter- 
vening sequence. The flaA and flaB genes are of 
approximately equal size (1.7 kbp) with predicted 
molecular masses of 59 588 and 59 909 respectively. 
Flagella, in particular flagella with type A flagellin, do 
appear to be necessary for invasion and intern- 
alization but flagella may or may not act as adhesion 
factors. 

Carbohydrate moieties, probably a glycoprotein, 
have been shown to be important for adhesion since 
pre-treatment with L-fucose and D-mannose inhibits 
adherence to INT 407 epithelial monolayers. A variety 
of outer membrane proteins have also been described 
that bind to eukaryotic cells. Campylohacter spp. 
may also possess fimbriae (4-7nm in width) whose 
synthesis is enhanced by bile salts. Non-fimbriated 
mutants, however, are still able to adhere to and 
invade INT 407 cells and colonize ferrets but with 
ameliorated disease symptoms, which suggests some 
role in virulence. 

Although evidence of epithelial cell invasion in vivo 
is sparse host cell invasion, which occurs within a 
very short time period, has been observed experi- 
mentally in macaque monkeys and in the colon of 

patients. In addition to epithelial cell invasion the 
organism may overcome the gut barrier by trans- 
location (passing between cells) possibly via M cells. 
Certainly Campylobacter spp. have been observed to 
associate preferentially to intercellular junctions. The 
ability to invade is strain-dependent. Using Hep-2 
cells, no  correlation was found between invasiveness 
and the type of symptoms observed, showing that 
host factors such as immune status are important. 
Campylobacter spp. do  not exhibit a positive Sereny 
test and show variability in their ability to invade a 
range of tissue cell lines, although invasion has been 
shown to be more efficient when cells of human origin 
are used. 

Campylobacter spp. require iron for normal cell 
division since in the absence of the metal ion cells 
elongate, lack septa and become filamentous. C. jejuni 
and C. coli d o  not produce siderophores (iron chel- 
ating agents) but are capable of utilizing siderophores 
produced by other microorganisms, including entero- 
bactin and ferrichrome. A transport system encoded 
by the ceu operon may be involved in this process. 
Most strains of C. jejuni and C. coli produce a cell- 
associated haemolysin and possess a mechanism to 
transport haemolysis products into the cell and release 
iron from the complexes. C. jejuni also elaborates the 
iron storage protein ferritin which helps protect the 
bacterium against iron overload which may result in 
iron-catalysed damagc to cellular components. The 
organism also elaborates an iron-containing super- 
oxide dismutase (SOD) which provides protection 
against oxidative stress during invasion. C. jejuni pos- 
sesses a fur gene which, if similar to fur genes in other 
bacteria, is involved in the synthesis of SODS and 
outer membrane siderophore receptors as well as 
regulating other genes involved in pathogenesis. 

The reported frequency of enterotoxin elaboration 
amongst isolates varies greatly (Table 1 ). Differences 
in methodology and in parameters, such as the 
number of passages, strain storage and culture con- 
ditions and polymyxin R treatment, probably 
contribute towards this observed variation. Cam- 
pylobacter appear to produce several types of cyto- 
toxins, including a Shiga-like toxin (SLT), a cytolethal 
distending toxin (CLDT), C. jejuni toxin (CJT; similar 
to Vibrio cholerae toxin) and heat-labile toxin (similar 
to Escherichia coli LT toxin). Some of the cytotoxins 
which have a molecular weight range of 50000- 
70000 are as yet poorly characterized but on tissue 
culture cell lines the effects include cell rounding with 
nuclear condensation, loss of cell monolayer adhe- 
siveness and cell death within 24-48h. Cam- 
pylobacter produce a cytotoxin (SLT) similar to Shiga 
toxin, as evidenced by its neutralization by Shiga toxin 
antibody and by a monoclonal antibody against the 
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Table 1 Incidence of enterotoxin production among strains of 
Campylobacter jejuni and C. coli 

Number and origin of Enterotoxin- Method of detection 
strains positive (%) 

25 clinical, Belgium 
62 clinical, US 
22 clinical, South Africa 
44 clinical, Belgium 
32 clinical, Mexico 
80 clinical, Algeria 
12 clinical, diverse origin 

31 6 clinical, Canada 
44 clinical, Costa Rica 
372 clinical, diverse origin 
39 clinical, US 
202 clinical, Sweden 
22 clinical, India 
22 clinical, US 
15 clinical, US 
47 carriers, India 
30 carriers, Algeria 
6 carriers, Mexico 
8 carriers, Mexico 
77 carriers, India 

100 
94 
77 
75 
65 
65 
50 

48 
47 
45 
36 
3211 gb 
32 
0 
0 

12 
60 
16 
0 
0 

CHO 
GM, ELISA" 
Y-1 
CHO 
CHO, RlLT 
CHO 

RlLT 
CHO, GMi ELISA, 

CHO, Y-1 
Y- 1 
CHO 
GM, ELlSA 
CHO, GMi ELISAb 
CHO, GM, ELlSA 
CHO, GM1 ELISA 
CHO, GM, ELlSA 
CHO, GMi ELISA 
CHO 
CHO, RlLT 
CHO 

RlLT 
CHO, GM, ELISA, 

CHO, Elongation of Chinese hamster ovary cells; GM, ELISA, 
ELISA with ganglioside GM, as the solid phase and antiserum 
against enterotoxin CT or LT as primary antiserum; Y-1, rounding 
of mouse adrenal tumour cells; RILT, fluid accumulation in the 
rat ileal loop test. 
'The primary antiserum used with homologous serum against 
enterotoxin of C. jejuni. 
bDifferent results were obtained with the two methods. Adapted 
from Wassenaar (1 997). 

B subunit of E. coli SLT-1. The titre produced by 
Campylobacter is however c 1000-fold less than that 
produced by Shigella dysenteriae or E. coli 0157. In 
Chinese hamster ovary cells the CLDT of Cam- 
pylobacter caused accumulation of F-actin assemblies 
which resembled actin stress fibres and this was 
accompanied by a block in cell division which in vivo 
would result in cytokinesis. Strains of C. jejuni have 
been shown to produce significantly more CLDT than 
C. coli. Published research on C. jejuni toxin currently 
presents a confusing picture, particularly as regards 
its pathogenesis, chemical structure and genetic basis. 
It is however closely related to cholera toxin and LT 
toxin of E. coli since it can be neutralized by anti- 
bodies raised against the latter two toxins and also 
by the fact that it binds strongly to the ganglioside 
GM1 on target cells. Evidence from molecular studies 
suggests that all C. jejuni strains possess the toxin 
gene but that it is not always expressed. A further 
toxin, proteinaceous in nature, has been shown to 
be elaborated by C. jejuni and C. coli which causes 
elongation of Vero and Hep-2 cells and rounding of 
CHO cells. 

Typing of Campylobacter spp. 

The identification of specific subspecies of pathogens 
is essential for effective epidemiology. However, 
biotyping of campylobacters is restricted by their 
limited range of biochemical activities, although 
schemes were devised and applied. Serotyping has 
also been developed and the method of Penner, based 
on heat-stable antigens, has been most widely applied. 
However, this method has been limited by the avail- 
ability of antisera and is generally only used by public 
health laboratories which have facilities to raise their 
own antisera. Coincidentally, the increasing import- 
ance of Campylobacter spp. as food-poisoning patho- 
gens occurred at a time when methods of genotyping 
were becoming more widely available and, in fact, 
the genomic sequence of C. jejuni has been recently 
published. 

The lack of an established biotyping scheme for C. 
jejuni led to genotyping methods being applied and, 
as methods evolved, or were invented, they have been 
applied to investigate specific aspects of the epi- 
demiology of this species. As with the development of 
all tools, the ultimate aim of a given investigation will 
determine which genotyping method is selected. Thus 
a IJK Department of Health investigation into appro- 
priate methods of subtyping campylobacters aimed to 
define the most appropriate methods for use in clinical 
laboratories. The group concluded that a two-stage 
process was best, with biotyping used to screen incom- 
ing isolates into groups (using biochemical reactions 
and Penner serotyping), then pulse-field gel elec- 
trophoresis (PFGE) being applied to define the specific 
subtype. 

PFGE is based on the entire genome of the target 
species being released from cells held in a gel and then 
digested by a rare-cutting restriction enzyme in situ. 
The very large fragments of DNA require the appli- 
cation of an oscillating electrical field to migrate 
through the agarose gel and the subtyping is based 
on the pattern of DNA fragments which have their 
molecular weight estimated from a comparison with 
a molecular-weight standard included in each gel. 
The latter analysis can take place using commercial 
software which analyses images of the gel patterns 
and can subsequently produce similarity dendrograms 
based on numerical taxonomy principles. 

However, PFGE is a relatively slow process: the 
electrophoresis takes about 24 h to complete, and for 
a full  analysis it is recommended to use digestion with 
more than one restriction enzyme. Hence, analytical 
methods aimed at specific regions of the genome have 
been applied, such as ribotyping and PCR restriction 
fragment length polymorphism (PCR-RFLP). PCR- 
RFLP typing has been applied based on ribosomal 
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Table 2 Overview of typing methods applied to Campylobacter spp. 

Method Advantages Disadvantages 

Biotyping 
Phage typing 
Serotyping 
Flagellin typing 

Pulsed-field gel 

Automated ribotyping 
Amplified fragment length 
polymorphism analysis 

electrophoresis 

Simple, cheap, quick 
Relatively simple, reasonable discrimination 
Relatively simple, discrimination can be good 
Fast and uses widely available reagents 

Highly discriminatory 

Fast, intermediate level of discrimination 
Fast, level of discrimination can be defined by 
primers 

Low discrimination 
Phage sets not widely available 
Antisera not widely available 
Interlaboratory comparison of types difficult, long- 
term stability of types in question 

Slow, specific equipment required, interlab 
comparison of types difficult 

High capital and running costs 
Needs expensive capital equipment, method still 
undergoing development 

RNA genes and also targeting the flagellin gene, of 
which there are two copies, pa A and pa B. Whilst 
individual groups report successes with this method, 
the long-term stability of flagellin types has been 
called into question. 

An overview of some benefits and drawbacks of 
the typing methods applied to Campylobacter spp. is 
presented in Table 2. 

Methods of Control 

Pets, water and improperly handled and cooked foods 
account for most cases of Campylobacter enteritis. 
Untreated water and unpasteurized milk have been 
responsible for those outbreaks with large numbers 
of associated cases. However, undercooked poultry 
products have mainly been responsible for the large 
numbers of sporadic cases of campylobacteriosis. It 
is probably in this latter area where adequate control 
strategies still require most research effort. Since C. 
jejuni is often found in high numbers (> 104cfu) per 
processed carcass, perhaps the best approach is to 
concentrate on devising methods which will ensure 
that the birds arrive at the processing plant with 
significantly reduced Campylobacter contamination. 
This focuses attention on the rearing conditions. Cam- 
pylobacter is rarely found in poultry feed or the hatch- 
ery environment and generally colonizes the chicks 
only after the second or third week. The most likely 
vectors are flies, wild birds, rodents or contaminated 
water. Three main strategies are currently being 
employed: drinking water quality, vaccination and 
competitive exclusion. Certainly some authors 
contend that disinfection of drinking water is likely 
to have the greatest impact on the prevalence of Cam- 
pylobacter spp. Passive immunization of chicks has 
resulted in reduced colonization by the organism but 
the cost-effectiveness of this approach still has to 
be determined. Competitive exclusion involves the 
administration early in the chick’s life of a cocktail of 
organisms that prevents subsequent colonization of 
the bird when challenged with Campylobacter spp. A 

three-strain mixture comprising Klebsiella pnew 
moniae, Citrobacter diversus and Escherichia coli 
(013 :H-) provided 43-100% (average 78%) 
protection. 

Viable but Nan-culturable Forms 

Campylobacter cells, in common with other genera 
such as Vibrio, Salmonella and Shigella, have been 
shown to metamorphose into a viable but non-cul- 
turable (VNC) state when subjected to unfavourable 
conditions such as would be experienced in water, 
which generally has a low nutrient status. With Cam- 
pylobacter the cells transform from a motile spiral 
form to a coccoid VNC form which is incapable of 
cell division in normal media entirely suitable for the 
normal culturable form. 

If the VNC form of Campylobacter is capable of 
initiating an infection in humans or colonizing the gut 
of domestic animals and poultry or indirectly via food 
contact surfaces, then contaminated water must pose 
a risk. There is still much controversy over the infect- 
ivity of VNC Campylobacter cells. It must be stated 
that such a phenomenon has been found with Vibrio 
cholerae and other related enteric water-borne 
pathogenic bacteria. Such authors suggest that the 
VNC form is a degenerative state and that there 
is a continuum of physiological states, with one 
extreme being highly culturable and the other dead 
cells. The VNC state is between these but tending 
towards the latter state. Certainly more research 
is needed to elucidate the role, if any, of the 
VNC formof Campylobacter in the transmission of 
disease and colonization of domestic animals and 
birds. 

See also: Campylobacter: Detection by Cultural and 
Modern Techniques: Detection by Latex Agglutination 
Techniques. Food Poisoning Outbreaks. Milk and 
Milk Products: Microbiology of Liquid Milk. 

Next Page
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Characteristics of the Genus and 
Relevant Species 

Species of Debaryomyces are commonly found in 
soils, waters, plants, foods and clinical specimens. 
Present taxonomic classification accepts 15 species 
within the genus (Table l), although an additional 
species Debaryomyces prosopidis has been proposed. 
Debaryomyces hansenii (imperfect form Candida 
famata) is, by far, the most significant species found in 
foods. Of the other species, there are only occasional 
reports on the isolation of D. polymorphus, D. etch- 
ellsii, D. maramus and D. carsonii from foods. Species 
of the genus undergo asexual reproduction by multi- 
lateral budding, with cells occurring singly, in pairs, 
short chains or small clusters. Pseudomycelium is 
usually lacking, but primitive or even well-developed 
pseudohyphae may be produced in some species. 
Sexual reproduction characteristically occurs by con- 
jugation between a mother cell and its bud, but occa- 
sionally conjugation between separated cells is 
observed. Variation in the morphology and number 
of ascospores per ascus provides a good criterion for 
differentiation between the species. Ascospores are 
usually spheroidal to ovoidal in shape and are often 
distinguished by a warty or roughened surface. The 
ascospores of some species (e.g. D. occidentalis) have 
a distinct equatorial ledge. The number of ascospores 
per ascus varies from one to four depending on the 
species and, with the exception of three species, they 
are not usually liberated from the ascus. 

The ability to ferment sugars varies from an absent, 
weak to vigorous reaction, nitrate is not assimilated 
but strains of some species assimilate nitrite. Ubiqui- 
none Q-9 is present and the diazonium blue B reaction 

is negative. Lipid composition is characterized by the 
presence of linoleic (C18 : 2) and linolenic (C18 : 3 )  
fatty acids. The mol% G+C content is in the range of 
33-43%. Karyotyping of the genus is not complete, 
but three to seven chromosomes arc generally present 
within the species. 

Inclusion of species within the genus has undergone 
significant revision over the years. The first major 
description of the genus by Lodder and Kreger-van 
Rij in 1952 included only five species, namely D. 
hansenii, D. kloeckeri, D.  subglobosus, D. nicotianae 
and D. vini. Lodder’s 1970 classification, based 
largely on fermentation and assimilation tests, com- 
bined the first four of these species into one species 
D. hansenii, and introduced seven new species, D. 
castellii, D. coudertii, D. marama, D.  phaffii, D. can- 
tarellii, D. tamarii and D. vanriji. Price and co- 
workers in 1978 proposed a major revision of species 
within the genus after a detailed study of DNA 
sequence similarity by reassociation/hybridization 
kinetics. In particular, they showed that several species 
of Pichia were related to some Debaryomyces species. 
Consequently, D. cantarellii and D. phaffii were 
merged with Pichia polymorpha to become D. poly- 
morphus. Pichia pseudopolymorpha became D. 
pseudopolymorphus. Using data from partial sequen- 
cing of ribosomal RNA subunits, Kurtzman and co- 
workers and Yamada and co-workers have further 
refined the description of the genus, and this has given 
the current recognition of 15 species (Table 1). A 
notable outcome from these studies was the close 
similarity of Schwanniomyces occidentalis with Deba- 
ryomyces species and its redefinition as D. occi- 
dentalis with two varieties. However, some authors 
do not agree with classification of Schwanniomyces 



Table 1 

Species Mol% Fermentation Assimilation Ascospores 

Key properties" of species within the genus Debaryornyces 

G+C 37°C NaCl Vit G su Tr su La Me Ra XY GI Er Shape NurnbeP LibC 
(1 0%) 

D. carsonii 36.8- + + - 

D. castellii 37.1 - + - 

D. coudertii 37.4 - + - 

39.7 

D. etchellsii 38.5- + + - 
40.6 

D. hansenii 
var. hansenii 37.3- - + - 

var. fabryi 36.4- + + - 

D. rnararnus 39.1 - + - 

38.6 

36.8 

D. melissophilus 39.8 - + - 
D. nepalensis 37.6- - + - 

38.0 
D. occidentalis 

var. 35.2 + 
occidentalis 
var.persoonii 35.4 + - - 

- - 

D.polyrnotphus 35.7- + + + 

D. 35.7 - + - 

pseudopolyrnorphus 
D. robertsiae 42.7 - + + 

D. vanrijiae 

35.9 

D. udenii 35.8 - + - 

var. vanrijiae 33.2- + + + 

var. yarrowii 33.0 - + + 

D. prosopidis 37-38 + + - 

33.3 

D. yarnadae 34.5 - + - 
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+ 
+ 

Spheroidal (L) 

Spheroidal (L) 
Spheroidal 

1-2(1) + + + V V + + + 

1-2(1) 
1-2(1) 

1-4 

+ 
S 

+ 
S 

+ 
+ 

+ 
V 

V 

V 

+ 
+ 

+ 
+ 

- 

+ 
- 

+ 

S Spheroidal + + + + + + + + 

Spheroidal 
Spheroidal 

1-4 
1-4 

+ 
ws 

+ 
wl- 

+ 
wl- 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

+ 
+ 

- 

+ 
- 

+ 

wl- wl- Spheroidal 1-4 + + + + + + 

wl- 
S 
- 

Spheroidal 
Spheroidal 
Globose 

1 4  
1-4 
1 -2 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
+ 
+ 

+ 
W 

+ 

V 
- 

+ 
Table adapted from Nakase et al(1998) with permission from Elsevier Science. 
"Abbreviations: 37"C, growth at 37°C; NaCl (lo%), growth in 10% NaC1+5% glucose; Vit, growth in vitamin-free medium; G, glucose; Su, sucrose; Tr, trehalose; La, lactose; Me, 
melibiose; Ra, raffinose; Xy, D-xylose; GI, gluconate; Er, erythritol; +, positive; s, positive but slow; x, positive or weak; w, weak; ws, weak and slow; wl-, weak or negative; v, variable; 
-, negative. 
bNumbers of ascospores per ascus; numbers in parentheses refer to the number of ascospores most frequently observed. (L) indicates ascospores with equatorial ledge. 
"Ascospores liberated by lysis of asci. 
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occidentalis within the genus Debaryomyces because 
it has some quite distinct phenotypic properties. Also 
K'ingea robertsii was described as D. robertsiae. 
Other changes were the description of two former 
species of Pichia as D. carsonii and D. etschellsii and 
the removal of D. tamarii. The key properties that 
differentiate species within the genus are shown in 
Table 1. 

Physiological and Biochemical Properties 

Of the 15 species in the genus, only Debaryomyces 
hansenii and D. occidentalis have attracted significant 
study of their physiological, biochemical and molecu- 
lar properties. These studies reflect the substantial 
diversity in growth and metabolic behaviour of yeasts 
within the genus. 

Debaryomyces hansenii is considered to be non- 
fermentative. It metabolizes sugars to pyruvate by the 
Embden-Meyerhof-Parnas (EMP)  pathway and then 
oxidizes pyruvate through the tricarboxylic acid 
(TCA) cycle. Organic acids such as citric, lactic and 
succinic are assimilated through the TCA cycle. The 
pentose phosphate pathway also operates in this 
yeast. Contrary to the general view, there are reports 
of some strains of D .  hansenii and C. famata that 
ferment glucose and other hexoses. Extracellular pro- 
tease and lipase production have been reported in 
some but not all strains. These enzymes have not been 
isolated and characterized. Amylolytic and pec- 
tinolytic activities are absent. The most distinguishing 
feature of D. hansenii is its ability to grow in the 
presence of extremely high concentrations of salt 
(KaC1). Although the growth response to NaCl varies 
with the strain, most grow in the presence of 15% 
(wiv) NaCl and there are some strains that grow at 
20-24% (wiv) SaC1. High salt tolerance has also 
been reported for D. etchellsii. Salt tolerance of D. 
hansenii is greatest at  p H  values near 5.0 and 
decreases at  pH 3.0 and p H  7.0. The molecular basis 
of salt tolerance in D. hansenii has been extensively 
studied and is related to the ability of this yeast to 
accumulate high intracellular concentrations of gly- 
cerol as an osmo-protectant or compatible solute. 
Substantial amounts of this glycerol are excreted into 
the extracellular medium, especially during the sta- 
tionary phase, but it is re-utilized when glucose sub- 
strate is exhausted. The pathway of glycerol 
production has been studied and it originates from 
glucose by the EMP pathway. Intracellular arabitol is 
also accumulated and excreted, but its production (via 
the pentose phosphate pathway) appears constitutive 
and occurs in the absence of salt stress. It has been 
suggested that D. hansenii also has an appropriate 

membrane bound ATPase that accomplishes an  effect- 
ive extrusion of Na- ions. 

With the exception of D. hansenii, little is known 
about the environmental factors which limit the 
growth of species listed in Table 1. Other than D .  
occidentalis, all grow in the presence of 10% NaCI. 
D. hansenii and D. etchellsii, a t  least, are also tolerant 
of very high concentrations of sugars and grow in the 
presence of 60% (wh) sucrose. Growth of D. hansenii 
is very weak at  pH2 .5  but strong in the p H  range 
3.0-8.0. Many authors have made the qualitative 
observation that D. hansenii exhibits faster growth at  
l-5OC compared with other yeast species, and there 
is a report of growth a t  -12.5"C. D. hansenii is not 
particularly tolerant of preservatives or heat treat- 
ment. It is inhibited a t  p H 5 . 5  by 250-500mg1-' of 
benzoic or sorbic acids and has a D value of 12min  
at  48". Some strains have a strong tendency to floc- 
culate and this could be a potential survival mech- 
anism in hostile environments. 

I n  contrast t o  D. hansenii, D. occidentalis is a 
vigorous fermenter of sugars under non-aerated con- 
ditions. I t  is a Crabtree negative yeast and, under 
aerated conditions, it channels the sugars into the 
TCA cycle. Unlike D. hansenii, this species is not 
particularly tolerant of high s;lt or high sugar envir- 
onments. The most distinctive property of D. occi- 
dentalis is its efficient degradation of starch by the 
production of extracellular a-amylases and a gluco- 
amylase that can by-pass the a-( l+b)-linked branch 
points in amylopectin. Because of this property, there 
has been substantial scientific and industrial interest 
in this yeast. The kinetics of production and properties 
of these amylolytic enzymes have been well char- 
acterized and their genes have been cloned and 
sequenced. Techniques for manipulating the expres- 
sion of these genes and for transferring them to other 
yeast species have been developed. 

Significance in Foods 
Literature on the occurrence of Debaryomyces species 
in foods is largely unfocused and scattered over many 
years. It is difficult to track because of the numerous 
changes of name of the species. Most studies concern 
D .  hansenii and there are only occasional reports on 
the occurrence and significance of other species, such 
as D. etschellsii, D.  polymorphus, D .  maramus and 
D. carsonii in foods (Table 2). There is no reason to 
explain why the other species listed in Table 1 (e.g. 
D. occidentalis) are not found in food ecosystems, 
but more systematic and focused study will probably 
reveal their presence. 

The early literature reveals the frequent isolation of 
D. hansenii from meat products, especially processed 
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Table 2 Significance of Debaryomyces species in the food and beverage industries 

Speoes Significance 

Debaryomyces hansenii (Candida Occurrencelspoiiage: delicatessen, cured, fermented, minced meats; seafoods, fish sauces; 

Biotechnological: starter cultures for meat sausage fermentation; starter cultures for maturation 

Occurrencelspoiiage: carbonated soft drinks; sugar syrups; brined vegetables: mayonnaise- 

Occurrencelspoiiage: carbonated soft drinks; fruit products delicatessen, cured and fermented 

Occurrencelspoiiage: meat products; cheese 
Spoilage: salted fish paste 
6iotechno/ogicai: amylase production; waste utilization; single-cell protein 

famata) yoghurts, cheeses; brined vegetables; mayonnaise-based salads; silage 

of cheeses; biocontrol agent of bacterial and fungal spoilage; xylitol production 

based salads, soy sauce; fermented meat products 

meats 

Debaryomyces etscheilsii 

Debaryomyces polymorphus 

Debaryomyces maramus 
Debaryomyces carsonii 
Debaryomyces occidentaiis 

products, such as frankfurters, bacon, hams and fer- 
mented and unfermented sausages. In some cases, 
presence of the yeast was associated with the devel- 
opment of a slimy surface layer on the product. 
Recent, more extensive studies have confirmed the 
predominance of D. hansenii in meat products com- 
pared with other yeasts, and these conclusions have 
been extended to include seafoods such as fresh fish. 
Populations in the range 104-10h cfu g-' (or even 
higher in fermented salami) are often reported. D. 
etschellsii, D. polymorphus and D .  maramus are also 
found in these products, but less frequently. The 
impact of this yeast growth on the flavour of meat 
products is not clear, but cannot be assumed to be 
negative. Indeed, there is a positive correlation 
between the desired flavour of some Italian salami 
sausages and the presence of D. hansenii. Some, but 
not all, of the strains of D. hansenii isolated from 
meat products produce extracellular proteases and 
lipases that could contribute to flavour development 
by the breakdown of meat proteins and fats. The 
ability of these enzymes to operate well at  low p H  
may be an appealing property. Consequently, con- 
sideration has been given to the use of selected strains 
of D. hansenii as starter cultures in the production of 
fermented sausages. Factors thought to select for the 
growth of D. hansenii in meat products include its 
tolerance of salt, utilization of organic acids (e.g. 
lactic), protease and lipase production, good growth 
at low temperatures, and the ability of some strains 
to utilize sodium nitrite which is added as a curing 
agent in some products. 

D. hanseniilC. famata have now emerged as the 
most important yeasts in the dairy industry. Weakly 
fermenting species have been linked to the spoilage of 
yoghurts, but their greatest significance is in cheese 
production, especially with the mould-ripened soft 
cheeses such as Camembert, Brie and blue-veined var- 
ieties. Many surveys of these and other types of 
cheeses have revealed a consistently high incidence of 
D. hansenii, often at  populations of 106-10'cfug~' or 

higher. The yeast originates as a natural contaminant 
of the cheese brine and grows at  both the outer and 
inner parts of the cheese curd during the maturation 
stage. Again, the ability of the yeast to tolerate the 
high salt environment of the cheese, utilization of 
lactic acid, protease and lipase production, growth at  
low temperature and, possibly, production of polyols 
such as glycerol are key factors that favour its growth 
and contribution to the biochemistry of cheese mat- 
uration. A clear link between such activity and a 
sensory outcome remains to be established, but the 
relationship is assumed to be positive since com- 
mercial starter cultures of D .  hansenii are available 
for encouraging the maturation process. An important 
property of these strains might be the ability of their 
proteases and lipases to operate at  high salt con- 
centrations and low temperatures. 

Debaryomyces species, especially D. etschellsii, are 
frequently isolated from brines used to ferment prod- 
ucts such as olives and cucumbers, and they are also 
associated with traditional Japanese fermented prod- 
ucts such as soy sauce and miso. Curiously, a high 
proportion of killer strains of D. hansenii with broad- 
spectrum killer activity has been isolated from the 
latter ecosystems. Presumably, these yeasts grow on 
the surface of brine solutions, utilizing lactic acid 
produced by the lactic acid bacteria involved in these 
fermentations. However, some strains of D .  etschellsii 
also ferment sugars. This latter property may also 
explain the occasional association of D. etschellsii 
with the spoilage of high sugar syrups. There are 
occasional reports of the isolation of Debavyomyces 
species from soft drinks, beer, wine and vegetable 
salads but, generally they are not significant spoilers 
of these products. An unusual but significant form of 
spoilage has been reported for D .  cavsonii, which 
grew in a Japanese chickuwa fish paste, transforming 
trans-cinnamic acid to styrene which gave the product 
an  unacceptable petroleum-like aroma. 

4 s  noted already, the association of D. hansenii 
with foods does not necessarily have negative impli- 
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cations and there is significant interest in exploiting 
this species as a starter culture in meat and cheese 
production. In the case of cheese production, it has 
been reported to have good biocontrol over spoilage 
species of Clostridium. Also in the context of bio- 
control, several papers in the late 1980s suggested 
that D. hansenii was an effective natural antagonist 
for controlling the fungal spoilage of various fruits by 
species of Penicillium, Botrytis and Rhizopus. 
However, later study revealed that the yeast is an 
unusual strain of Candida guilliermondii and not D. 
hansenii. Nevertheless, this work has stimulated inter- 
est in the yeast as a potential novcl biocontrol agent. 
In another industrial application, D. hansenii has 
potential value in bioconversion of xylose into the 
sweetener, xylitol. The enzymes, xylose reductase and 
xylitol dehydrogenase, associated with this process 
have been examined. 

The amylases of D .  occidentalis have potential 
application in the production of sugar syrups for food 
and beverage processing. The genes for these amylases 
have been incorporated into brewing strains of S. 
cerevisiae for the purpose of using these strains in the 
production of low calorie or dextrin-free beers. D. 
occidentalis could be used to process starchy waste 
material into single-cell protein. 

Debaryomyces spp. are not generally regarded as 
pathogenic to humans and no food-borne disease out- 
breaks have been attributed to these organisms. 
However, D. hanseniilC. famata have been implicated 
in isolated cases of septicaemia and skin and mucosal 
surface infections where they are considered as weak 
opportunistic pathogens, especially for immuno- 
compromised patients. 

Enumeration and Identification 

Food sample ( l o g )  is suspended in 90ml of 0.1% 
peptone water, homogenized for approximately 1 min 
and then diluted 10-fold, as necessary, in 0.1% 
peptone water. Aliquots (0.1ml) of the dilution are 
then spread inoculated over the surface of plates of 
media such as malt extract agar, glucose-yeast extract 
agar or tryptone glucose yeast extract agar. Bacterial 
antibiotics, such as chloramphenicol, oxytetracycline, 
chlorotetracycline, gentamicin and streptomycin can 
be added to these media at concentrations up to 
100 pgml-' to suppress bacterial growth. For the isol- 
ation of Debaryomyces from products like cheese, 
overgrowth of moulds (Penicillium spp.) on the plates 
can occur. Incorporation of the mould inhibitor, 
biphenyl (50 mg 1-') into the medium can overcome 
this problem. Plates are incubated a t  25°C for 4-7 
days and yeast colonies counted. Virtually all yeast 
species will grow on the media just described. There- 

fore, it will be necessary to isolate and identify indi- 
vidual colonies. The identification of Debaryomyces 
spp. follows standard morphological biochemical and 
physiological tests and keys as outlined in The Yeasts, 
a Taxonomic Study, 4th edition, edited by CP Kurtz- 
man and JW Fell, Elsevier Science (1998) (Table 1). 
D. hanseniilc. famata, a t  least, identifies very well in 
the rapid computer-based Biolog (Biolog Inc 
California) and ATB 32C (bioMtrieux) systems that 
incorporate a range of these tests in kit form. 

To avoid potential osmotic shock and stress, it has 
been suggested that 5-10% NaCl be included in the 
dilucnt and plating medium when isolating these 
yeasts from high salt foods. However, wc and others 
have not found these steps to offer any benefit. 

No selective or differential media have been 
reported for these yeasts. However, inclusion of 10- 
15% (wlv) NaCl into the medium formulation could 
assist in selecting for the growth of these species, 
except D. occidentalis. A differential medium based 
on the hydrolysis of starch could be developed for the 
isolation of D. occidentalis. 

A PCR method that differentiates D. hanseniilC. 
famata from Candida guilliermondii has been 
reported and is based on amplification of the large 
subunit rDNA between base positions 402 and 669. 
A D. hansenii nucleic acid probe based on sequences 
in the 18s rRNA has been reported. As yet, neither 
of those molecular methods has been developed for 
routine use. 

See also: Fermented Foods: Fermentations of the Far 
East. Fermented Milks: Yoghurt. Meat and Poultry: 
Spoilage of Cooked Meats and Meat Products. 
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Introduction 

Although there is a variety of resting or survival stages 
of microorganisms that are resistant to drying, all 
organisms need water to remain metabolically active. 
The availability of water to an  organism in an envir- 
onment is not simply a function of how much water 
is present, but the degree to which it is adsorbed 
to the  insoluble components of the environment or 
chemically associated with solutes in that envir- 
onment. For this reason, the concept of water activity 
(a&) ,  a measure of the availability of water to par- 
ticipate in chemical reactions, was devised. Though 
a,, is not a perfect predictor of the behaviour of micro- 
organisms in a specified environment iknowledge of 
the solutes and factors that contribute to the a ,  is also 
required), it is widely used to describe the relationship 
between the water in an  environment and its microbial 
ecology. 

