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Preface

he authors and Benjamin Cummings Publishers proudly

present the 13th edition of Brock Biology of Microorganisms
(BBOM 13/e). This book is truly a milestone in the annals of
microbiology textbooks. Brock Biology of Microorganisms, and its
predecessor, Biology of Microorganisms, has introduced the field
of microbiology to students for 41 years, more than any other
textbook of microbiology. Nevertheless, although this book goes
back over four decades, its two main objectives have remained
firm since the first edition was published in 1970: (1) to present
the principles of microbiology in a clear and engaging fashion,
and (2) to provide the classroom tools necessary for delivering
outstanding microbiology courses. The 13th edition of BBOM
fulfills these objectives in new and exciting ways.

Veteran textbook authors Madigan, Martinko, and Clark wel-
come our new coauthor, Dave Stahl, to this edition of BBOM. Dave
is one of the world’s foremost experts in microbial ecology and has
masterfully crafted an exciting new view of the ecology material in
BBOM, including a new chapter devoted entirely to microbial
symbioses, a first for any textbook of microbiology. Users will find
that the themes of ecology and evolution that have permeated this
book since its inception reach new heights in the 13th edition.
These fundamental themes also underlie the remaining content
of the book—the basic principles of microbiology, the molecular
biology and genetics that support microbiology today, the huge
diversity of metabolisms and organisms, and the medical and
immunological facets of microbiology. It is our belief that out-
standing content coupled with outstanding presentation have
come together to make BBOM 13/e the most comprehensive and
effective textbook of microbiology available today.

What's New in the 13th Edition?

In terms of content and pedagogy, instructors who have used
BBOM previously will find the 13th edition to be the same old
friend they remember; that is, a book loaded with accurate, up-
to-the-minute content that is impeccably organized and visually
enticing. The 36 chapters in BBOM 13/e are organized into mod-
ules by numbered head, which allows instructors to fine-tune
course content to the needs of their students. In addition, study
aids and review tools are an integral part of the text. Our new
MiniQuiz feature, which debuts in the 13th edition, is designed to
quiz students’ comprehension as they work their way through
each chapter. Also new to this edition is the end-of-chapter review
tool called “Big Ideas” These capsule summaries pull together the

key concepts from each numbered section in a wrap-up style that
is certain to be a big hit with students, especially the night before
examinations! Our end-of-chapter key terms list, two detailed
appendices, a comprehensive glossary, and a thorough index
complete the hard copy learning package. Many additional learn-
ing resources are available online (see below).

In terms of presentation, BBOM 13/e will easily draw in and
engage the reader. The book has been designed in a beautiful yet
simple fashion that gives the art and pedagogical elements the
breathing room they need to be effective and the authors the
freedom to present concepts in a more visually appealing way.
Supporting the narrative are spectacular illustrations, with every
piece of art rendered in a refreshing new style. Moreover, the art
complements, and in many cases integrates, the hundreds of
photos in BBOM, many of which are new to the 13th edition.
And, as users of BBOM have come to expect, our distinctive illus-
trations remain the most accurate and consistent of those in any
microbiology textbook today.

The authors are keenly aware that it is easy to keep piling on
new material and fattening up a textbook. In response to this
trend, BBOM 13/e went on a diet. With careful attention to con-
tent and presentation, BBOM 13/e is actually a shorter book than
BBOM 12/e. The authors have carefully considered every topic to
ensure that content at any point in the book is a reflection of both
what the student already knows and what the student needs to
know in a world where microbiology has become the most excit-
ing and relevant of the biological sciences. The result is a more
streamlined and exciting treatment of microbiology that both
students and instructors will appreciate.

Revision Highlights:
Chapter1

» Find new coverage on the evolution and major habitats of
microorganisms—Earth’s most pervasive and extensive biomass.

+ A more visually compelling presentation of the impacts of
microorganisms on humans better emphasizes the importance
of microorganisms for the maintenance of all life on Earth.

Chapter 2

+ New coverage of cell biology and the nature of the chromo-
some in prokaryotic and eukaryotic cells is complemented by a
visually engaging overview of the microbial world.
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Chapter 3

» The cell chemistry chapter that previously held this position is
now available online (www.microbiologyplace.com). The new
Chapter 3 explores cell structure and function with strong new
visuals to carry the text and new coverage of the lipids and cell
walls of Bacteria and Archaea.

Chapter &

« Find updated coverage of catabolic principles along with an
overview of essential anabolic reactions.

» Newly rendered and more instructive art makes mastering key
metabolic pathways and bioenergetic principles a more visual
experience.

Chapter5

» Updated coverage of the events in cell division and their
relation to medical microbiology connects basic science to
applications.

+ Newly rendered art throughout makes the important concepts
of cell division and population growth more vivid, engaging,
and interactive.

Chapter 6

» The concise primer on molecular biology that every student
needs to know is updated and now includes an overview of the
structures of nucleic acids and proteins and the nature of chro-
mosomes and plasmids.

Chapter?7

» Find new coverage of the latest discoveries in the molecular
biology of Archaea and comparisons with related molecular
processes in Bacteria.

+ A new section highlights the emerging area of regulation by
microRNA in eukaryotes.

Chapter 8

» Review major updates on the regulation of gene expression—
one of the hottest areas in microbiology today—including
expanded coverage of cell sensing capacities and signal trans-
duction.

+ Enjoy the new Microbial Sidebar featuring CRISPR, the newly
discovered form of RNA-based regulation used by Bacteria
and Archaea to ward off viral attack.

Chapter 9
+ Major updates of the principles of virology are complemented
with an overview of viral diversity.

+ New art reinforces the relevance and importance of viruses as
agents of genetic exchange.

Chapter 10

» The fundamental principles of microbial genetics are updated
and supplemented with new coverage that compares and con-
trasts bacterial and archaeal genetics.

Chapter 11

« Find “one-stop shopping” for coverage of molecular biological
methods, including cloning and genetic manipulations, as a
prelude to the genomics discussion in the next chapter.

» Enjoy the colorful new Microbial Sidebar on new fluorescent
labeling methods that can differentiate even very closely
related bacteria.

Chapter 12

» Extensive updates on microbial genomics and transcriptomics
will be found along with new coverage of the emerging related
areas of metabolomics and interactomics.

+ Readers will marvel at the diversity of prokaryotic genomes in the
new Microbial Sidebar “Record-Holding Bacterial Genomes”

Chapter 13

« The two chapters covering metabolic diversity have been
revised and moved up to Chapters 13 and 14 to precede rather
than follow coverage of microbial diversity, better linking these
two important and often related areas.

« This chapter is loaded with reworked art and text that high-
light the unity and diversity of the bioenergetics underlying
phototrophic and chemolithotrophic metabolisms.

Chapter 14

+ Restyled and impeccably consistent art showcases the compar-
ative biochemistry of the aerobic and anaerobic catabolism of
carbon compounds.

Chapter 15

« This retooled chapter combines the essentials of industrial
microbiology and biotechnology, including the production of
biofuels and emerging green microbial technologies.

Chapter 16

» Find new coverage of the origin of life and how the evolution-
ary process works in microorganisms.

+ Microbial phylogenies from small subunit ribosomal RNA
gene analyses are compared with those from multiple-gene and
full genomic analyses.
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Chapters 17-19

o Coverage of the diversity of Bacteria and Archaea better
emphasizes phylogeny with increased focus on phyla of partic-
ular importance to plants and animals and to the health of our
planet.

« Spectacular photomicrographs and electron micrographs carry
the reader through prokaryotic diversity.

Chapter 20

o A heavily revised treatment of the diversity of microbial
eukaryotes is supported by many stunning new color photos
and photomicrographs.

« Find an increased emphasis on the phylogenetic relationships of
eukaryotes and the “bacterial nature” of eukaryotic organelles.

Chapter 21

+ Viruses, the most genetically diverse of all microorganisms,
come into sharper focus with major updates on their diversity.

« A new section describes viruses in nature and their abundance
in aquatic habitats.

Chapter 22

+ This chapter features a major new treatment of the latest
molecular techniques used in microbial ecology, including
CARD-FISH, ARISA, biosensors, NanoSIMS, flow cytometry,
and multiple displacement DNA amplification.

« Find exciting new coverage of methods for functional analyses
of single cells, including single-cell genomics and single-cell
stable isotope analysis, and expanded coverage of methods for
analyses of microbial communities, including metagenomics,
metatranscriptomics, and metaproteomics.

Chapter 23

+ A comparison of the major habitats of Bacteria and Archaea is
supported by spectacular new photos and by art that summa-
rizes the phylogenetic diversity and functional significance of
prokaryotes in each habitat.

» Find broad new coverage of the microbial ecology of microbial
mat communities and prokaryotes that inhabit the deep sub-
surface.

Chapter 24

« Revised coverage of the classical nutrient cycles is bolstered by
new art, while new coverage highlights the calcium and silica
cycles and how these affect CO, sequestration and global climate.

» Improved integration of biodegradation and bioremediation

shows how natural microbial processes can be exploited for the
benefit of humankind.

Preface vii

Chapter 25

o This new chapter focuses entirely on microbial symbioses,
including bacterial-bacterial symbioses and symbioses between
bacteria and their plant, mammal, or invertebrate hosts. Find
coverage here of all of the established as well as more recently
discovered symbioses, including the human gut and how its
microbiome may control obesity, the rumen of animals impor-
tant to agriculture, the hindgut of termites, the light organ of
the squid, the symbioses between hydrothermal vent animals
and chemolithotrophic bacteria, the essential bacterial sym-
bioses of insects, medicinal leeches, reef-building corals, and
more, all supported by spectacular new color photos and art.

+ Learn how insects have shaped the genomes of their bacterial
endosymbionts.

» Marvel at the new Microbial Sidebar that tells the intriguing
story of the attine ants and their fungal gardens.

Chapter 26

+ Key updates will be found on microbial drug resistance and are
supported by new art that reveals the frightening reality that
several human pathogens are resistant to all known antimicro-
bial drugs.

Chapter 27

« Extensively reworked sections on the normal microbial flora of
humans include new coverage of the human microbiome and a
molecular snapshot of the skin microflora.

+ Find revised coverage of the principles of virulence and patho-
genicity that connect infection and disease.

Chapter 28

+ Here we present the perfect overview of immunology for instruc-
tors who wish to cover only the fundamental concepts and how
the immune system resists the onslaught of infectious disease.

o Find late-breaking practical information on the immune
response, including vaccines and immune allergies.

Chapter 29

+ Built on the shoulders of the previous chapter, here is a more
detailed probe of the mechanisms of immunity with emphasis
on the molecular and cellular interactions that control innate
and adaptive immunity.

Chapter 30

« This short chapter presents an exclusively molecular picture of
immunology, including receptor—ligand interactions (the “trig-
gers” of the immune response), along with genetics of the key
proteins that drive adaptive immunity.
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Chapter 31

« Find revised and expanded coverage of molecular analyses in
clinical microbiology, including new enzyme immunoassays,
reverse transcriptase PCR, and real-time PCR.

Chapter 32

« Review major updates of the principles of disease tracking,
using 2009 pandemic HINI influenza as a model for how
newly emerging infectious diseases are tracked.

« Find updated coverage throughout, especially of the HIV/AIDS
pandemic.

Chapter 33

» Read all about the origins and history of pandemic HIN1
influenza and how the HIN1 virus is related to strains of
influenza that already existed in animal populations.

+ Hot new coverage of immunization strategies for HIV/AIDS.

Chapter 34

«» Follow the emergence, rapid dispersal, and eventual entrench-
ment of West Nile virus as an endemic disease in North America.

+ Expanded coverage of malaria—the deadliest human disease of
all time—includes the promise of new antiparasitic drugs and
disease prevention methods.

Chapter 35

« Find updates of water microbiology, including new rapid meth-
ods for detecting specific indicator organisms.

Chapter 36

» Explore new methods of food processing, including aseptic and
high-pressure methods that can dramatically extend the shelf-
life and safety of perishable foods and drinks.



Cutting Edge Coverage Includes the Most
Current Presentation of Microbial Ecology

Chapter 22, Methods in Microbial Ecology, is heavily updated to present the latest

molecular techniques used in microbial ecology, including CARD-FISH, ARISA, biosensors,
NanoSIMS, flow cytometry, and multiple displacement DNA ampilification. It also includes exciting
new coverage of methods for functional analyses of single cells, including single-cell genomics and
single-cell stable isotope analysis, and expanded coverage of methods for analyses of microbial
communities, including metagenomics, metatranscriptomics, and metaproteomics.

Firmicutes
Planctomycetes

Bacteroidetes )\, Actinobacteria

Acidobacteria

Other Archaea
Chapter 23, Major Microbial Burkholderiales Euryamhaeofa]mhaea
H a b it a ts an d D iV ers i ty Nitrosomonadales & Rhodobacterales Crenarchaeota
,
~ Unclassified and

compares the major habitats  Ateromonadaes

of Bacteria and Archaeaand ...
is supported by spectacular new Pseudomonadales
photos and art that summarize

the phylogenetic diversity

and functional significance of Figure 23.24 Ocean prokaryotic diversity. The results are pooled analyses of 25,975 sequences from
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Other 6

Chapter 24, Nutrient Cycles, Biodegradation, and
Bioremediation. Exciting updates of all the nutrient

cycles that form the heart of environmental microbiology and
microbial ecology.

Bacteroidetes

\ Chapter 25, Microbial Symbioses, is a completely new

D oicobacteria chapter focused entirely on microbial symbioses,
including bacterial-bacterial symbioses and symbioses between
bacteria and their plant, mammal, or invertebrate hosts. Find
coverage here of all the established as well as more recently
discovered symbioses —including the human gut and how its
microbiome may control obesity, the rumen of animals important
to agriculture, the hindgut of termites, the light organ of the
squid, the symbioses between hydrothermal vent animals and
chemolithotrophic bacteria, and the essential bacterial symbioses
of insects, medicinal leeches, reef-building corals, and more.

Ochrobactrum

‘Yoshitomo Kikuchi and Jérg Graf

Figure 25.40 Micrograph of a FISH-stained microbial community
in the bladder of Hirudo verbana. A probe (red) targeted at the 16S
rRNA of Betaproteobacteria and a probe (green) targeted at the 16S rRNA
of Bacteroidetes reveal distinct layers of different bacteria in the lumen of

the bladder. Staining with DAPI (blue), which binds to DNA, reveals the / F07‘ a demz’/m’ ZZ'.YZ“ ofchapter—by-c/mpter
intracellular alphaproteobacterium Ochrobactrum and host nuclei. \__/
updates, see page v of the Preface.




Thoroughly Updated and Revised Art
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comprehension.
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and TBP binding;
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| Carefully redesigned new
art clearly guides students

through challenging concepts.
The style for metabolic figures and
other pathway processes has been
simplified, and color-coded steps and
chemical structures increase student

NrpR binds
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Dimensionality has been added to /\

some figures, lending more realism and

vivacity to the presentation. Figures in which
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more dimensional to clearly identify key genes

and cell structures.
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Figure 8.15 Repression of genes for nitrogen metabolism in
Archaea. The NrpR protein of Methanococcus maripaludis acts as a
repressor. It blocks the binding of the TFB and TBP proteins, which are
required for promoter recognition, to the BRE site and TATA box, respec-
tively. If there is a shortage of ammonia, a-ketoglutarate is not converted
to glutamate. The a-ketoglutarate accumulates and binds to NrpR, releas-
ing it from the DNA. Now TBP and TFB can bind. This in turn allows RNA
polymerase to bind and transcribe the operon.




Illustrations and photos are often paired to give an idealized view next
to a realistic view and to reinforce the connection between theory and practice.
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Fi gure 3.15 Cell walls of Bacteria. (a, b) Schematic diagrams of gram-positive and gram-negative cell
walls. The Gram stain photo in the center shows cells of Staphylococcus aureus (purple, gram-positive) and
Escherichia coli (pink, gram-negative). (c, d) Transmission electron micrographs (TEMs) showing the cell
wall of a gram-positive bacterium and a gram-negative bacterium. (e, f) Scanning electron micrographs of
gram-positive and gram-negative bacteria, respectively. Note differences in surface texture. Each cell in the
TEMSs is about 1 pm wide.
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Conceptual Framework Helps

Students Focus on the Key Concepts

xii

The first twelve chapters cover the principles of
microbiology. Basic principles are presented early
on and then used as the foundation to tackle the
material in greater detail later.
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Chapter 20 Eukaryotic Cell Biology and Eukaryotic

Microorganisms 584
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Bioremediation 698
Chapter 25 Microbial Symbioses 720
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Chapter 28 Immunity and Host Defense 816
Chapter 29 Immune Mechanisms 838
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New chapter on
symbiosis ties together
the core concepts

of the book—health,
diversity, and the
human ecosystem.

This newly revised
chapter is the

perfect overview for
instructors who wish

to cover immunology

at a generalized

level including the
fundamental concepts
of how the immune
system resists the
onslaught of infectious
disease. Instructors
who like to go into more
detail can build on the
core principles taught in
Chapter 28 by covering
Immune Mechanisms
(Ch. 29) and Molecular
Immunology (Ch. 30).



The new Big ldeas sections at the end of each chapter
focus on the core concepts students need to know.

Big Ideas

Microscopes are essential for studying microorganisms. Bright-
field microscopy, the most common form of microscopy, employs a
microscope with a series of lenses to magnify and resolve the image.

2.2

An inherent limitation of bright-field microscopy is the lack of
contrast between cells and their surroundings. This problem can
be overcome by the use of stains or by alternative forms of light
microscopy, such as phase contrast or dark field.

2.3

Differential interference contrast microscopy and confocal scan-
ning laser microscopy allow enhanced three-dimensional imaging
or imaging through thick specimens. The atomic force microscope
gives a very detailed three-dimensional image of live preparations.

2.4

Electron microscopes have far greater resolving power than do
light microscopes, the limits of resolution being about 0.2 nm.
The two major forms of electron microscopy are transmission,
used primarily to observe internal cell structure, and scanning,
used to examine the surface of specimens.

MiniQuiz

27

Comparative rRNA gene sequencing has defined three domains
of life: Bacteria, Archaea, and Eukarya. Molecular sequence
comparisons have shown that the organelles of Eukarya were
originally Bacteria and have spawned new tools for microbial
ecology and clinical microbiology.

2.8

All cells need sources of carbon and energy for growth.
Chemoorganotrophs, chemolithotrophs, and phototrophs use
organic chemicals, inorganic chemicals, or light, respectively, as
their source of energy. Autotrophs use CO, as their carbon source,
while heterotrophs use organic compounds. Extremophiles thrive
under environmental conditions of high pressure or salt, or
extremes of temperature or pH.

2.9

Several phyla of Bacteria are known, and an enormous diversity
of cell morphologies and physiologies are represented. Proteobac-
teria are the largest group of Bacteria and contain many well-
known bacteria, including Escherichia coli. Other major phyla
include gram-positive bacteria, cyanobacteria, spirochetes, and
green bacteria.

* What are the primary response regulator and the primary sensor

MiniQuiz critical thinking questions
integrated throughout the text test
student comprehension of core
principles from each section.

kinase for regulating chemotaxis?
* Why is adaptation during chemotaxis important?

* How does the response of the chemotaxis system to an attrac-
tant differ from its response to a repellent?

xiii



Additional Resources

fymicr@biology,

The MyMicrobiologyPlace website

is rich with media assets to give students
extra practice. It includes chapter quizzes,
new guantitative questions, animations,
and additional tutorials.
www.microbiologyplace.com

Quantitative Questions

1 Number of genes in plasmid R100. The Esch-
erichia coli plasmid R100 is a circular molecule of DNA
containing 93.4 kbp. The average E. coli protein contains
300 amino acids; assume that the same is true for R100
proteins. With this assumption, calculate how many genes
are in this plasmid.

Compare DNA polymerases. Escherichia coli
contains at least five different DNA polymerases. The
three most characterized are DNA Pol |, Pol Il, and

Pol lll. Polymerase | and Il replicate DNA at about 20-40
nucleotides/sec whereas Pol lll replicates at 250 to 1000
nucleotides/sec. The genome of E. coli strain K-12 is
4,639,221 bp. At the higher rates, how long does it take
to reproduce the chromosome? How do these numbers
agree with the roles of these DNA polymerases?

Y ko ™
< CourseCompass

CourseCompass includes all of the assets from the MyMicrobiologyPlace website

and all of the test questions from the computerized test bank. It also features class
management tools, such as discussion boards and email functionality to help instructors
easily teach online classes or give assignments. www.aw-bc.com/coursecompass

Instructor Resource DVD (IR-DVD)
0-321-72086-5 / 978-0-321-72086-3

The IR-DVD offers a wealth of media
resources including all the art from
the book in both JPEG and PPT
formats, PowerPoint lecture outlines,
computerized test bank, and answer

INSTRUCTOR
RESOURCE

BROCK

" BIOLOGY OF yo i \ :
MICROORGANISMS | animations help bring lectures to life,

e swe-cae | while the select step-ediit figures help
break down complicated processes.

Xiv

keys all in one convenient location. The

Instructor Manual and Test Bank

TR TN S AR

L 0-321-72021-0 / 978-0-321-72021-4

by W. Matthew Sattley and
Christopher A. Gulvik

The Instructor Manual/Test Bank
provides chapter summaries that help
with class preparation as well as the
answers to the end-of-chapter review

BIOLOGY OF . . .
rmicrocrcanisvs | and application questions. The test

s eiem | ank contains 3,000 questions for
use in quizzes, tests, and exams.


www.microbiologyplace.com
www.aw-bc.com/coursecompass
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2 UNIT 1 e Principles of Microbiology

icrobiology is the study of microorganisms. Microorganisms
Mare all single-celled microscopic organisms and include the
viruses, which are microscopic but not cellular. Microbial cells dif-
fer in a fundamental way from the cells of plants and animals in
that microorganisms are independent entities that carry out their
life processes independently of other cells. By contrast, plant and
animal cells are unable to live alone in nature and instead exist only
as parts of multicellular structures, such as the organ systems of
animals or the leaves of plants.

What is the science of microbiology all about? Microbiology is
about microbial cells and how they work, especially the bacteria, a
very large group of very small cells (Figure 1.1) that, collectively, have
enormous basic and practical importance. Microbiology is about
diversity and evolution of microbial cells, about how different kinds
of microorganisms arose and why. It is also about what microorga-
nisms do in the world at large, in soils and waters, in the human body,
and in animals and plants. One way or another, microorganisms
affect and support all other forms of life, and thus microbiology can
be considered the most fundamental of the biological sciences.

This chapter begins our journey into the microbial world. Here
we discover what microorganisms are and their impact on planet
Earth. We set the stage for consideration of the structure and
evolution of microorganisms that will unfold in the next chapter.
We also place microbiology in historical perspective, as a process
of scientific discovery. From the landmark contributions of both
early microbiologists and scientists practicing today, we can see
the effects that microorganisms have in medicine, agriculture,
the environment, and other aspects of our daily lives.

@ Introduction to Microbiology

n the first five sections of this chapter we introduce the field of

microbiology, look at microorganisms as cells, examine where
and how microorganisms live in nature, survey the evolutionary
history of microbial life, and examine the impact that microor-
ganisms have had and continue to have on human affairs.

Paul V. Dunlap
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1.1 The Science of Microbiology

The science of microbiology revolves around two interconnected
themes: (1) understanding the living world of microscopic orga-
nisms, and (2) applying our understanding of microbial life
processes for the benefit of humankind and planet Earth.

As a basic biological science, microbiology uses and develops
tools for probing the fundamental processes of life. Scientists have
obtained a rather sophisticated understanding of the chemical
and physical basis of life from studies of microorganisms because
microbial cells share many characteristics with cells of multicellu-
lar organisms; indeed, a// cells have much in common. But unlike
plants and animals, microbial cells can be grown to extremely
high densities in small-scale laboratory cultures (Figure 1.1), mak-
ing them readily amenable to rapid biochemical and genetic study.
Collectively, these features make microorganisms excellent exper-
imental systems for illuminating life processes common to multi-
cellular organisms, including humans.

As an applied biological science, microbiology is at the center
of many important aspects of human and veterinary medicine,
agriculture, and industry. For example, although animal and
plant infectious diseases are typically microbial, many microor-
ganisms are absolutely essential to soil fertility and domestic ani-
mal welfare. Many large-scale industrial processes, such as the
production of antibiotics and human proteins, rely heavily on
microorganisms. Thus microorganisms affect the everyday lives
of humans in both beneficial and detrimental ways.

Although microorganisms are the smallest forms of life, collec-
tively they constitute the bulk of biomass on Earth and carry out
many necessary chemical reactions for higher organisms. In the
absence of microorganisms, higher life forms would never have
evolved and could not now be sustained. Indeed, the very oxygen
we breathe is the result of past microbial activity (as we will see in
Figure 1.6). Moreover, humans, plants, and animals are inti-
mately tied to microbial activities for the recycling of key nutri-
ents and for degrading organic matter. It is safe to say that no
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Figure 1.1 Microbial cells. (a) Bioluminescent (light-emitting) colonies of the bacterium Photobacterium
grown in laboratory culture on a Petri plate. (b) A single colony can contain more than 10 million (107) individual

cells. (c) Scanning electron micrograph of cells of Photobacterium.



other life forms are as important as microorganisms for the sup-
port and maintenance of life on Earth.

Microorganisms existed on Earth for billions of years before
plants and animals appeared, and we will see later that the
genetic and physiological diversity of microbial life greatly
exceeds that of the plants and animals. This huge diversity
accounts for some of the spectacular properties of microorga-
nisms. For example, we will see how microorganisms can live in
places that would kill other organisms and how the diverse physi-
ological capacities of microorganisms rank them as Earth’s pre-
mier chemists. We will also trace the evolutionary history of
microorganisms and see that three groups of cells can be distin-
guished by their evolutionary relationships. And finally, we will
see how microorganisms have established important relation-
ships with other organisms, some beneficial and some harmful.

We begin our study of microbiology with a consideration of
the cellular structure of microorganisms.

MiniQuiz

* As they exist in nature, why can it be said that microbial cells
differ fundamentally from the cells of higher organisms?

* Why are microbial cells useful tools for basic science?

1.2 Microbial Cells

A basic tenet of biology is that the cell is the fundamental unit of
life. A single cell is an entity isolated from other such entities by a
membrane; many cells also have a cell wall outside the membrane
(Figure 1.2). The membrane defines the compartment that is the
cell, maintains the correct proportions of internal constituents,
and prevents leakage, while the wall lends structural strength to
the cell. But the fact that a cell is a compartment does not mean
that it is a sealed compartment. Instead, the membrane is semi-
permeable and thus the cell is an open, dynamic structure. Cells
can communicate, move about, and exchange materials with their
environments, and so they are constantly undergoing change.

Properties of Cellular Life

What essential properties characterize cells? Figure 1.3 summa-
rizes properties shared by all cellular microorganisms and addi-
tional properties that characterize only some of them. All cells
show some form of metabolism. That is, they take up nutrients
from the environment and transform them into new cell materials
and waste products. During these transformations, energy is con-
served in a form that can be drawn upon by the cell to support the
synthesis of key structures. Production of the new structures cul-
minates in the division of the cell to form two cells. The metabolic
capabilities of cells can differ dramatically, but the final result of
any cell’s metabolic activities is to form two cells. In microbiology,
we typically use the term growth, rather than “reproduction,” to
refer to the increase in cell number from cell division.

All cells undergo evolution, the process of descent with modifi-
cation in which genetic variants are selected based on their repro-
ductive fitness. Evolution is typically a slow process but can occur
rapidly in microbial cells when selective pressure is strong. For
example, we can witness today the selection for antibiotic resis-
tance in pathogenic (disease-causing) bacteria by the indiscrimi-
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Figure 1.2 Bacterial cells and some cell structures. (a) Rod-shaped
cells of the bacterium Heliobacterium modesticaldum as seen in the light
microscope; a single cell is about 1 wm in diameter. (b) Scanning elec-
tron micrograph of the same cells as in part a showing flagella, structures
that rotate like a propeller and allow cells to swim. (c) Electron micrograph
of a sectioned cell of H. modesticaldum. The light area is aggregated
DNA, the nucleoid of the cell.

nate use of antibiotics in human and veterinary medicine. Evolu-
tion is the overarching theme of biology, and the tenets of evolu-
tion—variation and natural selection based on fitness—govern
microbial life forms just as they do multicellular life forms.

Although all cells metabolize, grow, and evolve, the possession
of other common properties varies from one species of cell to
another. Many cells are capable of meotility, typically by self-
propulsion (Figure 1.2). Motility allows cells to move away from
danger or unfavorable conditions and to exploit new resources or
opportunities. Some cells undergo differentiation, which may,
for example, produce modified cells specialized for growth, dis-
persal, or survival. Some cells respond to chemical signals in their
environment including those produced by other cells of either
the same or different species. Responses to these signals may
trigger new cellular activities. We can thus say that cells exhibit
communication. As more is learned about this aspect of micro-
bial life, it is quite possible that cell-cell communication will turn
out to be a universal property of microbial cells.

Cells as Biochemical Catalysts

and as Genetic Entities

The routine activities of cells can be viewed in two ways. On one
hand, cells can be viewed as biochemical catalysts, carrying out
the chemical reactions that constitute metabolism (Figure 1.4).
On the other hand, cells can be viewed as genetic coding devices,
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I. Properties of all cells

Compartmentalization and metabolism

A cell is a compartment that takes up
nutrients from the environment, transforms
them, and releases wastes into the
environment. The cell is thus an open system.

Growth

Chemicals from the
environment are turned
into new cells under
the genetic direction

Evolution

Cells contain genes and evolve to
display new biological properties.
Phylogenetic trees show the
evolutionary relationships between

of preexisting cells. cells.
Distinct
\ f Ancestral Q species
: 4 Il
Cell ce \ %
Environment Q > Q Q -

¢ A _
f ' f Distinct
species

-

I1. Properties of some cells
Motility
Some cells are capable of self-propulsion.

Differentiation

Some cells can form

new cell structures such
as a spore, usually as part

Communication

Many cells communicate or interact
by means of chemicals that are
released or taken up.

of a cellular life cycle.

Lo
~@

Figure 1.3 The properties of cellular life.

replicating DNA and then processing it to form the RNAs and
proteins needed for maintenance and growth under the prevail-
ing conditions. DNA processing includes two main events, the
production of RNAs (transcription) and the production of pro-
teins (translation) (Figure 1.4).

Cells coordinate their catalytic and genetic functions to sup-
port cell growth. In the events that lead up to cell division, all
constituents in the cell double. This requires that a cell’s catalytic
machinery, its enzymes, supply energy and precursors for the
biosynthesis of all cell components, and that its entire comple-
ment of genes (its genome) replicates (Figure 1.4). The catalytic
and genetic functions of the cell must therefore be highly coordi-
nated. Also, as we will see later, these functions can be regulated
to ensure that new cell materials are made in the proper order
and concentrations and that the cell remains optimally tuned to
its surroundings.

MiniQuiz
* What does the term “growth” mean in microbiology?

* List the six major properties of cells. Which of these are universal
properties of all cells?

* Compare the catalytic and genetic functions of a microbial cell.
Why is neither of value to a cell without the other?

Spore
/

1.3 Microorganisms and
Their Environments

In nature, microbial cells live in populations in association with
populations of cells of other species. A population is a group of
cells derived from a single parental cell by successive cell divi-
sions. The immediate environment in which a microbial popula-
tion lives is called its habitat. Populations of cells interact with
other populations in microbial communities (Figure 1.5). The
diversity and abundance of microorganisms in microbial com-
munities is controlled by the resources (foods) and conditions
(temperature, pH, oxygen content, and so on) that prevail in their
habitat.

Microbial populations interact with each other in beneficial,
neutral, or harmful ways. For example, the metabolic waste
products of one group of organisms can be nutrients or even
poisons to other groups of organisms. Habitats differ markedly
in their characteristics, and a habitat that is favorable for the
growth of one organism may actually be harmful for another.
Collectively, we call all the living organisms, together with the
physical and chemical components of their environment, an
ecosystem. Major microbial ecosystems are aquatic (oceans,
ponds, lakes, streams, ice, hot springs), terrestrial (surface
soils, deep subsurface), and other organisms, such as plants
and animals.



Genetic Catalytic
function/ \mctions

DNA AP MM M Energy conservation:

ADP + P, mmmp ATP
Replicati/ &anscription

Metabolism: generation
of precursors of macro-
MUVDDDIDG ™™’ RNA
BTN AN AN

molecules (sugars, amino
acids, fatty acids, etc.)

Enzymes: metabolic catalysts

Translation

o DQQ g Proteins

C—Q C—Q Growih

Figure 1.4 The catalytic and genetic functions of the cell. For a cell
to reproduce itself there must be energy and precursors for the synthesis
of new macromolecules, the genetic instructions must be replicated such
that upon division each cell receives a copy, and genes must be
expressed (transcribed and translated) to produce proteins and other
macromolecules. Replication, transcription, and translation are the key
molecular processes in cells.

An ecosystem is greatly influenced and in some cases even
controlled by microbial activities. Microorganisms carrying out
metabolic processes remove nutrients from the ecosystem and
use them to build new cells. At the same time, they excrete
waste products back into the environment. Thus, microbial
ecosystems expand and contract, depending on the resources
and conditions available. Over time, the metabolic activities of
microorganisms gradually change their ecosystems, both chem-
ically and physically. For example, molecular oxygen (O,) is a
vital nutrient for some microorganisms but a poison to others.
If aerobic (oxygen-consuming) microorganisms remove O,
from a habitat, rendering it anoxic (O, free), the changed condi-
tions may favor the growth of anaerobic microorganisms that
were formerly present in the habitat but unable to grow. In
other words, as resources and conditions change in a microbial
habitat, cell populations rise and fall, changing the habitat once
again.

In later chapters, after we have learned about microbial struc-
ture and function, genetics, evolution, and diversity, we will
return to a consideration of the ways in which microorganisms
affect animals, plants, and the whole global ecosystem. This is the
study of microbial ecology, perhaps the most exciting subdisci-
pline of microbiology today.
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Figu're 1.5 Microbial communities. (a) A bacterial community that
developed in the depths of a small lake (Wintergreen Lake, Michigan),
showing cells of various green and purple (large cells with sulfur gran-
ules) phototrophic bacteria. (b) A bacterial community in a sewage
sludge sample. The sample was stained with a series of dyes, each of
which stained a specific bacterial group. From Journal of Bacteriology
178: 3496-3500, Fig. 2b. © 1996 American Society for Microbiology.
(c) Purple sulfur bacteria like that shown in part a (see also Figure 1.7a)
that formed a dense bloom in a small Spanish lake.

MiniQuiz
* How does a microbial community differ from a microbial
population?

* What is a habitat? How can microorganisms change the
characteristics of their habitats?

1.4 Evolution and the Extent
of Microbial Life

Microorganisms were the first entities on Earth with the proper-
ties of living systems (Figure 1.3), and we will see that a particular
group of microorganisms called the cyanobacteria were pivotal
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Figure 1.6 A summary of life on Earth through time and origin of
the cellular domains. (a) Cellular life was present on Earth about 3.8 bil-
lion years ago (bya). Cyanobacteria began the slow oxygenation of Earth
about 3 bya, but current levels of O, in the atmosphere were not achieved
until 500-800 million years ago. Eukaryotes are nucleated cells and
include both microbial and multicellular organisms. (Shelly invertebrates
have shells or shell-like parts.) (b) The three domains of cellular organ-
isms are Bacteria, Archaea, and Eukarya. The latter two lineages diverged
long before nucleated cells with organelles (labeled as “modern eukary-
otes” in part a) appear in the fossil record. LUCA, last universal common
ancestor. Note that 80% of Earth’s history was exclusively microbial.

in biological evolution because oxygen (O,)—a waste product of
their metabolism—prepared planet Earth for more complex life
forms.

The First Cells and the Onset

of Biological Evolution

How did cells originate? Were cells as we know them today the
first self-replicating structures on Earth? Because all cells are
constructed in similar ways, it is thought that all cells have
descended from a common ancestral cell, the last universal com-
mon ancestor (LUCA). After the first cells arose from nonliving

materials, a process that occurred over hundreds of millions of
years, their subsequent growth formed cell populations, and
these then began to interact with other populations in microbial
communities. Evolution selected for improvements and diversifi-
cation of these early cells to eventually yield the highly complex
and diverse cells we see today. We will consider this complexity
and diversity in Chapters 2 and 17-21. We consider the topic of
how life originated from nonliving materials in Chapter 16.

Life on Earth through the Ages

Earth is 4.6 billion years old. Scientists have evidence that cells
first appeared on Earth between 3.8 and 3.9 billion years ago,
and these organisms were exclusively microbial. In fact,
microorganisms were the only life on Earth for most of its his-
tory (Figure 1.6). Gradually, and over enormous periods of time,
more complex organisms appeared. What were some of the
highlights along the way?

During the first 2 billion years or so of Earth’s existence, its
atmosphere was anoxic; O, was absent, and nitrogen (N,), carbon
dioxide (CO,), and a few other gases were present. Only microor-
ganisms capable of anaerobic metabolisms could survive under
these conditions, but these included many different types of cells,
including those that produce methane, called methanogens. The
evolution of phototrophic microorganisms—organisms that har-
vest energy from sunlight—occurred within a billion years of the
formation of Earth. The first phototrophs were relatively simple
ones, such as purple bacteria and other anoxygenic (non-oxygen-
evolving) phototrophs (Figure 1.74; see also Figure 1.5), which are
still widespread in anoxic habitats today. Cyanobacteria (oxygenic,
or oxygen-evolving, phototrophs) (Figure 1.7b) evolved from
anoxygenic phototrophs nearly a billion years later and began the
slow process of oxygenating the atmosphere. Triggered by in-
creases in O, in the atmosphere, multicellular life forms eventu-
ally evolved and continued to increase in complexity, culminating
in the plants and animals we know today (Figure 1.6). We will
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Figul‘e 1.7 Phototrophic microorganisms. (a) Purple sulfur bacteria
(anoxygenic phototrophs). (b) Cyanobacteria (oxygenic phototrophs).
Purple bacteria appeared on Earth long before oxygenic phototrophs
evolved (see Figure 1.6a).



explore the evolutionary history of life later, but note here that the
events that unfolded beyond LUCA led to the evolution of three
major lineages of microbial cells, the Bacteria, the Archaea, and
the Eukarya (Figure 1.6b); microbial Eukarya were the ancestors
of the plants and animals.

How do we know that evolutionary events unfolded as sum-
marized in Figure 1.6? The answer is that we may never know
that all details in our description are correct. However, scientists
can reconstruct evolutionary transitions by using biomarkers,
specific molecules that are unique to particular groups in pres-
ent-day microorganisms. The presence or absence of a given bio-
marker in ancient rocks of a known age therefore reveals whether
that particular group was present at that time.

One way or the other and over enormous periods of time
(Figure 1.6), natural selection filled every suitable habitat on
Earth with one or more populations of microorganisms. This
brings us to the question of the current distribution of microbial
life on Earth. What do we know about this important topic?

The Extent of Microbial Life

Microbial life is all around us. Examination of natural materials
such as soil or water invariably reveals microbial cells. But
unusual habitats such as boiling hot springs and glacial ice are
also teeming with microorganisms. Although widespread on
Earth, such tiny cells may seem inconsequential. But if we could
count them all, what number would we reach?

Estimates of total microbial cell numbers on Earth are on the
order of 2.5 X 10% cells. The total amount of carbon present in
this very large number of very small cells equals that of all plants
on Earth (and plant carbon far exceeds animal carbon). But in
addition, the collective contents of nitrogen and phosphorus in
microbial cells is more than 10 times that in all plant biomass.

Thus, microbial cells, small as they are, constitute the major
fraction of biomass on Earth and are key reservoirs of essential
nutrients for life. Most microbial cells are found in just a few very
large habitats. For example, most microbial cells do not reside on
Earth’s surface but instead lie underground in the oceanic and
terrestrial subsurface (Table 1.1). Depths up to about 10 km under
Earth’s surface are clearly suitable for microbial life. We will see
later that subsurface microbial habitats support diverse popula-
tions of microbial cells that make their livings in unusual ways
and grow extremely slowly. By comparison to the subsurface, sur-
face soils and waters contain a relatively small percentage of the
total microbial cell numbers, and animals (including humans),
which can be heavily colonized with microorganisms (see Figure
1.10), collectively contain only a tiny fraction of the total micro-
bial cells on Earth (Table 1.1).

Because most of what we know about microbial life has come
from the study of surface-dwelling organisms, there is obviously
much left for future generations of microbiologists to discover
and understand about the life forms that dominate Earth’s biol-
ogy. And when we consider the fact that surface-dwelling orga-
nisms already show enormous diversity, the hunt for new
microorganisms in Earth’s unexplored habitats should yield some
exciting surprises.
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Table 1.1 Distribution of microorganisms in and on Earth?

Habitat Percent of total
Marine subsurface 66
Terrestrial subsurface 26
Surface soil 4.8
Oceans 2.2
Al other habitats® 1.0

@Data compiled by William Whitman, University of Georgia, USA,; refer to total numbers
(estimated to be about 2.5 X 10°° cells) of Bacteria and Archaea. This enormous
number of cells contain, collectively, about 5 X 10" grams of carbon.

PIncludes, in order of decreasing numbers: freshwater and salt lakes, domesticated
animals, sea ice, termites, humans, and domesticated birds.

MiniQuiz ™~
* What is LUCA and what major lineages of cells evolved from

LUCA? Why were cyanobacteria so important in the evolution of
life on Earth?

* How old is Earth, and when did cellular life forms first appear?
How can we use science to reconstruct the sequence of
organisms that appeared on Earth?

* Where are most microbial cells located on Earth? /

1.5 The Impact of Microorganisms
on Humans

Through the years microbiologists have had great success in dis-
covering how microorganisms work, and application of this
knowledge has greatly increased the beneficial effects of
microorganisms and curtailed many of their harmful effects.
Microbiology has thus greatly advanced human health and wel-
fare. Besides understanding microorganisms as agents of disease,
microbiology has made great advances in understanding the role
of microorganisms in food and agriculture, and in exploiting
microbial activities for producing valuable human products, gen-
erating energy, and cleaning up the environment.

Microorganisms as Agents of Disease

The statistics summarized in Figure 1.8 show microbiologists’
success in preventing infectious diseases since the beginning of
the twentieth century. These data compare today’s leading causes
of death in the United States with those of 100 years ago. At the
beginning of the twentieth century, the major causes of death in
humans were infectious diseases caused by microorganisms
called pathogens. Children and the aged in particular suc-
cumbed in large numbers to microbial diseases. Today, however,
infectious diseases are much less deadly, at least in developed
countries. Control of infectious disease has come from an
increased understanding of disease processes, improved sanitary
and public health practices, and the use of antimicrobial agents,
such as antibiotics. As we will see from the next sections, the
development of microbiology as a science can trace important
aspects of its roots to studies of infectious disease.
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Figu're 1.8 Death rates for the leading causes of death in the United States: 1900 and today.
Infectious diseases were the leading causes of death in 1900, whereas today they account for relatively few
deaths. Kidney diseases can be the result of microbial infections or systemic sources (diabetes, certain
cancers, toxicities, metabolic diseases, etc.). Data are from the United States National Center for Health
Statistics and the Centers for Disease Control and Prevention and are typical of recent years.

Although many infectious diseases can now be controlled,
microorganisms can still be a major threat, particularly in devel-
oping countries. In the latter, microbial diseases are still the
major causes of death, and millions still die yearly from other
microbial diseases such as malaria, tuberculosis, cholera, African
sleeping sickness, measles, pneumonia and other respiratory dis-
eases, and diarrheal syndromes. In addition to these, humans
worldwide are under threat from diseases that could emerge sud-
denly, such as bird or swine flu, or Ebola hemorrhagic fever,
which are primarily animal diseases that under certain circum-
stances can be transmitted to humans and spread quickly
through a population. And if this were not enough, consider the
threat to humans worldwide from those who would deploy
microbial bioterrorism agents! Clearly, microorganisms are still
serious health threats to humans in all parts of the world.

Although we should obviously appreciate the powerful threat
posed by pathogenic microorganisms, in reality, most microor-
ganisms are not harmful to humans. In fact, most microorga-
nisms cause no harm but instead are beneficial—and in many
cases even essential—to human welfare and the functioning of
the planet. We turn our attention to these microorganisms now.

Microorganisms, Digestive Processes,

and Agriculture

Agriculture benefits from the cycling of nutrients by microorga-
nisms. For example, a number of major crop plants are legumes.
Legumes live in close association with bacteria that form struc-
tures called nodules on their roots. In the root nodules, these
bacteria convert atmospheric nitrogen (N,) into ammonia (NHjz)
that the plants use as a nitrogen source for growth (Figure 1.9).

Thanks to the activities of these nitrogen-fixing bacteria, the
legumes have no need for costly and polluting nitrogen fertiliz-
ers. Other bacteria cycle sulfur compounds, oxidizing toxic sul-
fur species such as hydrogen sulfide (H,S) into sulfate (SO4%),
which is an essential plant nutrient (Figure 1.9¢).

Also of major agricultural importance are the microorgan-
isms that inhabit ruminant animals, such as cattle and sheep.
These important domesticated animals have a characteristic
digestive vessel called the rumen in which large populations of
microorganisms digest and ferment cellulose, the major com-
ponent of plant cell walls, at neutral pH (Figure 1.94). Without
these symbiotic microorganisms, cattle and sheep could not
thrive on cellulose-rich (but otherwise nutrient-poor) food,
such as grass and hay. Many domesticated and wild herbivorous
mammals—including deer, bison, camels, giraffes, and goats—
are also ruminants.

