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A Modern Approach to Microbiology

Evolution as a Framework

Introduced immediately in chapter 1 and used as an overarching
theme throughout, evolution helps unite microbiological con-
cepts and provides a framework upon which students can build
their knowledge.

About the Authors  iv
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A Modern Approach to Microbiology

procedures are general enough to be used for any cell into which
DNA can be introduced and expressed. 14 Responses to viral
infection (section 14.6)

Like restriction enzymes, Cas9 is an endonuclease that cuts
both strands of a target DNA. However, there is an important
difference between the two types of nucleases, in terms of how

17.5 Cas9 Nuclease Is a Precise Tool
for Genome Editing

After reading this section, you should be able to:

Ebistinguish the DNA recognition features of restrction they recognize their target sequence in double-stranded DNA.
endonucleases and Cas9 nuclease e . .
b. Explain how Cas9 nuclease can be directed to cut at a unique site in Restriction enzymes recognize four to cight base pairs through
il | contacts between the DNA molecule and amino acid side chains
o ) " in the enzyme (figure 17.2). Cas9, however, is a ribonucleoprotein
c. Diagram how a new gene may be inserted into a chromosome by

consisting of a polypeptide and a guide RNA (gRNA). Recogni-

il
fliolsgis Ecombination tion of target DNA for cleavage occurs by hybridization of about

Cas9 genome editing has rapidly become one of the most widely
used tools for altering genomes in vivo. Cas9 genome editing is
often referred to as CRISPR or CRISPR-Cas9, referencing the
bacterial genome element from which it was developed, but in
fact, only the Cas9 component is used in editing. Cas9 nucleases
are encoded in the genomes of most bacteria and archaca, where
they are usually adjacent to a CRISPR locus, clustered regularly
interspaced short palindromic repeats. As the mechanistic de-
tails of Cas9 function were discovered, two rescarch groups, one
led by Jennifer Doudna and Emmanuelle Charpentier and the
other by Feng Zhang, sought to adapt Cas9 for genome editing.
In this process, genomic DNA can be directly modified and the

20 bases between the gRNA and its complementary DNA se-
quence in the genome (figure 17.13)

In microbes, the CRISPR locus is the source of the gRNA
(see figure 14.27), and the Cas9 nuclease protects the cell from
viral attack. Sequences in the CRISPR locus derive primarily
from mobile genetic elements (bacteriophage and plasmids), so
the Cas9 nuclease in a microbial cell specifically targets invad-
ing DNA for destruction. The extreme specificity conferred by
the gRNA is the key to genome editing because cach 20-base
target sequence is almost certainly unique, even in a large cu-
karyotic genome. In contrast, a restriction enzyme that recog-
nizes a few nucleotides will cut the genome, on average, every

21st-Century Microbiology

Prescott’s Microbiology leads the way with text devoted to global
climate change, biofuels, and microbial fuel cells. For more, see
chapters 28, 30, 42, and 43.

Metagenomics and the Human Microbiome

The importance of metagenomics in understanding the role of
microbes in all environments and in exploring symbionts of in-

few thousand bases.

JRNA Cas9 nuclease
TN~ P

DNARNA hybrid

D@D D

Genomic DNA ———

Cas9 nuclease cuts
both DNA strands.
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Figure 17.13 Genome Editing with Cas9 Nuclease.

MICRO INQUIRY How could you assemble the donor DNA molecule for homologous recombination?

Special Interest Essays

vertebrates is threaded throughout the text. A new chapter, The
Microbe-Human Ecosystem, explores the human microbiome.

Laboratory Safety

Reflecting recommendations from the Centers for Disease Con-
trol and Prevention, along with the American Society for
Microbiology, chapter 37 provides specific guidance for labora-
tory best practices to help instructors provide safe conditions
during the teaching of laboratory exercises.

Organized into four themes—Microbial Diversity & Ecology,
Techniques & Applications, Historical Highlights, and Disease—
these focused and interesting essays provide additional insight

into relevant topics.

MICROBIAL DIVERSITY & ECOLOGY

I 271 Wolbachia pipientis: The World’s Most Infectious Microbe?

Most people have never heard of the bacterium Wolbachia
pipientis, but this rickettsia infects more organisms than any
other microbe. It is known to infect a broad range of crusta-
ceans, spiders, mosquitoes, millipedes, and nematodes, and
may infect more than 2 million insect species worldwide. To
what does W. pipientis owe its extraordinary success? Quite
simply, this endosymbiont is a master at manipulating its
hosts” reproductive biology.

W. pipientis inhabits the cytoplasm of its hosts cells and
is transferred from one generation to the next through the
eges of infected females. To survive, Wolbachia must ensure
the fertilization and viability of infected eggs while decreas-
ing the likelihood that uninfected eggs survive. The mecha-
nism by which this is accomplished depends on the host. In
wasps and mosquitoes, W. pipientis causes cytoplasmic in-
compatibility, which means that embryonic development will
be abnormal if only the male is infected. For instance, when
infected sperm of the wasp Nasonia vitripennis fertilizes un-
infected eggs, chromosomes from the W. pipientis-laden
sperm prematurely try to align with the egg’s chromosomes.
These eggs then divide as if never fertilized. However, chro-
mosomes behave normally when an infected female mates
with an uninfected male. This yields a normal sex distribu-
tion, and all progeny are infected with the rickettsia.

Tnother infected insects, W. pipientis may simply kill all the:
male offspring and induce parthenogenesis in infected females;
that i, the females simply clone themselves. This limits genetic
diversity but allows 100% transmission of rickettsias to the next
generation. Tn still other hosts, the microbe modifies male hor-
mones so that the males become feminized and produce eggs.