The reduction of a,+ to increase the microbiological 
stability of foods has probably been used since 
antiquity. The drying effect of the air and the sun 
required no special technology and is still used today. 
Similarly, the addition of salt or sugars requires no 
special technology and has been used for centuries to 
preserve food. Those techniques are still in use in 
many parts of the world, using free energy and pro- 
viding safe products. More recently, technology ie.g. 
hurdle technology) has sought to maximize the poten- 
tial of drying techniques while minimizing the severity 
of treatments to develop shelf-stable products that are 
less altered from the fresh state. 

This article considers the microbial ecology of bac- 
teria and fungi in relation to a,. a, and related terms, 
are defined. Methods for manipulating a,, in foods are 
discussed, and the effects of a,, on growth rate, lag- 
phase duration, jield and death rate of micro- 
organisms described. The physiology of the response 
of microbial cells to a,, stress is also discussed. 

Concept of Water Activity/Available 
Water 

Water activity can be affected by both solutes and 
adsorption. The solutes effect is called osmotic poten- 
tial. The adsorption effect is called matric water 
potential but it is not widely considered in food micro- 
biology. None the less, insoluble materials such as 
wood, paper, metal and glass, and including foods, 
adsorb water. The strength of the attachment is a 
function of the physical and chemical properties of 
the material. Those materials will tend to take water 
up from, or release water to, the atmosphere until an  
equilibrium is reached between the atmosphere and 
the material. Foods will tend to equilibrate with the 
relative humidity of the container or environment 
they are stored in. Thus, dry foods can take up water 
from humid environments, o r  moist foods will tend 
to dry out in dry environments. If a food is allowed 
to equilibrate with the humidity of the storage atmos- 
phere, the matric a,. will affect the organism just as if 
the osmotic a,. had been altered to the same relative 
humidity. 

The terms water activity, water potential, osmotic 
pressure and solute concentration are often used inter- 
changeably by microbiologists to refer to the avail- 
ability of water to microorganisms. Although each of 
these concepts is related, they are different. Solute 
concentration is self-explanatory, although it may be 
expressed in different ways (e.g. w h ,  w/v, molarity, 
molality, etc.). High solute concentrations result in 
decreased a,, , and less water available to micro- 



540 ECOLOGY OF BACTERIA AND FUNGI IN FOODS/lnfluence of Available Water 

organisms for metabolism. Solutes that alter a, are 
termed humectants. 

Water Activity 

A,% is a fundamental property of aqueous solutions. It 
is defined as: 

P 
Po 
- - a ,  - (Equation 1) 

where p = vapour pressure of the solution; po = vapour 
pressure of the pure water under the same conditions 
of temperature, etc. And where: 

P - = relative humidity 
Po 

The a,b of most solutions is temperature-dependent. 
Equilibrium relative humidity, a measure widely used 
in meteorology and building environmental control, 
is related to a, by the simple expression: 

Equilibrium relative humidity (%)  
a, = (Equation 2) 

100 

When solutes are dissolved in water, some of the 
water molecules become more ordered as they become 
oriented on the surfaces of the solute molecule. This 
reduces the vapour pressure of the solution, since on 
average the water molecules then have less entropy. 
In turn, a,v is reduced. The a,v of a solution decreases 
with increasing solute concentration. The effect of 
solute concentration on a,. is expressed math- 
ematically: 

[Equation 3 )  

where v = the number of ions generated by each mol- 
ecule of solute (e.g. for non-electrolytes, v =  l; for 
NaC1, v = 2 ;  for HzS04, v = 3 ) ;  m=molaI con- 
centration of the solute; cp = molal osmotic coefficient. 

Equation 3 reveals that the a ,  at a given solute 
concentration is dependent on the specific solute, 
because each solute has its own osmotic coefficient 
and will dissociate into a different number of ions. 

Osmotic Pressure 

The osmotic pressure of a solution is related to its a, 
and includes this term in its definition: 

-RT In a, Osmotic pressure = - 
V 

[Equation 4) 

where R = the universal gas constant 
(8.314 Jk-lmol-'); T =  absolute temperature (K);  V =  
partial molar volume of water and all other terms are 
as previously defined. 

Increased osmotic pressure literally means that the 
cell is subjected to an increased external pressure, or 
alternatively, a decreased internal pressure. Increased 
extracellular osmotic pressure refers to a situation 
where the availability of water to bacteria is 
decreased. 

The term water potential, widely used by soil micro- 
biologists, also expresses the availability of water, 
but is defined as the difference in free energy of the 
environment being considered, and a pool of pure 
water at the same temperature: the terms water activ- 
ity and water potential are measures of the energy of 
water. Water potential may be expressed in a number 
of units, of which the most widely used is the bar 
( IO6 dyn cm-2). Water potential is always a negative 
value or zero. 

As shown in Table 1, a,$ and water potential are 
not directly proportional, however, a 0.01 decrease in 
a ,  corresponds to a decrease of approximately 15 bar 
water potential in the range of a ,  typical of foods. 

Tables of a, for various solutes and solute mixtures 
are available in the literature. The effect on a, of 
solutions containing several solutes can be estimated 
from the concentration of each solute, using the fol- 
lowing formula: 

a,tota, = a , l  x aw2 x x ............... X awn (Equation 5 )  

where a,,l, a,$2, a,,3, a,,, are the a, calculated from the 
concentration of each solute independently. 

This equation can readily be applied to liquid foods, 
e.g. broths, juices and syrups and can also be used 
for solid foods by determining the concentration of 
solutes in the aqueous phase. 

Water potential, y ~ ,  is related to  water activity by 
the equation: 

(Equation 6 )  

where M = t h e  molecular weight of water 
(0.018 kgmol-l) and all other terms are as previously 
defined. 

Factors Affecting Water Activity 

Addition of water or removal of solutes can increase 
a, In food microbiology, however, one is usually 
interested in reducing a,%, to improve the micro- 
biological stability of the product. The a,$ of an envir- 
onment can be reduced by the addition of solutes, or 
water binding substances that decrease matric water 
potential, or by the removal of liquid water. 
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Table 1 Comparison of water activity (a,) and water potential ( y )  values and concentration of solutes required to achieve them 

a :/ Water potential (bar)' NaCl concentration Sucrose concentration Other solutes (a,,/ at 25°C) 

0.995 -7 8.7 92 
0.980 -28 35 342 
0.850 -224 190 2050 (saturated) 
0.843 -235 KCI (saturated. 357) 
0.753 -390 260 (saturated) 
0.577 -757 NaBr (saturated, 909) 
0.328 -1534 MgClz (saturated,l667) 
0.113 -3000 LiCl (saturated. 769) 

(g / - ' I  (9 i-') (9 I - ' )  

0.1 00 -31 68 

al bar = -1 00 J kg-' 

Freezing 

Liquid water can be removed, in effect, by freezing. 
The preservative effects of freezing are due not only 
to temperature depression, but also to the effect of 
decreasing in the remaining liquid water. As the 
water in the food freezes it increases the effective 
concentration of solutes in the remaining liquid water. 
Those organisms remaining in the liquid phase are 
exposed to increasingly severe osmotic challenge as 
freezing proceeds. The same ecological challenges 
apply to bacteria naturally present in Arctic and Ant- 
arctic environments. The physiology of the organisms 
naturally present in those extreme environments is 
instructive for understanding the effects on micro- 
organisms present in frozen foods and is discussed 
briefly later. 

Drying 

The removal of water by evaporation also increases 
the concentration of the solutes in the remaining 
water. As described below, the effect on a, of the 
remaining free water will depend on the level and type 
of solutes initially present. 

Specific Solutes 

The a,-modifying effects of several different solutes 
are shown in Table 1. Addition of solutes increases 
the osmotic potential of the water. As suggested by 
Equation 3, the effect of specific ionic solutes is related 
to their concentration, the number of ions that the 
molecule dissociates into, its dissociation constant, 
and also specific properties of the solute. Son-ionic 
solutes also reduce water activity. 

Generally, IiaC1, KCI, glucose and sucrose shon7 
similar patterns of effect on microbial responses while 
glycerol usually permits growth at  lower a,$, although 
there are specific exceptions, e.g. Staphylococcus 
auyeus is more inhibited by glycerol than NaCI. Glp- 
cero1 differs from other solutes in that it is able to 
permeate the cell freely. 

NaCl is somewhat unique in terms of humectants 

in that the ionic species Na' is also a primary ion in 
cell function. Symporters are proteins that transport 
selected substances across the cell membrane, in a 
manner dependent on the co-transport of a second 
substrate in the same direction. A number of sym- 
porter systems are Na+-driven. Cytoplasmic levels of 
Na' are also tightly regulated in most species, and 
fluctuating external Na' levels challenge microbial 
cells beyond the osmotic effect of a,,. Much of the 
research in this area has been conducted using bac- 
teria; however, the general principlcs also hold for 
fungi. 

Within Escherichia coli, an active extrusion mech- 
anism is responsible for the regulation of intracellular 
Na' concentration which enters via symporter 
systems. The primary mechanism consists of a series 
of membrane-associated transport proteins known as 
antiporters. As protons flow into the cell (through the 
antiporter channel) along the concentration gradient 
established by respiratory chains, Na' is extruded 
from the cytoplasm. Many marine and anaerobic bac- 
teria rely heavily on Na' cycling, with additional Na*- 
translocating respiratory chains and ATPases respon- 
sible for Na' removal from the cell interior. Most, if 
not all, symporters in these bacteria are coupled to 
Iia'  influx. 

The linkage between Na'/H- antiporters results in 
an increased interaction between p H  and NaC1 in 
marine and anaerobic bacteria, so that their growth 
tends to be increasingly inhibited by S a C l  as the p H  
of the medium increases. This is an example of specific 
effects of the humectant itself other than its direct 
effect on a,. 

Levels in npical Foods 
Representative a, of food5 are shown in Table 2. 
Foods range from those with very little free water 
(freeze-dried products, cereals, powdered products) 
to almost completely free water ie.g. fresh meat and 
produce, bottled water products). hlost  fresh produce 
has a,, close to 1.00 if the tissues are cut but may have 
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Table 2 Representative water activity of foods 

Food Typical water 
activity 

Milk, fruit, vegetables 0.995-0.998 
Fresh meat, fish 0.990-0.995 
Cooked meat, cold smoked salmon 0.965-0.980 
Liverwurst 0.96 
Cheese spread 0.95 
Caviar 0.92 
Bread 0.90-0.95 
Salami (dry) 0.85-0.90 
Soft, moist pet food; chocolate syrup 0.83 
Fruit cakes, preserves, soy sauce 0.80 
Salted fish, honey 0.75 

Dried milk (8% moisture) 0.70 
Cereals, confectionery, dried fruit, peanut butter 
Ice at -40°C 0.68 

Dried fruit 0.60-0.75 

0.70-0.80 

Dried pasta, spices, milk powder 0.20-0.60 
Freeze-dried foods 0.1 0-0.25 

significantly lower surface water activity, e.g. on intact 
fruits and vegetables due to the presence of the cuticle. 
Meat carcass surfaces can also dry during processing, 
lowering the a, sufficiently to inhibit microbial activ- 
ity greatly. Thus, it is important to know not only the 
type of food but also the form and packaging that it 
is in to understand the microbial ecology. 

General Reactions of Bacteria, Yeasts 
and Mycelial Fungi 

Most microorganisms are active over only a relatively 
narrow range of a, and a," differences in the order of 
0.001-2 are significant on the microbial ecology of 
an environment. Thus, a, values in food microbiology 
arc normally quoted to three significant figures. 

Gram-negative bacteria, typically, are only able to 
grow in environments of a, greater than about 0.95. 
Many Gram-positive bacteria can withstand a, as low 
as about 0.9, but few can grow at a, lower than 
0.8. Some, specifically adapted to life in hyper-saline 
environments, are active at a, as low as 0.75 and 
might be found, e.g. in dried salted fish. Fungi are 
generally more tolerant of reduced a, than are bac- 
teria. Some yeasts and moulds are able to withstand 
a, as low as 0.60. Growth rates of bacteria are typ- 
ically faster than those of eukaryotes. Thus, despite 
the fact that many yeasts and moulds are able to grow 
on foods of high a, such foods are usually rapidly 
dominated and spoiled by bacterial contaminants. 
Fungi have a selective advantage at  lower a, and are 
more usually associated with the spoilage of reduced 
a, products, e.g. bread, cheese, jams, syrups, fruit 
juice concentrates, grains, etc. As indicated above, the 
effect of a, depends on the major solutes responsible 
for the reduced a,. Ionic solutes (salts) have a greater 

inhibitory effect on microbial metabolism than non- 
ionic solutes (e+ sugars). 

Range of Growth 

Each microorganism has a minimum and maximum 
a, for growth. For many species, the maximum a, for 
growth is effectively 1.000. Although growth could 
not occur in pure water, some organisms are able to 
grow in the presence of very low levels of nutrients. 
Pseudomonads, and even algae, are able to grow in 
some types of bottled water, indicating the need for 
techniques to eliminate viable organisms from these 
products during production. A range of terms used to 
describe the response and tolerance of micro- 
organisms to a, and specific solutes is shown in Table 
3. 

Table 3 Classification of microorganisms according to their 
preferred water activity range for growth 

Nomenclature Water activity range for growth 

Haloduric 

Halophile Requiring salt for growth 
Extreme hal- Requiring 1520% salt for growth 

Osmotolerant 

Osmophile 

Xerophilic 

Able to withstand, but not grow at, high con- 
centrations of salt 

ophile 
Able to withstand, but not grow at, high con- 

Organisms that grow best, or only, under 

Requiring reduced water activity (as distinct 

centrations of sugar 

high osmotic pressure, due to sugars 

from requiring high osmotic pressure) 

The a, range of growth is solute-dependent. Many 
bacteria, for example, are more tolerant of reduced 
a, if the solute is glycerol. This characteristic is not, 
however, universal. Tolerance to a, is greatest when 
all other factors in the environment are optimal for 
growth. As other environmental factors become less 
optimal the range of a, that supports growth is 
reduced. Examples are presented in Figures 3 and 5 
of the related entry 'Predictive microbiology'. The 
effects, however, are not always intuitive. 

Representative tolerance ranges under otherwise 
optimal conditions for various microbial groups are 
shown in Table 4. 

Combinations of Factors 

It is common in some foods for a variety of factors to 
be used to control microbial growth. This approach 
exploits the interaction of a, and other physico- 
chemical parameters such as temperature and pH in 
food environments. Such interactions form the basis 
of the hurdle concept. 

The physico-chemical factors of NaCl and tem- 
perature have a close interaction, with the tem- 
perature range for growth of most organisms 
displaying a dependence on salinity. In general, 
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Table 4 Representative tolerance ranges for various microbial 
groups and species 

Organism or group Lower a, limit (Solute) 

(Most) Gram-negative rods 
Escherichia coli 
Pseudomonas fluorescens 
Pseudomonas fluorescens 
Vibrio parahaemolyticus 
Vibrio parahaemolyticus 

Listeria monocytogenes 
Staphylococcus aureus 
Staphylococcus aureus 
Staphylococcus aureus 
Bacillus cereus 
Bacillus cereus 
Bacillus cereus 

Zygosaccharomyces rouxii 
Saccharomyces cerevisiae 

Penicillium chrysogenum 
Wallemia sebi 
Eurotium spp. 

Most groups 
Dunaliella 

(Most) Gram-positive bacteria 

Yeasts 

Moulds 

Algae 

0.95-0.96 (NaCI) 
0.95-0.955 (NaCI) 
0.97 (Sucrose) 
0.96 (NaCI) 
0.96 (Glucose) 
0.93 (NaCI) 

0.90-0.94 (NaCI) 
0.92-0.93 (NaCI) 
0.89 (Glycerol) 
0.87 (Sucrose) 
0.86 (NaCI) 
0.95 (Glucose) 
0.94 (NaCI) 
0.92 (Glycerol) 

0.65-0.92 (NaCI) 
0.65 (Sucrose) 
0.90 (Sucrose) 

0.65-0.90 (NaCI) 
0.80 (KCI, glucose) 
0.75 (Glycerol) 
0.66 (Glucose and fructose) 

0.90-0.95 (NaCI) 
0.75 (NaCI) 

0.75-0.90 

reduced a, confers enhanced heat resistance on micro- 
bial cells. The basis for this behaviour is perhaps due 
to the cross-protection that osmotic stress affords 
against temperature stress, believed to be mediated by 
a general stress response under the control of the Rpos 
gene. (Interestingly, if grown at suboptimal salinities, 
a number of marine bacteria exhibit a lowered 
maximal temperature for growth compared to growth 
at the optimal salinity.) The minimum temperature for 
growth for many food-borne organisms is, however, 
increased by decreasing a,.,,. This raises the intriguing 
possibility that the basis of these effects lies in the 
energy of the water itself, i.e. if the kinetic energy of 
water molecules mediates the lethal effect of tem- 
perature, then the reduction of water energy by solutes 
may have the same effect as reducing temperature. 

The growth rate response of microorganisms to 
water activity is illustrated in Figure 1. Growth rate 
increases in proportion, approximately, with increas- 
ing a,, above the minimum a, for growth, and up to 
an optimum growth rate value. Beyond this value the 
growth rate declines, usually rapidly as a function of 
increasing a,,, until the maximum a, is reached. 
Growth rate is a characteristic of the environment, 
and is not affected by the previous history of the cell, 
unlike lag time. The effect of a, on growth rate is 
affected by the specific humectant. 

0.012 

0.010 

a, 0.008 
e 2 0.006 
2 
(3 0.004 

0.002 

0.000 

I 

. ... 
0.92 0.93 0.94 0.95 0.96 0.97 0.98 0.99 1.00 

Water activity 

Figure 1 Effect of water activity on the growth rate of bacteria. 
Curves A and D represent two organisms, each adapted to a 
different water activity range for growth. Curve B represents the 
effect of a second suboptimal environmental factor on the growth 
rate of organism A. The water activity range is unaltered, the 
relative response remains the same, but the absolute growth rate 
is reduced at all water activities. Curve C represents the effect of 
a different, non-ionic solute (or humectant) on the growth 
response of organism A. That humectant permits A to grow over 
a wider range of water activities. After Ross T (1 999) Predictive 
Food Microbiology Models in the Meat Industry. Sydney: Meat 
and Livestock Australia. 

There is no specific correlation between a, tolerance 
and tolerance to other environmental factors. Thus, 
the manipulation of a, in a product could have dif- 
ferent consequences for the microbial ecology of the 
foods at different temperatures. An illustration of the 
selective effect of temperature and a, on different 
organisms is presented in Figure 2. 

Lag, Germination and Sporulation, Toxin 
Production 

The lag time is generally considered to be a period 
of adjustment to a new environment, requiring the 
synthesis of new enzymes and cell components to 
enable the maximum rate of growth possible in that 
environment. As indicated above, the growth rate 
and, by inference the metabolic rate, is a function of 
the environment. As such, the lag time observed upon 
transfer of a cell to a new environment could be 
expected to result from both the amount of adjust- 
ment to that new environment and the rate at which 
those adjustments could be made. In general, lag times 
are longer at a, that are less optimal for growth and 
where the difference between the old and new growth 
environment is larger, especially when the new envir- 
onment is less favourable for growth than the old. 

Generally the limits for microbial sporulation are 
the same as the limits for growth, although spo- 
rulation may occur at a, slightly lower than that 
required for growth. Spores can sometimes also ger- 
minate at a, below those which permit growth. Toxin 
production does not occur at a, below those which 
permit growth, and is often prevented at a, con- 
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Figure 2 Comparison of the combined effect of environmental factors on growth rate of psychrotrophic spoilage pseudomonads, 
Listeria monocytogenes, Escherichia coli and Staphylococcus aureus. (A) The predicted effect of temperature on rates of aerobic 
growth at aw= 0.990. (8) The predicted effect of temperature on rates of growth at aw=0.960. (C) Interactive effects of temperature 
and water activity on the microbial ecology of foods. Dominance domains for selected microorganisms potentially present on raw 
foods were estimated from predictive models for the aerobic growth of psychrotrophic spoilage pseudomonads, L. monocytogenes, 
E. coli and S. aureus at many combinations of water activity and temperature. The shaded areas represent that combination of 
factors in which the indicated organism would be expected to limit the acceptability of the product. The limits imposed for acceptability 
were that the predicted increase in the pathogen should not exceed a factor of 10 after 7 days storage. The limits for pseudomonads 
were that the increase in 7 days should be not more than 1000-fold, assuming an initial level of l000cfu cm-'. All organisms were 
assumed to experience a lag time equivalent to one generation time at the nominated conditions. The part of the plot to the left of 
the bold line shows those sets of conditions under which the required bacterial growth limits are exceeded. For all conditions the 
organism closest to attaining the tolerance limit, and hence posing the greatest risk, is indicated. Note: The growth rate of 
pseudomonads was scaled to reflect the greater tolerance of this organism on the product, i.e. approx. 10 doublings of pseudomonads 
but only approx. 3 doublings of pathogens are tolerable by the criteria described. After McMeekin and Ross (1996) with permission 
from Elsevier Science. 

siderably higher than those required to prevent 
growth. 

Yield 

At a, less than the optimum, cell yield declines. The 
decline is not always a direct function of the a,,, stress 
applied and it appears that some bacteria, at least, 
can tolerate a range of a, without a change in yield. 
In E. coli, for example, in the a, range from approxi- 
mately 0.970 to 0.997 (using NaCl as the humectant), 
yield declined slightly (620%) with decreasing a, 
compared to the optimum a, (ca. 0.995). At a, lower 
than approximately 0.970, yield declines dramatically 

as a function of a,,, until the lower a, limit for growth, 
approximately 0.95.5, is reached. 

Inactivation 

At  a, lower than the minimum for growth, the cell 
either remains dormant or dies. Compounding this 
action, however, is the effect of a, on the cell and the 
environment itself. Reduced a, usually correlates with 
decreased chemical activity, with the result that the 
preservative effect of low a, on foods may also pre- 
serve microorganisms present in the foods. This is 
particularly true for low a, (i.e. cO.7) products, in 
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which microbial survival may be enhanced in com- 
parison to that at  higher a , .  

Mechanisms 

While the changes in cell physiology that accompany 
osmotic stress are known in some detail, the physico- 
chemical mechanisms that underlie the effects of those 
responses are not well understood. One interpretation 
of the effects of a, on the ecology of microorganisms 
considers that a, creates a homeostatic burden. To 
maintain homeostasis, the cell must expend energy, 
whether to import or synthesize compatible solutes, 
modify membrane components, etc. This energy is 
unavailable for synthesis of new biomass and leads to 
reduced yield. This hypothesis further proposes that 
the cells' homeostatic demands ultimately consume 
all the available energy and the cell is able only to 
survive. Extending this paradigm, cell death could be 
interpreted to result when the homeostatic demands 
are unable to be met and the cell is unable to maintain 
the functional integrity of those enzymes and path- 
ways necessary for continued viability. 

Effect of Water Activity on Intracellular 
Structures and Chemical Composition of 
Cells 

To remain viable, microorganisms, like plant cells, 
need to maintain a positive turgor pressure, possibly 
to provide a stimulus for cell elongation and growth. 
When a cell experiences an osmotic 'upshock' (i.e. 
transfer to lower a,), the cell loses water due to 
osmosis because the microbial cell membrane is per- 
meable to water and relatively impermeable to solutes. 
Water moves out of the cell to restore osmotic equi- 
librium, resulting in shrinkage of the cells. In extreme 
cases the cell membrane shrinks away from the cell 
wall, a process termed plasmolysis. Microbial cells 
must counteract the osmotic stress to restore the 
turgid, pre-stress state and have evolved a number 
of physiological responses to reduced a, including 
changes in: 

cell membrane composition 
protein synthesis 
adjustment of cytoplasmic a,,,. 

The cell membrane is the main barrier to water 
and solute exchange between the cytoplasm and the 
external environment. It plays an important role in the 
physiological response to osmotic stress, responding 
with changes to both its lipid and protein components. 

The synthesis of some proteins is induced by 
osmotic stress. Increased levels of solute transport 
proteins (porins) are likely during the osmoregulatory 
response. Like porins, many other osmotically 

induced proteins form the cellular machinery to facili- 
tate a change in cytoplasmic a,". 

Macromolecular conformation, and therefore func- 
tion and activity, is affected by intracellular a, due, 
in part, to the effects of humectants on the physical 
structure of water. Some changes to membrane struc- 
ture in response to a, stress appear to enable mem- 
brane-bound enzymes to retain the conformation 
required for catalytic activity. The role of compatible 
solutes in optimizing molecular conformation is dis- 
cussed below. 

Cell Membrane Composition 

The chemical composition of microbial cell mem- 
branes is described clsewhere in this volume. In 
response to high salinity there is an increase in the 
proportion of negatively charged phospholipids, often 
phosphatidylglycerol and/or glycolipids. This alter- 
ation is needed to maintain the membrane in the 
proper lipid bilayer phase for normal function. 

Apart from the extreme halophiles of the Archaea 
there does not appear to be a correlation between 
microbial membrane composition and intrinsic a, tol- 
erance. However, the effect of a, on a given membrane 
composition does depend to a large extent on the 
type of membrane (correlated with chemotaxonomic 
grouping, e.g. Bacteria, Archaea, yeast, fungi) and to 
a lesser extent, the nature of the humectant. 

There are several elements common to cell mem- 
brane responses to changing a,. The first of these is 
membrane surface charge. The head groups of the 
major microbial membrane lipids (phospholipids and 
phosphoglycolipids) are negatively charged from the 
associated phosphate residue. Certain phospholipid 
classes also contain positively charged head-group 
moieties, resulting in all polar lipid classes being either 
anionic or zwitterionic. The membrane surface of 
all microbes therefore possesses a net surface charge 
dependent on the phospholipid classes present. Ionic 
humectants may disrupt the membrane surface charge 
by interaction with phospholipid groups, requiring an  
alteration in membrane composition. Many halo- 
tolerant and modcrately halophilic bacteria respond 
to reduced a ,  by increasing the proportion of anionic 
phospholipids in the membrane at  the expense of 
zwitterionic components, believed to aid the mem- 
brane in maintaining a functional bilayer phase. 

The fatty acid composition of the cellular mem- 
brane also influences functionality and is actively 
modified in response to changing environmental 
factors. In general, in response to decreasing a, most 
hacteria increase fatty acid chain length and/or 
decrease fatty acid unsaturation. Again, this is thought 
to maintain the membrane in a functional bilayer 
phase. In certain cases, the mechanism may involve 
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direct inhibition of fatty acid biosynthetic enzymes by 
increased levels of NaCl. 

Archaeal membranes possess phosphorus-con- 
taining lipid species as in other microorganisms but 
consisting of a glycerol backbone with two ether- 
linked C2" prenyl chains. This Domain contains all the 
extremely halophilic bacteria, with their membranes 
characterized by diphytanylglycerol diethers. De- 
phosphorylated derivatives may be present with a 
significant proportion of glycolipids. Extreme halo- 
philes are characterized (but not exclusively) by the 
presence of neutral lipid Components, mostly iso- 
prenoid hydrocarbons, such as squalene. The resulting 
membrane bilayer is more ordered and less flexible 
than those formed from other lipid types. The C20 
phytanyl residues may be present as branched or ring- 
containing structures which act as similar adaptive 
responses to fatty acid structure within other micro- 
organisms. It is believed that the close packing 
exhibited by phytanyl residues in Archaeal mem- 
branes is the basis for their resistance to extreme 
environmental conditions. 

While yeasts and fungi, as eukaryotes, contain 
many additional lipid types as storage and intra- 
cellular membrane components, their cellular mem- 
brane is dominated by phospholipid species as for the 
Bacteria. Thus, the common changes in fungal cell 
membrane composition to changing a, are similar to 
those of the Bacteria, both in terms of polar lipid class 
manipulation and adaptation of fatty acid 
composition. 

Cytoplasmic Water Activity 

Moulds and yeasts accomplish the restoration and 
maintenance of turgor pressure by accumulation from 
the environment, or by de novo synthesis, of intra- 
cellular polyols to establish equivalent osmotic pres- 
sure intracellularly as exists extracellularly. Bacteria 
also accumulate or synthesize a range of compounds 
for the same purpose. Compounds used in this way 
share the property that they do not interfere with 
metabolic processes. As such, they have been termed 
compatible solutes. 

Microorganisms adjust their cytoplasmic a, using 
one of two strategies: the salt-in-cytoplasm type and 
the organic-osmolyte-in-cytoplasm type. Most, like 
the yeasts and moulds, use the organic-osmolyte-in- 
cytoplasm strategy for osmoadaptation. In this strat- 
egy salts are excluded, while organic solutes are syn- 
thesized or accumulated from the environment. Some 
bacteria can also adjust their cytoplasmic water by 
accumulating KC1 to high intracellular concentration. 
This is considered a primitive strategy because it does 
not provide a normal cytoplasmic environment. This 
salt-in-cytoplasm strategy requires that the cell should 

make additional physiological adjustments, especially 
in regard to enzyme function. The enzymes of pro- 
karyotes that use the salt-in-cytoplasm strategy have 
additional negative charge that makes them stable 
at high solute concentrations but 
concentrations. 

Compatible Solutes 

The activity of water is significantly 
molecular structure of the solution. 
is characterized by a (relatively) 

unstable at low 

influenced by the 
Water as a liquid 
high degree of 

molecular motion resulting in a dynamic random dis- 
tribution of molecular orientation. The potential 
degree of hydrogen bonding between water molecules 
is therefore not fully realized, allowing water mol- 
ecules to pack together in a relatively tight manner or 
higher density. As the degree of molecular motion 
decreases (e.g. with lower temperature), a higher 
degree of hydrogen bonding between water molecules 
becomes possible and molecules adopt a more ordered 
array with a decreased density. With decreased tem- 
perature this process continues until the ordered 
molecular array of ice is achieved. Solute molecules 
decrease the activity of water by the same process. 

The organic compounds synthesized or accu- 
mulated by microorganisms to balance their intra- 
cellular osmotic potential to that of their cnvironmcnt 
share the property that they do not affect the function 
of normal salt-sensitive enzymes. The use of com- 
patible solutes to counter osmotic stress is not limited 
to microorganisms. Plants and animals also use the 
organic-solute-in-cytoplasm strategy and employ the 
same compounds as compatible solutes, suggesting 
that these compounds share fundamental properties 
that make them suitable for this role. 

The compatible solutes have low molecular weights 
and polar functional groups, properties which make 
them highly soluble and facilitate their accumulation 
to high intracellular concentration. They are 
uncharged at normal cytoplasmic pH - an important 
property because high cytoplasmic ionic strength 
would be detrimental to enzyme function. These 
requirements limit the range of compounds that can 
be utilized as compatible solutes. Classes of com- 
pounds that are known to perform this function and 
specific examples are presented in Table 5. 

Compatible solutes do not hinder the function of 
normal (salt-sensitive) enzymes and, in fact, protect 
proteins from the denaturation that would otherwise 
occur in solutions of high ionic strength. That pro- 
tection also extends to the denaturing effects of freez- 
ing, heating and drying. 

The mechanism of this protective effect is unknown. 
One observation, fundamental to attempts to resolve 

Next Page
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Introduction 
Fermentation processes utilize microorganisms to 
convert solid or liquid substrates into various prod- 
ucts. The substrates used vary widely, any material 
that supports microbial growth being a potential sub- 
strate. Similarly, fermentation-derived products show 
tremendous variety. Commonly consumed fermented 
products include bread, cheese, sausage, pickled vege- 
tables, cocoa, beer, wine, citric acid, glutamic acid 
and soy sauce. 

Types of Fermentation 

Most commercially useful fermentations may be clas- 
sified as either solid-state or submerged cultures. In 
solid-state fermentations, the microorganisms grow 
on a moist solid with little or no ‘free’ water, although 
capillary water may be present. Examples of this type 
of fermentation are seen in mushroom cultivation, 
bread-making and the processing of cocoa, and in the 
manufacture of some traditional foods, e.g. miso (soy 
paste), sakk, soy sauce, tempeh (soybean cake) and 
gari (cassava), which are now produced in large indus- 
trial operations. Submerged fermentations may use a 

dissolved substrate, e.g. sugar solution, or a solid 
substrate, suspended in a large amount of water to 
form a slurry. Submerged fermentations are used for 
pickling vegetables, producing yoghurt, brewing beer 
and producing wine and soy sauce. 

Solid-state and submerged fermentations may each 
be subdivided - into oxygen-requiring aerobic pro- 
cesses, and anaerobic processes that must be con- 
ducted in the absence of oxygen. Examples of aerobic 
fermentations include submerged-culture citric acid 
production by Aspergillus niger and solid-state koji 
fermentations (used in the production of soy sauce). 
Fermented meat products such as bologna sausage 
(polony), dry sausage, pepperoni and salami are pro- 
duced by solid-state anaerobic fermentations utilizing 
acid-forming bacteria, particularly Lactobacillus, 
Pediococcus and Micrococcus species. A submerged- 
culture anaerobic fermentation occurs in yoghurt- 
making. 

Fermentations may require only a single species of 
microorganism to effect the desired chemical change. 
In this case the substrate may be sterilized, to kill 
unwanted species prior to inoculation with the desired 
microorganism. However, most food fermentations 
are non-sterile. Typically fermentations used in food 
processing require the participation of several micro- 
bial species, acting simultaneously and/or sequen- 
tially, to give a product with the desired properties, 
including appearance, aroma, texture and taste. In 
non-sterile fermentations, the culture environment 
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may be tailored specifically to favour the desired 
microorganisms. For example, the salt content may 
be high, the pH may be low, or the water activity may 
be reduced by additives such as salt or sugar. 