The ruminant digestive system contrasts sharply with that of
humans and most other animals. In humans, food enters a highly
acidic stomach where major digestive processes are chemical
rather than microbial. In the human digestive tract, large micro-
bial populations occur only in the colon (large intestine), a struc-
ture that comes after the stomach and small intestine and which
lacks significant numbers of cellulose-degrading bacteria. How-
ever, other parts of the human body can be loaded with bacteria.
In addition to the large intestine, the skin and oral cavity (Figure
1.10) contain a significant normal microbial flora, most of which
benefits the host or at least does no harm.

In addition to benefiting plants and animals, microorganisms
can also, of course, have negative effects on them. Microbial dis-
eases of plants and animals used for human food cause major
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Figure 1.9 Microorganisms in modern agriculture. (a, b) Root nodules on this soybean plant contain
bacteria that fix molecular nitrogen (N») for use by the plant. (c) The nitrogen and sulfur cycles, key nutrient
cycles in nature. (d) Ruminant animals. Microorganisms in the rumen of the cow convert cellulose from

grass into fatty acids that can be used by the animal.

economic losses in the agricultural industry every year. In some
cases a food product can cause serious human disease, such as
when pathogenic Escherichia coli or Salmonella is transmitted
from infected meat, or when microbial pathogens are ingested
with contaminated fresh fruits and vegetables. Thus microorga-
nisms significantly impact the agriculture industry both positively
and negatively.

Microorganisms and Food, Energy,

and the Environment

Microorganisms play important roles in the food industry,
including in the areas of spoilage, safety, and production. After
plants and animals are produced for human consumption, the
products must be delivered to consumers in a wholesome form.
Food spoilage alone results in huge economic losses each year.
Indeed, the canning, frozen food, and dried-food industries were
founded as means to preserve foods that would otherwise easily
undergo microbial spoilage. Food safety requires constant moni-
toring of food products to ensure they are free of pathogenic
microorganisms and to track disease outbreaks to identify the
source(s).

However, not all microorganisms in foods have harmful effects
on food products or those who eat them. For example, many
dairy products depend on the activities of microorganisms,
including the fermentations that yield cheeses, yogurt, and but-
termilk. Sauerkraut, pickles, and some sausages are also products
of microbial fermentations. Moreover, baked goods and alcoholic

beverages rely on the fermentative activities of yeast, which gen-
erate carbon dioxide (CO,) to raise the dough and alcohol as a
key ingredient, respectively. Many of these fermentations are dis-
cussed in Chapter 14.

Figu‘re 1.10 Human oral bacterial community. The oral cavity of
warm-blooded animals contains high numbers of various bacteria, as
shown in this electron micrograph (false color) of cells scraped from a
human tongue.
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Figure 1.11 Biofuels. (a) Natural gas (methane) is collected in a funnel from swamp sediments where it
was produced by methanogens and then ignited as a demonstration experiment. (b) An ethanol plant in the
United States. Sugars obtained from corn or other crops are fermented to ethanol for use as a motor fuel

extender.

Some microorganisms produce biofuels. Natural gas (methane)
is a product of the anaerobic degradation of organic matter
by methanogenic microorganisms (Figure 1.11). Ethyl alcohol
(ethanol), which is produced by the microbial fermentation of
glucose from feedstocks such as sugarcane or cornstarch, is a
major motor fuel in some countries (Figure 1.115). Waste materi-
als such as domestic refuse, animal wastes, and cellulose can also
be converted to biofuels by microbial activities and are more effi-
cient feedstocks for ethanol production than is corn. Soybeans
are also used as biofuel feedstocks, as soybean oils can be con-
verted into biodiesel to fuel diesel engines. As global oil produc-
tion is waning, it is likely that various biofuels will take on a
greater and greater part of the global energy picture.

Microorganisms are used to clean up human pollution, a
process called microbial bioremediation, and to produce com-
mercially valuable products by industrial microbiology and
biotechnology. For example, microorganisms can be used to con-
sume spilled oil, solvents, pesticides, and other environmentally
toxic pollutants. Bioremediation accelerates cleanup in either of
two ways: (1) by introducing specific microorganisms to a pol-
luted environment, or (2) by adding nutrients that stimulate pre-
existing microorganisms to degrade the pollutants. In both cases
the goal is to accelerate metabolism of the pollutant.

In industrial microbiology, microorganisms are grown on a
large scale to make products of relatively low commercial value,
such as antibiotics, enzymes, and various chemicals. By contrast,
the related field of biotechnology employs genetically engineered
microorganisms to synthesize products of high commercial
value, such as human proteins. Genomics is the science of the
identification and analysis of genomes and has greatly enhanced

biotechnology. Using genomic methods, biotechnologists can
access the genome of virtually any organism and search in it for
genes encoding proteins of commercial interest.

At this point the influence of microorganisms on humans
should be apparent. Microorganisms are essential for life and
their activities can cause significant benefit or harm to humans.
As the eminent French scientist Louis Pasteur, one of the
founders of microbiology, expressed it: “The role of the infi-
nitely small in nature is infinitely large” We continue our intro-
duction to the microbial world in the next section with an
historical overview of the contributions of Pasteur and a few
other key scientists.

MiniQuiz

* List two ways in which microorganisms are important in the food
and agricultural industries.

* Which biofuel is widely used in many countries as a motor fuel?

* What is biotechnology and how might it improve the lives of
humans?

) Pathways of Discovery
in Microbiology

he future of any science is rooted in its past accomplishments.
Although microbiology claims very early roots, the science
did not really develop in a systematic way until the nineteenth
century. Since that time, microbiology has expanded in a way
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Table 1.2 Giants of the early days of microbiology and their major contributions

Investigator Nationality Dates?® Contributions

Robert Hooke English 1664 Discovery of microorganisms (fungi)

Antoni van Leeuwenhoek Dutch 1684 Discovery of bacteria

Edward Jenner English 1798 Vaccination (smallpox)

Louis Pasteur French Mid- to late 1800s Mechanism of fermentation, defeat of spontaneous generation, rabies and other
vaccines, principles of immunization

Joseph Lister English 1867 Methods for preventing infections during surgeries

Ferdinand Cohn German 1876 Discovery of endospores

Robert Koch German Late 1800s Koch’s postulates, pure culture microbiology, discovery of agents of
tuberculosis and cholera

Sergei Winogradsky Russian Late 1800s to mid-1900s Chemolithotrophy and chemoautotrophy, nitrogen fixation, sulfur bacteria

Martinus Beijerinck Dutch Late 1800s to 1920 Enrichment culture technique, discovery of many metabolic groups of bacteria,

concept of a virus

aThe year in which the key paper describing the contribution was published, or the date range in which the investigator was most

scientifically active.

unprecedented by any of the other biological sciences and has
spawned several new but related fields. We retrace these path-
ways of discovery now and discuss a few of the major contribu-
tors (Table 1.2).

1.6 The Historical Roots of Microbiology:
Hooke, van Leeuwenhoek, and Cohn

Although the existence of creatures too small to be seen with the
naked eye had long been suspected, their discovery was linked to
the invention of the microscope. Robert Hooke (1635-1703), an
English mathematician and natural historian, was also an excel-
lent microscopist. In his famous book Micrographia (1665), the
first book devoted to microscopic observations, Hooke illus-
trated, among many other things, the fruiting structures of molds
(Figure 1.12). This was the first known description of microor-
ganisms. The first person to see bacteria was the Dutch draper
and amateur microscope builder Antoni van Leeuwenhoek
(1632-1723). In 1684, van Leeuwenhoek, who was well aware of
the work of Hooke, used extremely simple microscopes of his
own construction (Figure 1.13) to examine the microbial content
of natural substances.

Van Leeuwenhoek’s microscopes were crude by today’s stan-
dards, but by careful manipulation and focusing he was able to
see bacteria, microorganisms considerably smaller than molds
(molds are fungi). He discovered bacteria in 1676 while studying
pepper—water infusions. He reported his observations in a series
of letters to the prestigious Royal Society of London, which pub-
lished them in 1684 in English translation. Drawings of some of
van Leeuwenhoek’s “wee animalcules,” as he referred to them, are
shown in Figure 1.13b, and a photo taken through such a micro-
scope is shown in Figure 1.13c.

As years went by, van Leeuwenhoek’s observations were con-
firmed by many others. However, primarily because of the lack of
experimental tools, little progress in understanding the nature
and importance of the tiny creatures was made for almost 150

years. Only in the nineteenth century did improved microscopes
and some simple tools for growing microoorganisms in the labo-
ratory become available, and using these, the extent and nature of
microbial life became more apparent.

In the mid- to late nineteenth century major advances in the
science of microbiology were made because of the attention given
to two major questions that pervaded biology and medicine at the
time: (1) Does spontaneous generation occur? and (2) What is the
nature of infectious disease? Answers to these seminal questions
emerged from the work of two giants in the fledgling field of
microbiology: the French chemist Louis Pasteur and the German
physician Robert Koch. But before we explore their work, let us
briefly consider the groundbreaking efforts of a German botanist,
Ferdinand Cohn, a contemporary of Pasteur and Koch, and the
founder of the field we now call bacteriology.

Ferdinand Cohn (1828-1898) was born in Breslau (now in
Poland). He was trained as a botanist and became an excellent
microscopist. His interests in microscopy led him to the study of
unicellular algae and later to bacteria, including the large sulfur
bacterium Beggiatoa (Figure 1.14). Cohn was particularly inter-
ested in heat resistance in bacteria, which led to his discovery
that some bacteria form endospores. We now know that bacterial
endospores are formed by differentiation from the mother (vege-
tative) cell (Figure 1.3) and that endospores are extremely heat-
resistant. Cohn described the life cycle of the endospore-forming
bacterium Bacillus (vegetative cell = endospore — vegetative
cell) and showed that vegetative cells but not endospores were
killed by boiling.

Cohn is credited with many other accomplishments. He laid
the groundwork for a system of bacterial classification, includ-
ing an early attempt to define a bacterial species, an issue still
unresolved today, and founded a major scientific journal of
plant and microbial biology. He strongly advocated use of the
techniques and research of Robert Koch, the first medical
microbiologist. Cohn devised simple but effective methods for
preventing the contamination of culture media, such as the use
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Figure 1.12 Robert Hooke and early microscopy. (a) A drawing of the
microscope used by Robert Hooke in 1664. The lens was fitted at the end
of an adjustable bellows (G) and light focused on the specimen by a sep-
arate lens (1). (b) This drawing of a mold that was growing on the surface
of leather, together with other drawings and accompanying text published
by Robert Hooke in Micrographia in 1665, were the first descriptions of
microorganisms. The round structures contain spores of the mold.
Compare Hooke's microscope with that of van Leeuwenhoek’s shown in
Figure 1.13.

of cotton for closing flasks and tubes. These methods were later
used by Koch and allowed him to make rapid progress in the
isolation and characterization of several disease-causing bacte-
ria (Section 1.8).

MiniQuiz
* What prevented the science of microbiology from developing
before the era of Hooke and van Leeuwenhoek?

* What major discovery emerged from Cohn’s study of heat resis-
tance in microorganisms?

1.7 Pasteur and the Defeat of
Spontaneous Generation

The late nineteenth century saw the science of microbiology
blossom. The theory of spontaneous generation was crushed by
the brilliant work of the Frenchman Louis Pasteur (1822-1895).

Optical Isomers and Fermentations
Pasteur was a chemist by training and was one of the first to rec-
ognize the significance of optical isomers. A molecule is optically
active if a pure solution or crystal diffracts light in only one direc-
tion. Pasteur studied crystals of tartaric acid that he separated by
hand into those that bent a beam of polarized light to the left and
those that bent the beam to the right (Figure 1.15). Pasteur found
that the mold Aspergillus metabolized D-tartrate, which bent light
to the right, but did not metabolize its optical isomer, L-tartrate.
The fact that a living organism could discriminate between opti-
cal isomers was of profound significance to Pasteur, and he began
to see living organisms as inherently asymmetric entities.
Pasteur’s thinking on the asymmetry of life carried over into
his work on fermentations and, eventually, spontaneous genera-
tion. At the invitation of a local industrialist who was having
problems making alcohol from the fermentation of beets, Pasteur
studied the mechanism of the alcoholic fermentation, at that
time thought to be a strictly chemical process. The yeast cells in
the fermenting broth were thought to be a complex chemical
substance formed by the fermentation. Although ethyl alcohol
does not form optical isomers, one of the side products of beet
fermentation is amyl alcohol, which does, and Pasteur tested the
fermenting juice and found the amyl alcohol to be of only one
optical isomer. From his work on tartrate metabolism this sug-
gested to Pasteur that the beet fermentation was a biological
process. Microscopic observations and other simple but rigorous
experiments convinced Pasteur that the alcoholic fermentation
was catalyzed by living organisms, the yeast cells. Indeed, in
Pasteur’s own words: “ . . fermentation is associated with the life
and structural integrity of the cells and not with their death and
decay” From this foundation, Pasteur began a series of classic
experiments on spontaneous generation, experiments that are
forever linked to his name and to the science of microbiology.

Spontaneous Generation
The concept of spontaneous generation had existed since bibli-
cal times and its basic tenet can be easily grasped. For example, if



Figure 1.13 The van Leeuwenhoek microscope. (a) A

replica of Antoni van Leeuwenhoek’s microscope. (b) Van
Leeuwenhoek’s drawings of bacteria, published in 1684.

Even from these simple drawings we can recognize several
shapes of common bacteria: A, C, F, and G, rods; E, cocci;

H, packets of cocci. (c) Photomicrograph of a human blood
smear taken through a van Leeuwenhoek microscope. Red

blood cells are clearly apparent. (b)

food is allowed to stand for some time, it putrefies. When exam-
ined microscopically, the putrefied food is seen to be teeming
with bacteria and perhaps even maggots and worms. From where
do these organisms not apparent in the fresh food originate?
Some people said they developed from seeds or germs that
entered the food from air. Others said they arose spontaneously
from nonliving materials, that is, by spontaneous generation.
Who was right? Keen insight was necessary to solve this contro-
versy, and this was exactly the kind of problem that appealed to
Louis Pasteur.

Tuduln T. der Bedwiygio
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Figu're 1.14 Drawing by Ferdinand Cohn of large filamentous
sulfur-oxidizing bacteria Beggiatoa mirabilis. The small granules inside
the cells consist of elemental sulfur, produced from the oxidation of
hydrogen sulfide (HoS). Cohn was the first to identify the granules as
sulfur in 1866. A cell of B. mirabilis is about 15 wm in diameter. Compare
with Figure 1.22b. Beggiatoa moves on solid surfaces by a gliding mech-
anism and in so doing, cells often twist about one another.

T. D. Brock
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Pasteur became a powerful opponent of spontaneous genera-
tion. Following his discoveries about fermentation, Pasteur pre-
dicted that microorganisms observed in putrefying materials are
also present in air and that putrefaction resulted from the activi-
ties of microorganisms that entered from the air or that had been
present on the surfaces of the containers holding the decaying
materials. Pasteur further reasoned that if food were treated in
such a way as to destroy all living organisms contaminating it,
that is, if it were rendered sterile and then protected from
further contamination, it should not putrefy.

Figure 1.15 Louis Pasteur’s drawings of tartaric acid crystals from
his famous paper on optical activity. (a) Left-handed crystal (bends
light to the left). (b) Right-handed crystal (bends light to the right). Note
that the two crystals are mirror images of one another, a hallmark of
optical isomers.
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Figure 1.16 The defeat of spontaneous generation: Pasteur’s swan-
necked flask experiment. In (c) the liquid putrefies because microorgan-
isms enter with the dust.

Pasteur used heat to eliminate contaminants. Killing all the
bacteria or other microorganisms in or on objects is a process we
now call sterilization. Proponents of spontaneous generation
criticized such experiments by declaring that “fresh air” was nec-
essary for the phenomenon to occur. In 1864 Pasteur countered
this objection simply and brilliantly by constructing a swan-
necked flask, now called a Pasteur flask (Figure 1.16). In such a
flask nutrient solutions could be heated to boiling and sterilized.
However, after the flask was cooled, air was allowed to reenter,
but the bend in the neck prevented particulate matter (including
microorganisms) from entering the nutrient solution and causing
putrefaction.

The teeming microorganisms observed after particulate matter
was allowed to enter at the end of this simple experiment (Figure
1.16¢) effectively settled the controversy, and microbiology was
able to bury the idea of spontaneous generation for good and
move ahead on firm footing. Incidentally, Pasteur’s work also led
to the development of effective sterilization procedures that were
eventually refined and carried over into both basic and applied

microbiological research. Food science also owes a debt to
Pasteur, as his principles are applied today in the preservation of
milk and many other foods by heat treatment (pasteurization).
www.microbiologyplace.com Online Tutorial 1.1: Pasteur’s Experiment

Other Accomplishments of Louis Pasteur

Pasteur went on to many other triumphs in microbiology and
medicine. Some highlights include his development of vaccines
for the diseases anthrax, fowl cholera, and rabies during a very
scientifically productive period from 1880 to 1890. Pasteur’s
work on rabies was his most famous success, culminating in July
1885 with the first administration of a rabies vaccine to a human,
a young French boy named Joseph Meister who had been bitten
by a rabid dog. In those days, a bite from a rabid animal was
invariably fatal. News spread quickly of the success of Meister’s
vaccination, and of one administered shortly thereafter to a
young shepherd boy, Jean Baptiste Jupille (Figure 1.17). Within a

M.T. Madigan

(b)

Figure 1.17 Louis Pasteur and some symbols of his contributions to
microbiology. (a) A French 5-franc note honoring Pasteur. The shepherd
boy Jean Baptiste Jupille is shown killing a rabid dog that had attacked
children. Pasteur’s rabies vaccine saved Jupille’s life. In France, the franc
preceded the euro as a currency. (b) The Pasteur Institute, Paris, France.
Today this structure, built for Pasteur by the French government, houses a
museum that displays some of the original swan-necked flasks used in
his experiments.


www.microbiologyplace.com

year several thousand people bitten by rabid animals had traveled
to Paris to be treated with Pasteur’s rabies vaccine.

Pasteur’s fame from his rabies research was legendary and led
the French government to establish the Pasteur Institute in Paris
in 1888 (Figure 1.17b). Originally established as a clinical center
for the treatment of rabies and other contagious diseases, the Pas-
teur Institute today is a major biomedical research center focused
on antiserum and vaccine research and production. The medical
and veterinary breakthroughs of Pasteur were not only highly sig-
nificant in their own right but helped solidify the concept of the
germ theory of disease, whose principles were being developed at
about the same time by a second giant of this era, Robert Koch.

MiniQuiz
* Define the term sterile. How did Pasteur’s experiments using
swan-necked flasks defeat the theory of spontaneous generation?

* Besides ending the controversy over spontaneous generation,
what other accomplishments do we credit to Pasteur?

1.8 Koch, Infectious Disease, and Pure
Culture Microbiology

Proof that some microorganisms cause disease provided the
greatest impetus for the development of microbiology as an inde-
pendent biological science. Even as early as the sixteenth century
it was thought that something that induced disease could be
transmitted from a diseased person to a healthy person. After the
discovery of microorganisms, it was widely believed that they
were responsible, but definitive proof was lacking. Improvements
in sanitation by Ignaz Semmelweis and Joseph Lister provided
indirect evidence for the importance of microorganisms in caus-
ing human diseases, but it was not until the work of a German
physician, Robert Koch (1843-1910) (Figure 1.18), that the con-
cept of infectious disease was given experimental support.

The Germ Theory of Disease and Koch’s Postulates
In his early work Koch studied anthrax, a disease of cattle and occa-
sionally of humans. Anthrax is caused by an endospore-forming
bacterium called Bacillus anthracis. By careful microscopy and by
using special stains, Koch established that the bacteria were always
present in the blood of an animal that was succumbing to the dis-
ease. However, Koch reasoned that the mere association of the
bacterium with the disease was not proof of cause and effect. He
sensed an opportunity to study cause and effect experimentally
using anthrax. The results of this study formed the standard by
which infectious diseases have been studied ever since.

Koch used mice as experimental animals. Using appropriate
controls, Koch demonstrated that when a small amount of blood
from a diseased mouse was injected into a healthy mouse, the lat-
ter quickly developed anthrax. He took blood from this second
animal, injected it into another, and again observed the character-
istic disease symptoms. However, Koch carried this experiment a
critically important step further. He discovered that the anthrax
bacteria could be grown in nutrient fluids outside the host and
that even after many transfers in laboratory culture, the bacteria
still caused the disease when inoculated into a healthy animal.

CHAPTER 1 ¢ Microorganisms and Microbiology 15

Figure 1.18 Robert Koch. The German physician and microbiologist is
credited with founding medical microbiology and formulating his famous
postulates.

On the basis of these experiments and others on the causative
agent of tuberculosis, Koch formulated a set of rigorous criteria,
now known as Koch’s postulates, for definitively linking a spe-
cific microorganism to a specific disease. Koch’s postulates state
the following:

1. The disease-causing organism must always be present in ani-
mals suffering from the disease but not in healthy animals.

2. The organism must be cultivated in a pure culture away from
the animal body.

3. The isolated organism must cause the disease when inoculated
into healthy susceptible animals.

4. The organism must be isolated from the newly infected ani-
mals and cultured again in the laboratory, after which it should
be seen to be the same as the original organism.

Koch’s postulates, summarized in Figure 1.19, were a monu-
mental step forward in the study of infectious diseases. The pos-
tulates not only offered a means for linking the cause and effect of
an infectious disease, but also stressed the importance of
laboratory culture of the putative infectious agent. With these
postulates as a guide, Koch, his students, and those that followed
them discovered the causative agents of most of the important
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Figure 1.19 Koch’s postulates for proving cause and effect in infectious diseases. Note that following
isolation of a pure culture of the suspected pathogen, the cultured organism must both initiate the disease
and be recovered from the diseased animal. Establishing the correct conditions for growing the pathogen is

essential; otherwise it will be missed.

infectious diseases of humans and domestic animals. These dis-
coveries led to the development of successful treatments for the
prevention and cure of many of these diseases, thereby greatly
improving the scientific basis of clinical medicine and human
health and welfare (Figure 1.8).

Koch and Pure Cultures

To satisfy the second of Koch’s postulates, the suspected
pathogen must be isolated and grown away from other microor-
ganisms in laboratory culture; in microbiology we say that such a
culture is pure. The importance of this was not lost on Robert
Koch in formulating his famous postulates, and to accomplish
this goal, he and his associates developed several simple but
ingenious methods of obtaining and growing bacteria in pure
culture.

Koch started by using solid nutrients such as a potato slice to
culture bacteria, but quickly developed more reliable methods,
many of which are still in use today. Koch observed that when a
solid surface was incubated in air, bacterial colonies developed,
each having a characteristic shape and color. He inferred that
each colony had arisen from a single bacterial cell that had fallen
on the surface, found suitable nutrients, and multiplied. Each
colony was a population of identical cells, or in other words, a
pure culture, and Koch quickly realized that solid media provided
an easy way to obtain pure cultures. However, because not all
organisms grow on potato slices, Koch devised more exacting
and reproducible nutrient solutions solidified with gelatin and,
later, with agar—laboratory techniques that remain with us to
this day (see the Microbial Sidebar, “Solid Media, Pure Cultures,
and the Birth of Microbial Systematics”).
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Solid Media, Pure Cultures, and the
Birth of Microbial Systematics

Robert Koch was the first to grow bacteria
on solid culture media. Koch’s early use
of potato slices as solid media was fraught
with problems. Besides the problem that not
all bacteria can grow on potatoes, the slices
were frequently overgrown with molds. Koch
thus needed a more reliable and repro-
ducible means of growing bacteria on solid
media, and he found the answer for solidify-
ing his nutrient solutions in agar.

Koch initially employed gelatin as a solidi-
fying agent for the various nutrient fluids he
used to culture bacteria, and he kept hori-
zontal slabs of solid gelatin free of contami-
nation under a bell jar or in a glass box (see
Figure 1.20c). Nutrient-supplemented gelatin
was a good culture medium for the isolation
and study of various bacteria, but it had sev-
eral drawbacks, the most important of which
was that it did not remain solid at 37°C, the
optimum temperature for growth of most
human pathogens. Thus, a different solidify-
ing agent was needed.

Agar is a polysaccharide derived from red
algae. It was widely used in the nineteenth
century as a gelling agent. Walter Hesse, an
associate of Koch, first used agar as a solidi-
fying agent for bacteriological culture media
(Figure 1). The actual suggestion that agar
be used instead of gelatin was made by
Hesse's wife, Fannie. She had used agar to
solidify fruit jellies. When it was tried as a
solidifying agent for microbial media, its
superior gelling qualities were immediately
evident. Hesse wrote to Koch about this dis-
covery, and Koch quickly adapted agar to his
own studies, including his classic studies on
the isolation of the bacterium Mycobacterium
tuberculosis, the cause of the disease tuber-
culosis (see text and Figure 1.20).

Agar has many other properties that make
it desirable as a gelling agent for microbial
culture media. In particular, agar remains
solid at 37°C and, after melting during the
sterilization process, remains liquid to about
45°C, at which time it can be poured into
sterile vessels. In addition, unlike gelatin,

Figure 1 A hand-colored photograph taken by Walter
Hesse of colonies formed on agar. The colonies include
those of molds and bacteria obtained during Hesse's studies
of the microbial content of air in Berlin, Germany, in 1882.
From Hesse, W. 1884. “Ueber quantitative Bestimmung der

Paul V. Dunlap

Figure 2 Photo of a Petri
dish containing colonies of
marine bacteria. Each colony
contains millions of bacterial
cells descended from a single

in der Luft enthaltenen Mikroorganismen,” in Struck, H. (ed.), cell.
Mittheilungen aus dem Kaiserlichen Gesundheitsamte.

August Hirschwald.

agar is not degraded by most bacteria and
typically yields a transparent medium, mak-
ing it easier to differentiate bacterial colonies
from inanimate particulate matter. For these
reasons, agar found its place early in the
annals of microbiology and is still used today
for obtaining and maintaining pure cultures.

In 1887 Richard Petri, a German bacteriol-
ogist, published a brief paper describing a
modification of Koch'’s flat plate technique
(Figure 1.20c). Petri’s enhancement, which
turned out to be amazingly useful, was the
development of the transparent double-sided
dishes that bear his name (Figure 2). The
advantages of Petri dishes were immediately
apparent. They could easily be stacked and
sterilized separately from the medium, and,
following the addition of molten culture
medium to the smaller of the two dishes, the
larger dish could be used as a cover to pre-
vent contamination. Colonies that formed on
the surface of the agar in the Petri dish
retained access to air without direct exposure
to air and could easily be manipulated for
further study. The original idea of Petri has
not been improved on to this day, and the
Petri dish, constructed of either glass or
plastic, is a mainstay of the microbiology
laboratory.

Koch quickly grasped the significance of
pure cultures and was keenly aware of the
implications his pure culture methods had for
classifying microorganisms. He observed
that colonies that differed in color, morphol-
ogy, size, and the like (see Figure 2) bred
true and could be distinguished from one
another. Cells from different colonies typically
differed in size and shape and often in their
temperature or nutrient requirements as well.
Koch realized that these differences among
microorganisms met all the requirements that
biological taxonomists had established for
the classification of larger organisms, such
as plant and animal species. In Koch’s own
words (translated from the German): “All bac-
teria which maintain the characteristics which
differentiate one from another when they are
cultured on the same medium and under the
same conditions, should be designated as
species, varieties, forms, or other suitable
designation.” Such insightful thinking was
important for the rapid acceptance of micro-
biology as a new biological science, rooted
as biology was in classification at the time of
Koch. It has since had a profound impact on
the diagnosis of infectious diseases and the
field of microbial diversity.

17
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Figure 1.20 Robert Koch’s drawings of Mycobacterium tuberculosis.
(a) Section through infected lung tissue showing cells of M. tuberculosis
(blue). (b) M. tuberculosis cells in a sputum sample from a tubercular
patient. (c) Growth of M. tuberculosis on a glass plate of coagulated blood
serum stored inside a glass box to prevent contamination. (d) M. tubercu-
losis cells taken from the plate in part ¢ and observed microscopically;
cells appear as long cordlike forms. Original drawings from Koch, R. 1884.
“Die Aetiologie der Tuberkulose.” Mittheilungen aus dem Kaiserlichen
Gesundheitsamte 2:1-88.

Tuberculosis: The Ultimate Test

of Koch’s Postulates

Koch’s crowning accomplishment in medical bacteriology was
his discovery of the causative agent of tuberculosis. At the time
Koch began this work (1881), one-seventh of all reported human
deaths were caused by tuberculosis (Figure 1.8). There was a
strong suspicion that tuberculosis was a contagious disease, but
the suspected agent had never been seen, either in diseased tis-
sues or in culture. Koch was determined to demonstrate the
cause of tuberculosis, and to this end he brought together all of
the methods he had so carefully developed in his previous studies
with anthrax: microscopy, staining, pure culture isolation, and an
animal model system.

As is now well known, the bacterium that causes tuberculosis,
Mycobacterium tuberculosis, is very difficult to stain because of
the large amounts of a waxy lipid present in its cell wall. But Koch
devised a staining procedure for M. tuberculosis cells in tissue
samples; using this method, he observed blue, rod-shaped cells of
M. tuberculosis in tubercular tissues but not in healthy tissues
(Figure 1.20). However, from his previous work on anthrax, Koch
realized that he must culture this organism in order to prove that
it was the cause of tuberculosis.

Obtaining cultures of M. tuberculosis was not easy, but eventu-
ally Koch was successful in growing colonies of this organism on
a medium containing coagulated blood serum. Later he used
agar, which had just been introduced as a solidifying agent (see

the Microbial Sidebar). Under the best of conditions, M. tubercu-
losis grows slowly in culture, but Koch’s persistence and patience
eventually led to pure cultures of this organism from human and
animal sources.

From this point it was relatively easy for Koch to use his postu-
lates (Figure 1.19) to obtain definitive proof that the organism he
had isolated was the cause of the disease tuberculosis. Guinea
pigs can be readily infected with M. tuberculosis and eventually
succumb to systemic tuberculosis. Koch showed that diseased
guinea pigs contained masses of M. tuberculosis cells in their
lungs and that pure cultures obtained from such animals trans-
mitted the disease to uninfected animals. Thus, Koch success-
fully satisfied all four of his postulates, and the cause of
tuberculosis was understood. Koch announced his discovery of
the cause of tuberculosis in 1882 and published a paper on the
subject in 1884 in which his postulates are most clearly stated.
For his contributions on tuberculosis, Robert Koch was awarded
the 1905 Nobel Prize for Physiology or Medicine. Koch had many
other triumphs in medicine, including discovering the organism
responsible for the disease cholera and developing methods to
diagnose exposure to M. tuberculosis (the tuberculin test).

Koch’s Postulates Today

For human diseases in which an animal model is available, it is
relatively easy to use Koch’s postulates. In modern clinical medi-
cine, however, this is not always so easy. For instance, the
causative agents of several human diseases do not cause disease
in any known experimental animals. These include many of the
diseases associated with bacteria that live only within cells, such
as the rickettsias and chlamydias, and diseases caused by some
viruses and protozoan parasites. So for most of these diseases
cause and effect cannot be unequivocally proven. However, the
clinical and epidemiological (disease tracking) evidence for virtu-
ally every infectious disease of humans lends all but certain proof
of the specific cause of the disease. Thus, although Koch’s postu-
lates remain the “gold standard” in medical microbiology, it has
been impossible to satisfy all of his postulates for every human
infectious disease.

MiniQuiz
* How do Koch'’s postulates ensure that cause and effect of a
given disease are clearly differentiated?

* What advantages do solid media offer for the isolation of
microorganisms?

* What is a pure culture?

1.9 The Rise of Microbial Diversity

As microbiology moved into the twentieth century, its initial
focus on basic principles, methods, and medical aspects broad-
ened to include studies of the microbial diversity of soil and
water and the metabolic processes that organisms in these habi-
tats carried out. Two giants of this era included the Dutchman
Martinus Beijerinck and the Russian Sergei Winogradsky.



Martinus Beijerinck and the Enrichment

Culture Technique
Martinus Beijerinck (1851-1931), a professor at the Delft Poly-
technic School in Holland, was originally trained in botany, so he
began his career in microbiology studying plants. Beijerinck’s
greatest contribution to the field of microbiology was his clear
formulation of the enrichment culture technique. In enrich-
ment cultures microorganisms are isolated from natural samples
using highly selective techniques of adjusting nutrient and incu-
bation conditions to favor a particular metabolic group of orga-
nisms. Beijerinck’s skill with the enrichment method was readily
apparent when, following Winogradsky’s discovery of the process
of nitrogen fixation, he isolated the aerobic nitrogen-fixing bac-
terium Azotobacter from soil (Figure 1.21).

Using the enrichment culture technique, Beijerinck isolated the
first pure cultures of many soil and aquatic microorganisms,
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Figure 1.21 Martinus Beijerinck and Azotobacter. (a) A page from the
laboratory notebook of M. Beijerinck dated 31 December 1900 describing
the aerobic nitrogen-fixing bacterium Azotobacter chroococcum (name
circled in red). Compare Beijerinck’s drawings of pairs of A. chroococcum
cells with the photomicrograph of cells of Azotobacter in Figure 17.18a.
(b) A painting by M. Beijerinck’s sister, Henriétte Beijerinck, showing

cells of Azotobacter chroococcum. Beijerinck used such paintings to illus-
trate his lectures.
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Figure 1.22 Sulfur bacteria. The original drawings were made by
Sergei Winogradsky in the late 1880s and then copied and hand-colored
by his wife Heléne. (a) Purple sulfur phototrophic bacteria. Figures 3 and
4 show cells of Chromatium okenii (compare with photomicrographs of

C. okenii in Figures 1.5a and 1.7a). (b) Beggiatoa, a sulfur chemolithotroph
(compare with Figure 1.14).

including sulfate-reducing and sulfur-oxidizing bacteria, nitrogen-
fixing root nodule bacteria (Figure 1.9), Lactobacillus species,
green algae, various anaerobic bacteria, and many others. In his
studies of tobacco mosaic disease, Beijerinck used selective filter-
ing techniques to show that the infectious agent (a virus) was
smaller than a bacterium and that it somehow became incorpo-
rated into cells of the living host plant. In this insightful work, Bei-
jerinck not only described the first virus, but also the basic
principles of virology, which we present in Chapters 9 and 21.

Sergei Winogradsky, Chemolithotrophy,

and Nitrogen Fixation

Sergei Winogradsky (1856-1953) had interests similar to
Beijerinck’s—the diversity of bacteria in soils and waters—and
was highly successful in isolating several key bacteria from natural
samples. Winogradsky was particularly interested in bacteria that
cycle nitrogen and sulfur compounds, such as the nitrifying bac-
teria and the sulfur bacteria (Figure 1.22). He showed that these
bacteria catalyze specific chemical transformations in nature and




20 UNIT 1 e Principles of Microbiology

proposed the important concept of chemolithotrophy, the oxida-
tion of inorganic compounds to yield energy. Winogradsky further
showed that these organisms, which he called chemolithotrophs,
obtained their carbon from CO,. Winogradsky thus revealed that,
like phototrophic organisms, chemolithotrophic bacteria were
autotrophs.

Winogradsky performed the first isolation of a nitrogen-fixing
bacterium, the anaerobe Clostridium pasteurianum, and as just
mentioned, Beijerinck used this discovery to guide his isolation
of aerobic nitrogen-fixing bacteria years later (Figure 1.21).
Winogradsky lived to be almost 100, publishing many scientific
papers and a major monograph, Microbiologie du Sol (Soil Micro-
biology). This work, a milestone in microbiology, contains draw-
ings of many of the organisms Winogradsky studied during his
lengthy career (Figure 1.22).

MiniQuiz
* What is meant by the term “enrichment culture”?

* What is meant by the term “chemolithotrophy”? In what way are
chemolithotrophs like plants?

1.10 The Modern Era of Microbiology

In the twentieth century, the field of microbiology developed rap-
idly in two different yet complementary directions—applied and
basic. During this period a host of new laboratory tools became
available, and the science of microbiology began to mature and
spawn new subdisciplines. Few of these subdisciplines were
purely applied or purely basic. Instead, most had both discovery
(basic) and problem-solving (applied) components. Table 1.3
summarizes these major subdisciplines of microbiology that
arose in the twentieth century.

Several microbiologists are remembered for their key contri-
butions during this period. In the early twentieth century many
remained focused on medical aspects of microbiology, and even
today, many dedicated microbiologists grapple with the impacts
of microorganisms on human, animal, and plant disease. But fol-
lowing World War II, an exciting new emphasis began to take
hold with studies of the genetic properties of microorganisms.
From roots in microbial genetics has emerged “modern biology,’
driven by molecular biology, genetic engineering, and genomics.
This molecular approach has revolutionized scientific thinking in
the life sciences and has driven experimental approaches to the
most compelling problems in biology. Some key Nobel laureates
and their contributions to the molecular era of microbiology are
listed in Table 1.4.

Many of the advances in microbiology today are fueled by the
genomics revolution; that is, we are clearly in the era of “molecu-
lar microbiology” Rapid progress in DNA sequencing technology
and improved computational power have yielded huge amounts
of genomic information that have supported major advances in
medicine, agriculture, biotechnology, and microbial ecology. For
example, to obtain the sequence of the entire genome of a bac-
terium takes only a few hours (although sequence analysis is a
much more time-consuming process). The fast-paced field of

Table 1.3 The major subdisciplines of microbiology

Subdiscipline Focus

I. Basic emphases?

Microbial physiology Nutrition, metabolism

Microbial genetics Genes, heredity, and genetic variation

Microbial biochemistry Enzymes and chemical reactions in cells

Microbial systematics Classification and nomenclature

Virology Viruses and subviral particles

Molecular biology Nucleic acids and protein

Microbial ecology Microbial diversity and activity in natural

habitats; biogeochemistry

Il. Applied emphases?

Medical microbiology Infectious disease

Immunology Immune systems

Agricultural/soil microbiology ~ Microbial diversity and processes in soil

Industrial microbiology Large-scale production of antibiotics,

alcohol, and other chemicals

Biotechnology Production of human proteins by

genetically engineered microorganisms

Aquatic microbiology Microbial processes in waters and

wastewaters, drinking water safety

@None of these subdisciplines are devoted entirely to basic science or applied science.
However, the subdisciplines listed in | tend to be more focused on discovery and those
in Il more focused on solving specific problems or synthesizing commercial products
from microbial sources.

genomics has itself spawned highly focused new subdisciplines,
such as transcriptomics, proteomics, and metabolomics, which
explore, respectively, the patterns of RNA, protein, and meta-
bolic expression in cells. The concepts of genomics, transcrip-
tomics, proteomics, and metabolomics are all developed in
Chapter 12.

All signs point to a continued maturation of molecular micro-
biology as we enter a period where technology is almost ahead of
our ability to formulate exciting scientific questions. In fact,
microbial research today is very close to defining the minimalist
genome—the minimum complement of genes necessary for a liv-
ing cell. When such a genetic blueprint is available, microbiolo-
gists should be able to define, at least in biochemical terms, the
prerequisites for life. When that day arrives, can the laboratory
creation of an actual living cell from nonliving components, that
is, spontaneous generation under controlled laboratory condi-
tions, be far off? Almost certainly not. Stay tuned, as much excit-
ing science is on the way!

MiniQuiz

* For each of the following topics, name the subdiscipline of
microbiology that focuses on it: metabolism, enzymology,
nucleic acid and protein synthesis, microorganisms and their
natural environments, microbial classification, inheritance of
characteristics.




CHAPTER 1 ¢ Microorganisms and Microbiology 21

Table 1.4 Some Nobel laureates in the era of molecular microbiology?

Investigator(s) Nationality

Discovery/Year®

George Beadle, Edward Tatum American
Max Delbrick, Salvador Luria
Joshua Lederberg American

James Watson, Francis Crick,
Maurice Wilkins

Frangois Jacob, Jacques Monod, French
Andre Lwoff

Sydney Brenner British

Marshall Nirenberg, Robert Holley,
H. Gobind Khorana

Howard Temin, David Baltimore, and Renato Dulbecco

Hamilton Smith, Daniel Nathans, Werner Arber American/Swiss
J. Michael Bishop, Harold Varmus American

Paul Berg American
Roger Kornberg American

Fred Sanger British

Carl Woese® American
Stanley Prusiner American
Sidney Altman, Thomas Cech American

Barry Marshall, Robin Warren Australian

Luc Montagnier, Frangoise Barré-Sinoussi, French/German

Harald zur Hausen

Kary Mullis American
Andrew Fire, Craig Mello American

German/Italian

American/British

American/Indian

American/Italian

One gene—one enzyme hypothesis/1941

Inheritance of characteristics in bacteria/1943
Conjugation and transduction in bacteria/1946/1952
Structure of DNA/1953

Gene regulation by repressor proteins, operon concept/1959

Messenger RNA, ribosomes as site of protein synthesis/1961

Genetic code/1966

Retroviruses and reverse transcriptase/1969

Restriction enzymes/1970

Cancer genes (oncogenes) in retroviruses/1972

Recombinant DNA technology/1973

Mechanism of transcription in eukaryotes/1974

Structure and sequencing of proteins, DNA sequencing 1958/1977
Discovery of Archaea/1977

Discovery and characterization of prions/1981

Catalytic properties of RNA/1981

Helicobacter pylori as cause of peptic ulcers/1982

Discovery of human immunodeficiency virus as cause of AIDS/1983

Polymerase chain reaction/1985
RNA interference/1998

aThis select list covers major accomplishments since 1941. In virtually every case, the laureates listed had important coworkers that

did not receive the Nobel Prize.

®Year indicates the year in which the discovery awarded with the Nobel Prize was published.

®Recipient of the 2003 Crafoord Prize in Biosciences, equivalent in scientific stature to the Nobel Prize.

B i
1.1
Microorganisms, which include all single-celled microscopic

organisms and the viruses, are essential for the well-being of the
planet and its plants and animals.

1.2

Metabolism, growth, and evolution are necessary properties of
living systems. Cells must coordinate energy production and
consumption with the flow of genetic information during cellular
events leading up to cell division.

1.3
Microorganisms exist in nature in populations that interact with
other populations in microbial communities. The activities of

microorganisms in microbial communities can greatly affect and
rapidly change the chemical and physical properties of their
habitats.

1.4

Diverse microbial populations were widespread on Earth for bil-
lions of years before higher organisms appeared, and cyanobacte-
ria in particular were important because they oxygenated the
atmosphere. The cumulative microbial biomass on Earth exceeds
that of higher organisms, and most microorganisms reside in the
deep subsurface. Bacteria, Archaea, and Eukarya are the major
phylogenetic lineages of cells.
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1.5

Microorganisms can be both beneficial and harmful to humans,
although many more microorganisms are beneficial or even
essential than are harmful.

1.6

Robert Hooke was the first to describe microorganisms, and
Antoni van Leeuwenhoek was the first to describe bacteria.
Ferdinand Cohn founded the field of bacteriology and discovered
bacterial endospores.

1.7

Louis Pasteur is best remembered for his ingenious experiments
showing that living organisms do not arise spontaneously from
nonliving matter. He developed many concepts and techniques
central to the science of microbiology, including sterilization.

Review of Key Terms

1.8

Robert Koch developed a set of criteria anchored in experimen-
tation—Koch’s postulates—for the study of infectious diseases
and developed the first methods for growth of pure cultures of
microorganisms.

1.9

Beijerinck and Winogradsky studied bacteria that inhabit soil and
water. Out of their work came the enrichment culture technique
and the concepts of chemolithotrophy and nitrogen fixation.

1.10

In the middle to latter part of the twentieth century, basic and
applied subdisciplines of microbiology emerged; these have led
to the current era of molecular microbiology.

Cell the fundamental unit of living matter

Chemolithotrophy a form of metabolism in
which energy is generated from inorganic
compounds

Communication interactions between cells
using chemical signals

Differentiation modification of cellular compo-
nents to form a new structure, such as a spore

Ecosystem organisms plus their nonliving envi-
ronment

Enrichment culture technique a method for
isolating specific microorganisms from
nature using specific culture media and incu-
bation conditions

Enzyme a protein (or in some cases an RNA)
catalyst that functions to speed up chemical
reactions

Review Questions

1. List six key properties associated with the living state. Which of 7.
these are characteristics of all cells? Which are characteristics
of only some types of cells (Sections 1.1 and 1.2)?

Evolution descent with modification leading to
new forms or species

Genome an organism’s full complement of
genes

Genomics the identification and analysis of
genomes

Growth in microbiology, an increase in cell
number with time

Habitat the environment in which a microbial
population resides

Koch’s postulates a set of criteria for proving
that a given microorganism causes a given
disease

Metabolism all biochemical reactions in a cell

Microbial community two or more popula-
tions of cells that coexist and interact in a
habitat

Microbial ecology the study of microorga-
nisms in their natural environments

Microorganism a microscopic organism con-
sisting of a single cell or cell cluster or a virus

Motility the movement of cells by some form of
self-propulsion

Pathogen a disease-causing microorganism

Pure culture a culture containing a single kind
of microorganism

Spontaneous generation the hypothesis that
living organisms can originate from nonliving
matter

Sterile free of all living organisms (cells) and
viruses

Explain the principle behind the use of the Pasteur flask in studies
on spontaneous generation (Section 1.7).

8. What is a pure culture and how can one be obtained? Why was

2. Cells can be thought of as both catalysts and genetic entities.
Explain how these two attributes of a cell differ (Section 1.2).