Another effect of Wolbachia infection is interference with
viral replication. Viruses normally spread by insects may not
be transmissible if the insect s infected with Wolbachia. This
has led to the notion that this infection could be used as a
means of biological control. Aedes mosquitoes transmit numer-
ous viruses, like Zika, dengue, chikungunya, and West Nile,
In humans, these viral infections hav d no treatment

However, the mosquito vectors of these viruses, which
belong the genus Aedes (box figure), are not natural h
Wolbachia. Nonetheless, infection can be established by
transinfection, the process of transferring the microbes from
another insect species. Many Wolbachia isolates have been
screened for those that have the most severe effects on Ae-
des, and several stable insect strains have been established
with Wolbachia from Drosophila. Cytoplasmic interference
is extensive in these strains of Wolbachia. To establish a
stable population of Aedes outside the laboratory, it is impor-
tant that the infection not impose a dramatic burden on the
insect, as it must compete with and integrate into wild
populations.

In a promising development, Wolbachia-infected Aedes
‘mosquitoes are effective at blocking the transmission of both
Zika and dengue viruses. Experiments in Australia have con-
firmed the ability of these insects to persist and spread in lo-
cal mosquito populations, validating this approach to insect
vector control.

s to

. Infection with

beyond supportive care, so insect control is the best prevention.

Soutce: CDCames Gathany

39.1 Syphilis and the Tuskegee Study

A research investigation named “Tuskegee Study of Un-
treated Syphilis in the Negro Male” would be unthinkable
today. But it was the reality in 1932 Macon County, Alabama,
when the federal Public Health Service began the study on
600 black men (399 with syphilis, 201 without the disease).
The tale of this study and its participants is a stain on the his-
tory of U.S. public health, for which President Bill Clinton
formally apologized in 1997.

Source: CDC

The “Tuskegee Study.” as it was known, started with a
racist objective—to develop syphilis treatment for black peo-
ple. The enrollees were provided free medical checkups,
meals, and burial assistance, but were not told the study had
anything to do with syphilis. Rather, they were informed that
they were being treated for “bad blood” (box figure). Except
they weren’t being treated. Even after penicillin was shown to
be a highly effective cure for syphilis in 1947, treatment was
withheld. The project was supposed to last 6 months; it went
on for 40 years.

Finally in July 1972, a newspaper story broke the news
that men were unknowingly enrolled in this highly unethical
study and a government panel confirmed that study partici-
pants had been misled and appropriate medical treatment had
been withheld. At this time, it was also revealed that the men
were never given the opportunity to quit the study. Three
months later, the panel shut down the study.

The following year, a class-action lawsuit was filed on
behalf of the study participants. In 1974, a $10 million settle-
ment was reached. The U.S. government also promised to
provide lifetime medical benefits and burial services for all
enrollees. In 1975 the wives and children of the men partici-
pants were added. The last study participant died in 2004 and
there are currently 12 offspring receiving benefits.
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Human Diseases
Caused by Viruses
and Prions

Remembering HIV/AIDS

fyou are young, you do not remember the early days of human

immunodeficiency virus (HIV) when large swaths of communities died.
You do not remember how a young hemophiliac named Ryan White had to
fight, and then move to a new community, to attend middle school. You do
not remember highly visible public statements that HIV/AIDS was God's
punishment. You do not remember high-level U.S. government officials
who would not mention the term “HIVIAIDS” or the South African president
who told hs citizens that HIV did not cause AIDS and denied access to
drugs that would prevent maternal-fetal transmission. You probably don't
remember the quilt that toured the United States (shown here), each patch
telling the story of a lfe cut short.

That's because you were probably born after 1996, when highly
effective drug cocktails were introduced and the Joint United Nations
Program on HIV/AIDS (UNAIDS) was formed. UNAIDS approached (and
continues to approach) HIV education, screening, and treatment as a human
right—a first for a disease. If one compares the early days of the HIV
pandemic, which started in 1981 with the first reports of gay men suffering
from an unusual fungal pneumonia caused by Preumocysts jiroveci and a
cancer called Kaposi's sarcoma, to the post-1996 era, itis obvious that a lot
has changed. Public fear of HIV is (mostly) a thing of the past, and HIV can
now be treated as a chronic disease.

HIV has also brought changes that are not so obvious. For example,
HIV research led to much of our current understanding of the immune
system, which in turn s yielding new and promising cancer treatments. HIV.
disrupted the pharmaceutical industry as developing nations began
manufacturing their own lifesaving antiretroviral drugs that were still under
patent protection and thus far too expensive to provide to their citizens. The
global commitment to address HIV grew from $250 million in 1996 to over
$10 billion by 2007; and in 2013, the UNAIDS reported a 30% decline in new
HIV cases since its peak in 2005. In 2016 over 18 million people were
treated, including almost 1 million children.

The HIV pandenic tells us a lot about viruses that seemingly emerge
from nowhere. As new viral llnesses emerge, some will be caused by
known viruses, as was the case with West Nile virus and Zika, but others.

