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Preface

Prescott, Harley, and Klein’s Microbiology has acquired the repu-
tation of covering the broad discipline of microbiology at a depth
not found in any other textbook. The seventh edition introduces a
new author team. As new authors, we were faced with the daunting
task of making a superior textbook even better. We bring over 40
years of combined research and teaching experience. Our keenin-
terest in teaching has been fostered by our involvement in work-
shops and conferences designed to explore, implement, and assess
various pedagogical approaches. Thusone of our goalsfor thisedi-
tion was to make the book more accessible to students. To accom-
plish this we focused on three specific areas. readability, artwork,
and the integration of several key themes throughout the text.

OUR STRENGTHS

Readability

We have retained therelatively simple and direct writing style used
in previous editions of Prescott, Harley, and Klein's Microbiol ogy.
However, for the seventh edition, we have added style elements de-
signed to further engage students. For example, we have intro-
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duced the use of thefirst person to describe the flow of information
(e.g., see chapter openers) and we pose questions within the text,
prompting studentsto reflect on the matter at hand. Each chapter is
divided into numbered section headings and organized in an out-
line format. Some chapters have been significantly reorganized to
present the material in amorelogical format (e.g., chapters 12, 28,
and 39). Asin previous editions, key terminology is boldfaced and
clearly defined. In addition, somewordsare now highlighted in red
font: these include names of scientists with whom the students
should beacquainted, aswell asnamesof techniquesand microbes.
Every term in the extensive glossary, which includes over 200 new
and revised entries, includes a page reference.

Artwork

To engagetoday’s students, atextbook must do morethan offer text
and imagesthat just adequately describe the topic at hand. Our goal
is to make the students want to read the text because they find the
materia interesting and appeding. The seventh edition brings a
new art program that features three-dimensional renditions and
bright, attractive colors. However, not only have existing figures
been updated, over 200 new figures have been added. The updated
art program also includes new pedagogical features such as con-
cept maps (see figures 8.1, 12.1, and 31.1) and annotation of key
pathways and processes (see figures 9.9 and 11.17).
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Thematic Integration

With the advent of genomics and the increased reach of cell biol-
ogy, the divisions among microbiology subdisciplines have be-
come blurred; for instance, the microbial ecologist must also be
well-versed in microbial physiology, evolution, and the principles
and practices of molecular biology. In addition, the microbiologist
must be acquainted with all major groups of microorganisms:
viruses, bacteria, archaea, protists, and fungi. Students new to mi-
crobiology are asked to assimilate vocabulary, facts, and most im-
portantly, concepts, from a seemingly vast array of subjects. The
challenge to the professor of microbiology isto integrate essential
concepts throughout the presentation of material while conveying
the beauty of microbes and excitement of this dynamic field.

While previous editions of Microbiology excelled inincorpo-
rating genetics and metabolism throughout thetext, in thisedition
we have attempted to bring the diversity of the microbial world
into each chapter. Of course this was most easily done in those
chapters devoted to microbial evolution, diversity, and ecology
(chapters 19 to 30), but we challenged ourselves to bring micro-
bial diversity into chaptersthat aretraditionally E. coli-based. So,
although the chapters on genetics (chapters 11 to 13) principally
review processes as they are revealed in E. coli, we also explore
other systems as well, such as the regulation of sporulation in
Bacillus subtilis and quorum sensing in V. fischerii (see figures
12.19 through 12.21).

We also thought it was important to weave the thread of evo-
[ution throughout the text. We start in the first chapter with a dis-
cussion of the universal tree of life (see figure 1.1), with various
renditions of “the big tree” appearing in later chapters. Impor-
tantly, we remind students that structures and processes evolved
totheir current state; that natural selectionisawaysat work (e.g.,
the title and the tone of chapter 13—now called Microbial Ge-
netics: Mechanisms of Genetic Variations—have been changed).
Finally, the seventh edition of Microbiology explorestheoriesre-
garding the origin of life at a depth not seen in other microbiol-
ogy texts (chapter 19).

Indeed, depth of coverage has been one of the mainstays of
Prescott, Harley, and Klein's Microbiology. The text was founded
on two fundamental principles: (1) students need an introduction
to the whole of microbiology before concentrating on specialized
areas, and (2) thisintroduction should provide the level of under-
standing required for students to grasp the conceptual underpin-
ning of facts. We remain committed to this approach. Thus the
seventh edition continues to provide a balanced and thorough in-
troduction to al major areas of microbiology. Thisbook issuitable
for courses with orientations ranging from basic microbiology to
medical and applied microbiology. Students preparing for careers
in medicine, dentistry, nursing, and allied health professions will
find the text as useful as will those aiming for careersin research,
teaching, and industry. While two courses each of biology and
chemistry are assumed, we provide a strong overview of the rele-
vant chemistry in appendix I.

Preface xiii

CHANGES TO THE SEVENTH EDITION

The seventh edition of Prescott, Harley, and Klein’s Microbiol-
ogy istheresult of extensive review and analysis of previous edi-
tions, the input from reviewers, and casual discussions with our
colleagues. As anew author team, we were committed to keeping
the in-depth coverage that Microbiology is known for, while at
the same time bringing a fresh perspective not only to specific
topics but to the overall presentation as well.

Up-to-Date Coverage

Each year exciting advances are made in microbiology. Whilewe
understand that not all of these are appropriate for discussion in
an introductory textbook, we have incorporated the most up-to-
date information and exciting, recent discoveries to maintain ac-
curate descriptions of structures and processes and to illustrate
essential points. A few specific examples include a current de-
scription of the structure and function of DNA polymeraselll, the
role of viruses in marine ecosystems, the ubiquitous nature of
type 1l secretion systems, an updated coverage of the inflamma-
tory response, and the current understanding of HIV origins and
avian influenza epidemiol ogy.

Increased Emphasis on Microbial Evolution
and Diversity

Microbial evolution, diversity, and ecology are no longer subdis-
ciplines to be ignored by those interested in microbial genetics,
physiology, or pathogenesis. For example, within the last 10
years, polymicrobial diseases, intercellular communication, and
biofilms have been recognized as important microbial processes
that closely tie evolution to genetics, ecology to physiology, and
ecology to pathogenesis. The seventh edition strives to integrate
these themes throughout the text. We begin chapter 1 with adis-
cussion of the universal tree of life and whenever possible, bring
diverse microbial species into discussions so that students can
begin to appreciate the tremendous variation in the microbial
world. Chapter 19 now covers microbia evolution in greater
depth than other texts. It has been retitled Microbial Evolution,
Taxonomy, and Diversity and the content significantly revised so
that microbial evolution is presented as a key component of mi-
crobiology. We also introduce and frequently remind students of
the enormity of microbial diversity. Like previous editions, the
seventh edition features specific chapters that review the mem-
bers of the microbial world. The chaptersthat are specifically de-
voted to ecology (chapters 27 through 29) have undergone
significant revisions. We continue to use the classification
scheme set forth in the second edition of Bergey's Manual of Sys-
tematic Bacteriology; in addition, we have introduced the Balti-
more System of virus classification and the | nternational Society
of Protistologists' new classification scheme for eucaryotes in
chapters 18 and 25, respectively.
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Writing for Student Understanding

Our goal as a new author team was to retain the straightforward
writing style of previous editions while at the same time making
the text more readable for the average college student. We have
thus added style elements designed to help the reader understand
the larger context of the topic at hand. For example, the opening
text in severa chapters is accompanied by a concept map, en-
abling the student to visualize the rel ationshi ps among component
topics found within a chapter. Parts of the text are now written in
first person; we want studentsto appreciate that we, asauthors, un-
derstand that learning is a process that needs to be guided.

Significantly Enhanced Art Program

Today’s student must be visually engaged. The artwork in each
chapter of the seventh edition has been revised and updated to
include realistic, three-dimensional images designed to spark
student interest and curiosity. This new program uses bright
and appealing colors that give the text an attractive look. We
have taken the opportunity to both update and annotate a num-
ber of images so that students can picture a complex process
step-by-step. New pedagogical features such as concept maps
and annotation of key pathways have been added. The three-
dimensional renderings help the student appreciate the beauty
and elegance of the cell, while at the same time making the ma-
terial more comprehendible.

Questions for Review and Reflection

Our belief that conceptsare just asimportant asfacts, if not more,
isalso reflected in the questionsfor review and reflection that ap-
pear throughout each chapter. Those who have used previous edi-

tions of Microbiology may noticethat in addition to questions that
quiz theretention of key facts, new questions designed to be more
thought provoking have been added.

CONTENT CHANGES BY PART

Each chapter has been thoroughly reviewed and almost al have
undergone significant revision. In some chapters, there are
changesin both organization and content (e.g., chapters 11 to 13),
while many other chapters retain the same order of presentation
but the content has been updated. A summary of important new
material by partsincludes:

Partl

Chapter 1—Expanded introduction to the three domains of life
and the microbes found in each domain.
Chapter 3—Increased coverage of the difference between ar-
chaeal and bacterial cellular structure.
Chapter 4—Reorganized and updated discussion of the
biosynthetic-secretory pathway and endocytosis.
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Partll

Chapter 6—Updated discussion of the procaryotic cdl cycle, in-
cluding current models of chromosome partitioning and septation;
updated and expanded coverage of biofilms and quorum sensing.

Part il

Chapter 8—A new section providing an overview of metabolism
and aframework for the more detailed discussions of metabo-
lism that follow; chemotaxis is introduced as an example of
regulation of a behavioral response by covalent modification
of enzymes.

Chapter 9—Reorganized discussion of chemoorganotrophic me-
tabolism to illustrate the connections among the pathways used



and how these pathways supply the materias needed for an-
abolism; addition of adiscussion of rhodopsin-based phototrophy.
Chapter 10—Reorganized to more clearly correlate N-, P-, and
S-assimilation mechanisms with the synthesis of amino acids
and nucleotides; discussion of peptidoglycan synthesisis in-
cluded in the discussion of polysaccharide biosynthesis.

Part 1V

Chapter 11—Reorganized to focus solely on genome structure
and replication, gene structure, and gene expression.

Chapter 12—Focuses exclusively on the regulation of gene ex-
pression; reorganized according to level at which regulation
occurs; updated and expanded discussion of riboswitches and
regulation by small RNA molecules.

Chapter 13—Covers mutation, repair, and recombination in the
context of processes that introduce genetic variation into pop-
ulations.

PartV

Chapter 14—Begins with, and then builds upon, a concept map
describing the principal steps involved in the construction of
recombinant DNA molecules with emphasis that recombinant
DNA technology isnot confined to afew model and industrial
microorganisms.

Chapter 15—Rewritten to explore the many ways in which ge-
nomics has changed microbiology. Expanded sections on
bioinformatics and functional genomics, and anew sectionin-
troduces environmental genomics (metagenomics).

Part Vi

Chapter 16—A new section describing virus reproduction in
genera terms, so that this chapter can now stand alone as an
introduction to viruses.

Part VIl

Chapter 19—Rewritten and re-titled Microbial Evolution, Tax-
onomy, and Diversity; the chapter now opens with an in-depth
discussion of the origin of life. Discussion of molecular tech-
niques and their importance in microbial taxonomy has also
been expanded.

Chapter 20—In keeping with recent discoveries describing the
ubiquity of archaea, the seventh edition presents the differ-
ences between microbesin the bacterial and archaeal domains
in chapter 3. Thus chapter 20 now presents a more in-depth
look at some of the specifics of archaeal physiology, genetics,
taxonomy, and diversity.

Chapter 25—The protist chapter has been completely rewritten in
accordance with the 2005 reclassification of the Eucarya by the
International Society of Protistologists. Emphasis is placed on
medically and environmentally important protists. Thusthe chap-
ter entitled The Algae found in previous editions has been eimi-
nated and photosynthetic protists are now covered in chapter 25.

Preface XV

Part Vil

Chapter 27—Rewritten and re-titled Biogeochemical Cycling
and Introductory to Microbial Ecology. Expanded coverage of
biogeochemical cycling now includes the phosphorus cycle.
Discussion on microbial ecology emphasizes the importance
and application of culture-independent approaches. Discus-
sion of water purification and wastewater treatment has been
moved to chapter 41, Applied and Industrial Microbiology.

Chapter 28—Expanded and reorganized to cover the microbial
communities found in the major biomes within marine and
freshwater environments. The role of the oceansin regulating
global warming isintroduced.

Chapter 29—Reorganized to first introduce soils as an environ-
ment, is followed by more in-depth and updated treatment of
mycorrhizae, therhizobia, and plant pathogens. Approachesto
studying the subsurface environment and new discoveriesin
this growing field are now included.

Chapter 30—Muicrobia interactions previously introduced in
chapter 27 have been moved to this chapter, where they are
presented along with human-microbe interactions (previously
presented with innate immunity), helping to convey the con-
cept that the human body is an ecosystem.

Part IX

Chapter 31—Reorganized and updated “ nonspecific host resist-
ance” asitsown chapter (normal microflorais now in chapter
30); enhanced sections on natural antimicrobial substances.

Chapter 32—Reorganized and updated to enhance linkages be-
tween innate and acquired immune activities; integrated med-
ical immunology concepts.

Chapter 33—Most virulence mechanisms have been either up-
dated and/or expanded; added section on host defenses to mi-
crobial invasion to link infectious disease processes with host
immunity.

Part X

Chapter 34—Content focuses on mechanism of action of each
antimicrobial agent; added section on anti-protozoan drugs.
Chapter 35—Now includes both clinical microbiology and im-
munology; reorganized and updated to reflect current clinical

laboratory practices.

Chapter 36—New focus on the important role of epidemiology
in preventative medicine, thus vaccines are now covered in
this chapter (formerly found in chapter 32); new section on
bioterorrism preparedness added.

Chapter 37—Reorganized and updated to reflect viral pathogene-
sis; select (potentia bioterrorism) agents highlighted; influenza
section augmented to include the most current information re-
garding avian influenza; HIV etiology, pathogenesis and treat-
ment sections updated; new section on viral zoonoses.

Chapter 38—Expanded coverage of bacterial pathogenesis; se-
lect (potential bioterrorism) agents highlighted; new sections
on group B streptococcal disease and bacterial zoonoses.
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Chapter 39—Reorganized and updated to reflect disease trans-
mission routes (similar to chapters 37 and 38); new sectionson
cyclospora and microsporidia.

Cross-Referenced Notes

* In-text notes in blue type refer students to other parts of the
book to review.

Part XI

Chapter 40—Expanded discussion of lactic acid bacteria, probi-
otics: chocolate fermentation now featured in a Techniques &
Applications box.

Chapter 41—Revised to include water purification and waste-
water treatment. New section on nanotechnology; expanded
section on the hiochemistry of bioremediation.

Review and Reflection Questions within Narrative

» Review questions throughout each chapter assist students in
mastering section concepts before moving on to other topics.

the color they fluoresce after treatment with a special mixture of
stains (figure 2.13a). Thus the microorganisms can be viewed
and directly counted in arelatively undisturbed ecological niche.
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Although living microorganisms can be directly examined with
the light microscope, they often must be fixed and stained to in-

PREPARATION AND STAINING OF SPECIMENS

of from specimens techniques L micra ! ‘
(section 35.2) crease visibility, accentuate specific morphological features, and
preserve them for future study.
1. List the parts of a light microscope and describe their functions.
2 on, numerical aperture, working distance,and Fixation
3. If is viewed using a 5X objecti i ith a 15X eye- . . " o
TOOLS FOR LEARNING G L EMRR s PO e G The stained cells seen in amicroscope should resemble living cells

3
piece, howmanyumeshas(helmaqebeenmagmfed asclosdly aspossible. Fixation isthepr by which theintermal

° & ) P Hnware I nﬂmm and external structures of cells and microorganisms are preserved
Chapter Preview 5 Whatisthefnclonof mmerion andixedin ostion I nctvctes ceymes et mighl dsuptcl
6. Why don't most light microscopes use 30X ocular lenses for greater magnifi- g\?r‘i'sgosﬁnga;ug ens aianr:n:‘\lrcerf):rjgmineﬂmgl?;iskﬂg
H 1 1 1 1 cation? - L . P
° Ea:h Chapter b%lns Wlth a pra/lelv—aIISt Of Important Con_ 7. Briefly describe how dark-field, phase-contrast, differential interference and attached firmly to the microscope dlide during fixation.

There are two fundamentally different types of fixation.
Heat fixation is routinely used to observe procaryotes. Typi-
cally, afilm of cells (asmear) isgently heated asaslideis passed

contrast, and epifiuorescence microscopes work and the kind of image
provided by each. Give a specific use for each type.

cepts discussed in the chapter.

The History and Scope
of Microbiology

Louis Pasteur, one o the greatest scientists of the nineteenth century,

Energy Source
Chemoorganotroph—organic molecules

Chemolithotroph—inorganic molecules.
Phototroph—light

humanity, and s atorch which illuminates the world."

B

+ Microbiology s defined not only by the size ofits subjects but the
techniques it uses to study them.

+ Microorganisms include acellular entities (e.g, viruses), procarytic
cells,and eucaryotic cells. Cellular microorganisms are found in all
three domains of lfe: Bacteria, Archaea, Eucarya.

+ The development of microbiology as a scientific discipline has de-
pended on the availability of the microscope and the ability to iso-
late and grow pure cultures of microorganisms. The development
of these techniques in large part grew out of studies disproving the
Theory of Spontaneous Generation and others establishing that
microorganisms can cause disease.

« Microbiology is a large discipline; it has had and will continue to
have a great impact on other areas of biology and general human
welfare.

can't be h

they are necessary for the production of bread, cheese, beer, an-
tibiotics, vaccines, vitamins, enzymes, and many other important
products. Indeed, modern biotechnology rests upon a microbio-
logical foundation.

Although the majority of microorganisms play beneficial or
benign roles, some harm humans and have disrupted society over
the millennia. Microbial diseases undoubtedly played a major
rolein historical events such s the decline of the Roman Empire
and the conquest of the New World. In 1347, plague or black
desth, an arthropod-borne disease, struck Europe with brutal
force, killing /3 of the population (about 25 million people)
within four years. Over the next 80 years, the disease struck again
and again, eventually wiping out 75% of the European popula-
tion. Theplagt
it changed European culture and prepared the way for the Re-
naissance. Today the siruggle by microbiologists and others

he
I sized. In terms of sheer number and mass—it is estimated
that microbes contain 50% of the biological carbon and
90% of the biological nitrogen on Earth—they greatly exceed
every other group of organisms on the planet. Furthermore, they
found ventsin

against killers like AIDS and mal
In this introductory chapter, we introduce the microbial
world to provide a general idea of the organisms and agents that
microbiologists study. Then we describe the historical develop-
ment of and i to medi-
cine and other areas of biology. Finally, we discuss the scope,

Figure 8.1
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Overview of Metabolism.  The cell structures of organisms are assembled from various macromolecules (e.g, nucleic acids
d other building blocks (e.g., nucleotides and amino acids), which are the
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* Interesting essays on relevant topics are included
in each chapter. Readings are organized into these
topics: Historical Highlights, Techniques & Appli-
cations, Microbial Diversity & Ecology, Disease,

and Microbial Tidbits.
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robial Diversity & Ecology
SARS: Evolution of a Virus

In November 2002, a mysterious pneumonia was seen in the
Guangdong Province of China, but the first case of this new type of
pneumonia was not reported until February 2003. Thanks to the
ease of global travel, it took only a couple of months for the pneu-
monia to spread to more than 25 countries in Asia, Europe, and
North and South America This newly emergent pneumoniawas la-
beled Severe Acute Respiratory Syndrome (SARS) and its
causative agent was identified as a previously unrecognized mem-
ber of the coronavirus family, the SARS-CoV. Almost 10% of the
roughly 8,000 people with SARS died. However, once the epidemic
was contained, the virus appeared to “die out,” and with the excep-
tion of afew mild, sporadic casesin 2004, no additional cases have
been identified. From where does a newly emergent virus come?
What does it mean when avirus “dies out”?

We can answer these questions thanks to the availability of the
complete SARS-CoV genome sequence and the power of molecular
modeling. Coronaviruses are large, enveloped viruses with positive-
strand RNA genomes. They are known to infect avariety of mammals
and birds. Researchers suspected that SARS-CoV had “jumped”
from its animal host to humans, so samples of animals at open mar-
ketsin Guangdong were taken for nucleotide sequencing. These stud-
iesrevealed that cat-like animals called masked palm civits (Paguma
larvata) harbored variants of the SARS-CoV. Although thousands of
civitswere then slaughtered, further studiesfailed to find widespread
infection of domestic or wild civits. In addition, experimental infec-
tion of civits with human SARS-CoV strains made these animalsill,
making the civit an unlikely candidate for the reservoir species. Such
aspecieswould be expected to harbor SARS-CoV without symptoms
so that it could efficiently spread the virus.

Bats are reservoir hosts of several zoonotic viruses (viruses
spread from animals to people) including the emerging Hendra and
Nipah viruses that have been found in Australia and East Asia, re-
spectively. Thusit was perhaps not too surprising when in 2005, two
groups of international scientists independently demonstrated that
Chinese horseshoe bats (genus Rhinol ophus) are the natural reservoir
of aSARSHik onavirus. When of the human and bat
SARS-CoV are aligned, 92% of the nucleotides are identical. More
revealing is alignment of the translated amino acid sequences of the
proteins encoded by each virus. The amino acid sequences are 96 to
100% identical for all proteins except the receptor-binding spike pro-
teins, which are only 64% identical. The SARS-CoV spike protein
mediates both host cell surface attachment and membrane fusion.
Thusamutation of the spike protein allowed thevirusto “jump” from
bat host cells to those of another species. It is not clear if the SARS-

Receptor Activity

| Tidbits
Biosensors: The Future Is Now

Micro
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The 120-plus-year-old pathogen detection systems based on culture
and biochemical phenotyping are being challenged. Fueled by the
release of anthrax spores in the U.S. postal system, government
agencies have been calling for newer technologies for the near-
immediate detection and identification of microbes. In the past, de-
tection technol ogies have traded speed for cost and complexity. The
agar plate technique, refined by Robert Koch and his contempo-
raries in the 1880s, is atrusted and highly efficient method for the
isolation of bacteria into pure cultures. Subsequent phenotyping
biochemical methods, often using differential media in a manner
similar to that used in the isolation step, then identifies common
bacterial pathogens. Unfortunately, reliable results from this
process often take several days. More rapid versions of the pheno-
typing systems can be very efficient, yet still require pure culture
inoculations. The rapid immunological tests offer faster detection
responses but may sacrifice sensitivity. Even DNA sequence com-
parisons, which are extremely accurate, may require significant
time for DNA amplification and significant cost for reagents and
sensitive readers. As usual, necessity has begat invention.

The more recent microbial detection systems, many of which
aredtill untested in the clinical arena, sound lik i iction giz-
mos, yet promise anew age for near-immediate detection and iden-
tification of pathogens. These technologies are collectively referred
to as “biosensors,” and if the biosensor is integrated with a com-
puter microchip for information management, it is then called a
“biochip.” Biosensors should ideally be capable of highly specific
recognition so as to discriminate between nearest relatives, and

“communicate” detection through some type of transducing system.
Biosensors that detect specific DNA sequences, expressed proteins,
and metabolic products have been developed that use optical
(mostly fluorescence), ical, or even i it
to report detection. The high degree of recognition required to re-
duce false-positive results has demanded the uniquely specific,
receptor-like capture that is associated with nucleic acid hybridiza-
tion and antibody binding. Several microbial biosensors employ
single-stranded DNA or RNA sequences, or antibody, for the detec-
tion component. The transducing or sensing component of biosen-
sors may be markedly different, however. For example,
microcantilever systems detect the increased mass of the receptor-
bound ligand; the surface acoustic wave device detects change in
specific gravity; the bulk quartz resonator monitors fluid density
and viscosity; the quartz crystal microbalance measures frequency
change in proportion to the mass of material deposited on the crys-
tal; the micromirror sensor uses an optical fiber waveguide that
changesreflectivity; and theliquid crystal-based system reportsthe
reorientation of polarized light. Thus the specific capture of alig-
and is reflected in the net change measured by each system and re-
sultsin asignal that announces the initial capture event. Microchip
control of the primary and subsequent secondary signals has re-
sultedin ion of the d ion process. Thereliable d i
of pathogens in complex specimens will be the real test as each of
these technologies continues to compete for a place in the clinical
laboratory.

iman SARS
Spike 2003-2004.

an SARS
pike 2002-2003

(a) Good (b) Poor (c) Poor
Host Range of SARS-CoV Is Determined by Several
Amino Acid Residues in the Spike Protien. (a) The spike

protien of the SARS-CoV that caused the SARS epidemic in

2002-2003 fits tightly to the human host cell receptor ACE2. (b)
The civit SARS-CoV has two different amino acids at positions 4
and 487.This spike protein binds very poorly to human ACE2,
thus the receptor is only weakly activated. (c) The spike protein
on the human SARS-CoV that was isolated from patients in 200!
and 2004 also differs from that seen in the epidemic-causing
SARS-CoV by two amino acids. This SARS-CoV variant caused on|
mild, sporadic cases.

within the RBD, only four differ between civit and human. Two|
these amino acids appear to be critical. As shown in the Box figul
compared to the spike RBD in the SARS-CoV that caused
2002-2003 epidemic, the civit spike has a serine (S) substituted
athreonine (T) at position 487 (T487S) and alysine (K) at positi
479 instead of asparagine (N), N479K. This causes a 1,000-fold
crease in the capacity of the virus to bind to human ACE2. Furth
more, the spike found in SARS-CoV isolated from patientsin 2
and 2004 also has a serine at position 487 aswell asaproline (P)
leucine (L) substitution at position 472 (L472P). These amino af
substitutions could be responsible for the reduced virulence of
virus found in these more recent infections. In other words, thy
mutations could be the reason the SARS virus “died out.”
Meanwhile a SARS vaccine based on the virulent 2002-2
strain is being tested. This raises additional questions. Does
P o
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Chocolate: The Sweet Side of Fermentation

Chocolate could be characterized as the “world's favorite food,”
and yet few people realize that fermentation is an essential part of
chocolate production. The Aztecs were the first to develop choco-
|ate fermentation, serving a chocolate drink made from the seeds of
the chocolate tree, Theobroma cocao [Greek theos, god and broma,
food, or “food of the gods']. Chocolate trees now grow in West
Africaaswell as South America.

The process of chocolate fermentation has changed very little
over the past 500 years. Each tree produces a large pod that contains
30 to 40 seeds in asticky pulp (see Box Figure). Ripe pods are har-
vested and slashed open to rel ease the pul p and seeds. The sooner the
fermentation begins, the better the product, so fermentation occurson
the farm where the trees are grown. The seeds and pulp are placed in
“sweat boxes” or in heapsin the ground and covered, usually with ba-
nanaleaves.

Historica
5.1

Highlights

The Discovery of Agar as a Solidifying Agent and the Isolation of Pure Cultures

The earliest culture mediawere liquid, which made the isolation of
bacteria to prepare pure cultures extremely difficult. In practice, a
mixture of bacteria was diluted successively until only one organ-
ism, as an average, was present in a culture vessel. If everything
went well, the individual bacterium thus isolated would reproduce
to give apure culture. This approach was tedious, gave variable re-
sults, and was plagued by contamination problems. Progressin iso-
lating pathogenic bacteria understandably was slow.

Tt o] of i growing
solid media and efficiently obtaining pure cultures was due to the
efforts of the German bacteriologist Robert Koch and his associ-
ates. In 1881 Koch published an article describing the use of boiled
potatoes, sliced with a flame-sterilized knife, in culturing bacteria.
The surface of a sterile slice of potato was inoculated with bacteria
from a needle tip, and then the bacteria were streaked out over the
surface so that a few individual cells would be separated from the
remainder. The slices were incubated beneath bell jars to prevent
airborne contamination, and the isolated cells developed into pure
colonies. Unfortunately many bacteriawould not grow well on po-
tato slices.

At about the same time, Frederick Loeffler, an associate of
Koch, developed a meat extract peptone medium for cultivating

pathogenic bacteria. Koch decided to try solidifying this medium.
Koch was an amateur photographer—he was the first to take pho-
tomicrographs of bacteria—and was experienced in preparing his
own photographic plates from silver salts and gelatin. Precisely the
same approach was employed for preparing solid media He spread
amixture of Loeffler's medium and gelatin over a glass plate, al-
lowed it to harden, and inoculated the surface in the same way he
had inoculated his sliced potatoes. The new solid medium worked
well, but it could not be incubated at 37°C (the best temperature for

B

Like most fermentations, this process involves a succession of
microbes. First, acommunity of yeasts, including Candida rugosa
and Kluy: marxianus, hydrolyze the pectin that
seeds and ferment the sugars to release ethyl alcohol and Co,. As
the temperature and the alcohol concentration increase, the yeasts
areinhibited and lactic acid bacteria increase in number. The mix-
tureisstirred to he mi ensure an even temp:
distribution. Lactic acid production drives the pH down; this en-
courages the growth of bacteria that produce acetic acid as a fer-
mentation end product. Acetic acid is critical to the production of
fine chocolate becauseit killsthe sprout inside the seed and rel eases
enzymes that cause further degradation of proteins and carbohy-
drates, contributing to the overal| taste of the chocolate. In addition,
acetate esters, derived from acetic acid, areimportant for the devel-
opment of good flavor. Fermentation takes five to seven days. An
experienced chocolate grower will know when the fermentation is
complete—if it is stopped too soon the chocolate will be bitter and
astringent. On the other hand, if fermentation lasts too long, mi-
crobes start growing on the seedsinstead of in the pulp. “ Off-tastes”
arise when the gram-positive bacterium Bacillus and the filamen-
tous fungi Aspergillis, Penicillium, and Mucor hydrolyze lipids in
the seeds to release short-chain fatty acids. Asthe pH beginstorise,
the bacteria of the genera Pseudomonas, Enterobacter, and Es-
cherichia also contribute to bad tastes and odor.

After fermentation, the seeds, now called beans, are spread out to
dry. Ideally this is done in the sun, athough drying ovens are also
used. The oven-drying method is considered inferior because the
beans can acquire a smoky taste. The dried beans are brown and lack
the pulp. They are bagged and sold to chocolate manufacturers, who
first roast the beans to further reduce the bitter taste and kill most of
the microbes (some Bacillus spores may remain). The beans are then
ground and the nibs—the inner part of each bean—are removed. The
nibs are crushed into a thick paste called a chocolate liquor, which
contains cocoa solids and cocoa butter, but no alcohol. Cocoa solids
are hrown and by ich flavor and hasahioh fat con.

most human bacterial pathogens) because the gelatin would
Furthermore, some bacteria digested the gelatin.

About ayear later, in 1882, agar was first used as a solidi
agent. It had been discovered by a Japanese innkeeper, Mil
Tarazaemon. The story goes that he threw out extra seaweed
and discovered the next day that it had jelled during the cold
night. Agar had been used by the East Indies Dutch to make j
and jams. Fannie Eilshemius Hesse (seefigure 1.7), the New Jej
born wife of Walther Hesse, one of Koch's assistants, had leg
of agar from a Dutch acquaintance and suggested its use wher|
heard of the difficulties with gelatin. Agar-solidified mediur
an instant success and continues to be essential in all areq
microbiology.

Disease

1.2 Koch’s Molecular Postulates

Although the criteria that Koch developed for proving a causal rela-
tionship between a microorganism and a specific disease have been
of great importance in medical microbiology, it is not always possi-
ble to apply them in studying human diseases. For example, some
pathogens cannot be grown in pure culture outside the host; because
other pathogens grow only in humans, their study would require ex-

i ion on people. Thei ication, isolation, and cloning of
genes responsible for pathogen virulence have made possible a new
molecular form of Koch's postulates that resolves some of these dif-
ficulties. The emphasisis on the virulence genes present in the infec-
tious agent rather than on the agent itself. The molecular postulates
can be briefly summarized as follows:

1. The virulence trait under study should be associated much more
with pathogenic strains of the species than with nonpathogenic
strains.

2. Inactivation of the gene or genes associated with the suspected
virulence trait should substantially decrease pathogenicity.

3. Replacement of the mutated gene with the normal wild-type gene
should fully restore pathogenicity.

4. The gene should be expressed at some point during the infection
and disease process.

5. Antibodies or immune system cells directed against the gene
products should protect the host.

The molecular approach cannot aways be applied because of prob-
lems such as the lack of an appropriate animal system. It also is dif-
ficult to employ the molecular postulates when the pathogen is not
well characterized genetically.
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Chapter Summaries

summay 37  End-of-chapter summaries are organized by num-
bered headings and provide a snapshot of impor-
. How does a confocal microscope operate? Why does it provide better im- tant Chapta‘ Concwts.

ages of thick specimens than does the standard compound microscope?

. Briefly describe the scanning probe microscope and compare and con-
trast its most popular versions—the scanning tunneling microscope and
the atomic force microscope. What are these microscopes used for?

has been used to study the interactions between the E. coli GroES
and GroEL chaperone proteins, to map plasmids by locating re-
striction enzymes bound to specific sites, to follow the behavior of
living bacteriaand other cells, and to visualize membrane proteins
(figure2.29).

~

2.1 Lenses and the Bending of Light b. Most positively
a  Alight ray moving from air to glass, or vice versa, is bent in a process known bind to ionized parts of cells.
as refraction. c In ised to stain

a

Differential staining procedures like the Gram stain and acid-fast stain distin-
quish between microbial groups by staining them differently (figure 2.15)
Some staining techniques are specific for particular structures like becterial
capsules, flagella, and endospores (figure 2.14).

b, Lensesfocuslight rays a afocal point and magnify images (figure 2.2).

I
o
o

The Light Microscope
a Inacompound microscope like the bright-field microscope, the primary im-

anobj enlarged by ocular lens
toyield thefinal image (figure 2.3). 24 Electron Microscopy

b. Asubsiag light on the specimen. a Thetransmission electron microscope uses magnetic lenses to form an im-

c resolution the of radiation used to illu- age from electrons that have passed through a very thin section of a speci-
minete the specimen decresses. The maximum resolution of  light micro- men (figure 2.19). Resolution is high because the wavelength of electrons
scopeis about 0.2 um. is very short.

d. The dark-field microscope uses only refracted light to form an image (fig- - Thin section contrast can be increased by treatment with solutions of heavy
ure2.7), and objects glow against a black background. metalslike osmium tetroxide, uranium, and lead,

e Theph wast i and  © Specimens are also prepared for the TEM by negative staining, shadowing
density of cellsinto changes in light intensity and thus makes colorless, un- with metal, or freeze-etching.

a

The scanning electron microscope (figure 2.23) is used to study external sur-
face features of microorganisms.

stained cellsvisible (figure 2.9).

The differential interference contrast microscope uses two beams of light to

create high-contrast, three-dimensional images of live specimens.

g The luminates a Jabeled specimen
and forms an image from its fluorescence (figure 2.12).

255 Newer Techniques in Microscopy

The confocal scanning laser microscope (figure 2.25) is used to study thick,
complex specimens.

o

2.3 Preparation and Staining of Specimens b. Scanning ery high allow scien-
a  Specimens usually must be fixed and stained before viewing them in the tists to observe biological molecules (figures 2.27 and 2.29)
bright-field microscope.

acidic dyes 26 differential staining 26 Gram stain 26 resolution 18
acid-fast staining 26 endospore staining 26 heat fixation 25 scanning electron microscope
atomic force microscope 36 eyepieces 18 mordant 26 (SEM) 30
basic dyes 26 fixation 25 negative staining 26 scanning probe microscope 35
bright-field microscope 18 flagellastaining 28 numerical aperture 19 scanning tunneling microscope 35
capsule staining 26 i 23 biective lenses 18 shadowing 29
chemical fixation 26 fluorescent light 23 ocular lenses 18 simple staining 26
chromophore groups 26 fluorochromes 24 parfocal 18 substage condenser 18
confocal scanning laser microscope focal length 18 ph ast 21 ission electron mi

(CSLM) 34 focal point 18 refraction 17 (TEM) 29
dark-field microscope 21 freeze-etching 30 refractiveindex 17 working distance 20
differential interference contrast (DIC)

microscope 23

End-of-Chapter Material

 Key Terms highlight chapter terminology and 38 Chapter2 The Studyof MicrobialStructure
list term location in the chapter.

» Critical Thinking Questions supplement the

questions for review and reflection found

1. 1f you prepared a sample of a specimen for light microscopy, stained with the included in the article and why that particular type of microscopy was the
. H Gram stain, and iing when you looked through your light mi- method of choice for the research. What other figures would you like to see
throughout each chapter; they are designed to omope 15 theings et you iy v . Wt his Sy Ol th g et te e etore oL tekoin crdr
. . . . 2. Inajournal article, find an example of alight micrograph, ascanning or trans- to obtain such photographs or figures.
stimulate analytical problem solving skills. ichondesron micrgrah, o cofoca 1mege. DIRe i (o o wee

» Learn Moreincludesashort list of recent and

relevant papers for the interested student and

prof essor. Additional references can be Binning, G., and Rohrer, H. 1985. The scanning tunneling microscope. Sci. Am.  Rochow, T. G. 1994, Introduction to microscopy by means o light, electrons, X-rays,
" 253(2):50-56. or acoustics. New York: Plenum.

Dufréne, Y. F. 2008, Atomic force microscopy provides anew meansfor looking &t Scherrer, Rene. 1984, Gram's staining reaction, Gram types and cell walls of bc-
found a the Preg:Ott Webs te at www. mh he’ microbial cells. ASV News 69(9):438-42. teria. Trends Biochem. Sci. 9:242-45.

Horber, JK.H., and Miles, M. J. 2003. Scanning probe evolutionin biology. Science  Stephens, D. J., and Allan, V. J. 2003. Light microscopy techniques for live cell im-
convprescott?. e e Sl

Lillie, R. D. 1969. H. J. Conn's biological stains, 8th ed. Baltimore: Williams &

Wilkins.

Please visit the Prescott website at www.mhhe.com/prescott7
for additional references.
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STUDENT RESOURCES

Student Study Guide

The Student Study Guide is a valuable resource that provides
learning objectives, study outlines, learning activities, and self-
testing material to help students master course content.

Laboratory Exercises in Microbiology

The seventh edition of Laboratory Exercisesin Microbiology by
John P. Harley has been prepared to accompany the text. Like the
text, the laboratory manual provides a balanced introduction in
each area of microbiology. The class-tested exercises are modu-
lar and short so that an instructor can easily choose those exer-
cises that fit his or her course.

ARIS

McGraw-Hill’'s ARIS—Assessment, Review, and Instruction
System for Prescott, Harley, and Klein's Microbiology,
www.mhhe.com/prescott?. This online resource provides helpful
study materials that support each chapter in the book. Features
include:

Self-quizzes

Animations (with quizzing)
Flashcards

Clinical case studies

Additional course content and more!

INSTRUCTOR RESOURCES

ARIS (www.mhhe.com/prescott7)

McGraw-Hill’'s ARIS—Assessment, Review, and Instruction
System for Prescott, Harley, and Klein's Microbiology is a com-
plete, online tutorial, electronic homework, and course manage-
ment system. Instructors can create and share course materials
and assignments with colleagues with afew clicks of the mouse.
All PowerPoint lectures, assignments, quizzes, and tutorials are
directly tied to text-specific materials. Instructors can aso edit
guestions, import their own content, and create announcements
and due dates for assignments. ARIS has automatic grading and
reporting of easy-to-assign homework, quizzing, and testing. All
student activity within McGraw-Hill’s ARIS is automatically
recorded and available to the instructor through afully integrated
grade book that can be downloaded to Excel. Contact your local
McGraw-Hill Publisher’s representative for more information on
getting started with ARIS.

ARIS Presentation Center

Build instructional materials wherever, whenever, and
however you want!

ARIS Presentation Center is an online digital library containing
assets such as photos, artwork, animations, PowerPoints, and
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other media types that can be used to create customized lectures,
visually enhanced tests and quizzes, compelling course websites,
or attractive printed support materials.

Access to your book, access to all books!

The Presentation Center library includes thousands of assetsfrom
many McGraw-Hill titles. This ever-growing resource gives in-
structors the power to utilize assets specific to an adopted text-
book aswell as content from all other books in the library.

Nothing could be easier!

Accessed from the instructor side of your textbook’s ARIS web-
site, Presentation Center’s dynamic search engine allows you to
explore by discipline, course, textbook chapter, asset type, or
keyword. Simply browse, select, and download thefilesyou need
to build engaging course materials. All assets are copyright
McGraw-Hill Higher Education but can be used by instructorsfor
classroom purposes.

* Art Library—Color-enhanced, digital files of al illustra-
tionsin the book can be readily incorporated into lecture pre-
sentations, exams, or custom-made classroom materials. The
large, bolded labels make the images appropriate for use in
large lecture halls.

e TextEdit Art Library—Every line art piece is placed into a
PowerPoint presentation that allows the user to revise, move,
or delete labels as desired for creation of customized presen-
tations or for testing purposes.

e Photo Library—Like the Art Library, digital files of al the
photographs from the book are available.

 Table Library—Every table that appearsin the book is pro-
vided in electronic form.

e Animations Library—Full-color presentations involving
key process figures in the book have been brought to life via
animations. These animations offer flexibility for instructors
and were designed to be used in lecture or for self-study. In-
structors can pause, rewind, fast forward, and turn audio
off/on to create dynamic lecture presentations.

» Power Point Lecture Outlines—These ready-made presen-
tations combine art and lecture notes for each of the 41 chap-
ters of the book. The presentations can be used asthey are, or
they can be customized to reflect your preferred lecture top-
ics and organization.

» Power Point Outlines—The art, photos, and tables for each
chapter are inserted into blank PowerPoint presentations to
which you can add your own notes.

Instructor Testing and Resource CD-ROM

This cross-platform CD containsthe Instructor’s Manual and Test
Bank, both available in Word and PDF formats. The Instructor’s
Manual contains chapter overviews, objectives, and answer
guidelines for Critical Thinking Questions. The Test Bank pro-
vides questions that can be used for homework assignments or the
preparation of exams. The computerized test bank allows the user
to quickly create customized exams. This user-friendly program
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allowsinstructorsto search for questions by topic, format, or diffi-
culty leve; edit existing questions or add new ones; and scramble
questions and answer keys for multiple versions of the same test.

Transparencies

A set of 250 full-color acetate transparencies is available to sup-
plement classroom lectures. These have been enhanced for pro-
jection and are available to adopters of the seventh edition.
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The History and Scope
of Microbiology

Microbiology is defined not only by the size of its subjects but the
techniques it uses to study them.

Microorganisms include acellular entities (e.g., viruses), procarytic
cells, and eucaryotic cells. Cellular microorganisms are found in all
three domains of life: Bacteria, Archaea, Eucarya.

The development of microbiology as a scientific discipline has de-
pended on the availability of the microscope and the ability to iso-
late and grow pure cultures of microorganisms. The development
of these techniques in large part grew out of studies disproving the
Theory of Spontaneous Generation and others establishing that
microorganisms can cause disease.

Microbiology is a large discipline; it has had and will continue to
have a great impact on other areas of biology and general human
welfare.

sized. In terms of sheer number and mass—it is estimated

that microbes contain 50% of the biological carbon and
90% of the biological nitrogen on Earth—they greatly exceed
every other group of organisms on the planet. Furthermore, they
are found everywhere: from geothermal vents in the ocean depths
to the coldest arctic ice, to every person’s skin. They are major
contributors to the functioning of the biosphere, being indispens-
able for the cycling of the elements essential for life. They also
are a source of nutrients at the base of all ecological food chains
and webs. Most importantly, certain microorganisms carry out
photosynthesis, rivaling plants in their role of capturing carbon
dioxide and releasing oxygen into the atmosphere. Those mi-
crobes that inhabit humans also play important roles, including
helping the body digest food and producing vitamins B and K. In
addition, society in general benefits from microorganisms, as

T he importance of microorganisms can’t be overempha-

Louis Pasteur, one of the greatest scientists of the nineteenth century,
maintained that “Science knows no country, because knowledge belongs to
humanity, and is a torch which illuminates the world.”

they are necessary for the production of bread, cheese, beer, an-
tibiotics, vaccines, vitamins, enzymes, and many other important
products. Indeed, modern biotechnology rests upon a microbio-
logical foundation.