3. What is an ecosystem? What effects can microorganisms have on
their ecosystems (Section 1.3)?

4. Why did the evolution of cyanobacteria change Earth forever
(Section 1.4)?

5. How would you convince a friend that microorganisms are much
more than just agents of disease (Section 1.5)?

6. For what contributions are Hooke, van Leeuwenhoek, and
Ferdinand Cohn most remembered in microbiology
(Section 1.6)?

knowledge of how to obtain a pure culture important for develop-
ment of the science of microbiology (Section 1.8)?

9. What are Koch’s postulates and how did they influence the devel-
opment of microbiology? Why are Koch’s postulates still relevant
today (Section 1.8)?

10. In contrast to those of Robert Koch, what were the major microbi-
ological interests of Martinus Beijerinck and Sergei Winogradsky
(Section 1.9)?

11. Select one major subdiscipline of microbiology from each of the
two major categories of Table 1.3. Why do you think the subdisci-
pline is “basic” or “applied” (Section 1.10)?
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Application Questions

1. Pasteur’s experiments on spontaneous generation contributed to 3. Imagine that all microorganisms suddenly disappeared from Earth.
the methodology of microbiology, understanding of the origin of From what you have learned in this chapter, why do you think that
life, and techniques for the preservation of food. Explain briefly animals would eventually disappear from Earth? Why would plants
how Pasteur’s experiments affected each of these topics. disappear? If by contrast, all higher organisms suddenly disap-

peared, what in Figure 1.6 tells you that a similar fate would not

2. Describe the lines of proof Robert Koch used to definitively associ- . :
befall microorganisms?

ate the bacterium Mycobacterium tuberculosis with the disease
tuberculosis. How would his proof have been flawed if any of the
tools he developed for studying bacterial diseases had not been
available for his study of tuberculosis?

PiaLvc
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@ Seeing the Very Small

istorically, the science of microbiology blossomed as the
Hability to see microorganisms improved; thus, microbiology
and microscopy advanced hand-in-hand. The microscope is the
microbiologist’s most basic tool, and every student of microbiol-
ogy needs some background on how microscopes work and how
microscopy is done. We therefore begin our brief journey to the
microbial world by considering different types of microscopes
and the applications of microscopy to imaging microorganisms.

2.1 Some Principles of Light Microscopy

Visualization of microorganisms requires a microscope, either a
light microscope or an electron microscope. In general, light
microscopes are used to examine cells at relatively low magnifi-
cations, and electron microscopes are used to look at cells and
cell structures at very high magnification.

All microscopes employ lenses that magnify (enlarge) the
image. Magnification, however, is not the limiting factor in our
ability to see small objects. It is instead resolution—the ability to
distinguish two adjacent objects as distinct and separate—that
governs our ability to see the very small. Although magnification
can be increased virtually without limit, resolution cannot,
because resolution is a function of the physical properties of light.

We begin with the light microscope, for which the limits of
resolution are about 0.2 pm (wm is the abbreviation for microm-
eter, 10°° m). We then proceed to the electron microscope,

Ocular
lenses

glass slide

Objective lens

Stage
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Focusing knobs
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for which resolution is considerably greater than that of the light
microscope.

The Compound Light Microscope

The light microscope uses visible light to illuminate cell struc-
tures. Several types of light microscopes are used in microbiol-
ogy: bright-field, phase-contrast, differential interference contrast,
dark-field, and fluorescence.

With the bright-field microscope, specimens are visualized
because of the slight differences in contrast that exist between
them and their surrounding medium. Contrast differences arise
because cells absorb or scatter light to varying degrees. The com-
pound bright-field microscope is commonly used in laboratory
courses in biology and microbiology; the microscopes are called
compound because they contain two lenses, objective and ocular,
that function in combination to form the image. The light source
is focused on the specimen by the condenser (Figure 2.1). Bacte-
rial cells are typically difficult to see well with the bright-field
microscope because the cells themselves lack significant contrast
with their surrounding medium. Pigmented microorganisms are
an exception because the color of the organism itself adds con-
trast, thus improving visualization (Figure 2.2). For cells lacking
pigments there are ways to boost contrast, and we consider these
methods in the next section.

Magnification and Resolution
The total magnification of a compound light microscope is the
product of the magnification of its objective and ocular lenses

Magnification Light path
100x%, 400x T
’ ’ Visualized
1000% image
Eye
10x Ocular lens
Intermediate image
(inverted from that
of the specimen)
10x%, 40x%, or Objective lens
100x (oil)
Specimen
None ©— Condenser lens
/ Light source
(b)

Figu're 2.1 Microscopy. (a) A compound light microscope. (b) Path of light through a compound light
microscope. Besides 10X, ocular lenses are available in 15-30X magnifications.
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Figure 2.2 Bright-field photomicrographs of pigmented microor-
ganisms. (a) A green alga (eukaryote). The green structures are chloro-
plasts. (b) Purple phototrophic bacteria (prokaryote). The algal cell is
about 15 wm wide, and the bacterial cells are about 5 um wide. We
contrast prokaryotic and eukaryotic cells in Section 2.5.

(Figure 2.1b). Magnifications of about 2000X are the upper limit
for light microscopes. At magnifications above this, resolution
does not improve. Resolution is a function of the wavelength of
light used and a characteristic of the objective lens known as its
numerical aperture, a measure of light-gathering ability. There is
a correlation between the magnification of a lens and its numeri-
cal aperture: Lenses with higher magnification typically have
higher numerical apertures (the numerical aperture of a lens is
stamped on the lens alongside the magnification). The diameter
of the smallest object resolvable by any lens is equal to
0.5N/numerical aperture, where X is the wavelength of light used.
Based on this formula, resolution is highest when blue light is
used to illuminate a specimen (because blue light is of a shorter
wavelength than white or red light) and the objective has a very
high numerical aperture. For this reason, many light microscopes
come fitted with a blue filter over the condenser lens to improve
resolution.

As mentioned, the highest resolution possible in a compound
light microscope is about 0.2 wm. What this means is that two
objects that are closer together than 0.2 pum cannot be resolved
as distinct and separate. Microscopes used in microbiology have
ocular lenses that magnify 10-20X and objective lenses of
10-100X (Figure 2.1b). At 1000X, objects 0.2 pm in diameter
can just be resolved. With the 100X objective, and with certain
other objectives of very high numerical aperture, an optical-
grade oil is placed between the specimen and the objective.
Lenses on which oil is used are called oil-immersion lenses.
Immersion oil increases the light-gathering ability of a lens by
allowing some of the light rays emerging from the specimen at

angles (that would otherwise be lost to the objective lens) to be
collected and viewed.

MiniQuiz
* Define and compare the terms magnification and resolution.

* What is the useful upper limit of magnification for a bright-field
microscope? Why is this so?

2.2 Improving Contrast
in Light Microscopy

In microscopy, improving contrast typically improves the final
image. Staining is an easy way to improve contrast, but there are
many other approaches.

Staining: Increasing Contrast
for Bright-Field Microscopy

Dyes can be used to stain cells and increase their contrast so that
they can be more easily seen in the bright-field microscope. Dyes
are organic compounds, and each class of dye has an affinity for
specific cellular materials. Many dyes used in microbiology are
positively charged, and for this reason they are called basic dyes.
Examples of basic dyes include methylene blue, crystal violet, and
safranin. Basic dyes bind strongly to negatively charged cell com-
ponents, such as nucleic acids and acidic polysaccharides.
Because cell surfaces tend to be negatively charged, these dyes
also combine with high affinity to the surfaces of cells, and hence
are very useful general-purpose stains.

To perform a simple stain one begins with dried preparations
of cells (Figure 2.3). A clean glass slide containing a dried sus-
pension of cells is flooded for a minute or two with a dilute
solution of a basic dye, rinsed several times in water, and blot-
ted dry. Because their cells are so small, it is common to
observe dried, stained preparations of bacteria with a high-
power (oil-immersion) lens.

Differential Stains: The Gram Stain
Stains that render different kinds of cells different colors are
called differential stains. An important differential-staining pro-
cedure used in microbiology is the Gram stain (Figure 2.4). On
the basis of their reaction to the Gram stain, bacteria can be
divided into two major groups: gram-positive and gram-negative.
After Gram staining, gram-positive bacteria appear purple-violet
and gram-negative bacteria appear pink (Figure 2.45). The color
difference in the Gram stain arises because of differences in the
cell wall structure of gram-positive and gram-negative cells, a
topic we will consider in Chapter 3. After staining with a basic
dye, typically crystal violet, treatment with ethanol decolorizes
gram-negative but not gram-positive cells. Following counter-
staining with a different-colored stain, typically safranin, the two
cell types can be distinguished microscopically by their different
colors (Figure 2.4b).

The Gram stain is one of the most useful staining procedures
in microbiology. Typically, one begins the characterization of a
new bacterium by determining whether it is gram-positive or
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Spread culture in thin
film over slide

Dry in air
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Slide~ = _oil

Pass slide through
flame to heat fix
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A 4

Place drop of oil on slide;
T examine with 100X objective
lens

Figure 2.3 Staining cells for microscopic observation. Stains
improve the contrast between cells and their background.

gram-negative. If a fluorescent microscope, discussed below, is
available, the Gram stain can be reduced to a one-step procedure
in which gram-positive and gram-negative cells fluoresce differ-
ent colors (Figure 2.4c).

Phase-Contrast and Dark-Field Microscopy

Staining, although a widely used procedure in light microscopy,
kills cells and can distort their features. Two forms of light
microscopy improve image contrast without the use of stain, and
thus do not kill cells. These are phase-contrast microscopy and
dark-field microscopy (Figure 2.5). The phase-contrast micro-
scope in particular is widely used in teaching and research for the
observation of wet-mount (living) preparations.

Phase-contrast microscopy is based on the principle that cells
differ in refractive index (a factor by which light is slowed as it
passes through a material) from their surroundings. Light pass-
ing through a cell thus differs in phase from light passing through
the surrounding liquid. This subtle difference is amplified by a
device in the objective lens of the phase-contrast microscope
called the phase ring, resulting in a dark image on a light back-
ground (Figure 2.5b). The ring consists of a phase plate that
amplifies the minute variation in phase. The development of
phase-contrast microscopy stimulated other innovations in
microscopy, such as fluorescence and confocal microscopy (dis-
cussed below), and greatly increased use of the light microscope
in microbiology.
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Figu're 2.4 The Gram stain. (a) Steps in the procedure. (b) Micro-
scopic observation of gram-positive (purple) and gram-negative (pink)
bacteria. The organisms are Staphylococcus aureus and Escherichia coli,
respectively. (c) Cells of Pseudomonas aeruginosa (gram-negative,
green) and Bacillus cereus (gram-positive, orange) stained with a one-
step fluorescent staining method. This method allows for differentiating
gram-positive from gram-negative cells in a single staining step.

The dark-field microscope is a light microscope in which light
reaches the specimen from the sides only. The only light that
reaches the lens is that scattered by the specimen, and thus the
specimen appears light on a dark background (Figure 2.5¢). Res-
olution by dark-field microscopy is somewhat better than by
light microscopy, and objects can often be resolved by dark-field
that cannot be resolved by bright-field or even phase-contrast
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Figul‘e 2.5 Cells visualized by different types of light microscopy.
The same field of cells of the baker’s yeast Saccharomyces cerevisiae
visualized by (a) bright-field microscopy, (b) phase-contrast microscopy,
and (c) dark-field microscopy. Cells average 8-10 wm wide.

microscopes. Dark-field microscopy is also an excellent way to
observe microbial motility, as bundles of flagella (the structures
responsible for swimming motility) are often resolvable with this
technique (@ Figure 3.40a).

Fluorescence Microscopy

The fluorescence microscope is used to visualize specimens that
fluoresce—that is, emit light of one color following absorption of
light of another color (Figure 2.6). Cells fluoresce either because
they contain naturally fluorescent substances such as chlorophyll

R.W. Castenholz

R. W. Castenholz

Nancy J. Trun
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Figure 2.6 Fluorescence microscopy. (a, b) Cyanobacteria. The
same cells are observed by bright-field microscopy in part a and by
fluorescence microscopy in part b. The cells fluoresce red because they
contain chlorophyll @ and other pigments. (c) Fluorescence photomicro-
graph of cells of Escherichia coli made fluorescent by staining with the
fluorescent dye DAPI.

or other fluorescing components, a phenomenon called
autofluorescence (Figure 2.6a, b), or because the cells have been
stained with a fluorescent dye (Figure 2.6c). DAPI (4',6-
diamidino-2-phenylindole) is a widely used fluorescent dye,
staining cells bright blue because it complexes with the cell’s
DNA (Figure 2.6¢). DAPI can be used to visualize cells in various
habitats, such as soil, water, food, or a clinical specimen. Fluores-
cence microscopy using DAPI or related stains is therefore widely
used in clinical diagnostic microbiology and also in microbial
ecology for enumerating bacteria in a natural environment or, as
in Figure 2.6¢, in a cell suspension.

MiniQuiz
* What color will a gram-negative cell be after Gram staining by
the conventional method?

* What major advantage does phase-contrast microscopy have
over staining?

* How can cells be made to fluoresce?




2.3 Imaging Cells in Three Dimensions

Up to now we have considered forms of microscopy in which the
images obtained are essentially two-dimensional. How can this
limitation be overcome? We will see in the next section that the
scanning electron microscope offers one solution to this prob-
lem, but certain forms of light microscopy can also improve the
three-dimensional perspective of the image.

Differential Interference Contrast Microscopy
Differential interference contrast (DIC) microscopy is a form of
light microscopy that employs a polarizer in the condenser to
produce polarized light (light in a single plane). The polarized
light then passes through a prism that generates two distinct
beams. These beams traverse the specimen and enter the objec-
tive lens where they are recombined into one. Because the two
beams pass through different substances with slightly different
refractive indices, the combined beams are not totally in phase
but instead create an interference effect. This effect visibly
enhances subtle differences in cell structure. Thus, by DIC
microscopy, cellular structures such as the nucleus of eukaryotic
cells (Figure 2.7), or endospores, vacuoles, and granules of bacte-
rial cells, appear more three-dimensional. DIC microscopy is
typically used for observing unstained cells because it can reveal
internal cell structures that are nearly invisible by the bright-field
technique (compare Figure 2.5a with Figure 2.7a).

Atomic Force Microscopy

Another type of microscope useful for three-dimensional imag-
ing of biological structures is the atomic force microscope
(AFM). In atomic force microscopy, a tiny stylus is positioned
extremely close to the specimen such that weak repulsive forces
are established between the probe on the stylus and atoms on the
surface of the specimen. During scanning, the stylus surveys the
specimen surface, continually recording any deviations from a
flat surface. The pattern that is generated is processed by a series
of detectors that feed the digital information into a computer,
which then outputs an image (Figure 2.7b).

Although the images obtained from an AFM appear similar to
those from the scanning electron microscope (compare Figure
2.7b with Figure 2.10c), the AFM has the advantage that the spec-
imen does not have to be treated with fixatives or coatings. The
AFM thus allows living specimens to be viewed, something that
is generally not possible with electron microscopes.

Confocal Scanning Laser Microscopy

A confocal scanning laser microscope (CSLM) is a computerized
microscope that couples a laser source to a fluorescent micro-
scope. This generates a three-dimensional image and allows the
viewer to profile several planes of focus in the specimen (Figure
2.8). The laser beam is precisely adjusted such that only a particular
layer within a specimen is in perfect focus at one time. By pre-
cisely illuminating only a single plane of focus, the CSLM elimi-
nates stray light from other focal planes. Thus, when observing a
relatively thick specimen such as a microbial biofilm (Figure
2.8a), not only are cells on the surface of the biofilm apparent, as
would be the case with conventional light microscopy, but cells in
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Figu’re 2.7 Three-dimensional imaging of cells. (a) Differential inter-
ference contrast and (b) atomic force microscopy. The yeast cells in part
a are about 8 um wide. Note the clearly visible nucleus and compare to
Figure 2.5a. The bacterial cells in part b are 2.2 wm long and are from a
biofilm that developed on the surface of a glass slide immersed for 24 h
in a dog’s water bowl.

the various layers can also be observed by adjusting the plane of
focus of the laser beam. Using CSLM it has been possible to
improve on the 0.2-pm resolution of the compound light micro-
scope to a limit of about 0.1 pum.

Cells in CSLM preparations are typically stained with fluores-
cent dyes to make them more distinct (Figure 2.8). Alternatively,
false-color images of unstained preparations can be generated
such that different layers in the specimen are assigned different
colors. The CLSM comes equipped with computer software that
assembles digital images for subsequent image processing. Thus,
images obtained from different layers can be digitally overlaid to
reconstruct a three-dimensional image of the entire specimen
(Figure 2.8).

CSLM has found widespread use in microbial ecology, espe-
cially for identifying populations of cells in a microbial habitat or
for resolving the different components of a structured microbial
habitat, such as a biofilm (Figure 2.84). CSLM is particularly use-
ful anywhere thick specimens are assessed for microbial content
with depth.
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Figure 2.8 Confocal scanning laser microscopy. (2) Confocal image
of a microbial biofilm community cultivated in the laboratory. The green,
rod-shaped cells are Pseudomonas aeruginosa experimentally introduced
into the biofilm. Other cells of different colors are present at different
depths in the biofilm. (b) Confocal image of a filamentous cyanobac-
terium growing in a soda lake. Cells are about 5 pm wide.

MiniQuiz

* What structure in eukaryotic cells is more easily seen in DIC than
in bright-field microscopy? (Hint: Compare Figures 2.5a and 2.7a).

* How is CSLM able to view different layers in a thick preparation?

2.4 Electron Microscopy

Electron microscopes use electrons instead of visible light (pho-
tons) to image cells and cell structures. Electromagnets function
as lenses in the electron microscope, and the whole system oper-
ates in a vacuum (Figure 2.9). Electron microscopes are fitted
with cameras to allow a photograph, called an electron micro-
graph, to be taken.

Transmission Electron Microscopy

The transmission electron microscope (TEM) is used to examine
cells and cell structure at very high magnification and resolution.
The resolving power of a TEM is much greater than that of the

Electron
source

Evacuated
chamber

Sample
port

Viewing
screen

Figure 2.9 The electron microscope. This instrument encompasses
both transmission and scanning electron microscope functions.

light microscope, even enabling one to view structures at the
molecular level. This is because the wavelength of electrons is
much shorter than the wavelength of visible light, and wavelength
affects resolution (Section 2.1). For example, whereas the resolving
power of a high-quality light microscope is about 0.2 micrometer,
the resolving power of a high-quality TEM is about 0.2 nanometer
(nm, 107? m). With such powerful resolution, even individual pro-
tein and nucleic acid molecules can be visualized in the transmis-
sion electron microscope (Figure 2.10, and see Figure 2.145).

Unlike visible light, however, electron beams do not penetrate
very well; even a single cell is too thick to reveal its internal con-
tents directly by TEM. Consequently, special techniques of thin
sectioning are needed to prepare specimens before observing
them. A single bacterial cell, for instance, is cut into many, very
thin (20-60 nm) slices, which are then examined individually
by TEM (Figure 2.10a). To obtain sufficient contrast, the prepara-
tions are treated with stains such as osmic acid, or permanganate,
uranium, lanthanum, or lead salts. Because these substances are
composed of atoms of high atomic weight, they scatter electrons
well and thus improve contrast.

Scanning Electron Microscopy
If only the external features of an organism are to be observed,
thin sections are unnecessary. Intact cells or cell components can
be observed directly by TEM with a technique called negative
staining (Figure 2.10b). Alternatively, one can image the speci-
men using a scanning electron microscope (SEM) (Figure 2.9).

In scanning electron microscopy, the specimen is coated with
a thin film of a heavy metal, such as gold. An electron beam then
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Figu're 2.10 Electron micrographs. (a) Micrograph of a thin section of a dividing bacterial cell, taken by
transmission electron microscopy (TEM). Note the DNA forming the nucleoid. The cell is about 0.8 pwm wide.
(b) TEM of negatively stained molecules of hemoglobin. Each hexagonal-shaped molecule is about 25
nanometers (nm) in diameter and consists of two doughnut-shaped rings, a total of 15 nm wide. (c) Scan-

ning electron micrograph of bacterial cells. A single cell is about 0.75 pm wide.

scans back and forth across the specimen. Electrons scattered
from the metal coating are collected and activate a viewing
screen to produce an image (Figure 2.10c). In the SEM, even
fairly large specimens can be observed, and the depth of field (the
portion of the image that remains in sharp focus) is extremely
good. A wide range of magnifications can be obtained with the
SEM, from as low as 15X up to about 100,000, but only the sur-
face of an object is typically visualized.

Electron micrographs taken by either TEM or SEM are black-
and-white images. Often times, false color is added to these images
to boost their artistic appearance by manipulating the micrographs
with a computer. But false color does not improve resolution of the
micrograph or the scientific information it yields; resolution is set
by the magnification used to take the original micrograph.

MiniQuiz
* What is an electron micrograph? Why do electron micrographs
have so much greater resolution than light micrographs?

* What type of electron microscope would be used to view a
cluster of cells? What type would be used to observe internal
cell structure?

@ Cell Structure and

Evolutionary History

e now consider some basic concepts of microbial cell struc-
ture that underlie many topics in this book. We first com-
pare the internal architecture of microbial cells and differentiate
eukaryotic from prokaryotic cells and cells from viruses. We then
explore the evolutionary tree of life to see how the major groups
of microorganisms that affect our lives and our planet are related.

2.5 Elements of Microbial Structure

All cells have much in common and contain many of the same
components. For example, all cells have a permeability barrier
called the cytoplasmic membrane that separates the inside of
the cell, the cytoplasm, from the outside (Figure 2.11). The cyto-
plasm is an aqueous mixture of macromolecules—proteins,
lipids, nucleic acids, and polysaccharides—small organic mole-
cules (mainly precursors of macromolecules), various inorganic
ions, and ribosomes, the cell’s protein-synthesizing structures.
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Figure 2.11 Internal structure of cells. Note differences in scale and

internal structure between the prokaryotic and eukaryotic cells.
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transfer RNAs in the key process of protein synthesis (translation).

The cell wall lends structural strength to a cell. The cell wall is
relatively permeable and located outside the membrane (Figure
2.11a); it is a much stronger layer than the membrane itself. Plant
cells and most microorganisms have cell walls, whereas animal
cells, with rare exceptions, do not.

Prokaryotic and Eukaryotic Cells

Examination of the internal structure of cells reveals two distinct
patterns: prokaryote and eukaryote (Figure 2.12). Eukaryotes
house their DNA in a membrane-enclosed nucleus and are typi-
cally much larger and structurally more complex than prokaryotic
cells. In eukaryotic cells the key processes of DNA replication, tran-
scription, and translation are partitioned; replication and transcrip-
tion (RNA synthesis) occur in the nucleus while translation (protein
synthesis) occurs in the cytoplasm. Eukaryotic microorganisms
include algae and protozoa, collectively called protists, and the fungi
and slime molds. The cells of plants and animals are also eukaryotic
cells. We consider microbial eukaryotes in detail in Chapter 20.

A major property of eukaryotic cells is the presence of mem-
brane-enclosed structures in the cytoplasm called organelles.
These include, first and foremost, the nucleus, but also mitochon-
dria and chloroplasts (the latter in photosynthetic cells only)
(Figures 2.24 and 2.12¢). As mentioned, the nucleus houses the cell’s
genome and is also the site of RNA synthesis in eukaryotic cells.
Mitochondria and chloroplasts are dedicated to energy conserva-
tion and carry out respiration and photosynthesis, respectively.

In contrast to eukaryotic cells, prokaryotic cells have a simpler
internal structure in which organelles are absent (Figures 2.11a

Eukaryote

Cytoplasmic
membrane

Nucleus

S.F. Conti and T.D. Brock

Mitochondrion
(c) Eukarya

Figure 2.12 Electron micrographs of sectioned cells from each of the domains of living organisms.
(a) Heliobacterium modesticaldum; the cell measures 1 X 3 wm. (b) Methanopyrus kandleri; the cell measures
0.5 X 4 pm. Reinhard Rachel and Karl O. Stetter, 1981. Archives of Microbiology 128:288-293. © Springer-
Verlag GmbH & Co. KG. (c) Saccharomyces cerevisiae; the cell measures 8 wm in diameter.



and 2.12a, b). However, prokaryotes differ from eukaryotes in
many other ways as well. For example, prokaryotes can couple
transcription directly to translation because their DNA resides in
the cytoplasm and is not enclosed within a nucleus as in eukary-
otes. Moreover, in contrast to eukaryotes, most prokaryotes
employ their cytoplasmic membrane in energy-conservation
reactions and have small, compact genomes consisting of circular
DNA, as discussed in the next section. In terms of cell size, a typ-
ical rod-shaped prokaryote is 1-5 wm long and about 1 pm wide,
but considerable variation is possible (¢ Table 3.1). The range
of sizes in eukaryotic cells is quite large. Eukaryotic cells are
known with diameters as small as 0.8 wm or as large as several
hundred micrometers. We revisit the subject of cell size in more
detail in Section 3.2.

Despite the many clear-cut structural differences between
prokaryotes and eukaryotes, it is very important that the word
“prokaryote” not be given an evolutionary connotation. As was
touched on in Chapter 1, the prokaryotic world consists of two
evolutionarily distinct groups, the Bacteria and the Archaea.
Moreover, the word “prokaryote” should not be considered syn-
onymous with “primitive,” as all cells living today—whether
prokaryotes or eukaryotes—are highly evolved and closely
adapted to their habitat. In Chapters 6 and 7 we compare and
contrast the molecular biology of Bacteria and Archaea, high-
lighting their similarities and differences and relating them to
molecular processes in eukaryotes.

Viruses
Viruses are a major class of microorganisms, but they are not
cells (Figure 2.13). Viruses are much smaller than cells and lack
many of the attributes of cells (¢ Figure 1.3). Viruses vary in
size, with the smallest known viruses being only about 10 nm in
diameter.

Instead of being a dynamic open system, a virus particle is
static and stable, unable to change or replace its parts by itself.
Only when a virus infects a cell does it acquire the key attribute
of a living system—replication. Unlike cells, viruses have no
metabolic capabilities of their own. Although they contain their
own genomes, viruses lack ribosomes. So to synthesize proteins,
viruses depend on the biosynthetic machinery of the cells they
have infected. Moreover, unlike cells, viral particles contain only
a single form of nucleic acid, either DNA or RNA (this means, of
course, that some viruses have RNA genomes).

Viruses are known to infect all types of cells, including micro-
bial cells. Many viruses cause disease in the organisms they
infect. However, viral infection can have many other effects on
cells, including genetic alterations that can actually improve the
capabilities of the cell. We discuss the field of virology and viral
diversity in detail in Chapters 9 and 21, respectively.

MiniQuiz
* What important functions do the following play in a cell: cytoplas-
mic membrane, ribosomes, cell wall?

* By looking inside a cell how could you tell if it was a prokaryote
or a eukaryote?

* How are viruses like cells, and in which major ways do they differ?

CHAPTER 2 ¢ A Brief Journey to the Microbial World 33

Erskine Caldwell

D. Kaiser

(b)

Figu're 2.13 Viruses. (a) Particles of rhabdovirus (a virus that infects
plants and animals). A single virus particle, called a virion, is about 65 nm
(0.065 wm) wide. (b) Bacterial virus (bacteriophage) lambda. The head of
each lambda virion is also about 65 nm wide. Viruses are composed of
protein and nucleic acid and do not have structures such as walls or a
cytoplasmic membrane.

2.6 Arrangement of DNA
in Microbial Cells

The life processes of any cell are governed by its complement of
genes, its genome. A gene is a segment of DNA (or RNA in RNA
viruses) that encodes a protein or an RNA molecule. Here we
consider how genomes are organized in prokaryotic and eukary-
otic cells and consider the number of genes and proteins present
in a model prokaryotic cell.

Nucleus versus Nucleoid

The genomes of prokaryotic and eukaryotic cells are organized
differently. In most prokaryotic cells, DNA is present in a circular
molecule called the chromosome; a few prokaryotes have a linear
instead of a circular chromosome. The chromosome aggregates
within the cell to form a mass called the nucleoid, visible in the
electron microscope (Figure 2.14; see also Figure 2.10a).

Most prokaryotes have only a single chromosome. Because of
this, they typically contain only a single copy of each gene and are
therefore genetically haploid. Many prokaryotes also contain one
or more small circles of DNA distinct from that of the chromo-
some, called plasmids. Plasmids typically contain genes that
confer a special property (such as a unique metabolism) on a cell,
rather than essential genes. This is in contrast to genes on the
chromosome, most of which are needed for basic survival.

In eukaryotes, DNA is arranged in linear molecules within the
membrane-enclosed nucleus; the DNA molecules are packaged
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Figure 2.14 The nucleoid. (a) Photomicrograph of cells of Escherichia
coli treated in such a way as to make the nucleoid visible. A single cell is
about 3 wm and a nucleoid about 1 um long. (b) Transmission electron
micrograph of an isolated nucleoid released from a cell of E. coli. The cell
was gently lysed to allow the highly compacted nucleoid to emerge intact.
Arrows point to the edge of DNA strands.

with proteins and organized to form chromosomes. Chromosome
number varies by organism. For example, a diploid cell of the
baker’s yeast Saccharomyces cerevisiae contains 32 chromosomes
arranged in 16 pairs while human cells contain 46 chromosomes
(23 pairs). Chromosomes in eukaryotes contain proteins that assist
in folding and packing the DNA and other proteins that are
required for transcription. A key genetic difference between
prokaryotes and eukaryotes is that eukaryotes typically contain
two copies of each gene and are thus genetically diploid. During
cell division in eukaryotic cells the nucleus divides (following a
doubling of chromosome number) in the process called mitosis
(Figure 2.15). Two identical daughter cells result, with each daugh-
ter cell receiving a full complement of genes. The diploid genome
of eukaryotic cells is halved in the process of meiosis to form hap-
loid gametes for sexual reproduction. Fusion of two gametes dur-
ing zygote formation restores the cell to the diploid state.

Figure 2.15 Mitosis in stained kangaroo rat cells. The cell was pho-
tographed while in the metaphase stage of mitotic division; only eukary-
otic cells undergo mitosis. The green color stains a protein called tubulin,
important in pulling chromosomes apart. The blue color is from a DNA-
binding dye and shows the chromosomes.

Genes, Genomes, and Proteins

How many genes and proteins does a cell have? The genome of
Escherichia coli, a model bacterium, is a single circular chromo-
some of 4,639,221 base pairs of DNA. Because the E. coli genome
has been completely sequenced, we also know that it contains
4288 genes. The genomes of a few prokaryotes have three times
this many genes, while the genomes of others contain fewer than
one-twentieth as many. Eukaryotic cells typically have much
larger genomes than prokaryotes. A human cell, for example,
contains over 1000 times as much DNA as a cell of E. coli and
about seven times as many genes.

Depending somewhat on growth conditions, a cell of E. coli
contains about 1900 different kinds of proteins and about 2.4 mil-
lion individual protein molecules. However, some proteins in
E. coli are very abundant, others are only moderately abundant,
and some are present in only one or a very few copies per cell. Thus,
E. coli has mechanisms for regulating its genes so that not all genes
are expressed (transcribed and translated) at the same time or to
the same extent. Gene regulation is important to all cells, and we
focus on the major mechanisms of gene regulation in Chapter 8.

MiniQuiz
* Differentiate between the nucleus and the nucleoid.
* What does it mean to say that a bacterial cell is haploid?

* Why does it make sense that a human cell would have more
genes than a bacterial cell?

2.7 The Evolutionary Tree of Life

Evolution is the process of descent with modification that gener-
ates new varieties and eventually new species of organisms. Evo-
lution occurs in any self-replicating system in which variation is
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Figure 2.16 Ribosomal RNA (rRNA) gene
sequencing and phylogeny. (a) DNA is ex-
tracted from cells. (b) Many identical copies
of a gene encoding rRNA are made by the
polymerase chain reaction (o Section 6.11).
(c, d) The gene is sequenced and the

the result of mutation and selection is based on differential fit-
ness. Thus, over time, both cells and viruses evolve.

Determining Evolutionary Relationships

The evolutionary relationships between organisms are the sub-
ject of phylogeny. Phylogenetic relationships between cells can
be deduced by comparing the genetic information (nucleotide or
amino acid sequences) that exists in their nucleic acids or pro-
teins. For reasons that will be presented later, macromolecules
that form the ribosome, in particular ribosomal RNAs (rRNA),
are excellent tools for discerning evolutionary relationships.
Because all cells contain ribosomes (and thus rRNA), this mole-
cule can and has been used to construct a phylogenetic tree of all
cells, including microorganisms (see Figure 2.17). Carl Woese, an
American microbiologist, pioneered the use of comparative
rRNA sequence analysis as a measure of microbial phylogeny
and, in so doing, revolutionized our understanding of cellular
evolution. Viral phylogenies have also been determined, but
because these microorganisms lack ribosomes, other molecules
have been used for evolutionary metrics.

The steps in generating an RNA-based phylogenetic tree are
outlined in Figure 2.16. In brief, genes encoding rRNA from two
or more organisms are sequenced and the sequences aligned and
scored, base-by-base, for sequence differences and identities
using a computer; the greater the sequence variation between
any two organisms, the greater their evolutionary divergence.
Then, using a treeing algorithm, this divergence is depicted in the
form of a phylogenetic tree.

The Three Domains of Life
From comparative rRNA sequencing, three phylogenetically dis-
tinct cellular lineages have been revealed. The lineages, called
domains, are the Bacteria and the Archaea (both consisting of
prokaryotic cells) and the Eukarya (eukaryotes) (Figure 2.17). The
domains are thought to have diverged from a common ancestral
organism (LUCA in Figure 2.17) early in the history of life on Earth.
The phylogenetic tree of life reveals two very important evo-
lutionary facts: (1) As previously stated, all prokaryotes are not

sequence aligned with rRNA sequences from
other organisms. A computer algorithm makes
pairwise comparisons at each base and gener-
ates a phylogenetic tree (e) that depicts evolu-
tionary divergence. In the example shown, the
sequence differences are highlighted in yellow

and are as follows: organism 1 versus orga-
nism 2, three differences; 1 versus 3, two dif-
ferences; 2 versus 3, four differences. Thus
organisms 1 and 3 are closer relatives than are
2and 3or1and?2.

phylogenetically closely related, and (2) Archaea are actually
more closely related to Eukarya than to Bacteria (Figure 2.17).
Thus, from the last universal common ancestor (LUCA) of all
life forms on Earth, evolutionary diversification diverged to
yield the ancestors of the Bacteria and of a second main lineage
(@2 Figure 1.6). The latter once again diverged to yield the
ancestors of the Archaea, a lineage that retained a prokaryotic
cell structure, and the Eukarya, which did not. The universal
tree of life shows that LUCA resides very early within the
Bacteria domain (Figure 2.17).

Eukarya

Because the cells of animals and plants are all eukaryotic, it fol-
lows that eukaryotic microorganisms were the ancestors of mul-
ticellular organisms. The tree of life clearly bears this out. As
expected, microbial eukaryotes branch off early on the eukary-
otic lineage, while plants and animals branch near the crown of
the tree (Figure 2.17). However, molecular sequencing and sev-
eral other lines of evidence have shown that eukaryotic cells con-
tain genes from cells of two domains. In addition to the genome
in the chromosomes of the nucleus, mitochondria and chloro-
plasts of eukaryotes contain their own genomes (this DNA is
arranged in a circular fashion, as in most prokaryotes), and ribo-
somes. Using molecular phylogenetic analyses (Figure 2.16),
these organelles have been shown to be highly derived ancestors
of specific lineages of Bacteria (Figure 2.17 and Section 2.9).
Mitochondria and chloroplasts are therefore descendants of what
are thought to have been free-living bacterial cells that developed
an intimate intracellular association with cells of the Eukarya
domain eons ago. The theory of how this stable arrangement of
cells led to the modern eukaryotic cell with organelles has been
called endosymbiosis (endo means “inside”) and is discussed in
Chapters 16 and 20.

Contributions of Molecular

Sequencing to Microbiology
Molecular phylogeny has not only revealed the evolutionary con-
nections between all cells—prokaryotes and eukaryotes—it has




36 UNIT 1 e Principles of Microbiology

BACTERIA ARCHAEA EUKARYA
- Animals
ime
Green nonsulfur STETE R molds
bacteria Euryarchaeota Fungi
Methanosarcina

Mitochondrion

Methano- Extreme Plants

Proteobacteria bacteria ermoproteus Methano- Ciliates
Chloroplast Pyrodictium coccus Thermoplasma
N\
Cyanobacteria Thermococcus el
Flavobacteria Marine agellates
Pyrolobus
Crenarchaeota Methanopyrus

Trichomonads

Thermotoga

Thermodesulfobacterium Microsporidia

Diplomonads

Aquife
- (Giardia)

Figu're 2.17 The phylogenetic tree of life as defined by comparative rRNA gene sequencing. The tree
shows the three domains of organisms and a few representative groups in each domain. All Bacteria and
Archaea and most Eukarya are microscopic organisms; only plants, animals, and fungi contain macro-
organisms. Phylogenetic trees of each domain can be found in Figures 2.19, 2.28, and 2.32. LUCA, last

universal common ancestor.

formed the first evolutionary framework for the prokaryotes,
something that the science of microbiology had been without
since its inception. In addition, molecular phylogeny has spawned
exciting new research tools that have affected many subdisci-
plines of microbiology, in particular, microbial systematics and
ecology, and clinical diagnostics. In these areas molecular phylo-
genetic methods have begun to shape our concept of a bacterial
species and given microbial ecologists and clinical microbiolo-
gists the capacity to identify organisms without actually culturing
them. This has greatly improved our picture of microbial diver-
sity and has led to the staggering conclusion that most of the
microbial diversity that exists on Earth has yet to be brought into
laboratory culture.

MiniQuiz
* How can species of Bacteria and Archaea be distinguished by
molecular criteria?

* What is endosymbiosis, and in what way did it benefit eukaryotic
cells?

@ Microbial Diversity

he diversity of microorganisms we see today is the result of

nearly 4 billion years of evolution. Microbial diversity can be
seen in many ways besides phylogeny, including cell size and
morphology (shape), physiology, motility, mechanism of cell divi-
sion, pathogenicity, developmental biology, adaptation to envi-
ronmental extremes, and so on. In the following sections we
paint a picture of microbial diversity with a broad brush. We then
return to reconsider the topic in more detail in Chapters 16-21.

Our discussion of microbial diversity begins with a brief con-
sideration of metabolic diversity. The two topics are closely
linked. Through eons, microorganisms, especially the prokary-
otes, have come to exploit every means of “making a living” con-
sistent with the laws of chemistry and physics. This enormous
metabolic versatility has allowed prokaryotes to thrive in every
potential habitat on Earth suitable for life.

2.8 Metabolic Diversity

All cells require an energy source and a metabolic strategy for
conserving energy from it to drive energy-consuming life
processes. As far as is known, energy can be tapped from three
sources in nature: organic chemicals, inorganic chemicals, and
light (Figure 2.18).

Chemoorganotrophs

Organisms that conserve energy from chemicals are called
chemotrophs, and those that use organic chemicals are called
chemoorganotrophs (Figure 2.18). Thousands of different
organic chemicals can be used by one or another microorganism.
Indeed, all natural and even most synthetic organic compounds
can be metabolized. Energy is conserved from the oxidation of
the compound and is stored in the cell in the energy-rich bonds
of the compound adenosine triphosphate (ATP).

Some microorganisms can obtain energy from an organic
compound only in the presence of oxygen; these organisms are
called aerobes. Others can obtain energy only in the absence of
oxygen (anaerobes). Still others can break down organic com-
pounds in either the presence or absence of oxygen. Most
microorganisms that have been brought into laboratory culture
are chemoorganotrophs.
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Figu‘re 2.18 Metabolic options for conserving energy. The organic
and inorganic chemicals listed here are just a few of the chemicals used
by one organism or another. Chemotrophic organisms oxidize organic or
inorganic chemicals, which yields ATP. Phototrophic organisms use solar
energy to form ATP.

Chemolithotrophs

Many prokaryotes can tap the energy available from the oxida-
tion of inorganic compounds. This form of metabolism is called
chemolithotrophy and was discovered by the Russian microbiolo-
gist Winogradsky (€@ Section 1.9). Organisms that carry out
chemolithotrophic reactions are called chemolithotrophs
(Figure 2.18). Chemolithotrophy occurs only in prokaryotes and
is widely distributed among species of Bacteria and Archaea.
Several inorganic compounds can be oxidized; for example, H,,
H,S (hydrogen sulfide), NH; (ammonia), and Fe>* (ferrous iron).
Typically, a related group of chemolithotrophs specializes in the
oxidation of a related group of inorganic compounds, and thus
we have the “sulfur” bacteria, the “iron” bacteria, and so on.

The capacity to conserve energy from the oxidation of inor-
ganic chemicals is a good metabolic strategy because competi-
tion from chemoorganotrophs, organisms that require organic
energy sources, is not an issue. In addition, many of the inorganic
compounds oxidized by chemolithotrophs, for example H, and
H,S, are actually the waste products of chemoorganotrophs.
Thus, chemolithotrophs have evolved strategies for exploiting
resources that chemoorganotrophs are unable to use, so it is
common for species of these two physiological groups to live in
close association with one another.

Phototrophs

Phototrophic microorganisms contain pigments that allow
them to convert light energy into chemical energy, and thus
their cells appear colored (Figure 2.2). Unlike chemotrophic
organisms, then, phototrophs do not require chemicals as a
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source of energy. This is a significant metabolic advantage
because competition with chemotrophic organisms for energy
sources is not an issue and sunlight is available in many micro-
bial habitats on Earth.

Two major forms of phototrophy are known in prokaryotes. In
one form, called oxygenic photosynthesis, oxygen (O,) is pro-
duced. Among microorganisms, oxygenic photosynthesis is char-
acteristic of cyanobacteria and algae. The other form, anoxygenic
photosynthesis, occurs in the purple and green bacteria and the
heliobacteria, and does not yield O,. However, both oxygenic and
anoxygenic phototrophs have great similarities in their mecha-
nism of ATP synthesis, a result of the fact that oxygenic photo-
synthesis evolved from the simpler anoxygenic form, and we
return to this topic in Chapter 13.

Heterotrophs and Autotrophs

All cells require carbon in large amounts and can be considered
either heterotrophs, which require organic compounds as their
carbon source, or autotrophs, which use carbon dioxide (CO,)
as their carbon source. Chemoorganotrophs are by definition
heterotrophs. By contrast, most chemolithotrophs and pho-
totrophs are autotrophs. Autotrophs are sometimes called
primary producers because they synthesize new organic matter
from CO, for both their own benefit and that of chemoor-
ganotrophs. The latter either feed directly on the cells of primary
producers or live off products they excrete. Virtually all organic
matter on Earth has been synthesized by primary producers, in
particular, the phototrophs.

Habitats and Extreme Environments

Microorganisms are present everywhere on Earth that will sup-
port life. These include habitats we are all familiar with—soil,
water, animals, and plants—as well as virtually any structures
made by humans. Indeed, sterility (the absence of life forms) in a
natural sample is extremely rare.

Some microbial habitats are ones in which humans could not
survive, being too hot or too cold, too acidic or too caustic, or too
salty. Although such environments would pose challenges to any
life forms, they are often teeming with microorganisms. Orga-
nisms inhabiting such extreme environments are called
extremophiles, a remarkable group of microorganisms that col-
lectively define the physiochemical limits to life (Table 2.1).

Extremophiles abound in such harsh environments as vol-
canic hot springs; on or in the ice covering lakes, glaciers, or the
polar seas; in extremely salty bodies of water; in soils and waters
having a pH as low as 0 or as high as 12; and in the deep sea,
where hydrostatic pressure can exceed 1000 times atmospheric.
Interestingly, these prokaryotes do not just tolerate their partic-
ular environmental extreme, they actually require it in order to
grow. That is why they are called extremophiles (the suffix -phile
means “loving”). Table 2.1 summarizes the current “record hold-
ers” among extremophiles and lists the terms used to describe
each class and the types of habitats in which they reside. We will
revisit many of these organisms in later chapters and examine
the special properties that allow for their growth in extreme
environments.
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Table 2.1 Classes and examples of extremophiles?

Extreme Descriptive term Genus/species Domain  Habitat Minimum  Optimum  Maximum
Temperature

High Hyperthermophile Methanopyrus kandleri Archaea  Undersea hydrothermal vents ~ 90°C 106°C 122°CP

Low Psychrophile Psychromonas ingrahamii ~ Bacteria ~ Sea ice —12°C 5°C 10°C

pH

Low Acidophile Picrophilus oshimae Archaea  Acidic hot springs —0.06 0.7° 4

High Alkaliphile Natronobacterium gregoryi ~ Archaea ~ Soda lakes 8.5 109 12

Pressure Barophile (Piezophile)  Moritella yayanosii® Bacteria Deep ocean sediments 500 atm 700 atm >1000 atm
Salt (NaCl) Halophile Halobacterium salinarum Archaea Salterns 15% 25% 32% (saturation)

@The organisms listed are the current “record holders” for growth at a particular extreme condition.

®Anaerobe showing growth at 122°C only under several atmospheres of pressure.
°P oshimae is also a thermophile, growing optimally at 60°C.

9N, gregoryi is also an extreme halophile, growing optimally at 20% NaCl.

M. yayanosii is also a psychrophile, growing optimally near 4°C.

MiniQuiz
* In terms of energy generation, how does a chemoorganotroph
differ from a chemolithotroph?

* In terms of carbon acquisition, how does an autotroph differ from
a heterotroph?

* What are extremophiles?