Factors Influencing Fermentations 

A fermentation is influenced by numerous factors, 
including temperature, pH, nature and composition 
of the medium, dissolved 0 2 ,  dissolved COZ, oper- 
ational system (e.g. batch, fed-batch, continuous), 
feeding with precursors, mixing (cycling through 
varying environments), and shear rates in the fer- 
menter. Variations in these factors may affect: the rate 
of fermentation; the product spectrum and yield; the 
organoleptic properties of the product (appearance, 
taste, smell and texture); the generation of toxins; 
nutritional quality; and other physico-chemical 
properties. 

The formulation of the fermentation medium 
affects the yield, rate and product profile. The medium 
must provide the necessary amounts of carbon, nitro- 
gen, trace elements and micronutrients (e.g. vitamins). 
Specific types of carbon and nitrogen sources may be 
required, and the carbon : nitrogen ratio may have 
to be controlled. An understanding of fermentation 
biochemistry is essential for developing a medium 
with an appropriate formulation. Concentrations of 
certain nutrients may have to be varied in a specific 
way during a fermentation to achieve the desired 
result. Some trace elements may have to be avoided - 
for example, minute amounts of iron reduce yields in 
citric acid production by Aspergillus niger. Additional 
factors, such as cost, availability, and batch-to-batch 
variability also affect the choice of medium. 

Submerged Fermentations 

Fermentation Systems 

Industrial fermentations may be carried out either 
batchwise, as fed-batch operations, or as continuous 
cultures (Fig. 1). Batch and fed-batch operations are 
quite common, continuous fermentations being rela- 
tively rare. For example, continuous brewing is used 
commercially, but most beer breweries use batch 
processes. 

In batch processing, a batch of culture medium in 
a fermenter is inoculated with a microorganism (the 
‘starter culture’). The fermentation proceeds for a 
certain duration (the ‘fermentation time’ or ‘batch 
time’), and the product is harvested. Batch fer- 
mentations typically extend over 4-5 days, but some 
traditional food fermentations may last months. In fed- 
batch fermentations, sterile culture medium is added 
either continuously or periodically to the inoculated 

fermentation batch. The volume of the fermenting 
broth increases with each addition of the medium, and 
the fermenter is harvested after the batch time. 

In continuous fermentations, sterile medium is fed 
continuously into a fermenter and the fermented 
product is continuously withdrawn, so the fer- 
mentation volume remains unchanged. Typically, con- 
tinuous fermentations are started as batch cultures 
and feeding begins after the microbial population has 
reached a certain concentration. In some continuous 
fermentations, a small part of the harvested culture 
may be recycled, to continuously inoculate the sterile 
feed medium entering the fermenter (Fig. l (D) ) .  
Whether continuous inoculation is necessary depends 
on the type of mixing in the fermenter. ‘Plug flow’ 
fermentation devices (Fig. l ( D ) ) ,  such as long tubes 
that do not allow back mixing, must be inoculated 
continuously. Elements of fluid moving along in a 
plug flow device behave like tiny batch fermenters. 
Hence, true batch fermentation processes are rela- 
tively easily transformed into continuous operations 
in plug flow fermenters, especially if pH control and 
aeration are not required. Continuous cultures are 
particularly susceptible to microbial contamination, 
but in some cases the fermentation conditions may be 
selected (e.g. low pH, high alcohol or salt content) 
to favour the desired microorganisms compared to 
potential contaminants. 

In a ‘well-mixed’ continuous fermenter (Fig. 1( C)),  
the feed rate of the medium should be such that the 
dilution rate, i.e. the ratio of the volumetric feed rate 
to the constant culture volume, remains less than the 
maximum specific growth rate of the microorganism 
in the particular medium and at the particular fer- 
mentation conditions. If the dilution rate exceeds the 
maximum specific growth rate, the microorganism 
will be washed out of the fermenter. 

Industrial fermentations are mostly batch oper- 
ations. Typically, a pure starter culture (or seed), main- 
tained under carefully controlled conditions, is used 
to inoculate sterile Petri dishes or liquid medium in the 
shake flasks. After sufficient growth, the pre-culture is 
used to inoculate the ‘seed’ fermenter. Because indus- 
trial fermentations tend to be large (typically 150- 
250m3), the inoculum is built up through several 
successively larger stages, to 5-10% of the working 
volume of the production fermenter. A culture in rapid 
exponential growth is normally used for inoculation. 
Slower-growing microorganisms require larger 
inocula, to reduce the total duration of the fer- 
mentation. An excessively long fermentation time (or 
batch time) reduces productivity (amount of product 
produced per unit time per unit volume of fermenter), 
and increases costs. Sometimes inoculation spores, 
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Figure 1 
(D) Continuous plug flow fermentation, with and without recycling of inoculum. 

Fermentation methodologies. (A) Batch fermentation. (B) Fed-batch culture. (C) Continuous-flow well-mixed fermentation. 

produced as seeds, are blown directly into large fer- 
mentation vessels with the ingoing air. 

Microbial Growth 

Microbial growth in a newly inoculated batch fer- 
menter typically follows the pattern shown in Figure 
2. Initially, in the lag phase, the cell concentration 
does not increase very much. The length of the lag 
phase depends on the growth history of the inoculum, 
the composition of the medium, and the amount of 
culture used for inoculation. An excessively long lag 
phase ties up the fermenter unproductively - hence 
the duration of the lag phase should be minimized. 
Short lag phases occur when: the composition of the 
medium and the environmental conditions in the seed 
culture and the production vessel are identical (hence 
less time is needed for adaptation); the dilution shock 
is small (i.e. a large amount of inoculum is used); and 
the cells in the inoculum are in the late exponential 
phase of growth. The lag phase is essentially an adap- 
tation period in a new environment. The lag phase is 
followed by exponential growth, during which the 
cell mass increases exponentially. Eventually, as the 

~ / ~ ~ ~ ~ ~ ~ n t i a l  ~ Stationary ~ Death 
' qrowth ~ Phase ~ phase 

0 

Figure 2 Typical growth profile of microorganisms in a sub- 
merged culture. 

Fermentation time 

nutrients are exhausted and inhibitory products of 
metabolism build up, the culture enters a stationary 
phase. Ultimately, starvation causes cell death and 
lysis, and hence the biomass concentration declines. 

Exponential growth can be described by Equation 
1: 

- = ,Ux - k d x  (Equation 1) 
dX 
dt 

where: X is the biomass concentration at time t; p is 
the specific growth rate (i.e. growth rate per unit 
cell mass); and k d  is the specific death rate. During 
exponential growth, the specific death rate is neg- 
ligible and Equation 1 reduces to Equation 2: 

dX -=px 
dt  

(Equation 2) 

For a cell mass concentration Xo at the beginning 
of the exponential growth ( X ,  usually equalling the 
concentration of inoculum in the fermenter), and 
taking the time at which exponential growth com- 
mences as zero, Equation 2 can be integrated to 
produce Equation 3: 

(Equation 3) In- = p t  

Using Equation 3 ,  the biomass doubling time, t d ,  can 
be derived (Equation 4): 

t d  =- (Equation 4) 

Doubling times typically range over 45-160 min. Bac- 
teria generally grow faster than yeasts, and yeasts 
multiply faster than moulds. The maximum biomass 
concentration in submerged microbial fermentations 
is typically 40-50 kg m-3. 

The specific growth rate p depends on the con- 
centration S of the growth-limiting substrate, until 

X 

XO 

ln2 

iu 
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the concentration is increased to a non-limiting level 
and p attains its maximum value pmax. The dependence 
of the growth rate on substrate concentration typ- 
ically follows Monod kinetics. Thus the specific 
growth rate is given as Equation 5: 

S 
P = Pmax  - k, + S  

(Equation 5 )  

where k, is the saturation constant. Numerically, k, is 
the concentration of the growth-limiting substrate 
when the specific growth rate is half its maximum 
value. 

An excessively high substrate concentration may 
also limit growth, for instance by lowering water 
activity. Moreover, certain substrates inhibit product 
formation, and in yet other cases, a fermentation 
product may inhibit biomass growth. For example, 
ethanol produced in the fermentation of sugar by 
yeast can be inhibitory to cells. Multiple lag phases 
(or diauxic growth) are sometimes seen when two or 
more growth-supporting substrates are available. As 
the preferentially-utilized substrate is exhausted, the 
cells enter a lag phase while the biochemical machin- 
ery needed for metabolizing the second substrate is 
developed. Growth then resumes. Details of the kin- 
etics of continuous culture, fed-batch fermentation, 
product formation and more complex phenomena, 
such as the inhibition of growth by substrates and 
products, are given in the references listed under 
Further Reading. 

Aeration and Oxygen Demand 

Submerged cultures are most commonly aerated by 
bubbling with sterile air. Typically, in small fer- 
menters, the maximum aeration rate does not exceed 
1 volume of air per unit volume of culture broth. In 
large bubble columns and stirred vessels, the 
maximum superficial aeration velocity tends to be 
c 0.1 m s-’. Superficial aeration velocity is the volume 
flow rate of air divided by the cross-sectional area 
of fermenter. Significantly higher aeration rates are 
achievable in airlift fermenters. In these, aeration gas 
is forced through perforated plates, perforated pipes 
or single-hole spargers located near the bottom of 
the fermenter. Because 0 2  is only slightly soluble in 
aqueous culture broths, even a short interruption of 
aeration results in the available 0 2  becoming quickly 
exhausted, causing irreversible damage to the culture. 
Thus uninterrupted aeration is necessary. Prior to use 
for aeration, any suspended particles, microorganisms 
and spores in the gas are removed by filtering through 
microporous membrane filters. 

The 0 2  requirements of a fermentation depend on 
the microbial species, the concentration of cells, and 
the type of substrate. 0 2  supply must at  least equal 

O2 demand, or the fermentation will be 02-limited. 
O2 demand is especially difficult to  meet in viscous 
fermentation broths and in broths containing a large 
concentration of 02-consuming cells. As a general 
guide, the capability of a fermenter in terms of 0 2  

supply depends on the aeration rate, the agitation 
intensity and the properties of the culture broth. In 
large fermenters, supplying 0 2  becomes difficult when 
demand exceeds 4-5 kg m-3 h-’. 

At concentrations of dissolved 0 2  below a critical 
level, the amount of O2 limits microbial growth. The 
critical dissolved 0 2  level depends on the micro- 
organism, the culture temperature and the substrate 
being oxidized. The higher the critical dissolved 0 2  

value, the greater the likelihood that 0 2  transfer will 
become limiting. Under typical culture conditions, 
fungi such as Penicillium chrysogenum and Asper- 
gillus oryzae have a critical dissolved 0 2  value of 
about 3.2 x kgm-3. For bakers’ yeast and Esch- 
erichia coli, the critical dissolved 0 2  values are 
6.4 x 10-’ kgm-3 and 12.8 x 10-jkg m-3 respectively. 

The aeration of fermentation broths generates 
foam. Typically, 20-30% of the fermenter volume 
must be left empty to accommodate the foam and 
allow for gas disengagement. In addition, mechanical 
‘foam breakers’ and chemical antifoaming agents are 
commonly used. Typical antifoams are silicone oils, 
vegetable oils and substances based on low-molecular- 
weight polypropylene glycol or polyethylene glycol. 
Emulsified antifoams are more effective, because they 
disperse better in the fermenter. Antifoams are added 
in response to signals from a foam sensor. The exces- 
sive use of antifoams may interfere with some down- 
stream separations, such as membrane filtrations - 
hydrophobic silicone antifoams are particularly 
troublesome. 

Heat Generation and Removal 

All fermentations generate heat. In submerged cul- 
tures, typically 3-15 kW m-3 comes from microbial 
activity. In addition, mechanical agitation of the broth 
produces up to 15 kW m-3. Consequently, a fermenter 
must be cooled to prevent a rise in temperature and 
damage to the culture. Heat removal tends to be 
difficult, because typically the temperature of the 
cooling water is only a few degrees lower than that 
of the fermentation broth. Therefore industrial fer- 
mentations are commonly limited by their heat-trans- 
fer capability. The ability to remove heat depends 
on: the surface area available for heat exchange; the 
temperature difference between the broth and the 
cooling water; the properties of the broth and the 
coolant; and the turbulence in these fluids. The geom- 
etry of the fermenter determines the surface area that 
can be provided for heat exchange. Heat generation 
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due to metabolism depends on the rate of 0 2  con- 
sumption, and heat removal in large vessels becomes 
difficult as the rate of 0 2  consumption approaches 
5 kg m-3 h-'. 

A fermenter must provide for heat transfer during 
sterilization and subsequent cooling, as well as remov- 
ing metabolic heat. Liquid medium, or a slurry, for a 
batch fermentation may be sterilized using batch or 
continuous processes. In batch processes, the medium 
or some of its components and the fermenter itself 
are commonly sterilized together in a single step, by 
heating the medium inside the fermenter. Steam may 
be injected directly into the medium, or heating may 
take place through the fermenter wall. 

Heating to high temperatures (typically 121°C) 
during sterilization often leads to undesirable reac- 
tions between components of the medium. Such reac- 
tions reduce the yield, by destroying nutrients or by 
generating compounds which inhibit growth. This 
thermal damage can be prevented or reduced by ster- 
ilizing only certain components of the medium in 
the fermenter and adding other, separately-sterilized 
components, later. Sugars and nitrogen-containing 
components are often sterilized separately. Dissolved 
nutrients that are especially susceptible to thermal 
degradation may be sterilized by passage through 
hydrophilic polymer filters, which retain particles of 
0.45pm or more. Even finer filters (e.g. retaining 
particles of 0.2 pm) are also available. 

The heating and cooling of a large fermentation 
batch takes time, and ties up a fermenter unpro- 
ductively. In addition, the longer a medium remains 
at a high temperature, the greater the thermal deg- 
radation or loss of nutrients. Therefore, continuous 
sterilization of the culture medium en route to a pre- 
sterilized fermenter is preferable, even for batch fer- 
mentations. Continuous sterilization is rapid and it 
limits nutrient loss - however, the initial capital 
expense is greater, because a separate sterilizer is 
necessary. 

Photosynthetic Microorganisms 

Photosynthetic cultures of microalgae and cyano- 
bacteria require light and COZ as nutrients. Micro- 
algae such as Chlorella and the cyanobacterium 
Spirulina are produced commercially as health foods 
in Asia. Algae are also cultivated as aquaculture feeds 
for shellfish. 

Typically, open ponds or shallow channels are used 
for the outdoor photosynthetic culture of microalgae. 
Culture may be limited by the availability of light, 
but under intense sunlight, photoinhibition limits 
productivity. Temperature variations also affect 
performance. 

More controlled production is achieved in outdoor 

tubular photobioreactors, bubble columns and airlift 
systems. Tubular bioreactors use a 'solar receiver', 
consisting of either a continuous tube looped into 
several U-shapes to fit a compact area, or several 
parallel tubes connected to common headers at either 
end. The continuous looped-tube arrangement is less 
adaptable, because the length of the tube cannot 
exceed a certain value: photosynthetically-produced 
0 2  builds up along the tube, and high levels of dis- 
solved 0 2  inhibit photosynthesis. The parallel-tube 
arrangement can be readily scaled up by increasing 
the number of tubes. Typically, the tubes are 0.05- 
0.08 m in diameter and the continuous-run length of 
any tube does not exceed 50m.  However, greater 
lengths may be feasible, depending on the flow vel- 
ocity in the tube. The tubular solar receivers may be 
mounted horizontally, or horizontal tubes may be 
stacked in a ladder configuration, forming the rungs 
of the ladder. The latter arrangement reduces the area 
of land required. 

The culture is circulated through the tubes by an 
airlift pump or other suitable low-shear mechanism. 
The maximum flow rate is limited by the tolerance of 
the algae to hydrodynamic stress. The flow velocity is 
usually 0.3-0.5 m c'. The tube diameter is limited by 
the need to achieve adequate penetration of light. This 
declines as the cell concentration increases, due to 
self-shading. Closed, temperature-controlled outdoor 
tubular systems attain significantly higher prod- 
uctivity than open channels. The protein content of 
the algal biomass, and the adequacy of the devel- 
opment of colour (chlorophyll) affect the acceptability 
of the product. 

Among other types of culture system, airlift devices 
tend to perform better than bubble columns because 
only part of the airlift system is aerated and hence the 
penetration of light is less affected by air bubbles. 
Conventional external-loop airlift devices may not be 
suitable because of the relatively high hydrodynamic 
shear rates they generate. However, concentric-tube 
airlift devices, with gas forced into the draft tube 
(zone of poor light penetration), are likely to perform 
well. Also, split-cylinder types of airlift system may 
be suitable. However, the volume of the aerated zone 
in any airlift device for microalgal culture should not 
exceed approximately 40% of the total volume of the 
circulating zones. This way the light blocking effect 
of bubbles remains confined to a small zone. 

Submerged-culture Fermenters 

Types 
reactor are: 
0 stirred-tank fermenter 

bubble column 
0 airlift fermenter 

The major types of submerged-culture bio- 
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Figure 3 Types of submerged-culture fermenter. (A) Stirred-tank fermenter. (B) Bubble column. (C) Internal-loop airlift fermenter. 
(D) External-loop airlift fermenter. (E) Fluidized-bed fermenter. (F) Trickle-bed fermenter. 

0 fluidized-bed fermenter 
0 trickle-bed fermenter. 
These are shown in Figure 3. 
Stirred-tank Fermenter (See Fig. 3(A).) This is a 
cylindrical vessel with a working height-to-diameter 
ratio (aspect ratio) of 3-4. A central shaft supports 
three to four impellers, placed about 1 impeller-diam- 
eter apart. Various types of impeller, that direct the 
flow axially (parallel to the shaft) or radially 
(outwards from the shaft) may be used (Fig. 4). Some- 
times axial- and radial-flow impellers are used on the 
same shaft. The vessel is provided with four equally 
spaced vertical baffles, that extend from near the walls 
into the vessel. Typically, the baffle width is 8-10% 
of the vessel diameter. 

Bubble Column (See Fig. 3(B).) This is a cylindrical 
vessel with a working aspect ratio of 4-6. It is sparged 
at the bottom, and the compressed gas provides agi- 
tation. Although simple, it is not widely used because 

of its poor performance relative to other systems. 
It is not suitable for very viscous broths or those 
containing large amounts of solids. 

Airlift Fermenters (See Figs. 3(C) and 3(D).)  These 
come in internal-loop and external-loop designs. In 
the internal-loop design, the aerated riser and the 
unaerated downcomer are contained in the same shell. 
In the external-loop configuration, the riser and the 
downcomer are separate tubes that are linked near 
the top and the bottom. Liquid circulates between the 
riser (upward flow) and the downcomer (downward 
flow). The working aspect ratio of airlift fermenters 
is 6 or greater. Generally, these are very capable fer- 
menters, except for handling the most viscous broths. 
Their ability to suspend solids and transfer 0 2  and 
heat is good. The hydrodynamic shear is low. The 
external-loop design is relatively little-used in 
industry. 

Fluidized-bed Fermenter (See Fig. 3(E).) These are 
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(D) (E) (F) 

Figure 4 Impellers for stirred-tank fermenters. (A) Rushton disc turbine (radial flow). (B) Marine propeller (axial flow). (C) Lightnin’ 
hydrofoil (axial flow). (D) Prochem hydrofoil (axial flow). (E) lntermig (axial flow). (F) Chemineer hydrofoil (axial flow). 

similar to bubble columns with an expanded cross 
section near the top. Fresh or recirculated liquid is 
continuously pumped into the bottom of the vessel, 
at a velocity that is sufficient to fluidize the solids or 
maintain them in suspension. These fermenters need 
an external pump. The expanded top section slows 
the local velocity of the upward flow, such that the 
solids are not washed out of the bioreactor. 

Trickle-bed Fermenter (See Fig. 3(F).) These consist 
of a cylindrical vessel packed with support material 
(e.g. woodchips, rocks, plastic structures). The sup- 
port has large open spaces, for the flow of liquid and 
gas and the growth of microorganisms on the solid 
support. A liquid nutrient broth is sprayed onto the top 
of the support material, and trickles down the bed. Air 
may flow up the bed, countercurrent to the liquid flow. 
These fermenters are used in vinegar production, as 
well as in other processes. They are suitable for liquids 
with low viscosity and few suspended solids. 

Design Irrespective of their configuration, industrial 
bioreactors for sterile operations are designed as pres- 
sure vessels, capable of being sterilized in situ with 
saturated steam at a minimum guage pressure of 
0.11 MPa. Typically, the bioreactor is designed for a 
maximum allowable working pressure of 0.28- 
0.31 MPa (guage) and a temperature of 150-180°C. 
The vessels are designed to withstand a full vacuum. 
Modern commercial fermenters are predominantly 
made of stainless steel. Type 316L stainless steel is 

preferred, but the less expensive Type 304L (or 304) 
may be used in less corrosive situations. Fermenters 
are typically designed with clean-in-place capability. 

A typical submerged-culture vessel has the features 
shown in Figure 5. Sight glasses in the side and top of 
the vessel allow for easy viewing. The top sight glass 
can be cleaned during fermentation, using a short-dur- 
ation spray of sterile water derived from condensed 
steam. An external lamp is provided, to light the vessel 
through the sight glass or a separate window. The vessel 
has ports for sensors of pH, temperature and dissolved 
0 2 .  A steam-sterilizable sampling valve is provided. 
Connections for the introduction of acid and alkali (for 
pH control), antifoam agents, substrate and inoculum 
are located above the liquid level in the bioreactor 
vessel. Additional ports on the top support a foam- 
sensing electrode, a pressure sensor and sometimes 
other instruments. Filter-sterilized gas for aeration is 
supplied through a submerged sparger. Sometimes COZ 
or ammonia may be added to the aeration gas, for pH 
control. 

A harvest valve is located at the lowest point on the 
fermenter. A mechanical agitator, entering from either 
the top or the bottom, may be used. The agitator shaft 
supports one or more impellers, of various designs 
(Fig. 4). A high-speed mechanical foam breaker may 
be provided at the top of the vessel, and waste gas 
may exit through the foam breaker. Commonly, the 
exhaust gas line also has a heat exchanger, to condense 
and return water in the gas to the fermenter. The top 
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Figure 4 A typical submerged-culture fermenter. (1) Reactor 
vessel. (2) Jacket. (3) Insulation. (4) Protective shroud. (5) Inoc- 
ulum connection. (6) Ports for sensors of pH, temperature and 
dissolved 02. (7) Agitator. (8) Gas sparger. (9) Mechanical seal. 
(10) Reducing gearbox. (11) Motor. (12) Harvest nozzle. (13) 
Jacket connections. (14) Sample valve with steam connection. 
(15) Sight glass. (16) Connections for acids, alkalis and antifoam 
agents. (17) Air inlet. (18) Removable top. (19) Medium feed 
nozzle. (20) Air exhaust nozzle (connects to condenser, not 
shown). (21) Instrumentation ports for foam sensor, pressure 
gauge and other devices. (22) Centrifugal foam breaker. (23) 
Sight glass with light (not shown) and steam connection. (24) 
Rupture disc nozzle. Vertical baffles are not shown. Baffles are 
mounted on brackets attached to the wall. A small clearance 
remains between the wall and the closest vertical edge of the 
baffle. 

of the fermenter is either removable or provided with 
a manhole. A port on the top supports a ‘rupture disc’ 
that is piped to a drain. The disc is intended to protect 
the vessel in the event of a pressure build-up. The 
fermentation vessel is jacketed for heat exchange, and 
the jacket may be covered with fibreglass insulation 
and a protective metal shroud. Additional surfaces 
for heat exchange, typically coils, may be located 
inside the vessel. 

The equipment for fermenting slurries containing 
undissolved solid substrates is identical to that used in 
submerged-culture processes. Commonly-used slurry 
fermenters include stirred tanks, bubble columns, and 
airlift vessels. 

Selection 
menters are: 

Considerations in selecting industrial fer- 

1. Nature of substrate solid, liquid, suspended 
slurry, water-immiscible oils). 

2. Flow behaviour (rheology), broth viscosity and 
type of fluid (e.g. Newtonian, viscoelastic, 
pseudoplastic, Bingham plastic). 

3. Nature and amount of suspended solids in broth. 
4. Whether fermentation is aerobic or anaerobic, 

and O2 demand. 
5. Mixing requirements. 
6. Heat-transfer needs. 
7. Shear tolerance of microorganism, substrate and 

8. Sterility requirements. 
9. Process kinetics, batch or continuous operation, 

product. 

single-stage or multistage fermentation. 
10. Desired process flexibility. 
11. Capital and operational costs. 
12. Local technological capability and potential for 

technology transfer. 

Solid-state Fermentations 

Substrate Characteristics 

Water Activity Typically, solid-state fermentations 
are carried out with little or no free water. Excessive 
moisture tends to aggregate the substrate particles, 
and hence aeration is made difficult. For example 
steamed rice, a common substrate, becomes sticky 
when the moisture level exceeds 30-35%w/w. Per- 
centage moisture by itself is unreliable for predicting 
growth: for a given microorganism growing on dif- 
ferent substrates, the optimum moisture level may 
differ widely. This water activity correlates with 
microbial growth. The water activity of the substrate 
is the ratio of the vapour pressure of water in the 
substrate to the saturated vapour pressure of pure 
water at the temperature of the substrate. Water activ- 
ity equals 1/100th of the relative humidity (RH%) of 
the air in equilibrium with the substrate. Typically, 
water activities of <0.9 do not support bacterial 
growth, but yeasts and fungi can grow at water activ- 
ities as low as 0.7. Thus the low-moisture environment 
of many solid-state fermentations favours yeasts and 
fungi. 

The water activity depends on the concentrations 
of dissolved solutes, and so sometimes salts, sugars or 
other solutes are added to alter the water activity. 
Different additives may influence the fermentation 
differently, even though the change in water activity 
produced may be the same. Furthermore, the 
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fermentation process itself leads to changes in the 
water activity, as products are formed and the 
substrate is hydrolysed, e.g. the oxidation of carbo- 
hydrates produces water. During fermentation, 
the water activity is controlled by aeration with 
humidified air and, sometimes, by intermittent spray- 
ing with water. 

Particle Size The size of substrate particles affects 
the extent and the rate of microbial colonization, air 
penetration and C 0 2  removal, as well as the down- 
stream extraction and handling characteristics. Small 
particles, with high surface-to-volume ratios, are pre- 
ferred because they present a relatively large surface 
for microbial action. However, particles that are too 
small and shapes that pack together tightly (e.g. flat 
flakes, cubes) are undesirable because close packing 
reduces the interparticle voids that are essential for 
aeration. Similarly, too many fine particles in a batch 
of larger particles will fill up the voids. 

Substrate pH The p H  is not normally controlled in 
solid-state fermentations, but initial adjustments may 
be made during the preparation of the substrate. The 
buffering capacity of many substrates effectively 
checks large changes in pH during fermentation. This 
is particularly true of protein-rich substrates, espe- 
cially if deamination of the protein is minimal. Some 
pH stability can be obtained by using a combination 
of urea and ammonium sulphate as the nitrogen 
source in the substrate. In the absence of other con- 
tributing nitrogen sources, an equimolar combination 
of ammonium sulphate and urea is expected to yield 
the greatest pH stability. 

Aeration and Agitation 

Aeration plays an important role in removing COZ 
and controlling temperature and moisture. In some 
cases, an increased concentration of CO2 may be 
severely inhibitory, while an increase in the partial 
pressure of O2 may improve productivity. Deep layers 
and heaps of substrate may require forced aeration 
and agitation. Forced aeration rates vary widely, a 
typical range being (0.05-0.2) x m3 kg-' min-'. 
Occasional turning and mixing improve 0 2  transfer 
and reduce compaction and mycelial binding of the 
substrate particles. However, excessive agitation is 
undesirable because continuous agitation damages the 
surface hyphae - although mixing suppresses spor- 
ulation, which is often unwanted. The frequency of 
agitation may be purely experience-based, as in the 
occasional turning of a fermenting heap of cocoa 
beans, or it may be adjusted in response to a tem- 
perature controller. 

Heat Transfer 

The biomass levels in solid-state fermentations, at 10- 
30 kg m-3, are lower than those in submerged cultures. 
However, because there is little water, the heat gen- 
erated per unit of fermenting mass tends to be much 
greater in solid-state fermentations than in submerged 
cultures, and again because there is little water to 
absorb the heat, the temperature can rise rapidly. The 
cumulative metabolic heat generation in fer- 
mentations producing koji, for the manufacture of a 
variety of products, has been noted at 419-2387kJ 
per kilogram solids. Higher values, up to 
13  398 kJ kg-', have been observed during com- 
posting. Peak heat generation rates in koji processes 
lie in the range 71-159 kJ kg-'h-' but average rates 
are more moderate, at 25-67kJkg-'h-'. The peak 
rate of production of metabolic heat during the fer- 
mentation of readily oxidized substrates, such as 
starch, can be much greater than that associated with 
typical koji processes. 

The substrate temperature is controlled mostly 
through evaporative cooling - hence drier air provides 
a better cooling effect. The intermittent spraying of 
cool water is sometimes necessary to prevent dehy- 
dration of the substrate. The air temperature and 
humidity are also controlled. Occasionally, the sub- 
strate-containing metal trays may also be cooled (by 
circulating a coolant), even though most substrates 
are relatively dry and porous, and hence are poor 
conductors. The intermittent agitation of substrate 
heaps further aids heat removal. However, despite 
much effort, temperature gradients in the substrate 
do occur, particularly during peak microbial growth. 

Koji Fermentations 

Koji fermentations are widely practised, typical 
examples of solid-state fermentations. Koji comprises 
soybeans or grain on which mould is growing, and 
has been used in oriental food preparation for thou- 
sands of years. Koji is a source of fungal enzymes, 
which digest proteins, carbohydrates and lipids into 
nutrients which are used by other microorganisms in 
subsequent fermentations. Koji is available in many 
varieties, which differ in terms of the mould, the 
substrate, the method of preparation and the stage of 
harvest. The production of soy sauce, miso and sakt. 
involves koji fermentation. Koji technology is also 
employed in the production of citric acid in Japan. 
The production of soy sauce (shoyu in Japanese) koji 
is detailed below, as an example of a typical industrial 
solid-substrate fermentation. 

The koji for soy sauce is made from soybeans and 
wheat. Soybeans, or defatted soybean flakes or grits 
are moistened and cooked (e.g. for 0.25 min or less, 
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at about 170°C) in continuous pressure cookers. The 
cooked beans are mixed with roasted, cracked wheat, 
the ratio of wheat to beans varying with the variety 
of shoyu. The mixed substrate is inoculated with a 
pure culture of Aspergillus oryzae (or A. sojue), the 
fungal spore density at inoculation being about 
2.5 x 10' spores per kilogram of wet solids. After a 3- 
day fermentation, the substrate mass becomes green- 
yellow because of sporulation. The koji is then har- 
vested, for use in a second submerged fermentation 
step. Koji production is highly automated and con- 
tinuous - processes producing up to 4150 kg h-' of 
koji have been described. Similar large-scale oper- 
ations are used to produce koji for miso and saki. in 
Japan. 

Solid-state Fermenters 

Solid-state fermentation devices vary in technical 
sophistication, from very primitive banana-leaf wrap- 
pings, bamboo baskets and substrate heaps to the 
highly automated machines used mainly in Japan. 
Some 'less sophisticated' fermentation systems, e.g. 
the fermentation of cocoa beans in heaps, are quite 
effective at large-scale processing. Also, some of the 
continuous, highly mechanized processes for the fer- 
mentation of soy sauce, that are successful in Japan, 
are not suitable for less highly developed locations in 
Asia. Thus, fermentation practice must be tailored to 
local conditions. 

The use of pressure vessels is not the norm for solid- 
state fermentation. The commonly used devices are: 

tray fermenter 
static-bed fermenter 
tunnel fermenter 

0 rotary disc fermenter 
0 rotary drum fermenter 

agitated-tank fermenter 
continuous screw fermenter. 

These are described below. Large concrete or brick 
fermentation chambers, or koji rooms, may be lined 
with steel, typically Type 304 stainless steel. For more 
corrosion-resistant construction, Type 304L and 
316L stainless steels are used. 

Tray Fevmenter This is a simple type of fermenter, 
widely used in small- and medium-scale koji oper- 
ations in Asia (see Fig. 6). The trays are made of 

wood, metal or plastic, and often have a perforated 
or wire-mesh base to achieve improved aeration. The 
substrate is fermented in shallow (60.15m deep) 
layers. The trays may be covered with cheesecloth to 
reduce contamination, but processing is non-sterile. 
Single or stacked trays may be located in chambers in 
which the temperature and humidity are controlled, 
or simply in ventilated areas. Inoculation and occa- 
sional mixing are done manually, although the hand- 
ling, filling, emptying and washing of trays may be 
automated. Despite some automation, tray fermenters 
are labour-intensive, and require a large production 
area. Hence the potential for scaling up production is 
limited. 

Static-bed Fermenter This is an adaptation of the 
tray fermenter (Fig. 7). It employs a single, larger and 
deeper, static bed of substrate located in an insulated 
chamber. 0 2  is supplied by forced aeration through 
the bed of substrate. 

Tunnel Fermenter This is an adaptation of the static- 
bed device (Fig. 8). Typically, the bed of solids is quite 
long but no deeper than 0.5m. Fermentation using 
this equipment may be highly automated, by way 
of mechanisms for mixing, inoculation, continuous 
feeding and harvest of the substrate. 