Although the majority of microorganisms play beneficial or
benign roles, some harm humans and have disrupted society over
the millennia. Microbial diseases undoubtedly played a major
role in historical events such as the decline of the Roman Empire
and the conquest of the New World. In 1347, plague or black
death, an arthropod-borne disease, struck Europe with brutal
force, killing 1/3 of the population (about 25 million people)
within four years. Over the next 80 years, the disease struck again
and again, eventually wiping out 75% of the European popula-
tion. The plague’s effect was so great that some historians believe
it changed European culture and prepared the way for the Re-
naissance. Today the struggle by microbiologists and others
against killers like AIDS and malaria continues.

In this introductory chapter, we introduce the microbial
world to provide a general idea of the organisms and agents that
microbiologists study. Then we describe the historical develop-
ment of the science of microbiology and its relationship to medi-
cine and other areas of biology. Finally, we discuss the scope,
relevance, and future of modern microbiology.

1.1 MEMBERS OF THE MicROBIAL WORLD

Microbiology often has been defined as the study of organisms
and agents too small to be seen clearly by the unaided eye—that
is, the study of microorganisms. Because objects less than about
one millimeter in diameter cannot be seen clearly and must be

Dans les champs de I’observation, le hasard ne favorise que les esprits prépareés.
(In the field of observation, chance favors only prepared minds.)

—L ouis Pasteur
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examined with a microscope, microbiology is concerned pri-
marily with organisms and agents this small and smaller.
However, some microorganisms, particularly some eucaryotic
microbes, are visible without microscopes. For example, bread
molds and filamentous algae are studied by microbiologists, yet
are visible to the naked eye, as are the two bacteria Thiomargarita
and Epulopiscium. Microbial Diversity & Ecology 3.1: Monstrous Microbes

The difficulty in setting the boundaries of microbiology has
led to the suggestion of other criteria for defining the field. For in-
stance, an important characteristic of microorganisms, even those
that are large and multicellular, is that they are relatively simple in
their construction, lacking highly differentiated cells and distinct
tissues. Another suggestion, made by Roger Stanier, is that the
field also be defined in terms of its techniques. Microbiologists
usually first isolate a specific microorganism from a population
and then culture it. Thus microbiology employs techniques—such
as sterilization and the use of culture media—that are necessary
for successful isolation and growth of microorganisms.

Microorganisms are diverse, and their classification has al-
ways been a challenge for microbial taxonomists. Their early de-
scriptions as either plants or animals were too simple. For
instance, some microbes are motile like animals, but also have
cell walls and are photosynthetic like plants. Such microbes can-
not be placed easily into one kingdom or another. Another im-
portant factor in classifying microorganisms is that some are
composed of procaryotic cells and others of eucaryotic cells.
Procaryotic cells [Greek pro, before, and karyon, nut or kernel;
organisms with a primordial nucleus] have a much simpler mor-
phology than eucaryotic cells and lack a true membrane-delim-
ited nucleus. In contrast, eucaryotic cells [Greek, eu, true, and
karyon, nut or kernel] have a membrane-enclosed nucleus; they
are more complex morphologically and are usually larger than
procaryotes. These observations eventually led to the develop-
ment of a classification scheme that divided organisms into five
kingdoms: the Monera, Protista, Fungi, Animalia, and Plantae.
Microorganisms (except for viruses, which are acellular and have
their own classification system) were placed in the first three
kingdoms.

In the last few decades, great progress has been made in three
areas that profoundly affect microbial classification. First, much
has been learned about the detailed structure of microbial cells
from the use of electron microscopy. Second, microbiologists
have determined the biochemical and physiological characteris-
tics of many different microorganisms. Third, the sequences of
nucleic acids and proteins from a wide variety of organisms have
been compared. The comparison of ribosomal RNA (rRNA), be-
gun by Carl Woese in the 1970s, was instrumental in demonstrat-
ing that there are two very different groups of procaryotic
organisms: Bacteria and Archaea, which had been classified to-
gether as Monera in the five-kingdom system. Later, studies
based on rRNA comparisons suggested that Protista was not a co-
hesive taxonomic unit and that it should be divided into three or
more kingdoms. These studies and others have led many taxono-
mists to conclude that the five-kingdom system is too simple. A
number of alternatives have been suggested, but currently, most
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Figure 1.1 Universal Phylogenetic Tree. These evolutionary

relationships are based on rRNA sequence comparisons. Man
(Homo) is highlighted in red.

microbiologists believe that organisms should be divided among
three domains: Bacteria (the true bacteria or eubacteria),
Archaea,! and Eucarya (all eucaryotic organisms) (figure 1.1).
This system, which we shall use here, and the results leading to it
are discussed in chapter 19. A brief description of the three do-
mains and of the microorganisms placed in them follows.
Bacteria® are procaryotes that are usually single-celled or-
ganisms. Most have cell walls that contain the structural molecule
peptidoglycan. They are abundant in soil, water, and air and are
also major inhabitants of our skin, mouth, and intestines. Some
bacteria live in environments that have extreme temperatures,

1 Although this will be discussed further in chapter 19, it should be noted here that
several names have been used for the Archaea. The two most important are ar-
chaeobacteria and archaebacteria. In this text, we shall use only the name Archaea.
2 |n this text, the term bacteria (s., bacterium) will be used to refer to procaryotes
that belong to domain Bacteria, and the term archaea (s., archaeon) will be used
to refer to procaryotes that belong to domain Archaea. It should be noted that in
some publications, the term bacteria is used to refer to all procaryotes. That is not
the case in this text.



pH, or salinity. Although some bacteria cause disease, many play
more beneficial roles such as cycling elements in the biosphere,
breaking down dead plant and animal material, and producing vi-
tamins. Cyanobacteria produce significant amounts of oxygen
through the process of photosynthesis.

Archaea are procaryotes that are distinguished from
Bacteria by many features, most notably their unique ribosomal
RNA sequences. They also lack peptidoglycan in their cell
walls and have unique membrane lipids. Some have unusual
metabolic characteristics, such as the methanogens, which gen-
erate methane gas. Many archaea are found in extreme envi-
ronments. Pathogenic archaea have not yet been identified.

Domain Eucarya includes microorganisms classified as pro-
tists or Fungi. Animals and plants are also placed in this domain.
Protists are generally larger than procaryotes and include uni-
cellular algae, protozoa, slime molds, and water molds. Algae
are photosynthetic protists that together with the cyanobacteria
produce about 75% of the planet’s oxygen. They are also the
foundation of aquatic food chains. Protozoa are unicellular,
animal-like protists that are usually motile. Many free-living
protozoa function as the principal hunters and grazers of the mi-
crobial world. They obtain nutrients by ingesting organic matter
and other microbes. They can be found in many different envi-
ronments and some are normal inhabitants of the intestinal tracts
of animals, where they aid in digestion of complex materials
such as cellulose. A few cause disease in humans and other ani-
mals. Slime molds are protists that are like protozoa in one stage
of their life cycle, but are like fungi in another. In the protozoan
phase, they hunt for and engulf food particles, consuming de-
caying vegetation and other microbes. Water molds, as their
name implies, are found in the surface water of freshwater
sources and moist soil. They feed on decaying vegetation such as
logs and mulch. Some water molds have produced devastating
plant infections, including the Great Potato Famine of
1846-1847. Fungi are a diverse group of microorganisms that
range from unicellular forms (yeasts) to molds and mushrooms.
Molds and mushrooms are multicellular fungi that form thin,
threadlike structures called hyphae. They absorb nutrients from
their environment, including the organic molecules that they use
as a source of carbon and energy. Because of their metabolic ca-
pabilities, many fungi play beneficial roles, including making
bread rise, producing antibiotics, and decomposing dead organ-
isms. Other fungi cause plant diseases and diseases in humans
and other animals.

Viruses are acellular entities that must invade a host cell in
order to replicate. They are the smallest of all microbes (the
smallest is 10,000 times smaller than a typical bacterium), but
their small size belies their power—they cause many animal and
plant diseases and have caused epidemics that have shaped hu-
man history. The diseases they cause include smallpox, rabies, in-
fluenza, AIDS, the common cold, and some cancers.

The development of microbiology as a science is described in
sections 1.2 to 1.5. Figure 1.2 presents a summary of some of the
major events in this process and their relationship to other histor-
ical landmarks.
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1. Describe the field of microbiology in terms of the size of its subject mate-
rial and the nature of its techniques.

2. Describe and contrast procaryotic and eucaryotic cells.

3. Describe and contrast the five-kingdom classification system with the
three-domain system.Why do you think viruses are not included in either
system?

1.2 THE Discovery oF MICROORGANISMS

Even before microorganisms were seen, some investigators sus-
pected their existence and responsibility for disease. Among oth-
ers, the Roman philosopher Lucretius (about 98-55 B.c.) and the
physician Girolamo Fracastoro (1478-1553) suggested that dis-
ease was caused by invisible living creatures. The earliest mi-
croscopic observations appear to have been made between 1625
and 1630 on bees and weevils by the Italian Francesco Stelluti,
using a microscope probably supplied by Galileo. In 1665, the
first drawing of a microorganism was published in Robert
Hooke’s Micrographia. However, the first person to publish ex-
tensive, accurate observations of microorganisms was the ama-
teur microscopist Antony van Leeuwenhoek (1632-1723) of
Delft, The Netherlands (figure 1.3a). Leeuwenhoek earned his
living as a draper and haberdasher (a dealer in men’s clothing
and accessories), but spent much of his spare time constructing
simple microscopes composed of double convex glass lenses
held between two silver plates (figure 1.3b). His microscopes
could magnify around 50 to 300 times, and he may have illu-
minated his liquid specimens by placing them between two
pieces of glass and shining light on them at a 45° angle to the
specimen plane. This would have provided a form of dark-field
illumination in which the organisms appeared as bright objects
against a dark background and made bacteria clearly visible
(figure 1.3c). Beginning in 1673, Leeuwenhoek sent detailed
letters describing his discoveries to the Royal Society of
London. It is clear from his descriptions that he saw both bac-
teria and protozoa.

As important as Leeuwenhoek’s observations were, the devel-
opment of microbiology essentially languished for the next 200
years. Little progress was made primarily because microscopic
observations of microorganisms do not provide sufficient infor-
mation to understand their biology. For the discipline to develop,
techniques for isolating and culturing microbes in the laboratory
were needed. Many of these techniques began to be developed as
scientists grappled with the conflict over the Theory of
Spontaneous Generation. This conflict and the subsequent studies
on the role played by microorganisms in causing disease ulti-
mately led to what is now called the Golden Age of Microbiology.

1. Give some examples of the kind of information you think can be provided
by microscopic observations of microorganisms.

2. Give some examples of the kind of information you think can be provided
by isolating microorganisms from their natural environment and cultur-
ing them in the laboratory.
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1776 American
Revolution
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and Schleiden propose
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fungus.

1881 Koch cultures
bacteria on gelatin;
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1882 Koch discovers
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1884 Koch'’s postulates
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discovers Clostridium virus causes tobacco
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Figure 1.2(a) Some Important Events in the Development of Microbiology (1546-1899).
marked in red; other historical events are in black.
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Figure 1.2(b) Some Important Events in the Development of Microbiology (1900-1980).
marked in red; other historical events are in black.

1980 Development of
scanning tunneling
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1980 First home
computers

Milestones in microbiology are
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1983-1984 HIV isolated and
identified by Gallo and Montagnier;
Mullis develops PCR technique.

1982 Recombinant
Hepatitis B vaccine

developed.
1986 First vaccine

developed by genetic
engineering approved

= for human use.
——

——

—

— |

1981 First space

shuttle launch
1982 First artificial
heart implanted 1985 Gorbachev becomes

Communist party general

1990 First human
gene therapy
testing begun.

1992 First human trials
of antisense therapy.

1995 Chicken pox vaccine

secretary 1991 Soviet / approved for U.S. use;
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| sequenced.
1998 Water found

on moon

2000 Discovery that
Vibrio cholerae has
two chromosomes.

2001 Anthrax bioterrorism
attack in New York, Washington
D.C., and Florida.

2001 World Trade

2002 Infectious poliovirus
Center attack

synthesized from basic
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in China.

—
e

1996 Methanococcus
Jjannaschii and yeast
genomes sequenced.

1997 Largest known
bacterium, Thiomargarita
namibiensis, discovered.

2003 SARS outbreak

2005 “Super resistant” HIV
strain isolated in New York City.

2003 Second war
with Iraq

Figure 1.2(c) Some Important Events in the Development of Microbiology (1981-2005).

marked in red; other historical events are in black.

1.3  THE CONFLICT OVER SPONTANEOUS
GENERATION

From earliest times, people had believed in spontaneous genera-
tion—that living organisms could develop from nonliving matter.
Even Aristotle (384-322 B.c.) thought some of the simpler inver-
tebrates could arise by spontaneous generation. This view finally
was challenged by the Italian physician Francesco Redi
(1626-1697), who carried out a series of experiments on decaying
meat and its ability to produce maggots spontaneously. Redi
placed meat in three containers. One was uncovered, a second was
covered with paper, and the third was covered with a fine gauze
that would exclude flies. Flies laid their eggs on the uncovered
meat and maggots developed. The other two pieces of meat did not

Milestones in microbiology are

produce maggots spontaneously. However, flies were attracted to
the gauze-covered container and laid their eggs on the gauze; these
eggs produced maggots. Thus the generation of maggots by de-
caying meat resulted from the presence of fly eggs, and meat did
not spontaneously generate maggots as previously believed.
Similar experiments by others helped discredit the theory for
larger organisms.

Leeuwenhoek’s discovery of microorganisms renewed the
controversy. Some proposed that microorganisms arose by spon-
taneous generation even though larger organisms did not. They
pointed out that boiled extracts of hay or meat would give rise to
microorganisms after sitting for awhile. In 1748, the English priest
John Needham (1713-1781) reported the results of his experi-
ments on spontaneous generation. Needham boiled mutton broth



and then tightly stoppered the flasks. Eventually many of the flasks
became cloudy and contained microorganisms. He thought or-
ganic matter contained a vital force that could confer the proper-
ties of life on nonliving matter. A few years later, the Italian priest
and naturalist Lazzaro Spallanzani (1729-1799) improved on
Needham’s experimental design by first sealing glass flasks that
contained water and seeds. If the sealed flasks were placed in boil-
ing water for 3/4 of an hour, no growth took place as long as the
flasks remained sealed. He proposed that air carried germs to the
culture medium, but also commented that the external air might be
required for growth of animals already in the medium. The sup-
porters of spontaneous generation maintained that heating the air
in sealed flasks destroyed its ability to support life.

Several investigators attempted to counter such arguments.
Theodore Schwann (1810-1882) allowed air to enter a flask con-
taining a sterile nutrient solution after the air had passed through a
red-hot tube. The flask remained sterile. Subsequently Georg
Friedrich Schroder and Theodor von Dusch allowed air to enter a
flask of heat-sterilized medium after it had passed through sterile
cotton wool. No growth occurred in the medium even though the
air had not been heated. Despite these experiments the French nat-
uralist Felix Pouchet claimed in 1859 to have carried out experi-
ments conclusively proving that microbial growth could occur
without air contamination. This claim provoked Louis Pasteur
(1822-1895) to settle the matter once and for all. Pasteur (fig-
ure 1.4) first filtered air through cotton and found that objects re-
sembling plant spores had been trapped. If a piece of the cotton was
placed in sterile medium after air had been filtered through it, mi-
crobial growth occurred. Next he placed nutrient solutions in flasks,
heated their necks in a flame, and drew them out into a variety of
curves, while keeping the ends of the necks open to the atmosphere
(figure 1.5). Pasteur then boiled the solutions for a few minutes and
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allowed them to cool. No growth took place even though the con-
tents of the flasks were exposed to the air. Pasteur pointed out that
no growth occurred because dust and germs had been trapped on
the walls of the curved necks. If the necks were broken, growth com-
menced immediately. Pasteur had not only resolved the controversy
by 1861 but also had shown how to keep solutions sterile.

Lens

Specimen
holder

Focus
screw

Handle

(b)

(c)

Figure 1.3 Antony van Leeuwenhoek. (a) An oil painting of Leeuwenhoek (1632-1723). (b) A brass replica of the Leeuwenhoek
microscope. Inset photo shows how it is held. (c) Leeuwenhoek’s drawings of bacteria from the human mouth.
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Figure 1.4 Louis Pasteur. Pasteur (1822-1895) working in
his laboratory.

The English physicist John Tyndall (1820-1893) dealt a final
blow to spontaneous generation in 1877 by demonstrating that
dust did indeed carry germs and that if dust was absent, broth re-
mained sterile even if directly exposed to air. During the course of
his studies, Tyndall provided evidence for the existence of excep-
tionally heat-resistant forms of bacteria. Working independently,
the German botanist Ferdinand Cohn (1828-1898) discovered the
existence of heat-resistant bacterial endospores. The bacterial en-
dospore (section 3.11)

1. How did Pasteur and Tyndall finally settle the spontaneous generation
controversy?

2. Why was the belief in spontaneous generation an obstacle to the devel-
opment of microbiology as a scientific discipline?

1.4 THE GOLDEN AGE OF MICROBIOLOGY

Pasteur’s work with swan neck flasks ushered in the Golden Age
of Microbiology. Within 60 years (1857-1914), a number of dis-
ease-causing microbes were discovered, great strides in under-
standing microbial metabolism were made, and techniques for
isolating and characterizing microbes were improved. Scientists

Figure 1.5 The Spontaneous Generation Experiment.
Pasteur’s swan neck flasks used in his experiments on the
spontaneous generation of microorganisms. Source: Annales
Sciences Naturelle, 4th Series, Vol. 16, pp. 1-98, Pasteur, L., 1861,
“Mémoire sur les Corpuscules Organisés Qui Existent Dans
L’Atmosphére: Examen de la Doctrine des Générations Spontanées.”

also identified the role of immunity in preventing disease and
controlling microbes, developed vaccines, and introduced tech-
niques used to prevent infection during surgery.

Recognition of the Relationship between
Microorganisms and Disease

Although Fracastoro and a few others had suggested that invisible
organisms produced disease, most believed that disease was due to
causes such as supernatural forces, poisonous vapors called mias-
mas, and imbalances among the four humors thought to be present
in the body. The role of the four humors (blood, phlegm, yellow bile
[choler], and black bile [melancholy]) in disease had been widely
accepted since the time of the Greek physician Galen (129-199).
Support for the idea that microorganisms cause disease—that is, the
germ theory of disease—began to accumulate in the early nineteenth
century. Agostino Bassi (1773-1856) first showed a microorganism
could cause disease when he demonstrated in 1835 that a silkworm
disease was due to a fungal infection. He also suggested that many
diseases were due to microbial infections. In 1845, M. J. Berkeley
proved that the great Potato Blight of Ireland was caused by a water
mold, and in 1853, Heinrich de Bary showed that smut and rust
fungi caused cereal crop diseases. Following his successes with the
study of fermentation, Pasteur was asked by the French government
to investigate the pébrine disease of silkworms that was disrupting
the silk industry. After several years of work, he showed that the dis-
ease was due to a protozoan parasite. The disease was controlled by
raising caterpillars from eggs produced by healthy moths.



Indirect evidence for the germ theory of disease came from the
work of the English surgeon Joseph Lister (1827-1912) on the
prevention of wound infections. Lister, impressed with Pasteur’s
studies on the involvement of microorganisms in fermentation and
putrefaction, developed a system of antiseptic surgery designed to
prevent microorganisms from entering wounds. Instruments were
heat sterilized, and phenol was used on surgical dressings and at
times sprayed over the surgical area. The approach was remark-
ably successful and transformed surgery after Lister published his
findings in 1867. It also provided strong indirect evidence for the
role of microorganisms in disease because phenol, which kills
bacteria, also prevented wound infections.

Koch'’s Postulates

The first direct demonstration of the role of bacteria in causing dis-
ease came from the study of anthrax by the German physician
Robert Koch (1843-1910). Koch (figure 1.6) used the criteria pro-
posed by his former teacher, Jacob Henle (1809-1885), to establish
the relationship between Bacillus anthracis and anthrax, and pub-
lished his findings in 1876 (Techniques & Applications 1.1 briefly
discusses the scientific method). Koch injected healthy mice with
material from diseased animals, and the mice became ill. After
transferring anthrax by inoculation through a series of 20 mice, he
incubated a piece of spleen containing the anthrax bacillus in beef
serum. The bacilli grew, reproduced, and produced endospores.
When the isolated bacilli or their spores were injected into mice, an-
thrax developed. His criteria for proving the causal relationship be-
tween a microorganism and a specific disease are known as Koch’s
postulates (table 1.1). Koch’s proof that B. anthracis caused an-
thrax was independently confirmed by Pasteur and his coworkers.
They discovered that after burial of dead animals, anthrax spores
survived and were brought to the surface by earthworms. Healthy
animals then ingested the spores and became ill.

Although Koch used the general approach described in the pos-
tulates during his anthrax studies, he did not outline them fully until
his work on the cause of tuberculosis (table 1.1). In 1884, he reported
that this disease was caused by a rod-shaped bacterium, Mycobac-
terium tuberculosis; he was awarded the Nobel Prize in Physiology
or Medicine in 1905 for his work. Koch’s postulates quickly became
the cornerstone of connecting many diseases to their causative agent.
However, their use is at times not feasible (Disease 1.2). For in-
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Figure 1.6 Robert Koch. Koch (1843-1910) examining a
specimen in his laboratory.

stance, some organisms, like Mycobacterium leprae, the causative
agent of leprosy, cannot be isolated in pure culture.

The Development of Techniques for Studying
Microbial Pathogens

During Koch’s studies on bacterial diseases, it became necessary
to isolate suspected bacterial pathogens in pure culture—a cul-
ture containing only one type of microorganism. At first Koch
cultured bacteria on the sterile surfaces of cut, boiled potatoes,
but this was unsatisfactory because the bacteria would not al-
ways grow well. Eventually he developed culture media using
meat extracts and protein digests because of their similarity to
body fluids. He first tried to solidify the media by adding gelatin.
Separate bacterial colonies developed after the surface of the so-
lidified medium had been streaked with a bacterial sample. The
sample could also be mixed with liquefied gelatin medium.

m Koch'’s Application of His Postulates to Demonstrate that Mycobacterium tuberculosis is the Causative

Agent of Tuberculosis.

Postulate

Experimentation

1. The microorganism must be present in every case of
the disease but absent from healthy organisms.

2. The suspected microorganisms must be isolated and
grown in a pure culture.

3. The same disease must result when the isolated
microorganism is inoculated into a healthy host.

4. The same microorganism must be isolated again from
the diseased host.

Koch developed a staining technique to examine human tissue. M. tuberculosis
cells could be identified in diseased tissue.

Koch grew M. tuberculosis in pure culture on coagulated blood serum.

Koch injected cells from the pure culture of M.tuberculosis into guinea pigs.
The guinea pigs subsequently died of tuberculosis.

Koch isolated M. tuberculosis from the dead guinea pigs and was
able to again culture the microbe in pure culture on coagulated blood serum.
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T -y

%' Techniques & Applications
1.1 The Scientific Method

Although biologists employ a variety of approaches in conducting
research, microbiologists and other experimentally oriented biolo-
gists often use the general approach known as the scientific
method. They first gather observations of the process to be studied
and then develop a tentative hypothesis—an educated guess—to
explain the observations (see Box figure). This step often is in-
ductive and creative because there is no detailed, automatic tech-
nique for generating hypotheses. Next they decide what
information is required to test the hypothesis and collect this in-
formation through observation or carefully designed experiments.
After the information has been collected, they decide whether the
hypothesis has been supported or falsified. If it has failed to pass
the test, the hypothesis is rejected, and a new explanation or hy-
pothesis is constructed. If the hypothesis passes the test, it is sub-
jected to more severe testing. The procedure often is made more
efficient by constructing and testing alternative hypotheses and
then refining the hypothesis that survives testing. This general ap-
proach is often called the hypothetico-deductive method. One de-
duces predictions from the currently accepted hypothesis and tests
them. In deduction the conclusion about specific cases follows log-
ically from a general premise (“if . . ., then .. .” reasoning). Induc-
tion is the opposite. A general conclusion is reached after
considering many specific examples. Both types of reasoning are
used by scientists.

When carrying out an experiment, it is essential to use a control
group as well as an experimental group. The control group is treated
precisely the same as the experimental group except that the experi-
mental manipulation is not performed on it. In this way one can be
sure that any changes in the experimental group are due to the exper-
imental manipulation rather than to some other factor not taken into
account.

If a hypothesis continues to survive testing, it may be accepted as
a valid theory. A theory is a set of propositions and concepts that pro-
vides a reliable, systematic, and rigorous account of an aspect of na-
ture. It is important to note that hypotheses and theories are never
absolutely proven. Scientists simply gain more and more confidence
in their accuracy as they continue to survive testing, fit with new ob-
servations and experiments, and satisfactorily explain the observed
phenomena. Ultimately, if the support for a hypothesis or theory be-
comes very strong, it is considered to be a scientific law. Examples
include the laws of thermodynamics discussed in section 8.3.

Problem

:

Develop hypothesis

:

Select information needed
to test hypothesis

:

Collect information by
observation or experiment

:

Analyze information

/N

Hypothesis Hypothesis
not supported supported
Expose to
more tests
Hypothesis Continued
or theory support
not supported ¢
Theory
More tests
Continued
support
Law

When the gelatin medium hardened, individual bacteria pro-
duced separate colonies. Despite its advantages, gelatin was not
an ideal solidifying agent because it can be digested by many
bacteria and melts at temperatures above 28°C. A better alterna-
tive was provided by Fannie Eilshemius Hesse, the wife of
Walther Hesse, one of Koch’s assistants (figure 1.7). She sug-
gested the use of agar as a solidifying agent—she had been using

it successfully to make jellies for some time. Agar was not at-
tacked by most bacteria and did not melt until reaching a tem-
perature of 100°C. Furthermore, once melted, it did not solidify
until it reached a temperature of 50°C, eliminating the need to
handle boiling liquid and providing time for manipulation of the
medium. Some of the media developed by Koch and his associ-
ates, such as nutrient broth and nutrient agar, are still widely
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Disease

1.2 Koch'’s Molecular Postulates

Although the criteria that Koch developed for proving a causal rela-
tionship between a microorganism and a specific disease have been
of great importance in medical microbiology, it is not always possi-
ble to apply them in studying human diseases. For example, some
pathogens cannot be grown in pure culture outside the host; because
other pathogens grow only in humans, their study would require ex-
perimentation on people. The identification, isolation, and cloning of
genes responsible for pathogen virulence have made possible a new
molecular form of Koch’s postulates that resolves some of these dif-
ficulties. The emphasis is on the virulence genes present in the infec-
tious agent rather than on the agent itself. The molecular postulates
can be briefly summarized as follows:

1. The virulence trait under study should be associated much more
with pathogenic strains of the species than with nonpathogenic
strains.

2. Inactivation of the gene or genes associated with the suspected
virulence trait should substantially decrease pathogenicity.

3. Replacement of the mutated gene with the normal wild-type gene
should fully restore pathogenicity.

4. The gene should be expressed at some point during the infection
and disease process.

5. Antibodies or immune system cells directed against the gene
products should protect the host.

The molecular approach cannot always be applied because of prob-
lems such as the lack of an appropriate animal system. It also is dif-
ficult to employ the molecular postulates when the pathogen is not
well characterized genetically.

Figure 1.7 Fannie Eilshemius (1850-1934) and Walther
Hesse (1846-1911). Fannie Hesse suggested to her husband
Walther (a physican and bacteriologist) that he should try using agar in
his culture medium when more typical media failed to meet his needs.

used. Another important tool developed in Koch’s laboratory
was a container for holding solidified media—the petri dish
(plate), named after Richard Petri, who devised it. These devel-
opments directly stimulated progress in all areas of bacteriology.
Culture media (section 5.7); Isolation of pure cultures (section 5.8)

Viral pathogens were also studied during this time. The dis-
covery of viruses and their role in disease was made possible
when Charles Chamberland (1851-1908), one of Pasteur’s asso-
ciates, constructed a porcelain bacterial filter in 1884. Dimitri
Ivanowski and Martinus Beijerinck (pronounced “by-a-rink™)
used the filter to study tobacco mosaic disease. They found that
plant extracts and sap from diseased plants were infectious, even
after being filtered with Chamberland’s filter. Because the infec-

tious agent passed through a filter that was designed to trap bac-
terial cells, the agent must be something smaller than a bacterium.
Beijerinck proposed that the agent was a “filterable virus.”
Eventually viruses were shown to be tiny, acellular infectious
agents. Early development of virology (section 16.1)

Immunological Studies

In this period progress also was made in determining how animals
resisted disease and in developing techniques for protecting hu-
mans and livestock against pathogens. During studies on chicken
cholera, Pasteur and Roux discovered that incubating their cul-
tures for long intervals between transfers would attenuate the bac-
teria, which meant they had lost their ability to cause the disease.
If the chickens were injected with these attenuated cultures, they
remained healthy but developed the ability to resist the disease. He
called the attenuated culture a vaccine [Latin vacca, cow] in honor
of Edward Jenner because, many years earlier, Jenner had used
material from cowpox lesions to protect people against smallpox.
Shortly after this, Pasteur and Chamberland developed an attenu-
ated anthrax vaccine in two ways: by treating cultures with potas-
sium bichromate and by incubating the bacteria at 42 to 43°C.
Control of epidemics: Vaccines and immunizations (section 36.8)

Pasteur next prepared rabies vaccine by a different approach.
The pathogen was attenuated by growing it in an abnormal host,
the rabbit. After infected rabbits had died, their brains and spinal
cords were removed and dried. During the course of these studies,
Joseph Meister, a nine-year-old boy who had been bitten by a
rabid dog, was brought to Pasteur. Since the boy’s death was cer-
tain in the absence of treatment, Pasteur agreed to try vaccination.
Joseph was injected 13 times over the next 10 days with increas-
ingly virulent preparations of the attenuated virus. He survived.

In gratitude for Pasteur’s development of vaccines, people
from around the world contributed to the construction of the
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Pasteur Institute in Paris, France. One of the initial tasks of the
Institute was vaccine production.

After the discovery that the diphtheria bacillus produced a
toxin, Emil von Behring (1854-1917) and Shibasaburo Kitasato
(1852-1931) injected inactivated toxin into rabbits, inducing
them to produce an antitoxin, a substance in the blood that would
inactivate the toxin and protect against the disease. A tetanus an-
titoxin was then prepared and both antitoxins were used in the
treatment of people.

The antitoxin work provided evidence that immunity could re-
sult from soluble substances in the blood, now known to be antibod-
ies (humoral immunity). It became clear that blood cells were also
important in immunity (cellular immunity) when Elie Metchnikoff
(1845-1916) discovered that some blood leukocytes could engulf
disease-causing bacteria (figure 1.8). He called these cells phago-
cytes and the process phagocytosis [Greek phagein, eating].

1. Discuss the contributions of Lister, Pasteur, and Koch to the germ theory
of disease and to the treatment or prevention of diseases.

2. What other contributions did Koch make to microbiology?

3. Describe Koch's postulates. What is a pure culture? Why are pure cultures im-
portant to Koch’s postulates?

4. Would microbiology have developed more slowly if Fannie Hesse had not
suggested the use of agar? Give your reasoning.

5. What are Koch's molecular postulates? Why are they important?

6. Some individuals can be infected by a pathogen yet not develop disease. In
fact, some become chronic carriers of the pathogen. How does this observa-
tion impact Koch’s postulates? How might the postulates be modified to ac-
count for the existence of chronic carriers?

7. Describe the scientific method in your own words. How does a theory differ
from a hypothesis? Why is it important to have a control group?

8. How did von Behring and Metchnikoff contribute to the development of
immunology?

1.5 THE DEVELOPMENT OF INDUSTRIAL
MicrosioLoGY AND MicroBIAL EcoLoGY

Although humans had unknowingly exploited microbes for thou-
sands of years, industrial microbiology developed in large part
from the work of Louis Pasteur and others on the alcoholic fer-
mentations that yielded wine and other alcoholic beverages. In
1837, when Theodore Schwann and others proposed that yeast
cells were responsible for the conversion of sugars to alcohol, the
leading chemists of the time believed microorganisms were not in-
volved. They were convinced that fermentation was due to a chem-
ical instability that degraded the sugars to alcohol. Pasteur did not
agree; he believed that fermentations were carried out by living or-
ganisms. In 1856 M. Bigo, an industrialist in Lille, France, where
Pasteur worked, requested Pasteur’s assistance. His business pro-
duced ethanol from the fermentation of beet sugars, and the alco-
hol yields had recently declined and the product had become sour.
Pasteur discovered that the fermentation was failing because the
yeast normally responsible for alcohol formation had been re-
placed by microorganisms that produced lactic acid rather than
ethanol. In solving this practical problem, Pasteur demonstrated

Figure 1.8 Elie Metchnikoff. Metchnikoff (1845-1916)
shown here at work in his laboratory.

that all fermentations were due to the activities of specific yeasts
and bacteria, and he published several papers on fermentation be-
tween 1857 and 1860. His success led to a study of wine diseases
and the development of pasteurization to preserve wine during
storage. Pasteur’s studies on fermentation continued for almost 20
years. One of his most important discoveries was that some fer-
mentative microorganisms were anaerobic and could live only in
the absence of oxygen, whereas others were able to live either aer-
obically or anaerobically.  Controlling food spoilage (section 40.3)

Microbial ecology developed when a few of the early micro-
biologists chose to investigate the ecological role of microorgan-
isms. In particular they studied microbial involvement in the
carbon, nitrogen, and sulfur cycles taking place in soil and
aquatic habitats. The Russian microbiologist Sergei Winogradsky
(1856-1953) made many contributions to soil microbiology. He
discovered that soil bacteria could oxidize iron, sulfur, and am-
monia to obtain energy, and that many bacteria could incorporate
CO, into organic matter much like photosynthetic organisms do.
Winogradsky also isolated anaerobic nitrogen-fixing soil bacteria
and studied the decomposition of cellulose. Martinus Beijerinck
(1851-1931) was one of the great general microbiologists who
made fundamental contributions to microbial ecology and many
other fields. He isolated the aerobic nitrogen-fixing bacterium
Azotobacter, a root nodule bacterium also capable of fixing nitro-
gen (later named Rhizobium), and sulfate-reducing bacteria.
Beijerinck and Winogradsky also developed the enrichment-
culture technique and the use of selective media, which have been
of such great importance in microbiology. Biogeochemical cycling
(section 27.2); Culture media (section 5.7)

1. Briefly describe Pasteur’s work on microbial fermentations.
2. How did Winogradsky and Beijerinck contribute to the study of microbial ecology?



3. Leeuwenhoek is often referred to as the Father of Microbiology. However,
many historians feel that Louis Pasteur, Robert Koch, or perhaps both, de-
serve that honor.Who do you think is the Father of Microbiology? Why?

4. Consider the discoveries described in sections 1.2 to 1.5.Which do you think
were the most important to the development of microbiology? Why?

1.6 THE ScoPE AND RELEVANCE
OF MICROBIOLOGY

As the late scientist-writer Steven Jay Gould emphasized, we live
in the Age of Bacteria. They were the first living organisms on our
planet and live virtually everywhere life is possible. Furthermore,
the whole biosphere depends on their activities, and they influence
human society in countless ways. Because microorganisms play
such diverse roles, modern microbiology is a large discipline with
many different specialties; it has a great impact on fields such as
medicine, agricultural and food sciences, ecology, genetics, bio-
chemistry, and molecular biology. One indication of the importance
of microbiology is the Nobel Prize given for work in physiology or
medicine. About one-third of these have been awarded to scientists
working on microbiological problems (see inside front cover).
Microbiology has both basic and applied aspects (figure 1.9).
The basic aspects are concerned with the biology of microorganisms
themselves and include such fields as bacteriology, virology, my-
cology (study of fungi), phycology or algology (study of algae), pro-
tozoology, microbial cytology and physiology, microbial genetics
and molecular biology, microbial ecology, and microbial taxonomy.
The applied aspects are concerned with practical problems such as
disease, water and wastewater treatment, food spoilage and food
production, and industrial uses of microbes. It is important to note
that the basic and applied aspects of microbiology are intertwined.
Basic research is often conducted in applied fields and applications
often arise out of basic research. A discussion of some of the major
fields of microbiology and the occupations they provide follows.
One of the most active and important fields in microbiology
is medical microbiology, which deals with diseases of humans
and animals. Medical microbiologists identify the agents causing
infectious diseases and plan measures for their control and elim-
ination. Frequently they are involved in tracking down new,
unidentified pathogens such as the agent that causes variant
Creutzfeldt-Jakob disease, (the human version of “mad cow dis-
ease”) the hantavirus, the West Nile virus, and the virus responsi-
ble for SARS. These microbiologists also study the ways in
which microorganisms cause disease.  Arthropod-horne viral diseases
(section 37.2); Microbial Diversity & Ecology 18.1: SARS: Evolution of a virus
Public health microbiology is closely related to medical mi-
crobiology. Public health microbiologists try to identify and con-
trol the spread of communicable diseases. They often monitor
community food establishments and water supplies in an attempt
to keep them safe and free from infectious disease agents.
Immunology is concerned with how the immune system pro-
tects the body from pathogens and the response of infectious
agents. It is one of the fastest growing areas in science; for ex-
ample, techniques for the production and use of monoclonal anti-
bodies have developed extremely rapidly. Immunology also deals
with practical health problems such as the nature and treatment of
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allergies and autoimmune diseases like rheumatoid arthritis.
Techniques & Applications 32.2: Monoclonal Antibody Technology

Agricultural microbiology is concerned with the impact of
microorganisms on agriculture. Agricultural microbiologists try
to combat plant diseases that attack important food crops, work
on methods to increase soil fertility and crop yields, and study the
role of microorganisms living in the digestive tracts of ruminants
such as cattle. Currently there is great interest in using bacterial
and viral insect pathogens as substitutes for chemical pesticides.

Microbial ecology is concerned with the relationships be-
tween microorganisms and the components of their living and
nonliving habitats. Microbial ecologists study the global and lo-
cal contributions of microorganisms to the carbon, nitrogen, and
sulfur cycles. The study of pollution effects on microorganisms
also is important because of the impact these organisms have on
the environment. Microbial ecologists are employing microor-
ganisms in bioremediation to reduce pollution.

Scientists working in food and dairy microbiology try to pre-
vent microbial spoilage of food and the transmission of food-
borne diseases such as botulism and salmonellosis. They also use
microorganisms to make foods such as cheeses, yogurts, pickles,
and beer. In the future, microorganisms themselves may become
a more important nutrient source for livestock and humans.
Microbiology of food (chapter 40)

In 1929, Alexander Fleming discovered that the fungus
Penicillium produced what he called penicillin, the first antibiotic
that could successfully control bacterial infections. Although it took
World War 11 for scientists to learn how to mass produce it, scien-
tists soon found other microorganisms capable of producing addi-
tional antibiotics as well as compounds such as citric acid, vitamin
B,,, and monosodium glutamate. Today, industrial microbiologists
use microorganisms to make products such as antibiotics, vaccines,
steroids, alcohols and other solvents, vitamins, amino acids, and en-
zymes. Industrial microbiologists identify microbes of use to indus-
try. They also engineer microbes with desirable traits and devise
systems for culturing them and isolating the products they make.

Microbiologists working in microbial physiology and biochem-
istry study many aspects of the biology of microorganisms. They
may study the synthesis of antibiotics and toxins, microbial energy
production, the ways in which microorganisms survive harsh envi-
ronmental conditions, microbial nitrogen fixation, and the effects of
chemical and physical agents on microbial growth and survival.

Microbial genetics and molecular biology focus on the nature of
genetic information and how it regulates the development and func-
tion of cells and organisms. The use of microorganisms has been
very helpful in understanding gene structure and function. Microbial
geneticists play an important role in applied microbiology because
they develop techniques that are useful in agricultural microbiology,
industrial microbiology, food and dairy microbiology, and medicine.

1. Briefly describe the major subdisciplines in microbiology.

2. Why do you think microorganisms are so useful to biologists as experimental
models?

3. List all the activities or businesses you can think of in your community
that are directly dependent on microbiology.
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(a) Rita Colwell

(d) Martha Howe

(e) Frederick Neidhardt

(f) Jean Brenchley

Figure 1.9 Important Contributors to Microbiology. (a) Rita Colwell has studied the genetics and ecology of marine bacteria such
as Vibrio cholerae and helped establish the field of marine biotechnology. (b) R. G. E. Murray has contributed greatly to the understanding of
bacterial cell envelopes and bacterial taxonomy. (¢) Stanley Falkow has advanced our understanding of how bacterial pathogens cause
disease. (d) Martha Howe has made fundamental contributions to our knowledge of the bacteriophage Mu. (e) Frederick Neidhardt has
contributed to microbiology through his work on the regulation of E. coli physiology and metabolism, and by coauthoring advanced
textbooks. (f) Jean Brenchley has studied the regulation of glutamate and glutamine metabolism, helped found the Pennsylvania State
University Biotechnology Institute, and is now finding biotechnological uses for psychrophilic (cold-loving) microorganisms.

1.7 THE FUTURE OF MICROBIOLOGY

As the preceding sections have shown, microbiology has had a
profound influence on society. What of the future? Science writer
Bernard Dixon is very optimistic about microbiology’s future for
two reasons. First, microbiology has a clearer mission than do
many other scientific disciplines. Second, microbiology has great
practical significance. Dixon notes that microbiology is required
both to face the threat of new and reemerging human infectious
diseases and to develop industrial technologies that are more ef-
ficient and environmentally friendly.

What are some of the most promising areas for future micro-
biological research and their potential practical impacts? What
kinds of challenges do microbiologists face? A discussion of
some aspects of the future of microbiology follows.

Medical microbiology, public health microbiology, and im-
munology will continue to be areas of intense research. New in-
fectious diseases are continually arising and old diseases are once
again becoming widespread and destructive. AIDS, SARS, hem-
orrhagic fevers, and tuberculosis are excellent examples of new
and reemerging infectious diseases. Microbiologists will have to
respond to these threats, many of them presently unknown. They



will also need to find ways to stop the spread of established in-
fectious diseases, as well as the spread of multiple antibiotic re-
sistance, which can render a pathogen resistant to current medical
treatment. Microbiologists will also be called upon to create new
drugs and vaccines, to study the association between infectious
agents and chronic disease (e.g., autoimmune and cardiovascular
diseases), and to further our understanding of host defenses and
how pathogens interact with host cells. It will be necessary to use
techniques in molecular biology and recombinant DNA technol-
ogy to solve many of these problems.

Industrial microbiology and environmental microbiology
also face many challenges and opportunities. Microorganisms are
increasingly important in industry and environmental control,
and we must learn how to use them in a variety of new ways. For
example, microorganisms can serve as sources of high-quality
food and other practical products such as enzymes for industrial
applications. They may also be used to degrade pollutants and
toxic wastes and as vectors to treat diseases and enhance agricul-
tural productivity. There also is a continuing need to protect food
and crops from microbial damage.

The development of techniques, especially DNA-based tech-
niques, that allow the study of microorganisms in their natural en-
vironment has greatly stimulated research in microbial ecology.
Several areas of research will continue to be important.
Understanding microbial diversity is one area that requires further
research. It is estimated that less than 1% of Earth’s microbes have
been cultured. Greater efforts to grow previously uncultivated mi-
crobes will be required. Much work also needs to be done on mi-
croorganisms living in extreme environments. The discovery of
new and unusual microorganisms may well lead to further ad-
vances in the development of new antimicrobial agents, industrial
processes, and bioremediation. Another area of increasing interest
to microbial ecologists is biofilms. Microbes often form biofilms
on surfaces, and in doing so exhibit a physiology that differs from
that observed when they live freely or planktonically. For instance,
microbes in a biofilm are often more resistant to killing agents than
they are when not in a biofilm. Biofilms are not only of interest to
microbial ecologists; they can form on human tissues, on in-
dwelling catheters, and on other man-made medical devices. In
fact, microbial ecologists and medical microbiologists now under-
stand that microorganisms are essential partners with higher or-
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ganisms. Greater knowledge of the nature of these symbiotic rela-
tionships can help improve our appreciation of the living world. It
also will lead to new approaches in treating infectious diseases in
livestock and in humans.