2.9 Bacteria

As we have seen, prokaryotes have diverged into two phylogenet-
ically distinct domains, the Archaea and the Bacteria (Figure
2.17). We begin with the Bacteria, because most of the best-
known prokaryotes reside in this domain.

Proteobacteria

The domain Bacteria contains an enormous variety of prokary-
otes. All known disease-causing (pathogenic) prokaryotes are
Bacteria, as are thousands of nonpathogenic species. A large
variety of morphologies and physiologies are also observed in
this domain. The Proteobacteria make up the largest phylum of
Bacteria (Figure 2.19). Many chemoorganotrophic bacteria are
Proteobacteria, including Escherichia coli, the model organism of
microbial physiology, biochemistry, and molecular biology. Sev-
eral phototrophic and chemolithotrophic species are also Pro-
teobacteria (Figure 2.20). Many of these use H,S in their
metabolism, producing elemental sulfur (S°) that is stored either
inside or outside the cell (Figure 2.20). Sulfur is an oxidation
product of H,S and is further oxidized to sulfate (SO,2~). Sulfide
and sulfur are oxidized to fuel important metabolic functions
such as CO, fixation (autotrophy) or energy conservation (Figure
2.18).

Several other common prokaryotes of soil and water, and
species that live in or on plants and animals in both harmless and
disease-causing ways, are Proteobacteria. These include species
of Pseudomonas, many of which can degrade complex or toxic
natural and synthetic organic compounds, and Azotobacter, a
bacterium that fixes nitrogen (utilizes gaseous nitrogen as a

nitrogen source, €2 Figure 1.9). A number of key pathogens are
Proteobacteria, including Salmonella (gastrointestinal diseases),
Rickettsia (typhus and Rocky Mountain spotted fever), Neisseria
(gonorrhea), and many others. And finally, the key respiratory
organelle of eukaryotes, the mitochondrion, has evolutionary
roots within the Proteobacteria (Figure 2.17).

Gram-Positive Bacteria

As we learned in Section 2.2, bacteria can be distinguished by the
Gram-staining procedure, a technique that stains cells either
gram-positive or gram-negative. The gram-positive phylum of
Bacteria (Figure 2.19) contains many organisms that are united
by their common phylogeny and cell wall structure. Here we find
the endospore-forming Bacillus (discovered by Ferdinand Cohn,

Spirochetes

Green sulfur  Planctomyces
bacteria

Deinococcus

Green .nonsulfur Chlamydia
bacteria

Cyanobacteria
Thermotoga
Gram-positive
563 bacteria

Aquifex

Proteobacteria

Figul’e 2.19 Phylogenetic tree of some representative Bacteria. The
Proteobacteria are by far the largest phylum of Bacteria known. The line-
age on the tree labeled OP2 does not represent a cultured organism but
instead is an rRNA gene isolated from an organism in a natural sample. In
this example, the closest known relative of OP2 would be Aquifex. Many
thousands of other environmental sequences are known, and they branch
all over the tree. Environmental sequences are also called phylotypes,
and the technology for deriving them is considered in Section 22.4.
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Figure 2.20 Phototrophic and chemolithotrophic Proteobacteria.
(a) The phototrophic purple sulfur bacterium Chromatium (the large, red-
orange, rod-shaped cells in this photomicrograph of a natural microbial
community). A cell is about 10 wm wide. (b) The large chemolithotrophic
sulfur-oxidizing bacterium Achromatium. A cell is about 20 wm wide.
Globules of elemental sulfur can be seen in the cells (arrows). Both of
these organisms oxidize hydrogen sulfide (H»S).

@9 Section 1.6) (Figure 2.21) and Clostridium and related spore-
forming bacteria, such as the antibiotic-producing Streptomyces.
Also included here are the lactic acid bacteria, common inhabi-
tants of decaying plant material and dairy products that include
organisms such as Streptococcus (Figure 2.21b) and Lactobacillus.
Other interesting bacteria that fall within the gram-positive bac-
teria are the mycoplasmas. These bacteria lack a cell wall and
have very small genomes, and many of them are pathogenic.
Mycoplasma is a major genus of pathogenic bacteria in this med-
ically important group. Cells of some Archaea, such as Thermo-
plasma (see Figure 2.31) and Ferroplasma, also lack cell walls.
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Figure 2.21 Gram-positive bacteria. (a) The rod-shaped endospore-
forming bacterium Bacillus. Note the presence of endospores (bright
refractile structures) inside the cells. Endospores are extremely resistant
to heat, chemicals, and radiation. Cells are about 1.6 wm in diameter.

(b) Streptococcus, a spherical cell that forms cell chains. Streptococci are
widespread in dairy products, and some are potent pathogens. Cells are
about 0.8 pm in diameter.

Cyanobacteria

The cyanobacteria are phylogenetic relatives of gram-positive
bacteria (Figure 2.19) and are oxygenic phototrophs. The photo-
synthetic organelle of eukaryotic phototrophs, the chloroplast
(Figure 2.2a), is related to the cyanobacteria (Figure 2.17).
Cyanobacteria were key players in the evolution of life, as they
were the first oxygenic phototrophs to evolve on Earth. The pro-
duction of O, on an originally anoxic Earth paved the way for the
evolution of cells that could respire using oxygen. The develop-
ment of higher organisms, such as the plants and animals, fol-
lowed billions of years later when Earth had a more oxygen-rich
environment (€2 Figure 1.6). Cells of some cyanobacteria join to
form filaments (Figure 2.22). Many other morphological forms of
cyanobacteria are known, including unicellular, colonial, and het-
erocystous. Species in the latter group contain special structures
called heterocysts that carry out nitrogen fixation.

Other Major Phyla of Bacteria

Several phyla of Bacteria contain species with unique morpholo-
gies and almost all of these stain gram-negatively. These lineages
include the aquatic planctomycetes, characterized by cells with a
distinct stalk that allows the organisms to attach to a solid sub-
stratum (Figure 2.23), and the helically shaped spirochetes
(Figure 2.24). Several diseases, most notably syphilis and Lyme
disease, are caused by spirochetes.

Two other major phyla of Bacteria are phototrophic: the green
sulfur bacteria and the green nonsulfur bacteria (Chloroflexus
group) (Figure 2.25). Species in both of these lineages contain
similar photosynthetic pigments and are also autotrophs.
Chloroflexus is a filamentous phototroph that inhabits hot
springs and associates with cyanobacteria to form microbial
mats, which are laminated microbial communities containing
both phototrophs and chemotrophs. Chloroflexus is also note-
worthy because its ancient relatives may have been the first pho-
totrophic bacteria on Earth.

Other major phyla of Bacteria include the Chlamydiae and
Deinococcus-Thermus groups (Figure 2.19). The phylum
Chlamydiae harbors respiratory and sexually transmitted
pathogens of humans. Chlamydia are intracellular parasites, cells
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FiguTe 2.22 Filamentous cyanobacteria. (a) Oscillatoria, (b) Spirulina.
Cells of both organisms are about 10 um wide. Cyanobacteria are oxy-
genic phototrophs.

that live inside the cells of higher organisms, in this case, human
cells. Several other pathogenic bacteria (for example, Rickettsia,
described previously, and the gram-positive Mycobacterium
tuberculosis, the cause of tuberculosis) are also intracellular
pathogens. By living inside their host’s cells, these pathogens
avoid destruction by the host’s immune response.

James T. Staley

Figul‘e 2.23 The morphologically unusual stalked bacterium
Planctomyces. Shown are several cells attached by their stalks to form a
rosette. Cells are about 1.4 pm wide.

John Breznak

Figure 2.24 Spirochetes. Scanning electron micrograph of a cell of
Spirochaeta zuelzerae. The cell is about 0.3 wm wide and tightly coiled.

The phylum Deinococcus-Thermus contains species with
unusual cell walls and an innate resistance to high levels of radia-
tion; Deinococcus radiodurans (Figure 2.26) is a major species
in this group. This organism can survive doses of radiation
many times greater than that sufficient to kill humans and can
actually reassemble its chromosome after it has been shattered
by intense radiation. We learn more about this amazing orga-
nism in Section 18.17.

Finally, several phyla branch off early in the phylogenetic
tree of Bacteria (Figure 2.19). Although phylogenetically dis-
tinct, these groups are unified by their ability to grow at very
high temperatures (hyperthermophily, Table 2.1). Organisms

Norbert Pfennig
M. T. Madigan

(b)

Figure 2.25 Phototrophic green bacteria. (a) Chlorobium (green sul-
fur bacteria). A single cell is about 0.8 wm wide. (b) Chloroflexus (green
nonsulfur bacteria). A filament is about 1.3 um wide. Despite sharing
many features such as pigments and photosynthetic membrane struc-
tures, these two genera are phylogenetically distinct (Figure 2.19).



Michael J. Daly

Figure 2.26 The highly radiation-resistant bacterium Deinococcus
radiodurans. Cells of D. radiodurans divide in two planes to yield clusters
of cells. A single cell is about 2.5 wm wide.

such as Aquifex (Figure 2.27) and Thermotoga grow in hot
springs that are near the boiling point. The early branching of
these phyla on the phylogenetic tree (Figure 2.19) is consistent
with the widely accepted hypothesis that the early Earth was
much hotter than it is today. Assuming that early life forms
were hyperthermophiles, it is not surprising that their closest
living relatives today would also be hyperthermophiles. Inter-
estingly, the phylogenetic trees of both Bacteria and Archaea
are in agreement here; hyperthermophiles such as Aquifex,
Methanopyrus, and Pyrolobus lie near the root of their respec-
tive phylogenetic trees.

MiniQuiz ™~

* What is the largest phylum of Bacteria?

* In which phylum of Bacteria does the Gram stain reaction predict
phylogeny?

* Why can it be said that the cyanobacteria prepared Earth for the
evolution of higher life forms?

* What is physiologically unique about Deinococcus? J

R. Rachel and K. O. Stetter

Figure 2.27 The hyperthermophile Aquifex. This hot spring organism
uses Ho as its energy source and can grow in temperatures up to 95°C.
Transmission electron micrograph using a technique called freeze-
etching, where a frozen replica of the cell is made and then visualized.
The cell is about 0.5 wm wide.
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Figure 2.28 Phylogenetic tree of some representative Archaea.
The organisms circled are hyperthermophiles, which grow at very high
temperatures. The two major phyla are the Crenarchaeota and the
Euryarchaeota. The “marine group” sequences are environmental rRNA
sequences from marine Archaea, most of which have not been cultured.

2.10 Archaea

Two phyla exist in the domain Archaea, the Euryarchaeota and
the Crenarchaeota (Figure 2.28). Each of these forms a major
branch on the archaeal tree. Most cultured Archaea are
extremophiles, with species capable of growth at the highest
temperatures, salinities, and extremes of pH known for any
microorganism. The organism Pyrolobus (Figure 2.29), for exam-
ple, is a hyperthermophile capable of growth at up to 113°C, and
the methanogen Methanopyrus can grow up to 122°C (Table 2.1).

Although all Archaea are chemotrophic, Halobacterium can
use light to make ATP but in a way quite distinct from that of
phototrophic organisms (see later discussion). Some Archaea use

R. Rachel and K. O. Stetter

Figure 2.29 Pyrolobus. This hyperthermophile grows optimally above
the boiling point of water. The cell is 1.4 pm wide.
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Figure 2.30 Extremely halophilic
Archaea. A vial of brine with precipitated
salt crystals contains cells of the extreme
halophile, Halobacterium. The organism
contains red and purple pigments that
absorb light and lead to ATP production.
Cells of Halobacterium can also live within
salt crystals themselves (@5 Microbial
Sidebar, Chapter 3, “Can an Endospore
Live Forever?”).

William D. Grant

organic compounds in their energy metabolism, while many oth-
ers are chemolithotrophs, with hydrogen gas (H,) being a widely
used inorganic substance. Chemolithotrophic metabolisms are
particularly widespread among hyperthermophilic Archaea.

Euryarchaeota

The Euryarchaeota branch on the tree of Archaea (Figure 2.28)
contains four groups of organisms, the methanogens, the
extreme halophiles, the thermoacidophiles, and some hyper-
thermophiles. Some of these require O, whereas others are
actually killed by it, and some grow at the upper or lower
extremes of pH (Table 2.1). For example, methanogens such as
Methanobacterium are strict anaerobes and cannot tolerate even
very low levels of O,. The metabolism of methanogens is unique
in that energy is conserved during the production of methane
(natural gas). Methanogens are important organisms in the
anaerobic degradation of organic matter in nature, and most of
the natural gas found on Earth is a result of their metabolism.

The extreme halophiles are relatives of the methanogens
(Figure 2.28), but are physiologically distinct from them. Unlike
methanogens, which are killed by oxygen, most extreme
halophiles require oxygen, and all are unified by their require-
ment for very large amounts of salt (NaCl) for metabolism and
reproduction. It is for this reason that these organisms are called
halophiles (salt lovers). In fact, organisms like Halobacterium are
so salt loving that they can actually grow on and within salt crys-
tals (Figure 2.30).

As we have seen, many prokaryotes are phototrophic and can
generate adenosine triphosphate (ATP) using light energy
(Section 2.8). Although Halobacterium species do not produce
chlorophyll, they do synthesize a light-activated pigment that can
trigger ATP synthesis (€& Section 19.2). Extremely halophilic
Archaea inhabit salt lakes, salterns (salt evaporation ponds), and
other very salty environments. Some extreme halophiles, such as
Natronobacterium, inhabit soda lakes, environments character-
ized by high levels of salt and high pH. Such organisms are
alkaliphilic and grow at the highest pH of all known organisms
(Table 2.1).

The third group of Euryarchaeota are the thermoacidophiles,
organisms that grow best at high temperatures plus acidic pH.

T. D. Brock

Figu're 2.31 Extremely acidophilic Archaea. The organism
Thermoplasma lacks a cell wall. The cell measures 1 pm wide.

These include Thermoplasma (Figure 2.31), an organism that like
Mycoplasma (Section 2.9) lacks a cell wall. Thermoplasma grows
best at 60-70°C and pH 2. The thermoacidophiles also include
Picrophilus, the most acidophilic (acid-loving) of all known
prokaryotes (Table 2.1).

The final group of Euryarchaeota consists of hyperther-
mophilic species, organisms whose growth temperature opti-
mum lies above 80°C. These organisms show a variety of
physiologies including methanogenesis (Methanopyrus), sulfate
reduction (Archaeoglobus), iron oxidation (Ferroglobus) and sul-
fur reduction (Pyrococcus). Most of these organisms obtain their
cell carbon from CO, and are thus autotrophs.

Crenarchaeota

The vast majority of cultured Cremarchaeota are hyper-
thermophiles (Figure 2.29). These organisms are either
chemolithotrophs or chemoorganotrophs and grow in hot envi-
ronments such as hot springs and hydrothermal vents (ocean
floor hot springs). For the most part cultured Crenarchaeota are
anaerobes (because of the high temperature, their habitats are
typically anoxic), and many of them use H, present in their habi-
tats as an energy source.

Some Crenarchaeota inhabit environments that contrast dra-
matically with thermal environments. For example, many of the
prokaryotes suspended in the open oceans are Crenarchaeota, in
an environment that is fully oxic and cold (~3°C). Some marine
Crenarchaeota are chemolithotrophs that use ammonia (NHj) as
their energy source, but we know little about the metabolic activ-
ities of most marine Archaea. Crenarchaeota have also been
detected in soil and freshwaters and are thus widely distributed
in nature.

MiniQuiz
* What are the major phyla of Archaea?

* What is unusual about the genus Halobacterium? What group of
Archaea is responsible for producing natural gas?




2.11 Phylogenetic Analyses of Natural
Microbial Communities

Although thus far we have cultured only a small fraction of the
Archaea and Bacteria that exist in nature, we still know a lot
about their diversity, which is extensive. This is because it is pos-
sible to do phylogenetic analyses on rRNA genes obtained from
cells in a natural sample without first having to culture the organ-
isms that contained them. If a sample of soil or water contains
rRNA, it is because organisms that made that rRNA are present
in the sample. Thus, if we isolate all of the different rRNA genes
from a natural sample, a relatively easy task, we can use the tech-
niques described in Figure 2.16 to place them on the phyloge-
netic tree. Conceptually, this is equivalent to isolating pure
cultures of every organism in the sample (a task that is currently
not possible) and then extracting and analyzing their rRNA
genes. These powerful techniques of molecular microbial com-
munity analysis bypass the culturing step—often the bottleneck
in microbial diversity studies—and instead focus on the rRNA
genes themselves.

From studies carried out using molecular community analysis it
has become clear that microbial diversity far exceeds that which
laboratory cultures have revealed. For example, a sampling of vir-
tually any habitat will show that the vast majority of microorgan-
isms present there have never been obtained in laboratory
cultures. The phylogeny of these uncultured organisms, known as
they are only from environmental rRNA gene sequences (phylo-
types), is depicted in phylogenetic trees as lineages identified by
letters or numbers (Figure 2.19, and lumped together in Figure 2.28
as “marine groups”) instead of actual genus and species names.

In addition to sending the clear message that the breadth of
microbial diversity is staggering, molecular microbial community
analyses have stimulated innovative new culturing techniques to
grow the “uncultured majority” of prokaryotes that we know
exist. Moreover, full genomic analyses of uncultured Archaea and
Bacteria (environmental genomics, @0 Section 22.7) are also
possible. Using environmental genomics to display the full com-
plement of genes in uncultured organisms often reveals impor-
tant secrets about their metabolic capacities that point to ways to
bring them into laboratory culture.

MiniQuiz
* How can we know the microbial diversity of a natural habitat
without first isolating and growing the organisms it contains?

2.12 Microbial Eukarya

Eukaryotic microorganisms are related by cell structure and phy-
logenetic history. The phylogeny of Eukarya based on ribosomal
RNA sequencing (Figure 2.32) shows plants and animals to be
farthest out on the branches of the tree; such late-branching
groups are said to be the “most derived”” By contrast, some of the
earlier-branching Eukarya are structurally simple eukaryotes,
lacking mitochondria and some other organelles. We will see in
Chapter 20 that it has proven difficult to accurately track the phy-
logeny of eukaryotes using ribosomal RNA sequencing alone, so
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Figul‘e 2.32 Phylogenetic tree of some representative Eukarya. This
tree is based only on comparisons of genes encoding ribosomal RNA.
Some early-branching species of Eukarya lack organelles other than the
nucleus. Note that plants and animals branch near the apex of the tree.
Not all known lineages of Eukarya are depicted.

other techniques have been used to supplement the general pic-
ture we present here.

Eukaryotic Microbial Diversity

The major groups are protists (algae and protozoa), fungi, and
slime molds. Some protists, such as the algae (Figure 2.33a), are
phototrophic. Algae contain chloroplasts and can live in environ-
ments containing only a few minerals (for example, K, P, Mg, N,
S), water, CO,, and light. Algae inhabit both soil and aquatic
habitats and are major primary producers in nature. Fungi
(Figure 2.33b) lack photosynthetic pigments and are either uni-
cellular (yeasts) or filamentous (molds). Fungi are major agents of
decomposition in nature and recycle much of the organic matter
produced in soils and other ecosystems.

Cells of algae and fungi have cell walls, whereas the protozoa
(Figure 2.33c¢) and slime molds do not. Protozoans are typically
motile, and different species are widespread in nature in aquatic
habitats or as pathogens of humans and other animals. Examples
of protozoa are found throughout the phylogenetic tree of
Eukarya. Some, like the flagellates, are fairly early-branching
species, whereas others, like the ciliates such as Paramecium
(Figure 2.33c), appear later on the phylogenetic tree (Figure 2.32).

The slime molds resemble protozoa in that they are motile and
lack cell walls. However, slime molds differ from protozoa in both
their phylogeny and by the fact that their cells undergo a complex
life cycle. During the slime mold life cycle, motile cells aggregate
to form a multicellular structure called a fruiting body from
which spores are produced that yield new motile cells. Slime
molds are the earliest branching organisms on the tree of
Eukarya to show the cellular cooperation needed to form multi-
cellular structures.

Lichens are leaflike structures often found growing on the sur-
faces of rocks and trees (Figure 2.34). Lichens are an example of
a microbial mutualism, a partnership in which two organisms live
together for mutual benefit. Lichens consist of a fungus and a
phototrophic partner organism, either an alga (a eukaryote) or a
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Figure 2.33 Microbial Eukarya. (a) Algae; dark-field photomicrograph
of the colonial green alga Volvox. Each spherical cell contains several
chloroplasts, the photosynthetic organelle of phototrophic eukaryotes.
(b) Fungi; interference-contrast photomicrograph of spores of a typical
mold. Each spore can give rise to a new filamentous fungus. (c) Protozoa;
phase-contrast photomicrograph of the ciliated protozoan Paramecium.
Cilia function like oars in a boat, conferring motility on the cell.

cyanobacterium (a prokaryote). The phototrophic component is
the primary producer while the fungus provides an anchor for
the entire structure, protection from the elements, and a means
of absorbing nutrients. Lichens have thus evolved a successful
strategy of mutualistic interaction between two quite different
microorganisms.

Postscript

Our tour of microbial diversity here is only an overview. The
story expands in Chapters 16-21. In addition, the viruses were
excluded because they are not cells. Nevertheless, viruses show
enormous genetic diversity, and cells in all domains of life have
viral parasites. So we devote some of Chapter 9 and all of Chapter
21 to this important topic.

M. T. Madigan

M. T. Madigan

(b)

Figure 2.34 Lichens. (a) An orange-pigmented lichen growing on a
rock, and (b) a yellow-pigmented lichen growing on a dead tree stump,
Yellowstone National Park, USA. The color of the lichen comes from the
pigmented (algal) component. Besides chlorophyli(s), lichen algae con-
tain carotenoid pigments, which can be yellow, orange, brown, red,
green, or purple.

We proceed now from our brief tour of microbial diversity to
study some of the key remaining principles of microbiology: cell
structure and function (Chapter 3), metabolism (Chapter 4),
growth (Chapter 5), molecular biology (Chapters 6-8), and genet-
ics and genomics (Chapters 9-12). Once we have mastered these
important basics, we will be better prepared to revisit microbial
diversity and many other aspects of microbiology in a more thor-
ough way.

MiniQuiz
* List at least two ways algae differ from cyanobacteria.

* List at least two ways algae differ from protozoa.

* How do each of the components of a lichen benefit each other?




B .
2.1
Microscopes are essential for studying microorganisms. Bright-

field microscopy, the most common form of microscopy, employs a
microscope with a series of lenses to magnify and resolve the image.

2.2

An inherent limitation of bright-field microscopy is the lack of
contrast between cells and their surroundings. This problem can
be overcome by the use of stains or by alternative forms of light
microscopy, such as phase contrast or dark field.

2.3

Differential interference contrast microscopy and confocal scan-
ning laser microscopy allow enhanced three-dimensional imaging
or imaging through thick specimens. The atomic force microscope
gives a very detailed three-dimensional image of live preparations.

2.4

Electron microscopes have far greater resolving power than do
light microscopes, the limits of resolution being about 0.2 nm.
The two major forms of electron microscopy are transmission,
used primarily to observe internal cell structure, and scanning,
used to examine the surface of specimens.

2.5

All microbial cells share certain basic structures, such as their
cytoplasmic membrane and ribosomes; most bacterial cells have
a cell wall. Two structural patterns of cells are recognized: the
prokaryote and the eukaryote. Viruses are not cells and depend
on cells for their replication.

2.6

Genes govern the properties of cells, and a cell’s complement of
genes is called its genome. DNA is arranged in cells as chromo-
somes. Most prokaryotic species have a single circular chromo-
some; eukaryotic species have multiple chromosomes containing
DNA arranged in linear fashion.

Review of Key Terms

2.7

Comparative rRNA gene sequencing has defined three domains
of life: Bacteria, Archaea, and Eukarya. Molecular sequence
comparisons have shown that the organelles of Eukarya were
originally Bacteria and have spawned new tools for microbial
ecology and clinical microbiology.

2.8

All cells need sources of carbon and energy for growth.
Chemoorganotrophs, chemolithotrophs, and phototrophs use
organic chemicals, inorganic chemicals, or light, respectively, as
their source of energy. Autotrophs use CO, as their carbon source,
while heterotrophs use organic compounds. Extremophiles thrive
under environmental conditions of high pressure or salt, or
extremes of temperature or pH.

2.9

Several phyla of Bacteria are known, and an enormous diversity
of cell morphologies and physiologies are represented. Proteobac-
teria are the largest group of Bacteria and contain many well-
known bacteria, including Escherichia coli. Other major phyla
include gram-positive bacteria, cyanobacteria, spirochetes, and
green bacteria.

2.10

Two major phyla of Archaea are known, the Euryarchaeota and
the Crenarchaeota, and most cultured representatives are
extremophiles.

2.1

Retrieval and analysis of rRNA genes (phylotypes) from cells in
natural samples have shown that many phylogenetically distinct
Bacteria and Archaea exist in nature but remain to be cultured.

2.12

Microbial eukaryotes are a diverse group that includes algae and
protozoa (protists), fungi, and slime molds. Some algae and fungi
have developed mutualistic associations called lichens.

Archaea one of two known domains of
prokaryotes; compare with Bacteria

Autotroph an organism able to grow with
carbon dioxide (CO,) as its sole carbon
source

Bacteria one of two known domains of
prokaryotes; compare with Archaea

Cell wall a rigid layer present outside the cyto-
plasmic membrane; confers structural
strength to the cell and protection from
osmotic lysis

Chemolithotroph an organism that obtains its
energy from the oxidation of inorganic com-
pounds

Chemoorganotroph an organism that obtains
its energy from the oxidation of organic
compounds

Chromosome a genetic element containing
genes essential to cell function

Cyanobacteria prokaryotic oxygenic pho-
totrophs

Cytoplasm the aqueous internal portion of a
cell, bounded by the cytoplasmic membrane

Cytoplasmic membrane the cell’s permeability
barrier to the environment; encloses the
cytoplasm

Domain the highest level of biological classifi-
cation

Endosymbiosis the theory that mitochondria
and chloroplasts originated from Bacteria

Eukarya the domain of life that includes all
eukaryotic cells

Eukaryote a cell having a membrane-enclosed
nucleus and usually other membrane-
enclosed organelles

Evolution change in a line of descent over time
leading to new species or varieties within a
species

Extremophile an organism that grows optimally
under one or more environmental extremes

Gram stain a differential staining technique
in which bacterial cells stain either pink
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(gram-negative) or purple (gram-positive)
depending upon their structural makeup
Heterotroph an organism that requires organic
carbon as its carbon source

Nucleoid the aggregated mass of DNA that
constitutes the chromosome of cells of
Bacteria and Archaea

Nucleus a membrane-enclosed structure that
contains the chromosomes in eukaryotic cells

Organelle a membrane-enclosed structure,
such as a mitochondrion or chloroplast, pres-
ent in the cytoplasm of eukaryotic cells

Phototroph an organism that obtains its energy
from light

Phylogeny the evolutionary relationships
between organisms

Plasmid an extrachromosomal genetic element
nonessential for growth

Prokaryote a cell that lacks a membrane-
enclosed nucleus and other organelles

Proteobacteria a large phylum of Bacteria that
includes many of the common gram-negative
bacteria, such as Escherichia coli

Protists algae and protozoa

Resolution in microbiology, the ability to dis-
tinguish two objects as distinct and separate
under the microscope

Ribosome a cytoplasmic particle that functions
in protein synthesis

Virus a genetic element that contains either a
DNA or an RNA genome, has an extracellu-
lar form (the virion), and depends on a host
cell for replication

Review Questions

1.

What is the function of staining in light microscopy? Why are cationic
dyes used for general staining purposes (Sections 2.1 and 2.2)?

What is the advantage of a differential interference contrast micro-
scope over a bright-field microscope? A phase-contrast microscope
over a bright-field microscope (Sections 2.2 and 2.3)?

What is the major advantage of electron microscopes over light
microscopes? What type of electron microscope would be used to
view the three-dimensional features of a cell (Section 2.4)?

Which domains of life have a prokaryotic cell structure? Is
prokaryotic cell structure a predictor of phylogenetic status
(Section 2.5)?

How long is a cell of the bacterium Escherichia coli? How much
larger are you than this single cell (Section 2.5)?

How do viruses resemble cells? How do they differ from cells
(Section 2.5)?

What is meant by the word genome? How does the chromosome of
prokaryotes differ from that of eukaryotes (Section 2.6)?

How many genes does an organism such as Escherichia coli have?
How does this compare with the number of genes in one of your
cells (Section 2.6)?

Application Questions

1.

Calculate the size of the smallest resolvable object if 600-nm light
is used to observe a specimen with a 100X oil-immersion lens
having a numerical aperture of 1.32. How could resolution be
improved using this same lens?

Explain why a bacterium containing a plasmid can typically be
“cured” of the plasmid (that is, the plasmid can be permanently
removed) with no ill effects, whereas removal of the chromosome
would be lethal.

It has been said that knowledge of the evolution of macroorga-
nisms greatly preceded that of microorganisms. Why do you think
that reconstruction of the evolutionary lineage of horses, for exam-
ple, might have been an easier task than doing the same for any
group of prokaryotes?

10.

11.

12.

13.

14.

15.

16.

What is meant by the word endosymbiosis (Section 2.7)?

How would you explain the fact that many proteins of Archaea
resemble their counterparts in eukaryotes more closely than those
of Bacteria (Section 2.7)?

From the standpoint of energy metabolism, how do chemoorgano-
trophs differ from chemolithotrophs? What carbon sources do
members of each group use? Are they heterotrophs or autotrophs
(Section 2.8)?

What domain contains the phylum Proteobacteria? What is
notable about the Proteobacteria (Section 2.9)?

What is unusual about the organism Pyrolobus (Sections 2.8
and 2.10)?

What similarities and differences exist between the following
three organisms: Pyrolobus, Halobacterium, and Thermoplasma
(Section 2.10)?

How have rRNA sequencing studies improved our understanding
of microbial diversity (Section 2.11)?

What are the major similarities and differences between protists,
fungi, and the slime molds (Section 2.12)?

Examine the phylogenetic tree shown in Figure 2.16. Using the
sequence data shown, describe why the tree would be incorrect if
its branches remained the same but the positions of organisms 2
and 3 on the tree were switched.

Explain why even though microbiologists have cultured a great diver-
sity of microorganisms, they know that an even greater diversity
exists, despite having never seen or grown them in the laboratory.

What data from this chapter could you use to convince your friend
that extremophiles are not just organisms that were “hanging on”
in their respective habitats?

Defend this statement: If cyanobacteria had never evolved, life on
Earth would have remained strictly microbial.
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@ Cell Shape and Size

n this chapter we examine key structures of the prokaryotic
Icell: the cytoplasmic membrane, the cell wall, cell surface
structures and inclusions, and mechanisms of motility. Our over-
arching theme will be structure and function. We begin this
chapter by considering two key features of prokaryotic cells—
their shape and small size. Prokaryotes typically have defined
shapes and are extremely small cells. Shape is useful for differen-
tiating cells of the Bacteria and the Archaea and size has pro-
found effects on their biology.

3.1 Cell Morphology

In microbiology, the term morphology means cell shape. Several
morphologies are known among prokaryotes, and the most com-
mon ones are described by terms that are part of the essential
lexicon of the microbiologist.

Major Cell Morphologies

Examples of bacterial morphologies are shown in Figure 3.1. A
bacterium that is spherical or ovoid in morphology is called a
coccus (plural, cocci). A bacterium with a cylindrical shape is
called a rod or a bacillus. Some rods twist into spiral shapes and
are called spirilla. The cells of many prokaryotic species remain
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together in groups or clusters after cell division, and the arrange-
ments are often characteristic of certain genera. For instance,
some cocci form long chains (for example, the bacterium
Streptococcus), others occur in three-dimensional cubes
(Sarcina), and still others in grapelike clusters (Staphylococcus).

Several groups of bacteria are immediately recognizable by the
unusual shapes of their individual cells. Examples include spiro-
chetes, which are tightly coiled bacteria; appendaged bacteria,
which possess extensions of their cells as long tubes or stalks; and
filamentous bacteria, which form long, thin cells or chains of cells
(Figure 3.1).

The cell morphologies shown here should be viewed with the
understanding that they are representative shapes; many varia-
tions of these key morphologies are known. For example, there
are fat rods, thin rods, short rods, and long rods, a rod simply
being a cell that is longer in one dimension than in the other. As
we will see, there are even square bacteria and star-shaped bacte-
ria! Cell morphologies thus form a continuum, with some shapes,
such as rods, being very common and others more unusual.

Morphology and Biology

Although cell morphology is easily recognized, it is in general a
poor predictor of other properties of a cell. For example, under
the microscope many rod-shaped Archaea look identical to rod-
shaped Bacteria, yet we know they are of different phylogenetic

Spirochete

E. Canale-Parola

i\ Stalk Hypha

Budding and appendaged bacteria

Norbert Pfennig

T. D. Brock

Filamentous bacteria

Figul’e 3.1 Representative cell morphologies of prokaryotes. Next to each drawing is a phase-contrast
photomicrograph showing an example of that morphology. Organisms are coccus, Thiocapsa roseopersic-
ina (diameter of a single cell = 1.5 wm); rod, Desulfuromonas acetoxidans (diameter =1 wm); spirillum,
Rhodospirillum rubrum (diameter = 1 wm); spirochete, Spirochaeta stenostrepta (diameter = 0.25 um);
budding and appendaged, Rhodomicrobium vannielii (diameter = 1.2 um); filamentous, Chloroflexus

aurantiacus (diameter = 0.8 pm).
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domains (€2 Section 2.7). Thus, with very rare exceptions, it is
impossible to predict the physiology, ecology, phylogeny, or vir-
tually any other property of a prokaryotic cell, by simply knowing
its morphology.

What sets the morphology of a particular species? Although
we know something about Zow cell shape is controlled, we know
little about why a particular cell evolved the morphology it has.
Several selective forces are likely to be in play in setting the mor-
phology of a given species. These include optimization for nutri-
ent uptake (small cells and those with high surface-to-volume
ratios), swimming motility in viscous environments or near sur-
faces (helical or spiral-shaped cells), gliding motility (filamentous
bacteria), and so on. Thus morphology is not a trivial feature of a
microbial cell. A cell’s morphology is a genetically directed char-
acteristic and has evolved to maximize fitness for the species in a
particular habitat.

MiniQuiz
* How do cocci and rods differ in morphology?

* Is cell morphology a good predictor of other properties
of the cell?

3.2 Cell Size and the Significance
of Smallness

Prokaryotes vary in size from cells as small as about 0.2 pm in
diameter to those more than 700 pm in diameter (Table 3.1). The
vast majority of rod-shaped prokaryotes that have been cultured
in the laboratory are between 0.5 and 4 pm wide and less than 15
pm long, but a few very large prokaryotes, such as Epulopiscium
fishelsoni, are huge, with cells longer than 600 pwm (0.6 millimeter)
(Figure 3.2). This bacterium, phylogenetically related to the
endospore-forming bacterium Clostridium and found in the gut
of the surgeonfish, is interesting not only because it is so large, but
also because it has an unusual form of cell division and contains
multiple copies of its genome. Multiple offspring are formed and
are then released from the Epulopiscium “mother cell” A mother
cell of Epulopiscium contains several thousand genome copies,
each of which is about the same size as the genome of Escherichia
coli (4.6 million base pairs). The many copies are apparently nec-
essary because the cell volume of Epulopiscium is so large (Table
3.1) that a single copy of its genome would not be sufficient to
support the transcriptional and translational needs of the cell.

Cells of the largest known prokaryote, the sulfur che-
molithotroph Thiomargarita (Figure 3.2b), can be 750 pm in
diameter, nearly visible to the naked eye. Why these cells are so
large is not well understood, although for sulfur bacteria a large
cell size may be a mechanism for storing sulfur (an energy
source). It is hypothesized that problems with nutrient uptake
ultimately dictate the upper limits for the size of prokaryotic
cells. Since the metabolic rate of a cell varies inversely with the
square of its size, for very large cells nutrient uptake eventually
limits metabolism to the point that the cell is no longer competi-
tive with smaller cells.

Very large cells are not common in the prokaryotic world. In
contrast to Thiomargarita or Epulopiscium (Figure 3.2), the

Esther R. Angert, Harvard University

Heidi Schulz

(b)

FiguTe 3.2 Some very large prokaryotes. (a) Dark-field photomicro-
graph of a giant prokaryote, Epulopiscium fishelsoni. The rod-shaped cell
in this field is about 600 pwm (0.6 mm) long and 75 pm wide and is shown
with four cells of the protist (eukaryote) Paramecium, each of which is
about 150 wm long. E. fishelsoni is a species of Bacteria, phylogenetically
related to Clostridium. (b) Thiomargarita namibiensis, a large sulfur che-
molithotroph (phylum Proteobacteria of the Bacteria) and currently the
largest known prokaryote. Cell widths vary from 400 to 750 pum.

dimensions of an average rod-shaped prokaryote, the bacterium
E. coli, for example, are about 1 X2 wm; these dimensions are
typical of most prokaryotes. For comparison, average eukaryotic
cells can be 10 to more than 200 pm in diameter. In general, then,
it can be said that prokaryotes are very small cells compared with
eukaryotes.

Surface-to-Volume Ratios, Growth Rates,

and Evolution

There are significant advantages to being small. Small cells have
more surface area relative to cell volume than do large cells; that
is, they have a higher surface-to-volume ratio. Consider a spheri-
cal coccus. The volume of such a cell is a function of the cube of
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Table 3.1 Cell size and volume of some prokaryotic cells, from the largest to the smallest

Organism Characteristics Morphology Size? (um) Cell volume (um?®) E. coli volumes
Thiomargarita namibiensis Sulfur chemolithotroph Cocci in chains 750 200,000,000 100,000,000
Epulopiscium fishelsoni® Chemoorganotroph Rods with tapered ends 80 X 600 3,000,000 1,500,000
Beggiatoa species? Sulfur chemolithotroph Filaments 50 X 160 1,000,000 500,000
Achromatium oxaliferum Sulfur chemolithotroph Cocci 35X 95 80,000 40,000
Lyngbya majuscula Cyanobacterium Filaments 8X80 40,000 20,000
Thiovulum majus Sulfur chemolithotroph Cocci 18 3,000 1500
Staphylothermus marinus® Hyperthermophile Cocgci in irregular clusters 15 1,800 900
Magnetobacterium bavaricum Magnetotactic bacterium Rods 2X10 30 15
Escherichia coli Chemoorganotroph Rods 1X2 2 1
Pelagibacter ubique® Marine chemoorganotroph Rods 02X0.5 0.014 0.007
Mycoplasma pneumoniae Pathogenic bacterium F’Ieomorphiob 0.2 0.005 0.0025

@Where only one number is given, this is the diameter of spherical cells. The values given are for the largest cell size observed in each
species. For example, for T namibiensis, an average cell is only about 200 wm in diameter. But on occasion, giant cells of 750 um are
observed. Likewise, an average cell of S. marinus is about 1 wm in diameter. The species of Beggiatoa here is unclear and E. fishel-

soni and P ubique are not formally recognized names in taxonomy.

bI\/chop/asma is a cell wall-less bacterium and can take on many shapes (pleomorphic means “many shapes”).
Source: Data obtained from Schulz, H.N., and B.B. Jargensen. 2001. Ann. Rev. Microbiol. 55: 105-137.

its radius (V = %’lﬂs), while its surface area is a function of the
square of the radius (S = 4mr?). Therefore, the S/V ratio of a
spherical coccus is 3/r (Figure 3.3). As a cell increases in size, its
S/V ratio decreases. To illustrate this, consider the S/V ratio for
some of the cells of different sizes listed in Table 3.1: Pelagibacter
ubique, 22; E. coli, 4.5; and E. fishelsoni, 0.05.

The S/V ratio of a cell affects several aspects of its biology,
including its evolution. For instance, because a cell’s growth rate
depends, among other things, on the rate of nutrient exchange,
the higher S/V ratio of smaller cells supports a faster rate of
nutrient exchange per unit of cell volume compared with that of
larger cells. Because of this, smaller cells, in general, grow faster

r=1pm
Surface area (4nr?) = 12.6 um?
Volume (373) = 4.2 um?

Surface _
Volume ~

r=2pm
Surface area = 50.3 um?

Volume = 33.5 um?

Surface _
Volume ~

Figure 3.3 Surface area and volume relationships in cells. As a cell
increases in size, its S/V ratio decreases.

than larger cells, and a given amount of resources (the nutrients
available to support growth) will support a larger population of
small cells than of large cells. How can this affect evolution?

Each time a cell divides, its chromosome replicates. As DNA is
replicated, occasional errors, called mutations, occur. Because
mutation rates appear to be roughly the same in all cells, large or
small, the more chromosome replications that occur, the greater
the total number of mutations in the population. Mutations are
the “raw material” of evolution; the larger the pool of mutations, the
greater the evolutionary possibilities. Thus, because prokaryotic
cells are quite small and are also genetically haploid (allowing
mutations to be expressed immediately), they have, in general,
the capacity for more rapid growth and evolution than larger,
genetically diploid cells. In the latter, not only is the S/V ratio
smaller but the effects of a mutation in one gene can be masked
by a second, unmutated gene copy. These fundamental differ-
ences in size and genetics between prokaryotic and eukaryotic
cells underlie the fact that prokaryotes can adapt quite rapidly to
changing environmental conditions and can more easily exploit
new habitats than can eukaryotic cells. We will see this concept
in action in later chapters when we consider, for example, the
enormous metabolic diversity of prokaryotes, or the spread of
antibiotic resistance.

Lower Limits of Cell Size

From the foregoing discussion one might predict that smaller
and smaller bacteria would have greater and greater selective
advantages in nature. However, this is not true, as there are lower
limits to cell size. If one considers the volume needed to house
the essential components of a free-living cell—proteins, nucleic
acids, ribosomes, and so on—a structure of 0.1 pm in diameter
or less is simply insufficient to do the job, and structures 0.15 pm
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in diameter are marginal. Thus, structures occasionally observed
in nature of 0.1 wm or smaller that “look” like bacterial cells are
almost certainly not so. Despite this, many very small prokary-
otic cells are known and many have been grown in the laboratory.
The open oceans, for example, contain 10*~10° prokaryotic cells
per milliliter, and these tend to be very small cells, 0.2—0.4 pwm in
diameter. We will see later that many pathogenic bacteria are also
very small. When the genomes of these pathogens are examined,
they are found to be highly streamlined and missing many genes
whose functions are supplied to them by their hosts.

MiniQuiz
* What physical property of cells increases as cells become
smaller?

* How can the small size and haploid genetics of prokaryotes
accelerate their evolution?

@ The Cytoplasmic Membrane
and Transport

\ DC 7e now consider the structure and function of a critical cell

component, the cytoplasmic membrane. The cytoplasmic
membrane plays many roles, chief among them as the “gate-
keeper” for substances that enter and exit the cell.

3.3 The Cytoplasmic Membrane

The cytoplasmic membrane is a thin barrier that surrounds the
cell and separates the cytoplasm from the cell’s environment. If
the membrane is broken, the integrity of the cell is destroyed, the
cytoplasm leaks into the environment, and the cell dies. We will
see that the cytoplasmic membrane confers little protection from
osmotic lysis but is ideal as a selective permeability barrier.

Composition of Membranes

The general structure of the cytoplasmic membrane is a phos-
pholipid bilayer. Phospholipids contain both hydrophobic (fatty
acid) and hydrophilic (glycerol-phosphate) components and can
be of many different chemical forms as a result of variation in the
groups attached to the glycerol backbone (Figure 3.4) As phos-
pholipids aggregate in an aqueous solution, they naturally form
bilayer structures. In a phospholipid membrane, the fatty acids
point inward toward each other to form a hydrophobic environ-
ment, and the hydrophilic portions remain exposed to the exter-
nal environment or the cytoplasm (Figure 3.45).

The cell's cytoplasmic membrane, which is 6—8 nanometers
wide, can be seen with the electron microscope, where it appears
as two dark-colored lines separated by a lighter area (Figure 3.4c).
This unit membrane, as it is called (because each phospholipid
leaf forms half of the “unit”), consists of a phospholipid bilayer
with proteins embedded in it (Figure 3.5). Although in a diagram
the cytoplasmic membrane may appear rather rigid, in reality it is
somewhat fluid, having a consistency approximating that of a
low-viscosity oil. Some freedom of movement of proteins within
the membrane is possible, although it remains unclear exactly
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Figure 3.4 Phospholipid bilayer membrane. (a) Structure of the
phospholipid phosphatidylethanolamine. (b) General architecture of a
bilayer membrane; the blue balls depict glycerol with phosphate and (or)
other hydrophilic groups. (c) Transmission electron micrograph of a mem-
brane. The light inner area is the hydrophobic region of the model mem-
brane shown in part b.

how extensive this is. The cytoplasmic membranes of some
Bacteria are strengthened by molecules called hopanoids. These
somewhat rigid planar molecules are structural analogs of
sterols, compounds that strengthen the membranes of eukaryotic
cells, many of which lack a cell wall.

Membrane Proteins

The major proteins of the cytoplasmic membrane have
hydrophobic surfaces in their regions that span the membrane
and hydrophilic surfaces in their regions that contact the envi-
ronment and the cytoplasm (Figures 3.4 and 3.5). The outer sur-
face of the cytoplasmic membrane faces the environment and in
gram-negative bacteria interacts with a variety of proteins that
bind substrates or process large molecules for transport into the
cell (periplasmic proteins, see Section 3.7). The inner side of the
cytoplasmic membrane faces the cytoplasm and interacts with
proteins involved in energy-yielding reactions and other impor-
tant cellular functions.