Rotary Disc Fermenter The rotary disc fermenter 
consists of upper and lower chambers, each with a 
circular perforated disc to support the bed of substrate 

Exhaust t f Conditioned 

Figure 6 Tray fermenter. Figure 8 Tunnel fermenter. 
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Figure 9 Rotary disc fermenter. 
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Figure 10 Rotary drum fermenter. 
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(Fig. 9). A common central shaft rotates the discs. 
Inoculated substrate is introduced into the upper 
chamber, and slowly moved to the transfer screw. 
The upper screw transfers the partly fermented solids 
through a mixer to the lower chamber, where further 
fermentation occurs. The fermented substrate is har- 
vested using the lower transfer screw. Both chambers 
are aerated with humidified, temperature-controlled 
air. Rotary disc fermenters are used in large-scale koji 
production in Japan. 

Rotary Drum Fermenter The cylindrical drum of 
the rotary drum fermenter is supported on rollers, 
and rotated at 1-5r.p.m. around the long axis (Fig. 
10). Rotation may be intermittent, and the speed may 
vary with the fermentation stage. Straight or curved 
baffles inside the drum aid in the tumbling of the 
substrate, hence improving aeration and temperature 
control. Sometimes the drum can be inclined, causing 
the substrate to move from the higher inlet end to the 
lower outlet during rotation. Aeration occurs through 
coaxial inlet and exhaust nozzles. 

Agitated-tank Fermenter In this type of fermenter, 
either one or more helical-screw agitators are 

Figure 11 Agitated-tank fermenter. 

mounted in cylindrical or rectangular tanks, to agitate 
the fermented substrate (Fig. 11). Sometimes, the 
screws extend into the tank from mobile trolleys, 
that ride on horizontal rails located above the tank. 
Another stirred-tank configuration is the paddle fer- 
menter. This is similar to the rotary drum device, but 
the drum is stationary and periodic mixing is achieved 
by motor-driven paddles supported on a concentric 
shaft. 

Continuous Screw Fermenter In this type of 
fermenter, sterilized, cooled and inoculated sub- 
strate is fed in through the inlet of the non-aerated 
chamber (Fig. 12). The solids are moved towards 
the harvest port by the screw, and the speed of 
rotation and the length of the screw control the 
fermentation time. This type of fermenter is suit- 
able for continuous anaerobic or microaerophilic 
fermentations. 

Next Page
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The beneficial activities of yeasts and other fungi are 
of great economic importance. They have long been 
exploited as food, in food processing, and in brewing. 
During the 20th century, as the fermentation industry 
has developed, they have yielded an increasing range 
of valuable products, including antibiotics, vitamins 
and various enzymes. However, some fungi can also 
cause immense economic losses. Recently, with the 
advent of recombinant DNA technology, fungi have 
been exploited to produce hormones and proteins 
which were hitherto only available from mammals. 
The performance of fungus in an industrial process 
depends on its genotype under the conditions of the 
fermentation process. To maximize yield in a process, 
it is essential that new strains are continuously devel- 
oped. This involves using genetic techniques com- 
bined with selection procedures designed to screen for 
the desired improvement. This article describes the 
methods and techniques employed for establishing 
novel genotypes in various yeasts and moulds. 

Techniques for Natural Strain Selection 
In nature, there is a great diversity of fungal strains. 
The successful isolation of a fungal strain from nature 
is dependent on well-planned and often ingenious 
screening procedures. The ‘seek and discard principle’ 

is frequently called screening and even today 
represents the beginning of any process of strain 
improvement. More often the search for strains pro- 
ducing desired products entails making dilute solu- 
tions of soil or decaying plant material and carrying 
out isolations in a way that indicates the desired 
properties. The organisms that are obtained may be 
moulds or yeasts but can equally well be actino- 
mycetes. Sometimes what is sought, as in the pro- 
duction of single-cell protein, is an organism capable 
of utilizing a particular type of substrate, such as 
petroleum hydrocarbons or starch. Although exten- 
sive tests are required to ensure that the protein is of 
high quality and that the toxic substances are absent, 
the first step is isolation of organisms from appro- 
priate sites that are able to utilize the selected sub- 
strate. The starch-utilizing Fusarium that is used to 
produce mucoprotein, for instance, was isolated from 
starch-rich effluents. 

An enormous range of substances occur in the soil, 
and the organisms capable of degrading them are 
also present, but in correspondingly smaller numbers. 
Their numbers can be accordingly increased prior to 
attempting isolation by enriching the soil sample with 
an appropriate substrate and then incubating. The 
agar medium on which diluted samples are spread 
will contain a proper carbon source, for example 
starch, if starch-utilizing organisms are being sought. 
In this instance, not only is the growth of starch- 
metabolizing organisms encouraged, but their pres- 
ence is indicated by a clear circular zone around the 
colonies, which results from diffusion of amylase from 
the colonies and the hydrolysis of opaque starch. The 
Aspergillus species used for amylase production is an 
example of an organism isolated using this technique. 
Organisms that produce enzymes such as pectinase, 
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cellulase and protease that degrade other macro- 
molecules have been detected and isolated by similar 
methods. Production of organic acids by micro- 
organisms, such as citric acid, can be detected by 
including calcium carbonate in the medium, which 
must not, however, contain salts such as ammonium 
chloride, where the uptake of cation causes the pro- 
duction of mineral acid. Organisms producing an 
excess of a vitamin can be detected through stimu- 
lation of growth of an auxotroph (tester organism) 
which is unable to synthesize the vitamin; the test 
organism is seeded into or on to a layer of agar added 
after the growth of the organism being screened. The 
production of an antibiotic by a microorganism can 
be recognized by the presence of a clear zone around 
the colony, thereby indicating its inhibitory effect. The 
colony can then be isolated and its ability to inhibit 
the growth of selected pathogens determined. 
Although, in the past, this procedure has yielded many 
useful antibiotics, it now tends to result only in the 
rediscovery of antibiotics that are already known. 

Methods of Genetic Improvement 

In biotechnology, as soon as a microorganism is avail- 
able that forms a certain useful product, the aim exists 
to increase its yield. This can be achieved, on the one 
hand, by changing or improving the growth con- 
ditions (process optimization) and/or, on the other 
hand, by genetic manipulation. 

Mutagenesis and Selection 

Mutagenesis and selection of improved strains have 
been the most extensively used methods for intro- 
ducing beneficial changes into industrially important 
fungi. Mutations are heritable changes which occur 
in the genome as a result of one or many types of 
events and may involve individual nucleotide bases or 
large regions of chromosomes. For a specific gene, the 
frequency of spontaneous mutation is very low and 
would be expected to occur 1 in 10’-106 nuclei. Con- 
sidering the whole genome, such spontaneous muta- 
tions are much less rare and provide the basis for the 
overall genetic variation found in different isolates or 
strains of fungus. The low frequency of spontaneous 
mutations of individual genes is clearly not adequate 
to meet the constant demands of improved strains 
for a fermentation process. To meet this need, it is 
necessary to induce mutations using a mutagenic 
agent which can be either a physical or chemical agent. 
Under optimal conditions, a mutagen will increase 
the mutation frequency of a particular gene by at least 
one order of magnitude. The physical and chemical 
mutagens used frequently for strain improvement in 

fungi and their effects on the DNA molecule are sum- 
marized in Table 1. 

The primary effect of a mutagen is to induce a 
lesion or modification of the base sequence of the 
DNA molecule. A mutation arises if the alteration 
to the molecule is not repaired by the host repair 
mechanisms. Our understanding of these repair pro- 
cesses is based on studies in Escherichza colt and 
Saccharomyces cerevisiae. In the former case, it is 
apparent that the repair of damaged DNA is import- 
ant in the maintenance of viability because more than 
1% of the genome is composed of genes concerned 
with the function. The mutations that constitute the 
steps in strain improvement programmes commonly 
do not affect the morphology, and increase the 
product yield by not more than 10-15%. Sometimes 
a mutation may result in a much larger increase in 
yield, but such a mutation is often accompanied by 
changes in morphology and behaviour that require 
extensive modification of the medium and fer- 
mentation process. Such infrequent major mutations 
tend to be less useful than minor mutations, the cumu- 
lative effect of which may be more impressive. Inter- 
estingly, the haploid status of most fungi ensures that 
mutations are expressed soon after they are produced. 

The synthesis of primary metabolites (such as an 
amino acid) is controlled in such a way that it is 
produced in an amount required by the organism. 
This is because of the inhibition of the enzyme activity 
and repression of the enzyme synthesis by the end 
product and such a control is referred to as feedback 

Table 1 
action 

Mutagens effective against fungi and their mode of 

Mutagen 

Physical mutagens 
X-rays 

Ultraviolet light 

Nitrous acid 
Chemical mutagens 

Alkylating agents 
(dimethylsulphonate, 
etc.) 

Acridines 
(acridine mustard) 

Action responsible for mutagenesis 

Single- and double-strand breaks in 
the phosphodiester backbone. 
Point mutations because of 
deamination and dehydroxylation 
of bases 

Pyrimidine dimer formation 

Reacts with primary amino group to 
form hydroxyl group (adenine to 
hypoxanthine, guanine to xanthine 
and cytosine to uracil, causing 
alterations in subsequent 
replication) 

of bases. Alkylation leads to 
mispairing of alkylated bases 

Acridine mustard is comprised of an 
acridine ring and alkylating moiety. 
The former intercalates in base 
pairs, causing disruption of base 
pairing 

Causes alkylation of N and 0 atoms 
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control. It is obvious that a good commercial mutant 
should lack the control system and lead to over- 
production of the product. Mutagenesis has been suc- 
cessful in improving the yield of most of the 
antibiotics, including penicillin. Mutation frequency 
has been enhanced in microorganisms by inducing 
mutations in DNA repair mechanisms. 

Strains giving improved performance have to be 
selected following mutagenesis and this is governed 
by the type of mutation desired. A variety of selection 
methods are available for nutritionally defective 
mutants, resistant mutants, temperature-sensitive and 
similar types of mutations. The original approach was 
random screening. Samples of the cells that had been 
treated by the mutagen were spread on the agar 
medium and the colonies arising from the single cells 
were isolated. The isolates were then grown in liquid 
medium and the culture filtrate assayed for the 
required product. Such a procedure is tedious and 
labour-intensive, since only a small percentage will 
show improvement in yield. A reduction in labour 
can be achieved where it is possible to detect improved 
performance on agar media, employing methods 
similar to those employed for initial detection of prod- 
ucts of interest. Alternatively, indirect screening 
methods are sometimes possible, where what is esti- 
mated is not the amount of desired product, but some 
readily determined attribute likely to be correlated 
with the amount of desired product. For example, 
sensitivity to sodium monofluoroacetate is correlated 
with accumulation of citric acid. This is because the 
compound inhibits the enzyme aconitate hydratase 
which converts citric acid to isocitric acid prior to 
its further metabolism. Hence, a mutant with a low 
amount of this enzyme will be more sensitive to the 
sodium monofluoroacetate and will also be one in 
which citric acid tends to accumulate. 

Recombination 

Recombination offers an alternative approach for 
genetic modification and is achieved through either 
sexual or asexual reproductive processes. Employing 
genetic recombination, one can obtain the desirable 
features of two different strains involved in recom- 
bination. Recombination between whole genomes or 
involving small fragments of DNA provides add- 
itional approaches to the generation of strains with 
novel phenotypes that can be included in the strain 
improvement programmes. Whole genome recom- 
bination occurs as a result of sexual and parasexual 
processes, and recombination involving small frag- 
ments is achieved through transformation methods in 
vivo. 

Sexual Hybridization Fungi exhibit a true sexual 
process of fusion of two parental cells to form a 
heterokaryon, containing nuclei of both parental 
types in a common cytoplasm. These nuclei exist 
separately, so recombination does not occur at this 
stage; complementation can, however, be demon- 
strated at this stage. The duration of the hetero- 
karyotic stage varies from ephemeral to indefinite 
(depending on the species) and is succeeded by fusion 
of two nuclei to give a true diploid cell, usually within 
a specialized structure. In yeasts the diploid stage may 
persist, but in filamentous fungi the formation of 
diploid nucleus is followed by meiosis with the pro- 
duction of haploid spores. The four products of 
meiosis are retained in a structure called a tetrad. 
Most fungi of industrial importance reproduce only 
by asexual sporulation. However, the notable excep- 
tions to the rule are S. cerevisiae and Agaricus bi- 
sporus, the common white mushroom. Other sexually 
reproducing fungi of industrial interest are Claviceps 
purpurea and Mucor species. In both of them, the 
reproductive process cannot be easily manipulated 
in the laboratory. Spore germination is poor in A. 
~ Z S ~ O Y U S ,  and about 70% of the spores are self-fertile, 
due to the presence of nuclei of both the mating 
types in a usually binucleate spore. In spite of this, 
homokaryons of both mating types can be obtained, 
and mated to yield new dikaryotic strains that give 
fruiting bodies. However, strains employed in brewing 
often sporulate poorly or not at all; spores, if 
obtained, may be difficult to germinate, and mating 
of the resultant haploids may not be easy. Despite all 
this, mating has been used in strain improvement. For 
example, mating among haploids obtained from a 
diploid lager yeast gives some diploids with better 
flocculation and lower diacetyl production, both 
desirable features that occur with the parent strain. 
Here the beneficial results have been obtained through 
the elimination of undesirable dominant genes in the 
original diploid; the introduction of new genetic 
material requires mating with the haploid progeny of 
a diploid strain. 

Parasexual Hybridization Many species of Asper- 
gillus, Penicillium and other fungi of genetic import- 
ance lack a sexual cycle. They are, however, able to 
undergo a parasexual cycle. The first step in this 
cycle is the formation of a heterokaryon which is 
accomplished by fusion of protoplasts of the two 
strains. The next step, vegetative diploidization, is 
normally a rare event, but the frequency can be greatly 
increased by exposing to camphor or ultraviolet radi- 
ation. Other treatments can be used to increase both 
the frequency of recombination between homologous 
chromosomes and of haploidization, the return to 
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haploid strain. The strains are selected by growing 
the protoplasts in the presence of required nutrients 
and forcing them to grow under conditions which 
support the development and growth of the hetero- 
karyon and selection against the two parental strains. 
Nutritionally complementing auxotrophic strains are 
generally used and a minimal medium provides the 
required selective conditions to promote hetero- 
karyosis. The parasexual cycle has proved useful in 
bringing about genetic recombination between closely 
related industrial strains, for example strains of Pen- 
icillium chrysogenum with high yields of penicillin 
and ancestral strains with lower yields but superior 
growth and sporulation have been obtained. Vege- 
tative compatibility hinders heterokaryon formation 
between distantly related strains; although protoplast 
fusion can to some extent by-pass the barrier, there has 
been rather little success in obtaining recombinants 
between such strains. 

The major differences between the sexual and para- 
sexual processes are summarized in Table 2. The in 
vivo gene manipulations have been successfully used 
to increase enzyme production, for overproduction of 
primary and secondary metabolites. 

Table 2 Comparison of sexual and parasexual mechanisms of 
recombination 

Sexual Parasexual 

Specialized cells are involved 
in hyphal anastomosis 
(plasmogamy), rarely 
vegetative cells 

Heterokaryon formation 
controlled by compati bility 
genes in vegetative 
plasmogamy 

Diploid phase is restricted to a 
single nuclear generation 
The diploid nucleus IS 

spatially separated in a 
specialized cell 

Chromosomes are involved in 
multiple cross-over during 
meiosis 

Haploidization is achieved by 
meiosis, the meiotic 
products being 
incorporated into spores 

Products of meiosis are readily 
recognized and isolated 

Vegetative cells are involved in 
hyphal anastomosis 
(plasmogamy) 

Heterokaryon formation 
controlled by 
incompatibility genes 

Diploid nucleus is a somatic 
nucleus and persists 
through many mitotic 
divisions and can be 
maintained by employing 
suitable selection 

Cross-over during mitotic 
divisions is rare, and 
normally involves one arm of 
a pair of chromosomes 

Mitotic non-disjunction results 
in aneuploidy, ultimately 
yielding haploid status 

Recombinants occur among 
vegetative cells and are 
identified by use of suitable 
markers 

Recombinant DNA Technology 

The more recent technology of DNA recombination 
in vitro provides a new and more direct method for 
manipulating the fungal genome. The methods of 
strain improvement discussed in previous sections are 
uncertain in their effects. A mutation that has brought 
about the desired genetic change in a strain may at 
the same time cause other mutations that are dis- 
advantageous. Although gene cloning is more time- 
consuming as well as labour-intensive, its value has 
been recognized, and now figures in the strategies of 
strain improvement adopted for many products by 
most major companies involved in fungal fer- 
mentation technology. The various steps involved in 
recombinant DNA technology are described and illus- 
trated in Figure 1. 

Obtaining DNA SequencedGene of Interest The 
first step in gene cloning is isolation of the desired 
gene. This involves extraction of DNA from the donor 
animal, plant or microbe, and treatment in various 
ways with restriction enzymes to obtain the fragment 
of DNA or the desired gene. If the gene to be cloned 
in fungi is of mammalian or eukaryotic origin, it may 
contain one or more introns (non-coding intervening 
sequences). The nucleotide sequence of such a gene is 
transcribed into RNA molecules that need to be edited 

\ 
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Figure 1 Scheme for gene cloning in yeasts and fungi. 
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before being passed from nucleus to cytoplasm for 
synthesis of protein. Prokaryotes do not have the 
necessary mechanisms for processing eukaryotic RNA 
and therefore have to be provided with DNA 
sequences complementary with mRNA. Fungi, being 
eukaryotes, have the mechanisms required for RNA 
processing and production of heterologous 
(mammalian) proteins. Therefore, a gene having 
introns can be cloned in fungi. However, the fungal 
genome, having few introns, does not have identical 
mechanisms for processing DNA as mammals or other 
eukaryotes and hence complementary DNA (cDNA) 
is still a better choice. This involves isolation of 
mRNA for the desired gene and copying to double- 
stranded cDNA using the enzyme reverse tran- 
scriptase. The amount of DNA obtained for cloning 
can be amplified using the technique of polymerase 
chain reaction. 

Introduction of DNA into Fungal Vectors A pre- 
requisite for gene cloning is the availability of a suit- 
able vector - a DNA molecule that will survive and 
replicate in the selected host and into which the gene 
to be cloned can be inserted. Numerous plasmids for 
fungal transformation have been constructed. The 
basic components of these plasmids are first, a gene 
that can be used for selection of fungal trans- 
formations, and second, bacterial plasmid sequences 
that can be used for selection and propagation of the 
plasmid in E. coli. The number of different selectable 
markers available for fungi is now fairly large and 
these selective genes can be used in many species, thus 
providing substantial flexibility in designing plasmids 
for specific purposes. Selective markers can be divided 
into at least three functional groups: genes that com- 
plement pre-existing mutations and lead to pro- 
totrophic growth (auxotrophic markers); genes that 
provide a new functian and lead to drug resistance or 
growth on previously non-utilizable nutrient source 
(drug-resistant or added-function markers) and DNA 
fragments that give rise to selectable mutations when 
integrated into the genome of the recipient strain at 
specific locations (mutagenic markers). Each type of 
marker has specific uses. One of the most commonly 
used marker in S. cerevisiae is the URA3 gene which 
encodes orotidine-5’-phosphate decarboxylase, an 

Table 3 Selectable markers used in Saccharomyces cerevisiae 

enzyme of uracil biosynthesis. Acquisition of a func- 
tional URA3 gene by the cells that were previously 
mutant at this locus allows them to grow in the 
absence of exogenous uracil. Examples of other fre- 
quently used selectable markers in S. cerevisiae that 
can be selected in a similar way are given in Table 3. 
TUN@ confers resistance to the antibiotic tun- 
icamycin, an inhibitor of glycosylation. Lack of SUP4 
(an ochre chain termination suppressor) can be 
selected in suitable host backgrounds. One such host 
has an ochre chain termination mutation in the CAN1 
gene. The wild-type gene encodes a permease that 
causes the uptake of the toxic arginine analogue cana- 
vanine and, consequently, causes cell death in the 
presence of canavanine. So CAN1 mutant cells are 
resistant to canavanine, as they are unable to take it 
up. However, the chain termination suppressor SUP4 
causes the production of functional permease in the 
CAN1 background (because it suppresses the CAN1 
mutation) and, therefore, causes the death of CAN1 
cells in the presence of canavanine. Loss of SUP4 
abolishes canavanine uptake and canavanine resist- 
ance, which can be readily selected. Cells containing 
SUP4 can also be identified by the use of hosts with 
a chain termination mutation in the ADE2 gene for 
phosphoribosyl amino-imidazole carboxylase, a com- 
ponent of the arginine biosynthesis pathway. The 
mutation causes the cells to accumulate a red pigment, 
whereas colonies are of the usual colour if they are 
wild-type or if the ochre mutation is suppressed by 
SUP4. Cells that have lost SUP4 therefore acquire the 
red pigment and are visibly distinguishable from the 
others. If host strain without LEU2 is chosen, and a 
medium lacking leucine is employed, only cells trans- 
formed by the vector having LEU2 marker will grow. 

Several selectable markers are available for fila- 
mentous fungi and the common examples are given 
in Table 4. The argB marker is involved in arginine 
biosynthesis and needs a host deficient in arginine 
biosynthesis. The other markers are responsible for 
conferring resistance to variety of antibiotics. 

The yeast S. cerevcsiae has been extensively used 
for gene cloning, and a variety of vectors have been 
employed. Most vectors used in yeast are shuttle 
vectors as they are able to replicate in a second species, 

Marker Function Path waylpheno type 

URA3 Orotidine-5’-phosphate decarboxylase de novo synthesis of pyrimidines 
HIS3 Imidazole glycerol phosphate dehydratase Histidine biosynthesis 
LEU2 p-lsopropylmalate dehydrogenase Leucine biosynthesis 
TRPl N-(5’-phosphoribosyl) anthranilate isomerase Tryptophan biosynthesis 
TUN@ UDP-N-acetylglucosamine-1 -P transferase Glycosylation; confers tunicamycin resistance 
SUP4 Tyrosine-tRNA Ochre suppressor 



91 2 GENETIC ENGINEERING/Modification of Yeasts and Moulds 

Table 4 Selectable markers used in filamentous fungi 

Marker Function Pathwaylphenotype 

argB Ornithine 
transcarbamylase 
(from Aspergillus 
nidulans) 

hph Hygromycin 
phosphotransferase 
(from Escherichia col/J 

nidulans) 

nidulans) 

benA p-Tubulin (from A. 

amdS Acetamidase (from A. 

ble Bleomycin-binding 
protein (from 
Sfreptoalloteichus 
hindustanus) 

Synthesis of arginine 

Hygromycin resistance 

Resistance to fungicide 

Growth on acetamide as 
benomyl 

sole carbon or nitrogen 
source 

Bleomycin resistance 
(binds to bleomycin and 
inhibits its DNA- 
damaging activity) 

E. coli. Initial cloning is done in E .  coli and then the 
recombinant DNA is transformed into yeast cells. The 
plasmid vectors most commonly used in yeast can be 
divided into two categories: yeast centromeric plasmid 
(YCp) and yeast episomal plasmid (YEp) vectors. An 
example of a YCp plasmid is given in Figure 2. It 
contains prokaryotic ampicillin and tetracycline 
resistance genes, and an origin of replication from E. 
coli, all in a region of the plasmid derived from 
pBR322. These will allow it to function as a shuttle 
vector. Many of these vectors are based on pBR322 
in this way, but other plasmids have also been used, 
including pUC and bluescript species. YCp vectors 
also have a selectable marker and an origin of rep- 
lication for yeast, ARSI.  ARS, autonomously rep- 
licating sequences, are the sequences that confer on 
the plasmid the ability to replicate without integration 
into another replicon. The distinguishing feature of 
YCp plasmids is the presence of a chromosomal cen- 
tromeric sequence, CEN4 in the present example. The 
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Figure 2 Yeast centromeric plasmid, YCp50 (7.9kb). The 
vector has a suitable origin (Escherichia coli origin: EC Ori) and 
selectable markers (Amp and Jet) that allow it to be used as a 
shuttle vector in E. coli. The vector also contains a yeast select- 
able marker (URA3), a centromeric sequence (CEN) and an 
autonomously replicating sequence (ARS7). 

presence of a centromeric sequence allows the plasmid 
to be partitioned by the spindle apparatus of the cell, 
in the same way that the endogenous chromosomes 
are partitioned. This also results in the reduction of 
copy number per cell, but confers a much greater 
stability during cell division, allowing the plasmid to 
be maintained in the absence of selection. 

An example of YEP plasmid is shown in Figure 3. 
An episomal plasmid is a plasmid that can replicate 
independently but can also be integrated into the 
chromosome. YEps may do this as a result of sequence 
homologies between the selectable marker gene of 
the vector and mutant allele of the host, allowing 
recombination. Most of the features of YEp are 
similar to those of YCp plasmids, except for the 
absence of the centromeric sequence and its replace- 
ment with a different origin of replication. YEp has 
been constructed from a naturally occurring episomal 
plasmid, 2p  plasmid of S. cerevisiae using restriction 
enzyme and DNA ligase. YEps are very effective in 
bringing out transformation and occur in high copy 
numbers. Hence, these can have high rates of mRNA 
transcription and a high output of protein specified 
by the cloned gene. Apart from a naturally occurring 
origin of replication, YEps also have a naturally 
occurring cis-acting sequence, REP3, which is the site 
of action of proteins that help in partitioning the 
plasmid during cell division. This gives YEp plasmids 
a mitotic stability similar to YCp vector, but with a 
somewhat high copy number. The 2p plasmid has the 
genes essential for DNA replication and maintenance 
of numerous copies - up to about 100 - in the yeast 
cell. About half of the plasmid, however, is not con- 
cerned with these functions and can be dispensed 
within vector construction. In the yeast Kluy- 
veromyces lactis, vectors equivalent to S. cerevisiae 
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Figure 3 Structure of yeast episomal plasmid, YEpl3 (10.8 kb). 
The YEp is derived from 2 pm plasmid of Saccharomyces cer- 
evisiae and Escherichia coli plasmid pBR322. The vector has E. 
coli origin of replication (EC Ori) and selectable markers (Amp 
and Jet) that allow it to be used as a shuttle vector in E. coli. The 
vector contains a yeast selectable marker (LEU2), partitioning 
sequence (REP3) and an autonomously replicating sequence 
(A RS) . 
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Amo 

Figure 4 Structure of yeast artificial chromosome (YAC). The 
vector has two telomeres that constitute the ends of the vector 
once it is linearized with BamH1 after introducing the desired 
gene into the cloning site (SUP4). 

YEP have been obtained from 1 . 6 ~  circular plasmid, 
and also from linear killer plasmids. 

Another vector used is yeast artificial chromosomes 
(YAC), which resemble chromosomes in that they are 
linear DNA with a centromere and a telomere at each 
end - a sequence that prevents attack by endo- 
nuclease. An example of YAC is shown in Figure 4. 
The vector contains HIS3, URA3, TRPl and SUP4 
markers. CEN4 is a centromeric sequence and TEL 
is a telomeric sequence derived from the ends of 
ribosomal RNA encoding molecules from the mac- 
ronucleus of Tetruhymena. In addition, there is a 
yeast origin of replication, a prokaryotic origin of 
replication, and an ampicillin resistance gene. The 
cloning strategy involves cutting the YAC DNA with 
the restriction enzyme, BamH1, in the present 
example, to generate linear DNA with telomeres at 
the two ends, followed by treatment with another 
restriction enzyme (Smal)  to accommodate the 
foreign DNA. YACs are large, stable and ideal for 
cloning large DNA sequences. YACs are around 20 kb 
in size and can carry inserts up to 500 kb. 

Another type of vector used in fungi are integvating 
vectors, which do not have their own origin of rep- 
lication but rather become integrated into the nuclear 
DNA by homologous recombination and replicate 
along with the nuclear genome. As illustrated in 
Figure 5, homologous integration of a circular 
plasmid carrying an intergenic DNA fragment leads 
to duplication in which the two partially deleted 
copies of the genes are obtained separated by plasmid 
DNA sequences. Such an event most often leads to a 
loss of gene function that, in some cases, can be used 
for selection of the integration event and thus for 
transformation. For example, integration of an 
internal fragment of Aspergillus nidulans pyrG gene, 
as shown in Figure 5, is expected to lead to loss of 

- 
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Figure 5 Gene inactivation by homologous plasmid integration. 
The constructed plasmid contains a DNA fragment from within 
the gene, shown as a filled rectangle; the deleted regions of the 
gene are shown by the open area within the rectangle. Chromo- 
somal recombination by a single homologous recombination 
event (X) leads to duplication of two partially deleted copies of 
the genes separated by plasmid DNA sequence, leading to gene 
inactivation. 

orotidine-5’-phosphate decarboxylase, which can be 
selected by resistance to 5’-fluoroorotic acid. 

The transforming DNA is integrated into the 
chromosomes by the process of homologous and het- 
erologous integration during vegetative growth. 
Homologous integration of chromosomal DNA 
resembles that of yeast. The relative frequencies with 
which homologous and non-homologous recom- 
bination events occur depend on the species and the 
length of the DNA molecule. In A. nidulans and P. 
chrysogenum, over half of the integration events are 
homologous, while in Neurospora cvassa such events 
can be less than 5%. Homologous integration is 
important for manipulation involving gene disruption 
and deletion. Multiple transformation events are quite 
common in filamentous fungi and can be a way of 
increasing gene dosage in commercial applications. 
Since the integrating vectors give low-frequency trans- 
formants, by analogy with yeasts, replicating plasmids 
are expected to give better results. Naturally rep- 
licating vectors are rare in fungi; some species of 
Neurospora contain mitochondrial plasmids of 
unknown function, but these have not proved useful 
in the construction of autonomously replicating 
vectors, A plasmid of Phanerochaete chrysosporium, 
pME, has recently been detected and has been incorp- 
orated into a stable, replicating vector with kan- 
amycin resistance marker which is maintained 
extrachromosomally in the absence of selection. The 
native circular plasmid exists in low copy number, 
and is relatively difficult to detect. 

In the absence of natural plasmids, and by analogy 
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with yeasts, it has been possible to construct rep- 
licating vectors using chromosomal sequences, carry- 
ing putative origins of replication, autonomously 
replicating sequences. A replicating vector of Podo- 
spora anserina was constructed by adding telomeric 
sequences from Tetrahymena thermophila ribosomal 
DNA (a self-replicating element in protozoans). This 
plasmid becomes linearized in Podospora following 
transfer, and replicates at low copy number without 
integration. More recently, a sequence isolated from 
A. nidulans, AMAl, confers the ability to replicate 
autonomously to the plasmids that carry this gene, 
and this leads to an increase in transformation fre- 
quency 100-fold or more compared to integrating 
vectors. Although present in 10-30 copies per cell, 
these vectors are unstable and are rapidly lost without 
selection. An ARS-based vector that replicates 
autonomously has been reported for corn smut patho- 
gen Ustilago maydis. 

After a suitable vector is decided, the vector is 
opened with the help of restriction enzyme, an enzyme 
that recognizes a specific nucleotide sequence and cuts 
the molecule at that point and no other. A vector has 
to have a cloning site containing sequences that can 
be cut with the restriction enzymes to permit insertion 
of DNA to be cloned. Usually a polylinker cloning 
site is employed: this is a short synthetic double- 
stranded sequence that consists of a number of sites 
on which different restriction sites can act, giving 
experimental versatility. A portion of opened vector 
is mixed with mammalian DNA or the gene of interest 
that has to be inserted, and allowed to anneal, fol- 
lowed by treatment with DNA ligase which rejoins 
the cut DNA vector. 

Entry and Expression of Recombinant DNA in Fungal 
Cells Once the recombinant DNA is constructed, it 
has to be transformed into a suitable host. The thick 
cell walls of yeasts and other fungi are a major obs- 
tacle to the entry of DNA into the cell. There are a 
number of ways available for introducing exogenous 
DNA into fungi. One of the easiest ways is simple 
treatment of the cells with lithium acetate and poly- 
ethylene glycol (PEG), together with transforming 
DNA and extra nonspecific carrier DNA (for example, 
from calf thymus) to.increase the total amount of 
DNA present. Although this method is relatively 
straightforward, the efficiency of transfer can be 
rather low - approximately IO3 colonies per micro- 
gram of plasmid - although higher frequencies have 
been claimed and may represent differences between 
strains. 

A second and often more efficient approach of 
introducing exogenous DNA into S. cerevisiae is the 
transformation of spheroplasts, which are obtained 

by digestion of cell wall with appropriate enzymes, in 
the presence of a suitable osmotic buffer to prevent 
lysis. Calcium chloride and PEG facilitate uptake of 
transforming DNA by the protoplasts. However, the 
use of PEG for transformation is disadvantageous as 
it causes cell fusion and so diploids and polyploids 
may result. Interestingly, it has been found that 
lithium ions render fungal walls permeable to DNA, 
so the use of protoplasts is not always necessary. 
Recently, electroporation (entry of DNA under the 
influence of electric charge) has also been used for 
successful transfer of DNA to protoplasts. A yet more 
efficient method, the Shotgun approach, involves 
bombardment of DNA-coated tungsten particles dir- 
ectly into the mycelium. 