The fields of genomics and proteomics have and will continue
to have a tremendous impact on microbiology. The genomes of
many microorganisms have already have been sequenced and
many more will be determined in the coming years. These se-
quences are ideal for learning how the genome is related to cell
structure and function and for providing insights into fundamen-
tal questions in biology, such as how complex cellular structures
develop and how cells communicate with one another and re-
spond to the environment. Analysis of the genome and its activ-
ity will require continuing advances in the field of bioinformatics
and the use of computers to investigate biological problems.

Perhaps the biggest challenge facing microbiologists will be
to assess the implications of new discoveries and technological
developments. The pace of these discoveries and developments is
very rapid, and sometimes it is difficult for nonscientists to fol-
low and assess them. Microbiologists will need to communicate
a balanced view of both the positive and the negative long-term
impacts of these developments on society.

Clearly, the future of microbiology is bright. The microbiolo-
gist René Dubos has summarized well the excitement and prom-
ise of microbiology:

How extraordinary that, all over the world, microbiolo-
gists are now involved in activities as different as the
study of gene structure, the control of disease, and the in-
dustrial processes based on the phenomenal ability of mi-
croorganisms to decompose and synthesize complex
organic molecules. Microbiology is one of the most re-
warding of professions because it gives its practitioners
the opportunity to be in contact with all the other natural
sciences and thus to contribute in many different ways to
the betterment of human life.

1. What do you think are the five most important research areas to pursue
in microbiology? Give reasons for your choices.

1.1  Members of the Microbial World

a.  Microbiology studies microscopic organisms that are often unicellular, or if
multicellular, do not have highly differentiated tissues. The discipline is also
defined by the techniques it uses—in particular, those used to isolate and cul-
ture microorganisms.

b. Procaryotic cells differ from eucaryotic cells in lacking a membrane-delimited
nucleus, and in other ways as well.

c. Microbiologists divide organisms into three domains: Bacteria, Archaea, and
Eucarya.

d. Domains Bacteria and Archaea consist of procaryotic microorganisms. The
eucaryotic microbes (protists and fungi) are placed in Eucarya. Viruses are

acellular entities that are not placed in any of the domains but are classified by
a separate system.
1.2 The Discovery of Microorganisms
a. Antony van Leeuwenhoek was the first person to extensively describe mi-
croorganisms.
1.3 The Conflict Over Spontaneous Generation

a. Experiments by Redi and others disproved the theory of spontaneous genera-
tion in regard to larger organisms.

b. The spontaneous generation of microorganisms was disproved by Spallan-
zani, Pasteur, Tyndall, and others.
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1.4 The Golden Age of Microbiology

Support for the germ theory of disease came from the work of Bassi, Pasteur,
Koch, and others. Lister provided indirect evidence with his development of
antiseptic surgery.

b. Koch’s postulates and molecular Koch’s postulates are used to prove a direct
relationship between a suspected pathogen and a disease.

c. Koch developed the techniques required to grow bacteria on solid media and
to isolate pure cultures of pathogens.

d. Vaccines against anthrax and rabies were made by Pasteur; von Behring and
Kitasato prepared antitoxins for diphtheria and tetanus.

e. Metchnikoff discovered some blood leukocytes could phagocytize and de-
stroy bacterial pathogens.

1.5 The Development of Industrial Microbiology and Microbial Ecology

a. Pasteur showed that fermentations were caused by microorganisms and that
some microorganisms could live in the absence of oxygen.

b. The role of microorganisms in carbon, nitrogen, and sulfur cycles was first
studied by Winogradsky and Beijerinck.

1.6 The Scope and Relevance of Microbiology

In the twentieth century, microbiology contributed greatly to the fields of med-
icine, genetics, agriculture, food science, biochemistry, and molecular biology.

b. There is a wide variety of fields in microbiology, and many have a great im-
pact on society. These include the more applied disciplines such as medical,
public health, industrial, food, and dairy microbiology. Microbial ecology,
physiology, biochemistry, and genetics are examples of basic microbiological
research fields.

1.7 The Future of Microbiology

a. Microbiologists will be faced with many exciting and important future chal-
lenges such as finding new ways to combat disease, reduce pollution, and feed
the world’s population.

Key Terms
algae 3 fungi 3
Archaea 3 Koch’s postulates 9
Bacteria 2 microbiology 1

eucaryotic cell 1 microorganism 1

Critical Thinking Questions

procaryotic cell 2 spontaneous generation 6

protists 3 viruses 3
protozoa 3 water molds 3
slime molds 3

1. Consider the impact of microbes on the course of world history. History is full
of examples of instances or circumstances under which one group of people
lost a struggle against another. In fact, when examined more closely, the “los-
ers” often had the misfortune of being exposed to, more susceptible to, or un-
able to cope with an infectious agent. Thus weakened in physical strength or
demoralized by the course of a devastating disease, they were easily overcome
by human “conquerors.”

a. Choose an example of a battle or other human activity such as exploration
of new territory and determine the impact of microorganisms, either in-
digenous or transported to the region, on that activity.

b. Discuss the effect that the microbe(s) had on the outcome in your example.

c. Suggest whether the advent of antibiotics, food storage and preparation
technology, or sterilization technology would have made a difference in the
outcome.

Learn More

2. Vaccinations against various childhood diseases have contributed to the entry
of women, particularly mothers, into the full-time workplace.

a. Is this statement supported by data—comparing availability and extent of
vaccination with employment statistics in different places or at different
times?

b. Before vaccinations for measles, mumps, and chickenpox, what was the in-
cubation time and duration of these childhood diseases? What impact would
such diseases have on mothers with several elementary schoolchildren at
home if they had fulltime jobs and lacked substantial child care support?

¢. What would be the consequence if an entire generation of children (or a
group of children in one country) were not vaccinated against any diseases?
What do you predict would happen if these children went to college and
lived in a dormitory in close proximity with others who had received all of
the recommended childhood vaccines?

Brock, T. D. 1961. Milestones in microbiology. Englewood Cliffs, N.J.: Prentice-Hall.

Brock, T. D. 1988. Robert Koch: A life in medicine and bacteriology. Madison,
Wisc.: Science Tech Publishers.

Chung, K. T., and Ferris, D. H. 1996. Martinus Willem Beijerinck (1851-1931): Pi-
oneer of general microbiology. ASM News 62(10):539-43.

de Kruif, P. 1937. Microbe hunters. New York: Harcourt, Brace.
Dixon, B. 1997. Microbiology present and future. ASM News 63(3):124-25.
Ford, B. J. 1998. The earliest views. Sci. Am. 278(4):50-53.

Fredricks, D. N., and Relman, D. A. 1996. Sequence-based identification of micro-
bial pathogens: A reconsideration of Koch’s postulates. Clin. Microbiol. Rev.
9(1):18-33.

Geison, G. L. 1995. The private science of Louis Pasteur. Princeton, N.J.: Prince-
ton University Press.

Stanier, R. Y. 1978. What is microbiology? In Essays in microbiology, J. R. Norris
and M. H. Richmond, editors, 1/1-1/32. New York: John Wiley and Sons.

Woese, C. R. 2000. Interpreting the universal phylogenetic tree. Proc. Natl. Acad.
Sci. 97(15):8392-96.

Please visit the Prescott website at www.mhhe.com/prescott7
for additional references.



http://www.mhhe.com/prescott7

Study of Microbial

Structure:
Microscopy and Specimen
Preparation

Light microscopes use glass lenses to bend and focus light rays to
produce enlarged images of small objects. The maximum resolu-
tion of a light microscope is about 0.2 wm.

Many types of light microscopes have been developed, including
bright-field, dark-field, phase-contrast, and fluorescence micro-
scopes. Each yields a distinctive image.

Bright-field microscopy requires the application of stains to
microorganisms for easy viewing. Stains are also used to determine
the nature of bacterial cell walls or to visualize specific procaryotic
structures such as flagella and capsules.

The useful magnification of a light microscope is limited by its re-
solving power.The resolving power is limited by the wavelength of
the illuminating beam.

Electron microscopes use beams of electrons rather than light to
achieve very high resolution (up to 0.5 nm) and magnification.

New forms of microscopy are improving our ability to observe mi-
croorganisms and molecules. Two examples are the confocal scan-
ning laser microscope and the scanning probe microscope.

icrobiology usually is concerned with organisms so
M small they cannot be seen distinctly with the unaided

eye. Because of the nature of this discipline, the micro-
scope is of crucial importance. Thus it is important to understand
how the microscope works and the way in which specimens are
prepared for examination.

In this chapter we begin with a detailed treatment of the stan-
dard bright-field microscope and then describe other common
types of light microscopes. Next we discuss preparation and
staining of specimens for examination with the light microscope.
This is followed by a description of transmission and scanning
electron microscopes, both of which are used extensively in cur-

Clostridium botulinum is a rod-shaped bacterium that forms endospores and
releases botulinum toxin, the cause of botulism food poisoning. In this phase-
contrast micrograph, the endospores are the bright, oval objects located at the ends
of the rods; some endospores have been released from the cells that formed them.

rent microbiological research. We close the chapter with a brief
introduction to two newer forms of microscopy: confocal mi-
croscopy and scanning probe microscopy.

2.1 LENSES AND THE BENDING OF LIGHT

To understand how a light microscope operates, one must know
something about the way in which lenses bend and focus light to
form images. When a ray of light passes from one medium to an-
other, refraction occurs—that is, the ray is bent at the interface.
The refractive index is a measure of how greatly a substance
slows the velocity of light; the direction and magnitude of bend-
ing is determined by the refractive indices of the two media form-
ing the interface. When light passes from air into glass, a medium
with a greater refractive index, it is slowed and bent toward the
normal, a line perpendicular to the surface (figure 2.1). As light
leaves glass and returns to air, a medium with a lower refractive

Figure 2.1 The Bending of Light by a Prism. Normals (lines
perpendicular to the surface of the prism) are indicated by dashed
lines. As light enters the glass, it is bent toward the first normal
(angle 6, is less than 6,). When light leaves the glass and returns to
air, it is bent away from the second normal (8, is greater than 65).
As a result the prism bends light passing through it.

There are more animals living in the scum on the teeth in a
man’s mouth than there are men in a whole kingdom.

—Antony van Leeuwenhoek
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Figure 2.2 Lens Function. A lens functions somewhat like a
collection of prisms. Light rays from a distant source are focused at
the focal point F.The focal point lies a distance f, the focal length,
from the lens center.

m Common Units of Measurement

Unit Abbreviation Value

1 centimeter cm 1072 meter or 0.394 inches
1 millimeter mm 102 meter

1 micrometer pm 107° meter

1 nanometer nm 10° meter

1 Angstrom A 107 meter

index, it accelerates and is bent away from the normal. Thus a
prism bends light because glass has a different refractive index
from air, and the light strikes its surface at an angle.

Lenses act like a collection of prisms operating as a unit. When
the light source is distant so that parallel rays of light strike the lens,
a convex lens will focus these rays at a specific point, the focal
point (F in figure 2.2). The distance between the center of the lens
and the focal point is called the focal length ( f in figure 2.2).

Our eyes cannot focus on objects nearer than about 25 cm or 10
inches (table 2.1). This limitation may be overcome by using a
convex lens as a simple magnifier (or microscope) and holding it
close to an object. A magnifying glass provides a clear image at
much closer range, and the object appears larger. Lens strength is
related to focal length; a lens with a short focal length will magnify
an object more than a weaker lens having a longer focal length.

1. Define refraction, refractive index, focal point, and focal length.
2. Describe the path of a light ray through a prism or lens.
3. How is lens strength related to focal length?

2.2 THE LIGHT MICROSCOPE

Microbiologists currently employ a variety of light microscopes
in their work; bright-field, dark-field, phase-contrast, and fluo-
rescence microscopes are most commonly used. Modern micro-

scopes are all compound microscopes. That is, the magnified im-
age formed by the objective lens is further enlarged by one or
more additional lenses.

The Bright-Field Microscope

The ordinary microscope is called a bright-field microscope be-
cause it forms a dark image against a brighter background. The
microscope consists of a sturdy metal body or stand composed of
a base and an arm to which the remaining parts are attached (fig-
ure 2.3). A light source, either a mirror or an electric illuminator,
is located in the base. Two focusing knabs, the fine and coarse ad-
justment knobs, are located on the arm and can move either the
stage or the nosepiece to focus the image.

The stage is positioned about halfway up the arm and holds
microscope slides by either simple slide clips or a mechanical
stage clip. A mechanical stage allows the operator to move a slide
around smoothly during viewing by use of stage control knobs.
The substage condenser is mounted within or beneath the stage
and focuses a cone of light on the slide. Its position often is fixed
in simpler microscopes but can be adjusted vertically in more ad-
vanced models.

The curved upper part of the arm holds the body assembly, to
which a nosepiece and one or more eyepieces or ocular lenses
are attached. More advanced microscopes have eyepieces for
both eyes and are called binocular microscopes. The body as-
sembly itself contains a series of mirrors and prisms so that the
barrel holding the eyepiece may be tilted for ease in viewing (fig-
ure 2.4). The nosepiece holds three to five objective lenses of
differing magnifying power and can be rotated to position any ob-
jective beneath the body assembly. Ideally a microscope should
be parfocal—that is, the image should remain in focus when ob-
jectives are changed.

The image one sees when viewing a specimen with a com-
pound microscope is created by the objective and ocular lenses
working together. Light from the illuminated specimen is focused
by the objective lens, creating an enlarged image within the mi-
croscope (figure 2.4). The ocular lens further magnifies this pri-
mary image. The total magnification is calculated by multiplying
the objective and eyepiece magnifications together. For example,
if a 45X objective is used with a 10X eyepiece, the overall mag-
nification of the specimen will be 450X.

Microscope Resolution

The most important part of the microscope is the objective,
which must produce a clear image, not just a magnified one. Thus
resolution is extremely important. Resolution is the ability of a
lens to separate or distinguish between small objects that are
close together.

Resolution is described mathematically by an equation devel-
oped in the 1870s by Ernst Abbé, a German physicist responsible
for much of the optical theory underlying microscope design. The
Abbé equation states that the minimal distance (d) between two
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Interpupillary adjustment

. )

Ocular
(eyepiece)

Body

Nosepiece Arm

Objective lens (4)

Mechanical stage Coarse focus

adjustment knob

Substage condenser Fine focus

Aperture diaphragm control adjustment knob
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Base with light source

Field diaphragm lever

Light intensity control

Figure 2.3 A Bright-Field Microscope. The parts of a modern bright-field microscope. The microscope pictured is somewhat more
sophisticated than those found in many student laboratories. For example, it is binocular (has two eyepieces) and has a mechanical stage, an
adjustable substage condenser, and a built-in illuminator.

— objects that reveals them as separate entities depends on the
wavelength of light (\) used to illuminate the specimen and on
the numerical aperture of the lens (n sin 6), which is the ability
of the lens to gather light.

05\
nsin 6

As d becomes smaller, the resolution increases, and finer detail
can be discerned in a specimen; d becomes smaller as the wave-
length of light used decreases and as the numerical aperture (NA)
increases. Thus the greatest resolution is obtained using a lens
with the largest possible NA and light of the shortest wavelength,
light at the blue end of the visible spectrum (in the range of 450
to 500 nm; see figure 6.25).

The numerical aperture (n sin 0) of a lens is a complex con-
cept that can be difficult to understand. It is defined by two com-
ponents: n is the refractive index of the medium in which the lens
works (e.g., air) and 6 is 1/2 the angle of the cone of light enter-
ing an objective (figure 2.5). When this cone has a narrow angle
Figure 2.4 A Microscope’s Light Path. The light pathin an and tapers to a sharp point, it does not spread out much after leav-
advanced bright-field microscope (see also figure 2.19). ing the slide and therefore does not adequately separate images of
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closely packed objects. If the cone of light has a very wide angle
and spreads out rapidly after passing through a specimen, closely
packed objects appear widely separated and are resolved. The an-
gle of the cone of light that can enter a lens depends on the refrac-
tive index (n) of the medium in which the lens works, as well as
upon the objective itself. The refractive index for air is 1.00 and sin
6 cannot be greater than 1 (the maximum 6 is 90° and sin 90° is
1.00). Therefore no lens working in air can have a numerical aper-
ture greater than 1.00. The only practical way to raise the numeri-
cal aperture above 1.00, and therefore achieve higher resolution, is
to increase the refractive index with immersion oil, a colorless lig-
uid with the same refractive index as glass (table 2.2). If air is re-
placed with immersion oil, many light rays that did not enter the
objective due to reflection and refraction at the surfaces of the ob-
jective lens and slide will now do so (figure 2.6). An increase in nu-
merical aperture and resolution results.

Numerical aperture is related to another characteristic of an
objective lens, the working distance. The working distance of an
objective is the distance between the front surface of the lens and
the surface of the cover glass (if one is used) or the specimen when
it is in sharp focus. Objectives with large numerical apertures and
great resolving power have short working distances (table 2.2).

The preceding discussion has focused on the resolving power
of the objective lens. The resolution of an entire microscope must

Objective

Working distance{ 0

Slide with
specimen

Figure 2.5 Numerical Aperture in Microscopy. The angular
aperture 8 is 1/2 the angle of the cone of light that enters a lens
from a specimen, and the numerical aperture is n sin 6. In the
right-hand illustration the lens has larger angular and numerical
apertures; its resolution is greater and its working distance smaller.

m The Properties of Microscope Objectives

take into account the numerical aperture of its condenser as is ev-
ident from the equation below.

A
(NAobjective + NAcondenser)

The condenser is a large, light-gathering lens used to pro-
ject a wide cone of light through the slide and into the objective
lens. Most microscopes have a condenser with a numerical
aperture between 1.2 and 1.4. However, the condenser numeri-
cal aperture will not be much above about 0.9 unless the top of
the condenser is oiled to the bottom of the slide. During routine
microscope operation, the condenser usually is not oiled and
this limits the overall resolution, even with an oil immersion
objective.

Although the resolution of the microscope must consider both
the condenser and the objective lens, in most cases the limit of
resolution of a light microscope is calculated using the Abbé
equation, which considers the objective lens only. The maximum
theoretical resolving power of a microscope with an oil immer-
sion objective (numerical aperture of 1.25) and blue-green light
is approximately 0.2 um.

dmicroscope =

(0.5)(530 nm)
d= s 212 nmor 0.2pm

At best, a bright-field microscope can distinguish between two
dots about 0.2 wm apart (the same size as a very small bacterium).
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Figure 2.6 The Oil Immersion Objective. An oil immersion
objective operating in air and with immersion oil.

Objective
Property Scanning Low Power High Power Oil Immersion
Magnification 4X 10X 40-45X% 90-100%
Numerical aperture 0.10 0.25 0.55-0.65 1.25-1.4
Approximate focal length (f) 40 mm 16 mm 4 mm 1.8-2.0 mm
Working distance 17-20 mm 4-8 mm 0.5-0.7 mm 0.1 mm
Approximate resolving power with light 2.3 um 0.9 um 0.35 pm 0.18 pm

of 450 nm (blue light)




Given the limit of resolution of a light microscope, the largest
useful magnification—the level of magnification needed to in-
crease the size of the smallest resolvable object to be visible with
the light microscope—can be determined. Our eye can just detect
a speck 0.2 mm in diameter, and consequently the useful limit of
magnification is about 1,000 times the numerical aperture of the
objective lens. Most standard microscopes come with 10X eye-
pieces and have an upper limit of about 1,000 with oil immer-
sion. A15X eyepiece may be used with good objectives to achieve
a useful magnification of 1,500 <. Any further magnification does
not enable a person to see more detail. Indeed, a light microscope
can be built to yield a final magnification of 10,000, but it would
simply be magnifying a blur. Only the electron microscope pro-
vides sufficient resolution to make higher magnifications useful.

The Dark-Field Microscope

The dark-field microscope allows a viewer to observe living,
unstained cells and organisms by simply changing the way in
which they are illuminated. A hollow cone of light is focused on
the specimen in such a way that unreflected and unrefracted rays
do not enter the objective. Only light that has been reflected or

(@
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refracted by the specimen forms an image (figure 2.7). The field
surrounding a specimen appears black, while the object itself is
brightly illuminated (figure 2.8a,b).The dark-field microscope
can reveal considerable internal structure in larger eucaryotic mi-
croorganisms (figure 2.8b). It also is used to identify certain bac-
teria like the thin and distinctively shaped Treponema pallidum
(figure 2.8a), the causative agent of syphilis.

The Phase-Contrast Microscope

Unpigmented living cells are not clearly visible in the bright-
field microscope because there is little difference in contrast be-
tween the cells and water. As will be discussed in section 2.3, one
solution to this problem is to kill and stain cells before observa-
tion to increase contrast and create variations in color between
cell structures. But what if an investigator must view living cells
in order to observe a dynamic process such as movement or
phagocytosis? Phase-contrast microscopy can be used in this sit-
uation. A phase-contrast microscope converts slight differ-
ences in refractive index and cell density into easily detected
variations in light intensity and is an excellent way to observe
living cells (figure 2.8c—e).

1

Objective [—:l
b1

— | Specimen

A

condenser

( D
>

Dark-field stop
|

(b)

Figure 2.7 Dark-Field Microscopy. The simplest way to convert a microscope to dark-field microscopy is to place (a) a dark-field stop
underneath (b) the condenser lens system.The condenser then produces a hollow cone of light so that the only light entering the objective

comes from the specimen.
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(a) T pallidum: dark-field microscopy

(b) Volvox and Spirogyra: dark-field microscopy

Figure 2.8 Examples of Dark-Field and Phase-Contrast
Microscopy. (a) Treponema pallidum, the spirochete that causes
syphilis; dark-field microscopy. (b) Volvox and Spirogyra; dark-field
microscopy (X 175). Note daughter colonies within the mature
Volvox colony (center) and the spiral chloroplasts of Spirogyra (left
and right). (c) A phase-contrast micrograph of Pseudomonas cells,
which range from 1-3 pum in length. (d) Desulfotomaculum acetoxi-
dans with endospores; phase contrast (X2,000). (e) Paramecium
stained to show a large central macronucleus with a small spheri-
cal micronucleus at its side; phase-contrast microscopy (X 100).

(d) Desulfotomaculum: phase-contrast microscopy

Micronucleus Macronucleus

(e) Paramecium: phase-contrast microscopy
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Figure 2.9 Phase-Contrast Microscopy. The optics of a
dark-phase-contrast microscope.

The condenser of a phase-contrast microscope has an annular
stop, an opaque disk with a thin transparent ring, which produces
a hollow cone of light (figure 2.9). As this cone passes through a
cell, some light rays are bent due to variations in density and re-
fractive index within the specimen and are retarded by about 1/4
wavelength. The deviated light is focused to form an image of the
object. Undeviated light rays strike a phase ring in the phase plate,
a special optical disk located in the objective, while the deviated
rays miss the ring and pass through the rest of the plate. If the
phase ring is constructed in such a way that the undeviated light
passing through it is advanced by 1/4 wavelength, the deviated

The Light Microscope 23

and undeviated waves will be about 1/2 wavelength out of phase
and will cancel each other when they come together to form an im-
age (figure 2.10). The background, formed by undeviated light, is
bright, while the unstained object appears dark and well-defined.
This type of microscopy is called dark-phase-contrast microscopy.
Color filters often are used to improve the image (figure 2.8d).

Phase-contrast microscopy is especially useful for studying
microbial motility, determining the shape of living cells, and de-
tecting bacterial components such as endospores and inclusion
bodies that contain poly-B-hydroxyalkanoates (e.g., poly-B-
hydroxybutyrate), polymetaphosphate, sulfur, or other sub-
stances. These are clearly visible (figure 2.8d) because they have
refractive indices markedly different from that of water. Phase-
contrast microscopes also are widely used in studying eucaryotic
cells.  The cytoplasmic matrix: Inclusion bodies (section 3.3)

The Differential Interference Contrast Microscope

The differential interference contrast (DIC) microscope is
similar to the phase-contrast microscope in that it creates an im-
age by detecting differences in refractive indices and thickness.
Two beams of plane-polarized light at right angles to each other
are generated by prisms. In one design, the object beam passes
through the specimen, while the reference beam passes through a
clear area of the slide. After passing through the specimen, the
two beams are combined and interfere with each other to form an
image. A live, unstained specimen appears brightly colored and
three-dimensional (figure 2.11). Structures such as cell walls, en-
dospores, granules, vacuoles, and eucaryotic nuclei are clearly
visible.

The Fluorescence Microscope

The microscopes thus far considered produce an image from light
that passes through a specimen. An object also can be seen be-
cause it actually emits light, and this is the basis of fluorescence
microscopy. When some molecules absorb radiant energy, they
become excited and later release much of their trapped energy as
light. Any light emitted by an excited molecule will have a longer
wavelength (or be of lower energy) than the radiation originally
absorbed. Fluorescent light is emitted very quickly by the ex-
cited molecule as it gives up its trapped energy and returns to a
more stable state.

The fluorescence microscope exposes a specimen to ultravi-
olet, violet, or blue light and forms an image of the object with the
resulting fluorescent light. The most commonly used fluorescence
microscopy is epifluorescence microscopy, also called incident
light or reflected light fluorescence microscopy. Epifluorescence
microscopes employ an objective lens that also acts as a con-
denser (figure 2.12). A mercury vapor arc lamp or other source
produces an intense beam of light that passes through an exciter
filter. The exciter filter transmits only the desired wavelength of
excitation light. The excitation light is directed down the micro-
scope by a special mirror called the dichromatic mirror. This mir-
ror reflects light of shorter wavelengths (i.e., the excitation light),
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Figure 2.10 The Production of Contrast in Phase Microscopy. The behavior of deviated and undeviated or undiffracted light rays
in the dark-phase-contrast microscope. Because the light rays tend to cancel each other out, the image of the specimen will be dark against

a brighter background.

Figure 2.11 Differential Interference Contrast Microscopy.
A micrograph of the protozoan Amoeba proteus.The three-dimensional
image contains considerable detail and is artificially colored (X 160).

but allows light of longer wavelengths to pass through. The exci-
tation light continues down, passing through the objective lens to
the specimen, which is usually stained with special dye molecules
called fluorochromes (table 2.3). The fluorochrome absorbs light
energy from the excitation light and fluoresces brightly. The emit-
ted fluorescent light travels up through the objective lens into the
microscope. Because the emitted fluorescent light has a longer
wavelength, it passes through the dichromatic mirror to a barrier
filter, which blocks out any residual excitation light. Finally, the
emitted light passes through the barrier filter to the eyepieces.
The fluorescence microscope has become an essential tool in
medical microbiology and microbial ecology. Bacterial

Long wavelengths

Barrier filter (blocks

Exciter filter
(removes long
wavelengths)

Mercury

arc lamp

ultraviolet radiation
but allows visible
light through)

Dichromatic mirror
reflects short
wavelengths; transmits
longer wavelengths

Short

Long wavelengths
wavelengths

Fluorochrome-coated
specimen (absorbs
short-wavelength
radiation and emits
longer-wavelength light)

Figure 2.12 Epifluorescence Microscopy. The principles of
operation of an epifluorescence microscope.

pathogens (e.g., Mycobacterium tuberculosis, the cause of tu-
berculosis) can be identified after staining them with fluo-
rochromes or specifically labeling them with fluorescent
antibodies using immunofluorescence procedures. In ecological
studies the fluorescence microscope is used to observe microor-
ganisms stained with fluorochrome-labeled probes or fluo-
rochromes that bind specific cell constituents (table 2.3). In
addition, microbial ecologists use epifluorescence microscopy
to visualize photosynthetic microbes, as their pigments naturally
fluoresce when excited by light of specific wavelengths. It is
even possible to distinguish live bacteria from dead bacteria by
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m Commonly Used Fluorochromes

Fluorochrome Uses

Stains DNA,; fluoresces orange

Stains DNA,; fluoresces green

Often attached to antibodies that bind specific cellular components or to DNA probes; fluoresces green
Often attached to antibodies that bind specific cellular components; fluoresces red

Acridine orange

Diamidino-2-phenyl indole (DAPI)
Fluorescein isothiocyanate (FITC)
Tetramethyl rhodamine isothiocyanate

(TRITC or rhodamine)

*
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Figure 2.13 Fluorescent Dyes and Tags. (a) Dyes that cause live cells to fluoresce green and dead ones red; (b) Auramine is used to
stain Mycobacterium species in a modification of the acid-fast technique; (c) Fluorescent antibodies tag specific molecules. In this case, the

antibody binds to a molecule that is unique to Streptococcus pyogenes.

the color they fluoresce after treatment with a special mixture of
stains (figure 2.13a). Thus the microorganisms can be viewed
and directly counted in a relatively undisturbed ecological niche.
Identification of microorganisms from specimens: Immunologic techniques
(section 35.2)

1. List the parts of a light microscope and describe their functions.

2. Define resolution, numerical aperture, working distance, and fluorochrome.

3. Ifaspecimen is viewed using a 5X objective in a microscope with a 15X eye-
piece, how many times has the image been magnified?

4. How does resolution depend on the wavelength of light, refractive index,
and numerical aperture? How are resolution and magnification related?

5. What is the function of immersion oil?

6. Why don't most light microscopes use 30X ocular lenses for greater magnifi-
cation?

7. Briefly describe how dark-field, phase-contrast, differential interference
contrast, and epifluorescence microscopes work and the kind of image
provided by each. Give a specific use for each type.

2.3  PREPARATION AND STAINING OF SPECIMENS

Although living microorganisms can be directly examined with
the light microscope, they often must be fixed and stained to in-
crease visibility, accentuate specific morphological features, and
preserve them for future study.

Fixation

The stained cells seen in a microscope should resemble living cells
as closely as possible. Fixation is the process by which the internal
and external structures of cells and microorganisms are preserved
and fixed in position. It inactivates enzymes that might disrupt cell
morphology and toughens cell structures so that they do not change
during staining and observation. A microorganism usually is killed
and attached firmly to the microscope slide during fixation.

There are two fundamentally different types of fixation.
Heat fixation is routinely used to observe procaryotes. Typi-
cally, a film of cells (a smear) is gently heated as a slide is passed
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through a flame. Heat fixation preserves overall morphology but
not structures within cells. Chemical fixation is used to protect
fine cellular substructure and the morphology of larger, more
delicate microorganisms. Chemical fixatives penetrate cells and
react with cellular components, usually proteins and lipids, to
render them inactive, insoluble, and immobile. Common fixative
mixtures contain such components as ethanol, acetic acid, mer-
curic chloride, formaldehyde, and glutaraldehyde.

Dyes and Simple Staining

The many types of dyes used to stain microorganisms have two
features in common: they have chromophore groups, groups
with conjugated double bonds that give the dye its color, and
they can bind with cells by ionic, covalent, or hydrophobic
bonding. Most dyes are used to directly stain the cell or object
of interest, but some dyes (e.g., India ink and nigrosin) are used
in negative staining, where the background but not the cell is
stained; the unstained cells appear as bright objects against a
dark background.

Dyes that bind cells by ionic interactions are probably the
most commonly used dyes. These ionizable dyes may be di-
vided into two general classes based on the nature of their
charged group.

1. Basic dyes—methylene blue, basic fuchsin, crystal violet,
safranin, malachite green—have positively charged groups
(usually some form of pentavalent nitrogen) and are generally
sold as chloride salts. Basic dyes bind to negatively charged
molecules like nucleic acids, many proteins, and the surfaces
of procaryotic cells.

2. Acidic dyes—eosin, rose bengal, and acid fuchsin—possess
negatively charged groups such as carboxyls (—COOH) and
phenolic hydroxyls (—OH). Acidic dyes, because of their
negative charge, bind to positively charged cell structures.

The staining effectiveness of ionizable dyes may be altered by
pH, since the nature and degree of the charge on cell components
change with pH. Thus acidic dyes stain best under acidic condi-
tions when proteins and many other molecules carry a positive
charge; basic dyes are most effective at higher pHs.

Dyes that bind through covalent bonds or because of their
solubility characteristics are also useful. For instance, DNA can
be stained by the Feulgen procedure in which the staining com-
pound (Schiff’s reagent) is covalently attached to its deoxyri-
bose sugars. Sudan 111 (Sudan Black) selectively stains lipids
because it is lipid soluble but will not dissolve in aqueous por-
tions of the cell.

Microorganisms often can be stained very satisfactorily by
simple staining, in which a single dye is used (figure 2.14a,b).
Simple staining’s value lies in its simplicity and ease of use. One
covers the fixed smear with stain for a short period of time,
washes the excess stain off with water, and blots the slide dry. Ba-
sic dyes like crystal violet, methylene blue, and carbolfuchsin are
frequently used in simple staining to determine the size, shape,
and arrangement of procaryotic cells.

Differential Staining

The Gram stain, developed in 1884 by the Danish physician
Christian Gram, is the most widely employed staining method in
bacteriology. It is an example of differential staining—procedures
that are used to distinguish organisms based on their staining prop-
erties. Use of the Gram stain divides Bacteria into two classes—
gram negative and gram positive.

The Gram-staining procedure is illustrated in figure 2.15. In the
first step, the smear is stained with the basic dye crystal violet, the
primary stain. This is followed by treatment with an iodine solution
functioning as a mordant. The iodine increases the interaction be-
tween the cell and the dye so that the cell is stained more strongly.
The smear is next decolorized by washing with ethanol or acetone.
This step generates the differential aspect of the Gram stain; gram-
positive bacteria retain the crystal violet, whereas gram-negative
bacteria lose their crystal violet and become colorless. Finally, the
smear is counterstained with a simple, basic dye different in color
from crystal violet. Safranin, the most common counterstain, colors
gram-negative bacteria pink to red and leaves gram-positive bacteria
dark purple (figures 2.14c and 2.15b).  The bacterial cell wall (section 3.6)

Acid-fast staining is another important differential staining
procedure. It is most commonly used to identify Mycobacterium
tuberculosis and M. leprae (figure 2.14d), the pathogens respon-
sible for tuberculosis and leprosy, respectively. These bacteria
have cell walls with high lipid content; in particular, mycolic
acids—a group of branched-chain hydroxy lipids, which prevent
dyes from readily binding to the cells. However, M. tuberculosis
and M. leprae can be stained by harsh procedures such as the
Ziehl-Neelsen method, which uses heat and phenol to drive basic
fuchsin into the cells. Once basic fuchsin has penetrated, M. tu-
berculosis and M. leprae are not easily decolorized by acidified
alcohol (acid-alcohol), and thus are said to be acid-fast. Non-
acid-fast bacteria are decolorized by acid-alcohol and thus are
stained blue by methylene blue counterstain.

Staining Specific Structures

Many special staining procedures have been developed to study
specific structures with the light microscope. One of the simplest
is capsule staining (figure 2.14f), a technique that reveals the
presence of capsules, a network usually made of polysaccharides
that surrounds many bacteria and some fungi. Cells are mixed
with India ink or nigrosin dye and spread out in a thin film on a
slide. After air-drying, the cells appear as lighter bodies in the
midst of a blue-black background because ink and dye particles
cannot penetrate either the cell or its capsule. Thus capsule stain-
ing is an example of negative staining. The extent of the light re-
gion is determined by the size of the capsule and of the cell itself.
There is little distortion of cell shape, and the cell can be coun-
terstained for even greater visibility. Components external to the cell
wall: Capsules, slime layers, and S-layers (section 3.9)

Endospore staining, like acid-fast staining, also requires
harsh treatment to drive dye into a target, in this case an en-
dospore. An endospore is an exceptionally resistant structure
produced by some bacterial genera (e.g., Bacillus and Clostrid-
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Special Stains

(a) Crystal violet stain
of Escherichia coli

(c) Gram stain

Purple cells are gram positive.

(f) India ink capsule stain of
Cryptococcus neoformans

Red cells are gram negative.

(b) Methylene blue stain
of Corynebacterium

(d) Acid-fast stain
Red cells are acid-fast.
Blue cells are non-acid-fast.

(g) Flagellar stain of Proteus vulgaris.
A basic stain was used to
build up the flagella.

(e) Endospore stain, showing endospores (red)
and vegetative cells (blue)

Figure 2.14 Types of Microbiological Stains.

ium). It is capable of surviving for long periods in an unfavorable
environment and is called an endospore because it develops
within the parent bacterial cell. Endospore morphology and lo-
cation vary with species and often are valuable in identification;
endospores may be spherical to elliptical and either smaller or
larger than the diameter of the parent bacterium. Endospores are

not stained well by most dyes, but once stained, they strongly re-
sist decolorization. This property is the basis of most endospore
staining methods (figure 2.14e). In the Schaeffer-Fulton proce-
dure, endospores are first stained by heating bacteria with mala-
chite green, which is a very strong stain that can penetrate
endospores. After malachite green treatment, the rest of the cell
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Steps in Staining State of Bacteria
Step 1: Crystal violet  Cells stain purple.
8 Q (primary stain)
Step 2: lodine Cells remain purple.
8 Q (mordant)
Step 3: Alcohol Gram-positive cells
Q (decolorizer) remain purple;
Gram-negative cells
o % become colorless.
Step 4: Safranin Gram-positive cells
(counterstain) remain purple;
Gram-negative cells
Q appear red.
@

Figure 2.15 Gram Stain.

(b)

(a) Steps in the Gram stain procedure. (b) Results of a Gram stain.The Gram-positive cells (purple) are

Staphylococcus aureus; the Gram-negative cells (reddish-pink) are Escherichia coli.

is washed free of dye with water and is counterstained with
safranin. This technique yields a green endospore resting in a
pink to red cell. The bacterial endospore (section 3.11); Class Clostridia
(section 23.4); and Class Bacilli (section 23.5)

Flagella staining provides taxonomically valuable information
about the presence and distribution pattern of flagella on procary-
otic cells (figure 2.14g: see also figure 3.39). Procaryotic flagella are
fine, threadlike organelles of locomotion that are so slender (about
10 to 30 nm in diameter) they can only be seen directly using the
electron microscope. To observe them with the light microscope, the
thickness of flagella is increased by coating them with mordants like
tannic acid and potassium alum, and then staining with pararosani-
line (Leifson method) or basic fuchsin (Gray method).  Components
external to the cell wall: Flagella and motility (section 3.9)

1. Define fixation, dye, chromophore, basic dye, acidic dye, simple staining,
differential staining, mordant, negative staining, and acid-fast staining.

2. Describe the two general types of fixation. Which would you normally use for
procaryotes? For protozoa?

3. Why would one expect basic dyes to be more effective under alkaline conditions?

4. Describe the Gram stain procedure and explain how it works.What step in
the procedure could be omitted without losing the ability to distinguish be-
tween gram-positive and gram-negative bacteria? Why?

5. How would you visualize capsules, endospores, and flagella?

2.4 ELECTRON MicROSCOPY

For centuries the light microscope has been the most important
instrument for studying microorganisms. However, even the very
best light microscopes have a resolution limit of about 0.2 pm,
which greatly compromises their usefulness for detailed studies
of many microorganisms. Viruses, for example, are too small to
be seen with light microscopes. Procaryotes can be observed, but
because they are usually only 1 wm to 2 pwm in diameter, just their
general shape and major morphological features are visible. The
detailed internal structure of larger microorganisms also cannot
be effectively studied by light microscopy. These limitations arise
from the nature of visible light waves, not from any inadequacy
of the light microscope itself. Electron microscopes have much
greater resolution. They have transformed microbiology and
added immeasurably to our knowledge. The nature of the electron
microscope and the ways in which specimens are prepared for ob-
servation are reviewed briefly in this section.

The Transmission Electron Microscope

Electron microscopes use a beam of electrons to illuminate and
create magnified images of specimens. Recall that the resolution
of a light microscope increases with a decrease in the wavelength
of the light it uses for illumination. Electrons replace light as the
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Figure 2.16 The Limits of Microscopic Resolution. Dimen-
sions are indicated with a logarithmic scale (each major division rep-
resents a tenfold change in size). To the right side of the scale are the
approximate sizes of cells, bacteria, viruses, molecules, and atoms.

illuminating beam. They can be focused, much as light is in a
light microscope, but their wavelength is around 0.005 nm, ap-
proximately 100,000 times shorter than that of visible light.
Therefore, electron microscopes have a practical resolution
roughly 1,000 times better than the light microscope; with many
electron microscopes, points closer than 0.5 nm can be distin-
guished, and the useful magnification is well over 100,000 (fig-
ure 2.16). The value of the electron microscope is evident on
comparison of the photographs in figure 2.17, microbial morph-
ology can now be studied in great detail.

A modern transmission electron microscope (TEM) is
complex and sophisticated (figure 2.18), but the basic principles
behind its operation can be readily understood. A heated tungsten
filament in the electron gun generates a beam of electrons that is
then focused on the specimen by the condenser (figure 2.19).
Since electrons cannot pass through a glass lens, doughnut-
shaped electromagnets called magnetic lenses are used to focus
the beam. The column containing the lenses and specimen must
be under high vacuum to obtain a clear image because electrons
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are deflected by collisions with air molecules. The specimen scat-
ters some electrons, but those that pass through are used to form
an enlarged image of the specimen on a fluorescent screen. A
denser region in the specimen scatters more electrons and there-
fore appears darker in the image since fewer electrons strike that
area of the screen; these regions are said to be “electron dense.”
In contrast, electron-transparent regions are brighter. The image
can also be captured on photographic film as a permanent record.

Table 2.4 compares some of the important features of light
and transmission electron microscopes. The TEM has distinctive
features that place harsh restrictions on the nature of samples that
can be viewed and the means by which those samples must be
prepared. Since electrons are deflected by air molecules and are
easily absorbed and scattered by solid matter, only extremely thin
slices (20 to 100 nm) of a microbial specimen can be viewed in
the average TEM. Such a thin slice cannot be cut unless the spec-
imen has support of some kind; the necessary support is provided
by plastic. After fixation with chemicals like glutaraldehyde or
osmium tetroxide to stabilize cell structure, the specimen is de-
hydrated with organic solvents (e.g., acetone or ethanol). Com-
plete dehydration is essential because most plastics used for
embedding are not water soluble. Next the specimen is soaked in
unpolymerized, liquid epoxy plastic until it is completely perme-
ated, and then the plastic is hardened to form a solid block. Thin
sections are cut from this block with a glass or diamond knife us-
ing a special instrument called an ultramicrotome.

As with bright-field microscopy, cells usually must be stained
before they can be seen clearly. The probability of electron scat-
tering is determined by the density (atomic number) of the spec-
imen atoms. Biological molecules are composed primarily of
atoms with low atomic numbers (H, C, N, and O), and electron
scattering is fairly constant throughout the unstained cell. There-
fore specimens are prepared for observation by soaking thin sec-
tions with solutions of heavy metal salts like lead citrate and
uranyl acetate. The lead and uranium ions bind to cell structures
and make them more electron opaque, thus increasing contrast in
the material. Heavy osmium atoms from the osmium tetroxide
fixative also “stain” cells and increase their contrast. The stained
thin sections are then mounted on tiny copper grids and viewed.

Two other important techniques for preparing specimens are
negative staining and shadowing. In negative staining, the speci-
men is spread out in a thin film with either phosphotungstic acid
or uranyl acetate. Just as in negative staining for light mi-
croscopy, heavy metals do not penetrate the specimen but render
the background dark, whereas the specimen appears bright in
photographs. Negative staining is an excellent way to study the
structure of viruses, bacterial gas vacuoles, and other similar ob-
jects (figure 2.17c¢). In shadowing, a specimen is coated with a
thin film of platinum or other heavy metal by evaporation at an
angle of about 45° from horizontal so that the metal strikes the
microorganism on only one side. In one commonly used imaging
method, the area coated with metal appears dark in photographs,
whereas the uncoated side and the shadow region created by the
object is light (figure 2.20). This technique is particularly useful
in studying virus morphology, procaryotic flagella, and DNA.
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Figure 2.17 Light and Electron Microscopy. A comparison of light and electron microscopic resolution. (a) Rhodospirillum rubrum in
phase-contrast light microscope (X600). (b) A thin section of R. rubrum in transmission electron microscope (X 100,000). (c) A transmission

electron micrograph of a negatively stained T4 bacteriophage.
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Figure 2.18 A Transmission Electron Microscope. The
electron gun is at the top of the central column, and the magnetic
lenses are within the column.The image on the fluorescent screen
may be viewed through a magnifier positioned over the viewing
window.The camera is in a compartment below the screen.