T Cara M. Highsith Aichiv, Lirryof Congres, A
and Photographs Dision
beEilirely novel, like severe acute respiratory syndrome (SARS) and
HIV. Most, like the SARS virus, will “burn out” through a combination of
preventative measures and mutation. Others, like Zika virus, will cause
devastating illness before they are brought under control. And others, like
HIV, will cause pandemics and global crises. In all cases, the destruction
viruses cause seems incongruent with their size and relative simplicity.
Chapters 6 and 26 review the general biology of viruses and
introduce basic virology. In chapter 38, we continue this coverage by
discussing some of the most important viruses that are human pathog

emphasized

Readiness Check:

Based on what you have learned previously, you should be able to:

v/ Review basic virology (sections 6.1-6.6) and prion biochemistry
(section 6.7)

v Listthe major features of each group of viruses in the Baltimore
system of viral classification (chapter 26)

/' Explain pathogenicity and the infection process (chapter 35)

38.1 Viruses Can Be Transmitted by
Airborne Routes

After reading this section, you should be able to:

a. Discuss the viruses that cause common diseases spread by airborne
transmission

b. Identify typical signs and symptoms of viral diseases spread by
airborne transmission

<. Correlate airb

virulence factors

infection and ith viral

riendly Organization

Micro Focus—Each chapter begins with a real-life story
illustrating the relevance of the content covered in the up-
coming text.

Readiness Check—The introduction to each chapter in-
cludes a skills checklist that defines the prior knowledge
students need to understand the material that follows.

Learning Outcomes—Every section in each chapter begins
with a list of content-based activities students should be able
to perform after reading.

1 {EI), the low molecular weight heat-stable protein (HPr], and enzyme I (EI). EA s
attached to EI1B in the mannitol transport system and is separate from EIB in the
glucose system

enzyme I and HPr (figure 3.14). Enzyme II then phosphorylates
the sugar molecule as it is carried across the membrane. Many
different PTSs exist, and they vary in terms of the sugars they

~

Cross-Referenced Notes—
In-text references refer stu-
dents to other parts of the
book to review.

transport. The specificity lies with the type of Enzyme Il used in
the PTS. Enzyme I and HPr are the same in all PTSs used by a
bacterium. M| Enzymes and ribozymes speed up cellular chem-
fons (section 10.6)

TSs are widely distributed in bacteria, primarily among fac-
itatively anacrobic bacteria (bacteria that grow in either the pres-
ence or absence of 0,); some obligately anaerobic bacteria (e.g.,
Clostridium spp.) also have PTSs. However, most acrobic bacteria
lack PTSs. Many carbohydrates are transported by PTSs. E. coli
takes up glucose, fructose, mannitol, sucrose, N-acetylglucosamine,
cellobiose, and other by group

& Active Transport by Group Translocation

elements?

IS

diffusion?

oo

Iron Uptake

Almost all microorganisms require iron for building molecules
important in gy ing processes (e.g., as
well as for the function of many enzymes. Tron uptake is made
difficult by the extreme insolubility of ferric iron (Fe**) and its
derivatives, which leaves little free iron available for transport.
Many bacteria overcome this difficulty by secreting sidero-
phores (Greek for iron bearers). Siderophores are low molecular
weight organic molecules that bind ferric iron and supply it to the

50 crucial to microorganisms that more than one route of
iron uptake may be used to ensure an adequate supply.

Comprehension Check
Listthe functions of bacterial plasma membranes. Why must their
plasma membranes carry out more functions than the plasma

membranes of eukaryotic cells?
Describe in words and with a labeled diagram the fluid mosaic model
for cell membranes.
On what basis are elements divided into macroelements and trace

Describe facilitated diffusion, primary and secondary active
transport, and group translocation in terms of their distinctive
characteristics and mechanisms. What advantage does a

bacterium gain by using active transport rather than facilitated

What are uniport, symport, and antiport?
What are siderophores? Why are they important?

3.4 There Are Two Main Types
of Bacterial Cell Walls

After reading this section, you should be able to:
a. Describe peptidoglycan structure
b. Compare and contrast the cell walls of typical Gram-positive and

Gram-negative bacteria
¢. Relate bacterial cell wall structure to the Gram-staining reaction

| —— Comprehension Check—
Questions within the narra-
tive of each chapter help
students master section con-
cepts before moving on to
other topics.

Animation Icon—This symbol indicates that material presented
in the text is accompanied by an animation within Instructor
Resources in Connect. Create a file attachment assignment in
Connect to have your students view the animation, or post it to
your Learning Management System for students.

wil11886_fm_i-xxiv.indd 10

Micro Inquiry—Selected figures
in every chapter contain probing
questions, adding another assess-
ment opportunity for the student.

T

A MICRO INQUIRY [dentify the regions of the growth curve in which

Stationary phase

Death phase Long-term

stationary phase

Exponential
phase

Lt:‘g1° number
viable cells

Lag phase

Time —»

Figure 7.10 Microbial Growth Curve in a Closed System.  The five
phases of the growth curve are identified. The dotted lines shown during
the long-term stationary phase represent successive waves of genetic
variants that evolve during this phase of the growth curve.

(1) nutrients are rapidly declining and (2) wastes accumulate.

23/10/18 2:13 pm



Vivid Instructional Art—Three-dimensional
renditions and bright, attractive colors enhance

learning.

Annotated Figures—All key metabolic pathways and molecular
processes are annotated, so each step is clearly illustrated and

explained.

Student-

riendly Organization

Aspartate  Maltose. Galactose  Ribose
Dipeptides N 3

Serine /

/. Oygen

Integrated flagellar signal

Figure 14.23  E. coll Methyl-Accepting Chemotaxis Proteins. ~ The
attractants sensed by each methyl-accepting chemotaxis protein (MCP) are
shown. Some are sensed directly, when the attractant binds the MCP (solid
lines). Others are sensed indirectly (dashed lines). Matose, dipeptides,
galactose, and ribose are detected by their interaction with periplasmic
binding proteins. Oxygen s detected indirectly by the Aer c!