The filamentous fungi, such as A. nidulans, N .  
crassa and P. chrysogenum, are also of considerable 
interest. Transformation can be carried out with 
protoplasts made from spores or hyphae, by digestion 
of the cell wall/coat with suitable enzymes. DNA is 
added in the presence of calcium ions and PEG. The 
latter causes protoplast fusion and the DNA is taken 
up at the same time. However, electroporation can 
also be used for transformation. The protoplasts are 
then regenerated. Ensuring the stable maintenance of 
extrachromosomal DNA is difficult, because of the 
filamentous nature of the fungi. As a result of this 
filamentous habit, cells that have lost the selectable 
marker can be maintained by those cells that have 
retained it. Thus using the system that results in inte- 
gration of incoming DNA may be more convenient. 

After transformation, the cells carrying the desired 
plasmids are selectedhcreened using the suitable 
markers and looked-for expression. The fate of the 
incoming DNA depends upon whether or not a suit- 
able origin of replication is present. ARS elements 
have been isolated, such as UARSZ from U. maydis, 
which allows maintenance as a plasmid. 

When plasmid has to be inserted, a plasmid-free 
host has to be employed, so that the plasmids do not 
compete with the vector. The clones containing the 
desired vector are selected using markers, since all the 
treated host cells may not acquire plasmid. LEU2 and 
HIS are selectable markers and code for enzymes that 
are essential for leucine and histidine biosynthesis, 
respectively. In some cases, antibiotic resistance 
markers have also been used. 

Various factors determine the effectiveness with 
which a gene is expressed, but of special importance 
is the nature of the promoter. Controlled expression 
can be directed conveniently from the alcA promoter, 
for alcohol dehydrogenase, in response to carbon sub- 
strate. There are several controllable promoters avail- 
able for expression in yeast. In order to have good 
expression, the vectors generally have promoter from 
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host cell, e.g. promoters for galactose epimerase, acid 
phosphatase from S. cerevisiae, lactase from K.  lactis. 

Secretion of overexpressed proteins by fusion with 
a secretion signal may be more useful as it facilitates 
purification and the proteins produced will be min- 
imally exposed to host proteases. In addition, it may 
help to bring about correct glycosylation and may 
also enhance protein folding. A number of secretion 
signals from yeast and fungi can be used; the most 
commonly used are those for the mating pheromone 
alpha-peptide and for invertase. Aspergillus spp. have 
been used to secrete proteins/enzymes into the 
medium and hence downstream processing is eco- 
nomical in such cases. 

Applications of Recombinant DNA Technology 

Production of Mammalian Proteins by Fungi The 
bacterium E .  coli was not only the first host for gene 
cloning, but also the first microbe to be used for 
commercial production of mammalian proteins. In 
spite of these successes, E. coli is not ideal for pro- 
duction of heterologous proteins (production that 
would not be made by the species in question), espe- 
cially of mammalian origin. As a polypeptide is syn- 
thesized it folds and disulphide bridges are formed 
to give a protein-precise three-dimensional structure. 
The folding and disulphide bridge formation can 
occur in prokaryotic cells giving a protein with the 
same amino acid sequence, but different properties. 
In mammalian cells a peptide can be modified in a 
variety of different ways following its synthesis. Hence 
the active protein is sometimes a protein in which part 
of the original polypeptide chain has been removed by 
proteolytic cleavage. Alternatively, the active product 
may result from enzymatic addition of groups such as 
oligosaccharides, phosphates or sulphates to specific 
amino acids. Bacterial cells are incapable of these 
post-translational modifications. Furthermore, E. coli 
usually retains the proteins it makes within the cell 
instead of exporting them into the culture medium. 
This means that the downstream processing is more 
difficult, especially since E .  coli produces endotoxins 
(toxins associated with the cell) and pyrogens (fever- 
inducing agents) which must be completely eliminated 
during purification. These shortcomings have lead to 
research aimed at finding ways of using other species 
as hosts for gene cloning. 

The first fungus with which success was achieved 
was S. cerevisiae. Another yeast, K.  lactis, has been 
found to be an efficient host for synthesizing and 
exporting mammalian protein chymosin. Bovine chy- 
mosin or rennin is used in the cheese industry, and 
because of its high value and supply problems, it has 
been the target for microbial expression for some 
time. As a result of difficulties encountered in earlier 

attempts at expression in bacterial and yeast systems, 
A.  awamori has been successfully developed as a host, 
using a wide range of genetic manipulation tech- 
niques. The preprochymosin gene is expressed using 
transcription signals derived from host glucoamylase 
gene to produce recombinant chymosin. 

Fungal Enzymes A wide-range of fungal (A.  niger, 
A .  oryzae) enzymes like amylases and cellulases are 
used in food industry. Most of these are secreted 
enzymes of low value, made in large quantities by 
strains already improved by conventional procedures. 
Nevertheless, many of the genes encoding for these 
enzymes have been isolated, and attempts have been 
made to improve their yield by transformation. Many 
oversecreting recombinant strains of fungi have been 
produced using recombinant DNA technology, secret- 
ing high amounts of enzymes with applications espe- 
cially in food biotechnology (Table 5). 

Some of the genes encoding useful enzymes, such 
as the a-amylase (taka-amylase) of A. oryzae and the 
glucoamylase of A. nzgerlA. awamori, already possess 
some of the strongest fungal promoters known, par- 
ticularly when they are derived from commercially 
improved strains, and these promoters have been 
exploited for construction of hybrid expression 
systems. Fungal lipases such as those from Humicola 
and Rhizopus species are now used in detergents. 
Their production has been enhanced by expression 
in A. oryzae, using the a-amylase promoter of this 
organism. 

Strain Improvement Recombinant DNA technology 
has been widely used to improve strains. For example, 
in brewing yeast, it has been advantageous in the 
improvement of fermentation and post-fermentation 
stages in beer production. Some of the strain improve- 
ments achieved in brewing yeasts are shown in Table 
6. The process can be made more efficient by reducing 

Table 5 Enzymes produced by fungi having applications in 
food biotechnology 

Enzyme Source Applications 

a-Amylase 

Glucose oxidase 
Rennet 
Lipases 

Hemicellulase 
Pectinases 

Invertase 
Proteases (acid, 

neutral, alkaline) 

Aspergillus niger, 
A. oryzae 

A. niger 
Mucor spp. 
M u c o ~  Aspergillus, 

Penicillium spp. 
A. niger 
Aspergillus, 

Yeasts 
Aspergillus sp. 

Rhizopus spp. 

Starch conversions 

Food processing 
Milk coagulation 
Dairy industry 

Bakery; gum 
Clarifying fruit juices 

Confectionery 
Breakdown of 

proteins (baking, 
brewing and 
dairy) 



91 6 GENETIC ENGINEERING/Modification of Yeasts and Moulds 

the residence time in beer vessels. Product quality 
can be improved by inactivating the genes which are 
responsible for production of off-flavours or reducing 
susceptibility to contaminants. Yeast capable of 
secreting enzymes that would otherwise be added to 
fermentation medium will make the process more 
efficient and economical. The yield of a particular 
product can also be improved using in vitro gene 
manipulation techniques. Employing such 
approaches, the yield of antibiotic production can be 
greatly improved by recombinant DNA technology. 
The commercial p-lactam antibiotic producers P. 
chrysogenum and Cephalosporium acremonium have 
been the main targets for this work. This is achieved 
by inserting additional copies of such genes. 
Table 6 Strain improvement of brewing yeast 

Properties 

Amylosis 
Proteolytic yeast 
Reduced phenolic compounds 
Reduced diacetyl production 
Catabolite derepression 
Zymocin production 

Effed 

Low-carbohydrate beer 
Aids colloidal stability 
Reduced off-flavours 
Reduces fermentation time 
Improved fermentation 
Protection against 

contamination 

Therapeutics A number of therapeutic products 
have been produced in fungal systems, such as cyto- 
kines (interleukin-2). 

Risks to Consumers and/or Ecology of 
Non-target Species 

Considering the benefits of recombinant DNA tech- 
nology, any preconceived hazard cannot be ignored. 
The introduction of modern biotechnology involving 
genetic manipulation in the last two decades has gen- 
erated some concern. This highlights the need to 
ensure that what sometimes seem to be specific 
hazards from an organism used in biotechnology are 
adequately assumed and the risks are controlled. The 
public perception of microorganisms is that they cause 
disease. The impact of a laboratory infection can 
stretch beyond the immediate surroundings where 
industrial processes are employed, and it can have a 
serious impact on the whole plant, on the marketing 
of the products, on innocent bystanders, and on the 
environment. Therefore, a microorganism used in bio- 
technology should be safe and cause no mortality. A 
pathogenic organism should not produce an allergic 
response or endotoxin or a toxic reaction. For 
example, an E. col i  strain producing botulism toxin 
could conceivably be very dangerous; insertion of the 
penicillinase gene into Streptococcus pyogenes (still 
universally sensitive to penicillin) could make the 

treatment of streptococcal infections much more dif- 
ficult. 

It has been observed that single-cell protein con- 
sumption caused ill health in consumers. Physical 
contamination or escape from the laboratory of 
recombinant organisms may pose a health hazard. Let 
us take a hypothetical situation; if an interleukin-2- 
producing microorganism escapes from a laboratory 
it may produce an immunological imbalance in the 
host it enters. The modified organisms released should 
also have no adverse effect on the environment. The 
growth of a microorganism depends on the substrate 
present in a particular ecological niche. If the organ- 
ism shows change in the substrate utilization, it will 
grow in a different ecological niche from its natural 
niche and may have a deleterious effect on a given 
habitat. If an antibiotic-resistant microorganism is 
used, there is a risk that it may transfer antibiotic 
resistance genes to other organisms by the processes 
of conjugation, transformation and transduction. 
Therefore, a genetically engineered organism should 
only be released after thorough assessment of the 
risks. 

See also: Aspergillus: Introduction. Ecology of Bac- 
teria and Fungi in Foods: Influence of Available Water; 
Influence of Temperature; Influence of Redox Potential 
and pH. Escherichia coli: Escherichia coli. Fusarium. 
Genetic Engineering: Modification of Bacteria. Gen- 
et ics of Microorganisms: Fungi . Kluyveromyces . 
Nucleic Acid-based Assays: Overview. Penicillium: 
Introduction. Yeasts: Production and Commercial Uses. 
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Characteristics of the Species 

Hafnia alvei is the only species in the Hafnia genus. 
The species has been known by the names Entero- 
bacter hafnieae, Bacterium cadaveris, Bacillus asi- 
aticus and B. paratyphi alvei. Hafnia is the old name 
for Copenhagen. The epithet alvei is chosen because 
the bacterium has been isolated from the intestinal 
tract of honey bees. In spite of the great developments 
in bacterial taxonomy during recent years, many 
Enterobacteriaceae species are still genetically diverse. 
H. alvei consists of two distinct genetic groups which 
are about 50% related at the DNA level. The groups 
are not reliably distinguishable by the methods used 
currently in the routine laboratory (Table 1). The first 
genetic group contains a biochemically less active 
subgroup, H. alvei biogroup 1, which is also known 
as Obesumbacterium proteus (genetic group 1). This 
phenotypically distinct group of Hufnia species is 
found as a contaminant of breweries. Yokenella 
regensburgei is a phenotypically similar species which 
has been separated from H. alvei in 1985 (Table 2). 
H. alvei occurs in many natural environments and it 
is frequently found in food samples. It is known to be 
an opportunistic human pathogen causing a variety 
of extraintestinal diseases. True H. alvei is almost 
certainly not a diarrhoeal pathogen. Instead, DNA- 
based methods showed that the diarrhoeagenic H. 
alvei strains were not true H. alvei but were related 
to the Escherichia coli-Shigella group. The inability 
of the present identification schemes to differentiate 
true H. alvei and these diarrhoeagenic strains explains 
largely why H. alvei has been thought to be an emer- 
ging diarrhoeal pathogen. At present the diar- 
rhoeagenic 'H. alvei' lacks a valid name. 

H. alvei is a Gram-negative facultatively anaerobic 
rod, and it conforms to the general definition of 
Enterobacteriaceae. It is only about 20% related to  
the other species of the family. Most strains are motile. 
H. alvei is able to grow at a wide temperature range. 
Both genetic groups have similar psychrotrophic 

growth temperature characteristics - a minimum 
growth temperature of 0.2-3.7"C (mean 2.6"C) and 
a maximum growth temperature of 41-43°C. In con- 
trast, the diarrhoeagenic 'H. alvei' strains have much 
higher mesophilic growth temperatures - minimum 
growth temperatures of 10.2-1 1.5"C and maximum 
growth temperatures of about 46°C. 

H. alvei occurs in many natural environments such 
as surface waters, soil, sewage and vegetation. H. 
alvei has been reported to be one of the major species 
which contribute to the microbial ecology of silage. 
It has been isolated from the polluted waters of fish 
farms as well as from the unpolluted northern rivers 
of Finland. Based on its ubiquitous distribution in 
nature it is a frequent inhabitant in the intestinal 
contents and faeces of fish, insects, birds and 
mammals. Consequently, H. alvei is a common con- 
taminant of meat, dairy products and fish, and all 
environments where they are handled. 

H. alvei is one of the most numerous Entero- 
bacteriaceae species in minced meat at retail level. 
About two-thirds of minced meat samples collected 
from retail stores contained H. alvei. The initial 
numbers of H. alvei in meat are usually low, but 
because the refrigeration temperatures used for meat 
usually exceed the minimum growth temperature of 
this species, the numbers increase rapidly during 
storage. The moist anaerobic environment in vacuum 
packages is favourable for the growth of H. alvei. In 
vacuum-packed beef the numbers of H. alvei reach 
their peak (usually 103-105cfu g-*) in about 3 weeks - 
depending on temperature - and thereafter usually 
decrease slowly. In the meat of stressed cattle - called 
DFD-meat (dark, firm, dry) - which has a high pH, 
H. alvei may reach higher levels and even contribute 
to the spoilage of the meat. Factors affecting the 
development of the H. alvei population include the 
type of package, composition of the atmosphere, pH 
and composition of the competing microflora. The 
inhibition of the growth of H. alvei - and other 
Enterobacteriaceae species as well - is caused by the 
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Table 1 Phenotypic characteristics of Hafnia alvei 
~ 

Test %+ Sign 

Indole 0 
Methyl red (35°C) 40 

Citrate (35°C) 6 
Hydrogen sulphide (Triple Sugar Iron) 0 

Voges-Proskauer (35°C) 59 

Urea hydrolysis 
Phenylalanine deaminase 
Lysine decarboxylase 
Arginine dihydrolase 
Ornithine decarboxylase 
Motility 
Gelatin hydrolysis 
Growth in KCN 
Malonate utilization 
D-Glucose acid 
D-Glucose gas 

Acid from: 
Lactose 
Sucrose 
D-Mannitol 
Dulcitol 
Salicin 
Adonitol 
myo-Inositol 
D-Sorbitol 
L-Arabinose 
Raffinose 
L-Rhamnose 
Maltose 
D-Xylose 
Trehalose 
Cellobiose 
a-Methyl-d-glucoside 
Melibiose 
D-Arabitol 
Mucate 

Esculin hydrolysis 
Tartrate (Jordan) 
Acetate utilization 
Lipase (corn oil) 
DNAse 
Oxidase 
ONPG test (O-Nitrophenyl- 

galactoside) 
Nitrate to nitrite 
2-Ketogluconate util. 
3-Hydroxybenzoate util. 
Minimum growth temperature 
Maximum growth temperature 

2 
0 

100 
7 

100 
94 
0 

97 
83 

100 
98 

3" 
12 

100 
2 

16 
0 
0 
0 

95 
4 

92 
100 
99 
99 
67 
0 
0 
0 
0 
5 

58 
90 

0 
0 
0 

67 

100 
100 

0 
2.6"C 

42°C 

+ = 90-1 00% positive; [+I = 75-89% positive; v = 26-74% 
positive: [-I = 11-25% positive; - = 0-1 0% positive. 
a 10-15% of the strains ferment lactose slowly. 

competing microflora which is usually composed of 
lactobacilli. The effect is mediated by low pH, bac- 
teriosins and other antagonistic effects of the lacto- 
bacilli population which gradually overwhelm the 
meat surface inside the vacuum package. 

Methods of Detection 

No specific selective agars are available commercially 
for the isolation of H. alvei. H. alvei grows readily on 
the nonselective and selective isolation media used for 
enteric bacteria, such as violet red bile (VRB), eosin 
methylene blue (EMB), MacConkey and xylose- 
lysine-deoxycholate (XLD) agars. Most of the strains 
grow even on the highly selective isolation media such 
as Salmonella-Shigella agar. Most of the H. alvei 
strains are lactose-negative and on the above-men- 
tioned isolation media they produce colourless col- 
onies. On less inhibitory agars, such as VRB, the 
colonies are usually relatively large, translucent, cir- 
cular, and low convex, with a smooth surface. 

For isolation purposes, MacConkey or VRB agar 
containing sucrose and sorbitol may be used. The 
colourless colonies may be further tested with bio- 
chemical tests. The L-prolineaminopeptidase test is 
useful to screen the colonies; H. alvei and Serratia 
spp. are the only Enterobacteriaceae species to give a 
positive reaction. 

Reliable differentiation of H. alvei and most other 
enteric bacteria can usually be made by routine bio- 
chemical tests performed either separately or included 
in the commercial identification systems. It is note- 
worthy that the incubation temperature affects the 
results of some biochemical tests (methyl red, Voges- 
Proskauer and citrate). H. alvei can be differentiated 
from species of Enterobacter and Serratia based on 
positive reaction in lysine, arginine and ornithine 
decarboxylase tests and a negative reaction in sorbitol 
and inositol fermentation tests. However, the limited 
set of tests - 10-20 - which are used in routine 
clinical laboratories or included in the commercial 
biochemical panels may not always be sufficient. In 
particular, the differentiation of H. alvei and diar- 
rhoeagenic ' H .  alvei' possessing the attachment efface- 
ment gene (eaeA+ 'H. alvei') as well as H. alvei 
biogroup 1 and true 0. proteus (genetic group 2 )  is 
difficult. Other species difficult to distinguish from 
H. alvei include k: regensburgei and inactive (non- 
lactose-fermenting) Escherichia coli ( E .  coli 2). From 
the diagnostic standpoint, reliable identification of 
the diarrhoeagenic eaeA+ 'H. alvei' strains is essential. 
This is not achieved by API20E alone or by the trad- 
itional set of biochemical tests. Additional tests such 
as growth at 4"C, 2-ketogluconate and 3-hydroxy- 
benzoate assimilation tests are needed. DNA-based 
methods such as polymerase chain reaction detection 
of the eaeA gene offer a reliable alternative for 
detection. 
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Table 2 Differential characteristics of Hafnia alvei and biochemically similar species 

Test H. alvei H. alvei biogroup 7 eaeA+ ‘H. alvei’ Escherichia coli: 
inactive 

Yokenella 
regensburgei 

Voges-Proskauer (35°C) 
L-Arabinose fermentation 
L-Rhamnose fermentation 
Maltose fermentation 
ONPG test (O-Nitrophenyl- 

galactosidase) 
3-Hydroxybenzoate util. 
2-Ketogluconate util. 
Growth at 4°C 

[+I 
+ 
+ 
+ 
+ 

- 
+ 
+ 

+ = 90-1 00% positive: [+] = 75-89% positive; v = 26-74% positive: [-] = 11-25% positive: - = 0-1 0% positive; NA= data not available. 

Importance to the Food Industry 

H. alvei produces biogenic amines, cadaverine and 
putrescine, and may sometimes contribute to the 
spoilage of meat. It is probable that only refrigerated 
meat with an exceptionally high p H  (DFD-meat) 
offers a suitable environment for H. alvei to reach 
population densities which produce sensory changes. 
H. alvei is one of the bacterial species which is respon- 
sible for the production of histamine in fish. Tuna 
fish, in particular, has been associated with histamine 
food poisoning. 

In clinical laboratories H. alvei may disturb the 
detection of Salmonella. Many strains grow in the 
isolation broths used to enrich Salmonella and 
produce colonies resembling those of Salmonella on 
routine isolation media. Moreover, H. alvei cultures 
can sometimes be agglutinated by Salmonella O-anti- 
sera. Because of their psychrotrophic nature, H. alvei 
organisms may disturb the cold enrichment of Yersinia 
enterocolitica in phosphate-buffered saline. In food 
laboratories, the occurrence of H. alvei in food and 
water samples may lead to difficulties in interpreting 
the results of the coliform test - an indicator bacteria 
analysis which is based on lactose fermentation. 
Although most H. alvei strains are lactose-negative, 
some strains have a plasmid-mediated ability to 
ferment lactose with variable speed. This results in 
colonies of variable size and makes the agar plates 
difficult to read. 

H. alvei can cause fatal extraintestinal infections in 
farmed fish affected by predisposing factors such as 
overcrowding. In rainbow trout H. alvei has been 
reported to cause haemorrhagic septicaemic disease, 
which is associated with high mortality. In sherry 
salmon H. alvei has caused kidney infections. H. alvei 
can infect honey bees affected by a parasitic disease. 
Thus, it appears that H. alvei can cause opportunistic 
infections in animals in a similar manner as in 
humans. 

Importance to the Consumer 

H. alvei is an opportunistic human pathogen which 
can cause a variety of extraintestinal diseases in sus- 
ceptible individuals with a severe underlying con- 
dition. H. alvei has been associated - either in pure 
or mixed growth - with wound infections, abscesses, 
septicaemia, pneumonia, etc. Predisposing factors 
include malignancy, immunodeficiency or any debili- 
tating disease. For healthy persons H. alvei apparently 
does not cause any risk concerning extraintestinal 
diseases. 

H. alvei has been considered to be an emerging 
human diarrhoeal pathogen. The main reason for the 
belief is based on studies concerning the diar- 
rhoeagenic eaeA+ ‘H. alvei’ strains isolated in Ban- 
gladesh. These strains caused diarrhoea with similar 
mechanisms and comparable symptoms to entero- 
pathogenic E. coli - a causative agent of tourist diar- 
rhoea and diarrhoea of children in developing 
countries. However, taxonomic methods determining 
the structure of rRNA genes and total DNA homology 
revealed that these eaeA+ ‘H. alvei’ strains were not 
true H. alvei, but closely resembled the E. coli-Shi- 
gella group, although the taxonomic position of this 
group remained unclear. At the moment the geo- 
graphic distribution and clinical importance of the 
diarrhoeagenic ‘H. alvei’ is not known. 

From time to time H. alvei has been reported to be 
a causative agent of diarrhoea based on isolation from 
diarrhoeal faeces without further studies concerning 
causal relationships. However, it is a fact that true 
H. alvei is more often isolated from diarrhoeal than 
normal human faeces. This epidemiological asso- 
ciation of H. alvei with diarrhoeal symptoms is care- 
fully documented but has not been explained. N o  
virulence mechanisms have been found in spite of 
careful studies, and it is possible that the phenomenon 
has nothing to do with virulence. For instance, the 
increased intestinal motility during diarrhoea may 
facilitate the detection of food-originating bacteria 

Next Page
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Ice cream is made from a liquid mix which is based 
on milk, cream, water, milk solids-not-fat, milk fat or 
other fat as may be legally required, sugar, emulsifying 
and stabilizing agents, flavours and colours. This wide 
variety of ingredients, the possible variations in their 
microbiological standard and quality, as well as the 
conditions and methods used to prepare the final 
product, greatly affect the quality of the ice cream. 
Consequently, the microbiological quality of ice 
cream depends on many factors, the most important 
of which are described here. 

Raw Materials (Major Components and 
Additives) 

Any of the wide variety of ingredients that may be 
used to produce ice cream may contribute micro- 
organisms to the product and affect its quality. The 
heat treatment process gives only an adequate reduc- 
tion in bacterial numbers as well as the destruction of 
pathogenic organisms. It cannot entirely correct the 
hygienic quality of poor ingredients. So carefully 
selected ingredients are essential for the manufacture 
of ice cream of the highest quality. 

Liquid milk, cream, skimmed milk and con- 
centrated skimmed milk may contain appreciable 
numbers of bacteria, including some that are patho- 
genic (e.g. Mycobacterium spp., Streptococcus spp.). 
Adequate heat treatment by the supplier, together 
with handling and storage under sanitary conditions 
(kept under refrigeration and used promptly) leads 
to raw materials of a satisfactory quality. The main 
organisms present in these dairy materials are a few 
spore-forming bacilli, micrococci, and psychrotrophic 
and thermoduric microorganisms, which may some- 
times spoil the mix but are not a major health hazard. 
Milk powders may contain large numbers of spore- 
forming bacilli or may be contaminated by sal- 
monellae. Numerous outbreaks of food poisoning 
attributed to salmonellae or staphylococci from milk 
powder provide evidence that these pathogens do on 
occasions survive in the final product. A special 

hazard of staphylococcal enterotoxin in ice cream 
may be present if whey powder is used as a source 
of milk solids. Careful control and storage of these 
powders under dry and cool conditions are necessary. 

Dry sugars used as ingredients should be almost 
sterile if properly prepared, processed and stored. 
Sugar syrups also are used as sweetening ingredients. 
The contamination of sugars or sugar syrups is 
limited, mainly consisting of small numbers of osmo- 
philic microorganisms. Certain yeasts and moulds 
would be the principal flora. Some species of bacteria 
have also been suggested as possible spoilage prob- 
lems, including species of Bacillus and Leuconostoc. 
Osmophilic yeasts may be able to grow in these syrups 
and moulds may grow on the surface if contamination 
should occur, so it is suggested that tests for yeasts 
should be carried out on sugars and sugar syrups. 

Butter and butter oil (anhydrous milk fat) are made 
from pasteurized cream, in which pathogenic and 
most spoilage organisms have been destroyed. Rela- 
tively small numbers of mesophilic bacteria, coliforms 
and lipolytic organisms, particularly the Pseudo- 
monas sp. responsible for butter spoilage, as well as 
moulds and yeasts, can be found. Butter commonly is 
kept refrigerated, and during commercial storage is 
kept at about -20°C at which temperature no micro- 
bial growth can take place. For these reasons bacteria 
usually do not grow in butter, and when they do, their 
growth is not extensive. The flavour of good butter is 
so delicate, however, that small amounts of growth 
may cause appreciable damage to the flavour. When 
satisfactory hygienic conditions are applied during 
the production of the above ingredients and they are 
properly handled (storage temperatures of no more 
than -20°C for butter, and dry, refrigerated conditions 
for butter oil), combined with tests for the above- 
mentioned microorganisms, a high microbiological 
quality will be ensured. 

Fats other than milk - commonly vegetable fats - 
may also be used. The high temperature used during 
their processing and their low moisture content give 
raw materials containing very few microorganisms. 
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Dry, refrigerated conditions should be used for their 
storage. 

Stabilizers do not constitute an important source of 
bacteria if they have been packaged under hygienic 
conditions, as they are usually produced by methods 
involving high temperatures. Gelatin as an animal 
product may be a hazard if produced under insanitary 
conditions, so it should be obtained from a reputable 
supplier and kept under cool and dry conditions. 
Emulsifiers should not present any problem except 
for eggs, which may be contaminated by Salmonella 
spp., and pasteurization is required to avoid any 
hazard arising from their use. 

Many other foodstuffs are added to ice cream, 
either mixed with it or as coatings. These may be 
flavouring materials such as vanilla, chocolate and 
cocoa, fruit (canned, fresh or frozen) and nuts, as well 
as colours. All of them are potential sources of hazard, 
particularly if they are added after the heat treatment 
of the mix. Yeasts and moulds will predominate in 
fresh fruits, while canned fruits, because of their heat 
treatment, should be of a satisfactory microbiological 
standard. Nuts may be contaminated by moulds and 
may possibly contain mycotoxins. Coconuts can also 
contain salmonellae. For these reasons, it is much 
better for all these materials to be used after their heat 
treatment (roasted nuts, for example, or pasteurized 
chocolate), especially if they are added to the mix 
after its pasteurization. Also, they should be stored 
in cool, dry conditions. The examination of these 
materials should include a visual inspection and the 
enumeration of mesophilic bacteria, coliforms, yeasts 
and moulds. Colours manufactured and handled care- 
lessly may cause microbiological problems, but this 
can be avoided if they are obtained from a good 
supplier and stored properly. 

All these potential hazards highlight the necessity 
of using high-quality raw materials, purchased from 
a reputable supplier, and carefully stored under con- 
ditions that will not allow the proliferation of micro- 
organisms. In addition, it is suggested that 
appropriate microbiological tests should be carried 
out on raw materials, and the use of strict stock 
rotation is essential. 

Hygiene During Production 

After the high-quality raw materials have been chosen, 
the mix is ready for processing. This begins with 
combining the ingredients into a homogeneous sus- 
pension that can be pasteurized, homogenized, 
cooled, aged, flavoured and frozen. This is a complex 
operation comprising a series of steps which all have 
some effect on the microbiological quality of the final 
product, so they must be carefully controlled to 

produce a product that will safeguard the consumer's 
health. 

After the ingredients have been weighed or meas- 
ured, they are blended to make a liquid mix. This 
mixture is then subjected to a heat treatment process, 
which is specified by legal requirements in most coun- 
tries. This pasteurization renders the mix substantially 
free of vegetative microorganisms, killing all of the 
pathogens likely to be present. The ice cream mix is 
always homogenized, often as a step in the pas- 
teurization process. The homogenizer is a complex 
piece of equipment and must be carefully cleaned and 
disinfected each time it is used, or the mix may be 
seriously contaminated. It is therefore suggested that 
homogenization of the ice cream mix is carried out 
before it is finally heat-treated, where this is possible. 
Cooling of the mix to about 4°C is followed by an 
ageing period; then the mix is passed to the freezer 
where it is subjected to considerable agitation and 
reduction in temperature, as well as incorporation of 
air. On leaving the freezer the ice cream will normally 
be packaged (in family packs, individual retail packs, 
or any other forms), frozen hard in wind tunnels at 
-40°C or in hardening rooms, and then kept at a 
temperature of about -30°C until and during dis- 
tribution. Some ice cream is sold direct from a dis- 
pensing freezer as 'soft-serve' ice cream in cones, or 
in various types of made-up desserts in restaurants 
and cafks, or from vehicles complete with their own 
electricity generation equipment. 

Ice cream mixtures must not be kept for more than 
1 h at a high temperature (more than 7.2"C) before 
being pasteurized, in order to avoid the proliferation 
of organisms in the ingredients. During pas- 
teurization, time as well as temperatures should be 
strictly observed in order to avoid on the one hand 
excessive heat treatment, which may lead to undesir- 
able flavour changes, and on the other hand, to ensure 
the destruction of pathogenic organisms and the 
adequate reduction in bacterial numbers. The cooling 
of the ice cream mix to about 4°C must be rapid and 
the mix must be kept at that low temperature until it 
is frozen, otherwise the proliferation of any viable 
organisms may occur. This can lead to  a product 
with a high microbial count and possibly to a disease 
outbreak. The same danger exists if the cooling system 
stops during the ageing of the mix. In this case, the 
mix must be discarded because, although a new pas- 
teurization will kill the organisms, it will not destroy 
possible toxins already present. Normally the mix 
should be frozen within 24 h of heat treatment, as 
undue prolongation of storage may lead to pro- 
liferation of psychrotrophic organisms, with a serious 
risk of spoilage of the mix. 

The incorporation of air into the ice cream mix 
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during the freezing process may cause air-borne con- 
tamination, so air filters are required to prevent the 
ingress of organisms. For some products the ice cream 
is blended with water ice on leaving the freezer, and 
may be frozen on a stick or in a cone (single portions) 
and covered with a chocolate or flavoured couverture, 
together with broken biscuits or nuts. All this hand- 
ling has to be done under sanitary conditions in order 
to minimize the microbiological contamination of ice 
cream. 

In addition to the careful operation of the equip- 
ment, the proper cleaning and sanitizing of the plant 
and equipment is of great importance. Any equipment 
that comes into contact with the ice cream or ice 
cream ingredients must be carefully and effectively 
cleaned and sanitized immediately after use. This is 
usually done at the end of each day’s operation; 
however, if scale builds up during the operation, it 
may be necessary to clean the plant thoroughly before 
further processing the same day. Not only is the pro- 
cessing equipment important, but ancillary equip- 
ment, in particular at the final sales point, must be 
kept in a satisfactory hygienic condition. Poor clean- 
ing and sanitizing of the plant and equipment may 
lead to pockets of ice cream residues where intense 
proliferation occurs, which results in recontamination 
of the pasteurized mix with a large number of bac- 
teria. For soft-serve freezers manufacturers typically 
provide specific instructions for cleaning and sani- 
tizing, and these should be followed closely. 

Clean surroundings are essential if equipment is to 
be kept in hygienic condition. All rooms, especially 
toilets and locker rooms, must be kept as clean and 
sanitary as the area immediately surrounding the 
packaging equipment. Surrounding activities (e.g. 
sewerage plants, rubbish tips) often represent poten- 
tial sources of contamination, and birds, rodents and 
insects are all important vectors of such con- 
tamination. In addition to preventing access of pests 
to the process area, it is important that the factory 
yard is kept free of food waste, rubbish and spilled 
material that might attract birds, rodents and insects. 
All such material should be kept in lidded containers 
and removed on a daily basis. Pet animals such as dogs 
and cats similarly have no place in a food production 
factory. 