Many membrane proteins are firmly embedded in the mem-
brane and are called integral membrane proteins. Other proteins
have one portion anchored in the membrane and extramem-
brane regions that point into or out of the cell (Figure 3.5). Still
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Figure 3.5 Structure of the cytoplasmic membrane. The inner surface (In) faces the cytoplasm and the
outer surface (Out) faces the environment. Phospholipids compose the matrix of the cytoplasmic membrane
with proteins embedded or surface associated. Although there are some chemical differences, the overall
structure of the cytoplasmic membrane shown is similar in both prokaryotes and eukaryotes (but an excep-

tion to the bilayer design is shown in Figure 3.7¢).

other proteins, called peripheral membrane proteins, are not
membrane-embedded but nevertheless remain firmly associated
with membrane surfaces. Some of these peripheral membrane
proteins are lipoproteins, molecules that contain a lipid tail that
anchors the protein into the membrane. Peripheral membrane pro-
teins typically interact with integral membrane proteins in impor-
tant cellular processes such as energy metabolism and transport.

Proteins in the cytoplasmic membrane are arranged in clusters
(Figure 3.5), a strategy that allows proteins that need to interact
to be adjacent to one another. The overall protein content of the
membrane is quite high, and it is thought that the variation in
lipid bilayer thickness (6—8 nm) is necessary to accommodate
thicker and thinner patches of membrane proteins.

Archaeal Membranes
In contrast to the lipids of Bacteria and Eukarya in which ester
linkages bond the fatty acids to glycerol, the lipids of Archaea
contain ether bonds between glycerol and their hydrophobic side
chains (Figure 3.6). Archaeal lipids lack true fatty acid side chains
and instead, the side chains are composed of repeating units of
the hydrophobic five-carbon hydrocarbon isoprene (Figure 3.6¢).
The cytoplasmic membrane of Archaea can be constructed of
either glycerol diethers (Figure 3.7a), which have 20-carbon side
chains (the 20-C unit is called a phytanyl group), or diglycerol
tetraethers (Figure 3.7b), which have 40-carbon side chains. In
the tetraether lipid, the ends of the phytanyl side chains that

point inward from each glycerol molecule are covalently linked.
This forms a lipid monolayer instead of a lipid bilayer membrane
(Figure 3.7d, e). In contrast to lipid bilayers, lipid monolayer
membranes are extremely resistant to heat denaturation and are
therefore widely distributed in hyperthermophiles, prokaryotes
that grow best at temperatures above 80°C. Membranes with a
mixture of bilayer and monolayer character are also possible,
with some of the inwardly opposing hydrophobic groups cova-
lently bonded while others are not.

H,C—0—C—R Ether
0 H,C—O0—C—R
Il |
HC—O0—C—R HC—O—C—R
O O
I I CHg
H,C—O0—P—0O" H,C—O0—P—0" |
| H,C =C—C=CH,
o~ o~ H
Bacteria Archaea
Eukarya
(@) (b) (©

Figure 3.6 General structure of lipids. (@) The ester linkage and

(b) the ether linkage. (c) Isoprene, the parent structure of the hydropho-
bic side chains of archaeal lipids. By contrast, in lipids of Bacteria and
Eukarya, the side chains are composed of fatty acids (see Figure 3.4a).
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Figure 3.7 Major lipids of Archaea and the architecture of archaeal membranes. (g, b) Note that the
hydrocarbon of the lipid is attached to the glycerol by an ether linkage in both cases. The hydrocarbon is
phytanyl (Cog) in part a and biphytanyl (C40) in part b. (c) A major lipid of Crenarchaeota is crenarchaeol, a
lipid containing 5- and 6-carbon rings. (d, e) Membrane structure in Archaea may be bilayer or monolayer

(or a mix of both).

Many archaeal lipids also contain rings within the hydrocar-
bon chains. For example, crenarchaeol, a lipid widespread among
species of Crenarchaeota (€2 Section 2.10), contains four
cyclopentyl rings and one cyclohexyl ring (Figure 3.7¢). The pre-
dominant membrane lipids of many Euryarchaeota, such as the
methanogens and extreme halophiles, are glycolipids, lipids with
a carbohydrate bonded to glycerol. Rings formed in the hydro-
carbon side chains affect the properties of the lipids (and thus

overall membrane function), and considerable variation in the
number and position of the rings has been discovered in the
lipids of different species.

Despite the differences in chemistry between the cytoplasmic
membranes of Archaea and organisms in the other domains,
the fundamental construction of the archaeal cytoplasmic
membrane—inner and outer hydrophilic surfaces and a hydropho-
bic interior—is the same as that of membranes in Bacteria and
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Eukarya. Evolution has selected this design as the best solution to
the main function of the cytoplasmic membrane—permeability—
and we consider this problem now.

MiniQuiz
* Draw the basic structure of a lipid bilayer and label the
hydrophilic and hydrophobic regions.

* How are the membrane lipids of Bacteria and Archaea similar,
and how do they differ?

3.4 Functions of the Cytoplasmic
Membrane

The cytoplasmic membrane is more than just a barrier separat-
ing the inside from the outside of the cell. The membrane plays
critical roles in cell function. First and foremost, the membrane
functions as a permeability barrier, preventing the passive leak-
age of solutes into or out of the cell (Figure 3.8). Secondly, the
membrane is an anchor for many proteins. Some of these are
enzymes that catalyze bioenergetic reactions and others trans-
port solutes into and out of the cell. We will learn in the next
chapter that the cytoplasmic membrane is also a major site of
energy conservation in the cell. The membrane has an energeti-
cally charged form in which protons (H) are separated from
hydroxyl ions (OH™) across its surface (Figure 3.8). This charge
separation is a form of energy, analogous to the potential energy
present in a charged battery. This energy source, called the
proton motive force, is responsible for driving many energy-
requiring functions in the cell, including some forms of trans-
port, motility, and biosynthesis of ATP.

The Cytoplasmic Membrane

as a Permeability Barrier

The cytoplasm is a solution of salts, sugars, amino acids,
nucleotides, and many other substances. The hydrophobic por-
tion of the cytoplasmic membrane (Figure 3.5) is a tight barrier
to diffusion of these substances. Although some small hydropho-
bic molecules pass the cytoplasmic membrane by diffusion, polar
and charged molecules do not diffuse but instead must be trans-
ported. Even a substance as small as a proton (H") cannot diffuse
across the membrane.

Table 3.2 Comparative permeability of membranes to
various molecules

Potential for diffusion

Substance Rate of permeability? into a cell
Water 100 Excellent
Glycerol 0.1 Good
Tryptophan 0.001 Fair/Poor
Glucose 0.001 Fair/Poor
Chloride ion (CI7) 0.000001 Very poor
Potassium ion (K*) 0.0000001 Extremely poor
Sodium ion (Na™) 0.00000001 Extremely poor

ARelative scale—permeability with respect to permeability to water given as 100. Perme-
ability of the membrane to water may be affected by aquaporins (see text).

One substance that does freely pass the membrane in both
directions is water, a molecule that is weakly polar but suffi-
ciently small to pass between phospholipid molecules in the lipid
bilayer (Table 3.2). But in addition, the movement of water across
the membrane is accelerated by dedicated transport proteins
called aquaporins. For example, aquaporin AqpZ of Escherichia
coli imports or exports water depending on whether osmotic
conditions in the cytoplasm are high or low, respectively. The rel-
ative permeability of the membrane to a few biologically relevant
substances is shown in Table 3.2. As can be seen, most sub-
stances cannot diffuse into the cell and thus must be transported.

Transport Proteins

Transport proteins do more than just ferry substances across the
membrane—they accumulate solutes against the concentration
gradient. The necessity for carrier-mediated transport is easy to
understand. If diffusion were the only mechanism by which
solutes entered a cell, cells would never achieve the intracellular
concentrations necessary to carry out biochemical reactions; that
is, their rate of uptake and intracellular concentration would
never exceed the external concentration, which in nature is often
quite low (Figure 3.9). Hence, cells must have mechanisms for
accumulating solutes—most of which are vital nutrients—to levels
higher than those in their habitats, and this is the job of transport
proteins.
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(a) Permeability barrier:
Prevents leakage and functions as a
gateway for transport of nutrients into,
and wastes out of, the cell
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FigU.Te 3.8 The major functions of the cytoplasmic membrane. Although structurally weak, the cytoplasmic

membrane has many important cellular functions.
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Figure 3.9 Transport versus diffusion. In transport, the uptake rate
shows saturation at relatively low external concentrations.

Transport systems show several characteristic properties.
First, in contrast with diffusion, transport systems show a
saturation effect. If the concentration of substrate is high enough
to saturate the transporter, which can occur at even the very low
substrate concentrations found in nature, the rate of uptake
becomes maximal and the addition of more substrate does not
increase the rate (Figure 3.9). This characteristic feature of trans-
port proteins is essential for a system that must concentrate
nutrients from an often very dilute environment. A second char-
acteristic of carrier-mediated transport is the high specificity of
the transport event. Many carrier proteins react only with a sin-
gle molecule, whereas a few show affinities for a closely related
class of molecules, such as sugars or amino acids. This economy
in uptake reduces the need for separate transport proteins for
each different amino acid or sugar.

And finally, a third major characteristic of transport systems is
that their biosynthesis is typically highly regulated by the cell.
That is, the specific complement of transporters present in the
cytoplasmic membrane of a cell at any one time is a function of
both the resources available and their concentrations. Biosyn-
thetic control of this type is important because a particular nutri-
ent may need to be transported by one type of transporter when
the nutrient is present at high concentration and by a different,
higher-affinity transporter, when present at low concentration.

MiniQuiz
* List two reasons why a cell cannot depend on diffusion as a
means of acquiring nutrients.

* Why is physical damage to the cytoplasmic membrane such a
critical issue for the cell?

3.5 Transport and Transport Systems

Nutrient transport is a vital process. To fuel metabolism and sup-
port growth, cells need to import nutrients and export wastes on
a continuous basis. To fulfill these requirements, several different
mechanisms for transport exist in prokaryotes, each with its own
unique features, and we explore this subject here.
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Figu're 3.10 The three classes of transport systems. Note how
simple transporters and the ABC system transport substances without
chemical modification, whereas group translocation results in chemical
maodification (in this case phosphorylation) of the transported substance.
The three proteins of the ABC system are labeled 1, 2, and 3.

Structure and Function of Membrane

Transport Proteins

At least three transport systems exist in prokaryotes: simple
transport, group translocation, and ABC transport. Simple trans-
port consists only of a membrane-spanning transport protein,
group translocation involves a series of proteins in the transport
event, and the ABC system consists of three components: a
substrate-binding protein, a membrane-integrated transporter,
and an ATP-hydrolyzing protein (Figure 3.10). All transport sys-
tems require energy in some form, either from the proton motive
force, or ATP, or some other energy-rich organic compound.

Figure 3.10 contrasts these transport systems. Regardless of
the system, the membrane-spanning proteins typically show sig-
nificant similarities in amino acid sequence, an indication of the
common evolutionary roots of these structures. Membrane
transporters are composed of 12 alpha helices that weave back
and forth through the membrane to form a channel. It is through
this channel that a solute is actually carried into the cell (Figure
3.11). The transport event requires that a conformational change
occur in the membrane protein following binding of its solute.
Like a gate swinging open, the conformational change then
brings the solute into the cell.

Actual transport events can be of three types: uniport, symport,
and antiport (Figure 3.11). Uniporters are proteins that transport a
molecule unidirectionally across the membrane, either in or out.
Symporters are cotransporters; they transport one molecule along
with another substance, typically a proton. Antiporters are pro-
teins that transport one molecule into the cell while simultane-
ously transporting a second molecule out of the cell.
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Figure 3.11 Structure of membrane-spanning transporters and
types of transport events. Membrane-spanning transporters are made
of 12 a-helices (each shown here as a cylinder) that aggregate to form a
channel through the membrane. Shown here are three different transport
events; for antiporters and symporters, the cotransported substance is
shown in yellow.

Simple Transport: Lac Permease of Escherichia coli
The bacterium Escherichia coli metabolizes the disaccharide
sugar lactose. Lactose is transported into cells of E. coli by the
activity of a simple transporter, lac permease, a type of sym-
porter. This is shown in Figure 3.12, where the activity of lac per-
mease is compared with that of some other simple transporters,
including uniporters and antiporters. We will see later that lac
permease is one of three proteins required to metabolize lactose
in E. coli and that the synthesis of these proteins is highly regu-
lated by the cell (€2 Section 8.5).

As is true of all transport systems, the activity of lac permease
is energy-driven. As each lactose molecule is transported into the
cell, the energy in the proton motive force (Figure 3.8¢) is dimin-
ished by the cotransport of protons into the cytoplasm. The
membrane is reenergized through energy-yielding reactions that
we will describe in Chapter 4. Thus the net result of lac permease

Sulfate
symporter

Potassium
uniporter

Phosphate H+ Sodium-proton
symporter

activity is the energy-driven accumulation of lactose in the cyto-
plasm against the concentration gradient.

Group Translocation: The

Phosphotransferase System

Group translocation is a form of transport in which the sub-
stance transported is chemically modified during its uptake across
the membrane. One of the best-studied group translocation sys-
tems transports the sugars glucose, mannose, and fructose in
E. coli. These compounds are modified by phosphorylation during
transport by the phosphotransferase system.

The phosphotransferase system consists of a family of proteins
that work in concert; five proteins are necessary to transport any
given sugar. Before the sugar is transported, the proteins in the
phosphotransferase system are themselves alternately phosphor-
ylated and dephosphorylated in a cascading fashion until the
actual transporter, Enzyme II, phosphorylates the sugar during
the transport event (Figure 3.13). A small protein called HPr, the
enzyme that phosphorylates HPr (Enzyme I), and Enzyme II, are
all cytoplasmic proteins. By contrast, Enzyme Il lies on the inner
surface of the membrane and Enzyme II; is an integral mem-
brane protein. HPr and Enzyme I are nonspecific components of
the phosphotransferase system and participate in the uptake of
several different sugars. Several different versions of Enzyme II
exist, one for each different sugar transported (Figure 3.13).
Energy for the phosphotransferase system comes from the
energy-rich compound phosphoenolpyruvate, which is a key
intermediate in glycolysis, a major pathway for glucose metabo-
lism present in most cells (@2 Section 4.8).

Periplasmic Binding Proteins and the ABC System

We will learn a bit later in this chapter that gram-negative bacte-
ria contain a region called the periplasm that lies between the
cytoplasmic membrane and a second membrane layer called the
outer membrane, part of the gram-negative cell wall (Section 3.7).
The periplasm contains many different proteins, several of which
function in transport and are called periplasmic binding proteins.

Lactose

Lac permease

antiporter (a symporter)

Figu're 3.12 The lac permease of Escherichia coli and several other well-characterized simple

transporters. Note the different classes of transport events depicted.
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Figure 3.13 Mechanism of the phosphotransferase system of Escherichia coli. For glucose uptake,

the system consists of five proteins: Enzyme (Enz) I, Enzymes I, Ilp, and Ilg

, and HPr. A phosphate cascade

occurs from phosphoenolpyruvate (PE-P) to Enzyme Il and the latter actually transports and phosphory-
lates the sugar. Proteins HPr and Enz | are nonspecific and transport any sugar. The Enz Il components are

specific for each particular sugar.

Transport systems that employ periplasmic binding proteins along
with a membrane transporter and ATP-hydrolyzing proteins are
called ABC transport systems, the “ABC” standing for ATP-
binding cassette, a structural feature of proteins that bind ATP
(Figure 3.14). More than 200 different ABC transport systems have
been identified in prokaryotes. ABC transporters exist for the
uptake of organic compounds such as sugars and amino acids, inor-
ganic nutrients such as sulfate and phosphate, and trace metals.

A characteristic property of periplasmic binding proteins is
their high substrate affinity. These proteins can bind their sub-
strate(s) even when they are at extremely low concentration; for
example, less than 1 micromolar (107® M). Once its substrate is
bound, the periplasmic binding protein interacts with its respec-
tive membrane transporter to transport the substrate into the cell
driven by ATP hydrolysis (Figure 3.14).

Even though gram-positive bacteria lack a periplasm, they
have ABC transport systems. In gram-positive bacteria, however,
substrate-binding proteins are anchored to the external surface
of the cytoplasmic membrane. Nevertheless, once these proteins
bind substrate, they interact with a membrane transporter to cat-
alyze uptake of the substrate at the expense of ATP hydrolysis,
just as they do in gram-negative bacteria (Figure 3.14).

Protein Export

Thus far our discussion of transport has focused on small mole-
cules. How do large molecules, such as proteins, get out of cells?
Many proteins need to be either transported outside the cyto-
plasmic membrane or inserted in a specific way into the mem-
brane in order to function properly. Proteins are exported
through and inserted into prokaryotic membranes by the activi-
ties of other proteins called translocases, a key one being the Sec
(sec for secretory) system. The Sec system both exports proteins
and inserts integral membrane proteins into the membrane. Pro-
teins destined for transport are recognized by the Sec system

because they are tagged in a specific way. We discuss this process
later (Co Section 6.21).

Protein export is important to bacteria because many bacterial
enzymes are designed to function outside the cell (exoenzymes).
For example, hydrolytic exoenzymes such as amylase or cellulase
are excreted directly into the environment where they cleave
starch or cellulose, respectively, into glucose; the glucose is then
used by the cell as a carbon and energy source. In gram-negative
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Figu're 3.14 Mechanism of an ABC transporter. The periplasmic
binding protein has high affinity for substrate, the membrane-spanning
proteins form the transport channel, and the cytoplasmic ATP-hydrolyzing
proteins supply the energy for the transport event.
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bacteria, many enzymes are periplasmic enzymes, and these
must traverse the cytoplasmic membrane in order to function.
Moreover, many pathogenic bacteria excrete protein toxins or
other harmful proteins into the host during infection. Many tox-
ins are excreted by a second translocase system called the type III
secretion system. This system differs from the Sec system in that
the secreted protein is translocated from the bacterial cell
directly into the host, for example, a human cell. However, all of
these large molecules need to move through the cytoplasmic
membrane, and translocases such as SecYEG and the type III
secretion system assist in these transport events.

MiniQuiz ~N
» Contrast simple transporters, the phosphotransferase system,
and ABC transporters in terms of (1) energy source, (2) chemical
alterations of the solute transported, and (3) number of proteins
involved.

Which transport system is best suited for the transport of nutri-
ents present at extremely low levels, and why?

Why is protein excretion important to cells? )

@ Cell Walls of Prokaryotes

3.6 The Cell Wall of Bacteria:
Peptidoglycan

Because of the activities of transport systems, the cytoplasm of
bacterial cells maintains a high concentration of dissolved
solutes. This causes a significant osmotic pressure—about 2
atmospheres in a typical bacterial cell. This is roughly the same as
the pressure in an automobile tire. To withstand these pressures
and prevent bursting (cell lysis), bacteria employ cell walls.
Besides protecting against osmotic lysis, cell walls also confer
shape and rigidity on the cell.

Species of Bacteria can be divided into two major groups,
called gram-positive and gram-negative. The distinction
between gram-positive and gram-negative bacteria is based on
the Gram stain reaction (€2 Section 2.2). But differences in cell
wall structure are at the heart of the Gram stain reaction. The
surface of gram-positive and gram-negative cells as viewed in the
electron microscope differs markedly, as shown in Figure 3.15.
The gram-negative cell wall, or cell envelope as it is sometimes
called, is chemically complex and consists of at least two layers,
whereas the gram-positive cell wall is typically much thicker and
consists primarily of a single type of molecule.

The focus of this section is on the polysaccharide component
of the cell walls of Bacteria, both gram-positive and gram-negative.
In the next section we describe the special wall components present
in gram-negative Bacteria. And finally, in Section 3.8 we briefly
describe the cell walls of Archaea.

Peptidoglycan

The walls of Bacteria have a rigid layer that is primarily responsi-
ble for the strength of the wall. In gram-negative bacteria, addi-
tional layers are present outside this rigid layer. The rigid layer,

called peptidoglycan, is a polysaccharide composed of two sugar
derivatives—N-acetylglucosamine and N-acetylmuramic acid—
and a few amino acids, including L-alanine, b-alanine, D-glutamic
acid, and either lysine or the structurally similar amino acid analog,
diaminopimelic acid (DAP). These constituents are connected to
form a repeating structure, the glycan tetrapeptide (Figure 3.16).

Long chains of peptidoglycan are biosynthesized adjacent to
one another to form a sheet surrounding the cell (see Figure
3.18). The chains are connected through cross-links of amino
acids. The glycosidic bonds connecting the sugars in the glycan
strands are covalent bonds, but these provide rigidity to the
structure in only one direction. Only after cross-linking is pepti-
doglycan strong in both the X and Y directions (Figure 3.17).
Cross-linking occurs to different extents in different species of
Bacteria; more extensive cross-linking results in greater rigidity.

In gram-negative bacteria, peptidoglycan cross-linkage occurs
by peptide bond formation from the amino group of DAP of
one glycan chain to the carboxyl group of the terminal p-alanine
on the adjacent glycan chain (Figure 3.17). In gram-positive bac-
teria, cross-linkage may occur through a short peptide inter-
bridge, the kinds and numbers of amino acids in the interbridge
varying from species to species. For example, in the gram-positive
Staphylococcus aureus, the interbridge peptide is composed of
five glycine residues, a common interbridge amino acid (Figure
3.17b). The overall structure of peptidoglycan is shown in
Figure 3.17c.

Peptidoglycan can be destroyed by certain agents. One such
agent is the enzyme [ysozyme, a protein that cleaves the
B-1,4-glycosidic bonds between N-acetylglucosamine and
N-acetylmuramic acid in peptidoglycan (Figure 3.16), thereby
weakening the wall; water can then enter the cell and cause lysis.
Lysozyme is found in animal secretions including tears, saliva,
and other body fluids, and functions as a major line of defense
against bacterial infection. When we consider peptidoglycan
biosynthesis in Chapter 5 we will see that the important antibi-
otic penicillin also targets peptidoglycan, but in a different way
from that of lysozyme. Whereas lysozyme destroys preexisting
peptidoglycan, penicillin instead prevents its biosynthesis, lead-
ing eventually to osmotic lysis.

Diversity of Peptidoglycan

Peptidoglycan is present only in species of Bacteria—the sugar
N-acetylmuramic acid and the amino acid analog DAP have
never been found in the cell walls of Archaea or Eukarya. How-
ever, not all Bacteria examined have DAP in their peptidoglycan;
some have lysine instead. An unusual feature of peptidoglycan is
the presence of two amino acids of the D stereoisomer, D-alanine
and D-glutamic acid. Proteins, by contrast, are always constructed
of L-amino acids.

More than 100 different peptidoglycans are known, with diver-
sity typically governed by the peptide cross-links and interbridge.
In every form of peptidoglycan the glycan portion is constant;
only the sugars N-acetylglucosamine and N-acetylmuramic acid
are present and are connected in B-1,4 linkage (Figure 3.16).
Moreover, the tetrapeptide shows major variation in only one
amino acid, the lysine—-DAP alternation. Thus, although the
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Figure 3.15 Cell walls of Bacteria. (a, b) Schematic diagrams of gram-positive and gram-negative cell
walls. The Gram stain photo in the center shows cells of Staphylococcus aureus (purple, gram-positive) and
Escherichia coli (pink, gram-negative). (c, d) Transmission electron micrographs (TEMs) showing the cell
wall of a gram-positive bacterium and a gram-negative bacterium. (e, f) Scanning electron micrographs of
gram-positive and gram-negative bacteria, respectively. Note differences in surface texture. Each cell in the

TEMs is about 1 pm wide.

peptide composition of peptidoglycan can vary, the peptidogly-
can backbone—alternating repeats of N-acetylglucosamine and
N-acetylmuramic acid—is invariant.

The Gram-Positive Cell Wall
In gram-positive bacteria, as much as 90% of the wall is peptido-
glycan. And, although some bacteria have only a single layer of

peptidoglycan surrounding the cell, many gram-positive bacteria
have several sheets of peptidoglycan stacked one upon another
(Figure 3.154). It is thought that the peptidoglycan is laid down
by the cell in “cables” about 50 nm wide, with each cable consist-
ing of several cross-linked glycan strands (Figure 3.18a). As the
peptidoglycan “matures,” the cables themselves become cross-
linked to form an even stronger cell wall structure.
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Figure 3.16 Structure of the repeating unit in peptidoglycan, the
glycan tetrapeptide. The structure given is that found in Escherichia coli
and most other gram-negative Bacteria. In some Bacteria, other amino
acids are present as discussed in the text.

Many gram-positive bacteria have acidic components called
teichoic acids embedded in their cell wall. The term “teichoic
acids” includes all cell wall, cytoplasmic membrane, and capsular
polymers composed of glycerol phosphate or ribitol phosphate.
These polyalcohols are connected by phosphate esters and typi-
cally contain sugars or D-alanine (Figure 3.18b). Teichoic acids
are covalently bonded to muramic acid in the wall peptidoglycan.
Because the phosphates are negatively charged, teichoic acids are
at least in part responsible for the overall negative electrical
charge of the cell surface. Teichoic acids also function to bind
Ca’" and Mg?" for eventual transport into the cell. Certain tei-
choic acids are covalently bound to membrane lipids, and these
are called lipoteichoic acids (Figure 3.18¢).

Figure 3.18 summarizes the structure of the cell wall of gram-
positive Bacteria and shows how teichoic acids and lipoteichoic
acids are arranged in the overall wall structure. It also shows how
the peptidoglycan cables run perpendicular to the long axis of a
rod-shaped bacterium.

Cells That Lack Cell Walls

Although most prokaryotes cannot survive in nature without
their cell walls, some do so naturally. These include the
mycoplasmas, a group of pathogenic bacteria that causes several
infectious diseases of humans and other animals, and the
Thermoplasma group, species of Archaea that naturally lack cell
walls. These bacteria are able to survive without cell walls
because they either contain unusually tough cytoplasmic mem-
branes or because they live in osmotically protected habitats
such as the animal body. Most mycoplasmas have sterols in their

Polysaccharide
backbone
-9- w @- —“e- M —©® Interbridge
L- AIa / Peptides \ L- AIa } Glly :
D- Glu D-Glu- N%Glly :
D/i\P E— D,?Ia L-Il_ys : Glly :
D-Ala D?P p-Ala Glly :
D-Clalu :_ -Gll.y_.!
L-fi‘\la D./lsda
— @ — M — @ — L-ITys
(@) Escherichia coli D-Glu-NH,
(gram-negative) . A:\Ia

(b) Staphylococcus aureus
(gram-positive)

A

n*,’.

Leon J. Lebeau

Peptide bonds

Glycosidic bonds

(©

Figure 3.17 Peptidoglycan in Escherichia coli and Staphylococcus
aureus. (a) No interbridge is present in E. coli peptidoglycan nor that of
other gram-negative Bacteria. (b) The glycine interbridge in S. aureus
(gram-positive). (c) Overall structure of peptidoglycan. G, N-acetylglu-
cosamine; M, N-acetylmuramic acid. Note how glycosidic bonds confer
strength on peptidoglycan in the X direction whereas peptide bonds
confer strength in the Y direction.

cytoplasmic membranes, and these probably function to add
strength and rigidity to the membrane as they do in the cytoplas-
mic membranes of eukaryotic cells.

MiniQuiz

* Why do bacterial cells need cell walls? Do all bacteria have cell
walls?

* Why is peptidoglycan such a strong molecule?

* What does the enzyme lysozyme do?

3.7 The Outer Membrane

In gram-negative bacteria only about 10% of the total cell wall
consists of peptidoglycan (Figure 3.15b). Instead, most of the wall
is composed of the outer membrane. This layer is effectively a
second lipid bilayer, but it is not constructed solely of phospho-
lipid and protein, as is the cytoplasmic membrane (Figure 3.5).
The gram-negative cell outer membrane also contains polysac-
charide. The lipid and polysaccharide are linked in the outer
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Figu’re 3.18 Structure of the gram-positive bacterial cell wall.

(a) Schematic of a gram-positive rod showing the internal architecture
of the peptidoglycan “cables.” (b) Structure of a ribitol teichoic acid. The
teichoic acid is a polymer of the repeating ribitol unit shown here.

(c) Summary diagram of the gram-positive bacterial cell wall.

membrane to form a complex. Because of this, the outer mem-
brane is also called the lipopolysaccharide layer, or simply LPS.

Chemistry and Activity of LPS

The chemistry of LPS from several bacteria is known. As seen in
Figure 3.19, the polysaccharide portion of LPS consists of two
components, the core polysaccharide and the O-polysaccharide.
In Salmonella species, where LPS has been best studied, the
core polysaccharide consists of ketodeoxyoctonate (KDO), vari-
ous seven-carbon sugars (heptoses), glucose, galactose, and
N-acetylglucosamine. Connected to the core is the O-polysaccha-
ride, which typically contains galactose, glucose, rhamnose, and
mannose, as well as one or more dideoxyhexoses, such as abequ-
ose, colitose, paratose, or tyvelose. These sugars are connected in
four- or five-membered sequences, which often are branched.
When the sequences repeat, the long O-polysaccharide is formed.

The relationship of the LPS layer to the overall gram-negative
cell wall is shown in Figure 3.20. The lipid portion of the LPS,
called lipid A, is not a typical glycerol lipid (see Figure 3.4a), but
instead the fatty acids are connected through the amine groups
from a disaccharide composed of glucosamine phosphate (Figure
3.19). The disaccharide is attached to the core polysaccharide
through KDO (Figure 3.19). Fatty acids commonly found in lipid
A include caproic (Cg), lauric (Cy,), myristic (Cy4), palmitic (Cyg),
and stearic (C;g) acids.

LPS replaces much of the phospholipid in the outer half of the
outer membrane bilayer. By contrast, lipoprotein is present on
the inner half of the outer membrane, along with the usual phos-
pholipids (Figure 3.20a). Lipoprotein functions as an anchor
tying the outer membrane to peptidoglycan. Thus, although the
overall structure of the outer membrane is considered a lipid
bilayer, its structure is distinct from that of the cytoplasmic
membrane (compare Figures 3.5 and 3.204).

_ Ospecifiopolysaccharde _ Corepolysaccharide  LipidA
I 1

Figure 3.19 Structure of the lipopolysaccha-

ride of gram-negative Bacteria. The chemistry of
lipid A and the polysaccharide components varies
among species of gram-negative Bacteria, but the
major components (lipid A-KDO-core-O-specific)

are typically the same. The O-specific polysac-
charide varies greatly among species. KDO,
ketodeoxyoctonate; Hep, heptose; Glu, glucose;
Gal, galactose; GluNac, N-acetylglucosamine;
GlcN, glucosamine; P phosphate. Glucosamine

=
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and the lipid A fatty acids are linked through the
amine groups. The lipid A portion of LPS can be
toxic to animals and comprises the endotoxin
complex. Compare this figure with Figure 3.20 and
follow the LPS components by the color-coding.
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Figure 3.20 The gram-negative cell wall. (a) Arrangement of lipopolysaccharide, lipid A, phospholipid,
porins, and lipoprotein in the outer membrane. See Figure 3.19 for details of the structure of LPS. (b) Trans-
mission electron micrograph of a cell of Escherichia coli showing the cytoplasmic membrane and wall.

(c) Molecular model of porin proteins. Note the four pores present, one within each of the proteins forming a
porin molecule and a smaller central pore between the porin proteins. The view is perpendicular to the plane
of the membrane.

Although the major function of the outer membrane is
undoubtedly structural, one of its important biological activities
is its toxicity to animals. Gram-negative bacteria that are patho-
genic for humans and other mammals include species of
Salmonella, Shigella, and Escherichia, among many others, and
some of the intestinal symptoms these pathogens elicit are due
to toxic outer membrane components. Toxicity is associated
with the LPS layer, in particular, lipid A. The term endotoxin refers
to this toxic component of LPS. Some endotoxins cause violent
symptoms in humans, including gas, diarrhea, and vomiting, and

Georg E. Schulz

the endotoxins produced by Salmonella and enteropathogenic
strains of E. coli transmitted in contaminated foods are classic
examples of this.

The Periplasm and Porins

Although permeable to small molecules, the outer membrane is
not permeable to proteins or other large molecules. In fact, one
of the major functions of the outer membrane is to keep proteins
whose activities occur outside the cytoplasmic membrane from
diffusing away from the cell. These proteins are present in a
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region called the periplasm (see Figure 3.20). This space, located
between the outer surface of the cytoplasmic membrane and the
inner surface of the outer membrane, is about 15 nm wide. The
periplasm is gel-like in consistency because of the high concen-
tration of proteins present there.

Depending on the organism, the periplasm can contain several
different classes of proteins. These include hydrolytic enzymes,
which function in the initial degradation of food molecules; bind-
ing proteins, which begin the process of transporting substrates
(Section 3.5); and chemoreceptors, which are proteins involved
in the chemotaxis response (Section 3.15). Most of these proteins
reach the periplasm by way of the Sec protein-exporting system
in the cytoplasmic membrane (Section 3.5).

The outer membrane of gram-negative bacteria is relatively
permeable to small molecules even though it is a lipid bilayer.
This is due to porins embedded in the outer membrane that
function as channels for the entrance and exit of solutes (Figure
3.20). Several porins are known, including both specific and non-
specific classes.

Nonspecific porins form water-filled channels through which
any small substance can pass. By contrast, specific porins con-
tain a binding site for only one or a small group of structurally
related substances. Porins are transmembrane proteins that con-
sist of three identical subunits. Besides the channel present in
each barrel of the porin, the barrels of the porin proteins associ-
ate in such a way that a hole about 1 nm in diameter is formed in
the outer membrane through which very small solutes can travel
(Figure 3.20c).

Relationship of Cell Wall Structure

to the Gram Stain

The structural differences between the cell walls of gram-positive
and gram-negative Bacteria are thought to be responsible for dif-
ferences in the Gram stain reaction. In the Gram stain, an insolu-
ble crystal violet—iodine complex forms inside the cell. This
complex is extracted by alcohol from gram-negative but not from
gram-positive bacteria (€2 Section 2.2). As we have seen, gram-
positive bacteria have very thick cell walls consisting primarily of
peptidoglycan (Figure 3.18); these become dehydrated by the
alcohol, causing the pores in the walls to close and preventing the
insoluble crystal violet-iodine complex from escaping. By con-
trast, in gram-negative bacteria, alcohol readily penetrates the
lipid-rich outer membrane and extracts the crystal violet—iodine
complex from the cell. After alcohol treatment, gram-negative
cells are nearly invisible unless they are counterstained with a sec-
ond dye, a standard procedure in the Gram stain (2o Figure 2.4).

MiniQuiz ~N
* What components constitute the outer membrane of gram-
negative bacteria?

* What is the function of porins and where are they located in a
gram-negative cell wall?

* What component of the cell has endotoxin properties?

* Why does alcohol readily decolorize gram-negative but not
gram-positive bacteria? /

3.8 Cell Walls of Archaea

Peptidoglycan, a key biomarker for Bacteria, is absent from the cell
walls of Archaea. An outer membrane is typically lacking in Archaea
as well. Instead, a variety of chemistries are found in the cell walls of
Archaea, including polysaccharides, proteins, and glycoproteins.

Pseudomurein and Other Polysaccharide Walls

The cell walls of certain methanogenic Archaea contain a mole-
cule that is remarkably similar to peptidoglycan, a polysaccharide
called pseudomurein (the term “murein” is from the Latin word
for “wall” and was an old term for peptidoglycan; Figure 3.21).
The backbone of pseudomurein is composed of alternating
repeats of N-acetylglucosamine (also found in peptidoglycan)
and N-acetyltalosaminuronic acid; the latter replaces the N-
acetylmuramic acid of peptidoglycan. Pseudomurein also differs
from peptidoglycan in that the glycosidic bonds between the
sugar derivatives are 3-1,3 instead of 3-1,4, and the amino acids
are all of the L stereoisomer. It is thought that peptidoglycan and
pseudomurein either arose by convergent evolution after
Bacteria and Archaea had diverged or, more likely, by evolution
from a common polysaccharide present in the cell walls of the
common ancestor of the domains Bacteria and Archaea.

Cell walls of some other Archaea lack pseudomurein and instead
contain other polysaccharides. For example, Methanosarcina
species have thick polysaccharide walls composed of polymers of
glucose, glucuronic acid, galactosamine uronic acid, and acetate.
Extremely halophilic (salt-loving) Archaea such as Halococcus,
which are related to Methanosarcina, have similar cell walls that
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Figure 3.21 Pseudomurein. Structure of pseudomurein, the cell wall
polymer of Methanobacterium species. Note the similarities and differ-
ences between pseudomurein and peptidoglycan (Figure 3.16).
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Figure 3.22 The S-layer. Transmission electron micrograph of an
S-layer showing the paracrystalline structure. Shown is the S-layer from
Aquaspirillum serpens (a species of Bacteria); this S-layer shows hexago-
nal symmetry as is common in S-layers of Archaea as well.

also contain sulfate (SO,%7). The negative charge on the sulfates
bind the high concentration of Na™ present in the habitats of
Halococcus, salt evaporation ponds and saline seas and lakes; this
helps stabilize the cell wall in such strongly polar environments.

S-Layers

The most common cell wall in species of Archaea is the paracrys-
talline surface layer, or S-layer. S-layers consist of interlocking
protein or glycoprotein molecules that show an ordered appear-
ance when viewed with the electron microscope (Figure 3.22).
The paracrystalline structure of S-layers is arranged to yield vari-
ous symmetries, such as hexagonal, tetragonal, or trimeric,
depending upon the number and structure of the protein or gly-
coprotein subunits of which they are composed. S-layers have
been found in representatives of all major lineages of Archaea
and also in several species of Bacteria (Figure 3.22).

The cell walls of some Archaea, for example the methanogen
Methanocaldococcus jannaschii, consist only of an S-layer. Thus,
S-layers are themselves sufficiently strong to withstand osmotic
bursting. However, in many organisms S-layers are present in
addition to other cell wall components, usually polysaccharides.
For example, in Bacillus brevis, a species of Bacteria, an S-layer is
present along with peptidoglycan. However, when an S-layer is
present along with other wall components, the S-layer is always
the outermost wall layer, the layer that is in direct contact with
the environment.

Besides serving as protection from osmotic lysis, S-layers may
have other functions. For example, as the interface between the
cell and its environment, it is likely that the S-layer functions as a

selective sieve, allowing the passage of low-molecular-weight
solutes while excluding large molecules and structures (such as
viruses). The S-layer may also function to retain proteins near
the cell surface, much as the outer membrane (Section 3.7) does
in gram-negative bacteria.

We thus see several cell wall chemistries in species of Archaea,
varying from molecules that closely resemble peptidoglycan to
those that totally lack a polysaccharide component. But with rare
exception, all Archaea contain a cell wall of some sort, and as in
Bacteria, the archaeal cell wall functions to prevent osmotic lysis
and gives the cell its shape. In addition, because they lack peptido-
glycan in their cell walls, Archaea are naturally resistant to the activ-
ity of lysozyme (Section 3.6) and the antibiotic penicillin, agents
that either destroy peptidoglycan or prevent its proper synthesis.

MiniQuiz

* How does pseudomurein resemble peptidoglycan? How do the
two molecules differ?

* What is the composition of an S-layer?

* Why are Archaea insensitive to penicillin?

Other Cell Surface Structures
and Inclusions

n addition to cell walls, prokaryotic cells can have other layers
Ior structures in contact with the environment. Moreover, cells
often contain one or more types of cellular inclusions. We exam-
ine some of these here.

3.9 Cell Surface Structures

Many prokaryotes secrete slimy or sticky materials on their cell
surface. These materials consist of either polysaccharide or pro-
tein. These are not considered part of the cell wall because they do
not confer significant structural strength on the cell. The terms
“capsule” and “slime layer” are used to describe these layers.

Capsules and Slime Layers
Capsules and slime layers may be thick or thin and rigid or flexible,
depending on their chemistry and degree of hydration. Tradition-
ally, if the layer is organized in a tight matrix that excludes small
particles, such as India ink, it is called a capsule (Figure 3.23). By
contrast, if the layer is more easily deformed, it will not exclude par-
ticles and is more difficult to see; this form is called a slime layer. In
addition, capsules typically adhere firmly to the cell wall, and some
are even covalently linked to peptidoglycan. Slime layers, by con-
trast, are loosely attached and can be lost from the cell surface.
Polysaccharide layers have several functions in bacteria. Sur-
face polysaccharides assist in the attachment of microorganisms
to solid surfaces. As we will see later, pathogenic microorgan-
isms that enter the animal body by specific routes usually do so
by first binding specifically to surface components of host tis-
sues, and this binding is often mediated by bacterial cell surface
polysaccharides. Many nonpathogenic bacteria also bind to solid
surfaces in nature, sometimes forming a thick layer of cells
called a biofilm. Extracellular polysaccharides play a key role in
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Figu're 3.23 Bacterial capsules. (a) Capsules of Acinetobacter
species observed by phase-contrast microscopy after negative staining
of cells with India ink. India ink does not penetrate the capsule and so the
capsule appears as a light area surrounding the cell, which appears
black. (b) Transmission electron micrograph of a thin section of cells of
Rhodobacter capsulatus with capsules (arrows) clearly evident; cells are
about 0.9 pm wide. (c) Transmission electron micrograph of Rhizobium
trifolii stained with ruthenium red to reveal the capsule. The cell is about
0.7 pm wide.

the development of biofilms (@2 Microbial Sidebar in Chapter 5,
“Microbial Growth in the Real World: Biofilms”).

Capsules can play other roles as well. For example, encapsu-
lated pathogenic bacteria are typically more difficult for phago-
cytic cells of the immune system to recognize and subsequently
destroy. In addition, because outer polysaccharide layers bind a
significant amount of water, it is likely that these layers play some
role in resistance of the cell to desiccation.

: Fimbriae
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Figu‘re 3.24 Fimbriae. Electron micrograph of a dividing cell of
Salmonella typhi, showing flagella and fimbriae. A single cell is about
0.9 pm wide.

Fimbriae and Pili
Fimbriae and pili are filamentous structures composed of protein
that extend from the surface of a cell and can have many functions.
Fimbriae (Figure 3.24) enable cells to stick to surfaces, including
animal tissues in the case of pathogenic bacteria, or to form pelli-
cles (thin sheets of cells on a liquid surface) or biofilms on surfaces.
Notorious human pathogens in which fimbriae assist in the disease
process include Salmonella species (salmonellosis), Neisseria gon-
orrhoeae (gonorrhea), and Bordetella pertussis (whooping cough).
Pili are similar to fimbriae, but are typically longer and only one
or a few pili are present on the surface of a cell. Because pili can be
receptors for certain types of viruses, they can best be seen under
the electron microscope when they become coated with virus par-
ticles (Figure 3.25). Many classes of pili are known, distinguished
by their structure and function. Two very important functions of
pili include facilitating genetic exchange between cells in a process
called conjugation (Figure 3.25) and in the adhesion of pathogens
to specific host tissues and subsequent invasion. The latter func-
tion has been best studied in gram-negative pathogens such as
Neisseria, species of which cause gonorrhea and meningitis, but
pili are also present on certain gram-positive pathogens such as
Streptococcus pyogenes, the cause of strep throat and scarlet fever.
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Figu're 3.25 Pili. The pilus on an Escherichia coli cell that is undergoing
conjugation (a form of genetic transfer) with a second cell is better resolved
because viruses have adhered to it. The cells are about 0.8 wm wide.
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One important class of pili, called type IV pili, assist cells in
adhesion but also allow for an unusual form of cell motility
called twitching motility. Type IV pili are 6 nm in diameter and
present only at the poles of those rod-shaped cells that contain
them. Twitching motility is a type of gliding motility, movement
along a solid surface (Section 3.14). In twitching motility, exten-
sion of pili followed by their retraction drags the cell along a
solid surface, with energy supplied by ATP. Certain species of
Pseudomonas and Moraxella are well known for their twitching
motility.

Type IV pili have also been implicated as key colonization fac-
tors for certain human pathogens, including Vibrio cholerae
(cholera) and Neisseria gonorrhoeae (gonorrhea). The twitching
motility of these pathogens presumably assists the organism to
locate specific sites for attachment to initiate the disease process.
Type IV pili are also thought to mediate genetic transfer by the
process of transformation in some bacteria, which, along with
conjugation and transduction, are the three known means of hor-
izontal gene transfer in prokaryotes (Chapter 10).

MiniQuiz

* Could a bacterial cell dispense with a cell wall if it had a
capsule? Why or why not?

* How do fimbriae differ from pili, both structurally and functionally?

3.10 Cell Inclusions

Granules or other inclusions are often present in prokaryotic
cells. Inclusions function as energy reserves and as reservoirs of
structural building blocks. Inclusions can often be seen directly
with the light microscope and are usually enclosed by single layer
(nonunit) membranes that partition them off in the cell. Storing
carbon or other substances in an insoluble inclusion confers an
advantage on the cell because it reduces the osmotic stress that
would be encountered if the same amount of the substance was
dissolved in the cytoplasm.

Carbon Storage Polymers

One of the most common inclusion bodies in prokaryotic orga-
nisms is poly-B-hydroxybutyric acid (PHB), a lipid that is formed
from B-hydroxbutyric acid units. The monomers of PHB bond by
ester linkage to form the PHB polymer, and then the polymer
aggregates into granules; the latter can be observed by either
light or electron microscope (Figure 3.26).

The monomer in the polymer is not only hydroxybutyrate (Cy)
but can vary in length from as short as Cs to as long as Cyg. Thus,
the more generic term poly-B-hydroxyalkanoate (PHA) is often
used to describe this class of carbon- and energy-storage poly-
mers. PHAs are synthesized by cells when there is an excess of
carbon and are broken down for biosynthetic or energy purposes
when conditions warrant. Many prokaryotes, including species
of both Bacteria and Archaea, produce PHAs.