density. Quorum sensing is also used to control genes whose
products are needed for maintenance of the symbiotic rela-
tionship between V. fisheri and its host. As a result, the
squid/V. fisheri symbiosis has become an important model for
ing animal-bacterial Our focus is on
the regulation of a single operon, that involved with biolumi-
nescence. However, it should be kept in mind that quorum
sensing regulates multiple genes and operons. 4 Cell-cell
communication within microbial populations (section 7.6)
Quorum sensing in V. fischeri and many other Gram-
negative bacteria uses an N-acylhomoserine lactone (AHL) sig-
nal (figure 14.24). Synthesis of this small molecule is catalyzed
by an enzyme called AHL synthase, the product of the lux/ gene.
The fux gene is subject to positive autoregulation: that is, tra
seription of lux/ increases as AHL accumulates in the cell. This
is accomplished through the transcriptional activator LuxR,
which is active only when AHL binds to it. Thus a simple feed-
back loop is created. Without AHL-activated LuxR, the lux!
gene is transcribed only at basal levels. When V. fisheri cell
density within the squid light organ is low, the small amounts of
AHL produced by the bacterial cells freely diffuse out of each
cell and accumulate in the environment. As cell density in-
creases, the ion of AHL outside each cell eventually

wihich lacks a periplasmic sensing domain. Instead, the cytoplasmic domain
has a binding site for FAD. FAD is an electron carer found in many electron
wansport systems. The redox state of the MCP-bound FAD molecule is
used to monitor the functioning of the electron transport system, This in
tum mediates a tactc response to oxygen.

MICRO INQUIRY Why doesi't the Aer receptor need a periplasmic.
domain?

exceeds that inside the cell, and the concentration gradient is
reversed. As the intracellular AHL concentration increases, it
binds and activates LuxR. LuxR then increases transcription of
luxl and the genes whose products are needed for biolumines-
cence (lxCDABEG). Quorum sensing s often called autoin-
duction, and the AHL signal is termed the autoinducer (AI) to
reflect the autoregulatory nature of this system. ® Quorum
Sensing

Mannose.

[FKey Concepts

21 Lenses Create Images by Ben
B A light ray moving from air to glass or vice versa is beatT

a process known as refraction (figure 2.1).

Lenses focus light rays at a focal point and magnify images

(figure 2.2).

N
N

There Are Several Types of Light Microscopes

Tn a compound microscope such as the bright-field
microscope, the primary image is an enlarged image formed
by the objective lens. The primary image is further enlarged
by the ocular lens to yield the final image (figure 2.3).
Microscope resolution increases as the wavelength of
radiation used to illuminate the specimen decreases and as
the numerical aperture increases. The maximum resolution
of a light microscope is about 0.2 pm (figure 2.4).

The dark-field microscope uses only refracted light to form
an image, and objects appear light against a black
background (figure 2.6).
The phase-contrast microscope converts variations

in the refractive index into changes in light intensity
and thus makes colorless, unstained, live cells visible
(figures 2.8-2.10).

The differential interference contrast microscope uses

two beams of light to create high-contrast images of live
specimens (figure 2.11).

The f] i pe i i afl

labeled specimen and forms an image from its
fluorescence (figures 2.12-2.14).

The confocal microscope is used to study thick, complex
specimens. It creates an image by using only the light
emanating from the plane of focus, while blocking

out light from above and below the plane of focus
(figures 2.15 and 2.16).

2

w

Staining Specimens Helps to Visualize

and Identify Microbes

Specimens are often fixed and stained before viewing
them in the bright-field microscope. There are two fixation
methods: heat fixation and chemical fixation.

Most dyes are either positively charged basic dyes or negatively
charged acidic dyes that bind to ionized parts of cells.

P
Phagolysosome é
o4

Figure 32.17 Phagocytosis. a » s with TLR

Ja paterns MHC-1:closs |

It i

ROS:adicaloxygen species;TLRs tolike teceptrs.

B In simple staining, a single dye is used to stain
microorganisms (figure 2.17).
Differential staining procedures such as Gram and acid-

fast3E stinguish between microbial groups by
staining them differa ures 2.18 and 2.19a,b).
Other di ial staining i pecific for

particular structures such as bacterial capsules amtHagella
(figure 2.19¢,d). el |

2

>

Electron Microscopes Use Beams of Electrons

to Create Highly Magnified Images

W The transmission electron microscope (TEM) uses magnetic
lenses to form an image from electrons that have passed
through a very thin section of a specimen (figure 2.22).
Resolution is high because the wavelength of a beam of
electrons is very short.

m Specimens for TEM are usually prepared by methods that
increase contrast. Specimens can be stained by treatment
with solutions of heavy metals such as osmium tetroxide,
uranium, and lead. They can also be prepared for TEM by
negative staining, ing with metal, or fi chi
(figures 2.24 and 2.25).

W The scanning electron microscope is used to study external

surface features of microorganisms (figures 2.26 and 2.27).

Electron cryotomography freezes specimens rapidly, keeps

them frozen while being examined, and creates images

from a series of directions that are combined and processed
to form a three-dimensional reconstruction of the object

(figure 2.28).

2.5 Scanning Probe Microscopy Can Visualize
Molecules and Atoms

B Scanning probe microscopes reach very high
magnifications that allow scientists to observe biological
molecules (figures 2.29 and 2.31).
Scanning tunneling microscopy enables the visualization of
molecular surfaces using electron interaction between the
probe and the specimen, whereas atomic force microscopy
can scan the surface of molecules that do not conduct
electricity well (figure 2.30).

rning
1. You have prepared a specimen for light microscopy, stained
it using the Gram staining procedure, but failed to sce
anything when you looked through your light microscope.
Discuss the things that you may have done incorrectly.

»

In a journal article, find an example of a light micrograph, a
scanning or transmission electron micrograph, or a confocal

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

wil11886_fm_i-xxiv.indd 11

T Key Concepts—At the end of each chapter, organized by

numbered headings, this feature distills the content to its
essential components with cross-references to figures and

tables.