The TEM will also disclose the shape of organelles within
microorganisms if specimens are prepared by the freeze-etching
procedure. First, cells are rapidly frozen in liquid nitrogen and
then warmed to —100°C in a vacuum chamber. Next a knife
that has been precooled with liquid nitrogen (—196°C) frac-

tures the frozen cells, which are very brittle and break along
lines of greatest weakness, usually down the middle of internal
membranes (figure 2.21). The specimen is left in the high vac-
uum for a minute or more so that some of the ice can sublimate
away and uncover more structural detail. Finally, the exposed
surfaces are shadowed and coated with layers of platinum and
carbon to form a replica of the surface. After the specimen has
been removed chemically, this replica is studied in the TEM
and provides a detailed, three-dimensional view of intracellu-
lar structure (figure 2.22). An advantage of freeze-etching is
that it minimizes the danger of artifacts because the cells are
frozen quickly rather than being subjected to chemical fixation,
dehydration, and plastic embedding.

The Scanning Electron Microscope

Transmission electron microscopes form an image from radiation
that has passed through a specimen. The scanning electron mi-
croscope (SEM) works in a different manner. It produces an im-
age from electrons released from atoms on an object’s surface.
The SEM has been used to examine the surfaces of microorgan-
isms in great detail; many SEMs have a resolution of 7 nm or less.

Specimen preparation for SEM is relatively easy, and in some
cases air-dried material can be examined directly. Most often,
however, microorganisms must first be fixed, dehydrated, and
dried to preserve surface structure and prevent collapse of the
cells when they are exposed to the SEM’s high vacuum. Before
viewing, dried samples are mounted and coated with a thin layer
of metal to prevent the buildup of an electrical charge on the sur-
face and to give a better image.
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Figure 2.19 Transmission Electron Microscope Operation.
An overview of TEM operation and a comparison of the operation
of light and transmission electron microscopes.
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To create an image, the SEM scans a narrow, tapered electron
beam back and forth over the specimen (figure 2.23). When the
beam strikes a particular area, surface atoms discharge a tiny
shower of electrons called secondary electrons, and these are
trapped by a special detector. Secondary electrons entering the
detector strike a scintillator causing it to emit light flashes that a
photomultiplier converts to an electrical current and amplifies.
The signal is sent to a cathode-ray tube and produces an image
like a television picture, which can be viewed or photographed.

The number of secondary electrons reaching the detector de-
pends on the nature of the specimen’s surface. When the electron
beam strikes a raised area, a large number of secondary electrons
enter the detector; in contrast, fewer electrons escape a depres-
sion in the surface and reach the detector. Thus raised areas ap-
pear lighter on the screen and depressions are darker. A realistic
three-dimensional image of the microorganism’s surface results
(figure 2.24). The actual in situ location of microorganisms in
ecological niches such as the human skin and the lining of the gut
also can be examined.

1. Why does the transmission electron microscope have much greater reso-
lution than the light microscope?

2. Describe in general terms how the TEM functions. Why must the TEM use a
high vacuum and very thin sections?

3. Material is often embedded in paraffin before sectioning for light microscopy.
Why can't this approach be used when preparing a specimen for the TEM?

4. Under what circumstances would it be desirable to prepare specimens for
the TEM by use of negative staining? Shadowing? Freeze-etching?

5. How does the scanning electron microscope operate and in what way
does its function differ from that of the TEM? The SEM is used to study
which aspects of morphology?

2.5 NEeweR TECHNIQUES IN MICROSCOPY

Confocal Microscopy

Like the large and small beads illustrated in figure 2.25a, biolog-
ical specimens are three-dimensional. When three-dimensional
objects are viewed with traditional light microscopes, light from

Table2.4 | Characteristics of Light and Transmission Electron Microscopes

Transmission Electron Microscope

Feature Light Microscope
Highest practical magnification About 1,000-1,500
Best resolution® 0.2 pm

Radiation source Visible light
Medium of travel Air

Type of lens Glass

Source of contrast
Focusing mechanism
Method of changing magnification

Specimen mount Glass slide

Differential light absorption
Adjust lens position mechanically
Switch the objective lens or eyepiece

Over 100,000

0.5nm

Electron beam

High vacuum

Electromagnet

Scattering of electrons

Adjust current to the magnetic lens
Adjust current to the magnetic lens
Metal grid (usually copper)

“The resolution limit of a human eye is about 0.2 mm.
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Figure 2.20 Specimen Shadowing for the TEM. Examples of specimens viewed in the TEM after shadowing with uranium metal.
(a) Proteus mirabilis (X42,750); note flagella and fimbriae. (b) T4 coliphage (X72,000).
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Figure 2.21 The Freeze-Etching Technique. In steps (a) and (b), a frozen eucaryotic cell is fractured with a cold knife. Etching by sub-
limation is depicted in (c). Shadowing with platinum plus carbon and replica formation are shown in (d) and (e). See text for details.
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Figure 2.23 The Scanning Electron Microscope.
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Figure 2.24 Scanning Electron Micrographs of Bacteria. (a) Staphylococcus aureus (X32,000). (b) Cristispira, a spirochete from the
crystalline style of the oyster, Ostrea virginica.The axial fibrils or periplasmic flagella are visible around the protoplasmic cylinder (X6,000).
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Figure 2.25 Light and Confocal Microscopy. Two beads examined by light and confocal microscopy. Light microscope images are
generated from light emanating from many areas of a three-dimensional object. Confocal images are created from light emanating from
only a single plane of focus. Multiple planes within the object can be examined and used to construct clear, finely detailed images. (a) The
planes observable by confocal microscopy. (b) The light microscope image of the two beads shown in (a). Note that neither bead is clear
and that the smaller bead is difficult to recognize as a bead. (c) A computer connected to a confocal microscope can make a composite im-
age of the two beads using digitized information collected from multiple planes within the beads.The result is a much clearer and more de-
tailed image. (d) The computer can also use digitized information collected from multiple planes within the beads to generate a
three-dimensional reconstruction of the beads. (e) Computer generated views of a specimen: the top left panel is the image of a single x-y
plane (i.e., looking down from the top of the specimen).The two lines represent the two x-z planes imaged in the other two panels.The ver-
tical line indicates the x-z plane shown in the top right panel (i.e., a view from the right side of the specimen) and the horizontal line indi-
cates the x-z plane shown in the bottom panel (i.e., a view from the front face of the specimen). (f) A three-dimensional reconstruction of a
Pseudomonas aeruginosa biofilm.The biofilm was exposed to an antibacterial agent and then stained with dyes that distinguish living
(green) from dead (red) cells.The cells on the surface of the biofilm have been killed, but those in the lower layers of the biofilm are still

alive.

all areas of the object, not just the plane of focus, enter the mi-
croscope and are used to create an image. The resulting image is
murky and fuzzy (figure 2.25b). This problem has been solved by
the development of the confocal scanning laser microscope
(CSLM), or simply, confocal microscope. The confocal micro-
scope uses a laser beam to illuminate a specimen, usually one that
has been fluorescently stained. A major component of the confo-
cal microscope is an aperture placed above the objective lens,
which eliminates stray light from parts of the specimen that lie
above and below the plane of focus (figure 2.26). Thus the only
light used to create the image is from the plane of focus, and a
much clearer sharp image is formed.

Computers are integral to the process of creating confocal im-
ages. A computer attached to the confocal microscope receives

digitized information from each plane in the specimen that is ex-
amined. This information can be used to create a composite im-
age that is very clear and detailed (figure 2.25c) or to create a
three-dimensional reconstruction of the specimen (figure 2.25d).
Images of x-z plane cross-sections of the specimen can also be
generated, giving the observer views of the specimen from three
perspectives (figure 2.25e). Confocal microscopy has numerous
applications, including the study of biofilms, which can form on
many different types of surfaces including in-dwelling medical
devices such as hip joint replacements. As shown in figure 2.25f,
it is difficult to kill all cells in a biofilm. This makes them a par-
ticular concern to the medical field because formation of biofilms
on medical devices can result in infections that are difficult to
treat. Microbial growth in natural environments: Biofilms (section 6.6)
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Figure 2.26 A Ray Diagram of a Confocal Laser Scanning Microscope. The yellow lines represent laser light used for illumination.
Red lines symbolize the light arising from the plane of focus, and the blue lines stand for light from parts of the specimen above and below
the focal plane. See text for explanation.

Scanning Probe Microscopy

Although light and electron microscopes have become quite so-
phisticated and have reached an advanced state of development,
powerful new microscopes are still being created. A new class of
microscopes, called scanning probe microscopes, measure sur-
face features by moving a sharp probe over the object’s surface.
The scanning tunneling microscope, invented in 1980, is an ex-
cellent example of a scanning probe microscope. It can achieve
magnifications of 100 million and allow scientists to view atoms
on the surface of a solid. The electrons surrounding surface
atoms tunnel or project out from the surface boundary a very
short distance. The scanning tunneling microscope has a needle-
like probe with a point so sharp that often there is only one atom
at its tip. The probe is lowered toward the specimen surface un-
til its electron cloud just touches that of the surface atoms. If a
small voltage is applied between the tip and specimen, electrons
flow through a narrow channel in the electron clouds. This tun-

neling current, as it is called, is extraordinarily sensitive to dis-
tance and will decrease about a thousandfold if the probe is
moved away from the surface by a distance equivalent to the di-
ameter of an atom.

The arrangement of atoms on the specimen surface is deter-
mined by moving the probe tip back and forth over the surface
while keeping it at a constant height above the specimen by ad-
justing the probe distance to maintain a steady tunneling current.
As the tip moves up and down while following the surface con-
tours, its motion is recorded and analyzed by a computer to create
an accurate three-dimensional image of the surface atoms. The
surface map can be displayed on a computer screen or plotted on
paper. The resolution is so great that individual atoms are ob-
served easily. The microscope’s inventors, Gerd Binnig and Hein-
rich Rohrer, shared the 1986 Nobel Prize in Physics for their
work, together with Ernst Ruska, the designer of the first trans-
mission electron microscope.
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The scanning tunneling microscope is already having a major
impact in biology. It can be used to directly view DNA and other
biological molecules (figure 2.27). Since the microscope can ex-
amine objects when they are immersed in water, it may be partic-
ularly useful in studying biological molecules.

More recently a second type of scanning probe microscope has
been developed. The atomic force microscope moves a sharp
probe over the specimen surface while keeping the distance be-

Figure 2.27 Scanning Tunneling Microscopy of DNA. The
DNA double helix with approximately three turns shown (false
color; X2,000,000).

tween the probe tip and the surface constant. It does this by exert-
ing a very small amount of force on the tip, just enough to main-
tain a constant distance but not enough force to damage the
surface. The vertical motion of the tip usually is followed by mea-
suring the deflection of a laser beam that strikes the lever holding
the probe (figure 2.28). Unlike the scanning tunneling micro-
scope, the atomic force microscope can be used to study surfaces
that do not conduct electricity well. The atomic force microscope
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Figure 2.28 Atomic Force Microscopy—The Basic
Elements of an Atomic Force Microscope. The tip used to
probe the specimen is attached to a cantilever. As the probe
passes over the “hills and valleys” of the specimen’s surface, the
cantilever is deflected vertically. A laser beam directed at the
cantilever is used to monitor these vertical movements. Light
reflected from the cantilever is detected by the photodiode and
used to generate an image of the specimen.

Figure 2.29 The Membrane Protein Aquaporin Visualized by Atomic Force Micrscopy. Aquaporin is a membrane-spanning
protein that allows water to move across the membrane. (a) Each circular structure represents the surface view of a single aquaporin
protein. (b) A single aquaporin molecule observed in more detail and at higher magnification.



has been used to study the interactions between the E. coli GroES
and GroEL chaperone proteins, to map plasmids by locating re-
striction enzymes bound to specific sites, to follow the behavior of
living bacteria and other cells, and to visualize membrane proteins
(figure 2.29).
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1. How does a confocal microscope operate? Why does it provide better im-
ages of thick specimens than does the standard compound microscope?

2. Briefly describe the scanning probe microscope and compare and con-
trast its most popular versions—the scanning tunneling microscope and
the atomic force microscope. What are these microscopes used for?

2.1 Lenses and the Bending of Light
a. Alight ray moving from air to glass, or vice versa, is bent in a process known
as refraction.
b. Lenses focus light rays at a focal point and magnify images (figure 2.2).

2.2 The Light Microscope

a. Inacompound microscope like the bright-field microscope, the primary im-
age is formed by an objective lens and enlarged by the eyepiece or ocular lens
to yield the final image (figure 2.3).

b. A substage condenser focuses a cone of light on the specimen.

c. Microscope resolution increases as the wavelength of radiation used to illu-
minate the specimen decreases. The maximum resolution of a light micro-
scope is about 0.2 pm.

d. The dark-field microscope uses only refracted light to form an image (fig-
ure 2.7), and objects glow against a black background.

e. The phase-contrast microscope converts variations in the refractive index and
density of cells into changes in light intensity and thus makes colorless, un-
stained cells visible (figure 2.9).

f. The differential interference contrast microscope uses two beams of light to
create high-contrast, three-dimensional images of live specimens.

g. The fluorescence microscope illuminates a fluorochrome-labeled specimen
and forms an image from its fluorescence (figure 2.12).

2.3 Preparation and Staining of Specimens

a. Specimens usually must be fixed and stained before viewing them in the
bright-field microscope.

b. Most dyes are either positively charged basic dyes or negative acidic dyes and
bind to ionized parts of cells.

In simple staining a single dye is used to stain microorganisms.

Differential staining procedures like the Gram stain and acid-fast stain distin-

guish between microbial groups by staining them differently (figure 2.15).
e. Some staining techniques are specific for particular structures like bacterial

capsules, flagella, and endospores (figure 2.14).

2.4 Electron Microscopy

a. The transmission electron microscope uses magnetic lenses to form an im-
age from electrons that have passed through a very thin section of a speci-
men (figure 2.19). Resolution is high because the wavelength of electrons
is very short.

b. Thin section contrast can be increased by treatment with solutions of heavy
metals like osmium tetroxide, uranium, and lead.

c. Specimens are also prepared for the TEM by negative staining, shadowing
with metal, or freeze-etching.

d. The scanning electron microscope (figure 2.23) is used to study external sur-
face features of microorganisms.

2.5 Newer Techniques in Microscopy
a. The confocal scanning laser microscope (figure 2.25) is used to study thick,
complex specimens.

b.  Scanning probe microscopes reach very high magnifications that allow scien-
tists to observe biological molecules (figures 2.27 and 2.29).
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Critical Thinking Questions

1. If you prepared a sample of a specimen for light microscopy, stained with the
Gram stain, and failed to see anything when you looked through your light mi-
croscope, list the things that you may have done incorrectly.

2. Inajournal article, find an example of a light micrograph, a scanning or trans-
mission electron micrograph, or a confocal image. Discuss why the figure was

included in the article and why that particular type of microscopy was the
method of choice for the research. What other figures would you like to see
used in this study? Outline the steps that the investigators would take in order
to obtain such photographs or figures.

Binning, G., and Rohrer, H. 1985. The scanning tunneling microscope. Sci. Am.
253(2):50-56.

Dufréne, Y. F. 2003. Atomic force microscopy provides a new means for looking at
microbial cells. ASM News 69(9):438-42.

Horber, J.K.H., and Miles, M. J. 2003. Scanning probe evolution in biology. Science
302:1002-5.

Lillie, R. D. 1969. H. J. Conn’s biological stains, 8th ed. Baltimore: Williams &
Wilkins.

Rochow, T. G. 1994. Introduction to microscopy by means of light, electrons, X-rays,
or acoustics. New York: Plenum.

Scherrer, Rene. 1984. Gram’s staining reaction, Gram types and cell walls of bac-
teria. Trends Biochem. Sci. 9:242-45.

Stephens, D. J., and Allan, V. J. 2003. Light microscopy techniques for live cell im-
aging. Science 300:82-6.

Please visit the Prescott website at www.mhhe.com/prescott7
for additional references.
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and Function

Procaryotes can be distinguished from eucaryotes in terms of their
size, cell structure, and molecular make-up. Most procaryotes lack
extensive, complex, internal membrane systems.

Although some cell structures are observed in both eucaryotic and
procaryotic cells, some structures are unique to procaryotes.

Procaryotes can be divided into two major groups: Bacteria and Ar-
chaea. Although similar in overall structure, Bacteria and Archaea
exhibit important differences in their cell walls and membranes.

Most bacteria can be divided into two broad groups based on cell
wall structure; the differences in cell wall structure correlate with
the reaction to the Gram staining procedure.

Many procaryotes are motile; several mechanisms for motility have
been identified.

Some bacteria form resistant endospores to survive harsh environ-
mental conditions in a dormant state.

shows that procaryotes are one of the most important

groups by any criterion: numbers of organisms, general
ecological importance, or practical importance for humans. In-
deed, much of our understanding of phenomena in biochemistry
and molecular biology comes from research on procaryotes. Al-
though considerable space in this text is devoted to eucaryotic mi-
croorganisms, the major focus is on procaryotes. Therefore the
unit on microbial morphology begins with the structure of pro-
caryotes. As mentioned in chapter 1, there are two quite different
groups of procaryotes: Bacteria and Archaea. Although consid-
erably less is known about archaeal cell structure and biochem-
istry, certain features distinguish the two domains. Whenever
possible, these distinctions will be noted. A more detailed discus-

Even a superficial examination of the microbial world

caryotic Cell Structure

Bacterial species may differ in their patterns of flagella distribution. These
Pseudomonas cells have a single polar flagellum used for locomotion.

sion of the Archaea is provided in chapter 20. A comment about
nomenclature is necessary to avoid confusion. The word pro-
caryote will be used in a general sense to include both the Bacte-
ria and Archaea; the term bacterium will refer specifically to a
member of the Bacteria and archaeon to a member of the Ar-
chaea. Members of the microbial world (section 1.1)

3.1 AN OVERVIEW OF PROCARYOTIC
CELL STRUCTURE

Because much of this chapter is devoted to a discussion of indi-
vidual cell components, a preliminary overview of the procary-
otic cell as a whole is in order.

Shape, Arrangement, and Size

One might expect that small, relatively simple organisms like
procaryotes would be uniform in shape and size. This is not the
case, as the microbial world offers almost endless variety in terms
of morphology (figures 3.1 and 3.2). However, most commonly
encountered procaryotes have one of two shapes. Cocci (s., coc-
cus) are roughly spherical cells. They can exist as individual
cells, but also are associated in characteristic arrangements that
are frequently useful in their identification. Diplococci (s., diplo-
coccus) arise when cocci divide and remain together to form
pairs. Long chains of cocci result when cells adhere after repeated
divisions in one plane; this pattern is seen in the genera
Streptococcus, Enterococcus, and Lactococcus (figure 3.1b).
Staphylococcus divides in random planes to generate irregular
grapelike clumps (figure 3.1a). Divisions in two or three planes

The era in which workers tended to look at bacteria as very small bags of enzymes has long passed.

—Howard J. Rogers
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(b) S. agalactiae

S G\

(d) R. rubrum

(c) B. megaterium

(e) V. cholerae

Figure 3.1 Common Procaryotic Cell Shapes. (a) Staphylococcus aureus cocci arranged in clusters; color-enhanced scanning
electron micrograph; average cell diameter is about 1 wm. (b) Streptococcus agalactiae, the cause of Group B streptococcal infections; cocci
arranged in chains; color-enhanced scanning electron micrograph (X4,800). (c) Bacillus megaterium, a rod-shaped bacterium arranged in
chains, Gram stain (X600). (d) Rhodospirillum rubrum, phase contrast (X500). (e) Vibrio cholera, curved rods with polar flagella; scanning

electron micrograph.

can produce symmetrical clusters of cocci. Members of the genus
Micrococcus often divide in two planes to form square groups of
four cells called tetrads. In the genus Sarcina, cocci divide in
three planes producing cubical packets of eight cells.

The other common shape is that of a rod, sometimes called a
bacillus (pl., bacilli). Bacillus megaterium is a typical example
of a bacterium with a rod shape (figure 3.1c). Bacilli differ con-
siderably in their length-to-width ratio, the coccobacilli being so
short and wide that they resemble cocci. The shape of the rod’s
end often varies between species and may be flat, rounded, cigar-
shaped, or bifurcated. Although many rods occur singly, some re-

main together after division to form pairs or chains (e.g., Bacillus
megaterium is found in long chains).

Although procaryotes are often simple spheres or rods, other
cell shapes and arrangements are not uncommon. Vibrios most
closely resemble rods, as they are comma-shaped (figure 3.1e).
Spiral-shaped procaryotes can be either classified as spirilla, which
usually have tufts of flagella at one or both ends of the cell (figure
3.1d and 3.2c), or spirochetes. Spirochetes are more flexible and
have a unique, internal flagellar arrangement. Actinomycetes typi-
cally form long filaments called hyphae that may branch to produce
a network called a mycelium (figure 3.2a). In this sense, they are



(a) Actinomyces

(d) Hyphomicrobium

similar to filamentous fungi, a group of eucaryotic microbes. The
oval- to pear-shaped Hyphomicrobium (figure 3.2d) produces a bud
at the end of a long hypha. Other bacteria such as Gallionella pro-
duce nonliving stalks (figure 3.2f). A few procaryotes actually are
flat. For example, Anthony Walsby has discovered square archaea
living in salt ponds (figure 3.2e). They are shaped like flat, square-
to-rectangular boxes about 2 wm by 2 to 4 wm, and only 0.25 pm
thick. Finally, some procaryotes are variable in shape and lack a sin-
gle, characteristic form (figure 3.2b). These are called pleomorphic
even though they may, like Corynebacterium, have a generally rod-
like form.  Phylum Spirochaetes (section 21.6)

Bacteria vary in size as much as in shape (figure 3.3).
Escherichia coli is a rod of about average size, 1.1to 1.5 pm wide
by 2.0 to 6.0 um long. Near the small end of the size continuum

(e) Walsby’s square archaeon
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(f) G. ferruginea

Figure 3.2 Unusually Shaped
Procaryotes. Examples of procaryotes
with shapes quite different from bacillus and
coccus types. (a) Actinomyces, SEM
(X21,000). (b) Mycoplasma pneumoniae, SEM
(X62,000). (c) Spiroplasma, SEM (X 13,000).
(d) Hyphomicrobium with hyphae and bud,
electron micrograph with negative staining.
(e) Walsby’s square archaeon. (f) Gallionella
ferruginea with stalk.

are members of the genus Mycoplasma, an interesting group of
bacteria that lack cell walls. For many years, it was thought that
they were the smallest procaryotes at about 0.3 wm in diameter,
approximately the size of the poxviruses. However, even smaller
procaryotes have been discovered. Nanobacteria range from
around 0.2 wm to less than 0.05 wm in diameter. Only a few
strains have been cultured, and these appear to be very small,
bacteria-like organisms. The discovery of nanobacteria was quite
surprising because theoretical calculations predicted that the
smallest cells were about 0.14 to 0.2 wm in diameter. At the other
end of the continuum are bacteria such as the spirochaetes, which
can reach 500 wm in length, and the photosynthetic bacterium
Oscillatoria, which is about 7 wm in diameter (the same diame-
ter as a red blood cell). A huge bacterium lives in the intestine of
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Specimen Approximate diameter or
width x length

innm

Oscillatoria

Red blood cell 7,000

E. coli 1,300 x 4,000

Streptococcus 800-1,000

Poxvirus 230 x 320

Influenza virus 85 )

T2 E.coli bacteriophage 65 x 95 e,

Tobacco mosaic virus 15 x 300

Poliomyelitis virus 27

Figure 3.3 Sizes of Procaryotes and Viruses. The sizes of
selected bacteria relative to a red blood cell and viruses.

the brown surgeonfish, Acanthurus nigrofuscus. Epulopiscium
fishelsoni grows as large as 600 by 80 wm, a little smaller than a
printed hyphen. More recently an even larger bacterium,
Thiomargarita namibiensis, has been discovered in ocean sedi-
ment (Microbial Diversity & Ecology 3.1). Thus a few bacteria
are much larger than the average eucaryotic cell (typical plant and
animal cells are around 10 to 50 pwm in diameter).

Procaryotic Cell Organization

Procaryotic cells are morphologically simpler than eucaryotic
cells, but they are not just simpler versions of eucaryotes.
Although many structures are common to both cell types, some
are unique to procaryotes. The major procaryotic structures and
their functions are summarized and illustrated in table 3.1 and
figure 3.4, respectively. Note that no single procaryote pos-
sesses all of these structures at all times. Some are found only
in certain cells in certain conditions or in certain phases of the
life cycle. However, despite these variations procaryotes are
consistent in their fundamental structure and most important
components.

Procaryotic cells almost always are bounded by a chemically
complex cell wall. Interior to this wall lies the plasma membrane.
This membrane can be invaginated to form simple internal mem-
branous structures such as the light-harvesting membrane of some
photosynthetic bacteria. Since the procaryotic cell does not con-
tain internal membrane-bound organelles, its interior appears
morphologically simple. The genetic material is localized in a
discrete region, the nucleoid, and usually is not separated from the

surrounding cytoplasm by membranes. Ribosomes and larger
masses called inclusion bodies are scattered about the cytoplas-
mic matrix. Many procaryotes use flagella for locomotion. In ad-
dition, many are surrounded by a capsule or slime layer external
to the cell wall.

In the remaining sections of this chapter we describe the ma-
jor procaryotic structures in more detail. We begin with the
plasma membrane, a structure that defines all cells. We then pro-
ceed inward to consider structures located within the cytoplasm.
Then the discussion moves outward, first to the cell wall and then
to structures outside the cell wall. Finally, we consider a structure
unique to bacteria, the bacterial endospore.

1. What characteristic shapes can bacteria assume? Describe the ways in
which bacterial cells cluster together.
2. Draw a bacterial cell and label all important structures.

3.2 PRrocARryotic CELL MEMBRANES

Membranes are an absolute requirement for all living organisms.
Cells must interact in a selective fashion with their environment,
whether it is the internal environment of a multicellular organism
or a less protected and more variable external environment. Cells
must not only be able to acquire nutrients and eliminate wastes,
but they also have to maintain their interior in a constant, highly
organized state in the face of external changes.

The plasma membrane encompasses the cytoplasm of both
procaryotic and eucaryotic cells. It is the chief point of contact
with the cell’s environment and thus is responsible for much of its
relationship with the outside world. The plasma membranes of
procaryotic cells are particularly important because they must fill
an incredible variety of roles. In addition to retaining the cyto-
plasm, the plasma membrane also serves as a selectively perme-
able barrier: it allows particular ions and molecules to pass, either
into or out of the cell, while preventing the movement of others.
Thus the membrane prevents the loss of essential components
through leakage while allowing the movement of other molecules.
Because many substances cannot cross the plasma membrane
without assistance, it must aid such movement when necessary.
Transport systems are used for such tasks as nutrient uptake, waste
excretion, and protein secretion. The procaryotic plasma mem-
brane also is the location of a variety of crucial metabolic
processes: respiration, photosynthesis, and the synthesis of lipids
and cell wall constituents. Finally, the membrane contains special
receptor molecules that help procaryotes detect and respond to
chemicals in their surroundings. Clearly the plasma membrane is
essential to the survival of microorganisms.  Uptake of nutrients by the
cell (section 5.6)

As will be evident in the following discussion, all mem-
branes apparently have a common, basic design. However, pro-
caryotic membranes can differ dramatically in terms of the
lipids they contain. Indeed, membrane chemistry can be used to
identify particular bacterial species. To understand these chem-
ical differences and to understand the many functions of the
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k Microbial Diversity & Ecology

Monstrous Microbes

Biologists often have distinguished between procaryotes and eu-
caryotes based in part on cell size. Generally, procaryotic cells are
supposed to be smaller than eucaryotic cells. Procaryotes grow ex-
tremely rapidly compared to most eucaryotes and lack the complex
vesicular transport systems of eucaryotic cells described in chapter
4. It has been assumed that they must be small because of the slow-
ness of nutrient diffusion and the need for a large surface-to-volume
ratio. Thus when Fishelson, Montgomery, and Myrberg discovered
a large, cigar-shaped microorganism in the intestinal tract of the
Red Sea brown surgeonfish, Acanthurus nigrofuscus, they sug-
gested in their 1985 publication that it was a protist. It seemed too
large to be anything else. In 1993 Esther Angert, Kendall Clemens,
and Norman Pace used rRNA sequence comparisons to identify the
microorganism, now called Epulopiscium fishelsoni, as a procary-
ote related to the gram-positive bacterial genus Clostridium.

E. fishelsoni [Latin, epulum, a feast or banquet, and piscium,
fish] can reach a size of 80 wm by 600 wm, and normally ranges
from 200 to 500 wm in length (see Box figure). It is about a million
times larger in volume than Escherichia coli. Despite its huge size
the organism has a procaryotic cell structure. It is motile and swims
at about two body lengths a second (approximately 2.4 cm/min) us-
ing the flagella that cover its surface. The cytoplasm contains large
nucleoids and many ribosomes, as would be required for such a
large cell. Epulopiscium appears to overcome the size limits set by
diffusion by having a highly convoluted plasma membrane. This in-
creases the cell’s surface area and aids in nutrient transport.

It appears that Epulopiscium is transmitted between hosts
through fecal contamination of the fish’s food. The bacterium can
be eliminated by starving the surgeonfish for a few days. If juvenile
fish that lack the bacterium are placed with infected hosts, they are
reinoculated. Interestingly this does not work with uninfected adult
surgeonfish.

In 1997, Heidi Schulz discovered an even larger procaryote in
the ocean sediment off the coast of Namibia. Thiomargarita nami-
biensis is a spherical bacterium, between 100 and 750 pwm in diam-
eter, that often forms chains of cells enclosed in slime sheaths. It is
over 100 times larger in volume than E. fishelsoni. A vacuole occu-
pies about 98% of the cell and contains fluid rich in nitrate; it is sur-
rounded by a 0.5 to 2.0 wm layer of cytoplasm filled with sulfur
granules. The cytoplasmic layer is the same thickness as most bac-
teria and sufficiently thin for adequate diffusion rates. It uses sulfur
as an energy source and nitrate as the electron acceptor for the elec-
trons released when sulfur is oxidized in energy-conserving
processes.

The discovery of these procaryotes greatly weakens the dis-
tinction between procaryotes and eucaryotes based on cell size.
They are certainly larger than a normal eucaryotic cell. The size dis-
tinction between procaryotes and eucaryotes has been further weak-
ened by the discovery of eucaryotic cells that are smaller than

previously thought possible. The best example is Nanochlorum eu-
karyotum. Nanochlorum is only about 1 to 2 wm in diameter, yet is
truly eucaryotic and has a nucleus, a chloroplast, and a mitochon-
drion. Our understanding of the factors limiting procaryotic cell
size must be reevaluated. It is no longer safe to assume that large
cells are eucaryotic and small cells are procaryotic.

Giant Bacteria. (a) This photograph, taken with pseudo dark-
field illumination, shows Epulopiscium fishelsoni at the top of the
figure dwarfing the paramecia at the bottom (X200). (b) A chain
of Thiomargarita namibiensis cells as viewed with the light micro-
scope. Note the external mucous sheath and the internal sulfur
globules.

Sources: Angert, E. R., Clements, K. D., and Pace, N. R. 1993 The largest bac-
terium. Nature 362:239—41; and Shulz, H. N., Brinkhoff, T., Ferdelman, T. G.,
Mariné, M. H., Teske, A., and Jorgensen, B.B. 1999. Dense populations of a
giant sulfur bacterium in Namibian shelf sediments. Science 284:493-95.
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m Functions of Procaryotic Structures

Plasma membrane Selectively permeable barrier, mechanical boundary of cell, nutrient and waste transport, location of many
metabolic processes (respiration, photosynthesis), detection of environmental cues for chemotaxis
Gas vacuole Buoyancy for floating in aquatic environments
Ribosomes Protein synthesis
Inclusion bodies Storage of carbon, phosphate, and other substances
Nucleoid Localization of genetic material (DNA)
Periplasmic space Contains hydrolytic enzymes and binding proteins for nutrient processing and uptake
Cell wall Gives procaryotes shape and protection from osmotic stress
Capsules and slime layers Resistance to phagocytosis, adherence to surfaces
Fimbriae and pili Attachment to surfaces, bacterial mating
Flagella Movement
Endospore Survival under harsh environmental conditions
Plasma
Capsule Ribosomes Cell wall membrane

Nucleoid

Fimbriae Chromosome Inclusion Flagellum
(DNA) body

Figure 3.4 Morphology of a Procaryotic Cell.

plasma membrane, it is necessary to become familiar with The Fluid Mosaic Model of Membrane Structure

membrane structure. In this section, the common basic design The most widely accepted model for membrane structure is the
of all membranes is discussed. This is followed by a considera- fluid mosaic model of Singer and Nicholson (figure 3.5), which
tion of the significant differences between bacterial and ar- proposes that membranes are lipid bilayers within which pro-

chaeal membranes. teins float. The model is based on studies of eucaryotic and bac-
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Oligosaccharide

Integral
protein

Hydrophobic
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Figure 3.5 Bacterial Plasma Membrane Structure. This diagram of the fluid mosaic model of bacterial membrane structure shows
the integral proteins (blue) floating in a lipid bilayer. Peripheral proteins (purple) are associated loosely with the inner membrane surface.
Small spheres represent the hydrophilic ends of membrane phospholipids and wiggly tails, the hydrophobic fatty acid chains. Other mem-
brane lipids such as hopanoids (red) may be present. For the sake of clarity, phospholipids are shown in proportionately much larger size

than in real membranes.

terial membranes, and a variety of experimental approaches
were used to establish it. Transmission electron microscopy
(TEM) studies were particularly important. When membranes
are stained and examined by TEM, it can be seen that cell mem-
branes are very thin structures, about 5 to 10 nm thick, and that
they appear as two dark lines on either side of a nonstained inte-
rior. This characteristic appearance has been interpreted to mean
that the membrane lipid is organized in two sheets of molecules
arranged end-to-end (figure 3.5). When membranes are cleaved
by the freeze-etching technique, they can be split down the cen-
ter of the lipid bilayer, exposing the complex internal structure.
Within the lipid bilayer, small globular particles are visible;
these have been suggested to be membrane proteins lying within
the membrane lipid bilayer. The use of atomic force microscopy
has provided powerful images to support this interpretation.
Electron microscopy (section 2.4); Newer techniques in microscopy: Scanning
probe microscopy (section 2.5)

The chemical nature of membrane lipids is critical to their
ability to form bilayers. Most membrane-associated lipids are
structurally asymmetric, with polar and nonpolar ends (figure 3.6)
and are called amphipathic. The polar ends interact with water
and are hydrophilic; the nonpolar hydrophobic ends are insolu-
ble in water and tend to associate with one another. In aqueous en-
vironments, amphipathic lipids can interact to form a bilayer. The
outer surfaces of the bilayer membrane are hydrophilic, whereas
hydrophobic ends are buried in the interior away from the sur-
rounding water (figure 3.5).  Lipids (appendix I)

Two types of membrane proteins have been identified based
on their ability to be separated from the membrane. Peripheral
proteins are loosely connected to the membrane and can be eas-
ily removed (figure 3.5). They are soluble in aqueous solutions

Ethanolamine 4 /
CHz | polar and

hydrophilic end

Glycerol

. C=0C=0
Fatty acids { | |

R R <— Long, nonpolar,
hydrophobic
fatty acid chains

Figure 3.6 The Structure of a Polar Membrane Lipid.
Phosphatidylethanolamine, an amphipathic phospholipid often
found in bacterial membranes.The R groups are long, nonpolar
fatty acid chains.

and make up about 20 to 30% of total membrane protein. About
70 to 80% of membrane proteins are integral proteins. These are
not easily extracted from membranes and are insoluble in aque-
ous solutions when freed of lipids. Integral proteins, like mem-
brane lipids, are amphipathic; their hydrophobic regions are
buried in the lipid while the hydrophilic portions project from the
membrane surface (figure 3.5). Integral proteins can diffuse lat-
erally in the membrane to new locations, but do not flip-flop or
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rotate through the lipid layer. Carbohydrates often are attached to
the outer surface of plasma membrane proteins, where they have
important functions.  Proteins (appendix 1)

Bacterial Membranes

Bacterial membranes are similar to eucaryotic membranes in that
many of their amphipathic lipids are phospholipids (figure 3.6), but
they usually differ from eucaryotic membranes in lacking sterols
(steroid-containing lipids) such as cholesterol (figure 3.7a).
However, many bacterial membranes contain sterol-like molecules
called hopanoids (figure 3.7b). Hopanoids are synthesized from
the same precursors as steroids, and like the sterols in eucaryotic
membranes, they probably stabilize the membrane. Hopanoids are
also of interest to ecologists and geologists: it has been estimated
that the total mass of hopanoids in sediments is around 10%*2
tons—about as much as the total mass of organic carbon in all liv-
ing organisms (10% tons)—and there is evidence that hopanoids
have contributed significantly to the formation of petroleum.

The emerging picture of bacterial plasma membranes is one
of a highly organized and asymmetric system that also is flexible
and dynamic. Numerous studies have demonstrated that lipids are
not homogeneously distributed in the plasma membrane. Rather,
there are domains in which particular lipids are concentrated. It
has also been demonstrated that the lipid composition of bacter-
ial membranes varies with environmental temperature in such a
way that the membrane remains fluid during growth. For exam-
ple, bacteria growing at lower temperatures will have fatty acids
with lower melting points in their membrane phospholipids.
The influence of environmental factors on growth: Temperature (section 6.5)

Although procaryotes do not contain complex membranous
organelles like mitochondria or chloroplasts, internal membra-
nous structures can be observed in some bacteria (figure 3.8).

HO

(a) Cholesterol (a steroid) is found in eucaryotes

OH OH

OH OH

(b) A bacteriohopanetetrol (a hopanoid), as found in bacteria

Figure 3.7 Membrane Steroids and Hopanoids. Common
examples.

Plasma membrane infoldings are common in many bacteria and
can become extensive and complex in photosynthetic bacteria
such as the cyanobacteria and purple bacteria or in bacteria with
very high respiratory activity, like the nitrifying bacteria. These
internal membranous structures may be aggregates of spherical
vesicles, flattened vesicles, or tubular membranes. Their function
may be to provide a larger membrane surface for greater meta-
bolic activity. One membranous structure sometimes reported in
bacteria is the mesosome. Mesosomes appear to be invaginations
of the plasma membrane in the shape of vesicles, tubules, or
lamellae. Although a variety of functions have been ascribed to

(b)

Figure 3.8 Internal Bacterial Membranes. Membranes of
nitrifying and photosynthetic bacteria. (a) Nitrocystis oceanus with
parallel membranes traversing the whole cell. Note nucleoplasm
(n) with fibrillar structure. (b) Ectothiorhodospira mobilis with an
extensive intracytoplasmic membrane system (X60,000).



mesosomes, many bacteriologists believe that they are artifacts
generated during the chemical fixation of bacteria for electron
microscopy.

Archaeal Membranes

One of the most distinctive features of the Archaea is the nature
of their membrane lipids. They differ from both Bacteria and
Eucarya in having branched chain hydrocarbons attached to
glycerol by ether links rather than fatty acids connected by ester
links (figure 3.9). Sometimes two glycerol groups are linked to
form an extremely long tetraether. Usually the diether hydrocar-
bon chains are 20 carbons in length, and the tetraether chains are
40 carbons. Cells can adjust the overall length of the tetraethers
by cyclizing the chains to form pentacyclic rings (figure 3.9).

A bacterial or eucaryotic lipid

Glycerol Ester bond Stearic acid

il

CH 2—0—0/\/\/\/\/\/\/\/
i

CH—-0—C

CH;—OH

Archaeal glycerolipids
Phytanol

/ Ether bond
HZ_O/\/\/\/\/\/\/\/

HO—CH,

CHz 0 I

| 0—CH,
OH-O0

C

Dibiphytanyldiglycerol tetraether

(|3H2—O HO—C|3H2
(|;H—o o-cle
CH5OH O—CH,

Tetraether with bipentacyclic C4q biphytanyl chains

Figure 3.9 Archaeal Membrane Lipids. Anillustration of
the difference between archaeal lipids and those of Bacteria.
Archaeal lipids are derivatives of isopranyl glycerol ethers rather
than the glycerol fatty acid esters in Bacteria. Three examples of
common archaeal glycerolipids are given.
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Phosphate-, sulfur- and sugar-containing groups can be attached
to the third carbons of the diethers and tetraethers, making them
polar lipids. These predominate in the membrane, and 70 to 93%
of the membrane lipids are polar. The remaining lipids are non-
polar and are usually derivatives of squalene (figure 3.10).
Despite these significant differences in membrane lipids, the
basic design of archaeal membranes is similar to that of Bacteria
and eucaryotes—there are two hydrophilic surfaces and a hy-
drophobic core. When C,, diethers are used, a regular bilayer
membrane is formed (figure 3.11a). When the membrane is con-
structed of C,, tetraethers, a monolayer membrane with much
more rigidity is formed (figure 3.11b). As might be expected from

N N N N N N
Squalene
N N N N
Tetrahydrosqualene

Figure 3.10 Nonpolar Lipids of Archaea. Two examples of
the most predominant nonpolar lipids are the C;, isoprenoid squa-
lene and one of its hydroisoprenoid derivatives, tetrahydrosqualene.

(b)

Figure 3.11 Examples of Archaeal Membranes. (a) A
membrane composed of integral proteins and a bilayer of Cy,
diethers. (b) A rigid monolayer composed of integral proteins and
C,, tetraethers.
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their need for stability, the membranes of extreme thermophiles
such as Thermoplasma and Sulfolobus, which grow best at tem-
peratures over 85°C, are almost completely tetraether monolay-
ers. Archaea that live in moderately hot environments have a
mixed membrane containing some regions with monolayers and
some with bilayers. Phylum Euryarchaeota: Thermoplasms (section
20.3); Phylum Crenarchaeota: Sulfolobus (section 20.2)

1. List the functions of the procaryotic plasma membrane.

2. Describe in words and with a labeled diagram the fluid mosaic model for cell
membranes.

3. Compare and contrast bacterial and archaeal membranes.

4. Discuss the ways bacteria and archaea adjust the lipid content of their
membranes in response to environmental conditions.

3.3 THE CytopPLASMIC MATRIX

The cytoplasmic matrix is the substance in which the nucleoid,
ribosomes, and inclusion bodies are suspended. It lacks or-
ganelles bound by lipid bilayers (often called unit membranes),
and is largely water (about 70% of bacterial mass is water). Until
recently, it was thought to lack a cytoskeleton. The plasma mem-
brane and everything within is called the protoplast; thus the cy-
toplasmic matrix is a major part of the protoplast.