Another storage product is glycogen, which is a polymer of glu-
cose. Like PHA, glycogen is a storehouse of both carbon and
energy. Glycogen is produced when carbon is in excess in the
environment and is consumed when carbon is limited. Glycogen
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Figure 3.26 Poly-B-hydroxyalkanoates. (a) Chemical structure of
poly-B-hydroxybutyrate, a common PHA. A monomeric unit is shown in
color. Other PHAs are made by substituting longer-chain hydrocarbons
for the —CH3 group on the B carbon. (b) Electron micrograph of a thin
section of cells of a bacterium containing granules of PHA. Color photo:
Nile red—stained cells of a PHA-containing bacterium.

resembles starch, the major storage reserve of plants, but differs
slightly from starch in the manner in which the glucose units are
linked together.

Polyphosphate and Sulfur

Many microorganisms accumulate inorganic phosphate (PO,3")
in the form of granules of polyphosphate (Figure 3.27a). These
granules can be degraded and used as sources of phosphate for
nucleic acid and phospholipid biosyntheses and in some organ-
isms can be used to make the energy-rich compound ATP. Phos-
phate is often a limiting nutrient in natural environments. Thus if
a cell happens upon an excess of phosphate, it is advantageous to
be able to store it as polyphosphate for future use.

Many gram-negative prokaryotes can oxidize reduced sulfur
compounds, such as hydrogen sulfide (H,S). The oxidation of
sulfide is linked to either reactions of energy metabolism
(chemolithotrophy) or CO, fixation (autotrophy). In either case,
elemental sulfur (S°) may accumulate in the cell in microscopi-
cally visible globules (Figure 3.27b). This sulfur remains as long
as the source of reduced sulfur from which it was derived is still
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Figure 3.27 Polyphosphate and sulfur storage products. (a) Phase-
contrast photomicrograph of cells of Heliobacterium modesticaldum
showing polyphosphate as dark granules; a cell is about 1 pm wide.

(b) Bright-field photomicrograph of cells of the purple sulfur bacterium
Isochromatium buderi. The intracellular inclusions are sulfur globules
formed from the oxidation of hydrogen sulfide (H»S). A single cell is about
4 pm wide.

present. However, as the reduced sulfur source becomes limiting,
the sulfur in the granules is oxidized to sulfate (SO,27), and the
granules slowly disappear as this reaction proceeds. Interestingly,
although the sulfur globules appear to be in the cytoplasm they
actually reside in the periplasm. The periplasm expands outward
to accommodate the globules as H,S is oxidized to S° and then
contracts inward as S is oxidized to SO, .

Magnetic Storage Inclusions: Magnetosomes

Some bacteria can orient themselves specifically within a mag-
netic field because they contain magnetosomes. These structures
are intracellular particles of the iron mineral magnetite—Fe30,
(Figure 3.28). Magnetosomes impart a magnetic dipole on a cell,
allowing it to respond to a magnetic field. Bacteria that produce
magnetosomes exhibit magnetotaxis, the process of orienting
and migrating along Earth’s magnetic field lines. Although the
suffix “-taxis” is used in the word magnetotaxis, there is no evi-
dence that magnetotactic bacteria employ the sensory systems of
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Figure 3.28 Magnetotactic bacteria and magnetosomes.

(a) Differential interference contrast micrograph of coccoid magnetotactic
bacteria; note chains of magnetosomes (arrows). A single cell is 2.2

wm wide. (b) Magnetosomes isolated from the magnetotactic bacterium
Magnetospirillum magnetotacticum; each particle is about 50 nm wide.
(c) Transmission electron micrograph of magnetosomes from a magnetic
coccus. The arrow points to the membrane that surrounds each magne-
tosome. A single magnetosome is about 90 nm wide.

chemotactic or phototactic bacteria (Section 3.15). Instead, the
alignment of magnetosomes in the cell simply imparts a mag-
netic moment that orients the cell in a particular direction in its
environment.

The major function of magnetosomes is unknown. However,
magnetosomes have been found in several aquatic organisms
that grow best in laboratory culture at low O, concentrations. It
has thus been hypothesized that one function of magnetosomes
may be to guide these primarily aquatic cells downward (the
direction of Earth’s magnetic field) toward the sediments where
O, levels are lower.

Magnetosomes are surrounded by a thin membrane contain-
ing phospholipids, proteins, and glycoproteins (Figure 3.285, c).
This membrane is not a true unit (bilayer) membrane, as is the
cytoplasmic membrane (Figure 3.5), and the proteins present
play a role in precipitating Fe3* (brought into the cell in soluble
form by chelating agents) as Fe3O, in the developing magneto-
some. A similar nonunit membrane surrounds granules of
PHA. The morphology of magnetosomes appears to be species-
specific, varying in shape from square to rectangular to spike-
shaped in different species, forming into chains inside the cell
(Figure 3.28).
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MiniQuiz
* Under what growth conditions would you expect PHAs or
glycogen to be produced?

* Why would it be impossible for gram-positive bacteria to store
sulfur as gram-negative sulfur-oxidizing chemolithotrophs can?

* What form of iron is present in magnetosomes?

3.11 Gas Vesicles

Some prokaryotes are planktonic, meaning that they live a float-
ing existence within the water column of lakes and the oceans.
These organisms can float because they contain gas vesicles.
These structures confer buoyancy on cells, allowing them to
position themselves in a water column in response to environ-
mental cues.

The most dramatic examples of gas-vesiculate bacteria are
cyanobacteria that form massive accumulations called blooms
in lakes or other bodies of water (Figure 3.29). Gas-vesiculate
cells rise to the surface of the lake and are blown by winds into
dense masses. Many primarily aquatic bacteria have gas vesi-
cles and the property is found in both Bacteria and Archaea.
By contrast, gas vesicles have never been found in eukaryotic
microorganisms.

General Structure of Gas Vesicles

Gas vesicles are spindle-shaped structures made of protein; they
are hollow yet rigid and of variable length and diameter (Figure
3.30). Gas vesicles in different organisms vary in length from
about 300 to more than 1000 nm and in width from 45 to 120
nm, but the vesicles of a given organism are more or less of con-
stant size. Gas vesicles may number from a few to hundreds per
cell and are impermeable to water and solutes but permeable to
gases. The presence of gas vesicles in cells can be determined
either by light microscopy, where clusters of vesicles, called gas
vacuoles, appear as irregular bright inclusions, or by transmission
electron microscopy (Figure 3.30).

T. D. Brock

Figure 3.29 Buoyant cyanobacteria. Flotation of gas-vesiculate
cyanobacteria that formed a bloom in a freshwater lake, Lake Mendota,
Madison, Wisconsin (USA).
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Figure 3.30 Gas vesicles of the cyanobacteria Anabaena and
Microcystis. (a) Phase-contrast photomicrograph of Anabaena. Clusters
of gas vesicles form phase-bright gas vacuoles (arrows). (b) Transmis-
sion electron micrograph of Microcystis. Gas vesicles are arranged in
bundles, here seen in both longitudinal and cross section.

Molecular Structure of Gas Vesicles

The conical-shaped gas vesicle is composed of two different pro-
teins. The major protein, called GvpA, forms the vesicle shell
itself and is a small, hydrophobic, and very rigid protein. The
rigidity is essential for the structure to resist the pressures
exerted on it from outside. The minor protein, called GvpC,
functions to strengthen the shell of the gas vesicle by cross-linking
copies of GvpA (Figure 3.31).

Gas vesicles consist of copies of GvpA that align to yield paral-
lel “ribs” that form the watertight shell. The ribs are then
clamped by the GvpC protein, which binds the ribs at an angle to
group several GvpA molecules together (Figure 3.31). Gas vesi-
cles vary in shape in different organisms from long and thin to
short and fat (compare Figures 3.30 and 3.314), and shape is gov-
erned by how the GvpA and GvpC proteins interact to form the
intact vesicle.

How do gas vesicles confer buoyancy, and what ecological ben-
efit does buoyancy confer? The composition and pressure of the
gas inside a gas vesicle is that of the gas in which the organism is
suspended. However, because an inflated gas vesicle has a density
of only about 10% of that of the cell proper, gas vesicles decrease
cell density, thereby increasing its buoyancy. Phototrophic orga-
nisms in particular benefit from gas vesicles because they allow
cells to adjust their vertical position in a water column to reach
regions where the light intensity for photosynthesis is optimal.
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Figu're 3.31 Gas vesicle architecture. Transmission electron micro-
graphs of gas vesicles purified from the bacterium Ancylobacter aquati-
cus and examined in negatively stained preparations. A single vesicle is
about 100 nm in diameter. (b) Model of how gas vesicle proteins GvpA
and GvpC interact to form a watertight but gas-permeable structure.
GvpA, arigid B-sheet, makes up the rib, and GvpC, an a-helix structure,
is the cross-linker.

MiniQuiz
* What gas is present in a gas vesicle? Why might a cell benefit
from controlling its buoyancy?

* How are the two proteins that make up the gas vesicle, GvpA
and GvpC, arranged to form such a water-impermeable structure?
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Figu're 3.33 The life cycle of an endospore-forming bacterium. The
phase-contrast photomicrographs are of cells of Clostridium pascui. A
cell is about 0.8 pm wide.

3.12 Endospores

Certain species of Bacteria produce structures called endospores
(Figure 3.32) during a process called sporulation. Endospores
(the prefix endo means “within”) are highly differentiated cells
that are extremely resistant to heat, harsh chemicals, and radiation.
Endospores function as survival structures and enable the orga-
nism to endure unfavorable growth conditions, including but not
limited to extremes of temperature, drying, or nutrient depletion.
Endospores can thus be thought of as the dormant stage of a
bacterial life cycle: vegetative cell = endospore — vegetative cell.
Endospores are also easily dispersed by wind, water, or through the
animal gut. Endospore-forming bacteria are commonly found in
soil, and species of Bacillus are the best-studied representatives.

Endospore Formation and Germination

During endospore formation, a vegetative cell is converted into a
nongrowing, heat-resistant structure (Figure 3.33). Cells do not
sporulate when they are actively growing but only when growth
ceases owing to the exhaustion of an essential nutrient. Thus,

H. Hippe

(a) Terminal spores (b) Subterminal spores (c) Central spores

Figu're 3.32 The bacterial endospore. Phase-contrast photomicrographs illustrating endospore morpholo-
gies and intracellular locations in different species of endospore-forming bacteria. Endospores appear

bright by phase-contrast microscopy.
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Figure 3.34 Endospore germination in Bacillus. Conversion of an endospore into a vegetative cell.
The series of phase-contrast photomicrographs shows the sequence of events starting from (a) a highly
refractile free endospore. (b) Activation: Refractility is being lost. (¢, d) Outgrowth: The new vegetative cell

is emerging.

cells of Bacillus, a typical endospore-forming bacterium, cease
vegetative growth and begin sporulation when, for example, a key
nutrient such as carbon or nitrogen becomes limiting.

An endospore can remain dormant for years (see the Microbial
Sidebar, “Can an Endospore Live Forever?”), but it can convert
back to a vegetative cell relatively rapidly. This process involves
three steps: activation, germination, and outgrowth (Figure 3.34).
Activation occurs when endospores are heated for several minutes
at an elevated but sublethal temperature. Activated endospores
are then conditioned to germinate when placed in the presence
of specific nutrients, such as certain amino acids. Germination,
typically a rapid process (on the order of several minutes),
involves loss of microscopic refractility of the endospore,
increased ability to be stained by dyes, and loss of resistance to
heat and chemicals. The final stage, outgrowth, involves visible
swelling due to water uptake and synthesis of RNA, proteins, and
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Figure 3.35 Structure of the bacterial endospore. (a) Transmission
electron micrograph of a thin section through an endospore of Bacillus
megaterium. (b) Fluorescent photomicrograph of a cell of Bacillus subtilis
undergoing sporulation. The green color is a dye that specifically stains a
sporulation protein in the spore coat.

DNA. The cell emerges from the broken endospore and begins to
grow, remaining in vegetative growth until environmental signals
once again trigger sporulation.

Endospore Structure

Endospores stand out under the light microscope as strongly refrac-
tile structures (see Figures 3.32-3.34). Endospores are impermeable
to most dyes, so occasionally they are seen as unstained regions
within cells that have been stained with basic dyes such as methyl-
ene blue. To stain endospores, special stains and procedures must
be used. In the classical endospore-staining protocol, malachite
green is used as a stain and is infused into the spore with steam.

The structure of the endospore as seen with the electron micro-
scope differs distinctly from that of the vegetative cell (Figure 3.35).
In particular, the endospore is structurally more complex in that it
has many layers that are absent from the vegetative cell. The outer-
most layer is the exosporium, a thin protein covering. Within this
are the spore coats, composed of layers of spore-specific proteins
(Figure 3.35b). Below the spore coat is the cortex, which consists of
loosely cross-linked peptidoglycan, and inside the cortex is the
core, which contains the core wall, cytoplasmic membrane, cyto-
plasm, nucleoid, ribosomes, and other cellular essentials. Thus, the
endospore differs structurally from the vegetative cell primarily in
the kinds of structures found outside the core wall.

One substance that is characteristic of endospores but absent
from vegetative cells is dipicolinic acid (Figure 3.36), which
accumulates in the core. Endospores are also enriched in calcium
(Ca®"), most of which is complexed with dipicolinic acid (Figure
3.36b). The calcium—dipicolinic acid complex represents about
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Figure 3.36 Dipicolinic acid (DPA). (a) Structure of DPA. (b) How Ca2*
cross-links DPA molecules to form a complex.



MICROBIAL SIDEBAR

Can an Endospore

n this chapter we have emphasized the

dormancy and resistance of bacterial
endospores and have pointed out that
endospores can survive for long periods in a
dormant state. But how long is long?

It is clear from experiments that endospores
can remain alive for at least several decades.
For example, a suspension of endospores of
the bacterium Clostridium aceticum (Figure 1)
prepared in 1947 was placed in sterile growth
medium in 1981, 34 years later, and in less
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Figure 1 Longevity of endospores. (a) A
tube containing endospores from the bacterium
Clostridium aceticum prepared on May 7, 1947.
After remaining dormant for over 30 years, the
endospores were suspended in a culture
medium after which growth occurred within

12 h. (b) Halophilic bacteria trapped within salt
crystals. These two crystals (about 1 cmin
diameter) were grown in the laboratory in the
presence of Halobacterium cells (orange) that
remain viable in the crystals. Crystals similar to
these but of Permian age (~250 million years
old) were reported to contain viable halophilic
endosporulating bacteria.

Live Forever?

than 12 h growth commenced, leading to a
robust pure culture. C. aceticum was originally
isolated by the Dutch scientist K.T. Wieringa in
1940 but was thought to have been lost until
the 1947 vial of C. aceticum endospores was
found in a storage room at the University of
California at Berkeley and revived.’

Other, more dramatic examples of
endospore longevity have been well
documented. Bacteria of the genus Ther-
moactinomyces are widespread in soil, plant
litter, and fermenting plant material. Microbio-
logical examination of a 2000-year-old
Roman archaeological site in the United
Kingdom yielded significant numbers of
viable Thermoactinomyces endospores in
various pieces of debris. Additionally, Ther-
moactinomyces endospores were recovered
from lake sediments known to be over 9000
years old. Although contamination is always
a possibility in such studies, samples in both
of these cases were processed in such a
way as to virtually rule out contamination with
“recent” endospores. Thus, endospores can
last for several thousands of years, but is this
the limit? As we will see, apparently not.

What factors could limit the age of an
endospore? Cosmic radiation has been con-
sidered a major factor because it can in-
troduce mutations in DNA. It has been
hypothesized that over thousands of years,
the cumulative effects of cosmic radiation
could introduce so many mutations into the
genome of an organism that even highly
radiation-resistant structures such as
endospores would succumb to the genetic
damage. However, if the endospores were
partially shielded from cosmic radiation, for
example, by being embedded in layers of
organic matter (such as in the Roman
archaeological dig or the lake sediments
described above), they might well be able to

"Braun, M., F Mayer, and G. Gottschalk. 1981. Clostridium aceticum (Wieringa), a microorganism producing acetic acid
from molecular hydrogen and carbon dioxide. Arch. Microbiol. 128: 288-293.

2Cano, R.J., and M.K. Borucki. 1995. Revival and identification of bacterial spores in 25- to 40-million-year-old Domini-

can amber. Science 268: 1060-1064.

SVreeland, R.H., W.D. Rosenzweig, and D.W. Powers. 2000. Isolation of a 250 million-year-old halotolerant bacterium

from a primary salt crystal. Nature 407: 897-900.

4Fish, S.A., T.J. Shepherd, T.J. McGenity, and W.D. Grant. 2002. Recovery of 16S ribosomal RNA gene fragments from

ancient halite. Nature 417: 432-436.

survive several hundred thousand years.
Amazing, but is this the upper limit?

In 1995 a group of scientists reported the
revival of bacterial endospores they claimed
were 25-40 million years old.? The endo-
spores were allegedly preserved in the
gut of an extinct bee trapped in amber of
known geological age. The presence of
endospore-forming bacteria in these bees
was previously suspected because electron
microscopic studies of the insect gut showed
endospore-like structures (see Figure 3.35a)
and because Bacillus DNA was recovered
from the insect. Incredibly, samples of bee
tissue incubated in a sterile culture medium
quickly yielded endospore-forming bacteria.
Rigorous precautions were taken to demon-
strate that the endospore-forming bacterium
revived from the amber-encased bee was not
a modern-day contaminant. Subsequently,
an even more spectacular claim was made
that halophilic (salt-loving) endospore-
forming bacteria had been isolated from fluid
inclusions in salt crystals of Permian age, over
250 million years old.® These cells were pre-
sumably trapped in brines within the crystal
(Figure 1b) as it formed and then remained
dormant for more than a quarter billion years!
Molecular experiments on even older mate-
rial, 425-million-year-old halite, showed evi-
dence for prokaryotic inhabitants as well.*

If these astonishing claims are supported
by repetition of the results in independent
laboratories, then it appears that endospores
stored under the proper conditions can
remain viable indefinitely. This is remarkable
testimony to a structure that undoubtedly
evolved as a means of surviving relatively
brief dormant periods or as a mechanism to
withstand drying, but that turned out to be so
well designed that survival for millions or
even billions of years may be possible.
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Figul’e 3.37 Stages in endospore formation. The stages are defined from genetic and microscopic
analyses of sporulation in Bacillus subtilis, the model organism for studies of sporulation.

10% of the dry weight of the endospore, and functions to bind
free water within the endospore, thus helping to dehydrate it. In
addition, the complex intercalates (inserts between bases) in
DNA, which stabilizes DNA against heat denaturation.

The Endospore Core and SASPs

Although both contain a copy of the chromosome and other essen-
tial cellular components, the core of a mature endospore differs
greatly from the vegetative cell from which it was formed. Besides
the high levels of calcium dipicolinate (Figure 3.36), which help
reduce the water content of the core, the core becomes greatly
dehydrated during the sporulation process. The core of a mature
endospore has only 10-25% of the water content of the vegetative
cell, and thus the consistency of the core cytoplasm is that of a gel.
Dehydration of the core greatly increases the heat resistance of
macromolecules within the spore. Some bacterial endospores sur-
vive heating to temperatures as high as 150°C, although 121°C, the
standard for microbiological sterilization (121°C is autoclave tem-
perature, €2 Section 26.1), kills the endospores of most species.
Boiling has essentially no effect on endospore viability. Dehydra-
tion has also been shown to confer resistance in the endospore to
chemicals, such as hydrogen peroxide (H,0,), and causes enzymes

remaining in the core to become inactive. In addition to the low
water content of the endospore, the pH of the core is about one
unit lower than that of the vegetative cell cytoplasm.

The endospore core contains high levels of small acid-soluble
proteins (SASPs). These proteins are made during the sporula-
tion process and have at least two functions. SASPs bind tightly
to DNA in the core and protect it from potential damage from
ultraviolet radiation, desiccation, and dry heat. Ultraviolet resis-
tance is conferred when SASPs change the molecular structure of
DNA from the normal “B” form to the more compact “A” form.
A-form DNA better resists pyrimidine dimer formation by UV
radiation, a means of mutation (2o Section 10.4), and resists the
denaturing effects of dry heat. In addition, SASPs function as a
carbon and energy source for the outgrowth of a new vegetative
cell from the endospore during germination.

The Sporulation Process

Sporulation is a complex series of events in cellular differentia-
tion; many genetically directed changes in the cell underlie the
conversion from vegetative growth to sporulation. The structural
changes occurring in sporulating cells of Bacillus are shown in
Figure 3.37. Sporulation can be divided into several stages. In
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Bacillus subtilis, where detailed studies have been done, the entire
sporulation process takes about 8 hours and begins with asym-
metric cell division (Figure 3.37). Genetic studies of mutants of
Bacillus, each blocked at one of the stages of sporulation, indicate
that more than 200 spore-specific genes exist. Sporulation
requires a significant regulatory response in that the synthesis of
many vegetative proteins must cease while endospore proteins
are made. This is accomplished by the activation of several fami-
lies of endospore-specific genes in response to an environmental
trigger to sporulate. The proteins encoded by these genes cat-
alyze the series of events leading from a moist, metabolizing,
vegetative cell to a relatively dry, metabolically inert, but
extremely resistant endospore (Table 3.3). In Section 8.12 we
examine some of the molecular events that control the sporula-
tion process.

Diversity and Phylogenetic Aspects

of Endospore Formation

Nearly 20 genera of Bacteria form endospores, although the
process has only been studied in detail in a few species of Bacillus
and Clostridium. Nevertheless, many of the secrets to endospore
survival, such as the formation of calcium—dipicolinate com-
plexes (Figure 3.36) and the production of endospore-specific
proteins, seem universal. Although some of the details of sporu-
lation may vary from one organism to the next, the general prin-
ciples seem to be the same in all endosporulating bacteria.

From a phylogenetic perspective, the capacity to produce
endospores is found only in a particular sublineage of the gram-
positive bacteria. Despite this, the physiologies of endospore-
forming bacteria are highly diverse and include anaerobes,
aerobes, phototrophs, and chemolithotrophs. In light of this
physiological diversity, the actual triggers for endospore forma-
tion may vary with different species and could include signals
other than simple nutrient starvation, the major trigger for
endospore formation in Bacillus. No Archaea have been shown

Table 3.3 Differences between endospores
and vegetative cells

Characteristic Vegetative cell Endospore
Microscopic appearance Nonrefractile Refractile
Calcium content Low High
Dipicolinic acid Absent Present
Enzymatic activity High Low
Respiration rate High Low or absent
Macromolecular synthesis Present Absent

Heat resistance Low High
Radiation resistance Low High
Resistance to chemicals Low High
Lysozyme Sensitive Resistant
Water content High, 80-90% Low, 10-25% in core
Small acid-soluble proteins Absent Present

to form endospores, suggesting that the capacity to produce
endospores evolved sometime after the major prokaryotic line-
ages diverged billions of years ago (o Figure 1.6).

MiniQuiz
* What is dipicolinic acid and where is it found?

* What are SASPs and what is their function?

* What happens when an endospore germinates?

@ Microbial Locomotion

‘DC re finish our survey of microbial structure and function by

considering cell locomotion. Most microbial cells can
move under their own power, and motility allows cells to reach
different parts of their environment. In nature, movement may
present new opportunities and resources for a cell and be the dif-
ference between life and death.

We examine here the two major types of cell movement,
swimming and gliding. We then consider how motile cells are able
to move in a directed fashion toward or away from particular
stimuli (phenomena called taxes) and present examples of these
simple behavioral responses.

3.13 Flagella and Motility

Many prokaryotes are motile by swimming, and this function is
due to a structure called the flagellum (plural, flagella) (Figure
3.38). The flagellum functions by rotation to push or pull the cell
through a liquid medium.

Flagella of Bacteria
Bacterial flagella are long, thin appendages free at one end and
attached to the cell at the other end. Bacterial flagella are so thin
(15-20 nm, depending on the species) that a single flagellum can
be seen with the light microscope only after being stained with
special stains that increase their diameter (Figure 3.38). However,
flagella are easily seen with the electron microscope (Figure 3.39).
Flagella can be attached to cells in different places. In polar
flagellation, the flagella are attached at one or both ends of a cell.
Occasionally a group of flagella (called a zuft) may arise at one
end of the cell, a type of polar flagellation called lophotrichous
(Figure 3.38c). Tufts of flagella can often be seen in unstained
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Figure 3.38 Bacterial flagella. Light photomicrographs of prokaryotes
containing different arrangements of flagella. Cells are stained with Leif-
son flagella stain. (a) Peritrichous. (b) Polar. (c) Lophotrichous.
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Figure 3.39 Bacterial flagella as observed by negative staining in
the transmission electron microscope. (a) A single polar flagellum.

(b) Peritrichous flagella. Both micrographs are of cells of the phototrophic
bacterium Rhodospirillum centenum, which are about 1.5 wm wide. Cells
of R. centenum are normally polarly flagellated but under certain growth
conditions form peritrichous flagella. See Figure 3.49b for a photo of
colonies of R. centenum cells that move toward an increasing gradient

of light (phototaxis).
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cells by dark-field or phase-contrast microscopy (Figure 3.40).
When a tuft of flagella emerges from both poles of the cell, flagel-
lation is called amphitrichous. In peritrichous flagellation
(Figures 3.38a and 3.39b), flagella are inserted at many locations
around the cell surface. The type of flagellation, polar or peritri-
chous, is a characteristic used in the classification of bacteria.

Flagellar Structure

Flagella are not straight but are actually helical. When flattened,
flagella show a constant distance between adjacent curves, called
the wavelength, and this wavelength is characteristic for the fla-
gella of any given species (Figures 3.38—3.40). The filament of a
bacterial flagellum is composed of many copies of a protein
called flagellin. The shape and wavelength of the flagellum are in
part determined by the structure of the flagellin protein and also
to some extent by the direction of rotation of the filament. Fla-
gellin is highly conserved in amino acid sequences in species of
Bacteria, suggesting that flagellar motility evolved early and has
deep roots within this domain.

A flagellum consists of several components and moves by rota-
tion, much like a propeller of a boat motor. The base of the flagel-
lum is structurally different from the filament. There is a wider
region at the base of the filament called the #ook. The hook con-
sists of a single type of protein and connects the filament to the
motor portion in the base (Figure 3.41).

The motor is anchored in the cytoplasmic membrane and cell
wall. The motor consists of a central rod that passes through a
series of rings. In gram-negative bacteria, an outer ring, called
the L ring, is anchored in the lipopolysaccharide layer. A second
ring, called the P ring, is anchored in the peptidoglycan layer of
the cell wall. A third set of rings, called the MS and C rings, are
located within the cytoplasmic membrane and the cytoplasm,
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Figul’e 3.40 Bacterial flagella observed in living cells. (a) Dark-field photomicrograph of a group of
large rod-shaped bacteria with flagellar tufts at each pole (amphitrichous flagellation). A single cell is about
2 pm wide. (b) Phase-contrast photomicrograph of cells of the large phototrophic purple bacterium Rho-
dospirillum photometricum with a tuft of lophotrichous flagella that emanate from one of the poles. A single

cell measures about 3 X 30 pm.
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Figure 3.41 Structure and function of the flagellum in gram-
negative Bacteria. (a) Structure. The L ring is embedded in the LPS and
the P ring in peptidoglycan. The MS ring is embedded in the cytoplasmic
membrane and the C ring in the cytoplasm. A narrow channel exists in the
rod and filament through which flagellin molecules diffuse to reach the
site of flagellar synthesis. The Mot proteins function as the flagellar
motor, whereas the Fli proteins function as the motor switch. The flagellar
motor rotates the filament to propel the cell through the medium. Inset:
transmission electron micrograph of a flagellar basal body from Sal-
monella enterica with the various rings labeled. (b) Function. A “proton
turbine” model has been proposed to explain rotation of the flagellum.
Protons, flowing through the Mot proteins, may exert forces on charges
present on the C and MS rings, thereby spinning the rotor.

respectively (Figure 3.414). In gram-positive bacteria, which lack
an outer membrane, only the inner pair of rings is present. Sur-
rounding the inner ring and anchored in the cytoplasmic mem-
brane are a series of proteins called Mot proteins. A final set of
proteins, called the Fli proteins (Figure 3.41a), function as the
motor switch, reversing the direction of rotation of the flagella in
response to intracellular signals.

Flagellar Movement
The flagellum is a tiny rotary motor. How does this motor work?
Rotary motors contain two main components: the rotor and the
stator. In the flagellar motor, the rotor consists of the central rod
and the L, P, C, and MS rings. Collectively, these structures make
up the basal body. The stator consists of the Mot proteins that
surround the basal body and function to generate torque.
Rotation of the flagellum is imparted by the basal body. The
energy required for rotation of the flagellum comes from the pro-
ton motive force (€2 Section 4.10). Proton movement across the
cytoplasmic membrane through the Mot complex drives rotation
of the flagellum (Figure 3.41). About 1000 protons are translo-
cated per rotation of the flagellum, and a model for how this
could work is shown in Figure 3.41b. In this model called the pro-
ton turbine model, protons flowing through channels in the Mot
proteins exert electrostatic forces on helically arranged charges
on the rotor proteins. Attractions between positive and negative
charges would then cause the basal body to rotate as protons flow
though the Mot proteins. www.microbiologyplace.com Online
Tutorial 3.1: The Prokaryotic Flagellum

Archaeal Flagella
Besides Bacteria, flagellar motility is also widespread among
species of Archaea; major genera of methanogens, extreme
halophiles, thermoacidophiles, and hyperthermophiles are all
capable of swimming motility. Archaeal flagella are roughly half
the diameter of bacterial flagella, measuring only 10-13 nm in
width (Figure 3.42), but impart movement to the cell by rotating,
as do flagella in Bacteria. However, unlike Bacteria, in which a
single type of protein makes up the flagellar filament, several dif-
ferent flagellin proteins are known from Archaea, and their
amino acid sequences and genes that encode them bear no rela-
tionship to those of bacterial flagellin.

Studies of swimming cells of the extreme halophile
Halobacterium show that they swim at speeds only about one-tenth
that of cells of Escherichia coli. Whether this holds for all Archaea is
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Figure 3.42 Archaeal flagella. Transmission electron micrograph
of flagella isolated from cells of the methanogen Methanococcus
maripaludis. A single flagellum is about 12 nm wide.

unknown, but the significantly smaller diameter of the archaeal
flagellum compared with the bacterial flagellum would naturally
reduce the torque and power of the flagellar motor such that slower
swimming speeds would be expected. Moreover, from biochemical
experiments with Halobacterium it appears that archaeal flagella
are powered directly by ATP rather than by the proton motive
force, the source of energy for the flagella of Bacteria (Figure 3.41).
If this holds for the flagella of all motile Archaea, it would mean that
the flagellar motors of Archaea and Bacteria employ fundamentally
different mechanisms. Coupled with the clear differences in flagel-
lar protein structure, this suggests that flagellar motility in Bacteria
and Archaea evolved after the two prokaryotic domains had
diverged over 3 billion years ago (o Figure 1.6b).

Flagellar Synthesis

Several gene products are required to support motility in Bacteria.
In Escherichia coli and Salmonella enterica (typhimurium), where
studies have been most extensive, over 50 genes are linked to
motility. These genes have several functions, including encoding
structural proteins of the flagellum and motor apparatus, export of
flagellar proteins through the cytoplasmic membrane to the out-
side of the cell, and regulation of the many biochemical events sur-
rounding the synthesis of new flagella.

A flagellar filament grows not from its base, as does an animal
hair, but from its tip. The MS ring is synthesized first and
inserted into the cytoplasmic membrane. Then other anchoring
proteins are synthesized along with the hook before the filament
forms (Figure 3.43). Flagellin molecules synthesized in the cyto-
plasm pass up through a 3-nm channel inside the filament and
add on at the terminus to form the mature flagellum. At the end
of the growing flagellum a protein “cap” exists. Cap proteins
assist flagellin molecules that have diffused through the channel
to organize at the flagellum termini to form new filament (Figure
3.43). Approximately 20,000 flagellin protein molecules are
needed to make one filament. The flagellum grows more or less
continuously until it reaches its final length. Broken flagella still
rotate and can be repaired with new flagellin units passed
through the filament channel to replace the lost ones.

Cell Speed and Motion
In Bacteria, flagella do not rotate at a constant speed but instead
increase or decrease their rotational speed in relation to the
strength of the proton motive force. Flagella can rotate at up to 300
revolutions per second and propel cells through a liquid at up to
60 cell lengths/sec. By contrast, the fastest known animal, the
cheetah, moves at a maximum rate of about 25 body lengths/sec.
Thus, when size is taken into account, a bacterial cell swimming at
60 lengths/sec is actually moving twice as fast as the fastest animal!
The swimming motions of polarly and lophotrichously flagel-
lated organisms differ from those of peritrichously flagellated
organisms, and these can be distinguished microscopically (Figure
3.44). Peritrichously flagellated organisms typically move in a
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Figure 3.43 Flagella biosynthesis. Synthesis begins with assembly of MS and C rings in the cytoplas-
mic membrane, followed by the other rings, the hook, and the cap. Flagellin protein flows through the hook

to form the filament and is guided into position by cap proteins.
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Figure 3.44 Movement in peritrichously and polarly flagellated
prokaryotes. (a) Peritrichous: Forward motion is imparted by all flagella
rotating counterclockwise (CCW) in a bundle. Clockwise (CW) rotation
causes the cell to tumble, and then a return to counterclockwise rotation
leads the cell off in a new direction. (b) Polar: Cells change direction by
reversing flagellar rotation (thus pulling instead of pushing the cell) or,
with unidirectional flagella, by stopping periodically to reorient, and then
moving forward by clockwise rotation of its flagella. The yellow arrows
show the direction the cell is traveling.

straight line in a slow, deliberate fashion. Polarly flagellated organ-
isms, on the other hand, move more rapidly, spinning around and
seemingly dashing from place to place. The different behavior of
flagella on polar and peritrichous organisms, including differences
in reversibility of the flagellum, is illustrated in Figure 3.44.
Swimming speed is a genetically governed property because
different motile species, even different species that are the same
cell size, can swim at different maximum speeds. When assessing
the capacity of a laboratory culture of a bacterium for swimming
motility and swimming speed, observations should only be made
on young cultures. In old cultures, otherwise motile cells often
stop swimming and the culture may appear to be nonmotile.

MiniQuiz
* Cells of the rod-shaped Salmonella are peritrichously flagellated,
those of the rod-shaped Pseudomonas polarly flagellated, and
those of Spirillum lophotrichously flagellated. Sketch the three

different cells here, showing how their flagella are arranged.

* Compare the flagella of Bacteria and Archaea in terms of their
structure and function.

3.14 Gliding Motility

Some prokaryotes are motile but lack flagella. Most of these non-
swimming yet motile bacteria move across solid surfaces in a
process called gliding. Unlike flagellar motility, in which cells stop
and then start off in a different direction, gliding motility is a
slower and smoother form of movement and typically occurs
along the long axis of the cell.

Diversity of Gliding Motility

Gliding motility is widely distributed among Bacteria but has
been well studied in only a few groups. The gliding movement
itself—up to 10 wm/sec in some gliding bacteria—is considerably
slower than propulsion by flagella but still offers the cell a means
of moving about its habitat.

Gliding prokaryotes are filamentous or rod-shaped cells
(Figure 3.45), and the gliding process requires that the cells be in
contact with a solid surface. The morphology of colonies of a typ-
ical gliding bacterium are distinctive, because cells glide out and
move away from the center of the colony (Figure 3.45c). Perhaps
the best-known gliding bacteria are the filamentous cyanobacte-
ria (Figure 3.45a, b), certain gram-negative Bacteria such as
Myxococcus and other myxobacteria, and species of Cytophaga
and Flavobacterium (Figure 3.45¢, d). No gliding Archaea are
known, but once some of the Archaea that have been detected in
soil using molecular techniques (€2 Section 2.11) are isolated,
gliding species would not be surprising.

Mechanisms of Gliding Motility

Although no gliding mechanism is thoroughly understood, it is
clear that more than one mechanism is responsible for gliding
motility. Cyanobacteria (phototrophic bacteria, Figure 3.454, b)
glide by secreting a polysaccharide slime on the outer surface of
the cell. The slime contacts both the cell surface and the solid
surface against which the cell moves. As the excreted slime
adheres to the surface, the cell is pulled along. This mechanism is
supported by the identification of slime-excreting pores on the
cell surface of gliding filamentous cyanobacteria. The nonpho-
totrophic gliding bacterium Cytophaga also moves at the expense
of slime excretion, rotating along its long axis as it does.

Cells capable of “twitching motility” also display a form of glid-
ing motility using a mechanism by which repeated extension and
retraction of type IV pili propel the cell along a surface (Section
3.9). The gliding myxobacterium Myxococcus xanthus has two
forms of gliding motility. One form is driven by type IV pili
whereas the other is distinct from either the type IV pili or the
slime extrusion methods. In this form of M. xanthus motility a
protein adhesion complex is formed at one pole of the rod-
shaped cell and remains at a fixed position on the surface as the
cell glides forward. This means that the adhesion complex moves
in the direction opposite that of the cell, presumably fueled by
some sort of cytoplasmic motility engine perhaps linked to the
cell cytoskeleton (€& Section 5.3). These different forms of
motility can be expressed at the same time and are somehow
coordinated by the cell, presumably in response to various signals
from the environment (Section 3.15).
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Figure 3.45 Gliding bacteria. (a, b) The filamentous cyanobacterium
Oscillatoria has cells about 35 wm wide. (b) Oscillatoria filaments gliding
on an agar surface. (c) Masses of the bacterium Flavobacterium johnso-
niae gliding away from the center of the colony (the colony is about 2.7
mm wide). (d) Nongliding mutant strain of £ johnsoniae showing typical
colony morphology of nongliding bacteria (the colonies are 0.7-1 mm in
diameter). See also Figure 3.46.

Neither slime extrusion nor twitching is the mechanism of
gliding in other gliding bacteria. In Flavobacterium johnsoniae
(Figure 3.45c¢), for example, no slime is excreted and the cells lack
type IV pili. Instead, the movement of proteins on the cell surface
may be the mechanism of gliding in this organism. Specific
motility proteins anchored in the cytoplasmic and outer mem-
branes are thought to propel cells of F. johnsoniae forward by a
ratcheting mechanism (Figure 3.46). Movement of gliding-specific
proteins in the cytoplasmic membrane is driven by energy from
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Figul’e 3.46 Gliding motility in Flavobacterium johnsoniae. Tracks
(yellow) exist in the peptidoglycan that connect cytoplasmic proteins
(brown) to outer membrane proteins (orange) and propel the outer mem-
brane proteins along the solid surface. Note that the outer membrane
proteins and the cell proper move in opposite directions.

the proton motive force that is somehow transmitted to gliding-
specific proteins in the outer membrane. It is thought that move-
ment of these proteins against the solid surface literally pulls the
cell forward (Figure 3.46).

Like other forms of motility, gliding motility has significant eco-
logical relevance. Gliding allows a cell to exploit new resources
and to interact with other cells. In the latter regard, it is of interest
that myxobacteria, such as Myxococcus xanthus, have a very social
and cooperative lifestyle. In these bacteria gliding motility may
play an important role in the cell-to-cell interactions that are nec-
essary to complete their life cycle (€0 Section 17.17).

MiniQuiz
* How does gliding motility differ from swimming motility in both
mechanism and requirements?

* Contrast the mechanism of gliding motility in a filamentous
cyanobacterium and in Flavobacterium.

3.15 Microbial Taxes

Prokaryotes often encounter gradients of physical or chemical
agents in nature and have evolved means to respond to these gra-
dients by moving either toward or away from the agent. Such a
directed movement is called a taxis (plural, taxes). Chemotaxis,
a response to chemicals, and phototaxis, a response to light, are
two well-studied taxes. Here we discuss these taxes in a general
way. In Section 8.8 we examine the mechanism of chemotaxis
and its regulation in Escherichia coli as a model for all prokary-
otic taxes.

Chemotaxis has been well studied in swimming bacteria, and
much is known at the genetic level concerning how the chemical
state of the environment is communicated to the flagellar assem-
bly. Our discussion here will thus deal solely with swimming bac-
teria. However, some gliding bacteria (Section 3.14) are also
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(@) No attractant present: Random movement

(b) Attractant present: Directed movement

Figure 3.47 Chemotaxis in a peritrichously flagellated bacterium such as Escherichia coli. (a) In the
absence of a chemical attractant the cell swims randomly in runs, changing direction during tumbles. (b) In
the presence of an attractant runs become biased, and the cell moves up the gradient of the attractant. The
attractant gradient is depicted in green, with the highest concentration where the color is most intense.

chemotactic, and there are phototactic movements in filamen-
tous cyanobacteria (Figure 3.45b). In addition, although they
reside in a different evolutionary domain, many species of
Archaea are also chemotactic and many of the same types of pro-
teins that control chemotaxis in Bacteria are present in motile
Archaea as well.

Chemotaxis

Much research on chemotaxis has been done with the peritri-
chously flagellated bacterium E. coli. To understand how chemo-
taxis affects the behavior of E. coli, consider the situation in
which a cell experiences a gradient of some chemical in its envi-
ronment (Figure 3.47). In the absence of a gradient, cells move in
a random fashion that includes runs, in which the cell is swim-
ming forward in a smooth fashion, and tumbles, when the cell
stops and jiggles about. During forward movement in a run, the
flagellar motor rotates counterclockwise. When flagella rotate
clockwise, the bundle of flagella pushes apart, forward motion
ceases, and the cells tumble (Figure 3.47).

Following a tumble, the direction of the next run is random.
Thus, by means of runs and tumbles, the cell moves about its
environment in a random fashion but does not really go any-
where. However, if a gradient of a chemical attractant is present,
these random movements become biased. As the organism
senses that it is moving toward higher concentrations of the
attractant, runs become longer and tumbles are less frequent.
The result of this behavioral response is that the organism moves
up the concentration gradient of the attractant (Figure 3.47b). If
the organism senses a repellent, the same general mechanism
applies, although in this case it is the decrease in concentration of
the repellent (rather than the increase in concentration of an
attractant) that promotes runs.

How are chemical gradients sensed? Prokaryotic cells are too
small to sense a gradient of a chemical along the length of a single
cell. Instead, while moving, the cell monitors its environment,
comparing its chemical or physical state with that sensed a few
moments before. Bacterial cells are thus responding to temporal
rather than spatial differences in the concentration of a chemical
as they swim. Sensory information is fed through an elaborate
cascade of proteins that eventually affect the direction of rotation
of the flagellar motor. The attractants and repellents are sensed
by a series of membrane proteins called chemoreceptors. These
proteins bind the chemicals and begin the process of sensory
transduction to the flagellum (€& Section 8.8). In a way, chemo-
taxis can be considered a type of sensory response system, analo-
gous to sensory responses in the nervous system of animals.

Chemotaxis in Polarly Flagellated Bacteria
Chemotaxis in polarly flagellated cells shows similarities to and
differences from that in peritrichously flagellated cells such as
E. coli. Many polarly flagellated bacteria, such as Pseudomonas
species, can reverse the direction of rotation of their flagella and
in so doing reverse their direction of movement (Figure 3.44b).
However, some polarly flagellated bacteria, such as the pho-
totrophic bacterium Rhodobacter sphaeroides, have flagella that
rotate only in a clockwise direction. How do such cells change
direction, and are they chemotactic?

In cells of R. sphaeroides, which have only a single flagellum
inserted subpolarly, rotation of the flagellum stops periodically.
When it stops, the cell becomes reoriented in a random way by
Brownian motion. As the flagellum begins to rotate again, the cell
moves in a new direction. Nevertheless, cells of R. sphaeroides
are strongly chemotactic to certain organic compounds and also
show tactic responses to oxygen and light. R. sphaeroides cannot
reverse its flagellar motor and tumble as E. coli can, but there is a
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Figu're 3.48 Measuring chemotaxis using a
capillary tube assay. (a) Insertion of the capil-
lary into a bacterial suspension. As the capillary
is inserted, a gradient of the chemical begins to
form. (b) Control capillary contains a salt solution
that is neither an attractant nor a repellent. Cell

similarity in that the cells maintain runs as long as they sense an
increasing concentration of attractant; movement ceases if the
cells sense a decreasing concentration of attractant. By random
reorientation, a cell eventually finds a path of increasing attrac-
tant and maintains a run until either its chemoreceptors are satu-
rated or it begins to sense a decrease in the level of attractant.

Measuring Chemotaxis
Bacterial chemotaxis can be demonstrated by immersing a small
glass capillary tube containing an attractant in a suspension of
motile bacteria that does not contain the attractant. From the tip
of the capillary, a gradient forms into the surrounding medium,
with the concentration of chemical gradually decreasing with dis-
tance from the tip (Figure 3.48). When an attractant is present, the
bacteria will move toward it, forming a swarm around the open
tip (Figure 3.48¢) with many of the bacteria swimming into the
capillary itself. Of course, because of random movements some
bacteria will move into the capillary even if it contains a solution
of the same composition as the medium (control solution, Figure
3.48b). However, when an attractant is present, movements
become biased, and the number of bacteria within the capillary
can be many times higher than external cell numbers. If the cap-
illary is removed after a time period and the cells within the capil-
lary are counted and compared with that of the control,
attractants can easily be identified (Figure 3.48e).