Active Learning—Includes questions taken from current

literature; designed to stimulate analytical problem-solving

skills.
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List of Content Changes

Each chapter has been thoroughly reviewed.

Part One

Chapter 1—Evolution is the driving force of all biological sys-
tems; this is made clear by introducing essential concepts of mi-
crobial evolution first. Advances in the discipline of microbiology
and the increasing contributions of genomics and metagenomics
are discussed.

Chapter 2—Microscopy was and is critical to the study of
microorganisms and this chapter considers the most commonly
used methods, including expanded coverage of phase-contrast
microscopy.

Chapter 3—Coverage of bacterial cellular structure and function.
New material includes a discussion of membrane microdomains,
and the effect of macromolecular crowding in the cytoplasm.

Chapter 4—Discussion of archaea has been updated to include
recent discoveries, including expanded taxonomy, polyploidy,
and the role of nucleoid-associated proteins. Comparisons to bac-
teria are made throughout the chapter.

Chapter 5—An introduction to eukaryotic cell structure and func-
tion, with emphasis on eukaryotic microbes. More detailed informa-
tion on protist and fungal cells is presented in chapters 24 (Protists)
and 25 (Fungi), which also focus on the diversity of these microbes.
The current understanding of the evolution of mitochondria and
mitochondria-like organelles is considered. Comparisons between
bacteria, archaea, and eukaryotes are included throughout the chapter.

Chapter 6—This chapter surveys essential morphological, phys-
iological, and genetic elements of viruses as well as viroids, sat-
ellites, and prions. Images and descriptions of archaeal viruses
have been incorporated. This chapter completes our four-chapter
introduction to microbial life.

Part Two

Chapter 7—Discussion of the growth of microbes has been up-
dated to include new information about chromosome partitioning
and the archaeal cell cycle.

Chapter 8—A new chapter-opening story and updated tables
reflect the challenges associated with controlling prions. A new
Microbial Diversity & Ecology box describes the conditions re-
quired in NASA spacecraft assembly facilities.

Chapter 9—Content focuses on the mechanism of action of each
class of antimicrobial agents and introduces mechanisms of drug
resistance.

Xii
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Part Three

Chapter 10—This introduction to metabolism includes a section
outlining the nature of biochemical pathways. The concept of
metabolic flux is presented by discussing the interconnected bio-
chemical pathways used by cells.

Chapter 11—An introduction to metabolic diversity and nutri-
tional types is followed by an exploration of the energy-conserving
process of each nutritional type. An introduction to flavin-based
electron bifurcation has been added.

Chapter 12—New comparison of pathways used to synthesize
lipids in bacteria and archaea.

Part Four

Chapter 13—A revised section now covers posttranslational
modifications, protein folding, and secretion systems. Membrane
vesicles are introduced.

Chapter 14—The regulation of bacterial cellular processes, with
updated coverage of regulation by messengers like c-di-GMP. A
new section on responses to viral infection includes a discussion
of restriction-modification and CRISPR.

Chapter 15—Recent developments in archaeal replication, gene
regulation, and protein secretion have been included.

Chapter 16—Covers mutation, repair, and recombination in the
context of processes that introduce genetic variation into popula-
tions. Updated coverage of integrative conjugative elements and
mobilizable genomic islands.

Chapter 17—This chapter has been completely reorganized to
update the content on gene cloning and heterologous gene expres-
sion. Cas9 genome engineering methodologies are described.

Chapter 18—Next-generation nucleotide sequencing and single-
cell genome sequencing are covered in the context of meta-
genomics as it relates to the microbial ecology of natural systems,
including the human microbiome.

Part Five

Chapter 19—This overview of microbial evolution has been
updated to include whole genome comparison and related
computational techniques in determining relatedness.

Chapter 20—The discussion of archaeal taxonomy has been re-
vised and updated to reflect the new diversity uncovered by
metagenomics. The methanogenesis discussion has been updated
to include the mechanism of flavin-based electron bifurcation.

Chapter 21—In addition to the ecology and physiology of
photosynthetic bacteria, the recently described Planctomycetes,
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List of Content Changes

Verrucomicrobia, Chlamydia (PVC) superphylum is introduced
with an updated review of each of these genera. New information
about the Deinococcus radiation response is included.

Chapter 22—This chapter’s coverage includes a discussion of
the proteobacterial origin of mitochondria.

Chapter 23—This overview of Gram-positive bacteria in-
cludes firmicutes and actinobacteria. The discussion of the
evolutionary aspects of diderm firmicutes is expanded.

Chapter 24—This chapter introduces protist morphology and di-
versity, with an emphasis on physiological adaptation and ecology.

Chapter 25—Fungal diversity is presented within a phylogenetic
framework. Morphology, ecology, and reproductive strategies
are stressed.

Chapter 26—Updated discussion of the molecular mechanisms in
the bacteriophage T4 life cycle.

Chapter 27—Important model systems for the exploration
of microbial symbioses are presented. Updated discussion of
Wolbachia-infected insects.

Part Six

Chapter 28—The description of each nutrient cycle is accompa-
nied by a “student-friendly” figure that distinguishes between
reductive and oxidative reactions. Updated coverage of the role
of biogeochemical cycling in global climate change.

Chapter 29—This chapter continues to emphasize culture-based
techniques as the ‘“gold standard” and reviews culture-
independent approaches such as mass spectrometry in the identi-
fication of microbial taxa as well as metatranscriptomics and
metaproteomics in the study of community activity.

Chapter 30—Updated discussion of the role of marine microbes
in the global carbon budget as well as an update on subsurface
microbes.