The Procaryotic Cytoskeleton

When examined with the electron microscope, the cytoplasmic
matrix of procaryotes is packed with ribosomes. For many years
it was thought that procaryotes lacked the high level of cytoplas-
mic organization present in eucaryotic cells because they lacked
a cytoskeleton. Recently homologs of all three eucaryotic cy-
toskeletal elements (microfilaments, intermediate filaments, and
microtubules) have been identified in bacteria, and one has been
identified in archaea (table 3.2). The cytoskeletal filaments of
procaryotes are structurally similar to their eucaryotic counter-
parts and carry out similar functions: they participate in cell divi-
sion, localize proteins to certain sites in the cell, and determine
cell shape (table 3.2 and figure 3.12). The procaryotic cell cycle:
Cytokinesis (section 6.1)

Inclusion Bodies

Inclusion bodies, granules of organic or inorganic material that
often are clearly visible in a light microscope, are present in the
cytoplasmic matrix. These bodies usually are used for storage
(e.g., carbon compounds, inorganic substances, and energy), and
also reduce osmotic pressure by tying up molecules in particulate
form. Some inclusion bodies lie free in the cytoplasm—for ex-
ample, polyphosphate granules, cyanophycin granules, and some
glycogen granules. Other inclusion bodies are enclosed by a shell
about 2.0 to 4.0 nm thick, which is single-layered and may con-
sist of proteins or a membranous structure composed of proteins
and phospholipids. Examples of enclosed inclusion bodies are
poly-B-hydroxybutyrate granules, some glycogen and sulfur
granules, carboxysomes, and gas vacuoles. Many inclusion bod-
ies are used for storage; their quantity will vary with the nutri-
tional status of the cell. For example, polyphosphate granules will

(a) (b)

Figure 3.12 The Procaryotic Cytoskeleton. Visualization of
the MreB-like cytoskeletal protein (Mbl) of Bacillus subtilis. The Mbl
protein has been fused with green fluorescent protein and live
cells have been examined by fluorescence microscopy. (a) Arrows
point to the helical cytoskeletal cables that extend the length of
the cells. (b) Three of the cells from (a) are shown at a higher
magnification.

m Procaryotic Cytoskeletal Proteins

Procaryotic Protein (Eucaryotic Counterpart) Function Comments

FtsZ (tubulin) Cell division Widely observed in Bacteria and Archaea

MreB (actin) Cell shape Observed in many rod-shaped bacteria; in Bacillus
subtilis is called Mbl

Crescentin (intermediate filament proteins) Cell shape Discovered in Caulobacter crescentus




be depleted in freshwater habitats that are phosphate limited. A
brief description of several important inclusion bodies follows.

Organic inclusion bodies usually contain either glycogen
or poly-B-hydroxyalkanoates (e.g., poly-B-hydroxybutyrate).
Glycogen is a polymer of glucose units composed of long chains
formed by a(1—4) glycosidic bonds and branching chains con-
nected to them by «(1—6) glycosidic bonds. Poly-B-hydroxy-
butyrate (PHB) contains B-hydroxybutyrate molecules joined
by ester bonds between the carboxyl and hydroxyl groups of ad-
jacent molecules. Usually only one of these polymers is found in
a species, but some photosynthetic bacteria have both glycogen
and PHB. Poly-B-hydroxybutyrate accumulates in distinct bod-
ies, around 0.2 to 0.7 wm in diameter, that are readily stained with
Sudan black for light microscopy and are seen as empty “holes”
in the electron microscope (figure 3.13a). This is because the
solvents used to prepare specimens for electron microscopy dis-
solve these hydrophobic inclusion bodies. Glycogen is dispersed
more evenly throughout the matrix as small granules (about 20 to
100 nm in diameter) and often can be seen only with the electron
microscope. If cells contain a large amount of glycogen, staining
with an iodine solution will turn them reddish-brown. Glycogen
and PHB inclusion bodies are carbon storage reservoirs provid-
ing material for energy and biosynthesis. Many bacteria also store
carbon as lipid droplets.  Carbohydrates (appendix 1)

Cyanobacteria, a group of photosynthetic bacteria, have two
distinctive organic inclusion bodies. Cyanophycin granules (fig-
ure 3.13b) are composed of large polypeptides containing approxi-
mately equal amounts of the amino acids arginine and aspartic acid.
The granules often are large enough to be visible in the light mi-
croscope and store extra nitrogen for the bacteria. Carboxysomes
are present in many cyanobacteria and other CO,-fixing bacteria.
They are polyhedral, about 100 nm in diameter, and contain the en-
zyme ribulose-1, 5-bisphosphate carboxylase, called Rubisco.
Rubisco is the critical enzyme for CO, fixation, the process of con-
verting CO, from the atmosphere into sugar. The enzyme assumes
a paracrystalline arrangement in the carboxysome, which serves as
a reserve of the enzyme. Carboxysomes also may be a site of CO,
fixation. The fixation of CO, by autotrophs (section 10.3)

Figure 3.13 Inclusion Bodies in Bacteria. (a) Electron
micrograph of Bacillus megaterium (X30,500). Poly-3-
hydroxybutyrate inclusion body, PHB; cell wall, CW; nucleoid, N;
plasma membrane, PM; “mesosome,” M; and ribosomes, R.

(b) Ultrastructure of the cyanobacterium Anacystis nidulans.The
bacterium is dividing and a septum is partially formed, LI and LII.
Several structural features can be seen, including cell wall layers,
LIl and LIV; polyphosphate granules, pp; a polyhedral body, pb;
cyanophycin material, ¢;and plasma membrane, pm.Thylakoids
run along the length of the cell. (c) Chromatium vinosum, a purple
sulfur bacterium, with intracellular sulfur granules, bright-field
microscopy(X2,000).
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A most remarkable organic inclusion body is the gas vacuole,
a structure that provides buoyancy to some aquatic procaryotes.
Gas vacuoles are present in many photosynthetic bacteriaand a few
other aquatic procaryotes such as Halobacterium (a salt-loving ar-
chaeon) and Thiothrix (a filamentous bacterium). Gas vacuoles are
aggregates of enormous numbers of small, hollow, cylindrical
structures called gas vesicles (figure 3.14). Gas vesicle walls are
composed entirely of a single small protein. These protein subunits
assemble to form a rigid enclosed cylinder that is hollow and im-
permeable to water but freely permeable to atmospheric gases.
Procaryotes with gas vacuoles can regulate their buoyancy to float
at the depth necessary for proper light intensity, oxygen concentra-
tion, and nutrient levels. They descend by simply collapsing vesi-
cles and float upward when new ones are constructed.

Two major types of inorganic inclusion bodies are seen in pro-
caryotes: polyphosphate granules and sulfur granules. Many bac-
teria store phosphate as polyphosphate granules or volutin
granules (figure 3.13b). Polyphosphate is a linear polymer of or-
thophosphates joined by ester bonds. Thus volutin granules func-
tion as storage reservoirs for phosphate, an important component

Figure 3.14 Gas Vesicles and Vacuoles. A freeze-fracture
preparation of Anabaena flosaquae (X 89,000). Clusters of the
cigar-shaped vesicles form gas vacuoles. Both longitudinal and
cross-sectional views of gas vesicles can be seen (arrows).

of cell constituents such as nucleic acids. In some cells they act as
an energy reserve, and polyphosphate can serve as an energy
source in reactions. These granules are sometimes called
metachromatic granules because they show the metachromatic
effect; that is, they appear red or a different shade of blue when
stained with the blue dyes methylene blue or toluidine blue.
Sulfur granules are used by some procaryotes to store sulfur tem-
porarily (figure 3.13c). For example, photosynthetic bacteria can
use hydrogen sulfide as a photosynthetic electron donor and ac-
cumulate the resulting sulfur in either the periplasmic space or in
special cytoplasmic globules.  Phototrophy: The light reaction in anoxy-
genic photosynthesis (section 9.12)

Inorganic inclusion bodies can be used for purposes other
than storage. An excellent example is the magnetosome, which
is used by some bacteria to orient in the Earth’s magnetic field.
Many of these inclusion bodies contain iron in the form of mag-
netite (Microbial Diversity & Ecology 3.2).

Ribosomes

As mentioned earlier, the cytoplasmic matrix often is packed with
ribosomes; they also may be loosely attached to the plasma
membrane. Ribosomes are very complex structures made of both
protein and ribonucleic acid (RNA). They are the site of protein
synthesis; cytoplasmic ribosomes synthesize proteins destined to
remain within the cell, whereas plasma membrane ribosomes
make proteins for transport to the outside. The newly formed
polypeptide folds into its final shape either as it is synthesized by
the ribosome or shortly after completion of protein synthesis. The
shape of each protein is determined by its amino acid sequence.
Special proteins called molecular chaperones, or simply chaper-
ones, aid the polypeptide in folding to its proper shape. Protein
synthesis, including a detailed treatment of ribosomes and chap-
erones, is discussed at considerable length in chapter 11.

Procaryotic ribosomes are smaller than the cytoplasmic or en-
doplasmic reticulum-associated ribosomes of eucaryotic cells.
Procaryotic ribosomes are called 70S ribosomes (as opposed to
80S in eucaryotes), have dimensions of about 14 to 15 nm by 20
nm, a molecular weight of approximately 2.7 million, and are
constructed of a 50S and a 30S subunit (figure 3.15). The Sin 70S
and similar values stands for Svedberg unit. This is the unit of the
sedimentation coefficient, a measure of the sedimentation veloc-
ity in a centrifuge; the faster a particle travels when centrifuged,
the greater its Svedberg value or sedimentation coefficient. The
sedimentation coefficient is a function of a particle’s molecular
weight, volume, and shape (see figure 16.19). Heavier and more
compact particles normally have larger Svedberg numbers or sed-
iment faster.

1. Briefly describe the nature and function of the cytoplasmic matrix.

2. Listand describe the functions of cytoskeletal proteins, inclusion bodies, and
ribosomes.

3. List the most common kinds of inclusion bodies.

4. Relate the structure of a gas vacuole to its function.
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Living Magnets

Bacteria can respond to environmental factors other than chemicals.
A fascinating example is that of the aquatic magnetotactic bacteria
that orient themselves in the Earth’s magnetic field. Most of these
bacteria have intracellular chains of magnetite (Fe;O,) particles that
are called magnetosomes. Magnetosomes are around 35 to 125 nm
in diameter and are bounded by a lipid bilayer (see Box figure).
Some species from sulfidic habitats have magnetosomes containing
greigite (Fe;S,) and pyrite (FeS,). Since each iron particle is a tiny
magnet, the Northern Hemisphere bacteria use their magnetosome
chain to determine northward and downward directions, and swim
down to nutrient-rich sediments or locate the optimum depth in

(a)

Magnetotactic Bacteria.

freshwater and marine habitats. Magnetotactic bacteria in the
Southern Hemisphere generally orient southward and downward,
with the same result. Magnetosomes also are present in the heads of
birds, tuna, dolphins, green turtles, and other animals, presumably
to aid navigation. Animals and bacteria share more in common be-
haviorally than previously imagined.

(b)

(a) Transmission electron micrograph of the magnetotactic bacterium Aquaspirillum magnetotacticum

(X 123,000). Note the long chain of electron-dense magnetite particles, MP. Other structures: OM, outer membrane; P, periplasmic
space; CM, cytoplasmic membrane. (b) Isolated magnetosomes (X 140,000). (c) Bacteria migrating in waves when exposed to a

magnetic field.
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I
50S subunit

I
30S subunit

Figure 3.15 Procaryotic Ribosome. The two subunits of a
bacterial ribosome are shown.The 50S subunit includes 23S rRNA
(gray) and 5S rRNA (light blue), while 16S rRNA (cyan) is found in
the 30S subunit. A molecule of tRNA (gold) is shown in the A site.
To generate this ribbon diagram, crystals of purified bacterial
ribosomes were grown, exposed to X rays, and the resulting
diffraction pattern analyzed.

3.4 THE NucLEOID

Probably the most striking difference between procaryotes and
eucaryotes is the way in which their genetic material is packaged.
Eucaryotic cells have two or more chromosomes contained
within a membrane-delimited organelle, the nucleus. In contrast,
procaryotes lack a membrane-delimited nucleus. The procaryotic
chromosome is located in an irregularly shaped region called the
nucleoid (other names are also used: the nuclear body, chromatin
body, nuclear region) (figure 3.16). Usually procaryotes contain
asingle circle of double-stranded deoxyribonucleic acid (DNA),
but some have a linear DNA chromosome and some, such as
Vibrio cholerae and Borrelia burgdorferi (the causative agents of
cholera and Lyme disease, respectively), have more than one
chromosome.

Both electron and light microscopic studies have been impor-
tant for understanding nucleoid structure and function, especially
during active cell growth and division. The nucleoid has a fibrous
appearance in electron micrographs; the fibers are probably DNA.
In actively growing cells, the nucleoid has projections that extend
into the cytoplasmic matrix. Presumably these projections contain
DNA that is being actively transcribed to produce mMRNA. Other
studies have shown that more than one nucleoid can be observed
within a single cell when genetic material has been duplicated but
cell division has not yet occurred (figure 3.16a).

0.5um

DNA fibers

Membrane

Ruptured cell

(b)

Figure 3.16 Procaryotic Nucleoids and Chromosomes.
Procaryotic chromosomes are located in the nucleoid, an area in
the cytoplasm. (a) A color-enhanced transmission electron micro-
graph of a thin section of a dividing E. coli cell. The red areas are
the nucleoids present in the two daughter cells. (b) Chromosome
released from a gently lysed E. coli cell. Note how tightly packaged
the DNA must be inside the cell.

It is possible to isolate pure nucleoids. Chemical analysis of
purified nucleoids reveals that they are composed of about 60%
DNA, 30% RNA, and 10% protein by weight. In Escherichia
coli, the closed DNA circle measures approximately 1,400 pm
or about 230-700 times longer than the cell (figure 3.16b).
Obviously it must be very efficiently packaged to fit within the
nucleoid. The DNA is looped and coiled extensively (see figure
11.8), probably with the aid of RNA and a variety of nucleoid
proteins. These include condensing proteins, which are con-
served in both Bacteria and Archaea. Unlike the eucaryotes and
some archaea, Bacteria do not use histone proteins to package
their DNA.



There are a few exceptions to the preceding picture.
Membrane-bound DNA-containing regions are present in two
genera of the unusual bacterial phylum Planctomycetes (see fig-
ure 21.12). Pirellula has a single membrane that surrounds a re-
gion, the pirellulosome, which contains a fibrillar nucleoid and ri-
bosome-like particles. The nuclear body of Gemmata
obscuriglobus is bounded by two membranes. More work will be
required to determine the functions of these membranes and how
widespread this phenomenonis.  Phylum Planctomycetes (section 21.4)

1. Describe the structure and function of the nucleoid and the DNA it contains.

2. List three genera that are exceptional in terms of their chromosome or
nucleoid structure. Suggest how the differences observed in these genera
might impact how they function.

3.5 PLAsSMIDS

In addition to the genetic material present in the nucleoid, many
procaryotes (and some yeasts and other fungi) contain extrachro-
mosomal DNA molecules called plasmids. Indeed, most of the
bacterial and archaeal genomes sequenced thus far include plas-
mids. In some cases, numerous different plasmids within a single
species have been identified. For instance, B. burgdorferi, carries
12 linear and 9 circular plasmids. Plasmids play many important
roles in the lives of the organisms that have them. They also have
proved invaluable to microbiologists and molecular geneticists in
constructing and transferring new genetic combinations and in
cloning genes, as described in chapter 14. This section discusses
the different types of procaryotic plasmids.

Plasmids are small, double-stranded DNA molecules that can
exist independently of the chromosome. Both circular and linear
plasmids have been documented, but most known plasmids are
circular. Linear plasmids possess special structures or sequences
at their ends to prevent their degradation and to permit their repli-
cation. Plasmids have relatively few genes, generally less than
30. Their genetic information is not essential to the host, and cells
that lack them usually function normally. However, many plas-
mids carry genes that confer a selective advantage to their hosts
in certain environments.

Plasmids are able to replicate autonomously. Single-copy
plasmids produce only one copy per host cell. Multicopy plas-
mids may be present at concentrations of 40 or more per cell.
Some plasmids are able to integrate into the chromosome and are
thus replicated with the chromosome. Such plasmids are called
episomes. Plasmids are inherited stably during cell division, but
they are not always equally apportioned into daughter cells and
sometimes are lost. The loss of a plasmid is called curing. It can
occur spontaneously or be induced by treatments that inhibit plas-
mid replication but not host cell reproduction. Some commonly
used curing treatments are acridine mutagens, UV and ionizing
radiation, thymine starvation, antibiotics, and growth above opti-
mal temperatures.

Plasmids may be classified in terms of their mode of existence,
spread, and function. A brief summary of the types of bacterial
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plasmids and their properties is given in table 3.3. Conjugative
plasmids are of particular note. They have genes for the construc-
tion of hairlike structures called pili and can transfer copies of
themselves to other bacteria during conjugation. Perhaps the best-
studied conjugative plasmid is the F factor (fertility factor or F
plasmid) of E. coli, which was the first conjugative factor to be de-
scribed. The F factor contains genes that direct the formation of
sex pili that attach an F* cell (a cell containing an F plasmid) to an
F~ cell (a cell lacking an F plasmid). Other plasmid-encoded gene
products aid DNA transfer from the F* cell to the F~ cell. The F
factor also has several segments called insertion sequences that en-
able it to integrate into the host cell chromosome. Thus the F fac-
tor is an episome. Transposable elements (section 13.5); Bacterial conjuga-
tion (section 13.7)

Resistance factors (R factors, R plasmids) are another
group of important plasmids. They confer antibiotic resistance on
the cells that contain them. R factors typically have genes that
code for enzymes capable of destroying or modifying antibiotics.
Some R plasmids have only a single resistance gene, whereas oth-
ers have as many as eight. Often the resistance genes are within
mobile genetic elements called transposons, and thus it is possi-
ble for multiple-resistance plasmids to evolve. R factors usually
are not integrated into the host chromosome.

R factors are of major concern to public health officials be-
cause they can spread rapidly throughout a population of cells.
This is possible for several reasons. One is that many R factors also
are conjugative plasmids. However, a nonconjugative R factor can
be spread to other cells if it is present in a cell that also contains a
conjugative plasmid. In such a cell, the R factor can sometimes be
transferred when the conjugative plasmid is transferred—that is, it
is “mobilized.” Even more troubling is the fact that some R factors
are readily transferred between species. When humans and other
animals consume antibiotics, the growth of host bacteria with R
factors is promoted. The R factors then can be transferred to more
pathogenic genera such as Salmonella or Shigella, causing even
greater public health problems.  Drug resistance (section 34.6)

Several other important types of plasmids have been discov-
ered. These include bacteriocin-encoding plasmids, virulence
plasmids, and metabolic plasmids. Bacteriocin-encoding plas-
mids may give the bacteria that harbor them a competitive ad-
vantage in the microbial world. Bacteriocins are bacterial pro-
teins that destroy other bacteria. They usually act only against
closely related strains. Some bacteriocins Kill cells by forming
channels in the plasma membrane, thus breaching the critical se-
lective permeability required for cell viability. They also may de-
grade DNA and RNA or attack peptidoglycan and weaken the cell
wall. Col plasmids contain genes for the synthesis of bacteriocins
known as colicins, which are directed against E. coli. Other plas-
mids carry genes for bacteriocins against other species. For ex-
ample, cloacins kill Enterobacter species. Some Col plasmids are
conjugative and carry resistance genes. It should be noted that not
all bacteriocin genes are on plasmids. For example, the bacteri-
ocin genes of Pseudomonas aeruginosa, which code for proteins
called pyocins, are located on the chromosome. Bacteriocins pro-
duced by the normal flora of humans (and other animals) also are
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m Major Types of Bacterial Plasmids

Copy Number
Approximate (Copies/ Phenotypic
Type Representatives Size (kbp) Chromosome) Hosts Features?®
Fertility Factor® F factor 95-100 1-3 E. coli, Salmonella, Sex pilus, conjugation
Citrobacter
R Plasmids RP4 54 1-3 Pseudomonas and many Sex pilus, conjugation,
other gram-negative resistance to Amp,
bacteria Km, Nm, Tet
R1 80 1-3 Gram-negative bacteria Resistance to Amp, Km,
Su, Cm, Sm
R6 98 1-3 E. coli, Proteus Su, Sm, Cm, Tet, Km,
mirabilis Nm
R100 90 1-3 E. coli, Shigella, Cm, Sm, Su, Tet, Hg
Salmonella, Proteus
pSH6 21 Staphylococcus aureus Gm, Tet, Km
pSJ23a 36 S. aureus Pn, Asa, Hg, Gm, Km,
Nm, Em, etc.
pAD2 25 Enterococcus faecalis Em, Km, Sm
Col Plasmids ColE1l 9 10-30 E. coli Colicin E1 production
ColE2 10-15 Shigella Colicin E2
CloDF13 Enterobacter cloacae Cloacin DF13
Virulence Plasmids Ent (P307) 83 E. coli Enterotoxin production
K88 plasmid E. coli Adherence antigens
ColV-K30 2 E. coli Siderophore for iron
uptake; resistance to
immune mechanisms
pZA10 56 S. aureus Enterotoxin B
Ti 200 Agrobacterium Tumor induction
tumefaciens
Metabolic Plasmids CAM 230 Pseudomonas Camphor degradation
SAL 56 Pseudomonas Salicylate degradation
TOL 75 Pseudomonas putida Toluene degradation
pJP4 Pseudomonas 2,4-dichlorophenoxyacetic
acid degradation
E. coli, Klebsiella, Lactose degradation
Salmonella
Providencia Urease
sym Rhizobium Nitrogen fixation and
symbiosis

@ Abbreviations used for resistance to antibiotics and metals: Amp, ampicillin; Asa, arsenate; Cm, chloramphenicol; Em, erythromycin; Gm, gentamycin; Hg, mercury; Km, kanamycin; Nm, neomycin; Pn, pencillin; Sm,

streptomycin; Su, sulfonamides; Tet, tetracycline.

° Many R plasmids, metabolic plasmids and others are also conjugative.

components of our defenses against invading pathogens.
Virulence plasmids encode factors that make their hosts more
pathogenic. For example, enterotoxigenic strains of E. coli cause
traveler’s diarrhea because they contain a plasmid that codes for
an enterotoxin. Metabolic plasmids carry genes for enzymes that
degrade substances such as aromatic compounds (toluene), pesti-
cides (2,4-dichlorophenoxyacetic acid), and sugars (lactose).
Metabolic plasmids even carry the genes required for some strains

of Rhizobium to induce legume nodulation and carry out nitrogen
fixation.

Give the major features of plasmids. How do they differ from chromosomes?
What is an episome? A conjugative plasmid?

Describe each of the following plasmids and explain their importance: F
factor, R factor, Col plasmid, virulence plasmid, and metabolic plasmid.




3.6 THE BACTERIAL CELL WALL

The cell wall is the layer, usually fairly rigid, that lies just outside
the plasma membrane. It is one of the most important procaryotic
structures for several reasons: it helps determine the shape of the
cell; it helps protect the cell from osmotic lysis; it can protect the
cell from toxic substances; and in pathogens, it can contribute to
pathogenicity. The importance of the cell wall is reflected in the
fact that relatively few procaryotes lack cell walls. Those that do
have other features that fulfill cell wall function. The procaryotic
cell wall also is the site of action of several antibiotics. Therefore,
it is important to understand its structure.

The cell walls of Bacteria and Archaea are distinctive and are
another example of the important features distinguishing these
organisms. In this section, we focus on bacterial cell walls. An
overview of bacterial cell wall structure is provided first. This is
followed by more detailed discussions of particular aspects of cell
wall structure and function. Archaeal cell walls are discussed in
section 3.7.

Overview of Bacterial Cell Wall Structure

After Christian Gram developed the Gram stain in 1884, it soon
became evident that most bacteria could be divided into two ma-
jor groups based on their response to the Gram-stain procedure
(see table 19.9). Gram-positive bacteria stained purple, whereas
gram-negative bacteria were colored pink or red by the technique.
The true structural difference between these two groups did not
become clear until the advent of the transmission electron micro-
scope. The gram-positive cell wall consists of a single 20 to 80
nm thick homogeneous layer of peptidoglycan (murein) lying
outside the plasma membrane (figure 3.17). In contrast, the

The gram-positive cell wall

Peptidoglycan
Plasma membrane

\XCeII wall

Figure 3.17 Gram-Positive and Gram-Negative Cell Walls.
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gram-negative cell wall is quite complex. It has a 2 to 7 nm pep-
tidoglycan layer covered by a 7 to 8 nm thick outer membrane.
Because of the thicker peptidoglycan layer, the walls of gram-
positive cells are more resistant to osmotic pressure than those of
gram-negative bacteria. Microbiologists often call all the struc-
tures from the plasma membrane outward the cell envelope.
Therefore this includes the plasma membrane, cell wall, and
structures like capsules (p. 65) when present.  Preparation and stain-
ing of specimens: Differential staining (section 2.3)

One important feature of the cell envelope is a space that is fre-
quently seen between the plasma membrane and the outer mem-
brane in electron micrographs of gram-negative bacteria, and is
sometimes observed between the plasma membrane and the wall
in gram-positive bacteria. This space is called the periplasmic
space. The substance that occupies the periplasmic space is the
periplasm. The nature of the periplasmic space and periplasm dif-
fers in gram-positive and gram-negative bacteria. These differ-
ences are pointed out in the more detailed discussions that follow.

Peptidoglycan Structure

Peptidoglycan, or murein, is an enormous meshlike polymer
composed of many identical subunits. The polymer contains
two sugar derivatives, N-acetylglucosamine and N-acetylmu-
ramic acid (the lactyl ether of N-acetylglucosamine), and sev-
eral different amino acids. Three of these amino acids are not
found in proteins: p-glutamic acid, p-alanine, and meso-
diaminopimelic acid. The presence of p-amino acids protects
against degradation by most peptidases, which recognize only
the L-isomers of amino acid residues. The peptidoglycan sub-
unit present in most gram-negative bacteria and many gram-
positive ones is shown in figure 3.18. The backbone of this

The gram-negative cell wall

Cell
wall
—
Outer membrane
Peptidoglycan
Plasma membrane
I_l_l
Periplasmic
space

The gram-positive envelope is from Bacillus licheniformis (left), and

the gram-negative micrograph is of Aquaspirillum serpens (right). M; peptidoglycan or murein layer; OM, outer membrane; PM, plasma

membrane; P, periplasmic space; W, gram-positive peptidoglycan wall.
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Figure 3.18 Peptidoglycan Subunit Composition. The
peptidoglycan subunit of E. coli, most other gram-negative
bacteria, and many gram-positive bacteria. NAG is
N-acetylglucosamine. NAM is N-acetylmuramic acid (NAG with
lactic acid attached by an ether linkage). The tetrapeptide side
chain is composed of alternating p- and L-amino acids since
meso-diaminopimelic acid is connected through its L-carbon. NAM
and the tetrapeptide chain attached to it are shown in different
shades of color for clarity.

polymer is composed of alternating N-acetylglucosamine and N-
acetylmuramic acid residues. A peptide chain of four alternating
D- and L-amino acids is connected to the carboxyl group of N-
acetylmuramic acid. Many bacteria replace meso-diaminopimelic
acid with another diaminoacid, usually L-lysine (figure 3.19).
Carbohydrates (appendix I); Peptidoglycan and endospore structure (section
23.3); Proteins (appendix I)

In order to make a strong, meshlike polymer, chains of linked
peptidoglycan subunits must be joined by cross-links between
the peptides. Often the carboxyl group of the terminal p-alanine
is connected directly to the amino group of diaminopimelic acid,
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Figure 3.19 Diaminoacids Present in Peptidoglycan.
(a) L-Lysine. (b) meso-Diaminopimelic acid.
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Figure 3.20 Peptidoglycan Cross-Links. (a) E. coli

peptidoglycan with direct cross-linking, typical of many gram-
negative bacteria. (b) Staphylococcus aureus peptidoglycan.S.
aureus is a gram-positive bacterium.NAM is N-acetylmuramic acid.
NAG is N-acetylglucosamine.Gly is glycine. Although the
polysaccharide chains are drawn opposite each other for the sake
of clarity, two chains lying side-by-side may be linked together
(see figure 3.21).

but a peptide interbridge may be used instead (figure 3.20).
Most gram-negative cell wall peptidoglycan lacks the peptide in-
terbridge. This cross-linking results in an enormous peptidogly-
can sac that is actually one dense, interconnected network (fig-
ure 3.21). These sacs have been isolated from gram-positive
bacteria and are strong enough to retain their shape and integrity
(figure 3.22), yet they are relatively porous, elastic, and some-
what stretchable.



Gram-Positive Cell Walls

Gram-positive bacteria normally have cell walls that are thick and
composed primarily of peptidoglycan. Peptidoglycan in gram-
positive bacteria often contains a peptide interbridge (figure 3.21
and figure 3.23). In addition, gram-positive cell walls usually con-
tain large amounts of teichoic acids, polymers of glycerol or ribitol

Peptide
chain

Pentaglycine
interbridge

Figure 3.21 Peptidoglycan Structure. A schematic diagram
of one model of peptidoglycan. Shown are the polysaccharide
chains, tetrapeptide side chains, and peptide interbridges.
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Figure 3.23 The Gram-Positive Envelope.
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joined by phosphate groups (figure 3.23 and figure 3.24). Amino
acids such as p-alanine or sugars like glucose are attached to the
glycerol and ribitol groups. The teichoic acids are covalently con-
nected to either the peptidoglycan itself or to plasma membrane
lipids; in the latter case they are called lipoteichoic acids. Teichoic
acids appear to extend to the surface of the peptidoglycan, and, be-
cause they are negatively charged, help give the gram-positive cell

Figure 3.22 Isolated Gram-Positive Cell Wall. The peptido-
glycan wall from Bacillus megaterium, a gram-positive bacterium.
The latex spheres have a diameter of 0.25 pm.

Teichoic acid
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Figure 3.24 Teichoic Acid Structure. The segment of a tei-
choic acid made of phosphate, glycerol, and a side chain, R.R may
represent D-alanine, glucose, or other molecules.

wall its negative charge. The functions of these molecules are still
unclear, but they may be important in maintaining the structure of
the wall. Teichoic acids are not present in gram-negative bacteria.
The periplasmic space of gram-positive bacteria, when ob-
served, lies between the plasma membrane and the cell wall and is
smaller than that of gram-negative bacteria. Even if gram-positive
bacteria lack a discrete, obvious periplasmic space, they may have
periplasm. The periplasm has relatively few proteins; this is proba-
bly because the peptidoglycan sac is porous and any proteins se-
creted by the cell usually pass through it. Enzymes secreted by gram-
positive bacteria are called exoenzymes. They often serve to degrade
polymeric nutrients that would otherwise be too large for transport
across the plasma membrane. Those proteins that remain in the
periplasmic space are usually attached to the plasma membrane.
Staphylococci and most other gram-positive bacteria have a
layer of proteins on the surface of their cell wall peptidoglycan.
These proteins are involved in the interactions of the cell with its
environment. Some are noncovalently attached by binding to the
peptidoglycan, teichoic acids, or other receptors. For example, the
S-layer proteins (see p. 66) bind noncovalently to polymers scat-
tered throughout the wall. Enzymes involved in peptidoglycan
synthesis and turnover also seem to interact noncovalently with
the cell wall. Other surface proteins are covalently attached to the
peptidoglycan. Many covalently attached proteins, such as the M
protein of pathogenic streptococci, have roles in virulence, such
as aiding in adhesion to host tissues and interfering with host de-
fenses. In staphylococci, these surface proteins are covalently
joined to the pentaglycine bridge of the cell wall peptidoglycan.

An enzyme called sortase catalyzes the attachment of these sur-
face proteins to the gram-positive peptidoglycan. Sortases are at-
tached to the plasma membrane of the bacterial cell.

Gram-Negative Cell Walls

Even a brief inspection of figure 3.17 shows that gram-negative
cell walls are much more complex than gram-positive walls. The
thin peptidoglycan layer next to the plasma membrane and
bounded on either side by the periplasmic space may constitute
not more than 5 to 10% of the wall weight. In E. coli it is about 2
nm thick and contains only one or two sheets of peptidoglycan.

The periplasmic space of gram-negative bacteria is also strik-
ingly different than that of gram-positive bacteria. It ranges in
size from 1 nm to as great as 71 nm. Some recent studies indicate
that it may constitute about 20 to 40% of the total cell volume,
and it is usually 30 to 70 nm wide. When cell walls are disrupted
carefully or removed without disturbing the underlying plasma
membrane, periplasmic enzymes and other proteins are released
and may be easily studied. Some periplasmic proteins participate
in nutrient acquisition—for example, hydrolytic enzymes and
transport proteins. Some periplasmic proteins are involved in en-
ergy conservation. For example, the denitrifying bacteria, which
convert nitrate to nitrogen gas, and bacteria that use inorganic
molecules as energy sources (chemolithotrophs) have electron
transport proteins in their periplasm. Other periplasmic proteins
are involved in peptidoglycan synthesis and the modification of
toxic compounds that could harm the cell.  Chemolithotrophy (sec-
tion 9.10); Biogeochemical cycling: The nitrogen cycle (section 27.2)

The outer membrane lies outside the thin peptidoglycan layer
(figures 3.25 and 3.26) and is linked to the cell in two ways. The
first is by Braun’s lipoprotein, the most abundant protein in the
outer membrane. This small lipoprotein is covalently joined to
the underlying peptidoglycan, and is embedded in the outer mem-
brane by its hydrophobic end. The outer membrane and peptido-
glycan are so firmly linked by this lipoprotein that they can be
isolated as one unit. The second linking mechanism involves the
many adhesion sites joining the outer membrane and the plasma
membrane. The two membranes appear to be in direct contact at
these sites. In E. coli, 20 to 100 nm areas of contact between the
two membranes can be seen. Adhesion sites may be regions of di-
rect contact or possibly true membrane fusions. It has been pro-
posed that substances can move directly into the cell through
these adhesion sites, rather than traveling through the periplasm.

Possibly the most unusual constituents of the outer membrane
are its lipopolysaccharides (LPSs). These large, complex mole-
cules contain both lipid and carbohydrate, and consist of three
parts: (1) lipid A, (2) the core polysaccharide, and (3) the O side
chain. The LPS from Salmonella has been studied most, and its
general structure is described here (figure 3.27). The lipid A re-
gion contains two glucosamine sugar derivatives, each with three
fatty acids and phosphate or pyrophosphate attached. The fatty
acids attach the lipid A to the outer membrane, while the remain-
der of the LPS molecule projects from the surface. The core poly-
saccharide is joined to lipid A. In Salmonella it is constructed of
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Figure 3.26 A Chemical Model of the E. coli Outer Membrane and Associated Structures. This cross-section is to scale. The porin
OmpF has two channels in the front (solid arrows) and one channel in the back (open arrow) of the trimeric protein complex.LPS molecules
can be longer than the ones shown here.
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Figure 3.27 Lipopolysaccharide Structure. (a) The lipopolysaccharide from Salmonella. This slightly simplified diagram illustrates
one form of the LPS. Abbreviations: Abe, abequose; Gal, galactose; Glc, glucose; GlcN, glucosamine; Hep, heptulose; KDO, 2-keto-3-
deoxyoctonate; Man, mannose; NAG, N-acetylglucosamine; P, phosphate; Rha, L-rhamnose. Lipid A is buried in the outer membrane.

(b) Molecular model of an Escherichia coli lipopolysaccharide. The lipid A and core polysaccharide are straight; the O side chain is bent at an

angle in this model.

10 sugars, many of them unusual in structure. The O side chain
or O antigen is a polysaccharide chain extending outward from
the core. It has several peculiar sugars and varies in composition
between bacterial strains.

LPS has many important functions. Because the core poly-
saccharide usually contains charged sugars and phosphate (fig-
ure 3.27), LPS contributes to the negative charge on the bacterial
surface. As a major constituent of the exterior leaflet of the outer
membrane, lipid A also helps stabilize outer membrane structure.
LPS may contribute to bacterial attachment to surfaces and
biofilm formation. A major function of LPS is that it aids in cre-
ating a permeability barrier. The geometry of LPS (figure 3.27b)
and interactions between neighboring LPS molecules are
thought to restrict the entry of bile salts, antibiotics, and other
toxic substances that might kill or injure the bacterium. LPS also
plays a role in protecting pathogenic gram-negative bacteria
from host defenses. The O side chain of LPS is also called the O
antigen because it elicits an immune response. This response in-
volves the production of antibodies that bind the strain-specific
form of LPS that elicited the response. However, many gram-

negative bacteria are able to rapidly change the antigenic nature
of their O side chains, thus thwarting host defenses. Importantly,
the lipid A portion of LPS often is toxic; as a result, the LPS can
act as an endotoxin and cause some of the symptoms that arise
in gram-negative bacterial infections. If the bacterium enters the
bloodstream, LPS endotoxin can cause a form of septic shock
for which there is no direct treatment.  Overview of bacterial patho-
genesis (section 33.3)

Despite the role of LPS in creating a permeability barrier, the
outer membrane is more permeable than the plasma membrane
and permits the passage of small molecules like glucose and other
monosaccharides. This is due to the presence of porin proteins
(figures 3.25 and 3.26). Most porin proteins cluster together to
form a trimer in the outer membrane (figure 3.25 and figure 3.28).
Each porin protein spans the outer membrane and is more or less
tube-shaped; its narrow channel allows passage of molecules
smaller than about 600 to 700 daltons. However, larger molecules
such as vitamin By, also cross the outer membrane. Such large
molecules do not pass through porins; instead, specific carriers
transport them across the outer membrane.



The Bacterial Cell Wall 61

(a) Porin trimer

(b) OmpF side view

Figure 3.28 Porin Proteins. Two views of the OmpF porin of E. coli. (a) Porin structure observed when looking down at the outer
surface of the outer membrane (i.e., top view). The three porin proteins forming the protein each form a channel. Each porin can be divided
into three loops: the green loop forms the channel, the blue loop interacts with other porin proteins to help form the trimer, and the orange
loop narrows the channel.The arrow indicates the area of a porin molecule viewed from the side in panel (b). Side view of a porin monomer

showing the B-barrel structure characteristic of porin proteins.

The Mechanism of Gram Staining

Although several explanations have been given for the Gram-
stain reaction results, it seems likely that the difference between
gram-positive and gram-negative bacteria is due to the physical
nature of their cell walls. If the cell wall is removed from gram-
positive bacteria, they stain gram negative. Furthermore, geneti-
cally wall-less bacteria such as the mycoplasmas also stain gram
negative. The peptidoglycan itself is not stained; instead it seems
to act as a permeability barrier preventing loss of crystal violet.
During the procedure the bacteria are first stained with crystal vi-
olet and next treated with iodine to promote dye retention. When
gram-positive bacteria then are treated with ethanol, the alcohol
is thought to shrink the pores of the thick peptidoglycan. Thus the
dye-iodine complex is retained during this short decolorization
step and the bacteria remain purple. In contrast, recall that gram-
negative peptidoglycan is very thin, not as highly cross-linked,
and has larger pores. Alcohol treatment also may extract enough
lipid from the gram-negative outer membrane to increase its
porosity further. For these reasons, alcohol more readily removes
the purple crystal violet-iodine complex from gram-negative bac-
teria. Thus gram-negative bacteria are then easily stained red or
pink by the counterstain safranin.

The Cell Wall and Osmotic Protection

Microbes have several mechanisms for responding to changes in
osmotic pressure. This pressure arises when the concentration of
solutes inside the cell differs from that outside, and the adaptive re-
sponses work to equalize the solute concentrations. However, in

certain situations, the osmotic pressure can exceed the cell’s abil-
ity to adapt. In these cases, additional protection is provided by the
cell wall. When cells are in hypotonic solutions—ones in which
the solute concentration is less than that in the cytoplasm—water
moves into the cell, causing it to swell. Without the cell wall, the
pressure on the plasma membrane would become so great that it
would be disrupted and the cell would burst—a process called ly-
sis. Conversely, in hypertonic solutions, water flows out and the
cytoplasm shrivels up—a process called plasmolysis.

The protective nature of the cell wall is most clearly demon-
strated when bacterial cells are treated with lysozyme or penicillin.
The enzyme lysozyme attacks peptidoglycan by hydrolyzing the
bond that connects N-acetylmuramic acid with N-acetylglu-
cosamine (figure 3.18). Penicillin works by a different mecha-
nism. It inhibits peptidoglycan synthesis. If bacteria are treated
with either of these substances while in a hypotonic solution, they
will lyse. However, if they are in an isotonic solution, they can sur-
vive and grow normally. If they are gram positive, treatment with
lysozyme or penicillin results in the complete loss of the cell wall,
and the cell becomes a protoplast. When gram-negative bacteria
are exposed to lysozyme or penicillin, the peptidoglycan layer is
lost, but the outer membrane remains. These cells are called spher-
oplasts. Because they lack a complete cell wall, both protoplasts
and spheroplasts are osmotically sensitive. If they are transferred
to a dilute solution, they will lyse due to uncontrolled water influx
(figure 3.29).  Antibacterial drugs (section 34.4)

Although most bacteria require an intact cell wall for survival,
some have none at all. For example, the mycoplasmas lack a cell
wall and are osmotically sensitive, yet often can grow in dilute
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Figure 3.29 Protoplast Formation and Lysis. Protoplast formation induced by incubation with penicillin in an isotonic medium.

Transfer to dilute medium will result in lysis.

media or terrestrial environments because their plasma mem-
branes are more resistant to osmotic pressure than those of bacte-
ria having walls. The precise reason for this is not clear, although
the presence of sterols in the membranes of many species may
provide added strength. Without a rigid cell wall, mycoplasmas
tend to be pleomorphic or variable in shape.

1. List the functions of the cell wall.

2. Describe in detail the composition and structure of peptidoglycan. Why does
peptidoglycan contain the unusual D isomers of alanine and glutamic acid
rather than the L isomers observed in proteins?

3. Compare and contrast the cell walls of gram-positive bacteria and gram-
negative bacteria. Include labeled drawings in your discussion.

4. Define or describe the following: outer membrane, periplasmic space,
periplasm, envelope, teichoic acid, adhesion site, lipopolysaccharide, porin
protein, protoplasts, and spheroplasts.

5. Design an experiment that illustrates the cell wall’s role in protecting
aqainst lysis.

6. With a few exceptions, the cell walls of gram-positive bacteria lack
porins.Why is this the case?

3.7 ARCHAEAL CELL WALLS

Before they were distinguished as a unique domain of life, the
Archaea were characterized as being either gram positive or gram
negative. However, their staining reaction does not correlate as
reliably with a particular cell wall structure as does the Gram re-
action of Bacteria. Archaeal wall structure and chemistry differ
from those of the Bacteria. Archaeal cell walls lack peptidogly-
can and also exhibit considerable variety in terms of their chem-
ical make-up. Some of the major features of archaeal cell walls
are described in this section.

Many archaea have a wall with a single, thick homogeneous
layer resembling that in gram-positive bacteria (figure 3.30a).
These archaea often stain gram positive. Their wall chemistry
varies from species to species but usually consists of complex het-
eropolysaccharides. For example, Methanobacterium and some
other methane-generating archaea (methanogens) have walls con-
taining pseudomurein (figure 3.31), a peptidoglycan-like polymer
that has L-amino acids instead of D-amino acids in its cross-links,
N-acetyltalosaminuronic acid instead of N-acetylmuramic acid,
and B (1—3) glycosidic bonds instead of B (1—4) glycosidic

I cw
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Figure 3.30 Cell Envelopes of Archaea. Schematic repre-
sentations and electron micrographs of (a) Methanobacterium
formicicum, and (b) Thermoproteus tenax. CW, cell wall; SL, surface
layer; CM, cell membrane or plasma membrane; CPL, cytoplasm.

bonds. Other archaea, such as Methanosarcina and the salt-loving
Halococcus, contain complex polysaccharides similar to the chon-
droitin sulfate of animal connective tissue. Phylum Euryarchaeota:
The methanogens; The halobacteria (section 20.3)

Many archaea that stain gram negative have a layer of glyco-
protein or protein outside their plasma membrane (figure 3.30b).
The layer may be as thick as 20 to 40 nm. Sometimes there are two
layers—an electron-dense layer and a sheath surrounding it. Some
methanogens (Methanolobus), salt-loving archaea (Halobac-
terium), and extreme thermophiles (Sulfolobus, Thermoproteus,
and Pyrodictium) have glycoproteins in their walls. In contrast,
other methanogens (Methanococcus, Methanomicrobium, and
Methanogenium) and the extreme thermophile Desulfurococcus
have protein walls. Phylum Crenarchaeota (section 20.2); Phylum Eur-
yarchaeota: Extremely thermophilic S°-metabolizers (section 20.3)

1. How do the cells walls of Archaea differ from those of Bacteria?

2. Whatis pseudomurein? How is it similar to peptidoglycan? How is it different?

3. Archaea with cell walls consisting of a thick, homogeneous layer of com-
plex polysaccharides often retain the crystal violet dye when stained us-
ing the Gram-staining procedure.Why do you think this is s0?
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Figure 3.31 The Structure of Pseudomurein. The amino
acids and amino groups in parentheses are not always present.
Ac represents the acetyl group.