Operations must be segregated to minimize the 
chances of pathogenic microorganisms being carried 
from raw materials to finished products. Persons 
handling raw milk or cream must not be allowed 
access to rooms where pasteurized products are 
exposed unless those persons have first changed their 
clothes completely and have disinfected themselves. 
Room air pressures should be maintained at suc- 
cessively higher levels from the mix room to the pro- 

cessing room, to the freezing operation and to the 
packaging operation. Thus, the flow of air will be 
away from the most critical area, the packaging room. 
The supply of hot and cold water must be unrestricted 
and facilities for disposal of both liquid and solid 
wastes must be adequate. All water that is used in 
food formulation, or will be used on (or could gain 
access to) food contact surfaces, should be of potable 
quality and be stored in enclosed tanks and distributed 
in piping that is completely segregated from other 
pipe systems. Potable water may be derived from 
public mains supplies or other sources such as bore- 
holes which must be protected against contamination 
by surface water or underground contamination from 
drains, seeping from farm or industrial tips and 
similar potentially hazardous areas. Whatever the 
origin of water it should be routinely examined micro- 
biologically at the point of entry to the site and at the 
point of use, particularly if there is on-site storage. 

The hygienic standards of the workforce are crucial 
to the ice cream manufacturer. No worker should be 
allowed to perform tasks in the plant who has not 
been adequately taught the necessities of personal 
hygiene and approved practices within the plant. 
Every employee must dress in a clean uniform, wear 
a hair restraint, wash and sanitize hands, disinfect 
footwear on entry to the process area, and refrain 
from touching any product contact surface without 
properly sanitizing the hands, or gloves if worn. 
Proper sanitary practices are essential to  the ice cream 
plant. No one should be allowed to enter the pro- 
cessing environment who is not familiar with the 
required sanitary procedures or who does not 
conform to the required dress and personal hygiene 
measures. Freedom from chronic contagious diseases 
should be confirmed yearly by medical examination. 
Provided that preparation of ice cream is conducted 
in a closed processing cycle with modern industrial 
equipment of high hygiene standards, the oppor- 
tunities for contamination by human contact are few. 

The packaging materials may occasionally cause 
trouble, but there should be no problem if they have 
been handled and stored under hygienic conditions. 

Tests carried out during the production process 
should be indicative of the standard of hygiene. 

Microbial Changes During Storage 

Ice cream is a perfect substratum for the proliferation 
of microorganisms because of its composition. It con- 
tains sugar, proteins and oxygen, all the essential 
components that microbes need, as well as a suitably 
high pH. The only factor not available is high tem- 
perature. If a rise in temperature does occur, all the 
conditions are in place for the development and 
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proliferation of microbes that may have survived the 
heat treatment, or come from post-pasteurization con- 
tamination or insanitary processing and packaging. 

Ice cream may be sold direct from the freezer as a 
‘soft-serve’ product, or it may be further reduced in 
temperature and frozen in wind tunnels at -40°C or 
in hardening rooms, to produce ‘hard’ ice cream, 
which will be stored at a temperature of about -30°C 
until it is sold. Deep-freezing stabilizes the microbial 
content of ice cream: microorganisms found in it no 
longer proliferate. Some sensitive species (Gram- 
negative) die and their populations reduce. Even if 
the period between freezing and final sale is several 
months, there will be little change, if any, in the 
microbial content of the ice cream. Extensive research 
has shown that both Mycobacterium and Salmonella, 
as well as many other less harmful but often more 
resistant types, can survive at the low temperature of 
storage for very long periods. They do not multiply, 
provided that the temperature is low enough for the 
ice cream to remain hard; in effect, the microbial 
quality of ice cream is ‘locked in’ by the hardening 
process. It is, therefore, essential that the bac- 
teriological content of the ice cream from the freezer 
is as low as possible, as neither the final hardening 
process nor the low temperature storage can be relied 
upon to reduce the numbers appreciably, and patho- 
genic organisms should be absent. 

If the mix is frozen promptly spoilage is impossible, 
for microorganisms cannot grow in the frozen 
product. However, if there is a delay between pas- 
teurizing and freezing, spoilage can occur, as well as 
in cases of melting and refreezing of the product 
resulting from temperature variations or failure of 
the freezing systems. Such delays are unusual in the 
manufacture of hardened ice cream. Special care is 
needed for mix with soft-serve ice cream that has to 
be transported, often for long distances, by trucks to 
retail soft-serve stores or stands where it is kept soft- 
frozen and dispensed to consumers. Both con- 
tamination and temperature abuse of the mix may 
easily occur. Furthermore, refrigeration space is 
usually limited, and adequate facilities for cleaning 
and sanitizing the freezer and the associated equip- 
ment are often lacking or are, at best, marginal. 

Under these conditions, especially if wrong prac- 
tices had occurred previously, the ice cream is over- 
loaded with microbes which can lead to quality 
deterioration or even to cases of food poisoning. Food 
poisoning is known to have followed the consumption 
of ice cream contaminated by microbes, such as 
Staphylococcus, Salmonella, Shigella, Listeria and 
Streptococcus group A organisms. With few excep- 
tions, outbreaks that have occurred in recent years 
have been caused by ice cream made not in com- 

mercial establishments but at home, where a com- 
bination of faulty practices may occur. The use of raw 
milk or cream, the addition of raw eggs containing 
Salmonella to the mix and the use of contaminated 
equipment, in addition to inadequate heat treatment 
and contamination from infected persons, give rise 
to products with high microbial loads, especially of 
pathogenic bacteria, which, if they are present, may 
survive for many months in ice cream. 

Problems at Point of Sale 

Even when the greatest care has been taken to produce 
an ice cream of the highest quality, it is still liable 
to contamination at the point of sale. The largest 
proportion of microbiological problems, in general, 
are due to poor techniques of selling and serving at 
the final point of distribution. 

Although much ice cream is retailed in its final 
packaging, a significant quantity is portioned from 
bulk packs at point of sale. The method of sale has a 
major bearing on the amount of contamination to 
which the product is subjected. Ice cream sold pre- 
packed as a single retail portion, and which has only 
to be handled by the consumer in its wrapping, should 
have the least contamination of all. Greater degrees 
of contamination may occur in ice creams served in 
cones or other individual portions scooped from bulk 
ice cream in restaurants or coffee shops, or from 
vehicles complete with their own electricity generation 
equipment. Here there is a possibility of considerable 
contamination, unless all the equipment used (servers, 
etc.), the method of dispensing and the personal 
hygiene of the operator are all of a very high standard. 
The equipment (servers, wafer holders and so on) has 
to be kept free of all residues of ice cream, which 
might otherwise melt and allow the growth of bacteria 
to recommence. Wherever possible these items of 
equipment should be kept in running cold water. If 
they have to be kept in a jug of water, this water must 
be regularly changed to avoid it becoming a source of 
contaminating bacteria. The personal hygiene of the 
server is also of the utmost importance. This applies 
even if pre-wrapped ice cream is being sold. Clean- 
liness of hands, clothing and habits must be above 
reproach, and the operators must be trained in the 
best ways of maintaining this, and in the distribution 
of the individual portions of ice cream. 

Soft-serve ice cream sold directly from a dispensing 
freezer can become contaminated very easily unless 
stringent precautions are taken. The product is usually 
manufactured at the point of sale, which may be a 
specialist outlet or cafi., a non-food outlet such as a 
filling station, or a mobile outlet or kiosk. Soft-serve 
ice cream may be manufactured from a conventional 
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mix produced on the premises, from an ultra-high 
temperature processed, aseptically packaged mix, or 
from a spray-dried powder mix. Powder mixes may 
be formulated for reconstitution in either hot or cold 
water. Hot-water mixes are preferable with respect to 
hygiene, but cold-water mixes are often considered 
more convenient. Attention must be paid to the recon- 
stitution of the mixes; this must be done under sat- 
isfactory hygienic conditions to prohibit the 
proliferation of Salmonella, which may survive if 
mixes are not prepared with care. 

Generally, special dispensing freezers should be 
kept in constant operation and placed inside the shop 
with the taps facing the interior; they must not be 
directly exposed to the sun, dust or flies. A strict 
cleaning and disinfecting regimen for the freezer must 
be instituted, adhered to and performed thoroughly 
on a daily basis. In particular, ice cream must not be 
allowed to remain in the freezer overnight, and the 
personal hygiene of the operator must be of a very 
high standard. It must be recognized that maintenance 
of the necessary hygiene standards can be more dif- 
ficult in an environment primarily concerned with 
retailing than in one wholly concerned with manu- 
facturing. Particular difficulties may be encountered 
in outlets that are predominantly non-food, such as 
filling stations, and those with inherently limited facil- 
ities, such as kiosks. 

Special self-pasteurizing dispensing freezers are 
now available which have a heat treatment process as 
part of their operation, and provided the process is 
used each and every day, they do not normally need 
daily cleaning. At the end of each day’s operation (or 
other convenient time) the freezer is switched to the 
‘self-pasteurize’ mode, and all the mix, and every part 
of the freezer that can come into contact with ice 
cream or mix, are raised to a temperature above that 
required for pasteurization of the mix, and held at 
that temperature for the legally required time. The 
freezer and its contents are then cooled rapidly to 
about 4°C and held at that temperature. Tests have 
shown that there is little or no increase in the bacterial 
content of the product over a period of more than a 
week. It is to be recommended, however, that these 
freezers are cleaned out and disinfected at regular 
intervals of, say, a week. It must be emphasized that 
self-pasteurizing freezers are not intended to process 
unpasteurized mix. 

Probably the most serious and dangerous sources 
of contamination are operation and serving. Many 
major food poisoning outbreaks have been caused by 
human contamination. Cases of typhoid fever, includ- 
ing deaths, have been reported to be caused by ice 

cream contaminated by the manufacturer who was a 
urinary excretor of Salmonella typhi.  There has been 
a case of Shigella dysentery caused by an ice cream 
that was accidentally touched by a monkey. Also, 
outbreaks involving salmonellae and staphylococci 
have been reported. The personal hygiene and habits 
of vendors at sale points are important. Education, in 
addition to medical inspection, is absolutely necessary 
and no employee must be allowed to work without 
full medical clearance. 

Finally, birds, rodents, insects and pet animals have 
no place at the retail selling point. 

To some extent ice cream retains a reputation as a 
high-risk food. This is unjustified for commercially 
produced ice cream in developed countries which 
have legislated microbiological standards for ice 
cream, as well as for the conditions and methods to 
be used for heat treatment and subsequent storage 
and sale. 

See also: Eggs: Microbiology of Fresh Eggs. Food 
Poisoning Outbreaks. Freezing of Foods: Growth and 
Survival of Microorganisms. Heat Treatment of Foods: 
Principles of Pasteurization. Milk and Milk Products: 
Microbiology of Liquid Milk; Microbiology of Cream and 
Butter. Salmonella: Introduction. Process Hygiene: 
Overall Approach to Hygienic Processing; Hygiene in the 
Catering Industry. 
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Introduction 

In the ninth edition of Bergey’s Manual  of De- 
terminative Bacteriology, the genus Klebsie1lL;l is 
taxonomically classified in subgroup 1: family Entero- 
bacteriaceae, which belongs to group 5, describing 
the facultatively anaerobic Gram-negative rods. Kleb- 
siella bacteria occur worldwide and are commonly 
found in soil, carbohydrate-rich waste water, effluents 
from paper, pulp and textile mills, cooling water, 
aerosols, woodland, on fruits, sugar cane, grains and 
on vegetables such as radish, lettuce, carrots and 
tomatoes. Drinking water reservoirs, made from 
redwood (Californian sequoia), also harbour Kleb- 
siella sp. and it is a frequent contaminant of water 
supplies in general. These bacteria also occur in the 
human respiratory tract, in faeces and in clinical spe- 
cimens. As such, they can contaminate food and con- 
tribute to disease and spoilage. Certain species ( K .  
pneumoniae, K .  oxytoca and occasionally others) are 
opportunistic pathogens. They are frequently the 
cause of hospital acquired (nosocomial) infections 
in urological, neonatal, intensive care and geriatric 
patients. Often, they display multiple antibiotic resist- 
ance and resistance to biocides. Some strains could be 
exploited in industrial fermentation processes for the 
synthesis of (fine) chemicals. 

Characteristics of the Genus K/ebsie//a 
and Relevant Species 

General Physiological Properties of Klebsiella 
Strains 

Klebsiella is a non-spore-forming, non-motile, fac- 
ultative anaerobic Gram-negative straight rod, 3.3- 
1.0pm in diameter and 0.6-6.0pm in length. The 
rods are arranged singly, in pairs or in short chains. 
The cells are capsulated. The optimal temperature for 
growth is 37°C. 

Klebsiella sp. are chemoorganotrophic, having both 
a respiratory and a fermentative type of metabolism. 
Glucose is fermented with the production of acid and 
gas (more COZ is produced than H2). Most strains 
produce 2,3-butanediol as a major end product of 
glucose fermentation, whereas lactic acid, acetic acid 
and formic acid are formed in smaller amounts 
and ethanol in larger amounts than in typical mixed 
acid bacterial fermentations. No special growth 
factor requirements are known. Some strains have 
the ability to fix molecular nitrogen under anaerobic 
conditions. 

Klebsiella strains may be lysogenic, but phages have 
been isolated from stools and sewage and used in 
phage typing. Many Klebsiella strains produce bac- 
teriocins, klebecin being an example. 

Klebsiella species are cytochrome oxidase negative 
and catalase positive. Other typical Entero- 
bacteriaceae taxonomical tests vary among the 
species: indole, methyl red, Voges-Proskauer and 
Simmons citrate. They are usually lysine decarb- 
oxylase positive and ornithine decarboxylase nega- 
tive. Several species hydrolyse urea and most reduce 
nitrates (except K.  pneumoniae subsp. ozaeme . )  They 
are arginine dihydrolase negative and H2S is not pro- 
duced. Most species ferment all commonly tested 
carbohydrates, except dulcitol and erythritol; they 
also grow in the presence of KCN. The mol% G+C 
of the DNA is 53-58 ( T J .  

Successful genetic recombinations have been 
reported in Klebsiella and K. pneumoniae has been 
used by several workers for detailed genetic analysis 
of the genes involved in N2-fixation (the Nif-genes). 
These genes are clustered near the His-region in the 
genome, but can be mobilized and transferred to other 
Gram-negative bacteria. Strains from clinical origin 
or those from nosocomial infections harbour R- 
plasmids, which determine resistance to a variety of 
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antibiotics, such as penicillins, cephalosporins, 
aminoglycosides, tetracyclines, chloramphenicol, 
sulphonamides and trimethoprim. They are good 
recipients of R-plasmids, making them a culprit in 
serious nosocomial epidemic diseases. The cell wall 
of Klebsiella consists of the typical Gram-negative 
bacterial type with two distinct layers; the pep- 
tidoglycan layer and the 'outer membrane layer'. The 
latter consists of a complex of lipopolysaccharide 
(LPS), phospholipid and protein. The LPS structure 
determines the 0-antigen type, of which a few 
examples are given in Figure 1. 

The Klebsiella Polysaccharide Capsule 

A polysaccharide capsule surrounds the cell wall 
structure of Klebsiella species and makes up the K- 
antigen. Serological typing is based on the exam- 
ination of the K-antigens, since the number of 0- 
antigen types is lower than that of the K-antigen types 
and also because 0-antigen determination can be 
masked by the heat-stable K-antigens. 

Especially, K.  pneumoniae and K.  oxytoca have a 
thick polysaccharide capsule, which gives rise to large 
mucoid colonies, especially when grown on carbo- 
hydrate rich agar media. 

The K-antigens of Klebsiella bacteria have been 
divided into 82 different types and most of these 
capsular polysaccharides have been characterized. 
The K-antigens are constituted of repeating units. 
Most K-antigens contain only one charged mono- 
saccharide, either D-ghcuronic or D-galacturonic 
acid, and two to four of the following mono- 
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Figure 1 Repetitive units (0-antigen) of the 0-specific poly- 
saccharide part of the lipopolysaccharide of Klebsiella species. 
Redrawn from Orskov and 0rskov (1984). 

saccharides: D-glucose, D-mannose, D-galactose, L- 
rhamnose, L-fucose. In addition, non-carbohydrate 
constituents such as acetate, pyruvate or succinate 
can occur in the capsules. For example, types 1, 6, 
16, 54, 58 and 63  contain L-fucose; their structure is 
represented in Figure 2. 

Klebsiella strains with the capsular (K-antigen j 
types 1, 2 and 3 are a major cause of respiratory 
tract infections (pneumonia), whereas those with the 
capsular (K-antigen) types 8 ,9 ,10 and 24 are involved 
in infections of the urinary tract. 

Klebsiella Strain Differentiation Methodology 

Because of the ubiquitous distribution and the 
(opportunistic) pathogenicity of Klebsiella sp., sci- 
entists and field workers have become increasingly 
aware of the potential health hazard and the need for 
monitoring the organism in environmental, food and 
clinical sources. Its clinical significance has been well 
established, but its potential as a public health 
problem in natural, industrial and food environments 
needs more attention. In this respect, the need for 
a quick, cheap and reliable methodology to screen, 
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Figure 2 Structure of the L-fucose-containing tri- and tetra- 
saccharide repeating units of Klebsiella types 1, 6, 16, 54, 58 and 
63. 
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culture and identify Klebsiella to the species and sub- 
species level remains a goal to be achieved. 

Within the genus Klebsiella, the following species 
are currently distinguished: K.  oxytoca;  K.  planticola; 
K. pneumoniae subsp. pneumoniae;  K.  pneumoniae 
subsp. ozaenae; K. pneumoniae subsp. rhino- 
scleromatis; K.  terrigena. 

K.  pneumoniae subsp. pneumoniae is considered as 
the type species. As to the differentiation of the family 
Enterobacteriaceae from other families and genera, 
classified in Bergey’s group 5, the reader is referred to 
the ninth edition of Bergey’s Manual .  

As to the differentiation of about 30 genera (> 115 
species and subspecies) in the family Entero- 
bacteriaceae, about 50 differential biochemical char- 
acteristics can be verified; these can also be found in 
Bergey’s Manual .  Due to the large number of data to 
be compared in such an identification attempt, one 
tries to identify members of this family directly to the 
genus or species level using the above battery of about 
50 tests. Additional tests are then available to dif- 
ferentiate between certain species and subspecies; for 
Klebsiella specieshbspecies, these are summarized in 
Table 1. 

The usefulness of the pyrrolidonyl-arylamidase 
activity test to differentiate among Enterobacteriaceae 
and non-fermentative Gram-negative rods has also 
been studied. Positive results were uniformly obtained 
with Citrobacter, Klebsiella, Enterobacter and Ser- 
ratia species. Negative results were displayed by 
Escherichia coli, Proteus, Salmonella, Shigella, 
Pseudomonas and Flavobacterium species, indicating 
its value as a complementary differentiation test. 

The Biolog System has been evaluated for the idem- 
tification of 55 Gram-negative taxa (789 strains), 
likely to be encountered commonly in clinical labora- 
tories. It performed best with oxidase-positive fer- 
menters, but although for 39 of the 55 taxa an 
identification rate of 70 % was achieved, problems 
were encountered, particularly with the identification 
of capsulated strains of Klebsiella. 

The new BBL CrystalEnterichIon Fermenter 
(Crystal, Becton Dickinson Microbiology Systems) 
identification system for Gram-negative rods has been 
compared with the well-known API 20 E or API 20 NE 
(Bio-Merieux) system. More than 100 clinical isolates 
were studied, including six K .  oxytoca strains and ’12 
K.  pneumoniae strains; it was concluded that the 
Becton Dickinson Crystal test allowed a quicker, 
easier and more accurate identification of Gram-nega- 
tive clinical isolates compared to the API system. 

A remaining problem is to distinguish K.  pneu-  
moniae strains from non-motile Enterobacter aero- 
genes strains; however, the latter liquefy gelatin very 
slowly and are urease negative. 

Serological tests based on the K-antigen can be used 
to confirm the identification results. A total of 62 
serotypes among 72 different serological Klebsiella 
strains could be distinguished, based on a unique 
agglutination pattern with plant lectins. 

Based on an extensive survey of about 160 strains 
of Bacillus, lactic acid bacteria, Enterobacteriaceae 
and Staphylococcus, it can be concluded that gas 
chromatographic analysis of cellular fatty acid com- 
position was not sufficiently specific to the species 
level in several cases; characterization of food-borne 
bacteria, including Klebsiella sp. by the analysis of 
their cellular fatty acids should thus only be used to 
complement other taxonomical methods. 

Recently, several molecular identification tech- 
niques have been proposed for a wide range of med- 
ically and food-related bacteria, including Klebsiella 
SP. 

A fluorescence-based polymerase chain reaction- 
single strand conformation polymorphism (PCR- 
SSCP) analysis of the 16s rRNA gene has been 
described to identify a broad range of Gram-positive 
and Gram-negative bacteria: 178 bacterial strains, 
representing 51 species in 21 genera were examined. 
All strains gave species-specific patterns, except Shi- 
gella which resembled E .  coli. This sensitive technique 
can be applied on very low numbers of bacteria, i.e. 
IO colony forming units (cfu). 

Two 16s DNA targeted oligonucleotides were used 
as PCR primers for the specific detection of Salmonella 
serotypes in food. Some of the primers (16s 111) also 
hybridized with Klebsiella and Serratia sp., however. 

Recommended Methods for Detection 
and Enumeration of Klebsiella 

Detection and Enumeration 

Conventionally, eventual resuscitation (2 h at 17- 
25°C) in tryptic soy broth and (subsequent) plating 
on violet red bile glucose agar (VRBG) allows an 
efficient presumptive enumeration of Entero- 
bacteriaceae, in foods or in other substrates. Other 
isolation media commonly used in this respect are: 
Simmons citrate agar, MacConkey agar and eosin 
methylene blue agar. Incubation is at 35°C (clinical 
samples) and 10°C (environmental samples) for 24- 
48 h. Raised mucoid colonies are selected and further 
differentiation and confirmation of Klebsiella is then 
based on the battery of tests mentioned above. 

The detection and isolation from sources such as 
faeces, soil, water and food can be facilitated by use 
of the standard selective media (see Table 2). Specific 
Klebsiella enumeration is also of great importance 
to environmental microbiologists investigating the 
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Table 1 Differential biochemical characterization of Klebsiella spp. 

Test 

Gram stain (24 h) 
Oxidase (24 h) 
Indole production 
Methyl red 
Voges-Proskauer 
Citrate (Simmons) 
Hydrogen sulphide production 
Urea hydrolysis 
Phenylalanine deaminase 
Lysine decarboxylase 
Arginine dihydrolase 
Ornithine decarboxylase 
Motility 
Gelatin hydrolysis, 22°C 
KCN, growth 
Acid production 

D-Adonitol 
L-Arabinose 
Cellobiose 
Dulcitol 
p-Gentibiose 
D-Glucose 
Glycerol 
myo-Inositol 
Lactose 
Maltose 
D-Mannitol 
o-Mannose 
D-Melezitose 
Melibiose 
a-Methyl-o-glucoside 
Mucate 
Raff inose 
L-Rhamnose 
Salicin 
D-Sorbitol 
Sucrose 
Trehalose 
D-Xylose 

Tartrate, Jordans 
Aesculin hydrolysis 
Pectate hydrolysis 
Utilization 

Acetate 
Gentisate 
m-Hydroxybenzoate 
Malonate 

D-Glucose, gas production 
Growth 10°C 
Lactose, gas production 44°C 
Nitrate reduction 
Deoxyribonuclease, 25°C 
Lipase 
ONPG" 
Pigment 

Klebsiella Klebsiella Klebsiella Klebsiella Klebsiella Klebsiella 

- 

oxytoca planticola pneumoniae pneumoniae pneumoniae subsp. terrigena 
subsp. ozaenae subsp. rhinoscleromatis 

pneumoniae 

- 
[+I 
+ 
+ 

- 
- 
[-I 
+ 
+ 
+ 
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+ 
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Table 1 contd 

Test Klebsiella Klebsiella Klebsiella Klebsiella Klebsiella Klebsiella 
oxytoca planticola pneumoniae pneumoniae pneumoniae subsp. terrigena 

subsp. ozaenae subsp. rhinoscleromatis 
pneumoniae 

Flagella arrangementb P - - - - - 
Catalase production (24 h) + + + + + + 
Oxidation-fermentationc F F F F F F 
-, 0-10% positive; [-I, 11-25% positive; d, 26-75% positive; [+I, 76-89% positive: +, 90-100% positive. Results are for 48 h 
incubation. 
“ONPG, 0-nitrophenyl-p-D-galactopyranoside. 
bP, peritrichous. 
‘F, fermentative. 

effects of pulp and paper mill and cannery effluents 
in receiving waters. 

The search for improved selective media and diag- 
nostic tests goes on and is outlined below. A synthetic 
medium, based on myo-inositol as the sole carbon 
source has also been proposed for selection of Kleb- 
siella (and Serratia). As a further elaboration, a Mac- 
Conkey-inositol-carbenicillin agar medium (MCIC) 
was proposed, the selectivity of this medium being 
based on the high resistance of the capsulated Kleb- 
siella cells towards carbenicillin. Based on its oligo- 
trophic characteristics, the development of a synthetic 
medium was claimed for the detection of K.  pneu-  
moniae; it only contains, apart from agar, I g l - l  
KN03, 2 g I-’ KH2P04, 20 g 1-l sucrose, but it is sup- 
plemented with 10  pg I-’ carbenicillin. 

A highly selective, differential medium for the enu- 
meration and isolation of Klebsiella species has been 
devised: MacConkey-inositol-potassium tellurite 
(MCIK) agar. With pure cultures, 100% recovery 
of Klebsiella was observed, and with environmental 
samples recovery of Klebsiella was as good as or better 
than on MCIC agar. MCIK agar was subsequently 
field tested for its ability to selectively enumerate 
Klebsiella species from the cold waters (1-6°C) of the 
Saint John River Basin (New Brunswick, Canada) 
which include fresh and marine waters. Results of this 
study indicate that 77% of the typical colonies on 
MCIK agar were Klebsiella species, but the total Kleb- 
siella population enumerated was greatly under- 
estimated; the MICK medium seems to be more 
specific for its target organisms but appears to lack 
sensitivity. 

Various selective media have been assessed as to 
their ability to detect and differentiate K.  oxytoca and 
E. coli in drinking-water samples. Only two media, 
membrane lauryl sulphate agar and deoxycholate agar 
allowed differentiation, with K.  oxytoca only able to 
grow at 37°C and not at 44°C. 

The CPS ID2 medium (Bio-Merieux) enabled the 

presumptive identification of urinary tract bacterial 
isolates, including Klebsiella, in specimens from a 
rehabilitation centre. Recently, a new chromogenic 
plate medium (CHROMagar Orientation) for the 
visual differentiation and presumptive identification 
of Gram-negative bacterial species and enterococcal 
isolates was evaluated. Similarity in colour resulted 
in failure to discriminate between Klebsiella, Entero- 
bacter and Citrobacter species, but these species could 
be readily differentiated from other members of the 
Enterobacteriaceae. These data indicate an urgent 
need for the development of a simple, reliable and 
specific detection and enumeration methodology for 
Klebsiella sp. 

Media Composition Suited for Cultivation of 
Klebsiella Strains 

The composition of media suitable for cultivation of 
Klebsiella strains is listed in Table 2. 

The media are routinely sterilized by autoclaving 
(20 min at 121°C and 2.1 atm). The carbon source is 

Table 2 Composition of media for cultivation of Klebsiella 
strains 

Concn. (g 1”) 

Nutrient broth (Oxoid) - pH 7.4 
‘Lab-Lemco’ beef broth 
Yeast extract 
Pep tone 
NaCl 

Klebsiella medium - pH 7.0 
Glucose 
Soya pep tone 
Yeast extract 
MgSO,. 7H20 
K2HPO4 
NaH2P04 

Glucose 
Bacteriological peptone 
NaCl 

Orskov and Orskov medium - pH 7.0 

1 .o 
2.0 
5.0 
5.0 

100.0 
10.0 
0.5 
0.5 
0.7 
0.7 

15.0 
7.0 
5.0 
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thereby separated from the nitrogen source to prevent 
Maillard reactions. Solidified media are obtained by 
adding 20 g 1-1 of agar before sterilization. 

Culture Maintenance 

Klebsiella strains can be easily maintained in meat 
extract agar stabs at room temperature. They can also 
be preserved either by storage in broth, containing 
10% glycerol at -80°C or by lyophilization. 

Procedures Specified in 
National/lnternational Regulations or 
Guidelines 

No official guidelines/regulations seem to exist at 
national or international level with regard to specific 
Klebsiella detection, enumeration or threshold 
numbers. The reader is referred to water and food 
quality guidelines, related to Enterobacteriaceae or 
coliforms. 

Medical Aspects of Klebsiella Bacteria 

As indicated above, Klebsiella bacteria are present in 
the respiratory tract and faeces of about 5 %  of normal 
individuals. They cause a minor proportion (about 
3 %) of bacterial pneumonias and can cause extensive 
haemorrhagic necrotizing consolidation of the lung. 
They occasionally produce urinary tract infection, 
septicaemia, bacteraemia with focal lesions and men- 
ingitis in debilitated patients. K. pneumoniae and K.  
oxytoca,  especially, cause hospital-acquired infec- 
tions. Two other Klebsiella subspecies are associated 
with inflammatory conditions of the upper respiratory 
tract: 

K. pneumoniae subsp. ozaenae has been isolated 
from the nasal mucosa in ozena, a fetid, progressive 
atrophy of mucous membranes; 
K. pneumoniae subsp. rhinoscleromatis has been 
isolated from rhinoscleroma, a destructive gran- 
uloma of the nose and pharynx. 

K. pneumoniae is resistant to penicillin and ampicillin; 
resistant strains usually produce R-plasmid encoded 
p-lactamase. Broad-spectrum third generation 
cephalosporins such as cefotaxime, or amino- 
glycosides are used to combat normal strains 
(community-acquired), whereas hospital-acquired 
strains are multiple antibiotic resistant. Often, K.  
pneumoniae infections commonly occur following 
antibiotic treatment. 

E nvi ron men tal Relevance of Klebsiella 
Bacteria 

Since Klebsiella species are widely distributed in the 
environment and in water systems, and since often 
little or no differences can be detected between envir- 
onmental and clinical strains, there is increasing 
concern about the potential health hazard related 
to Klebsiella. There is, therefore, a growing need to 
monitor these organisms in the environment, espe- 
cially in (drinking) water systems, soils, aerosols, 
cooling waters, biofilms and industrial effluents. 

Relevance of Klebsiella in the Food 
Sector 

General Aspects 

The relevance of Klebsiella in foods as a contaminant 
or spoilage organism is only recently being addressed. 
Even in standard texts on food microbiology, there is 
little or no mention of problems related to Klebsiella 
food spoilage, contamination or transmission to 
humans. This is in sharp contrast with its ubiquitous 
presence in the daily human environment, and the 
pathogenic character of the clinical Klebsiella isolates, 
which are taxonomically very similar to  the envir- 
onmental strains. 

As indicated already, Klebsiella species are oppor- 
tunistic pathogens, that can give rise to bacteraemia, 
pneumonia, urinary tract and several other types of 
human infection. The origin and transfer of the infec- 
tion is not always clear, since Klebsiella spp. are widely 
distributed in nature, occurring in soil, water, grain, 
fruits, vegetables, biofilm etc. Many of these envir- 
onmental strains belong to  the species K.  terrigena 
and K .  planticola. Since they also occur, albeit in 
low numbers, in the human respiratory and intestinal 
tracts, these seem to form the main reservoir for 
human-to-human infection (via food or otherwise), 
particularly in hospitals, where the hands of personnel 
and aerosol formation are the main factors in trans- 
mission. Outbreaks particularly occur in urological 
patients and in neonatal and intensive care units. 
Enterotoxin-producing Klebsiella strains have also 
been described. 

K.  pneumoniae strains are mainly isolated in asso- 
ciation with several pathological processes in humans 
(respiratory and urinary tract infections) and in 
animals (metritis in mares and mastitis in cows) and 
as such can also enter the food chain. 

Equally, the importance of the occurrence of Kleb- 
siella species in the food sector is difficult to judge. 
Klebsiella species are usually not selectively cultured 
from foodstuffs, but are present when total counts or 
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the presence of Enterobacteriaceae are tested. It is 
assumed that K. terrigena, isolated mainly from 
aquatic and soil environments, and K. planticola, 
mainly isolated from botanical, aquatic and soil envir- 
onments, are saprophytic strains, that are easily trans- 
mitted to food. K.  oxytoca is present in the intestinal 
tract of humans and animals, and has also been isol- 
ated from botanical and aquatic environments and as 
such it can also contaminate food and infect humans, 
indicating again an urgent need for specific Klebsiella 
detection. In this respect, a bioluminescence-based 
detection of lux’ K. oxytoca strains was developed 
and their survival in the barley rhizosphere was 
studied; it was found that K.  oxytoca specifically 
survived on the plant roots during the whole vege- 
tative period and that it could not be isolated from 
the soil. 

Drinking Water Quality 

Although it has been claimed that the attachment of 
bacteria, i.e. Klebsiella sp., to surfaces via capsule 
formation is a cause of increased bacterial disinfection 
resistance (for instance survival in chlorinated water 
supplies), it has also been found that resistance to 
chlorine was not related to the presence of poly- 
saccharide, but to the formation of cell aggregates. 
Indeed, K. pneumoniae and K.  oxytoca grown in low- 
nutrient media were found to be more resistant to 
chloramine than cells grown in rich media, and to 
form large aggregates/flocs of 10-io3 cells per milli- 
litre. This formation of flocs and aggregates allows 
the cells to survive chlorination and to enter the water 
distribution system. Indeed, Klebsiella sp. is one of 
the principal microorganisms involved in bacterial 
regrowth within chlorinated drinking water systems. 
The regrowth of this organism is of particular import- 
ance since, as a coliform, it will make compliance 
to water quality guidelines difficult, and it may be 
involved in opportunistic infections. 