Chapter 31—New coverage of the microbial ecology of the
phyllosphere, rhizoplane, and rhizosphere. Expanded discussion
of fungal plant pathogens.

Part Seven

Chapter 32—Streamlined and updated, this chapter on innate
host resistance provides in-depth coverage of physical and chem-
ical components of the nonspecific host response, followed by an
overview of cells, tissues, and organs of the immune system. The
chapter concludes with an overview of the molecular mecha-
nisms that drive phagocytosis and inflammation.

wil11886_fm_i-xxiv.indd 13 @

Chapter 33—Updated to enhance linkages between innate and
adaptive immune activities. Discussions integrate concepts of
cell biology, physiology, and genetics to present the immune sys-
tem as a unified response having various components. Implica-
tions of dysfunctional immune actions are also discussed.

Chapter 34—This new chapter introduces the establishment of a
human microbiome as a developmental process from infancy
through adulthood. The importance of the microbiome to host
homeostasis is emphasized by discussion of its role in metabo-
lism, immune function, and the gut-brain axis as well as an intro-
duction to the consequences of dysbiosis.

Chapter 35—This chapter has been reorganized to delineate the
development of disease from microbial transmission to host cell
damage. Emphasis is placed on the overlap between microbial
molecules that facilitate survival and those that act as virulence
factors. This chapter is placed after the immunology chapters to
stress that the host-parasite relationship is dynamic, with adapta-
tions and responses offered by both host and parasite.

Part Eight

Chapter 36—This chapter presents the development of modern
epidemiology as an investigative science, emphasizing its role in
preventative medicine. The latest epidemiological data from the
Centers for Disease Control and Prevention are reported.

Chapter 37—This chapter has been updated to reflect the tech-
nological advances in the modern clinical laboratory. Emphasis
is on modern diagnostic testing to identify infectious disease.

Chapter 38—Updated and expanded coverage includes viral patho-
genesis, common viral infections, and prion-mediated diseases.

Chapter 39—Updated coverage of bacterial organisms and the
ways in which they commonly lead to human disease.

Chapter 40—Updated and expanded coverage of fungal and pro-
tozoal diseases.

Part Nine

Chapter 41—The essentials of both food safety and microbial
processes involved in food production have been updated.
Chapter 42—Includes updated coverage of biofuel production
(first introduced in chapter 21) and an introduction to synthetic
biology.

Chapter 43—This chapter complements our 21st-century ap-
proach to microbiology by emphasizing the importance of clean
water and the power of microbial environmental remediation.

Xiii
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Lab Tools for Your Success

LearnSmart® Prep is an adaptive learning tool that prepares students for
college-level work in Microbiology. LearnSmart Prep individually identifies
concepts the student does not fully understand and provides learning resources to
teach essential concepts so he or she enters the classroom prepared. Data-driven
reports highlight areas where students are struggling, helping to accurately

identify weak areas.
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Bacterial Cell
Structure

Hooking Up

Each year over 100 million people around the world become
infected with Neisseria gonorrhoeae, the bacterium that causes
gonorrhea. This troubling statistic is made even more disturbing by the
increasing resistance of the bacterium to the antibiotics used to treat
the disease. In men, infection is usually readily detected, but for
women, infection is often asymptomatic and can lead to serious
consequences such as pelvic inflammatory disease (PID) and sterility.
These concerns have led scientists to consider methods for preventing
infection. One method is to block transmission. Unfortunately, relatively
little is known about the transmission process except that it occurs
during sexual intercourse and that numerous hairlike structures (called
pili) covering the surface of the bacterium play a role in establishing
infection. The bacterium uses pili for a type of movement called
twitching motility and to adhere to surfaces such as the sperm and
epithelial cells of its human host. It has long been thought that by
attaching to sperm cells the bacterium could hitch a ride during sexual
intercourse. This explained transmission between partners. However, it
did not clarify how transmission from women to men occurs.

It turns out that exposure of N. gonorrhoeae to seminal fluid
increases its twitching motility and enhances formation of small clumps of
bacteria. In addition, seminal fluid proteins appear to alter the morphol-
ogy and function of pili. In particular these proteins cause bundles of pili
to separate into single filaments, enhancing the interaction of bacterial
cells with each other and with host surfaces. These changes evolved to
promote infection of host epithelial cells and increase the likelihood of
transmission during sexual intercourse from females to their male partner.

As this story illustrates, even small, seemingly simple organisms
such as bacteria can exhibit complex behaviors. To understand these
amazing microbes, we must first examine their cell structure and begin to
relate it to the functions they carry out. As we consider bacterial cell
structure, it is important to remember that only about 1% of bacterial
species have been cultured. Of the cultivated species, only a few have
been studied in great detail. From this small sample, many generaliza-
tions are made, and it is presumed that most other bacteria are like the
well-studied model organisms. However, part of the wonder and fun of
science is that nature is full of surprises. As the biology of more and more

40
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bacteria is explored, our understanding of them may change in interest-
ing and exciting ways.