3.8 PROTEIN SECRETION IN PROCARYOTES

The membranes of the procaryotic cell envelope (i.e., the plasma
membrane of Archaea and gram-positive bacteria and the plasma
and outer membranes of gram-negative bacteria) present a consid-
erable barrier to the movement of large molecules into or out of the
cell. Yet, as will be discussed in section 3.9, many important struc-
tures are located outside the wall. How are the large molecules
from which some of these structures are made transported out of
the cell for assembly? Furthermore, exoenzymes and other proteins
are released from procaryotes into their surroundings. How do
these proteins get through the membrane(s) of the cell envelope?
Clearly procaryotes must be able to secrete proteins. The research
on protein secretion pathways has mushroomed in the last few
decades in part because of the fundamental importance of protein
secretion, but also because certain protein secretion mechanisms
are common to pathogenic bacteria. Furthermore, an understand-
ing of protein secretion can be exploited for vaccine development
and a variety of industrial processes. Because relatively little is
known about archaeal protein secretion systems, this section pro-
vides an overview of bacterial protein secretion pathways.

Overview of Bacterial Protein Secretion

Protein secretion poses different difficulties depending on whether
the bacterium is gram-positive or gram-negative. In order for
gram-positive bacteria to secrete proteins, the proteins must be
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Plasma
membrane
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Figure 3.32 The Sec-Dependent Pathway. The Sec-
dependent pathway of E. coli.

transported across the plasma membrane. Once across the plasma
membrane, the protein either passes through the relatively porous
peptidoglycan into the external environment or it becomes em-
bedded in or attached to the peptidoglycan. Gram-negative bacte-
ria have more hurdles to jump when they secrete proteins. They,
too, must transport the proteins across the plasma membrane, but
in order to complete the secretion process, the proteins must be
able to escape attack from protein-degrading enzymes in the
periplasmic space, and they must be transported across the outer
membrane. In both gram-positive and gram-negative bacteria, the
major pathway for transporting proteins across the plasma mem-
brane is the Sec-dependant (secretion-dependent) pathway (fig-
ure 3.32). In gram-negative bacteria, proteins can be transported
across the outer membrane by several different mechanisms, some
of which bypass the Sec-dependent pathway altogether, moving
proteins directly from the cytoplasm to the outside of the cell (fig-
ure 3.33). All protein secretion pathways described here require
the expenditure of energy at some step in the process. The energy
is usually supplied by the hydrolysis of high-energy molecules
such as ATP and GTP, but another form of energy, the proton mo-
tive force, also sometimes plays arole.  The role of ATP in metabolism
(section 8.5); Electron transport and oxidative phosphorylation (section 9.5)

The Sec-Dependent Pathway

The Sec-dependent pathway, sometimes called the general se-
cretion pathway, is highly conserved and has been identified in
all three domains of life (figure 3.32). It translocates proteins
across the plasma membrane or integrates them into the mem-
brane itself. Proteins to be transported across the plasma mem-
brane by this pathway are synthesized as presecretory proteins
called preproteins. The preprotein has a signal peptide at its



64 Chapter3  Procaryotic Cell Structure and Function

Type | Type Ill

O

Cell exterior

Plasma
membrane

(P

Chaperone

Type Il Type V

Cytoplasm

Type IV

Outer
membrane

Chaperone

Protein

Figure 3.33 The Protein Secretion Systems of Gram-Negative Bacteria.

The five secretion systems of gram-negative bacteria are

shown.The Sec-dependent and Tat pathways deliver proteins from the cytoplasm to the periplasmic space.The type II, type V,and some-
times type IV systems complete the secretion process begun by the Sec-dependent pathway. The Tat system appears to deliver proteins
only to the type Il pathway.The type | and type Ill systems bypass the Sec-dependent and Tat pathways, moving proteins directly from the
cytoplasm, through the outer membrane, to the extracellular space.The type IV system can work either with the Sec-dependent pathway or
can work alone to transport proteins to the extracellular space. Proteins translocated by the Sec-dependent pathway and the type Il path-

way are delivered to those systems by chaperone proteins.

amino-terminus, which is recognized by the Sec machinery.
Soon after the signal peptide is synthesized, special proteins
called chaperone proteins (e.g., SecB) bind it. This helps delay
protein folding, thereby helping the preprotein reach the Sec
transport machinery in the conformation needed for transport.
There is evidence that translocation of proteins can begin before
the completion of their synthesis by ribosomes. Certain Sec pro-
teins (SecY, SecE and SecG) are thought to form a channel in the
membrane through which the preprotein passes. Another protein
(SecA) binds to the SecYEG proteins and the SecB-preprotein
complex. SecA acts as a motor to translocate the preprotein (but

not the chaperone protein) through the plasma membrane using
ATP hydrolysis. When the preprotein emerges from the plasma
membrane, free from chaperones, an enzyme called signal pep-
tidase removes the signal peptide. The protein then folds into the
proper shape, and disulfide bonds are formed when necessary.

Protein Secretion in Gram-Negative Bacteria

Currently five protein secretion pathways have been identified in
gram-negative bacteria (figure 3.33). Recall that gram-negative
bacteria have a second, outer membrane that proteins must cross.



Gram-negative bacteria use the type Il and type V pathways to
transport proteins across the outer membrane after the protein has
first been translocated across the plasma membrane by the Sec-
dependant pathway. The type | and type Il pathways do not interact
with proteins that are first translocated by the Sec system, so they are
said to be Sec-independent. The type IV pathway sometimes is linked
to the Sec-dependent pathway but usually functions on its own.

The type Il protein secretion pathway is present in a num-
ber of plant and animal pathogens, including Erwinia carotovora,
Klebsiella pneumoniae, Pseudomonas aeruginosa, and Vibrio
cholerae. It is responsible for the secretion of proteins such as the
degradative enzymes pullulanases, cellulases, pectinases, pro-
teases, and lipases, as well as other proteins like cholera toxin and
pili proteins. Type Il systems are quite complex and can contain
as many as 12 to 14 proteins, most of which appear to be integral
membrane proteins (figure 3.33). Even though some components
of type Il systems span the plasma membrane, they apparently
translocate proteins only across the outer membrane. In most
cases, the Sec-dependent pathway first translocates the protein
across the plasma membrane and then the type Il system com-
pletes the secretion process. In gram-negative and gram-positive
bacteria, another plasma membrane translocation system called
the Tat pathway can move proteins across the plasma membrane.
In gram-negatives, these proteins are then delivered to the type 11
system. The Tat pathway is distinct from the Sec system in that it
translocates already folded proteins.

The type V protein secretion pathways are the most recently
discovered protein secretion systems. They, too, rely on the Sec-
dependent pathway to move proteins across the plasma mem-
brane. However, once in the periplasmic space, many of these
proteins are able to form a channel in the outer membrane through
which they transport themselves; these proteins are referred to as
autotransporters. Other proteins are secreted by the type V path-
way with the aid of a separate helper protein.

The ABC protein secretion pathway, which derives its name
from ATP binding cassette, is ubiquitous in procaryotes—that is,
itis present in gram-positive and gram-negative bacteria as well as
Archaea. It is sometimes called the type | protein secretion
pathway (figure 3.33). In pathogenic gram-negative bacteria, it is
involved in the secretion of toxins (a-hemolysin), as well as pro-
teases, lipases, and specific peptides. Secreted proteins usually
contain C-terminal secretion signals that help direct the newly syn-
thesized protein to the type | machinery, which spans the plasma
membrane, the periplasmic space, and the outer membrane. These
systems translocate proteins in one step across both membranes,
bypassing the Sec-dependent pathway. Gram-positive bacteria use
a modified version of the type | system to translocate proteins
across the plasma membrane. Analysis of the Bacillus subtilis
genome has identified 77 ABC transporters. This may reflect the
fact that ABC transporters transport a wide variety of solutes in ad-
dition to proteins, including sugars and amino acids, as well as ex-
porting drugs from the cell interior.

Several gram-negative pathogens have the type I11 protein
secretion pathway, another secretion system that bypasses the
Sec-dependent pathway. Most type 11l systems inject virulence
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factors directly into the plant and animal host cells these
pathogens attack. These virulence factors include toxins, phago-
cytosis inhibitors, stimulators of cytoskeleton reorganization in
the host cell, and promoters of host cell suicide (apoptosis).
However, in some cases the virulence factor is simply secreted
into the extracellular milieu. Type I11 systems also transport other
proteins, including (1) some of the proteins from which the sys-
tem is built, (2) proteins that regulate the secretion process, and
(3) proteins that aid in the insertion of secreted proteins into tar-
get cells. Type 111 systems are structurally complex and often are
shaped like a syringe (figure 3.33). The slender, needlelike por-
tion extends from the cell surface; a cylindrical base is connected
to both the outer membrane and the plasma membrane and looks
somewhat like the flagellar basal body (see p. 67). It is thought
that proteins may move through a translocation channel.
Important examples of bacteria with type Il systems are
Salmonella, Yersinia, Shigella, E. coli, Bordetella, Pseudomonas
aeruginosa, and Erwinia. The participation of type Il systems in
bacterial virulence is further discussed in chapter 33.

Type IV protein secretion pathways are unique in that they
are used to secrete proteins as well as to transfer DNA from a
donor bacterium to a recipient during bacterial conjugation. Type
IV systems are composed of many different proteins, and like the
type Ill systems, these proteins form a syringelike structure.
Type IV systems and conjugation are described in more detail in
chapter 13.

1. Give the major characteristics and functions of the protein secretion
pathways described in this section.

2. Which secretion pathway is most widespread?

3. What is a signal peptide? Why do you think a protein’s signal peptide is
not removed until after the protein is translocated across the plasma
membrane?

3.9 CoMPONENTS EXTERNAL TO THE CELL WALL

Procaryotes have a variety of structures outside the cell wall that
can function in protection, attachment to objects, and cell move-
ment. Several of these are discussed.

Capsules, Slime Layers, and S-Layers

Some procaryotes have a layer of material lying outside the cell
wall. This layer has different names depending on its characteris-
tics. When the layer is well organized and not easily washed off,
it is called a capsule (figure 3.34a). It is called a slime layer
when it is a zone of diffuse, unorganized material that is removed
easily. When the layer consists of a network of polysaccharides
extending from the surface of the cell, it is referred to as the gly-
cocalyx (figure 3.34b), a term that can encompass both capsules
and slime layers because they usually are composed of polysac-
charides. However, some slime layers and capsules are con-
structed of other materials. For example, Bacillus anthracis has a
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(a) K. pneumoniae

3

(b) Bacteroides

Figure 3.34 Bacterial Capsules. (a) Klebsiella pneumoniae
with its capsule stained for observation in the light microscope
(X1,500). (b) Bacteroides glycocalyx (gly), TEM (X71,250).

proteinaceous capsule composed of poly-p-glutamic acid.
Capsules are clearly visible in the light microscope when negative
stains or special capsule stains are employed (figure 3.34a); they
also can be studied with the electron microscope (figure 3.34b).
Although capsules are not required for growth and reproduc-
tion in laboratory cultures, they do confer several advantages when
procaryotes grow in their normal habitats. They help pathogenic
bacteria resist phagocytosis by host phagocytes. Streptococcus
pneumoniae provides a dramatic example. When it lacks a capsule,
it is destroyed easily and does not cause disease, whereas the cap-
sulated variant quickly kills mice. Capsules contain a great deal of
water and can protect against desiccation. They exclude viruses and
most hydrophobic toxic materials such as detergents. The glycoca-
lyx also aids in attachment to solid surfaces, including tissue sur-
faces in plant and animal hosts (figure 3.35). Gliding bacteria often
produce slime, which in some cases, has been shown to facilitate
motility. Microbial Diversity & Ecology 21.1: The mechanism of gliding motil-
ity; Phagocytosis (section 31.3); Overview of bacterial pathogenesis (section 33.3)
Many procaryotes have a regularly structured layer called an S-
layer on their surface. In bacteria, the S-layer is external to the cell
wall. In archaea, the S-layer may be the only wall structure outside
the plasma membrane. The S-layer has a pattern something like

Intestinal
tissue

Bacteria

Figure 3.35 Bacterial Glycocalyx. Bacteria connected to
each other and to the intestinal wall, by their glycocalyxes, the
extensive networks of fibers extending from the cells (X17,500).

floor tiles and is composed of protein or glycoprotein (figure 3.36).
In gram-negative bacteria the S-layer adheres directly to the outer
membrane; it is associated with the peptidoglycan surface in gram-
positive bacteria. It may protect the cell against ion and pH fluctu-
ations, osmotic stress, enzymes, or the predacious bacterium
Bdellovibrio. The S-layer also helps maintain the shape and enve-
lope rigidity of some cells. It can promote cell adhesion to surfaces.
Finally, the S-layer seems to protect some bacterial pathogens
against host defenses, thus contributing to their virulence. Class
Deltaproteobacteria: Order Bdellovibrionales (section 22.4)

Pili and Fimbriae

Many procaryotes have short, fine, hairlike appendages that are
thinner than flagella. These are usually called fimbriae (s., fim-
bria). Although many people use the terms fimbriae and pili inter-
changeably, we shall distinguish between fimbriae and sex pili. A
cell may be covered with up to 1,000 fimbriae, but they are only vis-
ible in an electron microscope due to their small size (figure 3.37).
They are slender tubes composed of helically arranged protein sub-
units and are about 3 to 10 nm in diameter and up to several mi-
crometers long. At least some types of fimbriae attach bacteria to
solid surfaces such as rocks in streams and host tissues.

Fimbriae are responsible for more than attachment. Type 1V
fimbriae are present at one or both poles of bacterial cells. They can
aid in attachment to objects, and also are required for the twitching
motility that occurs in some bacteria such as P. aeruginosa,
Neisseria gonorrhoeae, and some strains of E. coli. Movement is
by short, intermittent jerky motions of up to several micrometers in
length and normally is seen on very moist surfaces. There is evi-
dence that the fimbriae actively retract to move these bacteria. Type



Figure 3.36 The S-Layer. An electron micrograph of the
S-layer of the bacterium Deinococcus radiodurans after shadowing.

Fimbriae

Flagella

Figure 3.37 Flagella and Fimbriae. The long flagella and
the numerous shorter fimbriae are very evident in this electron
micrograph of the bacterium Proteus vulgaris (X39,000).

1V fimbriae are also involved in gliding motility by myxobacteria.
These bacteria are also of interest because they have complex life
cycles that include the formation of a fruiting body. Class
Deltaproteobacteria: Order Myxococcales (section 22.4).

Many bacteria have about 1-10 sex pili (s., pilus) per cell.
These are hairlike structures that differ from fimbriae in the fol-
lowing ways. Pili often are larger than fimbriae (around 9 to 10
nm in diameter). They are genetically determined by conjugative
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plasmids and are required for conjugation. Some bacterial viruses
attach specifically to receptors on sex pili at the start of their re-
productive cycle. Bacterial conjugation (section 13.7)

Flagella and Motility

Most motile procaryotes move by use of flagella (s., flagellum),
threadlike locomotor appendages extending outward from the
plasma membrane and cell wall. Bacterial flagella are the best
studied and they are the focus of this discussion.

Bacterial flagella are slender, rigid structures, about 20 nm
across and up to 15 or 20 wm long. Flagella are so thin they can-
not be observed directly with a bright-field microscope, but must
be stained with special techniques designed to increase their
thickness. The detailed structure of a flagellum can only be seen
in the electron microscope (figure 3.37).

Bacterial species often differ distinctively in their patterns of
flagella distribution and these patterns are useful in identifying
bacteria. Monotrichous bacteria (trichous means hair) have one
flagellum; if it is located at an end, it is said to be a polar flagel-
lum (figure 3.38a). Amphitrichous bacteria (amphi means on
both sides) have a single flagellum at each pole. In contrast,
lophotrichous bacteria (lopho means tuft) have a cluster of fla-
gella at one or both ends (figure 3.38b). Flagella are spread fairly
evenly over the whole surface of peritrichous (peri means
around) bacteria (figure 3.38c).

Flagellar Ultrastructure

Transmission electron microscope studies have shown that the
bacterial flagellum is composed of three parts. (1) The longest
and most obvious portion is the flagellar filament, which ex-
tends from the cell surface to the tip. (2) A basal body is embed-
ded in the cell; and (3) a short, curved segment, the flagellar
hook, links the filament to its basal body and acts as a flexible
coupling. The filament is a hollow, rigid cylinder constructed of
subunits of the protein flagellin, which ranges in molecular
weight from 30,000 to 60,000 daltons, depending on the bacter-
ial species. The filament ends with a capping protein. Some bac-
teria have sheaths surrounding their flagella. For example,
Bdellovibrio has a membranous structure surrounding the fila-
ment. Vibrio cholerae has a lipopolysaccharide sheath.

The hook and basal body are quite different from the filament
(figure 3.39). Slightly wider than the filament, the hook is made of
different protein subunits. The basal body is the most complex part
of aflagellum. In E. coli and most gram-negative bacteria, the basal
body has four rings connected to a central rod (figure 3.39a,d). The
outer L and P rings associate with the lipopolysaccharide and pep-
tidoglycan layers, respectively. The inner M ring contacts the
plasma membrane. Gram-positive bacteria have only two basal
body rings—an inner ring connected to the plasma membrane and
an outer one probably attached to the peptidoglycan (figure 3.39b).

Flagellar Synthesis

The synthesis of bacterial flagella is a complex process involv-
ing at least 20 to 30 genes. Besides the gene for flagellin, 10 or
more genes code for hook and basal body proteins; other genes
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(a) Pseudomonas—monotrichous polar flagellation

(b) Spirillum—Ilophotrichous flagellation

(c) P. vulgaris—peritrichous flagellation

Figure 3.38 Flagellar Distribution. Examples of various
patterns of flagellation as seen in the light microscope.

(a) Monotrichous polar (Pseudomonas). (b) Lophotrichous
(Spirillum). (c) Peritrichous (Proteus vulgaris, X600).

are concerned with the control of flagellar construction or func-
tion. How the cell regulates or determines the exact location of
flagella is not known.

When flagella are removed, the regeneration of the flagellar
filament can then be studied. Transport of many flagellar com-
ponents is carried out by an apparatus in the basal body that is
a specialized type 111 protein secretion system. It is thought that
flagellin subunits are transported through the filament’s hollow
internal core. When they reach the tip, the subunits sponta-
neously aggregate under the direction of a special filament cap
so that the filament grows at its tip rather than at the base (fig-
ure 3.40). Filament synthesis is an excellent example of self-
assembly. Many structures form spontaneously through the as-
sociation of their component parts without the aid of any
special enzymes or other factors. The information required for
filament construction is present in the structure of the flagellin
subunit itself.

The Mechanism of Flagellar Movement

Procaryotic flagella operate differently from eucaryotic flagella.
The filament is in the shape of a rigid helix, and the cell moves
when this helix rotates. Considerable evidence shows that fla-
gella act just like propellers on a boat. Bacterial mutants with
straight flagella or abnormally long hook regions cannot swim.
When bacteria are tethered to a glass slide using antibodies to fil-
ament or hook proteins, the cell body rotates rapidly about the
stationary flagellum. If polystyrene-latex beads are attached to
flagella, the beads spin about the flagellar axis due to flagellar ro-
tation. The flagellar motor can rotate very rapidly. The E. coli mo-
tor rotates 270 revolutions per second; Vibrio alginolyticus
averages 1,100 rps. Cilia and flagella (section 4.10)

The direction of flagellar rotation determines the nature of bac-
terial movement. Monotrichous, polar flagella rotate counter-
clockwise (when viewed from outside the cell) during normal
forward movement, whereas the cell itself rotates slowly clock-
wise. The rotating helical flagellar filament thrusts the cell forward
in a run with the flagellum trailing behind (figure 3.41). Monotri-
chous bacteria stop and tumble randomly by reversing the direc-
tion of flagellar rotation. Peritrichously flagellated bacteria
operate in a somewhat similar way. To move forward, the flagella
rotate counterclockwise. As they do so, they bend at their hooks to
form a rotating bundle that propels the cell forward. Clockwise ro-
tation of the flagella disrupts the bundle and the cell tumbles.

Because bacteria swim through rotation of their rigid flagella,
there must be some sort of motor at the base. A rod extends from the
hook and ends in the M ring, which can rotate freely in the plasma
membrane (figure 3.42). It is thought that the S ring is attached to
the cell wall in gram-positive cells and does not rotate. The P and L
rings of gram-negative bacteria would act as bearings for the rotat-
ing rod. There is some evidence that the basal body is a passive
structure and rotates within a membrane-embedded protein com-
plex much like the rotor of an electrical motor turns in the center of
a ring of electromagnets (the stator).

The exact mechanism that drives basal body rotation is not
entirely clear. Figure 3.42 provides a more detailed depiction of
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Figure 3.39 The Ultrastructure of Bacterial Flagella. Flagellar basal bodies and hooks in (a) gram-negative and (b) gram-positive
bacteria. (c) Negatively stained flagella from Escherichia coli (X66,000). (d) An enlarged view of the basal body of an E. coli flagellum
(X485,000). All four rings (L, P, S, and M) can be clearly seen.The uppermost arrow is at the junction of the hook and filament.

the basal body in gram-negative bacteria. The rotor portion of
the motor seems to be made primarily of a rod, the M ring, and
a C ring joined to it on the cytoplasmic side of the basal body.
These two rings are made of several proteins; FIiG is particularly
important in generating flagellar rotation. The two most impor-
tant proteins in the stator part of the motor are MotA and MotB.
These form a proton channel through the plasma membrane, and
MotB also anchors the Mot complex to cell wall peptidoglycan.

There is some evidence that MotA and FliG directly interact dur-
ing flagellar rotation. This rotation is driven by proton or sodium
gradients in procaryotes, not directly by ATP as is the case with
eucaryotic flagella.  The electron transport chain and oxidative phospho-
rylation (section 9.5)

The flagellum is a very effective swimming device. From the
bacterium’s point of view, swimming is quite a task because the sur-
rounding water seems as thick and viscous as molasses. The cell
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Figure 3.40 Growth of Flagellar Filaments. Flagellin subunits travel through the flagellar core and attach to the growing tip. Their

attachment is directed by the filament cap protein.
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Figure 3.41 Flagellar Motility. The relationship of flagellar
rotation to bacterial movement. Parts (a) and (b) describe the
motion of monotrichous, polar bacteria. Parts (c) and (d) illustrate
the movements of peritrichous organisms.

must bore through the water with its corkscrew-shaped flagella, and
if flagellar activity ceases, it stops almost instantly. Despite such en-
vironmental resistance to movement, bacteria can swim from 20 to
almost 90 wm/second. This is equivalent to traveling from 2 to over
100 cell lengths per second. In contrast, an exceptionally fast 6-ft
human might be able to run around 5 body lengths per second.
Bacteria can move by mechanisms other than flagellar rota-
tion. Spirochetes are helical bacteria that travel through viscous
substances such as mucus or mud by flexing and spinning move-
ments caused by a special axial filament composed of periplas-
mic flagella. The swimming motility of the helical bacterium
Spiroplasma is accomplished by the formation of kinks in the cell
body that travel the length of the bacterium. A very different type
of motility, gliding motility, is employed by many bacteria:
cyanobacteria, myxobacteria and cytophagas, and some my-
coplasmas. Although there are no visible external structures asso-
ciated with gliding motility, it enables movement along solid
surfaces at rates up to 3 wm/second. Microbial Diversity & Ecology
21.1: The mechanism of gliding motility; Phylum Spirochaetes (section 21.6);
Photosynthetic bacteria (section 21.3); Class Deltaproteobacteria: Order Myxo-
coccales (section 22.4); Class Mollicutes (the Mycoplasmas) (section 23.2)

1. Briefly describe capsules, slime layers, glycocalyxes, and S-layers. What
are their functions?

2. Distinguish between fimbriae and sex pili, and give the function of each.

3. Be able to discuss the following: flagella distribution patterns, flagella structure
and synthesis, and the way in which flagella operate to move a bacterium.

4. What is self-assembly? Why does it make sense that the flagellar fila-
ment is assembled in this way?
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3.10 CHEMOTAXIS

Bacteria do not always move aimlessly but are attracted by such
nutrients as sugars and amino acids, and are repelled by many
harmful substances and bacterial waste products. Bacteria also
can respond to other environmental cues such as temperature
(thermotaxis), light (phototaxis), oxygen (aerotaxis), osmotic
pressure (osmotaxis), and gravity; (Microbial Diversity &
Ecology 3.2.) Movement toward chemical attractants and away
from repellents is known as chemotaxis. Such behavior is of ob-
vious advantage to bacteria.

Chemotaxis may be demonstrated by observing bacteria in the
chemical gradient produced when a thin capillary tube is filled
with an attractant and lowered into a bacterial suspension. As the
attractant diffuses from the end of the capillary, bacteria collect
and swim up the tube. The number of bacteria within the capillary
after a short length of time reflects the strength of attraction and
rate of chemotaxis. Positive and negative chemotaxis also can be
studied with petri dish cultures (figure 3.43). If bacteria are
placed in the center of a dish of semisolid agar containing an at-
tractant, the bacteria will exhaust the local supply and then swim
outward following the attractant gradient they have created. The
result is an expanding ring of bacteria. When a disk of repellent is
placed in a petri dish of semisolid agar and bacteria, the bacteria
will swim away from the repellent, creating a clear zone around
the disk (figure 3.44).

Bacteria can respond to very low levels of attractants (about
1078 M for some sugars), the magnitude of their response in-
creasing with attractant concentration. Usually they sense repel-
lents only at higher concentrations. If an attractant and a repellent
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Figure 3.42 Mechanism of Flagellar Movement.
This diagram of a gram-negative flagellum shows some of
the more important components and the flow of protons
that drives rotation. Five of the many flagellar proteins are
labeled (MotA, MotB, FliG, FliM, FIiN).

— Plasma membrane

are present together, the bacterium will compare both signals and
respond to the chemical with the most effective concentration.

Attractants and repellents are detected by chemoreceptors,
special proteins that bind chemicals and transmit signals to the
other components of the chemosensing system. About 20 attractant
chemoreceptors and 10 chemoreceptors for repellents have been
discovered thus far. These chemoreceptor proteins may be located
in the periplasmic space or the plasma membrane. Some receptors
participate in the initial stages of sugar transport into the cell.

The chemotactic behavior of bacteria has been studied using
the tracking microscope, a microscope with a moving stage that
automatically keeps an individual bacterium in view. In the ab-
sence of a chemical gradient, E. coli and other bacteria move
randomly. For a few seconds, the bacterium will travel in a
straight or slightly curved line called a run. When a bacterium
is running, its flagella are organized into a coordinated,
corkscrew-shaped bundle (figure 3.41c). Then the flagella “fly
apart” and the bacterium will stop and tumble. The tumble re-
sults in the random reorientation of the bacterium so that it often
is facing in a different direction. Therefore when it begins the
next run, it usually goes in a different direction (figure 3.45a).
In contrast, when the bacterium is exposed to an attractant, it
tumbles less frequently (or has longer runs) when traveling to-
wards the attractant. Although the tumbles can still orient the
bacterium away from the attractant, over time, the bacterium
gets closer and closer to the attractant (figure 3.45b). The oppo-
site response occurs with a repellent. Tumbling frequency de-
creases (the run time lengthens) when the bacterium moves
away from the repellent.
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Figure 3.43 Positive Bacterial
Chemotaxis. Chemotaxis can
be demonstrated on an agar plate
that contains various nutrients.
Positive chemotaxis by E. coli on
the left. The outer ring is
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Figure 3.44 Negative Bacterial Chemotaxis. Negative
chemotaxis by E. coli in response to the repellent acetate.The Figure 3.45 Directed Movement in Bacteria. (a) Random
bright disks are plugs of concentrated agar containing acetate that movement of a bacterium in the absence of a concentration
have been placed in dilute agar inoculated with E. coli. Acetate gradient. Tumbling frequency is fairly constant. (b) Movement in
concentration increases from zero at the top right to 3 M at top an attractant gradient. Tumbling frequency is reduced when the
left. Note the increasing size of bacteria-free zones with increasing bacterium is moving up the gradient.Therefore, runs in the

acetate.The bacteria have migrated for 30 minutes. direction of increasing attractant are longer.



Clearly, the bacterium must have some mechanism for sensing
that it is getting closer to the attractant (or is moving away from the
repellent). The behavior of the bacterium is shaped by temporal
changes in chemical concentration. The bacterium moves toward
the attractant because it senses that the concentration of the attrac-
tant is increasing. Likewise, it moves away from a repellent be-
cause it senses that the concentration of the repellent is decreasing.
The bacterium’s chemoreceptors play a critical role in this process.
The molecular events that enable bacterial cells to sense a chemi-
cal gradient and respond appropriately are presented in chapter 8.

1. Define chemotaxis, run,and tumble.
2. Explainin a general way how bacteria move toward substances like nu-
trients and away from toxic materials.

3.11 THE BACTERIAL ENDOSPORE

A number of gram-positive bacteria can form a special resistant,
dormant structure called an endospore. Endospores develop
within vegetative bacterial cells of several genera: Bacillus and
Clostridium (rods), Sporosarcina (cocci), and others. These struc-
tures are extraordinarily resistant to environmental stresses such as
heat, ultraviolet radiation, gamma radiation, chemical disinfec-
tants, and desiccation. In fact, some endospores have remained vi-
able for around 100,000 years. Because of their resistance and the
fact that several species of endospore-forming bacteria are dan-
gerous pathogens, endospores are of great practical importance in
food, industrial, and medical microbiology. This is because it is es-
sential to be able to sterilize solutions and solid objects. En-
dospores often survive boiling for an hour or more; therefore
autoclaves must be used to sterilize many materials. Endospores
are also of considerable theoretical interest. Because bacteria man-
ufacture these intricate structures in a very organized fashion over
a period of a few hours, spore formation is well suited for research
on the construction of complex biological structures. In the envi-
ronment, endospores aid in survival when moisture or nutrients are
scarce. The use of physical methods in control: Heat (section 7.4)
Endospores can be examined with both light and electron mi-
croscopes. Because endospores are impermeable to most stains,
they often are seen as colorless areas in bacteria treated with meth-
ylene blue and other simple stains; special endospore stains are
used to make them clearly visible. Endospore position in the
mother cell (sporangium) frequently differs among species, mak-
ing it of considerable value in identification. Endospores may be
centrally located, close to one end (subterminal), or definitely ter-
minal (figure 3.46). Sometimes an endospore is so large that it
swells the sporangium. Preparation and staining of specimens (section 2.3)
Electron micrographs show that endospore structure is com-
plex (figure 3.47). The spore often is surrounded by a thin, deli-
cate covering called the exosporium. A spore coat lies beneath
the exosporium, is composed of several protein layers, and may
be fairly thick. It is impermeable to many toxic molecules and is
responsible for the spore’s resistance to chemicals. The coat also
is thought to contain enzymes that are involved in germination.

The Bacterial Endospore 73

The cortex, which may occupy as much as half the spore volume,
rests beneath the spore coat. It is made of a peptidoglycan that is
less cross-linked than that in vegetative cells. The spore cell wall
(or core wall) is inside the cortex and surrounds the protoplast or
spore core. The core has normal cell structures such as ribosomes
and a nucleoid, but is metabolically inactive.

It is still not known precisely why the endospore is so resis-
tant to heat and other lethal agents. As much as 15% of the
spore’s dry weight consists of dipicolinic acid complexed with
calcium ions (figure 3.48), which is located in the core. It has
long been thought that dipicolinic acid was directly involved in
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Figure 3.48 Dipicolinic Acid.



74 Chapter3  Procaryotic Cell Structure and Function

Exosporium
Spore coat |
: Vil Axial filament
Cortex  Lysis of formation
Core sporangium,
spore Plasma

liberation membrane DNA

Spore coat

Vi
Completion of 1}
coat synthesis, Septum
increase in formation
refractility and and
heat resistance forespore

development
Exosporium il
Engulfment of

v forespore

Coat synthesis

v
Cortex  Gortex formation
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heat resistance, but heat-resistant mutants lacking dipicolinic
acid have been isolated. Calcium does aid in resistance to wet
heat, oxidizing agents, and sometimes dry heat. It may be that
calcium-dipicolinate stabilizes the spore’s nucleic acids. In addi-
tion, specialized small, acid-soluble DNA-binding proteins
(SASPs), are found in the endospore. They saturate spore DNA
and protect it from heat, radiation, dessication, and chemicals.
Dehydration of the protoplast appears to be very important in
heat resistance. The cortex may osmotically remove water from
the protoplast, thereby protecting it from both heat and radiation
damage. The spore coat also seems to protect against enzymes
and chemicals such as hydrogen peroxide. Finally, spores contain
some DNA repair enzymes. DNA is repaired once the spore ger-
minates and the cell becomes active again. In summary, en-
dospore heat resistance probably is due to several factors:
calcium-dipicolinate and acid-soluble protein stabilization of
DNA, protoplast dehydration, the spore coat, DNA repair, the
greater stability of cell proteins in bacteria adapted to growth at
high temperatures, and others.

Endospore formation, also called sporogenesis or sporula-
tion, normally commences when growth ceases due to lack of
nutrients. It is a complex process and may be divided into seven
stages (figure 3.49). An axial filament of nuclear material forms
(stage 1), followed by an inward folding of the cell membrane to
enclose part of the DNA and produce the forespore septum (stage
I1). The membrane continues to grow and engulfs the immature
endospore in a second membrane (stage 111). Next, cortex is laid
down in the space between the two membranes, and both calcium
and dipicolinic acid are accumulated (stage 1V). Protein coats
then are formed around the cortex (stage V), and maturation of
the endospore occurs (stage VI). Finally, lytic enzymes destroy
the sporangium releasing the spore (stage VII). Sporulation re-
quires about 10 hours in Bacillus megaterium. Global regulatory
systems: Sporulation in Bacillus subtilus (section 12.5)

The transformation of dormant spores into active vegetative
cells seems almost as complex a process as sporogenesis. It occurs
in three stages: (1) activation, (2) germination, and (3) outgrowth
(figure 3.50). Often a spore will not germinate successfully, even
inanutrient-rich medium, unless it has been activated. Activation
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Figure 3.50 Endospore Germination. Clostridium pecti-
novorum emerging from the spore during germination.

is a process that prepares spores for germination and usually re-
sults from treatments like heating. It is followed by germination,
the breaking of the spore’s dormant state. This process is charac-
terized by spore swelling, rupture or absorption of the spore coat,
loss of resistance to heat and other stresses, loss of refractility, re-
lease of spore components, and increase in metabolic activity.
Many normal metabolites or nutrients (e.g., amino acids and sug-
ars) can trigger germination after activation. Germination is fol-
lowed by the third stage, outgrowth. The spore protoplast makes
new components, emerges from the remains of the spore coat, and
develops again into an active bacterium.

1. Describe the structure of the bacterial endospore using a labeled diagram.

2. Briefly describe endospore formation and germination. What is the impor-
tance of the endospore? What might account for its heat resistance?

3. How might one go about showing that a bacterium forms true endospores?

4. Why do you think dehydration of the protoplast is an important factor in
the ability of endospores to resist environmental stress?

3.1 An Overview of Procaryotic Cell Structure

a. Procaryotes may be spherical (cocci), rod-shaped (bacilli), spiral, or filamen-
tous; they may form buds and stalks; or they may even have no characteristic
shape at all (pleomorphic) (figure 3.1 and 3.2).

b. Procaryotic cells can remain together after division to form pairs, chains, and
clusters of various sizes and shapes.

c. Procaryotes are much simpler structurally than eucaryotes, but they do have
unique structures. Table 3.1 summarizes the major functions of procaryotic
cell structures.

3.2 Procaryotic Cell Membranes
a. The plasma membrane fulfills many roles, including acting as a semiperme-

able barrier, carrying out respiration and photosynthesis, and detecting and re-
sponding to chemicals in the environment.

b. The fluid mosaic model proposes that cell membranes are lipid bilayers in

which integral proteins are buried (figure 3.5). Peripheral proteins are loosely
associated with the membrane.

c. Bacterial membranes are composed of phospholipids constructed of fatty

acids connected to glycerol by ester linkages (figure 3.6). Bacterial mem-
branes usually lack sterols, but often contain hopanoids (figure 3.7).
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The plasma membrane of some bacteria invaginates to form simple membrane
systems containing photosynthetic and respiratory assemblies. Other bacteria,
like the cyanobacteria, have internal membranes (figure 3.8).

Archaeal membranes are composed of glycerol diether and diglycerol
tetraether lipids (figure 3.9). Membranes composed of glycerol diether are
lipid bilayers. Membranes composed of diglycerol tetraethers are lipid mono-
layers (figure 3.11). The overall structure of a monolayer membrane is simi-
lar to that of the bilayer membrane in that the membrane has a hydrophobic
core and its surfaces are hydrophilic.

The Cytoplasmic Matrix

The cytoplasm of procaryotes contains proteins that are similar in structure
and function to the cytoskeletal proteins observed in eucaryotes.

The cytoplasmic matrix of procaryotes contains inclusion bodies. Most are
used for storage (glycogen inclusions, PHB inclusions, cyanophycin granules,
carboxysomes, and polyphosphate granules), but others are used for other pur-
poses (magnetosomes and gas vacuoles).

The cytoplasm of procaryotes is packed with 70S ribosomes (figure 3.15).

The Nucleoid

Procaryotic genetic material is located in an area called the nucleoid and is not
usually enclosed by a membrane (figure 3.16).

In most procaryotes, the nucleoid contains a single chromosome. The
chromsosome consists of a double-stranded, covalently closed, circular
DNA molecule.

Plasmids

Plasmids are extrachromosomal DNA molecules. They are found in many
procaryotes.

Although plasmids are not required for survival in most conditions, they can
encode traits that confer selective advantage in some environments.
Episomes are plasmids that are able to exist freely in the cytoplasm or can be
integrated into the chromosome.

Conjugative plasmids encode genes that promote their transfer from one cell
to another.

Resistance factors are plasmids that have genes conferring resistance to
antibiotics.

Col plasmids contain genes for the synthesis of colicins, proteins that kill E.
coli. Other plasmids encode virulence factors or metabolic capabilities.

The Bacterial Cell Wall

The vast majority of procaryotes have a cell wall outside the plasma mem-
brane to give them shape and protect them from osmotic stress.

Bacterial walls are chemically complex and usually contain peptidoglycan
(figures 3.17-3.21).

Bacteria often are classified as either gram-positive or gram-negative based
on differences in cell wall structure and their response to Gram staining.
Gram-positive walls have thick, homogeneous layers of peptidoglycan and te-
ichoic acids (figure 3.23). Gram-negative bacteria have a thin peptidoglycan
layer surrounded by a complex outer membrane containing lipopolysaccha-
rides (LPSs) and other components (figure 3.25).

The mechanism of the Gram stain is thought to depend on the peptidoglycan,
which binds crystal violet tightly, preventing the loss of crystal violet during
the ethanol wash.

Archaeal Cell Walls
Archaeal cell walls do not contain peptidoglycan (figure 3.30).

Archaea exhibit great diversity in their cell wall make-up. Some archaeal cell
walls are composed of heteropolysaccharides, some are composed of glyco-
protein, and some are composed of protein.

Protein Secretion in Procaryotes

The Sec-dependent protein secretion pathway (figure 3.32) has been ob-
served in all domains of life. It transports proteins across or into the cyto-
plasmic membrane.

Gram-negative bacteria have additional protein secretion systems that allow
them to move proteins from the cytoplasm, across both the cytoplasmic and
outer membranes, to the outside of the cell (figure 3.33). Some of these sys-
tems work with the Sec-dependent pathway to accomplish this (Type I1, Type
V, and usually Type 1V). Some pathways function alone to move proteins
across both membranes (Types I and II1).

ABC transporters (Type | protein secretion system) are used by all procary-
otes for protein translocation.

Components External to the Cell Wall

Capsules, slime layers, and glycocalyxes are layers of material lying outside
the cell wall. They can protect procaryotes from certain environmental condi-
tions, allow procaryotes to attach to surfaces, and protect pathogenic bacteria
from host defenses (figures 3.34 and 3.35).

S-layers are observed in some bacteria and many archaea. They are composed
of proteins or glycoprotein and have a characteristic geometric shape. In many
archaea the S-layer serves as the cell wall (figure 3.36).

Pili and fimbriae are hairlike appendages. Fimbriae function primarily in at-
tachment to surfaces, but some types of bacterial fimbriae are involved in a
twitching motility. Sex pili participate in the transfer of DNA from one bac-
terium to another (figure 3.37).

Many procaryotes are motile, usually by means of threadlike, locomotory or-
ganelles called flagella (figure 3.38).

Bacterial species differ in the number and distribution of their flagella.

In bacteria, the flagellar filament is a rigid helix that rotates like a propeller to
push the bacterium through water (figure 3.41).

3.10 Chemotaxis

a.

Motile procaryotes can respond to gradients of attractants and repellents, a
phenomenon known as chemotaxis.

A bacterium accomplishes movement toward an attractant by increasing the
length of time it spends moving toward the attractant, shortening the time it
spends tumbling. Conversely, a bacterium increases its run time when it
moves away from a repellent.

The Bacterial Endospore

Some bacteria survive adverse environmental conditions by forming en-
dospores, dormant structures resistant to heat, desiccation, and many chem-
icals (figure 3.47).

Both endospore formation and germination are complex processes that begin
in response to certain environmental signals and involve numerous stages (fig-
ures 3.49 and 3.50).
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Critical Thinking Questions

1. Propose a model for the assembly of a flagellum in a gram-positive cell enve-
lope. How would that model need to be modified for the assembly of a flagel-
lum in a gram-negative cell envelope?

2. If you could not use a microscope, how would you determine whether a cell is
procaryotic or eucaryotic? Assume the organism can be cultured easily in the
laboratory.
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3. The peptidoglycan of bacteria has been compared with the chain mail worn be-
neath a medieval knight’s suit of armor. It provides both protection and flexi-
bility. Can you describe other structures in biology that have an analogous
function? How are they replaced or modified to accommodate the growth of

the inhabitant?
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Eucaryotic Cell Structure
and Function

+ Eucaryotic cells differ most obviously from procaryotic cells in hav-
ing a variety of complex membranous organelles in the cytoplas-
mic matrix and the majority of their genetic material within
membrane-delimited nuclei. Each organelle has a distinctive struc-
ture directly related to specific functions.

+ A cytoskeleton composed of microtubules, microfilaments, and in-
termediate filaments helps give eucaryotic cells shape; the cy-
toskeleton is also involved in cell movements, intracellular
transport, and reproduction.

+ When eucaryotes reproduce, genetic material is distributed be-
tween cells by the highly organized, complex processes called mi-
tosis and meiosis.

+ Despite great differences between eucaryotes and procaryotes
with respect to such things as morphology, they are similar on the
biochemical level.

cell structure and function because procaryotes are immensely

important in microbiology and have occupied a large portion
of microbiologists’ attention in the past. Nevertheless, protists and
fungi also are microorganisms and have been extensively studied.
These eucaryotes often are extraordinarily complex, interesting in
their own right, and prominent members of ecosystems (figure
4.1). In addition, many protists and fungi are important model or-
ganisms, as well as being exceptionally useful in industrial micro-
biology. A number of protists and fungi are also major human
pathogens; one only need think of candidiasis, malaria, or African
sleeping sickness to appreciate the significance of eucaryotes in
medical microbiology. So although this text emphasizes procary-
otes, eucaryotic microorganisms also demand attention and are
briefly discussed in this chapter.

I n chapter 3 considerable attention is devoted to procaryotic

e . l

Often we emphasize procaryotes and viruses, but eucaryotic microorganisms also
have major impacts on human welfare. For example, the protozoan parasite
Trypanosoma brucei gambiense is a cause of African sleeping sickness. The
organism invades the nervous system and the victim frequently dies after suffering
several years from symptoms such as weakness, headache, apathy, emaciation,
sleepiness, and coma.