If the inserted capillary contains a repellent, just the opposite
occurs; the cells sense an increasing gradient of repellent and
the appropriate chemoreceptors affect flagellar rotation to

concentration inside the capillary becomes

the same as that outside. (¢) Accumulation of
bacteria in a capillary containing an attractant.
(d) Repulsion of bacteria by a repellent. (e) Time
course showing cell numbers in capillaries con-
taining various chemicals. (f) Tracks of motile

- Control

Attractant

[ Repellent

Nicholas Blackburn

bacteria in seawater swarming around an algal
cell (large white spot, center) photographed with a
tracking video camera system attached to a micro-
scope. The bacterial cells are showing positive
aerotaxis by moving toward the oxygen-producing
algal cell. The alga is about 60 wm in diameter.

move the cells away from the repellent. In this case, the number
of bacteria within the capillary will be fewer than in the control
(Figure 3.48d). Using the capillary method, it is possible to
screen chemicals to see if they are attractants or repellents for a
given bacterium.

Chemotaxis can also be observed under a microscope. Using a
video camera that captures the position of bacterial cells with
time and shows the motility tracks of each cell, it is possible to
see the chemotactic movements of cells (Figure 3.48f). This
method has been adapted to studies of chemotaxis of bacteria in
natural environments. In nature it is thought that the major
chemotactic agents for bacteria are nutrients excreted from
larger microbial cells or from live or dead macroorganisms.
Algae, for example, produce both organic compounds and oxy-
gen (O,, from photosynthesis) that can trigger chemotactic
movements of bacteria toward the algal cell (Figure 3.48f).

Phototaxis

Many phototrophic microorganisms can move toward light, a
process called phototaxis. The advantage of phototaxis for a
phototrophic organism is that it allows it to orient itself most
efficiently to receive light for photosynthesis. This can be seen if
a light spectrum is spread across a microscope slide on which
there are motile phototrophic purple bacteria. On such a slide
the bacteria accumulate at wavelengths at which their photo-
synthetic pigments absorb (Figure 3.49; @2 Sections 13.1-13.5
cover photosynthesis). These pigments include, in particular,
bacteriochlorophylls and carotenoids.
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Figure 3.49 Phototaxis of phototrophic bacteria. (a) Scotophobic
accumulation of the phototrophic purple bacterium Thiospirillum jenense
at wavelengths of light at which its pigments absorb. A light spectrum
was displayed on a microscope slide containing a dense suspension of
the bacteria; after a period of time, the bacteria had accumulated selec-
tively and the photomicrograph was taken. The wavelengths at which the
bacteria accumulated are those at which the photosynthetic pigment bac-
teriochlorophyll a absorbs (compare with Figure 13.3b). (b) Phototaxis of
an entire colony of the purple phototrophic bacterium Rhodospirillum cen-
tenum. These strongly phototactic cells move in unison toward the light
source at the top. See Figure 3.39 for electron micrographs of flagellated
R. centenum cells.

Two different light-mediated taxes are observed in pho-
totrophic bacteria. One, called scotophobotaxis, can be observed
only microscopically and occurs when a phototrophic bacterium
happens to swim outside the illuminated field of view of the
microscope into darkness. Entering darkness negatively affects
the energy state of the cell and signals it to tumble, reverse direc-
tion, and once again swim in a run, thus reentering the light.
Scotophobotaxis is presumably a mechanism by which pho-
totrophic purple bacteria avoid entering darkened habitats when
they are moving about in illuminated ones, and this likely
improves their competitive success.

True phototaxis differs from scotophobotaxis; in phototaxis,
cells move up a gradient of light from lower to higher intensities.
Phototaxis is analogous to chemotaxis except the attractant in
this case is light instead of a chemical. In some species, such as
the highly motile phototrophic organism Rhodospirillum cen-
tenum (Figure 3.39), entire colonies of cells show phototaxis and
move in unison toward the light (Figure 3.49b).

Several components of the regulatory system that govern
chemotaxis also control phototaxis. This conclusion has emerged
from the study of mutants of phototrophic bacteria defective in
phototaxis; such mutants show defective chemotaxis systems as
well. A photoreceptor, a protein that functions similar to a
chemoreceptor but senses a gradient of light instead of chemicals,
is the initial sensor in the phototaxis response. The photoreceptor
then interacts with the same cytoplasmic proteins that control
flagellar rotation in chemotaxis, maintaining the cell in a run if it
is swimming toward an increasing intensity of light. Thus,
although the stimulus in chemotaxis and phototaxis is different—
chemicals versus light—the same molecular machinery processes
both signals. We discuss this cytoplasmic machinery in detail in
Section 8.8.

Other Taxes

Other bacterial taxes, such as movement toward or away from
oxygen (aerotaxis, see Figure 3.48f) or toward or away from con-
ditions of high ionic strength (osmotaxis), are known among var-
ious swimming prokaryotes. In some gliding cyanobacteria an
unusual taxis, hydrotaxis (movement toward water), has also
been observed. Hydrotaxis allows gliding cyanobacteria that
inhabit dry environments, such as soils, to glide toward a gradi-
ent of increasing hydration.

It should be clear from our consideration of microbial taxes
that motile prokaryotes do not just swim around at random, but
instead remain keenly attuned to the chemical and physical state
of their habitat. When gradients of virtually any nutrient form in
nature, motile cells are “constantly on the move” exploiting them,
and by so doing, improve their chances for survival. And from a
mechanistic standpoint, prokaryotic cells monitor these gradi-
ents by periodically sampling their environment for chemicals,
light, oxygen, salt, or other substances, and then processing the
results through a common network of proteins that ultimately
control the direction of flagellar rotation. By being able to move
toward or away from various stimuli, prokaryotic cells have a bet-
ter chance of competing successfully for resources and avoiding
the harmful effects of substances that could damage or kill them.

MiniQuiz

* Define the word chemotaxis. How does chemotaxis differ from
aerotaxis?

* What causes a run versus a tumble?

* How can chemotaxis be measured quantitatively?

* How does scotophobotaxis differ from phototaxis?
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3.1

Prokaryotic cells can have many different shapes; rods, cocci, and
spirilla are common cell morphologies. Morphology is a poor pre-

dictor of other cell properties and is a genetically directed charac-
teristic that has evolved to best serve the ecology of the cell.

3.2
Prokaryotes are typically smaller in size than eukaryotes,
although some very large and some very small prokaryotes are
known. The typical small size of prokaryotic cells affects their
physiology, growth rate, ecology, and evolution. The lower limit
for the diameter of a coccus-shaped cell is about 0.15 pm.

3.3
The cytoplasmic membrane is a highly selective permeability bar-
rier constructed of lipids and proteins that form a bilayer,
hydrophobic inside and hydrophilic outside. In contrast to Bacteria
and Eukarya, Archaea contain ether-linked lipids, and hyperther-
mophilic species have membranes of monolayer construction.

3.4
The major functions of the cytoplasmic membrane are perme-
ability, transport, and energy conservation. To accumulate nutri-
ents against the concentration gradient, transport mechanisms
are employed that are characterized by their specificity, satura-
tion effect, and biosynthetic regulation.

3.5
At least three types of transporters are known: simple transporters,
phosphotransferase systems, and ABC systems. Transport requires
energy from either ATP directly or from the proton motive force to
accumulate solutes in the cell against the concentration gradient.

3.6

The cell walls of Bacteria contain peptidoglycan. Peptidogly-
can is a polysaccharide consisting of an alternating repeat of
N-acetylglucosamine and N-acetylmuramic acid, the latter in
adjacent strands cross-linked by tetrapeptides. One to several
sheets of peptidoglycan can be present, depending on the orga-
nism. The enzyme lysozyme and the antibiotic penicillin target
peptidoglycan, leading to cell lysis.

3.7
In addition to peptidoglycan, gram-negative bacteria have an
outer membrane consisting of LPS, protein, and lipoprotein. Pro-
teins called porins allow for permeability across the outer mem-
brane. The gap between the outer and cytoplasmic membranes is
called the periplasm and contains proteins involved in transport,
sensing chemicals, and other important cell functions.
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3.8

Cell walls of Archaea can be of several types, including pseudo-
murein, various polysaccharides, and S-layers, which are com-
posed of protein or glycoprotein. As for Bacteria, the walls of
Archaea protect the cell from osmotic lysis.

3-9

Many prokaryotic cells contain capsules, slime layers, pili, or fim-
briae. These structures have several functions, including attach-
ment, genetic exchange, and twitching motility.

3.10

Prokaryotic cells can contain inclusions of sulfur, polyphosphate,
carbon polymers, or magnetosomes. These substances function
as storage materials or in magnetotaxis.

3.1
Gas vesicles are cytoplasmic gas-filled structures that confer
buoyancy on cells. Gas vesicles are composed of two different
proteins arranged to form a gas-permeable but watertight
structure.

3.12
The endospore is a highly resistant and differentiated bacterial
cell produced by certain gram-positive Bacteria. Endospores are
dehydrated and contain various protective agents such as cal-
cium dipicolinate and small acid-soluble proteins, absent from
vegetative cells. Endospores can remain dormant indefinitely but
can germinate quickly when conditions warrant.

3.13
Swimming motility is due to flagella. The flagellum is a complex
structure made of several proteins anchored in the cell wall and
cytoplasmic membrane. The flagellum filament is made of a sin-
gle kind of protein in Bacteria and rotates at the expense of the
proton motive force. The flagella of Archaea and Bacteria differ
in structure and probably also in their rotational mechanism.

3.14
Bacteria that move by gliding motility do not employ rotating fla-
gella but instead creep along a solid surface by employing any of
several different mechanisms.

3.15
Motile bacteria respond to chemical and physical gradients in
their environment. In swimming bacteria, movement of a cell is
biased either toward or away from a stimulus by controlling the
lengths of runs and frequency of tumbles. Tumbles are controlled
by the direction of rotation of the flagellum, which in turn is con-
trolled by a network of sensory and response proteins.



Review of Key Terms

ABC (ATP-binding cassette) transport sys-
tem a membrane transport system consisting
of three proteins, one of which hydrolyzes
ATP; the system transports specific nutrients
into the cell

Basal body the “motor” portion of the bacterial
flagellum, embedded in the cytoplasmic
membrane and wall

Capsule a polysaccharide or protein outermost
layer, usually rather slimy, present on some
bacteria

Chemotaxis directed movement of an organism
toward (positive chemotaxis) or away from
(negative chemotaxis) a chemical gradient

Cytoplasmic membrane the permeability bar-
rier of the cell, separating the cytoplasm from
the environment

Dipicolinic acid a substance unique to
endospores that confers heat resistance on
these structures

Endospore a highly heat-resistant, thick-
walled, differentiated structure produced by
certain gram-positive Bacteria

Flagellum a long, thin cellular appendage capa-
ble of rotation and responsible for swimming
motility in prokaryotic cells

Gas vesicles gas-filled cytoplasmic structures
bounded by protein and conferring buoyancy
on cells

Gram-negative a bacterial cell with a cell wall
containing small amounts of peptidoglycan,

Review Questions

1. What are the major morphologies of prokaryotes? Draw cells for 7.

each morphology you list (Section 3.1).

2. How large can a prokaryote be? How small? Why is it that we likely
know the lower limit more accurately than the upper limit? What
are the dimensions of the rod-shaped bacterium Escherichia coli 8.

(Section 3.2)?

3. Describe in a single sentence the structure of a unit membrane

(Section 3.3).

4. Describe a major chemical difference between membranes of

Bacteria and Archaea (Section 3.3).

5. Explain in a single sentence why ionized molecules do not readily
pass through the cytoplasmic membrane of a cell. How do such
molecules get through the cytoplasmic membrane (Sections 3.4

and 3.5)?
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and an outer membrane containing
lipopolysaccharide, lipoprotein, and other
complex macromolecules

Gram-positive a bacterial cell whose cell wall
consists chiefly of peptidoglycan; it lacks the
outer membrane of gram-negative cells

Gram stain a differential staining procedure
that stains cells either purple (gram-positive
cells) or pink (gram-negative cells)

Group translocation an energy-dependent
transport system in which the substance
transported is chemically modified during
the process of being transported by a series of
proteins

Lipopolysaccharide (LPS) a combination of
lipid with polysaccharide and protein that
forms the major portion of the outer mem-
brane in gram-negative Bacteria

Magnetosome a particle of magnetite (Fe3O,)
enclosed by a nonunit membrane in the cyto-
plasm of magnetotactic Bacteria

Morphology the shape of a cell—rod, coccus,
spirillum, and so on

Outer membrane a phospholipid- and polysac-
charide-containing unit membrane that lies
external to the peptidoglycan layer in cells of
gram-negative Bacteria

Peptidoglycan a polysaccharide composed of
alternating repeats of N-acetylglucosamine
and N-acetylmuramic acid arranged in adja-
cent layers and cross-linked by short peptides

Periplasm a gel-like region between the outer
surface of the cytoplasmic membrane and the
inner surface of the lipopolysaccharide layer
of gram-negative Bacteria

Peritrichous flagellation having flagella
located in many places around the surface of
the cell

Phototaxis movement of an organism toward
light

Pili thin, filamentous structures that extend
from the surface of a cell and, depending on
type, facilitate cell attachment, genetic
exchange, or twitching motility

Polar flagellation having flagella emanating
from one or both poles of the cell

Poly-B-hydroxybutyrate (PHB) a common
storage material of prokaryotic cells consist-
ing of a polymer of B-hydroxybutyrate or
another -alkanoic acid or mixtures of
[-alkanoic acids

S-layer an outermost cell surface layer com-
posed of protein or glycoprotein present on
some Bacteria and Archaea

Simple transport system a transporter that
consists of only a membrane-spanning pro-
tein and is typically driven by energy from
the proton motive force

Teichoic acid a phosphorylated polyalcohol
found in the cell wall of some gram-positive
Bacteria

Why is the rigid layer of the bacterial cell wall called peptidogly-

can? What are the chemical reasons for the rigidity that is con-

3.6)?

ferred on the cell wall by the peptidoglycan structure (Section

List several functions of the outer membrane in gram-negative

Bacteria. What is the chemical composition of the outer mem-

brane (Section 3.7)?

9. What cell wall polysaccharide common in Bacteria is absent from

Archaea? What is unusual about S-layers compared to other cell
walls of prokaryotes ? What types of cell walls are found in

Archaea (Section 3.8)?

10. What function(s) do polysaccharide layers outside the cell wall
have in prokaryotes (Section 3.9)?

11. What types of cytoplasmic inclusions are formed by prokary-

Cells of Escherichia coli take up lactose via lac permease, glucose
via the phosphotransferase system, and maltose via an ABC-type
transporter. For each of these sugars describe: (1) the components
of the transport system and (2) the source of energy that drives the
transport event (Section 3.5).

1122,

otes? How does an inclusion of poly-B-hydroxybutyric acid
differ from a magnetosome in composition and metabolic role
(Section 3.10)?

What is the function of gas vesicles? How are these structures
made such that they can remain gas tight (Section 3.11)?
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13. Ina few sentences, indicate how the bacterial endospore differs 16. How do the mechanism and energy requirements for motility in
from the vegetative cell in structure, chemical composition, and Flavobacterium differ from that in Escherichia coli (Sections 3.13
ability to resist extreme environmental conditions (Section 3.12). and 3.14)?

14. Define the following terms: mature endospore, vegetative cell, and 17. In a few sentences, explain how a motile bacterium is able to sense
germination (Section 3.12). the direction of an attractant and move toward it (Section 3.15).

15. Describe the structure and function of a bacterial flagellum. What 18. In the experiment described in Figure 3.48, why is it essential to
is the energy source for the flagellum? How do the flagella of have a control (Section 3.15)?

Bacteria differ from those of Archaea in both size and composition
(Section 3.13)?

Application Questions

1. Calculate the surface-to-volume ratio of a spherical cell 15 pm 3. Calculate the amount of time it would take a cell of Escherichia coli
in diameter and of a cell 2 pm in diameter. What are the (1 X 2 wm) swimming at maximum speed (60 cell lengths per sec-
consequences of these differences in surface-to-volume ratio ond) to travel all the way up a 3-cm-long capillary tube containing
for cell function? a chemical attractant.

2. Assume you are given two cultures, one of a species of gram- 4. Assume you are given two cultures of rod-shaped bacteria, one
negative Bacteria and one of a species of Archaea. Other than by gram-positive and the other gram-negative. How could you differ-
phylogenetic analyses, discuss at least four different ways you could entiate them using (a) light microscopy; (b) electron microscopy;
tell which culture was which. (c) chemical analyses of cell walls; and (d) phylogenetic analyses?

m'ymicr@biology--f@@ Need more practice? Test your understanding with Quantitative Questions; access additional
place g study tools including tutorials, animations, and videos; and then test your knowledge with
chapter quizzes and practice tests at www.microbiologyplace.com.
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ecall from Chapter 2 that all cells require energy to drive life
Rprocesses. The requisite energy is obtained from organic
chemicals by chemoorganotrophs, from inorganic chemicals by
chemolithotrophs, and from light by phototrophs. In this chap-
ter we explore how cells conserve and use their energy and
nutrients. We assume that the reader has some background in
cell chemistry and refer the reader who needs a refresher on the
chemical principles of life to an overview of this topic at
www.microbiologyplace.com

@ Nutrition and Culture
of Microorganisms

efore a cell can replicate, it must coordinate many different
Bchemical reactions and organize many different molecules
into specific structures. Collectively, these reactions are called
metabolism. Metabolic reactions are either catabolic, which
means energy releasing, or anabolic, which means energy requir-
ing. Catabolism breaks molecular structures down, releasing
energy in the process, and anabolism uses energy to build larger
molecules from smaller ones.

We examine some of the key catabolic and anabolic reactions of
cells in this chapter. However, before we do, we consider how
microorganisms are grown in the laboratory and the nutrients they
need for growth. Indeed, most of what we know about the metabo-
lism of microorganisms has emerged from the study of laboratory
cultures. Our initial focus is on chemoorganotrophs; later in the
chapter we consider chemolithotrophs and phototrophs.

k.1 Nutrition and Cell Chemistry

In this section we learn how to care for and feed microorganisms.
Nutrition is the part of microbial physiology that deals with the
nutrients required for growth. Different organisms need different
complements of nutrients, and not all nutrients are required in
the same amounts. Some nutrients, called macronutrients, are
required in large amounts, while others, called micronutrients,
are required in just trace amounts.

All microbial nutrients are compounds constructed from the
chemical elements. However, just a handful of elements domi-
nate living systems and are essential: hydrogen (H), oxygen (O),
carbon (C), nitrogen (N), phosphorus (P), sulfur (S), and selenium
(Se). In addition to these, at least 50 other elements, although not
required, are metabolized in some way by microorganisms
(Figure 4.1). An approximate chemical formula for a cell is
CH,0¢ 5Ny 15, indicating that C, H, O, and N constitute the bulk
of a living organism.

Besides water, which makes up 70-80% of the wet weight of a
microbial cell (a single cell of Escherichia coli weighs just 1072 g),
cells consist primarily of macromolecules—proteins, nucleic
acids, lipids, and polysaccharides. The essential elements make
up the building blocks (monomers) of these macromolecules, the
amino acids, nucleotides, fatty acids, and sugars. Proteins domi-
nate the macromolecular composition of a cell, making up 55% of
total cell dry weight. Moreover, the diversity of proteins exceeds
that of all other macromolecules combined. Interestingly, as

important as DNA is to a cell, it contributes a very small percent-
age of a cell’s dry weight; RNA is far more abundant (Figure 4.1c¢).

The data shown in Figure 4.1 are from actual analyses of cells
of E. coli; comparable data vary a bit from one microorganism to
the next. But in any microbial cell, carbon and nitrogen are
important macronutrients, and thus we begin our study of
microbial nutrition with these key elements.

Carbon and Nitrogen

All cells require carbon, and most prokaryotes require organic
(carbon-containing) compounds as their source of carbon. Het-
erotrophic bacteria assimilate organic compounds and use them
to make new cell material. Amino acids, fatty acids, organic
acids, sugars, nitrogen bases, aromatic compounds, and count-
less other organic compounds can be transported and catabo-
lized by one or another bacterium. Autotrophic microorganisms
build their cellular structures from carbon dioxide (CO,) with
energy obtained from light or inorganic chemicals.

A bacterial cell is about 13% nitrogen, which is present in pro-
teins, nucleic acids, and several other cell constituents. The bulk
of nitrogen available in nature is in inorganic form as ammonia
(NHg), nitrate (NO3 "), or nitrogen gas (N,). Virtually all prokary-
otes can use NHj as their nitrogen source, and many can also use
NOj3; . By contrast, N, can only be used by nitrogen-fixing
prokaryotes, discussed in detail in later chapters. Nitrogen in
organic compounds, for example, in amino acids, may also be
available to microorganisms; if organic N is available and is taken
up, the compound can immediately enter the monomer pool for
biosynthesis or be catabolized as an energy source.

Other Macronutrients: P, S, K, Mg, Ca, Na

In addition to C, N, O, and H, many other elements are needed
by cells, but in smaller amounts (Figure 4.16). Phosphorus is a
key element in nucleic acids and phospholipids and is typically
supplied to a cell as phosphate (PO,%7). Sulfur is present in the
amino acids cysteine and methionine and also in several vita-
mins, including thiamine, biotin, and lipoic acid. Sulfur can be
supplied to cells in several forms, including sulfide (HS™) and
sulfate (SO,427). Potassium (K) is required for the activity of sev-
eral enzymes, whereas magnesium (Mg) functions to stabilize
ribosomes, membranes, and nucleic acids and is also required for
the activity of many enzymes. Calcium (Ca) is not required by all
cells but can play a role in helping to stabilize microbial cell walls,
and it plays a key role in the heat stability of endospores. Sodium
(Na) is required by some, but not all, microorganisms, and its
requirement is typically a reflection of the habitat. For example,
seawater contains relatively high levels of Na*, and marine
microorganisms typically require Na* for growth. By contrast,
freshwater species are usually able to grow in the absence of Na™.
K, Mg, Ca, and Na are all supplied to cells as salts, typically as
chloride or sulfate salts.

Micronutrients: Iron and Other Trace Metals

Microorganisms require several metals for growth (Figure 4.1a).
Chief among these is iron (Fe), which plays a major role in cellu-
lar respiration. Iron is a key component of cytochromes and of
iron—sulfur proteins involved in electron transport reactions
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1 2 3 4 5 6 7 8

10 11 12 13 14 15 16 17 18

‘ Essential for all microorganisms

1 [ Essential cations and anions for most microorganisms

[ Unessential, not metabolized

[ Trace metals, some essential for some microororganisms
[ Used for special functions
1] Unessential, but metabolized

@

Essential elements as a percent of cell dry weight

()

Macromolecular composition of a cell

Macromolecule Percent of dry weight
Protein 55
Lipid 9.1
Polysaccharide 5.0
Lipopolysaccharide 3.4
DNA 3.1
RNA 20.5

()

FiguTe 4.1 Elemental and macromolecular composition of a bacterial cell. (a) A microbial periodic
table of the elements. With the exception of uranium, which can be metabolized by some prokaryotes,
elements in period 7 or beyond in the complete periodic table of the elements are not known to be metabo-
lized. (b) Contributions of the essential elements to cell dry weight. (c) Relative abundance of macromole-
cules in a bacterial cell. Data in (b) from Aguat. Microb. Ecol. 10: 15-27 (1996) and in (c) from Escherichia
coli and Salmonella typhimurium: Cellular and Molecular Biology. ASM, Washington, DC (1996).

(Section 4.9). Under anoxic conditions, iron is generally in the
ferrous (Fe?") form and soluble. However, under oxic conditions,
iron is typically in the ferric (Fe>) form as part of insoluble min-
erals. To obtain Fe* from such minerals, cells produce iron-
binding molecules called siderophores that function to bind
Fe3* and transport it into the cell. A major group of siderophores
is the hydroxamic acids, organic molecules that chelate Fe3*
strongly. As Figure 4.2 shows, after the iron—hydroxamate com-
plex reaches the cytoplasm, the iron is released, and the hydroxa-
mate is excreted and can be used again for iron transport.

Many other types of siderophores are known. Some bacteria
produce phenolic siderophores (for example, the enterobactins)
whereas others produce peptide siderophores (for example,
aquachelin). Both classes of siderophore have extremely high
binding affinities and easily bind iron at levels as low as 1
nanogram per liter. However, as important as iron is for most
cells, some organisms can grow in the absence of iron. For example,

many lactic acid bacteria such as species of Lactobacillus do not
contain detectable iron and grow normally in its absence. In
these organisms, manganese (Mn>") often plays a role similar to
that just described for iron. Many other metals are required or
otherwise metabolized by microorganisms (Figure 4.1a). Like
iron, these micronutrients are called trace elements or trace met-
als. Micronutrients typically play a role as cofactors for enzymes.
Table 4.1 lists the major micronutrients and examples of
enzymes in which each plays a role in the cell.

Micronutrients: Growth Factors

Growth factors are organic compounds that, like trace metals, are
required in only very small amounts. Growth factors are vita-
mins, amino acids, purines, pyrimidines, or various other organic
molecules. Although most microorganisms are able to biosyn-
thesize the growth factors they need, some must obtain one or
more of them from the environment and thus must be supplied
with these compounds when cultured in the laboratory.
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FlguTe 4.2 Mechanlsm of hydroxamate siderophores. (a) Iron is
bound as Fe®* and (b) transported and released inside the cell and
reduced to Fe®". The hydroxamate then exits the cell and repeats the cycle.

Vitamins are the most commonly required growth factors.
Most vitamins function as coenzymes, which are nonprotein
components of enzymes. Vitamin requirements vary among
microorganisms, ranging from none to several. Lactic acid bacte-
ria, which include the genera Streptococcus, Lactobacillus, and
Leuconostoc (€@ Section 18.1), are renowned for their many vita-
min requirements, which are even more extensive than those of
humans (see Table 4.2).

MiniQuiz

* Which four elements make up the bulk of a cell’s dry weight?

* Which two classes of macromolecules contain most of a cell’'s
nitrogen?

* What roles does iron play in cellular metabolism? How do cells
sequester iron?

4.2 Culture Media

Culture media are the nutrient solutions used to grow microor-
ganisms in the laboratory. Because laboratory culture is required
for the detailed study of any microorganism, careful attention
must be paid to the selection and preparation of media for labo-
ratory culture to be successful. Despite the fact that microbiolo-
gists have been growing microorganisms in laboratory cultures
for over 125 years, most microorganisms in nature have yet to be
cultured, leaving many challenges to the microbiologist today.

Classes of Culture Media

Two broad classes of culture media are used in microbiology:
defined media and complex media. Defined media are prepared
by adding precise amounts of highly purified inorganic or organic
chemicals to distilled water. Therefore, the exact composition of a
defined medium (in both a qualitative and quantitative sense) is
known. Of major importance in any culture medium is the carbon
source because all cells need large amounts of carbon to make
new cell material (Figure 4.1). The particular carbon source and
its concentration depend on the organism to be cultured. Table
4.2 lists recipes for four culture media. Some defined media, such
as the one listed for Escherichia coli, are said to be “simple”
because they contain only a single carbon source. In this medium,
cells of E. coli make all organic molecules from this carbon source.

Table 4.1 Micronutrients (trace elements) needed by microorganisms?

Element Cellular function or molecule of which a part

Boron (B) Autoinducer for quorum sensing in bacteria; also found in some polyketide antibiotics

Chromium (Cr) Possible but not proven component for glucose metabolism (necessary in mammals)

Cobalt (Co) Vitamin B1»; transcarboxylase (only in propionic acid bacteria)

Copper (Cu) In respiration, cytochrome ¢ oxidase; in photosynthesis, plastocyanin, some superoxide dismutases
Iron (Fe)b Cytochromes; catalases; peroxidases; iron—sulfur proteins; oxygenases; all nitrogenases

Manganese (Mn)

Molybdenum (Mo)

Nickel (Ni)
Selenium (Se)
Tungsten (W)
Vanadium (V)
Zinc (Zn)

Activator of many enzymes; component of certain superoxide dismutases and of the water-splitting enzyme in oxygenic phototrophs
(photosystem II)

Certain flavin-containing enzymes; some nitrogenases, nitrate reductases, sulfite oxidases, DMSO-TMAO reductases; some formate
dehydrogenases

Most hydrogenases; coenzyme F,30 of methanogens; carbon monoxide dehydrogenase; urease
Formate dehydrogenase; some hydrogenases; the amino acid selenocysteine

Some formate dehydrogenases; oxotransferases of hyperthermophiles

Vanadium nitrogenase; bromoperoxidase

Carbonic anhydrase; alcohol dehydrogenase; RNA and DNA polymerases; and many DNA-binding proteins

@Not every micronutrient listed is required by all cells; some metals listed are found in enzymes or cofactors present in only specific

microorganisms.

®Needed in greater amounts than other trace metals.
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Table 4.2 Examples of culture media for microorganisms with simple and demanding nutritional requirements®

Defined culture medium for
Leuconostoc mesenteroides

Defined culture medium
for Escherichia coli

Defined culture medium for
Thiobacillus thioparus

Complex culture medium for either
E. coli or L. mesenteroides

K2HPO4 749 KQHPO4 069
KH,PO,4 2 g KH.PO4 0.6 g
(NH4)»S04 1 g NH4CI 3 g

MgS0, 0.1 g MgS0O, 0.1 g
CaCl, 0.02 g Glucose 25 g

Glucose 4-10 g

Trace elements (Fe, Co, Mn, Zn,
Cu, Ni, Mo) 2-10 p.g each

Distilled water 1000 ml

pH 7

Sodium acetate 25 g

Amino acids (alanine, arginine,
asparagine, aspartate, cysteine,
glutamate, glutamine, glycine,
histidine, isoleucine, leucine, lysine,
methionine, phenylalanine, proline,
serine, threonine, tryptophan, tyrosine,
valine) 100-200 p.g of each

Purines and pyrimidines (adenine,
guanine, uracil, xanthine) 10 mg of each

Vitamins (biotin, folate, nicotinic acid,
pyridoxal, pyridoxamine, pyridoxine,
riboflavin, thiamine, pantothenate,
p-aminobenzoic acid) 0.01-1 mg
of each

Trace elements (as in first column)
2-10 pg each

Distilled water 1000 m|

pH 7

Glucose 15 g KH,PO,4 0.5 g
Yeast extract 5 g NH4CI 0.5 g
Peptone 5 g MgS0O, 0.1 g
KH,PO,4 2 g CaCl, 0.05g
Distilled water 1000 ml KClI0.5g

pH 7 N328203 29

Trace elements (as in first column)
Distilled water 1000 ml

pH 7

Carbon source: CO, from air

(b)

aThe photos are tubes of (a) the defined medium described, and (b) the complex medium described. Note how the complex medium
is colored from the various organic extracts and digests that it contains. Photo credits: Cheryl L. Broadie and John Vercillo, Southern

lllinois University at Carbondale.

For culturing many microorganisms, knowledge of the exact
composition of a medium is not essential. In these instances
complex media may suffice and may even be advantageous.
Complex media employ digests of microbial, animal or plant
products, such as casein (milk protein), beef (beef extract), soy-
beans (tryptic soy broth), yeast cells (yeast extract), or any of a
number of other highly nutritious yet impure substances. These
digests are commercially available in dehydrated form and can be
easily prepared. However, the disadvantage of a complex medium
is its imprecise nutritional composition. That is, although one
may know approximately what is in the medium, its exact com-
position is unknown. An enriched medium, often used for the
culture of otherwise difficult-to-grow nutritionally demanding
(fastidious) microorganisms, starts with a complex base and is
embellished with additional nutrients such as serum, blood, or
other highly nutritious substances. Culture media are often made
to be selective or differential (or both), especially media used in
diagnostic microbiology. A selective medium contains com-
pounds that inhibit the growth of some microorganisms but not
others. For example, media are available for the selective isola-
tion of pathogenic strains of E. coli from food products, such as
ground beef, that could be contaminated with this organism. By
contrast, a differential medium is one in which an indicator, typi-
cally a reactive dye, is added that reveals whether a particular
chemical reaction has occurred during growth. Differential

media are quite useful for distinguishing different species of bac-
teria and are therefore widely used in clinical diagnostics and sys-
tematic microbiology. Differential and selective media are further
discussed in Chapter 31.

Nutritional Requirements
and Biosynthetic Capacity

Of the four recipes in Table 4.2, three are defined and one is com-
plex. The complex medium is easiest to prepare and supports
growth of both of the chemoorganotrophs, Escherichia coli and
Leuconostoc mesenteroides, the examples used in the table. How-
ever, the simple defined medium supports growth of E. coli but
not of L. mesenteroides. Growth of the latter organism, a fastidi-
ous (nutritionally demanding) bacterium, in a defined medium
requires the addition of several nutrients not needed by E. coli.
By contrast, E. coli can synthesize everything it needs from a sin-
gle carbon compound, in this case, glucose. The nutritional
needs of L. mesenteroides can be satisfied by preparing either a
highly supplemented defined medium, a rather laborious under-
taking because of all the individual nutrients that need to be
added (Table 4.2), or by preparing a complex medium, a much
less demanding operation.

The fourth medium listed in Table 4.2 supports growth of the
sulfur chemolithotroph Thiobacillus thioparus; this medium
would not support growth of the chemoorganotrophs. T thioparus
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is an autotroph and thus has no organic carbon requirements.
T. thioparus derives all of its carbon from CO, and obtains its
energy from the oxidation of the reduced sulfur compound thio-
sulfate (NayS,03). Thus, T thioparus has the greatest biosyn-
thetic capacity of all the organisms listed in the table, surpassing
even E. coli in this regard.

In a nutshell, what does Table 4.2 tell us? Simply put, it reveals
the fact that different microorganisms can have vastly different
nutritional requirements. Thus, for successful cultivation of any
microorganism, it is necessary to understand its nutritional
requirements and then supply it with the nutrients it needs in the
proper form and in the proper amounts. If care is taken in
preparing culture media, it is fairly easy to culture many different
types of microorganisms in the laboratory. We discuss some pro-
cedures for doing this now.

MiniQuiz
* Why would the routine culture of Leuconostoc mesenteroides be
easier in a complex medium than in a chemically defined medium?

* In which medium shown in Table 4.2, defined or complex, do you
think E. coli would grow the fastest? Why? E. coli will not grow in
the medium described for Thiobacillus thioparus; why?

4.3 Laboratory Culture

Once a culture medium has been prepared and made sterile to
render it free of all life forms, organisms can be inoculated and the
culture can be incubated under conditions that will support
growth. In a laboratory, inoculation will typically be with a pure
culture, a culture containing only a single kind of microorganism.

It is essential to prevent other organisms from entering a
pure culture. Such unwanted organisms, called contaminants,
are ubiquitous (as Pasteur discovered over 125 years ago,
@2 Section 1.7), and microbiological techniques are designed
to avoid contamination. A major method for obtaining pure
cultures and for assessing the purity of a culture is the use of
solid media, specifically, solid media prepared in the Petri
plate, and we consider this now.

Solid and Liquid Culture Media

Liquid culture media are sometimes solidified by the addition of a
gelling agent. Solid media immobilize cells, allowing them to grow
and form visible, isolated masses called colonies (Figure 4.3).
Microbial colonies are of various shapes and sizes depending on
the organism, the culture conditions, the nutrient supply, and sev-
eral other physiological parameters, and can contain several bil-
lion individual cells. Some microorganisms produce pigments
that cause the colony to be colored (Figure 4.3). Colonies permit
the microbiologist to visualize the composition and presumptive

Figul‘e 4.3 Bacterial colonies. Colonies are visible masses of cells
formed from the division of one or a few cells and can contain over a
billion (10% individual cells. (a) Serratia marcescens, grown on MacConkey
agar. (b) Close-up of colonies outlined in part a. (c) Pseudomonas
aeruginosa, grown on trypticase soy agar. (d) Shigella flexneri, grown on
MacConkey agar.

(b)

()

James A. Shapiro, University of Chicago

James A. Shapiro, University of Chicago

James A. Shapiro, University of Chicago -

James A. Shapiro, University of Chicago
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Figu're 4.4 Aseptic transfer. (a) Loop is heated until red hot and cooled in air briefly. (b) Tube is
uncapped. (c) Tip of tube is run through the flame. (d) Sample is removed on sterile loop for transfer to a
sterile medium. (e) The tube is reflamed. () The tube is recapped. Loop is reheated before being taken out

of service.

purity of the culture. Plates that contain more than one colony
type are indicative of a contaminated culture. The appearance and
uniformity of colonies on a Petri plate has been used as one crite-
rion of culture purity for over 100 years (€2 Section 1.8).

Solid media are prepared in the same way as liquid media
except that before sterilization, agar, a gelling agent, is added to
the medium, typically at a concentration of 1-2%. The agar melts
during the sterilization process, and the molten medium is then
poured into sterile glass or plastic plates and allowed to solidify
before use (Figure 4.3). www.microbiologyplace.com Online Tuto-
rial &4.1: Aseptic Transfer and the Streak Plate Method

Confluent growth at
beginning of streak

Isolated colonies
at end of streak

(b)

Aseptic Technique

Because microorganisms are everywhere, culture media must be
sterilized before use. Sterilization is typically achieved with moist
heat in a large pressurized chamber called an autoclave. We dis-
cuss the operation and principles of the autoclave later, along
with other methods of sterilization (€@ Section 26.1).

Once a sterile culture medium has been prepared, it is ready to
receive an inoculum to start the growth process. This manipula-
tion requires aseptic technique, a series of steps to prevent con-
tamination during manipulations of cultures and sterile culture
media (Figures 4.4 and 4.5). A mastery of aseptic technique is
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Figu're 4.5 Making a streak plate to obtain pure cultures (a) Loop is sterilized and a loopful of inocu-
lum is removed from tube. (b) Streak is made and spread out on a sterile agar plate. Following the initial
streak, subsequent streaks are made at angles to it, the loop being resterilized between streaks. (c) Appear-
ance of a well-streaked plate after incubation, showing colonies of the bacterium Micrococcus luteus on a
blood agar plate. It is from such well-isolated colonies that pure cultures can usually be obtained.
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required for success in the microbiology laboratory, and it is one
of the first methods learned by the novice microbiologist. Air-
borne contaminants are the most common problem because the
dust in laboratory air contains microorganisms. When containers
are opened, they must be handled in such a way that contaminant-
laden air does not enter (Figures 4.4 and 4.5).

Aseptic transfer of a culture from one tube of medium to
another is typically accomplished with an inoculating loop or
needle that has previously been sterilized in a flame (Figure 4.4).
Cells from liquid cultures can also be transferred to the surface of
agar plates where colonies develop from the growth and division
of single cells (Figure 4.5). Picking an isolated colony and
restreaking it is the main method for obtaining pure cultures
from samples containing several different organisms.

MiniQuiz
* What is meant by the word sterile? What would happen if freshly

prepared culture media were not sterilized and then left at room
temperature?

* Why is aseptic technique necessary for successful cultivation of
pure cultures in the laboratory?

@ Energetics and Enzymes

egardless of how a microorganism makes a living—whether

by chemoorganotrophy, chemolithotrophy, or phototrophy—
it must be able to conserve some of the energy released in its
energy-yielding reactions. Here we discuss the principles of
energy conservation, using some simple laws of chemistry and
physics to guide our understanding. We then consider enzymes,
the cell’s catalysts.

L., Bioenergetics

Energy is the ability to do work. In microbiology, energy is mea-
sured in kilojoules (kJ), a unit of heat energy. All chemical reac-
tions in a cell are accompanied by changes in energy, energy
either being required for or released during the reaction.

Basic Energetics

Although in any chemical reaction some energy is lost as heat, in
microbiology we are interested in free energy (abbreviated G),
which is the energy available to do work. The change in free
energy during a reaction is expressed as AG”’, where the symbol
A is read as “change in” The “0” and “prime” superscripts indicate
that the free-energy value is for standard conditions: pH 7, 25°C,
1 atmosphere of pressure, and all reactants and products at molar
concentrations.

Consider the reaction

A+B—>C+D

If AG” for this reaction is negative in arithmetic sign, then the
reaction will proceed with the release of free energy, energy that
the cell may conserve as ATP. Such energy-yielding reactions are
called exergonic. However, if AG" is positive, the reaction
requires energy in order to proceed. Such reactions are called

Table 4.3 Free energy of formation for a few compounds
of biological interest

Compound Free energy of formation (GP)?
Water (H>0) —237.2

Carbon dioxide (CO») —394.4

Hydrogen gas (H») 0

Oxygen gas (Oy) 0

Ammonium (NH4 ) —79.4

Nitrous oxide (N,O) +104.2

Acetate (CoH3057) —369.4

Glucose (CgH120g) -917.3

Methane (CHy) —50.8
Methanol (CH30H) —175.4

aThe free energy of formation values are in kJ/mol. See Table A1.1 in Appendix 1 for
a more complete list of free energies of formation.

endergonic. Thus, exergonic reactions release energy whereas
endergonic reactions require energy.

Free Energy of Formation and Calculating AG®’

To calculate the free-energy yield of a reaction, one first needs to
know the free energy of its reactants and products. This is the
free energy of formation (G{°), the energy released or required
during the formation of a given molecule from the elements.
Table 4.3 gives a few examples of G. By convention, the free
energy of formation of the elements in their elemental and elec-
trically neutral form (for instance, C, Hy, N,) is zero. The free
energies of formation of compounds, however, are not zero. If the
formation of a compound from its elements proceeds exergoni-
cally, then the G of the compound is negative (energy is
released). If the reaction is endergonic, then the G of the com-
pound is positive (energy is required).

For most compounds G¢ is negative. This reflects the fact that
compounds tend to form spontaneously (that is, with energy
being released) from their elements. However, the positive G
for nitrous oxide (N,O) (+104.2 kJ/mol, Table 4.3) indicates that
this compound does not form spontaneously. Instead, over time
it decomposes spontaneously to yield N, and O,. The free ener-
gies of formation of more compounds of microbiological interest
are given in Appendix 1.

Using free energies of formation, it is possible to calculate
AGY" of a given reaction. For the reaction A + B — C + D, AG”
is calculated by subtracting the sum of the free energies of forma-
tion of the reactants (A + B) from that of the products (C + D).
Thus

AG” = GP[C + D] - G{[A + B]

The value obtained for AG" tells us whether the reaction is exer-
gonic or endergonic. The phrase “products minus reactants” is a
simple way to recall how to calculate changes in free energy dur-
ing chemical reactions. However, before free-energy calculations
can be made, it is first necessary to balance the reaction.
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Appendix 1 details the steps in balancing reactions both electri-
cally and atomically and calculating free energies for any hypo-
thetical reaction.

AG®' versus AG

Although calculations of AG”” are usually reasonable estimates of
actual free-energy changes, under some circumstances they are
not. We will see later in this book that the actual concentrations
of products and reactants in nature, which are rarely at molar
levels, can alter the bioenergetics of reactions, sometimes in sig-
nificant ways. Thus, what may be most relevant to a bioenergetic
calculation is not AGY, but AG, the free-energy change that
occurs under the actual conditions in which the organism is
growing. The equation for AG takes into account the actual con-
centrations of reactants and products in the reaction and is

AG =AGY + RTInK

where R and T are physical constants and K is the equilibrium
constant for the reaction (Appendix 1). We distinguish between
AG" and AG in important ways in Chapter 14, where we consider
metabolic diversity in more detail, but for now, we only need to
focus on the expression AG? and what it tells us about a chemical
reaction catalyzed by a microorganism. Only reactions that are
exergonic yield energy that can be conserved by the cell as ATP.

MiniQuiz
* What is free energy?

+ Using the data in Table 4.3, calculate AG®" for the reaction
CHy4 + 3 O, — CH3OH. How does AGY’ differ from AG?

» Does glucose formation from the elements release or require
energy?

4.5 Catalysis and Enzymes

Free-energy calculations reveal only whether energy is released
or required in a given reaction. The value obtained says nothing
about the rate of the reaction. Consider the formation of water
from gaseous oxygen (O,) and hydrogen (H,). The energetics of
this reaction are quite favorable: Hy + 10, — H,0, AG” =
—237K]. However, if we were to mix O, and H, together in a
sealed bottle and leave it for years, no measurable amount of
water would form. This is because the bonding of oxygen and
hydrogen atoms to form water requires that their chemical bonds
first be broken. The breaking of these bonds requires some
energy, and this energy is called activation energy.

Activation energy is the energy required to bring all molecules
in a chemical reaction into the reactive state. For a reaction that
proceeds with a net release of free energy (that is, an exergonic
reaction), the situation is as diagrammed in Figure 4.6. Although
the activation energy barrier is virtually insurmountable in the
absence of a catalyst, in the presence of the proper catalyst, this
barrier is greatly reduced.

Enzymes
The concept of activation energy leads us to consider catalysis
and enzymes. A catalyst is a substance that lowers the activation

Activation
energy —

Activation
energy with
enzyme

Free energy

AGY= GO(C + D) -
GOA + B)

Products (C + D)

Progress of the reaction

Figu're 4.6 Activation energy and catalysis. Even chemical reactions
that release energy may not proceed spontaneously, because the reac-
tants must first be activated. Once they are activated, the reaction pro-
ceeds spontaneously. Catalysts such as enzymes lower the required
activation energy.

energy of a reaction, thereby increasing the reaction rate. Cata-
lysts facilitate reactions but are not consumed or transformed by
them. Moreover, catalysts do not affect the energetics or the
equilibrium of a reaction; catalysts affect only the rate at which
reactions proceed.

Most cellular reactions do not proceed at useful rates without
catalysis. Biological catalysts are called enzymes. Enzymes are
proteins (or in a few cases, RNAs) that are highly specific for the
reactions they catalyze. That is, each enzyme catalyzes only a sin-
gle type of chemical reaction, or in the case of some enzymes, a
single class of closely related reactions. This specificity is a func-
tion of the precise three-dimensional structure of the enzyme
molecule.