Readiness Check:
Based on what you have learned previously, you should be able to:

v/ Describe the application of small subunit (SSU) rRNA analysis to the
establishment of the three domain classification system proposed by
Carl Woese (section 1.2)

v/ Identify the following structures or regions of a plant or animal cell and
describe their functions: cell wall, plasma membrane, cytoplasm,
mitochondria, chloroplasts, and ribosomes

v/ Define and give examples of essential nutrients; describe how they
are used by cells

3.1 Use of the Term “Prokaryote”
Is Controversial

After reading this section, you should be able to:

a. List the characteristics originally used to describe prokaryotic cells

b. Debate the “prokaryote” controversy using current evidence about
bacterial cells

Bacteria and archaea have long been lumped together and referred
to as prokaryotes. Although the term was first introduced early in
the twentieth century, the concept of a prokaryote was not fully
outlined until 1962, when R. Stanier and C. B. van Niel described
prokaryotes in terms of what they lacked in comparison to eukary-
otic cells. For instance, Stanier and van Niel pointed out that
prokaryotes lack a membrane-bound nucleus, a cytoskeleton,
membrane-bound organelles, and internal membranous structures
such as the endoplasmic reticulum and Golgi apparatus. Since the
1960s, biochemical, genetic, and genomic analyses have shown
that Bacteria and Archaea are distinct taxa. Because of these dis-
coveries, Norman Pace proposed in 2006 that the term prokary-
ote should be abandoned and most microbiologists are in
agreement.

This controversy illustrates that microbiology is an excit-
ing, dynamic, and rapidly changing field of study. Throughout
this text, we avoid the term prokaryote and are as explicit as
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possible about which characteristics are associated with mem-
bers of Bacteria, which with members of Archaea, and which
with members of both taxa.

3.2 Bacteria Are Diverse but Share
Some Common Features

After reading this section, you should be able to:

a. Distinguish a typical bacterial cell from a typical plant or animal cell in
terms of cell shapes and arrangements, size, and cell structures

b. Discuss the factors that determine the size and shape of a
bacterial cell

Much of this chapter is devoted to a discussion of individual cell
components. Therefore a preliminary overview of the features
common to many bacterial cells is in order. We begin by consid-
ering overall cell morphology and then move to cell structures.

Shape, Arrangement, and Size

It might be expected that bacterial cells, being small and
relatively simple, would be uniform in shape and size. This is
not the case, as the microbial world offers considerable variety
in terms of morphology. However, the two most common
shapes are cocci and rods (figure 3.1). Cocci (s., coccus) are
roughly spherical cells. They can exist singly or can be
associated in characteristic arrangements that can be useful in
their identification. Diplococci (s., diplococcus) arise when
cocci divide and remain together to form pairs. Long chains
of cocci result when cells adhere after repeated divisions in
one plane; this pattern is seen in the genera Streptococcus,
Enterococcus, and Lactococcus (figure 3.1a). Members of the

AccV SpotMagn Det WD b———

3.2 Bacteria Are Diverse but Share Some Common Features 41

genus Staphylococcus divide in random planes to generate
irregular, grapelike clusters (figure 3.1b). Divisions in two or
three planes can produce symmetrical groupings of cocci.
Bacteria in the genus Micrococcus often divide in two planes
to form square groups of four cells called tetrads. In the genus
Sarcina, cocci divide in three planes, producing cubical pack-
ets of eight cells.

Legionella pneumophila is an example of a bacterium with a
rod shape (figure 3.1¢). Rods, sometimes called bacilli (s., bacil-
lus), differ considerably in their length-to-width ratio, the coc-
cobacilli being so short and wide that they resemble cocci. The
shape of the rod’s end often varies between species and may be
flat, rounded, football-shaped, or bifurcated. Although many
rods occur singly, some remain together after division to form
pairs or chains (e.g., Bacillus megaterium is found in long chains).

There are several less common cell shapes and arrange-
ments. Vibrios are comma-shaped (figure 3.2a). Spirilla are
rigid, spiral-shaped cells (figure 3.25). Many have tufts of fla-
gella at one or both ends. Spirochetes are flexible, spiral-shaped
bacteria that have a unique, internal flagellar arrangement (fig-
ure 3.2¢). These bacteria are distinctive in other ways, and all
belong to a single phylum, Spirochaetes. Some bacteria form
stalks (e.g., Caulobacter crescentus) (figure 3.2d). Other bacteria
are pleomorphic, being variable in shape and lacking a single,
characteristic form. Wl Phylum Spirochaetes (section 21.6);
Caulobacteraceae and Hyphomicrobiaceae bacteria reproduce
in unusual ways (section 22.1); Order Vibrionales includes
aquatic bioluminescent bacteria and pathogens (section 22.3)

Some bacteria can be thought of as multicellular. Many
actinobacteria form long filaments called hyphae. The hyphae
form a network called a mycelium (figure 3.2¢), and in this
sense, they are similar to eukaryotic filamentous fungi. Many
cyanobacteria, a group of photosynthetic bacteria, are also
filamentous. Being filamentous allows some degree of

~
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(a) S. agalactiae—cocci in chains

(b) S. aureus—cocci in clusters

(c) L. pneumophila—rods in chains

Figure 3.1 Cocci and Rods Are the Most Common Bacterial Shapes. These images are color-enhanced scanning electron micrographs.
(a) Streptococcus agalactiae, the cause of group B streptococcal infections (x4,800). (b) Staphylococcus aureus. (c) Legionella pneumophila, the cause of

Legionnaires’ disease.
(a) ©Science Source; (b, ¢) Source: CDC/Janice Haney Carr.
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(d) C. crescentus—a stalked bacterium

Figure 3.2 Other Cell Shapes and Aggregations.

(e) Streptomyces—a filamentous bacterium

(f) C. crocatus fruiting body

(@) Vibrio vulnificus, scanning electron micrograph (SEM, X13,184). (b) Campylobacter jejuni, SEM. (c) Leptospira

interrogans, the spirochete that causes the disease leptospirosis. (d) Caulobacter crescentus, SEM. (e) Streptomyces sp., SEM. (f) Fruiting body of the myxobacterium

Chondromyces crocatus. The fruiting body is composed of thousands of cells.