Chapter 4 focuses on eucaryotic cell structure and its rela-
tionship to cell function. Because many valuable studies on eu-
caryotic cell ultrastructure have used organisms other than
microorganisms, some work on nonmicrobial cells is presented.
At the end of the chapter, procaryotic and eucaryotic cells are
compared in some depth.

4.1 AN OVERVIEW OF EUCARYOTIC
CELL STRUCTURE

The most obvious difference between eucaryotic and procaryotic
cells is in their use of membranes. Eucaryotic cells have mem-
brane-delimited nuclei, and membranes also play a prominent
part in the structure of many other organelles (figures 4.2 and
4.3). Organelles are intracellular structures that perform specific
functions in cells analogous to the functions of organs in the body.
The name organelle (little organ) was coined because biologists
saw a parallel between the relationship of organelles to a cell and
that of organs to the whole body. It is not satisfactory to define or-
ganelles as membrane-bound structures because this would ex-
clude such components as ribosomes and bacterial flagella. A
comparison of figures 4.2 and 4.3 with figures 3.4 and 3.13a
shows how structurally complex the eucaryotic cell is. This com-
plexity is due chiefly to the use of internal membranes for several
purposes. The partitioning of the eucaryotic cell interior by mem-
branes makes possible the placement of different biochemical
and physiological functions in separate compartments so that
they can more easily take place simultaneously under indepen-
dent control and proper coordination. Large membrane surfaces

The key to every biological problem must finally be sought in the cell.

—E. B. Wilson
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(a) Paramecium

(d) Penicillium

(c) Penicillium

Figure 4.1 Representative Examples of Eucaryotic Microorganisms.

(a) Paramecium as seen with interference-contrast microscopy (X115). (b) Mixed diatom
frustules (X 100). (c) Penicillium colonies, and (d) a microscopic view of the mold’s hyphae
and conidia (X220). (e) Stentor. The ciliated protozoa are extended and actively feeding,
dark-field microscopy (X 100). (f) Amanita muscaria, a large poisonous mushroom (X5).

make possible greater respiratory and photosynthetic activity be-
cause these processes are located exclusively in membranes. The
intracytoplasmic membrane complex also serves as a transport
system to move materials between different cell locations. Thus
abundant membrane systems probably are necessary in eucary-
otic cells because of their large volume and the need for adequate
regulation, metabolic activity, and transport.

Figures 4.2 and 4.3 illustrate most of the organelles to be dis-
cussed here. Table 4.1 briefly summarizes the functions of the

(e) Stentor

(f) Amanita muscaria

major eucaryotic organelles. Our detailed discussion of eucary-
otic cell structure begins with the eucaryotic membrane. We then
proceed to organelles within the cytoplasm, and finally to com-
ponents outside the membrane.

1. What s an organelle?
2. Why is the compartmentalization of the cell interior advantageous to eu-
caryotic cells?




Figure 4.2 Eucaryotic Cell Ultrastructure. The yeast
Saccharomyces (X7,200). Note the nucleus, mitochondrion,
vacuole, endoplasmic reticulum, and cell wall.
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THE PLASMA MEMBRANE
AND MEMBRANE STRUCTURE

As discussed in chapter 3, the fluid mosaic model of membrane
structure is based largely on studies of eucaryotic membranes.
In eucaryotes, the major membrane lipids are phosphoglyc-
erides, sphingolipids, and cholesterol (figure 4.4). The distri-
bution of these lipids is asymmetric. Lipids in the outer mono-
layer differ from those of the inner monolayer. Although most
lipids in individual monolayers mix freely with each other,
there are microdomains that differ in lipid and protein compo-
sition. One such microdomain is the lipid raft, which is en-
riched in cholesterol and lipids with many saturated fatty acids
including some sphingolipids. The lipid raft spans the mem-
brane bilayer, and lipids in the adjacent monolayers interact.
These lipid rafts appear to participate in a variety of cellular
processes (e.g., cell movement and signal transduction). They
also may be involved in the entrance of some viruses into their
host cells and the assembly of some viruses before they are re-
leased from their host cells.

4.2

Mitochondrion

Endoplasmic
reticulum

Golgi apparatus

Centrioles

(a) Fungal (Yeast) Cell

Figure 4.3 The Structure of Two Representative Eucaryotic Cells.

protozoan Peranema (b).

Storage vacuole

Nucleus
Pellicle

Nucleolus
Cell wall

Cell membrane

Water vacuole

Centrioles

Cell membrane

Glycocalyx

(b) Protozoan Cell

Illustrations of a yeast cell (fungus) (a) and the flagellated
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Table 4.1 Functions of Eucaryotic Organelles

Plasma membrane

Cytoplasmic matrix

Microfilaments, intermediate
filaments, and microtubules

Endoplasmic reticulum
Ribosomes

Golgi apparatus
Lysosomes
Mitochondria

Chloroplasts
Nucleus

Nucleolus

Cell wall and pellicle
Cilia and flagella
Vacuole

Mechanical cell boundary, selectively permeable barrier with transport systems, mediates cell-cell
interactions and adhesion to surfaces, secretion

Environment for other organelles, location of many metabolic processes
Cell structure and movements, form the cytoskeleton

Transport of materials, protein and lipid synthesis

Protein synthesis

Packaging and secretion of materials for various purposes, lysosome formation
Intracellular digestion

Energy production through use of the tricarboxylic acid cycle, electron transport, oxidative phosphorylation,
and other pathways

Photosynthesis—trapping light energy and formation of carbohydrate from CO, and water
Repository for genetic information, control center for cell

Ribosomal RNA synthesis, ribosome construction

Strengthen and give shape to the cell

Cell movement

Temporary storage and transport, digestion (food vacuoles), water balance (contractile vacuole)
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Figure 4.4 Examples of Eucaryotic Membrane Lipids.

(b) Sphingolipid o

OH

(c) Sterol

sphingolipid. (c) Cholesterol, a sterol.

(a) Phosphatidylcholine, a phosphoglyceride. (b) Sphingomyelin, a
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4.3 THE CYyTOPLASMIC MATRIX,
MICROFILAMENTS, INTERMEDIATE
FILAMENTS, AND MICROTUBULES

The many organelles of eucaryotic cells lie in the cytoplasmic
matrix. The matrix is one of the most important and complex
parts of the cell. It is the “environment” of the organelles and the
location of many important biochemical processes. Several phys-
ical changes seen in cells—viscosity changes, cytoplasmic
streaming, and others—also are due to matrix activity.

A major component of the cytoplasmic matrix is a vast net-
work of interconnected filaments called the cytoskeleton. The
cytoskeleton plays a role in both cell shape and movement.
Three types of filaments form the cytoskeleton: microfila-
ments, microtubules, and intermediate filaments (figure 4.5).
Microfilaments are minute protein filaments, 4 to 7 nm in di-
ameter, that may be either scattered within the cytoplasmic
matrix or organized into networks and parallel arrays. Micro-
filaments are composed of an actin protein that is similar to the
actin contractile protein of muscle tissue. Microfilaments are
involved in cell motion and shape changes such as the motion
of pigment granules, amoeboid movement, and protoplasmic
streaming in slime molds. Interestingly, some pathogens use
the actin proteins of their eucaryotic hosts to move rapidly

through the host cell and to propel themselves into new host
cells (Disease 4.1: Getting Around). Protist classification:
Eumycetozoa and Stramenopiles (section 25.6)

Microtubules are shaped like thin cylinders about 25 nm in
diameter. They are complex structures constructed of two spher-
ical protein subunits—a-tubulin and B-tubulin. The two proteins
are the same molecular weight and differ only slightly in terms of
their amino acid sequence and tertiary structure. Each tubulin is
approximately 4 to 5 nm in diameter. These subunits are assem-
bled in a helical arrangement to form a cylinder with an average
of 13 subunits in one turn or circumference (figure 4.5).

Microtubules serve at least three purposes: (1) they help
maintain cell shape, (2) are involved with microfilaments in cell
movements, and (3) participate in intracellular transport
processes. Microtubules are found in long, thin cell structures re-
quiring support such as the axopodia (long, slender, rigid
pseudopodia) of protists (figure 4.6). Microtubules also are pres-
ent in structures that participate in cell or organelle movements—
the mitotic spindle, cilia, and flagella.

Intermediate filaments are heterogeneous elements of the
cytoskeleton. They are about 10 nm in diameter and are assem-
bled from a group of proteins that can be divided into several
classes. Intermediate filaments having different functions are as-
sembled from one or more of these classes of proteins. The role

Plasma membrane

Rough endoplasmic
reticulum

Ribosome

Intermediate filament
Intermediate filament ———

Mitochondrion Microtubule

Microfilament
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Figure 4.5 The Eucaryotic Cytoplasmic Matrix and Cytoskeleton. The cytoplasmic matrix of eucaryotic cells contains many
important organelles.The cytoskeleton helps form a framework within which the organelles lie. The cytoskeleton is composed of three
elements: microfilaments, microtubules, and intermediate filaments.
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Disease

4.1 Getting Around

Listeria monocytogenes is a gram-positive, rod-shaped bacterium re-
sponsible for the disease listeriosis. Listeriosis is a food-borne infec-
tion that is usually mild but can cause serious disease (meningitis,
sepsis, and stillbirth) in immunocompromised individuals and preg-
nant women. L. monocytogenes is an intracellular pathogen that has
a number of important virulence factors. One virulence factor is the
protein ActA, which the bacterium releases after entering a host cell.
ActA causes actin proteins to polymerize into filaments that form a
tail at one end of the bacterium (see Box figure). As more and more
of the actin proteins are polymerized, the growing tail pushes the bac-
terium through the host cell at rates up to 11 wm/minute. The bac-
terium can even be propelled through the cell surface and into
neighboring cells.

Listeria

Actin tail

. FHost cell

Listeria Motility and Actin Filaments. A Listeria cell is propelled
through the cell surface by a bundle of actin filaments.
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Figure 4.6 Cytoplasmic Microtubules. Electron micrograph
of a transverse section through the axopodium of a protist known
as a heliozoan (X48,000). Note the parallel array of microtubules
organized in a spiral pattern.

of intermediate filaments, if any, in eucaryotic microorganisms is
unclear. Thus far, they have been identified and studied only in
animals: some intermediate filaments have been shown to form
the nuclear lamina, a structure that provides support for the nu-
clear envelope (see p. 91); and other intermediate filaments help
link cells together to form tissues.

1. Compare the membranes of Eucarya, Bacteria, and Archaea. How are they

similar? How do they differ?

What are lipid rafts? What roles do they play in eucaryotic cells?

3. Define cytoplasmic matrix, microfilament, microtubule, and tubulin. Discuss
the roles of microfilaments, intermediate filaments, and microtubules.

4. Describe the cytoskeleton. What are its functions?

N

4.4 ORGANELLES OF THE BIOSYNTHETIC-
SECRETORY AND ENDOCYTIC PATHWAYS

In addition to the cytoskeleton, the cytoplasmic matrix is perme-
ated with an intricate complex of membranous organelles and
vesicles that move materials into the cell from the outside (endo-
cytic pathway), and from the inside of the cell out, as well as from
location to location within the cell (biosynthetic-secretory path-
way). In this section, some of these organelles are described. This
is followed by a summary of how the organelles function in the
biosynthetic-secretory and endocytic pathways.

The Endoplasmic Reticulum

The endoplasmic reticulum (ER) (figure 4.3 and figure 4.7) is
an irregular network of branching and fusing membranous
tubules, around 40 to 70 nm in diameter, and many flattened sacs
called cisternae (s., cisterna). The nature of the ER varies with



the functional and physiological status of the cell. In cells syn-
thesizing a great deal of protein for purposes such as secretion, a
large part of the ER is studded on its outer surface with ribosomes
and is called rough endoplasmic reticulum (RER). Other cells,
such as those producing large quantities of lipids, have ER that
lacks ribosomes. This is smooth ER (SER).

The endoplasmic reticulum has many important functions.
Not only does it transport proteins, lipids, and other materials

Rough
endoplasmic
reticulum

Smooth
endoplasmic
reticulum

Figure 4.7 The Endoplasmic Reticulum. A transmission
electron micrograph of the corpus luteum in a human ovary
showing structural variations in eucaryotic endoplasmic reticulum.
Note the presence of both rough endoplasmic reticulum lined
with ribosomes and smooth endoplasmic reticulum without
ribosomes (X26,500).

Trans or maturing face

Dictyosome
(a stack of
flattened
cisternae

or lamellae)

(a) (b)
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through the cell, itis also involved in the synthesis of many of the
materials it transports. Lipids and proteins are synthesized by ER-
associated enzymes and ribosomes. Polypeptide chains synthe-
sized on RER-bound ribosomes may be inserted either into the
ER membrane or into its lumen for transport elsewhere. The ER
is also a major site of cell membrane synthesis.

The Golgi Apparatus

The Golgi apparatus is composed of flattened, saclike cisternae
stacked on each other (figure 4.8). These membranes, like the
smooth ER, lack bound ribosomes. There are usually around 4 to
8 cisternae in a stack, although there may be many more. Each is
15 to 20 nm thick and separated from other cisternae by 20 to 30
nm. A complex network of tubules and vesicles (20 to 100 nm in
diameter) is located at the edges of the cisternae. The stack of cis-
ternae has a definite polarity because there are two faces that are
quite different from one another. The sacs on the cis or forming
face often are associated with the ER and differ from the sacs on
the trans or maturing face in thickness, enzyme content, and de-
gree of vesicle formation.

The Golgi apparatus is present in most eucaryotic cells, but
many fungi and ciliate protozoa lack a well-formed structure.
Sometimes the Golgi consists of a single stack of cisternae;
however, many cells may contain up to 20, and sometimes
more, separate stacks. These stacks of cisternae, often called
dictyosomes, can be clustered in one region or scattered about
the cell.

The Golgi apparatus packages materials and prepares them
for secretion, the exact nature of its role varying with the organ-
ism. For instance, the surface scales of some flagellated photo-
synthetic and radiolarian protists appear to be constructed within
the Golgi apparatus and then transported to the surface in vesicles.
The Golgi often participates in the development of cell membranes

‘ Peripheral tubules

O\

Secretory vesicle

Cis or forming face

Figure 4.8 Golgi Apparatus Structure. Golgi apparatus of Euglena gracilis. Cisternal stacks are shown in the electron micrograph

(X165,000) in (a) and diagrammatically in (b).
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and in the packaging of cell products. The growth of some fungal
hyphae occurs when Golgi vesicles contribute their contents to
the wall at the hyphal tip.  The protists (chapter 25)

Lysosomes

Lysosomes, or structures very much like them, are found in most
eucaryotic organisms, including protists, fungi, plants, and ani-
mals. Lysosomes are roughly spherical and enclosed in a single
membrane; they average about 500 nm in diameter, but range from
50 nm to several wm in size. They are involved in intracellular di-
gestion and contain the enzymes needed to digest all types of
macromolecules. These enzymes, called hydrolases, catalyze the
hydrolysis of molecules and function best under slightly acidic
conditions (usually around pH 3.5 to 5.0). Lysosomes maintain an
acidic environment by pumping protons into their interior.

The Biosynthetic-Secretory Pathway

The biosynthetic-secretory pathway is used to move materials
to lysosomes as well as from the inside of the cell to either the cell
membrane or cell exterior. The process is complex and not fully
understood. The movement of proteins is of particular importance
and is the focus of this discussion.

Proteins destined for the cell membrane, lysosomes, or se-
cretion are synthesized by ribosomes attached to the rough en-
doplasmic reticulum (RER) (figure 4.7). These proteins have se-
quences of amino acids that target them to the lumen of the RER
through which they move until released in small vesicles that
bud from the ER. As the proteins pass through the ER, they are
often modified by the addition of sugars—a process known as
glycosylation.

The vesicles released from the ER travel to the cis face of the
Golgi apparatus (figure 4.8). A popular model of the biosynthetic-
secretory pathway posits that these vesicles fuse to form the cis
face of the Golgi. The proteins then proceed to the trans face of
the Golgi by a process called cisternal maturation. As the proteins
proceed from the cis to trans side, they are further modified.
Some of these modifications target the proteins for their final lo-
cation. For instance, lysosomal proteins are modified by the ad-
dition of phosphates to their mannose sugars.

Transport vesicles are released from the trans face of the
Golgi. Some deliver their contents to lysosomes. Others deliver
proteins and other materials to the cell membrane. Two types of
vesicles transport materials to the cell membrane. One type con-
stitutively delivers proteins in an unregulated manner, releasing
them to the outside of the cell as the transport vesicle fuses with
the plasma membrane. Other vesicles, called secretory vesicles,
are found only in multicellular eucaryotes, where they are ob-
served in secretory cells such as mast cells and other cells of the
immune system. Secretory vesicles store the proteins to be re-
leased until the cell receives an appropriate signal. Once received,
the secretory vesicles move to the plasma membrane, fuse with it,
and release their contents to the cell exterior.  Cells, tissues, and or-
gans of the immune system (section 31.2)

One interesting and important feature of the biosynthetic-
secretory pathway is its quality-assurance mechanism. Proteins
that fail to fold or have misfolded are not transported to their in-
tended destination. Instead they are secreted into the cytosol,
where they are targeted for destruction by the attachment of sev-
eral small ubiquitin polypeptides as detailed in figure 4.9.
Ubiquitin marks the protein for degradation, which is accom-
plished by a huge, cylindrical complex called a 26S proteasome.
The protein is broken down to smaller peptides in an ATP-de-
pendent process as the ubiquitins are released. The proteasome
also is involved in producing peptides for antigen presentation
during many immunological responses described in chapter 31.

The Endocytic Pathway

Endocytosis is used to bring materials into the cell from the outside.
During endocytosis a cell takes up solutes or particles by enclosing
them in vesicles pinched off from the plasma membrane. In most
cases, these materials are delivered to a lysosome where they are di-
gested. Endocytosis occurs regularly in all cells as a mechanism for
recycling molecules in the membrane. In addition, some cells have
specialized endocytic pathways that allow them to concentrate ma-
terials outside the cell before bringing them in. Others use endocytic
pathways as a feeding mechanism. Many viruses and other intra-
cellular pathogens use endocytic pathways to enter host cells.

Numerous types of endocytosis have been described.
Phagocytosis involves the use of protrusions from the cell sur-
face to surround and engulf particulates. It is carried out by cer-
tain immune system cells and many eucaryotic microbes. The en-
docytic vesicles formed by phagocytosis are called phagosomes
(figure 4.10). Other types of endocytosis also involve invagina-
tion of the plasma membrane. As the membrane invaginates, it
encloses liquid, soluble matter, and, in some cases, particulates in
the resulting endocytic vesicle. One example of endocytosis by
invagination is clathrin-dependent endocytosis. Clathrin-
dependent endocytosis begins with coated pits, which are spe-
cialized membrane regions coated with the protein clathrin on
the cytoplasmic side. The endocytic vesicles formed when these
regions invaginate are called coated vesicles. Coated pits have re-
ceptors on their extracellular side that specifically bind macro-
molecules, concentrating them before they are endocytosed.
Therefore this endocytic mechanism is referred to as receptor-
mediated endocytosis. Clathrin-dependent endocytosis is used
to ingest such things as hormones, growth factors, iron, and cho-
lesterol. Another example of endocytosis by invagination is cave-
olae-dependent endocytosis. Caveolae (“little caves”) are tiny,
flask-shaped invaginations of the plasma membrane (about 50 to
80 nm in diameter) that are enriched in cholesterol and the mem-
brane protein caveolin. The vesicles formed when caveolae pinch
off are called caveolar vesicles. Caveolae-dependent endocytosis
has been implicated in signal transduction, transport of small
molecules such as folic acid, as well as transport of macromole-
cules. There is evidence that toxins such as cholera toxin enter
their target cells via caveolae. Caveolae also appear to be used by
many viruses, bacteria, and protozoa to enter host cells.
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Figure 4.9 Proteasome Degradation of Proteins. (a) The
first step in this protein degradation pathway is to tag the target
protein with a small polypeptide called ubiquiton.This requires
the action of two enzymes and energy is consumed. Once tagged,
the protein is recognized by the 26S proteasome. It passes into the
large, cylindrical proteasome and is cleaved into smaller peptides,
which are released into the cytoplasm.The amino acids in the
small peptides can be recycled and used in the synthesis of new
proteins. The ubiquitin polypeptides are regenerated and can
participate in the degradation of other proteins. (b) A model of the
26S proteasome, showing its cylindrical structure and the location
of the tagged protein within the cylinder.

With the exception of caveolar vesicles, all other endocytic
vesicles eventually deliver their contents to lysosomes. However,
the route used varies. Coated vesicles fuse with small organelles
containing lysosomal enzymes. These organelles are called early
endosomes (figure 4.10). Early endosomes mature into late en-
dosomes, which fuse with transport vesicles from the Golgi de-
livering additional lysosomal enzymes. Late endosomes eventu-
ally become lysosomes. The development of endosomes into
lysosomes is not well understood. It appears that maturation in-
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volves the movement of the organelles to a more central location
in the cell and the selective retrieval of membrane proteins.
Phagosomes take a slightly different route to lysosomes; they fuse
with late endosomes rather than early endosomes (figure 4.10).
Materials for digestion can also be delivered to lysosomes by
another route that does not involve endocytosis. Cells selectively
digest and recycle cytoplasmic components (including organelles
such as mitochondria) by a process called autophagy. It is be-
lieved that the cell components to be digested are surrounded by
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Figure 4.10 The Endocytic Pathway. Materials ingested by
endocytic processes (except caveolae-dependent endocytosis) are
delivered to lysosomes. The pathway to lysosomes differs,
depending on the type of endocytosis. In addition, cell
components are recycled when autophagosomes deliver them to
lysosomes for digestion. This process is called autophagy.

a double membrane, as shown in figure 4.10. The source of the
membrane is unknown, but it has been suggested that a portion of
the ER is used. The resulting autophagosome fuses with a late
endosome in a manner similar to that seen for phagosomes.

No matter the route taken, digestion occurs once the lysosome
is formed. Amazingly, the lysosome accomplishes this without
releasing its digestive enzymes into the cytoplasmic matrix. As
the contents of the lysosome are digested, small products of di-
gestion leave the lysosome, where they are used as nutrients or
for other purposes. The resulting lysosome containing undigested
material is often called a residual body. In some cases, the resid-
ual body can release its contents to the cell exterior by a process
called lysosome secretion.

1. How do the rough and smooth endoplasmic reticulum differ from one
another in terms of structure and function? List the processes in which
the ER is involved.

2. Describe the structure of a Golgi apparatus in words and with a diagram.
How do the cis and trans faces of the Golgi apparatus differ? List the major
Golgi apparatus functions discussed in the text.

3. What s a proteasome? Why is it important to the proper functioning of the
endoplasmic reticulum?

4. What are lysosomes? How do they participate in intracellular digestion?

5. Describe the biosynthetic-secretory pathway.To what destinations does this
pathway deliver proteins and other materials?

6. Define endocytosis. Describe the endocytic pathway and the three routes
that deliver materials to lysosomes for digestion. Which type of endocytosis
does not deliver ingested material to lysosomes?

7. Define autophagy, autophagosome, phagosome, phagocytosis, and resid-
ual body.

8. (aveolae-mediated endocytosis is used by a number of pathogens to en-
ter their host cells. Why might this route of entry be advantageous to the
pathogens that use it?

4.5 EucaryorTic RIBOSOMES

The eucaryotic ribosome (i.e., one not found in mitochondria and
chloroplasts) is larger than the procaryotic 70S ribosome. It is a
dimer of a 60S and a 40S subunit, about 22 nm in diameter, and
has a sedimentation coefficient of 80S and a molecular weight of
4 million. Eucaryotic ribosomes can be either associated with the
endoplasmic reticulum or free in the cytoplasmic matrix. When
bound to the endoplasmic reticulum to form rough ER, they are
attached through their 60S subunits.

Both free and ER-bound ribosomes synthesize proteins.
Proteins made on the ribosomes of the RER are often secreted or
are inserted into the ER membrane as integral membrane pro-
teins. Free ribosomes are the sites of synthesis for nonsecretory
and nonmembrane proteins. Some proteins synthesized by free ri-
bosomes are inserted into organelles such as the nucleus, mito-
chondrion, and chloroplast. As discussed in chapters 3 and 11,
molecular chaperones aid the proper folding of proteins after syn-
thesis. They also assist the transport of proteins into eucaryotic
organelles such as mitochondria.

1. Describe the structure of the eucaryotic 80S ribosome and contrast it
with the procaryotic ribosome.
2. How do free ribosomes and those bound to the ER differ in function?

4.6 MITOCHONDRIA

Found in most eucaryotic cells, mitochondria (s., mitochon-
drion) frequently are called the “powerhouses” of the cell (fig-
ure 4.11). Tricarboxylic acid cycle activity and the generation of
ATP by electron transport and oxidative phosphorylation take
place here. In the transmission electron microscope, mitochon-
dria usually are cylindrical structures and measure approxi-
mately 0.3 to 1.0 wm by 5 to 10 wm. (In other words, they are
about the same size as procaryotic cells.) Although some cells
possess 1,000 or more mitochondria, others, including some
yeasts, unicellular algae, and trypanosome protozoa, have a sin-
gle, giant, tubular mitochondrion twisted into a continuous net-
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work permeating the cytoplasm (figure 4.12).  The tricarboxylic acid
cycle (section 9.4); Electron transport and oxidative phosphorylation (section 9.5)

The mitochondrion is bounded by two membranes, an outer
mitochondrial membrane separated from an inner mitochondrial
membrane by a 6 to 8 nm intermembrane space (figure 4.11). The
outer mitochondrial membrane contains porins and thus is simi-
lar to the outer membrane of gram-negative bacteria. The inner
membrane has special infoldings called cristae (s., crista), which
greatly increase its surface area. The shape of cristae differs in
mitochondria from various species. Fungi have platelike (lami-
nar) cristae, whereas euglenoid flagellates may have cristae
shaped like disks. Tubular cristae are found in a variety of eu-
caryotes; however, amoebae can possess mitochondria with
cristae in the shape of vesicles (figure 4.13). The inner mem-
brane encloses the mitochondrial matrix, a dense matrix contain-
ing ribosomes, DNA, and often large calcium phosphate gran-
ules. Mitochondrial ribosomes are smaller than cytoplasmic
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Figure4.11 Mitochondrial Structure. (a) A
diagram of mitochondrial structure.The insert shows the
ATP-synthesizing enzyme ATP synthase lining the inner
surface of the cristae. (b) Scanning electron micrograph
(X70,000) of a freeze-fractured mitochondrion showing the
cristae (arrows).The outer and inner mitochondrial
membranes also are evident.(c) Transmission electron
micrograph of a mitochondrion from a bat pancreas
(X85,000). Note outer and inner mitochondrial membranes,
cristae, and inclusions in the matrix. The mitochondrion is
surrounded by rough endoplasmic reticulum.

ribosomes and resemble those of bacteria in several ways, in-
cluding their size and subunit composition. In many organisms,
mitochondrial DNA is a closed circle, like bacterial DNA.
However, in some protists, mitochondrial DNA is linear.

Each mitochondrial compartment is different from the others
in chemical and enzymatic composition. The outer and inner mi-
tochondrial membranes, for example, possess different lipids.
Enzymes and electron carriers involved in electron transport and
oxidative phosphorylation (the formation of ATP as a conse-
quence of electron transport) are located only in the inner mem-
brane. The enzymes of the tricarboxylic acid cycle and catabo-
lism of fatty acids are located in the matrix. Lipid catabolism
(section 9.9)

The mitochondrion uses its DNA and ribosomes to synthesize
some of its own proteins. In fact, mutations in mitochondrial
DNA often lead to serious diseases in humans. Most mitochon-
drial proteins, however, are manufactured under the direction of
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Figure 4.12 Trypanosome Mitochondria. The giant
mitochondria from trypanosomes. (a) Crithidia fasciculata
mitochondrion with kinetoplast, K. The kinetoplast contains DNA
that codes for mitochondrial RNA and protein. (b) Trypanosoma
cruzi mitochondrion with arrow indicating position of kinetoplast.

the nucleus. Mitochondria reproduce by binary fission. Because
mitochondria resemble bacteria to some extent, it is thought that
they arose from symbiotic associations between bacteria and
larger cells (Microbial Diversity & Ecology 4.2).  Microbial evo-
lution: Endosymbiotic origin of mitochondria and chloroplasts (section 19.1)

4.7 CHLOROPLASTS

Plastids are cytoplasmic organelles of photosynthetic protists
and plants that often possess pigments such as chlorophylls and
carotenoids, and are the sites of synthesis and storage of food re-
serves. The most important type of plastid is the chloroplast.
Chloroplasts contain chlorophyll and use light energy to convert
CO, and water to carbohydrates and O,. That is, they are the site
of photosynthesis.

Although chloroplasts are quite variable in size and shape,
they share many structural features. Most often they are oval with
dimensions of 2 to 4 wm by 5 to 10 wm, but some algae possess
one huge chloroplast that fills much of the cell. Like mitochondria,
chloroplasts are encompassed by two membranes (figure 4.14). A
matrix, the stroma, lies within the inner membrane. It contains
DNA, ribosomes, lipid droplets, starch granules, and a complex
internal membrane system whose most prominent components are
flattened, membrane-delimited sacs, the thylakoids. Clusters of
two or more thylakoids are dispersed within the stroma of most al-
gal chloroplasts (figures 4.14 and 4.24b). In some photosynthetic
protists, several disklike thylakoids are stacked on each other like
coins to form grana (s., granum).

(b)

Figure 4.13 Mitochondrial Cristae. Mitochondria with a
variety of cristae shapes. (a) Mitochondria from the slime mold
Schizoplasmodiopsis micropunctata. Note the tubular cristae
(X49,500). (b) The protist Actinosphaerium with vesicular cristae
(X75,000).

Photosynthetic reactions are separated structurally in the
chloroplast just as electron transport and the tricarboxylic acid
cycle are in the mitochondrion. The trapping of light energy to
generate ATP, NADPH, and O, is referred to as the light reac-
tions. These reactions are located in the thylakoid membranes,
where chlorophyll and electron transport components are also
found. The ATP and NADPH formed by the light reactions are
used to form carbohydrates from CO, and water in the dark reac-
tions. The dark reactions take place in the stroma. Phototrophy
(section 9.12)

The chloroplasts of many algae contain a pyrenoid (figure
4.24b), a dense region of protein surrounded by starch or another
polysaccharide. Pyrenoids participate in polysaccharide synthesis.

1. Describe in detail the structure of mitochondria and chloroplasts. Where
are the different components of these organelles’ energy-trapping
systems located?

2. Define plastid, dark reactions, light reactions, and pyrenoid.
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1 . Microbial Diversity & Ecology

W 42 The Origin of the Eucaryotic Cell

The profound differences between eucaryotic and procaryotic cells
have stimulated much discussion about how the more complex eu-
caryotic cell arose. Some biologists believe the original “protoeu-
caryote” was a large, aerobic archaeon or bacterium that formed
mitochondria, chloroplasts, and nuclei when its plasma membrane
invaginated and enclosed genetic material in a double membrane.
The organelles could then evolve independently. It also is possible
that a large cyanobacterium lost its cell wall and became phago-
cytic. Subsequently, primitive chloroplasts, mitochondria, and nu-
clei would be formed by the fusion of thylakoids and endoplasmic
reticulum cisternae to enclose specific areas of cytoplasm.

By far the most popular theory for the origin of eucaryotic cells
is the endosymbiotic theory. In brief, it is supposed that the ances-
tral procaryotic cell, which may have been an archaeon, lost its cell
wall and gained the ability to obtain nutrients by phagocytosing
other procaryotes. When photosynthetic cyanobacteria arose, the
environment slowly became oxic. If an anaerobic, amoeboid,
phagocytic procaryote—possibly already possessing a developed
nucleus—engulfed an aerobic bacterial cell and established a per-
manent symbiotic relationship with it, the host would be better
adapted to its increasingly oxic environment. The endosymbiotic
aerobic bacterium eventually would develop into the mitochon-
drion. Similarly, symbiotic associations with cyanobacteria could

lead to the formation of chloroplasts and photosynthetic eucaryotes.
Some have speculated that cilia and flagella might have arisen from
the attachment of spirochete bacteria (see chapter 21) to the surface
of eucaryotic cells, much as spirochetes attach themselves to the
surface of the motile protozoan Myxotricha paradoxa that grows in
the digestive tract of termites.

There is evidence to support the endosymbiotic theory. Both
mitochondria and chloroplasts resemble bacteria in size and ap-
pearance, contain DNA in the form of a closed circle like that of
bacteria, and reproduce semiautonomously. Mitochondrial and
chloroplast ribosomes resemble procaryotic ribosomes more
closely than those in the eucaryotic cytoplasmic matrix. The se-
quences of the chloroplast and mitochondrial genes for ribosomal
RNA and transfer RNA are more similar to bacterial gene sequences
than to those of eucaryotic rRNA and tRNA nuclear genes. Finally,
there are symbiotic associations that appear to be bacterial en-
dosymbioses in which distinctive procaryotic characteristics are be-
ing lost. For example, the protozoan flagellate Cyanophora
paradoxa has photosynthetic organelles called cyanellae with a
structure similar to that of cyanobacteria and the remains of pepti-
doglycan in their walls. Their DNA is much smaller than that of
cyanobacteria and resembles chloroplast DNA. The endosymbiotic
theory is discussed in more detail in chapter 19.

3. What is the role of mitochondrial DNA?
4. What features of chloroplasts and mitochondria support the endosymbi-
otic theory of their evolution?

4.8 THE NucLEus AND CELL DiviSION

The nucleus is by far the most visually prominent organelle in eu-
caryotic cells. It was discovered early in the study of cell struc-
ture and was shown by Robert Brown in 1831 to be a constant
feature of eucaryotic cells. The nucleus is the repository for the
cell’s genetic information and is its control center.

Nuclear Structure

Nuclei are membrane-delimited spherical bodies about 5 to 7
wm in diameter (figures 4.2 and 4.24b). Dense fibrous material
called chromatin can be seen within the nucleoplasm of the
nucleus of a stained cell. This is the DNA-containing part of
the nucleus. In nondividing cells, chromatin is dispersed, but it
condenses during cell division to become visible as chromo-
somes. Some chromatin, the euchromatin, is loosely organized
and contains those genes that are actively expressed. In con-
trast, heterochromatin is coiled more tightly, appears darker in
the electron microscope, and is not genetically active most of
the time.

The nucleus is bounded by the nuclear envelope (figures 4.2
and 4.24b), a complex structure consisting of inner and outer
membranes separated by a 15 to 75 nm perinuclear space. The en-
velope is continuous with the ER at several points and its outer
membrane is covered with ribosomes. A network of intermediate
filaments, called the nuclear lamina, is observed in animal cells.
It lies against the inner surface of the envelope and supports it.
Chromatin usually is associated with the inner membrane.

Many nuclear pores penetrate the envelope (figure 4.15),
and each pore is formed by a fusion of the outer and inner mem-
branes. Pores are about 70 nm in diameter and collectively oc-
cupy about 10 to 25% of the nuclear surface. A complex ringlike
arrangement of granular and fibrous material called the annulus
is located at the edge of each pore.

The nuclear pores serve as a transport route between the nu-
cleus and surrounding cytoplasm. Particles have been observed
moving into the nucleus through the pores. Although the func-
tion of the annulus is not understood, it may either regulate or
aid the movement of material through the pores. Substances
also move directly through the nuclear envelope by unknown
mechanisms.

Often the most noticeable structure within the nucleus is the
nucleolus (figure 4.16). A nucleus may contain from one to many
nucleoli. Although the nucleolus is not membrane-enclosed, it is
a complex organelle with separate granular and fibrillar regions.
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Figure 4.14 Chloroplast Structure. (a) The chloroplast (Chl),
of the euglenoid flagellate Colacium cyclopicolum. The chloroplast is
bounded by a double membrane and has its thylakoids in groups of
three or more. A paramylon granule (P), lipid droplets (L), and the
pellicular strips (Pe) can be seen (X40,000). (b) A diagram of
chloroplast structure.

It is present in nondividing cells, but frequently disappears dur-
ing mitosis. After mitosis the nucleolus reforms around the nu-
cleolar organizer, a particular part of a specific chromosome.
The nucleolus plays a major role in ribosome synthesis. The
nucleolar organizer DNA directs the production of ribosomal

Figure 4.15 The Nucleus. A freeze-etch preparation of the
conidium of the fungus Geotrichum candidum (X44,600). Note the
large, convex nuclear surface with nuclear pores scattered over it.

RNA (rRNA). This RNAis synthesized in a single long piece that
is cut to form the final rRNA molecules. The processed rRNAs
next combine with ribosomal proteins (which have been synthe-
sized in the cytoplasmic matrix) to form partially completed ri-
bosomal subunits. The granules seen in the nucleolus are proba-
bly these subunits. Immature ribosomal subunits then leave the
nucleus, presumably by way of the nuclear envelope pores, and
mature in the cytoplasm.

Mitosis and Meiosis

When a eucaryotic microorganism reproduces asexually, its ge-
netic material must be duplicated and then separated so that each
new nucleus possesses a complete set of chromosomes. This
process of nuclear division and chromosome distribution in eu-
caryotic cells is called mitosis. Mitosis actually occupies only a
small portion of a microorganism’s life as can be seen by examin-
ing the cell cycle (figure 4.17). The cell cycle is the total sequence
of events in the growth-division cycle between the end of one di-
vision and the end of the next. Cell growth takes place in the in-
terphase, that portion of the cycle between periods of mitosis.
Interphase is composed of three parts. The G, period (gap 1 pe-
riod) is a time of active synthesis of RNA, ribosomes, and other
cytoplasmic constituents accompanied by considerable cell
growth. This is followed by the S period (synthesis period) in
which DNA is replicated and doubles in quantity. Finally, there is
asecond gap, the G, period, when the cell prepares for mitosis, the
M period, by activities such as the synthesis of special division
proteins. The total length of the cycle differs considerably between
microorganisms, usually due to variations in the length of G;.
Mitotic events are summarized in figure 4.17. During mitosis,
the genetic material duplicated during the S period is distributed
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Figure 4.16 The Nucleolus. The nucleolus is a prominent
feature of the nucleus. It functions in rRNA synthesis and the
assembly of ribosomal subunits. Chromatin, nuclear pores, and the
nuclear envelope are also visible in this electron micrograph of an
interphase nucleus.
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equally to the two new nuclei by cytoskeletal elements so that each
has a full set of genes. There are four phases in mitosis. In prophase,
the chromosomes—each with two chromatids—become visible
and move toward the equator of the cell. The mitotic spindle forms,
the nucleolus disappears, and the nuclear envelope begins to dis-
solve. The chromosomes are arranged in the center of the spindle
during metaphase and the nuclear envelope disappears. During
anaphase the chromatids in each chromosome separate and move
toward the opposite poles of the spindle (figure 4.18). Finally dur-
ing telophase, the chromatids become less visible, the nucleolus
reappears, and a nuclear envelope reassembles around each set of
chromatids to form two new nuclei. The resulting progeny cells
have the same number of chromosomes as the parent. Thus after
mitosis, a diploid organism will remain diploid.

Mitosis in some eucaryotic microorganisms can differ from
that pictured in figure 4.17. For example, the nuclear envelope
does not disappear in many fungi and some protists. Frequently
cytokinesis, the division of the parental cell’s cytoplasm to form
new cells, begins during anaphase and finishes by the end of
telophase. However, mitosis can take place without cytokinesis to
generate multinucleate or coenocytic cells.

Many microorganisms have a sexual phase in their life cycles
(figure 4.19). In this phase, they must reduce their chromosome
number by half, from the diploid state to the haploid or 1N (a sin-
gle copy of each chromosome). Haploid cells may immediately
act as gametes and fuse to reform diploid organisms or may form
gametes only after a considerable delay (figure 4.19). The process

Figure 4.17 The Eucaryotic Cell Cycle. The length of the M period has been increased disproportionately in order to show the
phases of mitosis. G, period: synthesis of mRNA, tRNA, ribosomes, and cytoplasmic constituents. Nucleolus grows rapidly. S period: rapid
synthesis and doubling of nuclear DNA and histones. G, period: preparation for mitosis and cell division. M period: mitosis (prophase,

metaphase, anaphase, telophase) and cytokinesis.
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Pole Overlapping microtubules  Pole

Pole Overlapping microtubules 2 um

Late anaphase

Figure 4.18 Mitosis. In these electron micrographs of dividing diatoms, the overlap of the microtubules lessens markedly during

spindle elongation as the cell passes from metaphase to anaphase.
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Figure 4.19 Generalized Eucaryotic Life Cycle.

by which the number of chromosomes is reduced in half with each
daughter cell receiving one complete set of chromosomes is called
meiosis. Life cycles can be quite complex in eucaryotic microor-
ganisms and are discussed in more detail in chapters 25 and 26.

Meiosis is quite complex and involves two stages. The first
stage differs markedly from mitosis. During prophase, homolo-
gous chromosomes come together and lie side-by-side, a process
known as synapsis. The homologues move to opposite poles in
anaphase, thus reducing the number of chromosomes by half. The
second stage of meiosis is similar to mitosis in terms of mechan-
ics, and chromatids of each chromosome are separated. After
completion of meiosis | and meiosis 11, the original diploid cell
has been transformed into four haploid cells.

1. Describe the structure of the nucleus. What are euchromatin and hete-
rochromatin? What is the role of the pores in the nuclear envelope?

2. Briefly discuss the structure and function of the nucleolus. What is the nucle-
olar organizer?

3. Describe the eucaryotic cell cycle,its periods, and the process of mitosis.
4. What is meiosis, how does it take place, and what is its role in the micro-
bial life cycle?

4.9 EXTERNAL CELL COVERINGS

Eucaryotic microorganisms differ greatly from procaryotes in the
supporting or protective structures they have external to the plasma
membrane. In contrast with most bacteria, many eucaryotes lack an
external cell wall. The amoeba is an excellent example. Eucaryotic
cell membranes, unlike most procaryotic membranes, contain
sterols such as cholesterol in their lipid bilayers, and this may make
them mechanically stronger, thus reducing the need for external
support. Of course many eucaryotes do have a rigid external cell
wall. The cell walls of photosynthetic protists usually have a lay-
ered appearance and contain large quantities of polysaccharides
such as cellulose and pectin. In addition, inorganic substances like
silica (in diatoms) or calcium carbonate may be present. Fungal
cell walls normally are rigid. Their exact composition varies with
the organism; usually cellulose, chitin, or glucan (a glucose poly-
mer different from cellulose) are present. Despite their nature the
rigid materials in eucaryotic cell walls are chemically simpler than
procaryotic peptidoglycan.  The bacterial cell wall (section 3.6)

Many protists have a different supportive mechanism, the pel-
licle (figure 4.14a). This is a relatively rigid layer of components
just beneath the plasma membrane (sometimes the plasma mem-
brane is also considered part of the pellicle). The pellicle may be
fairly simple in structure. For example, Euglena has a series of
overlapping strips with a ridge at the edge of each strip fitting into
a groove on the adjacent one. In contrast, the pellicles of ciliate
protozoa are exceptionally complex with two membranes and a
variety of associated structures. Although pellicles are not as
strong and rigid as cell walls, they give their possessors a charac-
teristic shape.