In an enzyme-catalyzed reaction, the enzyme (E) combines
with the reactant, called a substrate (S), forming an enzyme-—
substrate complex (E—S). Then, as the reaction proceeds, the
product (P) is released and the enzyme is returned to its original
state:

E+SSE-SsS+P

The enzyme is generally much larger than the substrate(s), and
the portion of the enzyme to which substrate binds is called the
active site; the entire enzymatic reaction, from substrate binding
to product release, may take only a few milliseconds.

Many enzymes contain small nonprotein molecules that partic-
ipate in catalysis but are not themselves substrates. These small
molecules can be divided into two classes based on the way they
associate with the enzyme: prosthetic groups and coenzymes. Pros-
thetic groups bind very tightly to their enzymes, usually cova-
lently and permanently. The heme group present in cytochromes
(Section 4.9) is an example of a prosthetic group. Coenzymes, by
contrast, are loosely bound to enzymes, and a single coenzyme
molecule may associate with a number of different enzymes. Most
coenzymes are derivatives of vitamins, and NAD*/NADH, a
derivative of the vitamin niacin, is a good example.
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CH,OH CH,OH

Substrate

Enzyme-substrate
complex

Products CHZO"(‘)

Free lysozyme

o “
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Figure 4.7 The catalytic cycle of an enzyme. The enzyme depicted here, lysozyme, catalyzes the
cleavage of the B-1,4-glycosidic bond in the polysaccharide backbone of peptidoglycan. Following binding
in the enzyme’s active site, strain is placed on the bond, and this favors breakage. Space-filling model of

lysozyme courtesy of Richard Feldmann.

Enzyme Catalysis

The catalytic power of enzymes is impressive. Enzymes increase
the rate of chemical reactions anywhere from 108 to 10% times
over that which would occur spontaneously. To catalyze a spe-
cific reaction, an enzyme must do two things: (1) bind its sub-
strate and (2) position the substrate relative to the catalytically
active amino acids in the enzyme’s active site. The enzyme-—
substrate complex (Figure 4.7) aligns reactive groups and places
strain on specific bonds in the substrate(s). The net result is a
reduction in the activation energy required to make the reaction
proceed from substrate(s) to product(s) (Figure 4.6). These steps
are shown in Figure 4.7 for the enzyme lysozyme, an enzyme
whose substrate is the polysaccharide backbone of the bacterial
cell wall polymer, peptidoglycan (€& Figure 3.16).

The reaction depicted in Figure 4.6 is exergonic because the
free energy of formation of the substrates is greater than that of
the products. Enzymes can also catalyze reactions that require
energy, converting energy-poor substrates into energy-rich
products. In these cases, however, not only must an activation
energy barrier be overcome, but sufficient free energy must also
be put into the reaction to raise the energy level of the substrates
to that of the products. This is done by coupling the energy-
requiring reaction to an energy-yielding one, such as the hydrol-
ysis of ATP.

Theoretically, all enzymes are reversible in their activity. How-
ever, enzymes that catalyze highly exergonic or highly endergonic
reactions typically act only unidirectionally. If a particularly

exergonic or endergonic reaction needs to be reversed, a differ-
ent enzyme usually catalyzes the reverse reaction.

MiniQuiz
* What is the function of a catalyst? What are enzymes made of?
* Where on an enzyme does the substrate bind?

* What is activation energy?

Oxidation—Reduction and
Energy-Rich Compounds

he energy released in oxidation—reduction (redox) reactions

is conserved in cells by the simultaneous synthesis of energy-
rich compounds, such as ATP. Here we first consider
oxidation—-reduction reactions and the major electron carriers
present in the cell. We then examine the compounds that actually
conserve the energy released in oxidation—reduction reactions.

L.6 Electron Donors and
Electron Acceptors

An oxidation is the removal of an electron or electrons from a
substance, and a reduction is the addition of an electron or elec-
trons to a substance. Oxidations and reductions are common in
cellular biochemistry and can involve just electrons or an elec-
tron plus a proton (a hydrogen atom; H).
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1. H,>2e +oH" 2.70, + 26> 0%

Electron-donating
half reaction

Electron-accepting

d N
half reaction

ﬁ

3. 2H" +

Electron
acceptor

H, + 203 > H,0

Electron
donor\
0"~ H,0 4

Formation of water Net reaction

ﬁ

Figu‘re 4.8 Example of an oxidation-reduction reaction. The formation of H,O by reaction of the electron

donor H, and the electron acceptor O..

Redox Reactions

Redox reactions occur in pairs. For example, hydrogen gas (H,)
can release electrons and protons and become oxidized (Figure
4.8). However, electrons cannot exist alone in solution; they
must be part of atoms or molecules. Thus, the equation as drawn
does not itself represent an independent reaction. The reaction is
only a half reaction, a term that implies the need for a second half
reaction. This is because for any substance to be oxidized,
another substance must be reduced.

The oxidation of H, can be coupled to the reduction of many
different substances, including oxygen (O,), in a second half
reaction. This reduction half reaction, when coupled to the oxi-
dation of H, yields the overall balanced reaction in step 4 of
Figure 4.8. In reactions of this type, we refer to the substance
oxidized (in this case, H,) as the electron donor, and the sub-
stance reduced (in this case, O,) as the electron acceptor. The
concept of electron donors and electron acceptors is very impor-
tant in microbiology and underlies virtually all aspects of energy
metabolism.

Reduction Potentials and Redox Couples

Substances differ in their tendency to be electron donors or elec-
tron acceptors. This tendency is expressed as their reduction
potential (E,’, standard conditions), measured in volts (V) in
reference to that of a standard substance, H, (Figure 4.9). By
convention, reduction potentials are given for half reactions writ-
ten as reductions, with reactions at pH 7 because the cytoplasm
of most cells is neutral, or nearly so.

A substance can be either an electron donor or an electron
acceptor under different circumstances, depending on the sub-
stances with which it reacts. The constituents on each side of
the arrow in half reactions are called a redox couple, such as
2 H" /H,, or 2 O/H,0 (Figure 4.8). By convention, when writing a
redox couple, the oxidized form of the couple is always placed on
the left, before the forward slash, followed by the reduced form
after the forward slash. In the example of Figure 4.8, the E,’ of the
2 H*/H, couple is —0.42 V and that of the 3 O,/H,0 couple is
+0.82 V. We will learn shortly that these values mean that O, is
an excellent electron acceptor and H, is an excellent electron
donor.

In redox reactions, the reduced substance of a redox couple
whose Ej’ is more negative donates electrons to the oxidized sub-
stance of a redox couple whose E;’ is more positive. Thus, in the
couple 2 H*/H,, H, has a greater tendency to donate electrons
than the tendency of 2 H' to accept them, and in the couple
30,/H,0, H,0 has a very weak tendency to donate electrons,
whereas O, has a great tendency to accept them. It then follows

that in a reaction of H, and O,, H, will be the electron donor and
become oxidized, and O, will be the electron acceptor and
become reduced (Figure 4.8).

Redox couple Ey' (V)
— -0.60
S0,27/HSO;™ (-0.52) 2 &~ ~
COy/glucose (-0.43) 24 e~ \ — -0.50
P> 2H/H, (-0.42) 2 & —
— -0.40
CO,/methanol (-0.38) 6 e~ —
™) NAD*/NADH (-0.32) 2 e~ — |--0.30
CO,/acetate (-0.28) 8 e~ 7
SYH,S (-0.28) 2 & / - —0:20
CO,/CH, (-0.24) 8 &~ L o0
FAD/FADH (-0.22) 2 e~ )
Pyruvate/lactate (-0.19) 2 e~
S05%/H,S (-0.17) 6 &~ —- 0.0
S,062/S,04> (+0.024) 26~ /]
— +0.10
=» Fumarate/succinate (+0.03) 2 e~
@ Cytochrome by req (+0.035) 1 e - +0.20
3+ 2+ -
Fe */Fe<* (+0.2) 1 €7, (pH 7) | 1030
Ubiquinone,,eq (+0.11) 2 &~
Cytochrome Cyreq (+0.25) 1 &~ / — +0.40
Cytochrome ag,eq (+0.39) 1 &~ / | 0,50
b NO,7/NO,” (+0.42) 2 &
L +0.60
NOs /% N, (+0.74) 5 &~ [~ +0-70
() Fe3*/Fe?* (+0.76) 1e7, (PH2)  — L ,0.80
$0,/H,0 (+0.82) 2 & "
— +0.90
(1)H, + fumarate —>- succinate AGY = -86 kJ
- - 0,
(2)H, + NO3 —= NO2 + H20 AG” = -163 kJ
1 0, _
(3)H2 +5 0, — HZO AG” = -237 kJ

Figure 4.9 The redox tower. Redox couples are arranged from the
strongest donors at the top to the strongest acceptors at the bottom.
Electrons can be “caught” by acceptors at any intermediate level as long
as the donor couple is more negative than the acceptor couple. The
greater the difference in reduction potential between electron donor and
electron acceptor, the more free energy is released. Note the differences
in energy yield when H, reacts with three different electron acceptors,
fumarate, nitrate, and oxygen.
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As previously mentioned, all half reactions are written as
reductions. However, in an actual reaction between two redox
couples, the half reaction with the more negative E," proceeds as
an oxidation and is therefore written in the opposite direction. In
the reaction between H, and O, shown in Figure 4.8, H, is thus
oxidized and is written in the reverse direction from its formal
half reaction.

The Redox Tower and Its Relationship to AG®’

A convenient way of viewing electron transfer reactions in bio-
logical systems is to imagine a vertical tower (Figure 4.9). The
tower represents the range of reduction potentials possible for
redox couples in nature, from those with the most negative Ey’
on the top to those with the most positive E,’ at the bottom; thus,
we can call the tower a redox tower. The reduced substance in the
redox couple at the top of the tower has the greatest tendency to
donate electrons, whereas the oxidized substance in the redox
couple at the bottom of the tower has the greatest tendency to
accept electrons.

Using the tower analogy, imagine electrons from an electron
donor near the top of the tower falling and being “caught” by
electron acceptors at various levels. The difference in reduc-
tion potential between the donor and acceptor redox couples is
expressed as AE'. The further the electrons drop from a donor
before they are caught by an acceptor, the greater the amount
of energy released. That is, AE," is proportional to AG,'
(Figure 4.9). Oxygen, at the bottom of the redox tower, is the
strongest electron acceptor of any significance in nature. In the
middle of the redox tower, redox couples can be either electron
donors or acceptors depending on which redox couples they
react with. For instance, the 2 H*/H, couple (—0.42 V) can react
with the fumarate/succinate (+0.03 V), NO3 /NO,~ (+0.42 V), or
3 0,/H,0O(+8.82 V) couples, with increasing amounts of energy
being released, respectively (Figure 4.9).

Electron donors used in energy metabolism are also called
energy sources because energy is released when they are oxidized
(Figure 4.9). The point is not that the electron donor per se con-

0
NAD+ H I NADH + H*
H
Nicotinamide —_J] N7 N, o
HOSN 2H  HH ]
o H AN
I o) NH, + H*
HO—P—0—CH, |
Ribose H™ N H
5 OH  OH NH,
|
HO—P=0 <)\‘ | \)N R
0——CH, O\ NP NAD*/ NADH
Ribose Adenine E, -0.32V
OH  OH

Figure 4.10 The oxidation-reduction coenzyme nicotinamide adenine
dinucleotide (NAD*). NAD™ undergoes oxidation-reduction as shown and
is freely diffusible. “R” is the adenine dinuclectide portion of NAD™.
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Figure 4.11 NAD*/NADH cycling. A schematic example of redox reac-
tions in two different enzymes linked by their use of either NAD™ or NADH.

tains energy but that the chemical reaction in which the electron
donor participates releases energy. The presence of a suitable
electron acceptor is just as important as the presence of a suitable
electron donor. Lacking one or the other, the energy-releasing
reaction cannot proceed. Many potential electron donors exist
in nature, including a wide variety of organic and inorganic
compounds.

Electron Carriers and NAD/NADH Cycling

Redox reactions in microbial cells are typically mediated by one
or more small molecules. A very common carrier is the coen-
zyme nicotinamide adenine dinucleotide (NADY) (Figure 4.10).
NAD™ is an electron plus proton carrier, transporting 2 e~ and
2 H™ at the same time.

The reduction potential of the NAD*/NADH couple is —0.32 V,
which places it fairly high on the electron tower; that is, NADH is
a good electron donor (Figure 4.10). Coenzymes such as NADH
increase the diversity of redox reactions possible in a cell by allow-
ing chemically dissimilar electron donors and acceptors to inter-
act, with the coenzyme acting as the intermediary. For example,
electrons removed from an electron donor can reduce NAD™ to
NADH, and the latter can be converted back to NAD™ by donat-
ing electrons to the electron acceptor. Figure 4.11 shows an exam-
ple of such electron shuttling by NAD*/NADH. In the reaction,
NAD™ and NADH facilitate the redox reaction without being
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consumed in the process. Recall that the cell requires large
amounts of a primary electron donor (the substance that was oxi-
dized to yield NADH) and a final electron acceptor (such as O,).
But the cell needs only a tiny amount of NAD*/NADH because
they are constantly being recycled. All that is needed is an amount
sufficient to service the redox enzymes in the cell that use these
coenzymes in their reaction mechanisms (Figure 4.11).

NADP*/NADPH is a related redox coenzyme in which a phos-
phate group is added to NAD"/NADH. NADP*/NADPH typi-
cally participate in redox reactions distinct from those that use
NAD*/NADH, most commonly in anabolic (biosynthetic) reac-
tions in which oxidations and reductions occur.

MiniQuiz

* In the reaction Hy + %Oz — H»0, what is the electron donor and
what is the electron acceptor?

* Why is nitrate (NO3™) a better electron acceptor than fumarate?

* |s NADH a better electron donor than Hy? Is NAD™ a better
acceptor than H™? How do you determine this?

L.7 Energy-Rich Compounds
and Energy Storage

Energy released from redox reactions must be conserved by the
cell if it is to be used later to drive energy-requiring cell func-
tions. In living organisms, chemical energy released in redox
reactions is conserved primarily in phosphorylated compounds.
The free energy released upon hydrolysis of the phosphate in
these energy-rich compounds is significantly greater than that of
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the average covalent bond in the cell, and it is this released
energy that is conserved by the cell.

Phosphate can be bonded to organic compounds by either ester
or anhydride bonds, as illustrated in Figure 4.12. However, not all
phosphate bonds are energy-rich. As seen in the figure, the AG"
of hydrolysis of the phosphate ester bond in glucose 6-phosphate
is only —13.8 kJ/mol. By contrast, the AG®" of hydrolysis of the
phosphate anhydride bond in phosphoenolpyruvate is —51.6
kJ/mol, almost four times that of glucose 6-phosphate. Although
either compound could be hydrolyzed to yield energy, cells typi-
cally use a small group of compounds whose AG®" of hydrolysis is
greater than —30 kJ/mol as energy “currencies” in the cell. Thus,
phosphoenolpyruvate is energy-rich whereas glucose 6-phosphate
is not. Notice in Figure 4.12 that ATP contains three phosphates,
but only two of them have free energies of hydrolysis of >30 kJ.
Also notice that the thioester bond between the C and S atoms of
coenzyme A has a free energy of hydrolysis of >30 kJ.

Adenosine Triphosphate

The most important energy-rich phosphate compound in cells is
adenosine triphosphate (ATP). ATP consists of the ribonucleo-
side adenosine to which three phosphate molecules are bonded in
series. ATP is the prime energy currency in all cells, being generated
during exergonic reactions and consumed in endergonic reactions.
From the structure of ATP (Figure 4.12), it can be seen that two of
the phosphate bonds are phosphoanhydrides that have free ener-
gies of hydrolysis greater than 30 kJ. Thus, the reactions ATP —
ADP + P;and ADP — AMP + P; each release roughly 32 kJ/mol of
energy. By contrast, AMP is not energy-rich because its free energy
of hydrolysis is only about half that of ADP or ATP (Figure 4.12).

NHo
N CHO
Anhydride bonds ~ Ester bond ’\f o \> HeoH
k Z~\ I Ester bond
N OHCH
?/ 91 T o |
CH,=¢—C00" “O—P~0—P~0—P—-0—CH HEOH
0 Py o/ ¢
{ Anhydride bond m -
‘O—ﬁ—O‘ CH,~O rl O
) OH OH
Phosphoenolpyruvate Adenosine triphosphate (ATP) (ATP) Glucose 6-phosphate
Thioest Compound G% kJ/mol
ioester .
Anhydride bond P
bond y AGY > 30kJ
(0] / O e} / o Phosphoenolpyruvate -51.6
I Il goll [l | 1,3-Bisphosphoglycerate| -52.0
CH3—C~8—(CH,),—N—C— (CH,);,—N—C—(CH,);—O—R H;C—C—0~P—0- Acetyl phosphate —44.8
| I | I
Acetyl Coenzyme A 0 ATP 818
y ADP -31.8
Acetyl-CoA Acetyl phosphate Acetyl-CoA -35.7
AGY < 30kJ
AMP -14.2
Glucose 6-phosphate -13.8

FiguTe 4.12 Phosphate bonds in compounds that conserve energy in bacterial metabolism. Notice,
by referring to the table, the range in free energy of hydrolysis of the phosphate bonds highlighted in the

compounds. The “R” group of acetyl-CoA is a 3" phospho ADP group.
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Although the energy released in ATP hydrolysis is —32 k], a
caveat must be introduced here to define more precisely the
energy requirements for the synthesis of ATP. In an actively
growing Escherichia coli cell, the ratio of ATP to ADP is about
7.5:1. This deviation from equilibrium affects the energy require-
ments for ATP synthesis. In such a cell, the actual energy expen-
diture (that is, the AG, Section 4.4) for the synthesis of 1 mole of
ATP is on the order of —55 to —60 kJ. Nevertheless, for the pur-
poses of learning and applying the basic principles of bioenerget-
ics, we assume that reactions conform to “standard conditions”
(AG""), and thus we assume that the energy required for synthe-
sis or hydrolysis of ATP is 32 kJ/mol.

Coenzyme A

Cells can use the free energy available in the hydrolysis of other
energy-rich compounds as well as phosphorylated compounds.
These include, in particular, derivatives of coenzyme A (for exam-
ple, acetyl-CoA; see structure in Figure 4.12). Coenzyme A deriv-
atives contain thioester bonds. Upon hydrolysis, these yield
sufficient free energy to drive the synthesis of an energy-rich
phosphate bond. For example, in the reaction

acetyl-S-CoA + H,O + ADP + P; —
acetate” + HS-CoA + ATP + HY

the energy released in the hydrolysis of coenzyme A is conserved
in the synthesis of ATP. Coenzyme A derivatives (acetyl-CoA is
just one of many) are especially important to the energetics of
anaerobic microorganisms, in particular those whose energy
metabolism depends on fermentation. We return to the impor-
tance of coenzyme A derivatives many times in Chapter 14.

Energy Storage

ATP is a dynamic molecule in the cell; it is continuously being
broken down to drive anabolic reactions and resynthesized at the
expense of catabolic reactions. For longer-term energy storage,
microorganisms produce insoluble polymers that can be catabo-
lized later for the production of ATP.

Examples of energy storage polymers in prokaryotes include
glycogen, poly-B-hydroxybutyrate and other polyhydroxyalka-
noates, and elemental sulfur, stored from the oxidation of H,S by
sulfur chemolithotrophs. These polymers are deposited within
the cell as large granules that can be seen with the light or elec-
tron microscope (€& Section 3.10). In eukaryotic microorga-
nisms, polyglucose in the form of starch and lipids in the form of
simple fats are the major reserve materials. In the absence of an
external energy source, a cell can break down these polymers to
make new cell material or to supply the very low amount of
energy, called maintenance energy, needed to maintain cell
integrity when it is in a nongrowing state.

MiniQuiz
* How much energy is released per mole of ATP converted to

ADP + P; under standard conditions? Per mole of AMP con-
verted to adenosine and P;?

* During periods of nutrient abundance, how can cells prepare for
periods of nutrient starvation?

@ Essentials of Catabolism

wo series of reactions—fermentation and respiration—are
linked to energy conservation in chemoorganotrophs:
Fermentation is the form of anaerobic catabolism in which an
organic compound is both an electron donor and an electron
acceptor, and ATP is produced by substrate-level phosphoryla-
tion; and respiration is the catabolism in which a compound is
oxidized with Oy (or an O, substitute) as the terminal electron
acceptor, usually accompanied by ATP production by oxidative
phosphorylation. In both series of reactions, ATP synthesis is
coupled to energy released in oxidation—reduction reactions.
One can look at fermentation and respiration as alternative
metabolic choices available to some microorganisms. In orga-
nisms that can both ferment and respire, such as yeast, fermenta-
tion is necessary when conditions are anoxic and terminal
electron acceptors are absent. When O, is available, respiration
can take place. We will see that much more ATP is produced in
respiration than in fermentation and thus respiration is the pre-
ferred choice (see the Microbial Sidebar, “Yeast Fermentation, the
Pasteur Effect, and the Home Brewer”). But many microbial habi-
tats lack O, or other electron acceptors that can substitute for O,
in respiration (see Figure 4.22), and in such habitats, fermentation
is the only option for energy conservation by chemoorganotrophs.

4.8 Glycolysis

In fermentation, ATP is produced by a mechanism called
substrate-level phosphorylation. In this process, ATP is syn-
thesized directly from energy-rich intermediates during steps in
the catabolism of the fermentable substrate (Figure 4.13a). This
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Figul’e 4.13 Energy conservation in fermentation and respiration.

(@) In fermentation, substrate-level phosphorylation produces ATP (b) In respi-
ration, the cytoplasmic membrane, energized by the proton motive force, dis-
sipates energy to synthesize ATP from ADP + P; by oxidative phosphorylation.



MICROBIAL SIDEBAR

Yeast Fermentation, the Pasteur Effect,
and the Home Brewer

very home wine maker, brewer, and

baker is an amateur microbiologist, per-
haps without even realizing it. Indeed, anaer-
obic mechanisms of microbial energy
generation are at the heart of some of the
most commonly consumed fermented foods
and beverages (Figure 1).

In the production of breads and most alco-
holic beverages, the yeast Saccharomyces
cerevisiae or a related species is exploited to
produce ethanol (ethyl alcohol) and carbon
dioxide (CO,). Found in various sugar-rich
environments such as fruit juices and nectar,
yeasts can carry out the two opposing
modes of chemoorganotrophic metabolism
discussed in this chapter, fermentation and
respiration. When oxygen (O») is present in
high amounts, yeast grows efficiently on vari-
ous sugars, making yeast cells and CO, (the
latter from the citric acid cycle, Section 4.11)
in the process. However, when conditions are
anoxic, yeasts switch to fermentative meta-
bolism using the glycolytic pathway. This
reduces the production of new cells but
yields significant amounts of the fermentation
products ethanol and CO..

During his studies on fermentation, the
early microbiologist Louis Pasteur (€2 Sec-
tion 1.7) recognized that yeast switch
between aerobic and anaerobic metabolism.
He showed that the ratio of glucose con-
sumed by a yeast suspension to the weight
of cells produced varied with the concentra-
tion of O, supplied; the ratio was maximal in
the absence of O,. In Pasteur’s own words,
“the ferment lost its fermentative abilities in
proportion to the concentration of this gas.”
He referred to the yeast cells as “the fer-
ment” because it had not yet been estab-
lished that the yeast in the fermenting mixture
were actually living cells! He described what
has come to be known as the “Pasteur
effect,” a phenomenon that occurs in any
organism (even humans) that can both
ferment and respire glucose. The fermenta-
tion of glucose is maximal under anoxic con-
ditions and is incrementally inhibited by O,

because respiration yields much
more energy per glucose than
does fermentation. As a rule,
cells carry out the metabolism
that is most energetically benefi-
cial to them.

The Pasteur effect occurs in
alcoholic beverage fermenta-
tion. When grapes are squeezed
to make juice, called must,
small numbers of yeast cells
present on the grapes are trans-
ferred to the must. During the
first several days of the wine-
making process, yeast grow pri-
marily by respiration and
consume O,, making the juice
anoxic. The yeast respire the
glucose in the juice rather than
fermenting it because more
energy is available from the res-
piration of glucose than from its
fermentation. However, as soon
as the O, in the grape juice is depleted,
fermentation begins along with alcohol
formation. This switch from aerobic to
anaerobic metabolism is crucial in wine
making, and care must be taken to ensure

that O, is kept out of the fermentation vessel.

The vessel is thus sealed against the intro-
duction of air. Laboratory studies of yeast
have shown that the introduction of O, to a
fermenting yeast culture triggers the expres-
sion of hundreds of genes necessary for
respiration, and such events would interrupt
ethanol formation and other desirable reac-
tions in wine production.

Wine is only one of many alcoholic prod-
ucts made with yeast. Others include beer
and distilled spirits such as brandy, whisky,
vodka, and gin (Chapter 15). In distilled
spirits, the ethanol, produced in relatively
low amounts (10-15% by volume) by the
yeast, is concentrated by distilling to make
a beverage containing 40-70% alcohol.
Even alcohol for motor fuel is made with
yeast in parts of the world where sugar is

Barton Spear

Figu‘re 1 Major food and beverage products of fermentation
by the yeast Saccharomyces cerevisiae.

plentiful but petroleum is in short supply
(such as Brazil). In the United States, ethyl
alcohol for use as an industrial solvent and
motor fuel is produced using corn starch as
a source of the fermentable substrate (glu-
cose). Yeast also serves as the leavening
agent in bread, although here it is not the
alcohol that is important, but CO,, the other
product of the alcohol fermentation (see
Figure 4.14). The CO, raises the dough,
and the alcohol produced along with it is
volatilized during the baking process. We
discuss yeast and yeast products in
Chapters 15 and 20.

The yeast cell, forced to carry out a
fermentative lifestyle because the O, it
needs for respiration is absent, has had a
considerable impact on the lives of humans.
Substances that from the physiological
standpoint of the yeast cell are “waste
products” of the glycolytic pathway—
ethanol and CO,—are, respectively, the
foundation of the alcoholic beverage and
baking industries.
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is in contrast to oxidative phosphorylation, typical of respira-
tion, in which ATP is produced at the expense of the proton
motive force (Figure 4.13b).

The fermentable substrate in a fermentation is both the electron
donor and electron acceptor; not all compounds can be fermented,
but sugars, especially hexoses such as glucose, are excellent fer-
mentable substrates. A common pathway for the catabolism of
glucose is glycolysis, which breaks down glucose into pyruvate.
Glycolysis is also called the Embden—Meyerhof—Parnas pathway
for its major discoverers. Whether glucose is fermented or
respired, it travels through this pathway. Here we focus on the
reactions of glycolysis and the reactions that follow under anoxic
conditions.

Glycolysis can be divided into three stages, each involving a
series of enzymatic reactions. Stage I comprises “preparatory”
reactions; these are not redox reactions and do not release energy
but instead lead to the production of a key intermediate of the

pathway. In Stage II, redox reactions occur, energy is conserved
in the form of ATP, and two molecules of pyruvate are formed.
The reactions of glycolysis are finished at this point. However,
redox balance has not yet been achieved. So, in Stage III, redox
reactions occur once again and fermentation products are
formed (Figure 4.14).

Stage I: Preparatory Reactions

In Stage I glucose is phosphorylated by ATD, yielding glucose
6-phosphate; the latter is then isomerized to fructose 6-phosphate.
A second phosphorylation leads to the production of fructose
1,6-bisphosphate. The enzyme aldolase then splits fructose 1,6-
bisphosphate into two 3-carbon molecules, glyceraldehyde
3-phosphate and its isomer, dihydroxyacetone phosphate, which
can be converted into glyceraldehyde 3-phosphate. To this point,
all of the reactions, including the consumption of ATP, have pro-
ceeded without redox reactions.
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HOCH, aTp  (BOCH, ATP ’ ®(|3=o2
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1
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H OH neo :
Glucose E H?—OH\ ® i
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% ® 0= o o= ° 0= e I
1
Sh, J CH, HO—CH, ®0-CH, ®0cH;, F |
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Stage llI 2 Pyruvate . .

2 ethanol + 2 CO,

Intermediates F 1, 3-Bisphosphoglycerate
Glucose 6-P G 3-P-Glycerate
B Fructose 6-P H 2-P-Glycerate
C Fructose 1, 6-P | Phosphoenolpyruvate
D' Dihydroxyacetone-P
E Glyceraldehyde-3-P
Energetics
Yeast Glucose — 2 ethanol + —239 kJ
2 CO,
Lactic acid bacteria Glucose — 2 lactate =196 kJ

Enzymes Phosphoglycerokinase
‘ Hexokinase Phosphoglyceromutase
@ Isomerase Enolase

‘ Phosphofructokinase
@ Aldolase
‘ Triosephosphate isomerase

® Glyceraldehyde-3-P
dehydrogenase

Pyruvate kinase
Lactate dehydrogenase

Pyruvate decarboxylase

Alcohol dehydrogenase

Figure 4.14 Embden-Meyerhof-Parnas pathway (glycolysis). The sequence of reactions in the catab-
olism of glucose to pyruvate and then on to fermentation products. Pyruvate is the end product of glycolysis,
and fermentation products are made from it. The blue table at the bottom left lists the energy yields from the
fermentation of glucose by yeast or lactic acid bacteria.
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Stage Il: Production of NADH, ATP, and Pyruvate
The first redox reaction of glycolysis occurs in Stage II during the
oxidation of glyceraldehyde 3-phosphate to 1,3-bisphosphoglyceric
acid. In this reaction (which occurs twice, once for each of the
two molecules of glyceraldehyde 3-phosphate produced from
glucose), the enzyme glyceraldehyde-3-phosphate dehydroge-
nase reduces its coenzyme NAD' to NADH. Simultaneously,
each glyceraldehyde 3-phosphate molecule is phosphorylated by
the addition of a molecule of inorganic phosphate. This reaction,
in which inorganic phosphate is converted to organic form, sets
the stage for energy conservation. ATP formation is possible
because 1,3-bisphosphoglyceric acid is an energy-rich compound
(Figure 4.12). ATP is then synthesized when (1) each molecule of
1,3-bisphosphoglyceric acid is converted to 3-phosphoglyceric
acid, and (2) each molecule of phosphoenolpyruvate is converted
to pyruvate (Figure 4.14).

During Stages I and II of glycolysis, two ATP molecules have
been consumed and four ATP molecules have been synthesized
(Figure 4.14). Thus, the net energy yield in glycolysis is two mole-
cules of ATP per molecule of glucose fermented.

Stage lll: Consumption of NADH and Production

of Fermentation Products

During the formation of two molecules of 1,3-bisphosphoglyceric
acid, two NAD™ are reduced to NADH (Figure 4.14). However,
as previously discussed (Section 4.6 and Figure 4.11), NAD™ is
only an electron shuttle, not a net (terminal) acceptor of elec-
trons. Thus, the NADH produced in glycolysis must be oxidized
back to NAD™ in order for glycolysis to continue, and this is
accomplished when pyruvate is reduced (by NADH) to fermenta-
tion products (Figure 4.14). For example, in fermentation by
yeast, pyruvate is reduced to ethanol with the subsequent pro-
duction of carbon dioxide (CO,). By contrast, lactic acid bacteria
reduce pyruvate to lactate. Many other possibilities for pyru-
vate reduction are possible depending on the organism (see sec-
tions on fermentative diversity in Chapter 14), but the net result is
the same: NADH is reoxidized to NAD™ during the production
of fermentation products, allowing reactions of the pathway that
depend on NAD™ to continue.

Glucose Fermentation: Net and Practical Results
During glycolysis, glucose is consumed, two ATPs are made, and
fermentation products are generated. For the organism the cru-
cial product is ATP, which is used in energy-requiring reactions;
fermentation products are merely waste products. However, fer-
mentation products are not considered wastes by the distiller, the
brewer, the cheese maker, or the baker (see the Microbial
Sidebar). Thus, fermentation is more than just an energy-yielding
process for a cell; it is also a means of making natural products
useful to humans.

MiniQuiz
* Which reactions in glycolysis involve oxidations and reductions?
* What is the role of NAD™/NADH in glycolysis?

* Why are fermentation products made during glycolysis?

L.9 Respiration and Electron Carriers

We have just seen that fermentation is an anaerobic process and
releases only a small amount of energy. As a result, only a few ATP
molecules are synthesized. Why is more energy not conserved in
fermentation? The simple answer is that, although the fermenta-
tion products excreted still contain a large amount of potential
energy, the organism cannot oxidize these further because O, is
absent. By contrast, if O, (or other usable terminal acceptors, see
Figure 4.22) are present, pyruvate can be oxidized to CO, instead
of being reduced to fermentation products and excreted. When
pyruvate is oxidized to CO,, a far higher yield of ATP is possible.
Oxidation using O, as the terminal electron acceptor is called
aerobic respiration; oxidation using other acceptors under anoxic
conditions is called anaerobic respiration (Section 4.12).

Our discussion of respiration covers both carbon transforma-
tions and redox reactions and focuses on two issues: (1) how
electrons are transferred from the organic compound to the ter-
minal electron acceptor and how this is coupled to energy con-
servation, and (2) the pathway by which organic carbon is
oxidized into CO,. During the former, ATP is synthesized at the
expense of the proton motive force (Figure 4.13b); thus we begin
with a consideration of electron transport, the series of reactions
that lead to the proton motive force.

Electron transport is a membrane-mediated process and has
two basic functions: (1) facilitating the transfer of electrons
from primary donor to terminal acceptor and (2) participating
in membrane events whose end result is energy conservation.
Several types of oxidation—reduction enzymes participate in
electron transport. These include NADH dehydrogenases, flavo-
proteins (Figure 4.15), iron—sulfur proteins, and cytochromes. Also
participating are nonprotein electron carriers called gquinones.
The carriers are arranged in the membrane in order of increas-
ingly more positive reduction potential, with NADH dehydroge-
nase first and the cytochromes last (see Figure 4.19).

NADH dehydrogenases are proteins bound to the inside sur-
face of the cytoplasmic membrane. They have an active site
that binds NADH and accepts two electrons plus two protons
(2 e~ + 2 H") when NADH is oxidized to NAD™ (Figures 4.10
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Figul’e 4.15 Flavin mononucleotide (FMN), a hydrogen atom car-
rier. The site of oxidation-reduction (dashed red circle) is the same in
FMN and the related coenzyme flavin adenine dinucleotide (FAD, not
shown). FAD contains an adenosine group bonded through the phos-
phate group on FMN.
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and 4.11). The2e™ +2 H™ are then transferred to a flavoprotein,
the next carrier in the chain.

Flavoproteins contain a derivative of the vitamin riboflavin. The
flavin portion, which is bound to a protein, is a prosthetic group
that is reduced as it accepts 2 e~ + 2 H* and oxidized when 2 e~
are passed on to the next carrier in the chain. Note that flavopro-
teins accept 2 e~ + 2 H' but donate only electrons. We will con-
sider what happens to the 2 H* later. Two flavins are commonly
found in cells, flavin mononucleotide (FMN) and flavin adenine
dinucleotide (FAD). In the latter, FMN is bonded to ribose and
adenine through a second phosphate. Riboflavin, also called vita-
min B,, is a source of the parent flavin molecule in flavoproteins
and is a required growth factor for some organisms.

The cytochromes are proteins that contain heme prosthetic
groups (Figure 4.16). Cytochromes undergo oxidation and re-
duction through loss or gain of a single electron by the iron atom
in the heme of the cytochrome:

Cytochrome—Fe?* < Cytochrome—Fe®" + e
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Figul'e 4.16 Cytochrome and its structure. (a) Structure of pyrrole,
which is the building block of porphyrins such as heme in part c. (b) Space-
filing model of cytochrome c; the porphyrin (light blue) is covalently linked
via disulfide bridges to cysteine residues in the protein. (c) Schematic of
cytochrome ¢ model. Cytochromes carry electrons only; the redox site is the
iron atom, which can alternate between the Fe?™ and Fe3* oxidation states.
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Figure 4.17 Arrangement of the iron-sulfur centers of nonheme
iron—sulfur proteins. (a) Fe>S, center. (b) Fe,S4 center. The cysteine link-
ages are from the protein portion of the molecule.

Several classes of cytochromes are known, differing widely
in their reduction potentials (Figure 4.9). Different classes of
cytochromes are designated by letters, such as cytochrome a4,
cytochrome b, cytochrome ¢, and so on, depending upon the
type of heme they contain. The cytochromes of a given class in
one organism may differ slightly from those of another, and so
there are designations such as cytochromes a;, a,, a3, and
so on among cytochromes of the same class. Occasionally,
cytochromes form complexes with other cytochromes or with
iron—sulfur proteins. An important example is the cytochrome
bc; complex, which contains two different b-type cytochromes
and one c-type cytochrome. The cytochrome bc; complex plays
an important role in energy metabolism, as we will see later.

In addition to the cytochromes, in which iron is bound to
heme, one or more proteins with nonheme iron are typically
present in electron transport chains. Centered in these proteins
are clusters of iron and sulfur atoms, with Fe;S, and Fe,S, clus-
ters being the most common (Figure 4.17). Ferredoxin, a com-
mon nonheme iron—sulfur protein, has an Fe,S, configuration.

The reduction potentials of iron—sulfur proteins vary over a
wide range depending on the number of iron and sulfur atoms
present and how the iron centers are embedded in the protein.
Thus, different iron—sulfur proteins can function at different
locations in the electron transport chain. Like cytochromes,
nonheme iron—sulfur proteins carry electrons only.

Quinones (Figure 4.18) are hydrophobic molecules that lack a
protein component. Because they are small and hydrophobic,
quinones are free to move about within the membrane. Like the
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Figure 4.18 Structure of oxidized and reduced forms of coenzyme
Q, a quinone. The five-carbon unit in the side chain (an isoprenoid)
occurs in a number of multiples, typically 6-10. Oxidized quinone requires
2e” and 2 H" (2 H) to become fully reduced (dashed red circles).

flavoproteins, quinones accept 2 e~ + 2 H' but transfer only
2 e to the next carrier in the chain; quinones typically participate
as links between iron—sulfur proteins and the first cytochromes
in the electron transport chain.

MiniQuiz
¢ In what major way do quinones differ from other electron carriers
in the membrane?

* Which electron carriers described in this section accept
2e” + 2 H"? Which accept electrons only?

4.10 The Proton Motive Force

The conservation of energy by oxidative phosphorylation is
linked to an energized state of the membrane (Figure 4.135). This
energized state is established by electron transport reactions
between the electron carriers just discussed. To understand how
electron transport is linked to ATP synthesis, we must first
understand how the electron transport system is oriented in the
cytoplasmic membrane. Electron transport carriers are oriented
in the membrane in such a way that, as electrons are transported,
protons are separated from electrons. Two electrons plus two
protons enter the electron transport chain from NADH through
NADH dehydrogenase to initiate the process. Carriers in the
electron transport chain are arranged in the membrane in order
of their increasingly positive reduction potential, with the final
carrier in the chain donating the electrons plus protons to a ter-
minal electron acceptor such as O, (Figure 4.19).

During electron transport, H™ are extruded to the outer sur-
face of the membrane. These H™ originate from two sources: (1)
NADH and (2) the dissociation of water (H,0) into H" and OH™~
in the cytoplasm. The extrusion of H' to the environment results
in the accumulation of OH™ on the inside of the membrane.
However, despite their small size, neither H' nor OH™ can dif-
fuse through the membrane because they are charged (€@
Section 3.4). As a result of the separation of H' and OH ™, the
two sides of the membrane differ in both charge and pH.

Ey(V)
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Succinate

Fumarate

ENVIRONMENT

CYTOPLASM
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Figul’e 4.19 Generation of the proton motive force during aerobic
respiration. The orientation of electron carriers in the membrane of
Paracoccus denitrificans, a model organism for studies of respiration. The
+ and - charges at the edges of the membrane represent H and OH™,
respectively. £y values for the major carriers are shown. Note how when
a hydrogen atom carrier (for example, FMN in Complex |) reduces an
electron-accepting carrier (for example, the Fe/S protein in Complex ),
protons are extruded to the outer surface of the membrane. Abbrevia-
tions: FMN, flavin mononucleotide; FAD, flavin adenine dinucleotide; Q,
quinone; Fe/S, iron—sulfur—protein; cyt a, b, ¢, cytochromes (b, and by,
low- and high-potential b-type cytochromes, respectively). At the quinone
site, electrons are recycled during the “Q cycle.” This is because elec-
trons from QH, can be split in the bcy complex (Complex Ill) between the
Fe/S protein and the b-type cytochromes. Electrons that travel through
the cytochromes reduce Q (in two, one-electron steps) back to QH,, thus
increasing the number of protons pumped at the Q-bcy site. Electrons
that travel to Fe/S proceed to reduce cytochrome ¢4, then cytochrome c,
and then a-type cytochromes in Complex IV, eventually reducing O, to
H,O (2 electrons and 4 protons are required to reduce O, to H,O along
with 2 H* extruded, and these come from electrons through cyt ¢ and
cytoplasmic protons, respectively). Complex Il, the succinate dehydroge-
nase complex, bypasses Complex | and feeds electrons directly into the
quinone pool at a more positive Ey' than NADH (see the electron tower in
Figure 4.9).
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The result of electron transport is thus the formation of an elec-
trochemical potential across the membrane (Figure 4.19). This
potential, along with the difference in pH across the membrane, is
called the proton motive force (pmf) and causes the membrane
to be energized much like a battery. Some of the potential energy
in the pmf is then conserved in the formation of ATP. However,
besides driving ATP synthesis, the pmf can also be tapped to do
other forms of work, such as ion transport, flagellar rotation, and
a few other energy-requiring reactions in the cell.

We now consider the individual electron transport reactions
that lead to formation of the proton motive force.

Generation of the Proton Motive

Force: Complexes | and Il

The proton motive force develops from the activities of flavin
enzymes, quinones, the cytochrome bc; complex, and the termi-
nal cytochrome oxidase. Following the donation of NADH + H*
to form FMNH,, 4 H" are extruded to the outer surface of the
membrane when FMNH, donates 2 e~ to a series of nonheme
iron proteins (Fe/S), forming the membrane protein section of
Complex I (shown in Figure 4.19). These electron carriers are
called complexes because each consists of several proteins that
function together. For example, Complex I in Escherichia coli
contains 14 different proteins and the equivalent complex in the
mitochondrion contains at least 44 proteins. Complex I is also
called NADH:quinone oxidoreductase because the reaction is one
in which NADH is initially oxidized and quinone is ultimately
reduced. Notably, 2 H" are taken up from the dissociation of
H,O in the cytoplasm when coenzyme Q is reduced at a catalytic
site of Complex 1 formed by Fe/S centers (Figure 4.19).

Complex II simply bypasses Complex I and feeds e~ and H"
from FADH directly into the quinone pool. Complex II is also
called the succinate dehydrogenase complex because of the spe-
cific substrate, succinate (a product of the citric acid cycle,
Section 4.11), that it oxidizes. However, because Complex II
bypasses Complex I, fewer H* are pumped per 2 e that enter
the electron transport chain here than for 2 e~ that enter from
NADH (Figure 4.19).

Complexes Il and IV: bc, and a-Type Cytochromes
Reduced coenzyme Q passes electrons one at a time to the
cytochrome bc; complex (Complex III, Figure 4.19). The cy-
tochrome bc; complex consists of several proteins that contain
hemes (Figure 4.16) or other metal cofactors. These include two
b-type hemes (b and by), one c-type heme (cq), and one
iron—sulfur protein. The bc; complex is present in the electron
transport chain of almost all organisms that can respire. It also
plays a fundamental role in photosynthetic electron flow of pho-
totrophic organisms (€@ Sections 13.4 and 13.5).

The major function of the cytochrome bc¢; complex is to trans-
fer e~ from quinones to cytochrome c. Electrons travel from the
bc; complex to a molecule of cytochrome ¢, located in the
periplasm. Cytochrome ¢ functions as a shuttle to transfer e to
the high-potential cytochromes a and az (Complex 1V, Figure
4.19). Complex 1V is the terminal oxidase and reduces O, to H,O
in the final step of the electron transport chain. Complex IV also

pumps protons to the outer surface of the membrane, thereby
increasing the strength of the proton motive force (Figure 4.19).

Besides transferring e~ to cytochrome ¢, the cytochrome bc;
complex can also interact with quinones in such a way that on
average, two additional H* are pumped at the Q-bc; site. This
happens in a series of electron exchanges between cytochrome
bcy and Q, called the Q cycle. Because quinone and bc; have
roughly the same Ej (near 0 V, Figure 4.19), quinone molecules
can alternately become oxidized and reduced using e~ fed back
to quinones from the bc; complex. This mechanism allows on
average a total of 4 H" (instead of 2 H") to be pumped to the
outer surface of the membrane at the Q-bc; site for every 2 e~
that enter the chain in Complex L.

The electron transport chain shown in Figure 4.19 is one of
many different sequences of electron carriers known from differ-
ent organisms. However, three features are characteristic of all
electron transport chains: (1) arrangement of carriers in order of
increasingly more positive Ey, (2) alternation of electron-only
and electron-plus-proton carriers in the chain, and (3) genera-
tion of a proton motive force.

As we will see now, it is this last characteristic, the proton
motive force, that drives ATP synthesis.

ATP Synthase

How does the proton motive force generated by electron trans-
port actually drive ATP synthesis? Interestingly, a strong parallel
exists between the mechanism of ATP synthesis and the mecha-
nism of the motor that drives rotation of the bacterial flagellum
(2 Section 3.13). In analogy to how dissipation of the pmf
applies torque that rotates the bacterial flagellum, the pmf also
creates torque in a large protein complex that makes ATP. This
complex is