The growth kinetics of coliform bacteria, including 
K. pneumoniae, have been studied under conditions 
relevant to drinking water distribution systems. It 
was found that most of them - and Klebsiella in 
particular - could develop in unsupplemented mineral 
salts medium and in the unsupplemented distribution 
water. This proves that environmental coliforms, and 
equally K. pneumoniae, can develop under the con- 
ditions found in operating municipal drinking water 
systems. In this context, the ability of K.  pneumoniae,  
Entero bacter aerogenes, Agro  bacterium tumefaciens, 
Bacillus subtilis and Pseudomonas strains to grow 
and maintain motility and viability in drinking water 
has been studied. Plate counts dropped below the 
detection limit within 7 days for all strains mentioned, 
except for Bacillus and Pseudomonas strains. 

The drinking water quality in a major South African 
metropolitan area, in collecting water samples from 
private houses, apartments and public places was 
assessed over a period of two years. Entero- 
bacteriaceae bacteria were found in 33% of the 
samples, as well as Bacillus sp. Klebsiella was also 
frequently found. The age of the plumbing system 
was clearly correlated with poorer microbiological 
quality of the potable water. Among 62 trademarks 
of bottled drinking water, a sampling of 158 bottles 
revealed the presence of K.  oxytoca,  along with other 
coliforms, in three bottles. 

The quality of packaged ice, sold in retail estab- 
lishments in Iowa, USA has also been studied. A total 
of 18 samples were analysed in relation to the drinking 
water standards of the US-EPA. Only one sample 
exceeded the health standard and contained K.  pneu- 
moniae. Several samples had heterotrophic plate 
counts, which exceeded the recommendation 
(< 500 cfu ml-l) of the Packed Ice Association. 
Although such ice consumption does not represent an 
immediate threat to personal or public health, the 
potential for disease transmission exists in a sector, 
which is in this respect self-regulated. 

It is clear that Klebsiella species comprise a large 
part of the coliforms, usually detected as indicators 
of water quality; in most instances however, they are 
not differentiated. 

Food Quality 

As to their occurrence in foods, the microbiology of 
contaminated foods in health-care facilities in the 
USA was surveyed and the importance of microbial 
surveillance, quality assurance and employee edu- 
cation was stressed. K.  pneumoniae is mentioned as 
one of the encountered contaminants, together with 
E. coli, Yersinia intermedia, Aeromonas  hydrophila, 
Enterobacter agglomerans, E. cloaca, Campylobacter 
jejuni, Acinetobacter anitraturn, Streptococcus vir- 
idans, Serratia liquefaciens, Staphylococcus sp., Sal- 
monella sp., Corynebacterium sp., Lactobacillus s ~ . ,  
Listeria sp. and others. 

High numbers of Klebsiella species were found in 
samples of the local food, pap ‘akamu’, prepared in 
Nigeria from cereals (maize, guinea corn and millet); 
Klebsiella sp., Enterobacter sp. and Staphylococcus 
sp. were the most common bacteria found. These data 
indicate the widespread occurrence of Klebsiella sp. 
in these indigenous foods, in combination with other 
opportunistic pathogens. 

K.  pneumoniae subsp. pneumoniae (using the API 
20 E system) was also found to be present in the 
industrial fermentation process of ‘Saccharina’ pro- 
duction (fermented fodder) from sugar cane. 

‘Coliforms’ were enumerated in fresh and processed 



1 1 14 KLEBSIELLA 

mangoes (puree and cheeks) in order to establish the 
source of the organisms in the production chain, to 
determine whether they have any public health sig- 
nificance, and to devise methods for their control. 
Products from four processors were tested on two 
occasions, The retail packs of cheeks-in-puree having 
the highest coliform counts were those in which raw 
puree was added to the cheeks. Coliform counts in 
these samples ranged between 1.4 x 1 O3 and 
5.4 x IO4 cfu g-'. Pasteurization reduced the coliform 
count of raw puree to 5 cfug-'. Around 47% of the 
73 colonies, isolated as coliforms on the basis of 
their colony morphology on violet red bile agar, were 
identified as K.  pneumoniae, using the ATB 23 E Iden- 
tification System. Klebsiella strains were tested for 
growth at 10°C, faecal coliform response and fer- 
mentation of D-melezitose; these tests are used com- 
monly to differentiate the three phenotypically similar 
strains K.  pneumoniae,  K .  terrigena and K. planticola. 
Results indicated that 41% of the isolates gave reac- 
tions typical of K.  pneumoniae. A further 44% of 
strains gave an atypical reaction pattern and were 
designated 'psychrotrophic' K. pneumoniae. K.  pne- 
umoniae counts of 2.1 x lo3-4.9 x lo4 cfu g-' were 
predicted to occur in the retail packs of mango cheeks- 
in-puree produced by the processors, who constituted 
this product with raw puree. In view of the oppor- 
tunistic pathogenic nature of K.  pneumoniae, its pres- 
ence in these products is considered undesirable and 
steps, such as pasteurization of puree, should be taken 
in order to inactivate it. 

Recently attempts have been made to correlate the 
presence of selected pathogens (Campylobacter jejuni, 
C. coli, Salmonella, K. pneumoniae and E. coli 
0157:H7) in fresh hand-picked blue crab meat and 
general microbial quality to sanitation practices by 
the processors (Chesapeake Bay region, USA). K.  
pneumoniae was isolated from 51 samples out of 
the 240 (21%) (0.3-4.3 most probable number 
(MPN) g-I), followed by C. jejuni (36 out of 240), C. 
coli (14 out of 240). Salmonella and E .  coli 0157:H7 
were not detected in any of the 240 samples analysed. 

The foregoing data indicate again that Klebsiella 
sp. is frequently present as a contaminant in water 
and food, often in high numbers. They are commonly 
lumped within the group of the Enterobacteriaceae or 
coliforms, with most attention always focused on the 
well known food pathogen members of the group. It 
is only recently that Klebsiella is being selectively 
searched for and 'looked after' as a genushpecies, 
relevant to food microbiologists too. 

Industrial Aspects of Klebsiella Bacteria 

Production of 2J-butanediol 

Most Klebsiella species are saprophytic, some are 
pathogenic and only a few are of industrial use. Under 
controlled fermentation conditions, K.  oxytoca 
strains produce high levels of 2,3-butanediol, an inter- 
esting chemical feedstock or liquid fuel, from sugary 
substrates such as glucose, xylose and whey permeate. 
Due to its toxicity to the producer cells, only moderate 
concentrations (approximately 100 g 1-I)  can be 
obtained in even optimized fermentation processes. 
This, together with the high boiling point and hygro- 
scopicity of 2,3-butanediol, makes recovery costs 
high. 2,3-Butanediol can be chemically converted into 
butadiene, the raw feedstock for synthetic rubber, or 
into other derivatives such as ethylmethylketone (used 
as a solvent, fuel additive) and tetramethylether 
(antifreeze) or into polyester plastics. 

Biofilm Formation by Klebsiella sp. 

As a result of its capacity to form capsules, Klebsiella 
species are often a main cause of (undesirable) 
biofilm formation and fouling in cooling water 
systems, piping and other industrial equipment. 
The biofilm-forming capacity of several Klebsiella 
species, isolated from pulp and paper mill water, 
and of Klebsiella terrigena BCCM strains has been 
studied in vitro by the authors in 2 litre lab 
fermenters. The capsular polysaccharide from one 
isolate was recovered (up to 4.6gl-'), its rheological 
properties were identified as pseudoplastic and its 
sugar composition was identified as: L-fucose, L- 

rhamnose, D-galactose, D-glucose, D-mannose and 
D-glucuronic acid. Enzymes which can efficiently 
hydrolyse and remove biofilm have been looked for. 

The Klebsiella Capsule as a Source of Unusual 
Sugars 

The Klebsiella capsule, as described above, often con- 
tains unusual sugar moieties such as L-fucose and 
L-rhamnose, and the authors have cultivated such 
capsular bacteria on a large scale, as a source of 
these specialty sugars, which are otherwise difficult to 
obtain. 

Klebsiella as a Vitamin Producer in Fermented 
Foods 

Recently, the formation of vitamin B12 was dem- 
onstrated by strains of K. pneumoniae,  isolated from 
Indonesian tempeh samples, during controlled solid- 
state tempeh fermentation. The absence of entero- 
toxins in these strains was confirmed by using PCR 
techniques, and it was even suggested that these safe 

Next Page
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Introduction 

Food microbiology laboratories play an important 
role in the control of food hygiene, quality and safety. 
The potential hazards associated with pathogenic 
microorganisms in these laboratories together with 
the development of strict legislation to promote health 
and safety at work have led to higher standards of 
laboratory design. Contamination of samples within 
the laboratory through air and other sources has been 
a major problem associated with microbiological 
analysis. The laboratory design must meet the require- 
ments to avoid contamination. Cleanliness, ven- 
tilation, accessibility, storage, waste disposal, security, 
fire protection and emergency precautions must all be 
considered at the initial stage of design. 

Even though the final design of the laboratory is 
made by architects and engineers, involvement of 
microbiologists is essential when taking important 
decisions that affect the working environment and 
conditions. Microbiologists should work in close 
association with the architect and explain all the tech- 
nical and safety requirements of each room. They 
should also follow the building through the different 
stages of construction to ensure that all the require- 
ments included in the design are fulfilled. 

Study Report 

Microbiological laboratories can be broadly classified 
into three categories: 

1. 

2. 

3 .  

Hygiene control laboratories performing limited 
microbiological tests to evaluate sanitation and 
hygiene procedures followed in food production 
plants, restaurants and catering establishments. 
Quality control laboratories involved in the testing 
of imported and locally produced foods as well as 
hygiene control, which perform a wide range of 
analyses and carry out work-related research and 
investigations. 
Research laboratories involved in carrying out 

research and development (R&D) but not involved 
in quality control. 

Before designing a laboratory, a study report should 
be prepared by a consultant with good knowledge and 
experience of designing laboratories. The technical 
experts of the consultant should meet the man- 
agement, microbiologists and other technical staff and 
discuss in detail their requirements. Due consideration 
should be given to their views and recommendations 
while preparing the study report, which should consist 
of the following: 

scope and objectives of the laboratory 
organization chart indicating the various functions 
of the laboratory 
number of technical, administrative and support 
staff 
expected number of samples to be analysed 
details of technical facilities required 
service requirements 
the interrelationships, if any, between the functions 
of the laboratory and other disciplines (chemistry, 
biochemistry, nutrition, etc.) 
budget requirements. 

The study report should also address the scientific 
and technical developments in the area and make 
provisions for future expansion of the laboratory. 

The recommended organization of a food micro- 
biology laboratory suitable for routine quality control 
analysis is shown in Figure 1. The laboratory consists 
of a general microbiology unit, with culture tech- 
niques and media preparation sub-units, and an 
advanced microbiology unit, with rapid diagnostic 
techniques and instrumental techniques sub-units. 
The administration sample management, quality 
management, R&D and training management, and 
calibration and maintenance constitute other func- 
tions. These may be common to a laboratory con- 
sisting of multiple disciplines such as chemistry, 
biochemistry and nutrition. The major activities of 
different functions in the laboratory are listed in Table 
I. 
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FOOD MICROBIOLOGY 
LABORATORY 

(Head of Laboratory) DISCIPLINES 

1 Quality Management kl Administration I 
Research and Training Sample 

Management Management 

Calibration and 'if- Maintenance 

Advanced Microbiology Unit 1 (Head of Unit) 

I I 

Techniques 
(In-Charge) 

Isolation and Media preparation 
identification and sterilization 

Food poisoning 1 analysis preparation 
I Certification and Sterilization of DNA hybridization 

monitoring glasswareiutensils 

Decontamination 
of materials - Standardization 

Other techniques 

Techniques 
(in-Charge) 

lmpedimetry 

Turbidimetry 

Bioluminescence 

Polymerase chain I reaction 

Figure 1 Food laboratory organization chart. 

Building Layout 

Many types of laboratory layouts are possible, 
depending on scope of work, space and budget. The 
building layout for a food microbiology laboratory 

carrying out routine quality control analysis of a wide 
range of samples in addition to conducting a limited 
number of applied research projects is shown in 
Figure 2* 

Table 1 Major activities of a food microbiology laboratory 

Unitlfunction Sub-unit Major activity 

General microbiology Culture techniques 

Media preparation and ster- 
ilization 

Advanced microbiology Rapid diagnostic techniques 

Instrumental techniques 

Quality management Quality management 

Calibration and maintenance 

R&D, training management 

Calibration and maintenance 

R&, training management 

Sample management Sample management 

Administration Administration 

Certification and monitoring programmes, food poisoning -emer- 
gency analysis, standardization 

Preparation and sterilization of media, glassware, sample uten- 
sils, decontamination and washing of used materials 

Application development and implementation of immunoassay, 
DNA hybridization, API, etc. 

Application development and implementation of impedimetry, 
turbidimetry, bioluminescence, PCR, etc. 

Implementation of quality assurance system (IS0 9002/ISO 
Guide 25), internal quality control, proficiency testing, audits, 
etc. 

Equipment and building maintenance, calibration of equipment, 
maintenance of services 

Planning, budgeting of R&D work, coordination with different 
units, training requirements and their planning and sched- 
uling, management of external training programmes 

Receipt, identification, registration, preparation of composite 
samples, assigning code numbers, distribution of samples to 
different functions 

Secretariat, personnel management, budget/accounts, 
purchase/stores, library and housekeeping 
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General Considerations 

The microbiology laboratories have a unique con- 
tamination problem and should have a central air 
conditioning system if possible. This system should 
be divided into zones depending on the type of work 
carried out in different rooms to facilitate exchange 
of fresh air and to take necessary precautions against 
environmental contamination. The incoming air is 
filtered through 0.2ym filters to reduce the risk of 
environmental contamination of the laboratory. The 
humidity must be kept low to reduce problems with 
hygroscopic materials such as media and chemicals, 
and to avoid growth of moulds on laboratory sur- 
faces. Air conditioning also stabilizes room tem- 
peratures, enabling incubators to function more 
efficiently. Temperatures and relative humidity should 
be comfortable for workers and suitable to the 
requirements of the laboratory equipment. Normally 
an ambient temperature of 21-23°C and a relative 
humidity of 40-50% are recommended. 

Lighting It is recommended that laboratory lighting 
be maintained at an average intensity of 0.5-1 klx 
(50-1 00 footcandles). Dependence on natural sun- 
light during the day is discouraged: direct exposure to 
sunlight is known to alter the performance of media, 
chemicals and reagents. Likewise, analytical work 
must not be performed in direct sunlight since final 
results are affected. 

Storage Sufficient storage space should be provided 
for equipment, materials and samples. The laboratory 
wall space should be utilized for additional shelving, 
protected by glass-enclosed cabinets to provide a dust- 
free environment for storage of media, chemicals and 
other materials. Samples should be stored in refriger- 
ators, freezers or at room temperature according to 
the procedures outlined in the operational manual. 

Future Expansion Future expansion of activities, 
increases in workload and staff should be considered 
when designing a laboratory. The design should 
include provision for a minimum of 25% of expan- 
sion. The design should also be flexible to allow room 
functional changes and allocation of new activities. 

Allocation of Space The design should allow 
maximum utilization of laboratory space. The sub- 
unit of media preparation and filling, decon- 
tamination of used material and cleaning of glassware 
should be separated from the analytical area. Within 
the analytical area, isolation and identification of 
pathogenic materials should be carried out in a sep- 
arate room if possible. 

Safety The safety of the laboratory personnel should 
be taken care of in the design. The laboratory should 
be equipped with fire extinguishers and alarms, a 
sprinkler system, eye-wash stations and safety 
showers. Fire and smoke detectors are also recom- 
mended. A comprehensive safety programme should 
be a vital part of all laboratory procedures. 

Access Two exits should be provided for the build- 
ing for prompt exit in the event of fire or other emer- 
gencies. Entrances should be designed to minimize 
pedestrian traffic. 

Security A security system must be provided to 
restrict entry into the laboratory building. Laboratory 
rooms should be separated from offices by another 
security system, apart from the general security 
system, to restrict unauthorized entry into the labora- 
tory rooms, to avoid contamination and for effective 
operation. 
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The Building Programme 

The building programme is a written document that 
describes and quantifies the design goals for a build- 
ing. The goal of a good programme is to define a 
building that will have ample space, meet the technical 
requirements of the user, function safely and meet the 
owners’ budget. The design team with the assistance 
of the laboratory management and technical staff will 
develop the building programme from the analysis of 
data collected on the following: 

0 the range of analyses to be carried out 
0 the number and types of personnel who will occupy 

the interrelationships of functions and personnel 
0 the expected workload. 

the building 

The programme should describe the architectural, 
mechanical, electrical, plumbing and fire protection 
criteria for the functions to be accommodated. It 
should also identify areas of special concern for safety 
such as high hazard areas containing flammable, toxic 
or pathogenic materials, and should also address the 
problem of waste removal. 

The main tasks and sequence of a building pro- 
gramme are as follows: 

0 analyse the study report 
0 interview management, technical staff and other 

0 establish space standards 
list various activities and room types required for 

draw a layout diagram for different room types 
determine the number and area of each room type 
develop room data sheets specifying details of 

establish building net and gross areas 
describe basic mechanical, electrical, electro- 
mechanical and plumbing systems 
describe the services 
estimate the cost of construction. 

users 

such activities 

functions 

Supply of Services 
Proper supply of services such as electrical con- 
nections, gases, hot water, demineralized or distilled 
water, compressed air, vacuum, telephone and data 
networks, fire protection systems, smoke detection 
system and alarms, emergency showers, sprinklers, 
eye-wash stations, etc. is essential for efficient running 
of a laboratory. The services should be installed in 

appropriate places in each room (Figs 3, 4). Cen- 
tralized services for gases, deionized or distilled water, 
etc., are preferred. 

Electrical Connections 

It is essential to determine the total electrical load of 
each room. In order to achieve this, the equipment to 
be placed in each room must be decided upon and 
its power requirements (voltage, current rating, etc.) 
listed and supplied to the consultant or contractor. 
Equipment such as autoclaves and washing machines 
may require three-phase connections. These have to 
be identified and separated from equipment of low- 
energy consumption. It is recommended that items of 
high electrical rating are placed in different rooms 
to balance the power consumption. Proper earth 

- - 
- 
- 

1 

r 3 

m Bench 

ic Double electric point 

TA Telephone connection 

C =  Data communication 

c-t Cold water tap 

E Medical mixing tap - Demineralizedidistilled water 

- G  LPG 

0- CA Compressed air 

0- N Nitrogen 

Figure 3 Room data sheet - culture techniques. General 
laboratory furniture: 1, window bench, 75cm high; 2, island 
bench, 90 cm high; 3, stool; 4, slab sink; 5, safety storage cabinet; 
6, biohazard safety cupboard. 
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5 

i( Double electric point 

TA Telephone connection 

C c  Data communication 

3--t Cold water tap 

-it - Demineralizedidistilled water 

Medical mixing tap 

0- G LPG 

0- CA Compressed air 

3- N Nitrogen 

Figure 4 Room data sheet - instrumental techniques. General 
laboratory furniture: 1, window bench, 75 cm high; 2, wall bench, 
90cm high; 3, wall bench with sink, 90cm high; 4, island bench, 
90cm high; 5, stool; 6, slab sink; 7, safety storage cabinet; 8, 
adjustable chair. 

connections must be provided with bonding resistance 
per earth of less than 1 ohm. The minimum resistance 
of the earthing net should be 1.2 ohm. Circuit break- 
ers must be installed at each workbench. 

Gases 

Most microbiological laboratories require the fol- 
lowing gases: 

liquefied petroleum gas (LPG) 
nitrogen 
carbon dioxide 

0 oxygen. 

The rooms and the locations in each room requiring 
supply of different gases should be identified and 
listed. It is possible to provide all laboratory rooms 
with a supply of piped gases; the gases are supplied 
in bulk cylinders and stored in an outhouse built 

for the purpose. The piped supply runs along the 
corridors, with branches into the laboratory rooms. 
Each branch should be equipped with a valve enabling 
the supply to be shut off in an emergency. Stainless 
steel tubing with Swagelock@ fittings is recommended 
for piping the gases. Welding should be avoided. Pres- 
sure checks and certification from the contractor duly 
approved by the consultant and approval from the 
civil defence authority are required prior to the actual 
supply of gas. All the lines must be accessible for 
future leak checks. Gases such as nitrogen and COz 
may be required only for anaerobic work stations. If 
the use of such gases is limited to one or two rooms, 
the cylinders may be housed in a purpose-built cabinet 
near to the point of use or within the laboratory, as 
they are not inflammable or hazardous. 

Compressed Air and Vacuum 

Laboratories requiring compressed air may be sup- 
plied from a centrally located compressor connected 
to the laboratory by a system o n  copper or high- 
pressure plastic pipes. The air should be dried to a 
dewpoint of - 15°C and freed from oil droplets with 
the aid of filters. The pressure in the system as far as 
the branches into the laboratories should be 7 bar, 
which in the laboratories should be reduced to a 
working pressure of 3 bar. Vacuum may be supplied 
through a central system if it is required in many 
rooms; otherwise, small vacuum pumps may be used. 

Hot and Cold Water 

The building should be provided with a supply of 
process water and also drinking water if necessary. 
The process water should be equipped, downstream 
of the meter, with a break installation. The pressure 
measured at the highest tap should be 2.5 bar. The 
pipes should be laid in such a way that water nowhere 
becomes stagnant. Wherever necessary, hot water 
should be provided from closed-in boilers. The 
minimum temperature of the water should be 60°C. 
Medical mixing taps with a lever should be provided 
for mixing cold and hot water, in order to avoid 
contamination from the hands of the microbiologist. 

Demineralized and Distilled Water 

A supply of demineralized or distilled water should 
be available in all the laboratories. Demineralized 
water can be prepared with the aid of an automatic 
double-column demineralization system housed in a 
centrally located room. Distilled water can be pre- 
pared with the aid of electrically operated distillation 
equipment. In both cases, the water should be trans- 
ported through plastic tubing to the laboratories. The 
demineralized water should have specific conductance 
less than 5 pa cm-'. 
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Telephone and Data Network Connections 

Rooms and laboratories requiring telephones must be 
identified and the appropriate connections provided. 
Most modern laboratories use client-server tech- 
nology to manage sample information and analytical 
data. Several laboratory information management 
systems (LIMS) are commercially available, and could 
be customized. Data network connections are pro- 
vided in the laboratories to facilitate data entry and 
necessary approvals. They should be located pref- 
erably on the side workbenches at a height of 75cm 
or near the desks, slightly away from the working 
area. Network connections are also required on island 
benches where analytical instruments with data sta- 
tions are located, to hook up with LIMS for direct 
transport of instrumental data. 

Fire Protection, Smoke Detectors and Alarms 

For the purpose of preventing fires, and quelling any 
fires that break out, it is necessary to draw up plans 
for fire prevention and firefighting systems. The 
laboratory building should be divided into com- 
partments separated by fireproof walls and ceilings. 
The floor surface area of a compartment may vary 
from 500m’ to 750m2, or as necessary to achieve a 
logical arrangement of the compartments. In accord- 
ance with internationally accepted test methods, the 
fire retardance of floors and ceilings should not be 
less than 1 h. All electric and other cables should be 
passed through fireproof blocks. All spots within the 
building should be within reach of the jet of a fire 
hose connected to the process water mains. The reels 
should be hung on the walls of the corridors, and the 
hoses should not exceed 30 m in length. In addition to 
the fire hoses, fire-extinguishers should be distributed 
throughout the building. Their filling should be in 
accordance with the type of fires they are likely to be 
used against. The building should be equipped with 
an automatic fire alarm system. Ionization detectors 
should be mounted in all rooms or spaces where fires 
may start, and are mandatory in rooms where people 
are at work. A (repeater) fire alarm should accompany 
each fire-hose reel. The system should be combined 
with an acoustic alarm system (hooters or sirens) and 
should be fully independent of the building control 
system. An emergency power supply system is needed 
to illuminate and mark escape routes, enabling people 
to leave the building in the shortest possible time in 
emergencies. It should be equipped with a no-break 
unit. The emergency power supply must serve all the 
electrical equipment that must be kept in operation 
in emergencies. 

Eye-washes and Emergency Showers 

All laboratory rooms should be provided with eye- 
wash stations if possible. Emergency showers are 
required in laboratories where hazardous chemicals 
or other materials are being used, and must be easily 
accessible. 

Design of Furniture and Choice of 
Finishes 

Laboratory furniture normally consists of work- 
benches, cupboards, wall units, desks and drawers. 
Prefabricated furniture units are available. 

Benches 

Workbenches can be wall-mounted or island type. 
The framework should comprise a mild steel tubular 
framework based on a modular construction with an 
epoxy-based plastic coating, and should incorporate 
adjustable levelling jacks, pipe clips and cableways. 
The bench top should be set at a height of 90-95 cm 
for normal work in a standing position. The desk tops 
or ‘sit down’ benches can be at a height of 65-79 cm as 
needed to accommodate microscopes, plate counting, 
computer usage or paperwork. The low-level benches 
should be mounted on the window side walls to 
accommodate microscopes, network computers, etc. 
It is also necessary to keep instruments on low-level 
island benches for easy access to the reverse of the 
instrument. Services such as electrical sockets and gas 
connections on island benches meant for installing 
instruments should run at the side of the bench for 
optimum utilization of the bench space. The storage 
cabinets and drawers should be suspended from the 
bench connections, and there should be a combination 
of cabinets and drawers on each bench. Cabinets may 
be built with WBP grade plywood with an inert and 
corrosion-resistant finish with minimum seams (e.g. 
seamless melamine). Drawers may be constructed 
with corrosion-resistant faced plywood. The cabinets 
and drawers on the workbench should be fixed in 
such a way that adequate legroom remains. Ample 
space should be allowed for refrigerators and writing 
desks when installing wall-mounted workbenches. 

Bench Tops 

The bench tops may be constructed from solid mela- 
mine, WBP plywood with a seamless melamine finish, 
WBP plywood with stainless steel top and edges, or 
solid hardwood with a laminate finish. The bench 
tops should have a smooth surface and be easily dis- 
infected. Cracks and crevices should be minimal as 
they provide an opportunity for the build-up of debris 
which may contribute to cross contamination of 
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samples. Stainless steel tops must be provided on the 
benches in the washing room. 

Sinks 

At either end of the benches (apart from benches 
meant for installing instruments) stainless steel sinks 
should be mounted with 60 cm side adjoining them, 
a 50 cm side jutting out, and a depth of 25 cm. Medical 
mixing taps (cold and hot water) and a deionized or 
distilled water tap should be mounted above the sinks, 
as required. 

Seating 

Laboratory stools and chairs of adjustable or fixed 
heights should be provided. Stools should be used at 
the workbenches, and chairs may be used at computer 
desks. 

Wall-mounted Cupboards 

Cupboards with sliding glass doors may be mounted 
on the walls for storing reagents, media, etc. Other 
cupboards may be used for books, catalogues and 
instrument files. 

Laminar Flow and Biohazard Safety Cabinets 

Safety cabinets should comply with standards set by 
organizations such as the British Standards Insti- 
tution, the Standards Association of Australia and the 
National Sanitation Foundation of the USA. Care 
must be taken in siting equipment that might generate 
air currents, e.g. fans and heaters. The safety cabinets 
should be installed in proper sites in the laboratory. 
Safety cabinets are intended to protect the worker 
from airborne infection. Work should be done in the 
middle to the rear of the cabinet, not near the front 
and workers should not remove their arms from the 
cabinet until the procedure is completed. After each 
set of manipulations, aerosols should be swept into 
the filters. The operator’s hands and arms may be 
contaminated and should be washed immediately 
after ceasing work. Bunsen burners and micro-incin- 
erators should not be used as they disturb airflow. 

Facilities for Incubation and Refrigeration 

lncu bators 

Incubators and incubator rooms must be properly 
constructed and controlled. It is best to obtain the 
largest possible models to prevent crowding of the 
interior. Small incubators suffer wider temperature 
fluctuations when their doors are open than do larger 
models. Incubator rooms, if used, must be well insu- 
lated, equipped with properly distributed heating 

units and have appropriate air circulation. They 
should be installed by specialist suppliers. The rooms 
should be supplied with stainless steel shelves suitable 
for holding Petri dishes, flasks, etc. Wooden shelves 
are not recommended because of the problem of 
mould growth in a humid atmosphere. The recom- 
mended temperatures for incubators in food labora- 
tories are 15-20°C, 30-37°C and 55°C. Cooled 
incubators must be fitted with a refrigeration system 
and heating and cooling controls, which must be 
correctly balanced. 

Incubators should be kept in rooms where tem- 
peratures are within the range 16-27°C. The incu- 
bator temperature must not vary by more than 2 1°C. 
Chamber temperature must be checked twice daily 
(morning and afternoon). The thermometer bulbs and 
stem must be submerged in water or glycerol to the 
stem mark. For best results use a recording thermo- 
meter. 

Water Baths 

Water baths should be of an appropriate size for 
the required workload with a suitable water level 
maintained. When the level of water in the bath is at 
half to two-thirds the level of the column of liquid in 
the tube, convection currents keep the constituents of 
the tube well mixed and hasten reactions such as 
agglutination. Water baths should be equipped with 
electrical stirrers to  prevent temperature stratification. 
They must also be lagged to prevent heat loss, 
although the walls are fitted with sloping lids to 
prevent heat loss and dripping of condensed water 
on materials. To avoid choke deposits on tubes and 
internal surfaces, distilled or deionized water should 
be used. Only racks made with stainless steel, heat- 
resistant rubber, plastic, plastic-coated substances or 
corrosion-proof materials should be used. The tem- 
perature of the water bath must be monitored and 
recorded daily using a certified thermometer. 

Refrigerators 

A refrigerator maintained at 0-4°C for storing 
untested food samples is required. Another refriger- 
ator to cool and maintain the temperature of media 
and reagents may also be used. The temperature of 
the refrigerator should be checked and recorded daily, 
and it should be cleaned monthly or more often when 
required. Refrigerated rooms, if used, must be well 
insulated and equipped with a distributed cooling 
system. A continuous temperature monitoring and 
recording system equipped with an alarm must be 
used. The temperature at different points should be 
recorded daily. Stainless steel shelves should be 
installed for storing samples. Stored materials should 
be identified and dated, and stored in such a way that 
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cross contamination does not occur. Expired materials 
should be discarded at regular intervals, e.g. quarterly. 

Freezers 

A freezer or a freezer room to maintain the tem- 
perature of frozen food items at - 18°C is required. 
The temperature should be recorded daily. A record- 
ing thermometer with an alarm system is highly desir- 
able. The freezer should be defrosted and cleaned 
twice a year. Materials should be identified and dated, 
and outdated materials should be discarded quarterly. 
A separate freezing space should be identified for 
storing freeze-dried bacterial cultures. 

Clean/Dirty Sterilization Facilities 

Sterilization facilities are required for sterilizing pre- 
pared media, diluents, etc., and used glassware, Petri 
dishes, flasks, tubes, etc. prior to washing or disposal. 

The use of heat, particularly moist heat, is the most 
desirable and widely used method of sterilization in 
the microbiology laboratory. When using heat ster- 
ilizing techniques, it is necessary to know the dif- 
ference between dry and moist heat and the limitations 
of each. Moist heat leads to the destruction of micro- 
organisms through the irreversible denaturation of 
enzymes and structured proteins. The temperature at 
which denaturation occurs varies with the latent heat 
of steam. With dry heating, the primary lethal process 
is considered to be oxidation of cell constituents. 
Thus, sterilization methods involving dry heat require 
higher temperatures and longer exposure time than 
are required with moist heat. 

Hot-air Oven 

Sterilization by hot-air oven is achieved by the slow 
penetration of heat into the materials. The efficiency 
of this process can be increased by the use of cir- 
culating fans. Modern equipment has electronic con- 
trols which can be set to raise the temperature to the 
required level, heat for a specified time and switch off 
automatically. These ovens are fitted with solenoid 
locks to prevent the oven being opened before the 
cycle is completed. This protects the staff from acci- 
dental burns and safeguards the sterility of the mater- 
ials. The load should be packed in the oven chamber 
in such a way that sufficient space remains between 
the articles for circulation of hot air. The high tem- 
perature needed to achieve dry heat sterilization has 
a damaging effect on many materials. This method 
should therefore be used only for thermostable mater- 
ials that cannot be sterilized by steam owing to dele- 
terious effects or failure to penetrate. Materials that 
can be sterilized by this method include heat-resistant 
articles such as glass Petri dishes, flasks, pipettes, 
metallic objects and coated materials. 

The performance of a hot-air oven should be tested 
quarterly with commercially available spore strips or 
spore suspension. The temperature should be moni- 
tored with a certified thermometer, accurate in the 
temperature range of 160-180°C. 

Autoclaves 

The minimum recommended standard for ster- 
ilization by autoclaves is the exposure to steam at 
approximately 1 bar pressure, equivalent to 121"C, 
for 15 min. Saturated steam is a much more efficient 
means of destroying microorganisms than either 
boiling water or dry heat. Air has an important influ- 
ence on the efficiency of autoclaving. If about 50% 
of the air remains in the autoclave, the temperature 
of the steam-air mixture at 1 bar is only 112°C. As 
successful autoclaving depends on the removal of all 
the air from the chamber, the materials to be sterilized 
should be packed loosely. There are two types of 
laboratory autoclaves: 

pressure cooker models 
0 gravity displacement models. 