4.10 CiLIA AND FLAGELLA

Cilia (s., cilium) and flagella (s., flagellum) are the most promi-
nent organelles associated with motility. Although both are whip-
like and beat to move the microorganism along, they differ from
one another in two ways. First, cilia are typically only 5 to 20 pm
in length, whereas flagella are 100 to 200 wm long. Second, their
patterns of movement are usually distinctive (figure 4.20). Flagella
move in an undulating fashion and generate planar or helical waves
originating at either the base or the tip. If the wave moves from base
to tip, the cell is pushed along; a beat traveling from the tip toward
the base pulls the cell through the water. Sometimes the flagellum
will have lateral hairs called flimmer filaments (thicker, stiffer hairs
are called mastigonemes). These filaments change flagellar action
so that a wave moving down the filament toward the tip pulls the
cell along instead of pushing it. Such a flagellum often is called a
tinsel flagellum, whereas the naked flagellum is referred to as a
whiplash flagellum (figure 4.21). Cilia, on the other hand, normally
have a beat with two distinctive phases. In the effective stroke, the
cilium strokes through the surrounding fluid like an oar, thereby
propelling the organism along in the water. The cilium next bends
along its length while it is pulled forward during the recovery stroke
in preparation for another effective stroke. A ciliated microorgan-
ism actually coordinates the beats so that some of its cilia are in the

Figure 4.20 Patterns of Flagellar and Ciliary Movement.
Flagellar and ciliary movement often takes the form of waves.
Flagella (left illustration) move either from the base of the flagellum
to its tip or in the opposite direction. The motion of these waves
propels the organism along.The beat of a cilium (right illustration)
may be divided into two phases. In the effective stroke, the cilium
remains fairly stiff as it swings through the water. This is followed by a
recovery stroke in which the cilium bends and returns to its initial
position.The black arrows indicate the direction of water movement
in these examples.

Cilia and Flagella 95

recovery phase while others are carrying out their effective stroke
(figure 4.22). This coordination allows the organism to move
smoothly through the water.

Despite their differences, cilia and flagella are very similar in
ultrastructure. They are membrane-bound cylinders about 0.2 um

Figure 4.21 Whiplash and Tinsel Flagella. Transmission
electron micrograph of a shadowed whiplash flagellum, WF,and a
tinsel flagellum, TF, with mastigonemes.

Figure 4.22 Coordination of Ciliary Activity. A scanning
electron micrograph of Paramecium showing cilia (X 1,500).The
ciliary beat is coordinated and moves in waves across the
protozoan’s surface, as can be seen in the photograph.
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in diameter. Located in the matrix of the organelle is a complex, the
axoneme, consisting of nine pairs of microtubule doublets arranged
in a circle around two central tubules (figure 4.23). This is called
the 9 + 2 pattern of microtubules. Each doublet also has pairs of
arms projecting from subtubule A (the complete microtubule) to-
ward a neighboring doublet. A radial spoke extends from subtubule
Atoward the internal pair of microtubules with their central sheath.
These microtubules are similar to those found in the cytoplasm.
Each is constructed of two types of tubulin subunits, a- and B-tubu-
lins, that resemble the contractile protein actin in their composition.
Components external to the cell wall: Flagella and motility (section 3.9)

Abasal body lies in the cytoplasm at the base of each cilium or
flagellum. It is a short cylinder with nine microtubule triplets
around its periphery (a 9 + 0 pattern) and is separated from the rest
of the organelle by a basal plate. The basal body directs the con-
struction of these organelles. Cilia and flagella appear to grow
through the addition of preformed microtubule subunits at their tips.

Ciliaand flagella bend because adjacent microtubule doublets
slide along one another while maintaining their individual lengths.
The doublet arms (figure 4.23), about 15 nm long, are made of the
protein dynein. ATP powers the movement of cilia and flagella,
and isolated dynein hydrolyzes ATP. It appears that dynein arms
interact with the B subtubules of adjacent doublets to cause the
sliding. The radial spokes also participate in this sliding motion.

Cilia and flagella beat at a rate of about 10 to 40 strokes or
waves per second and propel microorganisms rapidly. The record

Outer

Inner
dynein arm

Spoke head

Radial spoke

Nexin link

Central sheath

(a) (b)

dynein arm

holder is the flagellate Monas stigmatica, which swims at a rate
of 260 pwm/second (approximately 40 cell lengths per second);
the common euglenoid flagellate, Euglena gracilis, travels at
around 170 wm or 3 cell lengths per second. The ciliate proto-
zoan Paramecium caudatum swims at about 2,700 pm/second
(12 lengths per second). Such speeds are equivalent to or much
faster than those seen in higher animals, but not as fast as those
in procaryotes.

1. How do eucaryotic microorganisms differ from procaryotes with respect
to supporting or protective structures external to the plasma membrane?
Describe the pellicle and indicate which microorganisms have one.

2. Prepare and label a diagram showing the detailed structure of a cilium or
flagellum.How do cilia and flagella move, and what is dynein’s role in the
process? Contrast the ways in which flagella and cilia propel microorganisms
through water.

3. Compare the structure and mechanism of action of procaryotic and
eucaryotic flagella.

4.11 COMPARISON OF PROCARYOTIC
AND EucaryoTic CELLS
Acomparison of the cells in figure 4.24 demonstrates that there are

many fundamental differences between eucaryotic and procary-
otic cells. Eucaryotic cells have a membrane-enclosed nucleus. In

Central
microtubule

Doublet
microtubule

Subtubule A

Subtubule B

Figure 4.23 Cilia and Flagella Structure. (a) An electron micrograph of a cilium cross section. Note the two central microtubules
surrounded by nine microtubule doublets (X 160,000). (b) A diagram of cilia and flagella structure.
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Figure 4.24 Comparison of Procaryotic and Eucaryotic Cell Structure. (a) The procaryote Bacillus megaterium (X30,500). (b) The
eucaryotic alga Chlamydomonas reinhardtii, a deflagellated cell. Note the large chloroplast with its pyrenoid body (X30,000).

contrast, procaryotic cells lack a true, membrane-delimited nu-
cleus. Bacteria and Archaea are procaryotes; all other organisms—
fungi, protists, plants, and animals—are eucaryotic. Most pro-
caryotes are smaller than eucaryotic cells, often about the size of
eucaryotic mitochondria and chloroplasts.

The presence of the eucaryotic nucleus is the most obvious
difference between these two cell types, but many other major
distinctions exist. It is clear from table 4.2 that procaryotic
cells are much simpler structurally. In particular, an extensive
and diverse collection of membrane-delimited organelles is
missing. Furthermore, procaryotes are simpler functionally in
several ways. They lack mitosis and meiosis, and have a sim-
pler genetic organization. Many complex eucaryotic processes
are absent in procaryotes: endocytosis, intracellular digestion,
directed cytoplasmic streaming, and ameboid movement, are
just a few.

Despite the many significant differences between these two
basic cell forms, they are remarkably similar on the biochemical
level as we discuss in succeeding chapters. Procaryotes and eu-
caryotes are composed of similar chemical constituents. With a
few exceptions, the genetic code is the same in both, as is the way
in which the genetic information in DNA is expressed. The prin-
ciples underlying metabolic processes and many important meta-
bolic pathways are identical. Thus beneath the profound struc-
tural and functional differences between procaryotes and
eucaryotes, there is an even more fundamental unity: a molecu-
lar unity that is basic to all known life processes.

1. Outline the major differences between procaryotes and eucaryotes. How
are they similar?

2. What characteristics make Archaea more like eucaryotes? What features
make them more like Bacteria?
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Table 4.2 Comparison of Procaryotic and Eucaryotic Cells

Procaryotes Eucaryotes
Property Bacteria Archaea Eukarya
Organization of
Genetic Material
True membrane- No No Yes
bound nucleus
DNA complexed No Some Yes

with histones
Chromosomes

Plasmids

Introns in genes

Nucleolus
Mitochondria
Chloroplasts

Plasma Membrane

Lipids
Flagella

Endoplasmic
Reticulum

Golgi Apparatus
Peptidoglycan in
Cell Walls
Ribosome Size
Lysosomes
Cytoskeleton
Gas Vesicles

Usually one circular chromosome

\ery common
No
No
No
No

Ester-linked phospholipids and
hopanoids; some have sterols

Submicroscopic in size; composed
of one protein fiber

No

No
Yes

70S

No
Rudimentary
Yes

Usually one circular chromosome More than one; chromosomes are

linear
\Very common Rare
No Yes
No Yes
No Yes
No Yes
Glycerol diethers and diglycerol Ester-linked phospholipids and

tetraethers; some have sterols sterols
Submicroscopic in size; composed Microscopic in size; membrane
of one protein fiber bound; usually 20 microtubules
in 9 + 2 pattern

No Yes
No Yes
No No

70S 80S
No Yes
Rudimentary Yes
Yes No

4.1

a. The eucaryotic cell has a true, membrane-delimited nucleus and many mem-

An Overview of Eucaryotic Cell Structure

branous organelles (table 4.1; figure 4.2).

b.  The membranous organelles compartmentalize the cytoplasm of the cell. This
allows the cell to carry out a variety of biochemical reactions simultaneously.

4.3 The Cytoplasmic Matrix, Microfilaments, Intermediate Filaments, and
Microtubules

a. Thecytoplasmic matrix contains microfilaments, intermediate filaments, and mi-
crotubules, small organelles partly responsible for cell structure and movement.
These and other types of filaments are organized into a cytoskeleton (figure 4.5).

It also provides more surface area for membrane-associated activities such as b.  Microfilaments and microtubules have been observed in eucaryotic microbes.

respiration.

4.2 The Plasma Membrane and Membrane Structure

a. Eucaryotic membranes are similar in structure and function to those of bacte-

ria. The two differ in terms of their lipid composition.
b. Eucaryotic membranes contain microdomains called lipid rafts. They are en- 44 Organelles of the Biosynthetic-Secretory and Endocytic Pathways

riched for certain lipids and proteins and participate in a variety of cellular

processes.

Microfilaments are composed of actin proteins; microtubules are composed of
a-tubulin and B-tubulin.

c. Intermediate filaments are assembled from a heterogeneous family of pro-
teins. They have not been identified or studied in eucaryotic microbes.

The cytoplasmic matrix is permeated with a complex of membranous or-
ganelles and vesicles. Some are involved in the synthesis and secretion of ma-



terials (biosynthetic-secretory pathway). Some are involved in the uptake of
materials from the extracellular millieux (endocytic pathway).

The endoplasmic reticulum (ER) is an irregular network of tubules and flat-
tened sacs (cisternae). The ER may have attached ribosomes and may be ac-
tive in protein synthesis (rough endoplasmic reticulum), or it may lack
ribosomes (smooth ER) (figure 4.7).

The ER can donate materials to the Golgi apparatus, an organelle composed
of one or more stacks of cisternae (figure 4.8). This organelle prepares and
packages cell products for secretion.

The Golgi apparatus also buds off vesicles that deliver hydrolytic enzymes
and other proteins to lysosomes. Lysosomes are organelles that contain diges-
tive enzymes and aid in intracellular digestion of extracellular materials de-
livered to them by endocytosis (figure 4.10).

Eucaryotes ingest materials using several kinds of endocytosis. These include
phagocytosis, clathrin-dependent endocytosis, and caveolae-dependent endo-
cytosis. Some macromolecules are bound to receptors prior to endocytosis in
a process called receptor-mediated endocytosis.

Eucaryotic Ribosomes

Eucaryotic ribosomes are either found free in the cytoplasmic matrix or bound
to the ER.

Eucaryotic ribsomes are 80S in size.

Mitochondria

Mitochondria are organelles bounded by two membranes, with the inner
membrane folded into cristae (figure 4.11).

Mitochondria are responsible for energy generation by the tricarboxylic acid
cycle, electron transport, and oxidative phosphorylation.

4.7 Chloroplasts

a.

Chloroplasts are pigment-containing organelles that serve as the site of pho-
tosynthesis (figure 4.14).

The trapping of light energy takes place in the thylakoid membranes of the
chloroplast, whereas CO, fixation occurs in the stroma.

4.8
a.

4.10

4.11
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The Nucleus and Cell Division

The nucleus is a large organelle containing the cell’s chromosomes. It is
bounded by a complex, double-membrane envelope perforated by pores
through which materials can move (figure 4.15).

The nucleolus lies within the nucleus and participates in the synthesis of ri-
bosomal RNA and ribosomal subunits (figure 4.16).

Eucaryotic chromosomes are distributed to daughter cells during cell division
by mitosis (figure 4.18). Meiosis is used to halve the chromosome number
during sexual reproduction.

External Cell Coverings

When a cell wall is present, it is constructed from polysaccharides, like cellu-
lose, that are chemically simpler than peptidoglycan, the molecule found in
bacterial cell walls.

Many protozoa have a pellicle rather than a cell wall.

Cilia and Flagella

Many eucaryotic cells are motile because of cilia and flagella, membrane-
delimited organelles with nine microtubule doublets surrounding two central
microtubules (figure 4.23).

The cell moves when the microtubule doublets slide along each other, caus-
ing the cilium or flagellum to bend.

Comparison of Procaryotic and Eucaryotic Cells

Despite the fact that eucaryotes and procaryotes differ structurally in many
ways (table 4.2), they are quite similar biochemically.

autophagosome 88

autophagy 87

axoneme 96

basal body 96
biosynthetic-secretory pathway 86

clathrin-dependent endocytosis 86
coated vesicles 87

cristae 89

cytoplasmic matrix 83
cytoskeleton 83

caveolae 86 dictyosome 85
caveolae-dependent endocytosis 86 dynein 96

cell cycle 92 early endosome 87
cell wall 94 endocytic pathway 86

chloroplast 90
chromatin 91
chromosome 91

endocytosis 86
endoplasmic reticulum (ER) 84
eucaryotic cells 96

cilia 95 flagella 95
cisternae 84 Golgi apparatus 85
clathrin 86 grana 90

intermediate filament 83 pellicle 94
interphase 92 phagocytosis 86
late endosomes 87 phagosomes 86
lipid raft 81 plastid 90
lysosome 86 procaryotic cells 97
meiosis 94 pyrenoid 90

microfilament 83
microtubule 83
mitochondrion 88

receptor-mediated endocytosis 86
residual body 88
rough endoplasmic reticulum

mitosis 92 (RER) 85

nuclear envelope 91 smooth endoplasmic reticulum
nuclear pores 91 (SER) 85

nucleolus 91 stroma 90

nucleus 91 thylakoid 90

organelle 79 26S proteasome 86
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Critical Thinking Question

1. Discuss the statement: “The most obvious difference between eucaryotic and
procaryotic cells is in their use of membranes.” What general roles do mem-
branes play in eucaryotic cells?
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robial Nutrition

+ Microorganisms require about 10 elements in large quantities for
the synthesis of macromolecules. Several other elements are needed
in very small amounts and are parts of enzymes and cofactors.

+ All microorganisms can be placed in one of a few nutritional cate-
gories on the basis of their requirements for carbon, energy, and
electrons.

* Most nutrient molecules must be transported through the plasma
membrane by one of three major mechanisms involving the use of
membrane carrier proteins. Eucaryotic microorganisms also em-
ploy endocytosis for nutrient uptake.

+  Culture media are needed to grow microorganisms in the labora-
tory and to carry out specialized procedures like microbial identifi-
cation, water and food analysis, and the isolation of specific
microorganisms. Many different media are available for these and
other purposes.

«  Pure cultures can be obtained through the use of spread plates,
streak plates, or pour plates and are required for the careful study
of an individual microbial species.

s discussed in chapters 3 and 4, microbial cells are struc-

turally complex and carry out numerous functions. In or-

der to construct new cellular components and do cellular
work, organisms must have a supply of raw materials or nutrients
and a source of energy. Nutrients are substances used in biosyn-
thesis and energy release and therefore are required for microbial
growth. In this chapter we describe the nutritional requirements of
microorganisms, how nutrients are acquired, and the cultivation of
microorganisms.

Staphylococcus aureus forms large, golden colonies when growing on blood
agar. This human pathogen causes diseases such as boils, abscesses, bacteremia,
endocarditis, food poisoning, pharyngitis, and pneumonia.

5.1 THE ComMON NUTRIENT REQUIREMENTS

Analysis of microbial cell composition shows that over 95% of
cell dry weight is made up of a few major elements: carbon, oxy-
gen, hydrogen, nitrogen, sulfur, phosphorus, potassium, calcium,
magnesium, and iron. These are called macroelements or
macronutrients because they are required by microorganisms in
relatively large amounts. The first six (C, O, H, N, S, and P) are
components of carbohydrates, lipids, proteins, and nucleic acids.
The remaining four macroelements exist in the cell as cations and
play a variety of roles. For example, potassium (K*) is required
for activity by a number of enzymes, including some of those in-
volved in protein synthesis. Calcium (Ca?"), among other func-
tions, contributes to the heat resistance of bacterial endospores.
Magnesium (Mg?") serves as a cofactor for many enzymes, com-
plexes with ATP, and stabilizes ribosomes and cell membranes.
Iron (Fe?* and Fe®*") is a part of cytochromes and a cofactor for
enzymes and electron-carrying proteins.

In addition to macroelements, all microorganisms require sev-
eral nutrients in small amounts. These are called micronutrients
or trace elements. The micronutrients—manganese, zinc, cobalt,
molybdenum, nickel, and copper—are needed by most cells.
However, cells require such small amounts that contaminants
from water, glassware, and regular media components often are
adequate for growth. In nature, micronutrients are ubiquitous and
probably do not usually limit growth. Micronutrients are normally
a part of enzymes and cofactors, and they aid in the catalysis of re-
actions and maintenance of protein structure. For example, zinc
(Zn**) is present at the active site of some enzymes but can also
be involved in the association of regulatory and catalytic subunits

The whole of nature, as has been said, is a conjugation of the verb to eat, in the active and passive.

—William Ralph Inge
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(e.g., E. coli aspartate carbamoyltransferase). Manganese (Mn?")
aids many enzymes that catalyze the transfer of phosphate groups.
Molybdenum (Mo?") is required for nitrogen fixation, and cobalt
(Co®*) is a component of vitamin By,.  Enzymes (section 8.7); Control
of protein activity (section 8.10)

Besides the common macroelements and trace elements, mi-
croorganisms may have particular requirements that reflect their
specific morphology or environment. Diatoms need silicic acid
(H,Si0,) to construct their beautiful cell walls of silica [(SiO,),].
Although most procaryotes do not require large amounts of
sodium, many archaea growing in saline lakes and oceans depend
on the presence of high concentrations of sodium ion (Na*).
Protist classification: Stramenopiles (section 25.6); Phylum Euryarchaeota: The
Halobacteria (section 20.3)

Finally, it must be emphasized that microorganisms require a
balanced mixture of nutrients. If an essential nutrient is in short
supply, microbial growth will be limited regardless of the con-
centrations of other nutrients.

5.2 REQUIREMENTS FOR CARBON, HYDROGEN,
OXYGEN, AND ELECTRONS

All organisms need carbon, hydrogen, oxygen, and a source of
electrons. Carbon is needed for the skeletons or backbones of all
the organic molecules from which organisms are built. Hydrogen
and oxygen are also important elements found in organic mole-
cules. Electrons are needed for two reasons. As will be described
more completely in chapter 9, the movement of electrons through
electron transport chains and during other oxidation-reduction re-
actions can provide energy for use in cellular work. Electrons also
are needed to reduce molecules during biosynthesis (e.g., the re-
duction of CO, to form organic molecules).

The requirements for carbon, hydrogen, and oxygen often are
satisfied together because molecules serving as carbon sources of-
ten contribute hydrogen and oxygen as well. For instance, many
heterotrophs—organisms that use reduced, preformed organic
molecules as their carbon source—can also obtain hydrogen, oxy-
gen, and electrons from the same molecules. Because the electrons
provided by these organic carbon sources can be used in electron
transport as well as in other oxidation-reduction reactions, many
heterotrophs also use their carbon source as an energy source. In-
deed, the more reduced the organic carbon source (i.e., the more
electrons it carries), the higher its energy content. Thus lipids have
a higher energy content than carbohydrates. However, one carbon
source, carbon dioxide (CO,), supplies only carbon and oxygen,
so it cannot be used as a source of hydrogen, electrons, or energy.
This is because CO, is the most oxidized form of carbon, lacks hy-
drogen, and is unable to donate electrons during oxidation-reduc-
tion reactions. Organisms that use CO, as their sole or principal
source of carbon are called autotrophs. Because CO, cannot sup-
ply their energy needs, they must obtain energy from other
sources, such as light or reduced inorganic molecules.

A most remarkable nutritional characteristic of heterotrophic
microorganisms is their extraordinary flexibility with respect to

carbon sources. Laboratory experiments indicate that there is no
naturally occurring organic molecule that cannot be used by some
microorganism. Actinomycetes, common soil bacteria, will de-
grade amyl alcohol, paraffin, and even rubber. Some bacteria
seem able to employ almost anything as a carbon source; for ex-
ample, Burkholderia cepacia can use over 100 different carbon
compounds. Microbes can degrade even relatively indigestible
human-made substances such as pesticides. This is usually ac-
complished in complex microbial communities. These molecules
sometimes are degraded in the presence of a growth-promoting
nutrient that is metabolized at the same time—a process called
cometabolism. Other microorganisms can use the products of this
breakdown process as nutrients. In contrast to these bacterial om-
nivores, some microbes are exceedingly fastidious and catabolize
only a few carbon compounds. Cultures of methylotrophic bacte-
ria metabolize methane, methanol, carbon monoxide, formic
acid, and related one-carbon molecules. Parasitic members of the
genus Leptospira use only long-chain fatty acids as their major
source of carbon and energy.  Biodegradation and bioremediation by nat-
ural communities (section 41.6)

1. What are nutrients? On what basis are they divided into macroelements
and trace elements?

2. What are the six most important macroelements? How do cells use them?

3. List two trace elements. How do cells use them?

4. Define heterotroph and autotroph.

5.3 NUTRITIONAL TYPES OF MICROORGANISMS

Because the need for carbon, energy, and electrons is so impor-
tant, biologists use specific terms to define how these require-
ments are fulfilled. We have already seen that microorganisms can
be classified as either heterotrophs or autotrophs with respect to
their preferred source of carbon (table 5.1). There are only two
sources of energy available to organisms: (1) light energy, and (2)
the energy derived from oxidizing organic or inorganic molecules.

m Sources of Carbon, Energy, and Electrons

Carbon Sources

Autotrophs CO, sole or principal biosynthetic carbon
source (section 10.3)
Heterotrophs Reduced, preformed, organic molecules from

other organisms (chapters 9 and 10)
Energy Sources

Phototrophs Light (section 9.12)
Chemotrophs Oxidation of organic or inorganic compounds
(chapter 9)

Electron Sources
Lithotrophs
Organotrophs

Reduced inorganic molecules (section 9.11)
Organic molecules (chapter 9)




Phototrophs use light as their energy source; chemotrophs ob-
tain energy from the oxidation of chemical compounds (either or-
ganic or inorganic). Microorganisms also have only two sources
for electrons. Lithotrophs (i.e., “rock-eaters”) use reduced inor-
ganic substances as their electron source, whereas organotrophs
extract electrons from reduced organic compounds.

Despite the great metabolic diversity seen in microorganisms,
most may be placed in one of five nutritional classes based on
their primary sources of carbon, energy, and electrons (table 5.2).
The majority of microorganisms thus far studied are either pho-
tolithotrophic autotrophs or chemoorganotrophic heterotrophs.

Photolithotrophic autotrophs (often called photoau-
totrophs or photolithoautotrophs) use light energy and have CO,
as their carbon source. Photosynthetic protists and cyanobacteria
employ water as the electron donor and release oxygen (figure
5.1a). Other photolithoautotrophs, such as the purple and green
sulfur bacteria (figure 5.1b,c), cannot oxidize water but extract
electrons from inorganic donors like hydrogen, hydrogen sulfide,
and elemental sulfur. Chemoorganotrophic heterotrophs (often
called chemoheterotrophs, chemoorganoheterotrophs, or just
heterotrophs) use organic compounds as sources of energy, hy-
drogen, electrons, and carbon. Frequently the same organic nutri-
ent will satisfy all these requirements. Essentially all pathogenic
microorganisms are chemoheterotrophs.

The other nutritional classes have fewer known microorgan-
isms but often are very important ecologically. Some photosyn-
thetic bacteria (purple and green bacteria) use organic matter as
their electron donor and carbon source. These photoorgan-
otrophic heterotrophs (photoorganoheterotrophs) are common
inhabitants of polluted lakes and streams. Some of these bacteria
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also can grow as photoautotrophs with molecular hydrogen as an
electron donor. Chemolithotrophic autotrophs (chemolithoau-
totrophs), oxidize reduced inorganic compounds such as iron, ni-
trogen, or sulfur molecules to derive both energy and electrons
for biosynthesis (figure 5.2a). Carbon dioxide is the carbon
source. Chemolithoheterotrophs, also known as mixotrophs
(figure 5.2b), use reduced inorganic molecules as their energy
and electron source, but derive their carbon from organic sources.
Chemolithotrophs contribute greatly to the chemical transforma-
tions of elements (e.g., the conversion of ammonia to nitrate or
sulfur to sulfate) that continually occur in ecosystems.  Photosyn-
thetic bacteria (section 21.3); Class Alphaproteobacteria: Nitrifying bacteria
(section 22.1)

Although a particular species usually belongs in only one of
the nutritional classes, some show great metabolic flexibility and
alter their metabolic patterns in response to environmental
changes. For example, many purple nonsulfur bacteria act as pho-
toorganotrophic heterotrophs in the absence of oxygen but oxi-
dize organic molecules and function chemoorganotrophically at
normal oxygen levels. When oxygen is low, photosynthesis and
chemoorganotrophic metabolism may function simultaneously.
This sort of flexibility seems complex and confusing, yet it gives
these microbes a definite advantage if environmental conditions
frequently change.

1. Discuss the ways in which microorganisms are classified based on their
requirements for energy, carbon, and electrons.

2. Describe the nutritional requirements of the major nutritional groups
and give some microbial examples of each.

Representative

Nutritional Type

Carbon Source

Energy Source

Electron Source

Microorganisms

Photolithoautotrophy
(photolithotrophic
autotrophy)

Photoorganoheterotrophy
(photoorganotrophic
heterotrophy)

Chemolithoautotrophy
(chemolithotrophic
autotrophy)

Chemolithoheterotrophy
or mixotrophy
(chemolithotrophic
heterotrophy)

Chemoorganoheterotrophy
(chemoorganotrophic
heterotrophy)

Cco,

Organic carbon,
but CO, may also
be used

Cco,

Organic carbon,
but CO, may also
be used

Organic carbon

Light

Light

Inorganic chemicals

Inorganic chemicals

Organic chemicals
often same as C
source

Inorganic e~ donor

Organic e~ donor

Inorganic e~ donor

Inorganic e~ donor

Organic e~ donor,
often same as C
source

Purple and green sulfur bacteria,
cyanobacteria

Purple nonsulfur bacteria, green
nonsulfur bacteria

Sulfur-oxidizing bacteria,
hydrogen-oxidizing bacteria,
methanogens, nitrifying
bacteria, iron-oxidizing
bacteria

Some sulfur-oxidizing bacteria
(e.g., Beggiatoa)

Most nonphotosynthetic
microbes, including most
pathogens, fungi, many
protists, and many archaea
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-

(a) Bloom of cyanobacteria (photolithoautotrophic bacteria)

(c) Purple sulfur bacteria

Figure 5.1 Phototrophic Bacteria. Phototrophic bacteria
play important roles in aquatic ecosystems, where they can cause
blooms. (a) A cyanobacterial and an algal bloom in a eutrophic
pond. (b) Purple sulfur bacteria growing in a bog. (c) A bloom of
purple sulfur bacteria in a sewage lagoon.

Internal membrane system
used for oxidation of nitrite

(a) Nitrobacter winogradskyi, a chemolithoautotroph

Sulfur granule within filaments

(b) Beggiatoa alba, a chemolithoheterotroph (mixotroph)

Figure 5.2 Chemolithotrophic Bacteria. (a) Transmission
electron micrograph of Nitrobacter winogradskyi, an organism that
uses nitrite as its source of energy (X213,000). (b) Light
micrograph of Beggiatoa alba, an organism that uses hydrogen
sulfide as its energy source and organic molecules as carbon
sources.The dark spots within the filaments are granules of
elemental sulfur produced when hydrogen sulfide is oxidized.

5.4 REQUIREMENTS FOR NITROGEN,
PHOSPHORUS, AND SULFUR

To grow, a microorganism must be able to incorporate large
quantities of nitrogen, phosphorus, and sulfur. Although these el-
ements may be acquired from the same nutrients that supply car-
bon, microorganisms usually employ inorganic sources as well.
Nitrogen is needed for the synthesis of amino acids, purines,
pyrimidines, some carbohydrates and lipids, enzyme cofactors,
and other substances. Many microorganisms can use the nitrogen



in amino acids. Others can incorporate ammonia directly through
the action of enzymes such as glutamate dehydrogenase or glu-
tamine synthetase and glutamate synthase (see figures 10.11 and
10.12). Most phototrophs and many chemotrophic microorgan-
isms reduce nitrate to ammonia and incorporate the ammonia in
a process known as assimilatory nitrate reduction (see p. 235). A
variety of bacteria (e.g., many cyanobacteria and the symbiotic
bacterium Rhizobium) can assimilate atmospheric nitrogen (N,)
by reducing it to ammonium (NH,*). This is called nitrogen fix-
ation.  Synthesis of amino acids (section 10.5)

Phosphorus is present in nucleic acids, phospholipids, nu-
cleotides like ATP, several cofactors, some proteins, and other
cell components. Almost all microorganisms use inorganic
phosphate as their phosphorus source and incorporate it di-
rectly. Low phosphate levels actually limit microbial growth in
many aquatic environments. Some microbes, such as Es-
cherichia coli, can use both organic and inorganic phosphate.
Some organophosphates such as hexose 6-phosphates can be
taken up directly by the cell. Other organophosphates are hy-
drolyzed in the periplasm by the enzyme alkaline phosphatase
to produce inorganic phosphate, which then is transported
across the plasma membrane.  Synthesis of purines, pyrimidines, and
nucleotides (section 10.6)

Sulfur is needed for the synthesis of substances like the amino
acids cysteine and methionine, some carbohydrates, biotin, and
thiamine. Most microorganisms use sulfate as a source of sulfur
and reduce it by assimilatory sulfate reduction; a few microor-
ganisms require a reduced form of sulfur such as cysteine.

1. Briefly describe how microorganisms use the various forms of nitrogen,
phosphorus, and sulfur.

2. Why do you think ammonia (NH;) can be directly incorporated into
amino acids while other forms of combined nitrogen (e.g.,NO, " and
NO, ™) are not?

5.5 GROWTH FACTORS

Some microorganisms have the enzymes and biochemical path-
ways needed to synthesize all cell components using minerals
and sources of energy, carbon, nitrogen, phosphorus, and sulfur.
Other microorganisms lack one or more of the enzymes needed
to manufacture indispensable constituents. Therefore they must
obtain these constituents or their precursors from the environ-
ment. Organic compounds that are essential cell components or
precursors of such components but cannot be synthesized by the
organism are called growth factors. There are three major
classes of growth factors: (1) amino acids, (2) purines and pyrim-
idines, and (3) vitamins. Amino acids are needed for protein syn-
thesis; purines and pyrimidines for nucleic acid synthesis.
Vitamins are small organic molecules that usually make up all or
part of enzyme cofactors and are needed in only very small
amounts to sustain growth. The functions of selected vitamins,
and examples of microorganisms requiring them, are given in
table 5.3. Some microorganisms require many vitamins; for ex-
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ample, Enterococcus faecalis needs eight different vitamins for
growth. Other growth factors are also seen; heme (from hemo-
globin or cytochromes) is required by Haemophilus influenzae,
and some mycoplasmas need cholesterol.  Enzymes (section 8.7)

Understanding the growth factor requirements of microbes has
important practical applications. Both microbes with known, spe-
cific requirements and those that produce large quantities of a sub-
stance (e.g., vitamins) are useful. Microbes with a specific growth
factor requirement can be used in bioassays for the factor they
need. Atypical assay is a growth-response assay, which allows the
amount of growth factor in a solution to be determined. These as-
says are based on the observation that the amount of growth in a
culture is related to the amount of growth factor present. Ideally,
the amount of growth is directly proportional to the amount of
growth factor; if the growth factor concentration doubles the
amount of microbial growth doubles. For example, species from
the bacterial genera Lactobacillus and Streptococcus can be used
in microbiological assays of most vitamins and amino acids. The
appropriate bacterium is grown in a series of culture vessels, each
containing medium with an excess amount of all required compo-
nents except the growth factor to be assayed. A different amount
of growth factor is added to each vessel. The standard curve is pre-
pared by plotting the growth factor quantity or concentration
against the total extent of bacterial growth. The quantity of the
growth factor in a test sample is determined by comparing the ex-
tent of growth caused by the unknown sample with that resulting
from the standards. Microbiological assays are specific, sensitive,
and simple. They still are used in the assay of substances like vita-
min B,, and biotin, despite advances in chemical assay techniques.

On the other hand, those microorganisms able to synthesize
large quantities of vitamins can be used to manufacture these
compounds for human use. Several water-soluble and fat-soluble
vitamins are produced partly or completely using industrial fer-
mentations. Good examples of such vitamins and the microor-
ganisms that synthesize them are riboflavin (Clostridium,
Candida, Ashbya, Eremothecium), coenzyme A (Brevibacterium),
vitamin B,, (Streptomyces, Propionibacterium, Pseudomonas),
vitamin C (Gluconobacter, Erwinia, Corynebacterium), (-
carotene (Dunaliella), and vitamin D (Saccharomyces). Current
research focuses on improving yields and finding microorganisms
that can produce large quantities of other vitamins.

1. What are growth factors? What are vitamins?

2. How can humans put to use a microbe with a specific growth factor
requirement?

3. List the growth factors that microorganisms produce industrially.

4. Why do you think amino acids, purines, and pyrimidines are often growth
factors, whereas glucose is not?

5.6 UPTAKE OF NUTRIENTS BY THE CELL

The first step in nutrient use is uptake of the required nutrients by
the microbial cell. Uptake mechanisms must be specific—that is,
the necessary substances, and not others, must be acquired. It
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m Functions of Some Common Vitamins in Microorganisms

Vitamin Functions

Examples of Microorganisms Requiring Vitamin?

Biotin Carboxylation (CO, fixation)
One-carbon metabolism

Cyanocobalamin (B;,) Molecular rearrangements

One-carbon metabolism—carries methyl groups

Folic acid One-carbon metabolism

Lipoic acid Transfer of acyl groups

Pantothenic acid

Pyridoxine (Bg)

Niacin (nicotinic acid)
and hydrogen atoms

Riboflavin (B,)
or hydrogen atoms

Thiamine (B,) Aldehyde group transfer

(pyruvate decarboxylation, «-keto acid oxidation)

Precursor of coenzyme A—carries acyl groups
(pyruvate oxidation, fatty acid metabolism)

Amino acid metabolism (e.g., transamination)

Precursor of NAD and NADP—carry electrons

Precursor of FAD and FMN—carry electrons

Leuconostoc mesenteroides (B)
Saccharomyces cerevisiae (F)
Ochromonas malhamensis (P)
Acanthamoeba castellanii (P)
Lactobacillus spp. (B)
Euglena gracilis (P)

Diatoms (P)

Acanthamoeba castellanii (P)
Enterococcus faecalis (B)
Tetrahymena pyriformis (P)
Lactobacillus casei (B)
Tetrahymena spp. (P)

Proteus morganii (B)
Hanseniaspora spp. (F)
Paramecium spp. (P)
Lactobacillus spp. (B)
Tetrahymena pyriformis (P)
Brucella abortus, Haemophilus influenzae (B)
Blastocladia pringsheimii (F)
Crithidia fasciculata (P)
Caulobacter vibrioides (B)
Dictyostelium spp. (P)
Tetrahymena pyriformis (P)
Bacillus anthracis (B)
Phycomyces blakesleeanus (F)
Ochromonas malhamensis (P)
Colpidium campylum (P)

2 The representative microorganisms are members of the following groups: Bacteria (B), Fungi (F), and protists (P).

does a cell no good to take in a substance that it cannot use. Be-
cause microorganisms often live in nutrient-poor habitats, they
must be able to transport nutrients from dilute solutions into the
cell against a concentration gradient. Finally, nutrient molecules
must pass through a selectively permeable plasma membrane that
prevents the free passage of most substances. In view of the enor-
mous variety of nutrients and the complexity of the task, it is not
surprising that microorganisms make use of several different
transport mechanisms. The most important of these are facilitated
diffusion, active transport, and group translocation. Eucaryotic
microorganisms do not appear to employ group translocation but
take up nutrients by the process of endocytosis.  Organelles of the
biosynthetic-secretory and endocytic pathways (section 4.4)

Passive Diffusion

A few substances, such as glycerol, can cross the plasma mem-
brane by passive diffusion. Passive diffusion, often called diffu-
sion or simple diffusion, is the process in which molecules move

from a region of higher concentration to one of lower concentra-
tion. The rate of passive diffusion is dependent on the size of the
concentration gradient between a cell’s exterior and its interior
(figure 5.3). A fairly large concentration gradient is required for
adequate nutrient uptake by passive diffusion (i.e., the external
nutrient concentration must be high while the internal concentra-
tion is low), and the rate of uptake decreases as more nutrient is
acquired unless it is used immediately. Very small molecules such
as H,0, O,, and CO, often move across membranes by passive
diffusion. Larger molecules, ions, and polar substances must en-
ter the cell by other mechanisms.

Facilitated Diffusion

The rate of diffusion across selectively permeable membranes is
greatly increased by using carrier proteins, sometimes called per-
meases, which are embedded in the plasma membrane. Diffusion
involving carrier proteins is called facilitated diffusion. The rate
of facilitated diffusion increases with the concentration gradient



Facilitated
diffusion

Passive
diffusion

Rate of transport

Concentration gradient

Figure 5.3 Passive and Facilitated Diffusion. The
dependence of diffusion rate on the size of the solute’s
concentration gradient (the ratio of the extracellular concentration
to the intracellular concentration). Note the saturation effect or
plateau above a specific gradient value when a facilitated diffusion
carrier is operating. This saturation effect is seen whenever a
carrier protein is involved in transport.

much more rapidly and at lower concentrations of the diffusing
molecule than that of passive diffusion (figure 5.3). Note that the
diffusion rate levels off or reaches a plateau above a specific gra-
dient value because the carrier is saturated—that is, the carrier
protein is binding and transporting as many solute molecules as
possible. The resulting curve resembles an enzyme-substrate
curve (see figure 8.18) and is different from the linear response
seen with passive diffusion. Carrier proteins also resemble en-
zymes in their specificity for the substance to be transported; each
carrier is selective and will transport only closely related solutes.
Although a carrier protein is involved, facilitated diffusion is
truly diffusion. A concentration gradient spanning the membrane
drives the movement of molecules, and no metabolic energy in-
put is required. If the concentration gradient disappears, net in-
ward movement ceases. The gradient can be maintained by
transforming the transported nutrient to another compound. Once
the nutrient is inside a eucaryotic cell, the gradient can be main-
tained by moving the nutrient to another membranous compart-
ment. Some permeases are related to the major intrinsic protein
(MIP) family of proteins. MIPs facilitate diffusion of small polar
molecules. They are observed in virtually all organisms. The two
most widespread MIP channels in bacteria are aquaporins (see
figure 2.29), which transport water. Other important MIPs are the
glycerol facilitators, which aid glycerol diffusion.

Although much work has been done on the mechanism of fa-
cilitated diffusion, the process is not yet understood completely. It
appears that the carrier protein complex spans the membrane (fig-
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Figure 5.4 A Model of Facilitated Diffusion. The
membrane carrier (a) can change conformation after binding an
external molecule and subsequently release the molecule on the
cell interior. (b) It then returns to the outward oriented position
and is ready to bind another solute molecule. Because there is no
energy input, molecules will continue to enter only as long as their
concentration is greater on the outside.

ure 5.4). After the solute molecule binds to the outside, the carrier
may change conformation and release the molecule on the cell in-
terior. The carrier subsequently changes back to its original shape
and is ready to pick up another molecule. The net effect is that a
hydrophilic molecule can enter the cell in response to its concen-
tration gradient. Remember that the mechanism is driven by con-
centration gradients and therefore is reversible. If the solute’s
concentration is greater inside the cell, it will move outward. Be-
cause the cell metabolizes nutrients upon entry, influx is favored.

Although glycerol is transported by facilitated diffusion in
many bacteria, facilitated diffusion does not seem to be the major
uptake mechanism. This is because nutrient concentrations often
are lower outside the cell. Facilitated diffusion is much more
prominent in eucaryotic cells where it is used to transport a vari-
ety of sugars and amino acids.

Active Transport

Because facilitated diffusion can efficiently move molecules to
the interior only when the solute concentration is higher on the
outside of the cell, microbes must have transport mechanisms that
can move solutes against a concentration gradient. This is impor-
tant because microorganisms often live in habitats characterized
by very dilute nutrient sources. Microbes use two important
transport processes in such situations: active transport and group
translocation. Both are energy-dependent processes.

Active transport is the transport of solute molecules to
higher concentrations, or against a concentration gradient, with
the input of metabolic energy. Because active transport involves
permeases, it resembles facilitated diffusion in some ways. The
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permeases bind particular solutes with great specificity for the
molecules transported. Similar solute molecules can compete for
the same carrier protein in both facilitated diffusion and active
transport. Active transport is also characterized by the carrier sat-
uration effect at high solute concentrations (figure 5.3). Never-
theless, active transport differs from facilitated diffusion in its use
of metabolic energy and in its ability to concentrate substances.
Metabolic inhibitors that block energy production will inhibit ac-
tive transport but will not immediately affect facilitated diffusion.
ATP-binding cassette transporters (ABC transporters) are
important examples of active transport systems. They are observed
in Bacteria, Archaea, and eucaryotes. Usually these transporters
consist of two hydrophobic membrane-spanning domains associ-
ated on their cytoplasmic surfaces with two ATP-binding domains
(figure 5.5). The membrane-spanning domains form a pore in the
membrane and the ATP-binding domains bind and hydrolyze ATP
to drive uptake. ABC transporters employ special substrate bind-
ing proteins, which are located in the periplasmic space of gram-
negative bacteria (see figure 3.25) or are attached to membrane
lipids on the external face of the gram-positive plasma membrane.
These binding proteins bind the molecule to be transported and
then interact with the membrane transport proteins to move the
solute molecule inside the cell. E. coli transports a variety of sug-
ars (arabinose, maltose, galactose, ribose) and amino acids (gluta-
mate, histidine, leucine) by this mechanism. They can also pump
antibiotics out using a multidrug-resistance ABC transporter.
Substances entering gram-negative bacteria must pass through
the outer membrane before ABC transporters and other active
transport systems can take action. There are several ways in which
this is accomplished. When the substance is small, a generalized
porin protein such as OmpF (outer membrane protein) can be used.
An example of the movement of small molecules across the
outer membrane is provided by the phosphate uptake systems of
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Figure 5.5 ABCTransporter Function. (7)The solute
binding protein binds the substrate to be transported and
approaches the ABC transporter complex. (2) The solute binding
protein attaches to the transporter and releases the substrate,
which is moved across the membrane with the aid of ATP
hydrolysis. See text for details.

E. coli. Inorganic phosphate crosses the outer membrane by the
use of a porin protein channel. Then, one of two transport systems
moves the phosphate across the plasma membrane. Which system
is used depends on the concentration of phosphate. The PIT sys-
tem functions at high phosphate concentrations. When phosphate
concentrations are low, an ABC transporter system called PST
(phosphate-specific transport) brings phosphate into the cell, us-
ing a periplasmic binding protein. In contrast to small molecules
like phosphate, the transport of larger molecules, such as vitamin
B,,, requires the use of specialized, high-affinity outer-membrane
receptors that function in association with specific transporters in
the plasma membrane.

As will be discussed in chapter 9, electron transport during
energy-conserving processes generates a proton gradient (in pro-
caryotes, the protons are at a higher concentration outside the cell
than inside). The proton gradient can be used to do cellular work in-
cluding active transport. The uptake of lactose by the lactose per-
mease of E. coli is a well-studied example. The permease isasingle
protein that transports a lactose molecule inward as a proton simul-
taneously enters the cell. Such linked transport of two substances in
the same direction is called symport. Here, energy in the form of a
proton gradient drives solute transport. Although the mechanism of
transport is not completely understood, X-ray diffraction studies
show that the transport protein exists in outward- and inward-
facing conformations. When lactose and a proton bind to separate
sites on the outward-facing conformation, the protein changes to its
inward-facing conformation. Then the sugar and proton are re-
leased into the cytoplasm. E. coli also uses proton symport to take
up amino acids and organic acids like succinate and malate.  Elec-
tron transport and oxidative phosphorylation (se