The pressure cooker is a simple benchtop autoclave 
consisting of a vertical metal chamber with a strong 
metal lid which can be fastened down and sealed with 
a suitable gasket. The lid is fitted with an aidsteam 
discharge trap, a pressure gauge and a safety valve 
(Fig. 5). Steam is generated from the water in the 
bottom of the autoclave by an external immersion 
heater or a steam coil. 

The gravity displacement autoclave, widely used in 
microbiological laboratories, consists of a chamber 
surrounded with a jacket containing steam under 
pressure, which heats the chamber wall. The steam 
enters the jacket from the main supply which is at 
high pressure, thus forcing the air and condensate to 
flow out of the drain by gravity displacement (Fig. 6). 
In modern autoclaves, air and steam are removed by 

Safety valve 

~ i /  Pressure gauge 

Airisteam discharge valve * 
Chamber 

Figure 5 Pressure cooker autoclave. 
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Valve l i r e -  
Figure 6 Gravity displacement autoclave. 

vacuum pumps and flexible thermocouple probes are 
fitted in the chamber so that the temperatures at 
various parts of the load may be recorded. 

The performance of the autoclave should be 
checked monthly using spore strips or suspension. 
Log books and other records should be maintained 
for each run, listing the items sterilized, temperature, 
pressure and time. 

Washing Machines 

A washing machine may be used for cleaning and 
drying glassware and other heat-resistant articles. The 
machine should be capable of washing, rinsing and 
drying cycles. A log book should be maintained with 
the details of the programmes used and the materials 
washed. 

Personnel Requirements 

Lockers 

Lockers are needed to hold the personal belongings 
of the staff. They should be spacious enough to hold 
laboratory coats, etc. They may be kept in a staff 
room. 

Laboratory Coats 

Laboratory coats must be composed of 100% cotton 
materials. Polyester or polyester blends must not be 
used as they easily catch fire. Coats should be long- 
sleeved and knee-length. They should be washed and 
decontaminated at least once a week. 

Safety Glasses or Goggles 

Safety goggles are essential for viewing ultraviolet 
cabinets and other equipment that may emit UV 
radiation. 

Masks 

Face masks with various filters are available for use 
in laboratories. Appropriate filters are required for 
working with pathogenic microorganisms and spores, 
acid fumes, solvent vapours, etc. 

Clothing for Entering Freezers or Cold Rooms 

Special clothing is available to protect staff entering 
freezers or cold rooms, and must be worn if staff 
intend to work for long periods in such rooms. 

Gloves 

Latex, rubber, leather and heat-resistant gloves are 
available for use. Gloves, Hot Hand@ Protector pads 
must be used when handling hot beakers, conical 
flasks, etc. 

First Aid 

A first-aid box and fireproof blankets must be kept 
in a conspicuous place near the door for use in an 
emergency. 

See also: Good Manufacturing Practice. Laboratory 
Management: Accreditation Schemes. Process 
Hygiene: Designing for Hygienic Operation. 

Next Page
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Introduction 

Spoilage of meat is an ecological phenomenon, 
encompassing the changes of the meat ecosystem 
during the development of its microbial association. 
The establishment of a particular microbial asso- 
ciation of meat depends on the ecological factors that 
persist during processing, storage, transportation and 
in the market. In meat, five categories of ecological 
determinants influence the development of the initial 
and transient microbial associations and determine 
the rate of attainment of a climax population by the 
ephemeral spoilage microorganisms (those that fill the 
niche available by adopting R-ecological strategy as 
a result of enrichment disturbance of an ecosystem). 

These are (1) the intrinsic factors associated with the 
physico-chemical attributes and structure of meat (e.g. 
pH, water activity, buffering power, the presence of 
naturally occurring or added antimicrobial com- 
ponents, Eh and redox poising capacity, and nutrient 
composition - carbohydrate content and, in par- 
ticular, the concentration of glucose); (2) the pro- 
cessing factors; ( 3 )  extrinsic parameters that have 
selective influences, such as temperature, relative 
humidity and the composition of the gaseous atmos- 
phere obtaining during distribution and storage; (4) 
the implicit factors (intrinsic biotic parameters) that 
play an important role in the genesis of spoilage asso- 
ciations; and ( 5 )  the emergent effects due to those 
factors that interact to produce effects greater than 
would be expected from their action in isolation. In 
essence all of the above determinants constitute the 
dimensions of a particular ecological niche - an n- 
dimensional hypervolume. Indeed, the ecosystem 
approach is pertinent to an analysis of changes occur- 
ring in meat or meat products. In practice, therefore, 
meat technologists attempt to modify some or all of 
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the dimensions noted above in order to extend the 
shelf life of meat or to create new products. 

Typical Microflora of Fresh or Frozen 
Meat 

Contamination and Spoilage 

The microbiology of carcass meats is greatly depend- 
ent on the conditions under which animals are reared, 
slaughtered and processed. Thus the physiological 
status of the animal at slaughter, the spread of con- 
tamination during slaughter and processing, the tem- 
perature, and other conditions of storage and 
distribution are the most important factors that deter- 
mine the microbiological quality of meat. The char- 
acteristic microbial associations developing on meat 
and in meat products are the result of the determinants 
noted above on the growth of microbes initially 
present in the fresh meat or, more generally, intro- 
duced during processing. As the inherent anti- 
microbial defence mechanisms of the live animal are 
destroyed at slaughter, the resultant meat is liable to 
rapid microbial decay. Unless effectively controlled, 
the slaughtering process may cause extensive con- 
tamination of the cut face of muscle tissue with a 
vast range of both Gram-negative and Gram-positive 
bacteria as well as yeasts (Table 1). Some of these 
microorganisms will be derived from the animal’s 
intestinal tract, and others from the environment with 
which the animal had contact at some time before or 
during slaughter. Studies on the origin of the con- 
taminants have shown that the source of Entero- 
bacteriaceae on meats is associated with work surfaces 
and not with direct faecal contamination. Moreover, 
psychrotrophic bacteria are recovered from hides and 
work surfaces within an abattoir as well as from 
carcasses and butchered meat at all stages of pro- 
cessing. 

Microorganisms of the Spoilage Association 

Although a range of microbial taxa are found in meat 
(Table l),  its spoilage in developed countries is caused 
by the selection of relatively few of these organisms 
(Table 2). It is evident from Table 3 that chill storage 
and the gaseous composition around meat packed 
in vacuum or in modified atmospheres exert strong 
selectivity on its microflora. Selective factors favour 
the growth of particular organisms and, as a con- 
sequence, a characteristic microbial association is 
present at the time of spoilage and it will manifest 
characteristic spoilage features. For example, with the 
advent of supermarkets in the late 1950s, storage of 
meat aerobically at chill temperatures and high rela- 
tive humidity became a major selective factor and 

Table 1. The genera of bacteria and yeasts most frequently 
found on meats and poultry 
~~ 

Genus Fresh Processed VP/MAP Poultry 
meat meat 

Bacteria 
Acinetobacter 
Aeromonas 
Alcaligenes 
Alteromonas 
Arthrobacter 
Bacillus 
Bacteroides 
Brochothrix 
Campylobacter 
Carnobacterium 
Chromobacterium 
Citrobacter 
Clostridium 
Corynebacterium 
Enterobacter 
Enterococcus 
Escherichia 
Flavobacterium 
Hafnia 
Janthinobacterium 
Klebsiella 
Kluyvera 
Kurthia 
Lactobacillus 
Leuconostoc 
Listeria 
Micrococcus 
Moraxella 
Neisseria 
Pantoea 
Pediococcus 
Planococcus 
Plesiomonas 
Providencia 
Proteus 
Pseudomonas 
Psychrobacter 
Serratia 
She wanella 
Streptococcus 
Streptomyces 
Staphylococcus 
Vibrio 
Weissella 

Yeasts 
Candida 
Debaryomyces 
Rhodo torula 
Saccharomyces 
Torulaspora 
Trichosporon 

x x  
x x  
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

X 
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X 

X 

x x  
X 

X 

X 

X 

X 

X 

X 

X 

X 

X 

x x  
X 

X 

X 

X 

X 

X 

x x  
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x x  

xx  
X 

xx  
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x x  
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X 
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x x  
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xx  
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X 

xx  
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X 

X 

x x  

X 

X 

X 

X 

X 

X 

x x  

X 

X 

X 

X 

X 

Key: x, known to occur; xx, most frequently reported. 
VP/MAP, meat stored under vacuum or modified-atmosphere 
packaging. 
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Table 2 Psychrotrophic bacteria associated with chilled meats 
and meat products 

Gram-negative bacteria Gram-positive bacteria 

Aerobes Catalase reaction weak 
Pseudomonas spp. Brochothrix 

rRNA homology, group I: thermosphacta 
P fluorescens 
biovars I, (I, 1 1 1 ,  IV, V 
(includes 7 clusters) 
I? lundensis, I? fragi 

Shewanella putrefaciens 
Alteromonas spp. 
Alcaligenes spp., 
Achromobacter spp. 
Flavobacterium spp. 
Moraxella spp. 
Psychrobacter spp. 
I? immobilis, 

P phenylpyruvica 
Acinetobacter spp. 
A. lwoffi, A. johnsonii 

Facultative anaerobes 
Photobacterium spp. 
Vibrio spp. 
Aeromonas spp. 
Plesiomonas spp. 
Serratia spp. 

S. liquefaciens 

Citrobacter spp. 

Providencia spp. 

S. marcescens 

C. freundii, C. koseri 

I? alcalifaciens, F! stuarti/, 
P rettgeri 

Hafnia spp. 
Hafnia alvei 

Pantoea agglomerans 
Enterobacter spp. 

E. aerogenes 

Erwinia herbicola 
complex 

Klebsiella spp. 
K. pneumoniae 

Kluyvera spp. 
Proteus spp. 

E. cloacae, 

E. agglomeransl 

I? vulgaris, I? mirabilis 

Catalase reaction 
negative 
Lactobacillus spp. 

L. sake 
L. curvatus 
L. bavaricus 

C. divergens 
C. piscicola 

Leuconostoc spp. 
L. carnosum 
L. gelidum 
L. amelibiosum 
L. mesenteroides subsp 

Carnobacterium spp. 

mesenteroides 
Weissella spp. 

W. hellenica 
W paramesenteroides 

Lactococcus raffinolactis 
Clostridium estertheticum 

Pseudomonas spp. are considered to be the main 
spoilage organisms. Gram-positive bacteria (lactic 
acid bacteria and Brochothrix thermosphacta) are the 
main spoilage organisms in chill meat stored in a 
modified atmosphere. To date studies on the con- 
tribution of yeasts to the spoilage of meat, whole or 
minced, has attracted little attention even though they 
are common contaminants. Yeasts do not outgrow 
bacteria on meat or meat products unless a bac- 
teriostatic agent is included, such as sulphite in British 
fresh sausages, or the water activity is reduced. 

Table 3 Specific spoilage flora on fresh meat stored at 0-4°C 
in different gas atmospheres 

Gas composition 

Air 
> 50% C02 mixed with O2 

< 50% C o n  mixed with O2 
> 50% COP 

> 50% CO? 
100% con 
Vacuum pack 

Specific spoilage flora 

Pseudomonas spp. 
Brochothrix thermosphacta 
Enterobacteriaceae 
Brochothrix thermosphacta, lactic 

Lactic acid bacteria 
Lactic acid bacteria 
Lactic acid bacteria, Brochothrix 

acid bacteria 

thermosphacta 
~~ 

Under Aerobic Conditions Although the Gram- 
negative aerobic psychrotrophic bacteria of meat 
include a number of well-defined species (see Table 
2), it is now well established that under aerobic 
storage three species of Pseudomonas - P. fragi, P. 
fluorescens and P. lundensis - are the most important. 
Off odours are present when the population of 
pseudomonads is of the order of lo7  per square centi- 
metre and slime when these organisms reach 10' per 
square centimetre. In practice off odours become 
evident when the pseudomonads have exhausted the 
glucose and lactate present in meat and begin to 
metabolize the amino acids. 

Although rarely, if ever, contributing significantly 
to the spoilage flora on meat and meat products, the 
Enterobacteriaceae have been considered as indicators 
of food safety. With ground beef, Pantoea agglo- 
merans, Escherichia coli and Serratia liquefaciens 
were the major representatives of this family (see 
Table 2). 

Brochothrix thermosphacta has been detected in 
the aerobic spoilage flora of chilled meat but it is not 
considered to be important in spoilage except possibly 
of lamb. This organism has been isolated from beef 
carcasses during boning, dressing and chilling. More- 
over, lairage slurry, cattle hair, rumen contents, soil 
from the walls of slaughterhouses, the hands of 
workers, the air in the chill room, the neck and skin 
of the animal as well as the cut muscle surfaces have 
been shown to be contaminated with this organism. 
Brochothrix thermosphacta is one of the main - if not 
the most important - cause of spoilage which can be 
recognized as souring rather than putrefaction. This 
type of spoilage is commonly associated with meat 
packed under modified atmospheres. 

Under Vacuum or Modified-atmosphere Packaging 
Conditions The atmosphere may be modified by 
vacuum packaging or storage of meat in atmospheres 
containing a mixture of gases (Nz, COz and 0 2 ) .  Meat 
in a vacuum pack or modified atmosphere (protective 
atmosphere) has an extensive shelf life when com- 
pared with meat stored aerobically. Shelf life is 



1256 MEAT AND POULTRY/Spoilage of Meat 

determined by the choice of atmosphere, storage 
temperature and meat type. As the bacterial popu- 
lation of meat (particularly the aerobes, e.g. 
pseudomonads) is restricted by the relative high con- 
centration of COZ and the oxygen limitation, the 
spoilage of meat stored under vacuum or modified 
atmosphere occurs later than that of meat stored aer- 
obically. In meat samples stored under vacuum or 
modified-atmosphere packaging lactic acid bacteria 
are recognized as important members of the spoilage 
association (Table 3). Many of the isolates could not 
be identified with existing species of Lactobacillus 
(see Table 2) .  It is now recognized that many of 
these isolates belong to a recently defined genus, 
Carnobacterium. 

It needs to be stressed that each of the atmospheres 
in Table 3 selects a microbial flora dominated by 
Gram-positive bacteria (principally Brochothrix ther- 
mosphacta and lactic acid bacteria) rather than the 
Gram-negative ones that develop on meat stored aer- 
obically at chill temperatures. As the former grow 
much more slowly than the latter, the shelf life of meat 
is extended. It needs to be stressed also that there are 
differences in the metabolic attributes of these two 
groups of spoilage organisms. These are manifested 
at different times and in different ways as judged by 
odours coming from the meat. 

Another cold-tolerant microorganism, Clostridium 
estertheticum, causes distension or explosion of packs 
of vacuum-packaged meat. The optimum growth tem- 
perature of these organisms is 20°C. It is tempting to 
speculate that the production of a spore protects this 
organism from those factors in meat processing that 
kills psychrophiles lacking this means of protection. 

Spoilage in Frozen Meat Studies of microbial 
growth at subfreezing temperatures clearly indicate 
that microbial growth does not occur in meat eco- 
systems with a temperature below -8°C. Thus, the 
main determinant for the storage period of a properly 
frozen meat ecosystem is the physical, chemical or 
biochemical changes which are unrelated to micro- 
biological proliferation. Therefore, frozen storage life 
is limited by changes in other qualities such as appear- 
ance or taste which are unrelated to microbiological 
activity. 

The key problem with frozen meat is the enu- 
meration of the microbial populations of such eco- 
systems. Microorganisms are injured by exposure to 
reduced temperatures leading to sublethal damage, 
the effects of which in microbial populations include 
(1) increased lag times and (2) the inability to develop 
quantitatively on selective media that do not exert 
any inhibitory effect on undamaged populations of 
the same taxon. These effects - especially the pro- 

longed lag phase - are less noticeable when the meat 
ecosystem is refrozen and analysed again after a short 
period of storage. The appropriate resuscitation of 
frozen meat flora prior to its enumeration is crucial; 
resuscitation of the injured flora may take place in the 
meat ecosystem during thawing, or  in nonselective 
culture media. Studies on the effect of different envir- 
onmental stresses on the enumeration and the recov- 
ery of microorganisms are focused on pathogenic 
microorganisms; in which case the important feature 
is to ascertain the presence or absence of the patho- 
genic bacterium. The results obtained have a cardinal 
role in the evaluation of microbiological hazards. 

Roles of Microbes and Enzymes in 
Spoilage 

The role of the microbial flora is cardinal for the 
spoilage of meat. The metabolic activity of the organ- 
isms selected in a meat ecosystem leads to the mani- 
festation of changes or spoilage of meat. This 
manifestation is related to the level of (1) the popu- 
lation and (2) the substrates in meat. Under both 
aerobic and vacuum or modified-atmosphere pack- 
aging the corresponding flora catabolize glucose for 
growth. By the end of this phase changes and sub- 
sequently overt spoilage are due to catabolism of 
nitrogenous compounds and amino acids as well as 
secondary metabolic reactions. The contribution of 
indigenous meat enzymes to spoilage is negligible 
compared with the action of the microbial flora. Post- 
mortem glycolysis ceases after the death of the animal 
when ultimate pH reaches a value of 5.4-5.5. During 
storage, however, there is a proteolytic activity by 
indigenous enzymes. The activity of these enzymes 
has a role in the conditioning (ageing) of meat. Added 
enzymes in meat may be used to artificially ameliorate 
its organoleptic properties. Enzymes used for their 
tenderizing effects are proteolytic and of bacterial, 
fungal or plant origin. 

Chemistry of Spoilage 

The critical physico-chemical changes occurring 
during spoilage take place in the aqueous phase of 
meat. This phase contains glucose, lactic acid, certain 
amino acids, nucleotides, urea and water-soluble pro- 
teins which are utilized by most of the bacteria of 
the meat microflora. The concentration of these low- 
molecular-mass compounds is sufficient to support 
massive microbial growth. Glucose is the prime nutri- 
ent in a meat ecosystem and it is catabolized initially 
during microbial growth. This substrate is attacked 
by almost all groups of spoilage bacteria, under aerobic 
and anaerobic conditions (Table 4). Until spoil- 
age is evident organoleptically, the major detectable 
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Table 4 Substrates used for growth of major meat spoilage microorganisms 

Substrates used for growth 

Microorganism Aerobic Anaerobic 

Pseudomonas spp. Glucose, giucose 6-phosphate, lactic acid, 
pyruvate, gluconate, 6-phosphogluconate, amino acids 
amino acids, creatine, creatinine, citrate, 
aspartate, glutamate 

Glucose, lactic acid, pyruvate, gluconate, 

AcinetobacterlMoraxella Amino acids, lactic acid, glucose Glucose, amino acids 
Shewanella putrefaciens Glucose, lactic acid, pyruvate, gluconate, Formate 

Brochothrix fhermosphacfa Glucose, amino acids, ribose, glycerol Glucose 
Enferobacter spp. 

Lactobacillus spp. Glucose Glucose, lactic acid, amino acids 

propionic acid, ethanol, acetate, amino acids 

Glucose, glucose 6-phosphate, amino acids, Glucose, glucose 6-phosphate, amino acids 
lactic acid 

effect of bacterial growth is a reduction of the glucose 
concentration. This does not alter the organoleptic 
properties of meat. When glucose or its oxidative 
products are reduced to non-substrate levels, lactic 
acid is catabolized. It needs to be stressed that when 
this second major carbon and energy source is 
exhausted the microbial association is at its climax 
stage. 

Under Aerobic Conditions The relative potential of 
bacteria depends upon which species predominate, 
and upon their ability to form malodorous com- 
pounds such as H2S, volatile amines, esters and 
acetoin. Pseudomonas spp. are important because of 
their dominance in the aerobic climax associations at 
chill temperatures. The key chemical changes asso- 
ciated with the metabolic attributes of pseudomonads 
have been studied extensively in broth and in model 
systems such as meat juice (Table 5). Among these 
major attributes are (1) the sequential catabolism of 
D-glucose and L- and D-lactic acid with D-glucose 
used in preference to lactate, and (2) the oxidization of 
glucose and glucose 6-phosphate via the extracellular 
pathway causing a transient accumulation of D-glu- 

conate and an increase in the concentration of 6- 
phosphogluconate. The increase in the concentration 
of D-gluconate led investigators to propose a method 
for controlling the microbial activity in meat by the 
addition of glucose to meat and its transformation to  
gluconate. The rationale for this suggestion is the fall 
in pH due to the accumulation of oxidative products. 
The transient pool of gluconate and its inability to be 
catabolized by all the taxa of the association may 
offer a selective determinant on the meat ecosystem. 
Another important feature is the catabolism of 
creatine and creatinine by Pseudomonas fragi under 
aerobic conditions. The phenomenal release of 
ammonia and the increase in pH are inextricably 
linked with the catabolism of these substrates. 
Ammonia, which is the major cause of the increase of 
pH, can be produced by many microbes, including 
pseudomonads during their amino acid metabolism. 
A list of other volatile compounds found in spoiled 
meat is given in Table 6. Pseudomonad species 
growing on the surface of meat will preferentially 
consume glucose until the rate of diffusion of glucose 
from underlying tissues becomes inadequate to  meet 

Table 5 Metabolic activity of pseudomonads in meat juice at 0-4°C 

Substrate Pseudomonas fragi Pseudomonas lundensis Pseudomonas fluorescens 

D-Glucose 
D-Glucose 6-phosphate 
D-Gluconate 
6-Phospho-~-gluconate 
L-lactic acid 
D-lactic acid 
Pyruvate 
Acetic acid 
Amino acids 
Creatine 
Creatinine 
Proteolysis 
Ammonia 
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C 

flc 
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C 

+ 
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Key: The substrate was catabolized (c) or formed (f) during growth; - neither catabolized nor formed; +, positive; nd, no available 
data. 
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Table 6 End product formation of Gram-negative bacteria (e.g. 
Pseudomonas spp., Shewanella putrefaciens, Moraxella etc) 
when grown in broth, sterile meat model system and in naturally 
spoiled meat 

Sulphur compounds: 
sulphides, dimethylsulphide, dimethyldisulphite, 
methylmercaptan, methanethiol, hydrogen sulphide, 
dimethyltrisulphide 

methyl esters (acetate), ethyl esters (acetate) 

acetone, 2-butanone, acetoin/diacetyl 

diethylbenzene, trimethylbenzene, toluene 

hexane, 2,4-dimethylhexane, methyl heptone 

2-methyl butanal 

methanol, ethanol, 2-methylpropanol, 2-methylbutanol, 
3-methylbutanol 

cadaverine, ammonia, putrescine, methylamine, 
trimethylamine 

Esters: 

Ketones: 

Aromatic hydrocarbons: 

Aliphatic hydrocarbons: 

Aldehydes: 

Alcohols: 

Biogenic amines - other compounds: 

their demand; when high numbers ( lo8  per cm2) are 
reached and glucose becomes depleted at the meat 
surface, pseudomonads start proteolysis and use 
nitrogenous compounds and free amino acids as their 
growth substrate with production of malodorous sul- 
phides and esters (Table 6). 

The Enterobacteriaceae can be important in spoil- 
age if the meat ecosystem favours their growth. This 
group utilize mainly glucose and glucose 6-phosphate 
as the main carbon sources; the exhaustion of these 
substances allows amino acid degradation. Moreover, 
some members of this family produce ammonia, vola- 
tile sulphides including H2S and malodorous amines 
from amino acid metabolism (Table 6).  

Acinetobacter and Moraxella constitute a major 
part of the aerobic spoilage population. These organ- 
isms are of low spoilage potential. They utilize amino 
acids as their growth substrate but do not form mal- 
odorous by-products from amino acid degradation; 
they rather enhance the spoilage activities of pseudo- 
monads and Shewanella putrefaciens by restricting 
the availability of 0 2  to these organisms. When O2 
limits growth, pseudomonads attack amino acids, 
even when glucose is present, with the subsequent 
production of malodorous substances. Under anaer- 
obic conditions S. putrefaciens will generate H2S, 
resulting in the greening of meat due to sulph- 
myoglobin formation. 

Under Vacuum or Modified-atmosphere Packaging 
Conditions A shift from a diverse initial flora to one 
dominated by Gram-positive facultative anaerobic 
microflora (lactic acid bacteria and Brochothrix 

thermosphacta) usually occurs in meat during its 
storage under modified atmosphere packaging. 
Among these, the physiological attributes of the lactic 
acid bacteria and B. thermosphacta have been studied 
extensively. Environmental determinants such as the 
oxygen tension, glucose concentration and the initial 
pH have a major influence on the physiology of these 
organisms, and hence on the end products formed. 
Brochothrix thermosphacta has a much greater spoil- 
age potential than the lactobacilli and can be import- 
ant in both aerobic and anaerobic spoilage of meat. 
This organism utilizes glucose and glutamate but no 
other amino acid during aerobic incubation. It pro- 
duces a mixture of end products including acetoin, 
acetic, iso-butyric and iso-valeric acids, 2,3-but- 
anediol, diacetyl, 3-methylbutanal, 2-methylpropanol 
and 3-methylbutanol during its aerobic metabolism 
in media containing glucose, ribose or glycerol as the 
main carbon and energy source (Table 7). The precise 
proportion of these end products is affected by the 
concentration of glucose, pH and temperature. 

Lactobacillus spp. constitute only a small pro- 
portion of the initial spoilage bacterial population of 
meat. When oxygen is in low concentration, as in 
vacuum-packed meats, the developing microflora is 
usually dominated by Lactobacillus spp. These fer- 
mentative organisms probably grow faster than 
would-be competitors because they are unaffected by 
pH and antimicrobial products such as lactic acid, 
Hz02 and antibiotics. These organisms utilize glucose 
for growth and produce lactic acid. When carbo- 
hydrates are exhausted, amino acids are utilized with 

Table 7 End products of homofermentative lactic acid bacteria 
(HO), heterofermentative lactic acid bacteria (HT) and 
Brochothrix thermosphacta (BT) when grown in broth, sterile 
meat model system and in naturally spoiled meat 

Aerobic In different gaseous 
atmospheres 

Acetoin - HO, HT, BT 
Acetic acid - HO, HT, BT 
L-Lactic acid - HO, HT, BT 
D-Lactic acid - HO, HT 
Formic acid - HO, HT, BT 
Ethanol - HO, HT, BT 

Acetoin - HO 
Acetic acid - HO, HT, BT 
L-Lactic acid - HO, HT, BT 
D-Lactic acid - HO, HT 
Formic acid - HO, HT, BT 
Ethanol - HO, HT, BT 

COP - HO, HT, BT 
HzOZ - HO, HT 
iso-Butyric acid - BT 
iso-Valeric acid - BT 
2-Methylbutyric acid - BT 
3-Methylbutanol - BT 
2-Methylbutanol - BT 
2,3-Butanediol- BT 
Diacetyl - HO, HT, BT 
2-Methylpropanol - BT 
2-Methylpropanal -BT 
Free fatty acids - BT 
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the consequent production of volatile fatty acids 
which impart a ‘dairy’ or ‘cheesy’ odour to the 
vacuum-packaged meat. Because with meat stored 
under modified atmosphere increased concentration 
of COz inhibits growth of aerobic flora - and glucose 
assimilation by pseudomonads - the cheesy odours 
are found mainly in samples stored in gas mixtures 
containing COZ, where they are probably produced by 
Brochothrix thermosphacta and lactic acid bacteria. 
These also form diacetyl, acetoin and alcohols from 
glucose under aerobic conditions or low partial pres- 
sure of oxygen (Poz). In addition, alcohols (ethanol 
and propanol) are present at only trace levels at the 
beginning of storage but their concentrations increase 
significantly before the onset of spoilage, making them 
promising compounds as indicators of spoilage (Table 
7) .  

Evaluation of Spoilage 

Enumeration of bacterial population by culture tech- 
niques (agar media) and rapid methods (malthusian) 
in food is used as indicator of its hygiene. As the 
spoilage of meat is caused by specific spoilage bac- 
teria, different selective media should be applied. 
Because the correlation between the population of 
specific spoilage bacteria and the sensorial mani- 
festation of spoilage is imprecise, it is difficult to  use 
bacterial levels as an estimate of spoilage. 

The time-consuming microbiological analyses can 
be replaced by assessment of the chemical, enzymatic 
and physico-chemical changes associated with micro- 
bial growth on meat. For this reason a number of 
chemical and physical methods have been proposed 
for the estimation of bacterial spoilage in meats. 
However, there is as yet no single test available to 
assess meat quality. Spoilage is a subjective evaluation 
and therefore a sound definition is required to develop 
a suitable method. The lack of a general agreement 
on the signs of incipient spoilage in meat and the 
changes in the technology of meat preservation (e.g. 
vacuum or modified-atmosphere packaging) make it 
difficult to identify spoilage indicators. 

The spoilage indicators or microbial metabolite 
should meet the following criteria: 
1. The indicator should be absent or initially at low 

2. It should increase proportionally with the storage 

3. It should be produced by the dominant flora and 

levels in meat. 

period. 

have a good correlation with sensory evaluation. 

As noted earlier, physico-chemical analyses of meat 
can be used instead of microbiological ones for the 
evaluation of spoilage. For this reason, numerous 
attempts have been made since the 1970s to associate 

given metabolites with the microbial spoilage of meat. 
The idea for these methods is that as the bacteria 
grow on meat they utilize nutrients and create by- 
products. The quantitative determination of these 
metabolites could provide information about the 
degree of spoilage. The identification of the ideal 
metabolite, fulfilling the criteria noted above, has 
proved a difficult task for the following reasons: 

1. Most metabolites are specific to certain organisms 
(e.g. gluconate to pseudomonads). 

2. Although the metabolites are the product of the 
metabolism of a specific substrate, the absence of 
the given substrate or its presence in low quantities 
does not preclude spoilage. 

3. The rate of microbial metabolite production and 
the metabolic pathways of spoilage bacteria are 
affected by the environmental conditions (e.g. pH, 
oxygen tension, temperature). 

4. The accurate detection and measurement of meta- 
bolites require sophisticated procedures. 

5 .  Many of them provide retrospective information. 

Role of Cooking in Susceptibility to 
Spoilage 

Cooking raw meat results in the death of its microbial 
association. Subsequent recontamination of the 
cooked meat and temperature abuse lead to the devel- 
opment of a new spoilage association. As the antag- 
onists belonging to the initial microflora of raw meat 
are absent, pathogens that contaminate cooked meat 
have a rich substratum for their proliferation. The 
microbiological stability of cooked meat products 
depends on extrinsic factors, mainly the packaging 
method and storage temperature, as well as on intrin- 
sic ones, e.g. product composition. 

Special Problems Associated with Meat 

Production of biogenic amines by microbial flora is a 
problem in stored meat. Amines have been detected in 
fresh meat stored under aerobic or vacuum/modified- 
atmosphere packaging conditions. Among them, 
putrescine and cadaverine show a constant increase 
during storage. Concentrations of spermine, sperm- 
idine and tryptamine remain steady, and a small 
increase in tyramine concentration is usually observed 
after long storage periods. As lactic acid bacteria and 
Brochothrix thermosphacta do not produce amines, 
the formation of these compounds has been attributed 
to Enterobacteriaceae. However, tyramine could also 
be formed by some strains of the genus Lactobacillus. 

The limiting factors of meat stored under modified- 
atmosphere packaging is another issue. Concerns have 

Next Page
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NASBA see Listeria: Listeria monocytogenes - Detection using NASBA (an Isothermal Nucleic Acid 

Amplification System). 

1 Natamycin see Preservatives: Permitted Preservatives - Natamycin. 
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Introduction 

The regulation of the microbiological safety and 
quality of foods in Canada operates in a complex 
jurisdictional context involving federal, provincial 
and municipal authorities and division of respon- 
sibilities between the federal departments of agri- 
culture, fisheries and health. In addition, each of the 
10 provinces have departments of agriculture and 
health that also regulate the microbiological safety 
and quality of food. In recent years under an initiative 
entitled ‘The Canadian Food Inspection System’ 
efforts are being made to harmonize legislation, regu- 
lations and guidelines and integrate inspectional ser- 
vices at the federal, provincial and municipal levels. 

The Federal Acts and regulations involving the 
hygienic practices for production and manufacturing 
premises as well as the microbiological safety and 
quality of food products are administered by the 
departments of Health Canada, Agriculture and Agri- 
Food Canada, and Fisheries and Oceans Canada. The 
recent creation of the Canadian Food Inspection 
Agency which united the inspection resources of the 

three departments may well influence regulations, 
guidelines, etc. However, the mandate of each of the 
three departments to develop legislation and regu- 
lations and to designate enforcement policy remains 
unchanged. 

Health Canada 

Sections 4 , 5 , 6  and 7 of Part I of the Food and Drugs 
Act are the primary national legislation governing the 
overall safety and quality of food. The microbiological 
safety and quality regulations fall under Sections 4, 6 
and 7. 

Section 4 states that no person shall sell any article 
of food that: (a) has in or on it any poisonous or 
harmful substance; (b) is unfit for human con- 
sumption; (c) consists in whole or in part of any filthy, 
putrid, disgusting, rotten, decomposed or diseased 
animal or vegetable substance; (d) is adulterated; or 
(e) was manufactured, prepared, preserved, packaged 
or stored under unsanitary conditions. Foods con- 
taining pathogens in numbers that would constitute 
a direct hazard to health or their toxins would be 
considered not to be in compliance with Subsections 
4(a)  and 4(b)  and possible 4(e). Spoilage (i.e. micro- 
biological quality) can be considered to contravene 
Subsection 4(c). Subsection 4(e) and Section 7 deal 
with the hygienic conditions in which foods are pro- 
cessed, and opens the door for the sanitary inspection 