(a) ©Media for Medical/Getty Images; (b) Source: Photo by DeWood, digital colorization by Stephen Ausmus/USDA-ARS; (c) ©Sebastian Kaulitzki/Getty Images; (d) ©Biology Pics/Science Source; (€) ©Dr. Amy Gehring;

(/) ©Yoav Levy/DIOMEDIA

differentiation among cells in the filament. For instance, some
filamentous cyanobacteria form specialized cells within the
filament, heterocysts, that carry out nitrogen fixation (see
figure 21.10c). Myxobacteria are of particular note. These
bacteria sometimes aggregate to form complex structures called
fruiting bodies (figure 3.2f). Wl Order Streptomycetales: an
important source of antibiotics (section 23.1); Phylum Cyano-
bacteria: oxygenic photosynthetic bacteria (section 21.4); Order
Myxococcales: bacteria with morphological complexity and
multicellularity (section 22.4)

Escherichia coli is an excellent representative of an average-
sized bacterium. This rod-shaped bacterium is 1.1 to 1.5 pm
wide by 2.0 to 6.0 pm long. However, the size range of
bacterial cells extends far beyond this average (figure 3.3).
Near the small end of the size continuum are members of the
genus Mycoplasma (0.3 pm in diameter). At the other end of
the continuum are bacteria such as some spirochetes, which
can reach 500 pm in length, and the cyanobacterium Oscilla-
toria, which is about 7 pm in diameter (the same diameter as
a red blood cell). Some bacteria are huge by “bacterial stand-
ards.” For instance, Epulopiscium fishelsoni grows as large as
600 by 80 pm, a little smaller than a printed hyphen and
clearly larger than the well-known eukaryote Paramecium
(figure 3.4). An even larger bacterium, Thiomargarita
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Specimen Approximate diameter or
width X length

in um
Red blood cell 7
E. coli 1.3x4.0
Streptococcus 0.8-1.0
Poxvirus 0.23x0.32 ‘
Influenza virus 0.085 o
T2 E. coli bacteriophage 0.065 x 0.095 e,
Tobacco mosaic virus 0.015x0.300 ——
Poliovirus 0.027

Figure 3.3 Sizes of Bacteria Relative to a Red Blood Cell and Viruses.
The larger viruses are comparable in size to the smaller bacteria.

22/10/18 7:12pm



Figure 3.4 A Giant Bacterium. This phase-contrast micrograph
shows Epulopiscium fishelsoni dwarfing the paramecia, which are protozoa.

E. fishelsoni cells are about 530 pm long.
©Esther Angert/Medical Images/DIOMEDIA

namibiensis, lives in ocean sediment (see figure 22.20). Thus
a few bacteria are much larger than the average eukaryotic cell
(typical plant and animal cells are around 10 to 50 pm in
diameter).

The variety of sizes and shapes exhibited by bacteria
raises a fundamental question: What causes a bacterial species
to have a particular size and shape? Although far from being
answered, recent discoveries have fueled a renewed interest in
this question, and it is clear that size and shape determination
are related and have been selected for during the evolutionary
history of each bacterial species. For many years it was
thought that microbes had to be small to increase the surface
area-to-volume ratio (S/V ratio; figure 3.5). As this ratio in-
creases, the uptake of nutrients and the diffusion of these and
other molecules within the cell become more efficient, which
in turn facilitates a rapid growth rate. Shape affects the S/V
ratio. A rod with the same volume as a coccus has a higher
S/V ratio than does the coccus. This means that a rod can
have greater nutrient flux across its plasma membrane. How-
ever, the discovery of E. fishelsoni demonstrates that bacte-
ria can be very large. For bacteria to be large, they must have
other characteristics that maximize their S/V ratio, or their
size must be beneficial in some way. For instance, E. fishel-
soni has a highly convoluted plasma membrane, which in-
creases its S/V ratio. In addition, large cells are less likely to
be eaten by predatory protists. Cells that are filamentous,
have stalks, or are oddly shaped are also less susceptible to
predation.

Cell Organization

Structures often observed in bacterial cells are summarized and
illustrated in table 3.1 and figure 3.6. Note that no single
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r=1um

Surface area =126 ym2 ~ Surface _

Volume = 4.2 ym3 Volume

r=2um

Surface area = 50.3 um?2 Surface _ 15
Volume

Volume = 33.5 um3

Figure 3.5 The Surface-to-Volume Ratio Is an Important Determinant
of Cell Size. Surface area is calculated by the formula 4mr?. Volume is
calculated by the formula 4/3mr. Shape also affects the S/V ratio; rods
with the same volume as a coccus have a greater S/V ratio.

bacterium possesses all of these structures at all times. Some are
found only in certain cells in certain conditions or in certain
phases of the life cycle.

There are several common features of bacterial cell struc-
ture. Bacterial cells are surrounded by several layers, which
are collectively called the cell envelope. The most common
cell envelope layers are the plasma membrane, cell wall, and
capsule or slime layer. The innermost layer of the cell enve-
lope is the plasma membrane, which surrounds the cytoplasm.
Most bacteria have a chemically complex cell wall, which
covers the plasma membrane. Many bacteria surround the cell
wall with a capsule or slime layer. Because most bacteria do
not contain internal, membrane-bound organelles, their inte-
rior appears morphologically simple. The genetic material is
localized in a discrete region called the nucleoid and is not
separated from the surrounding cytoplasm by membranes.
Ribosomes and larger masses called inclusions are scattered
about the cytoplasm. Finally, many bacteria use flagella for
locomotion. In the remaining sections of this chapter, we de-
scribe these major structures observed in bacterial cells in
more detail.

Comprehension Check

1. Why is the term prokaryote considered an inadequate descriptor by
some microbiologists?

2. What characteristic shapes can bacteria assume? Describe the ways
in which bacterial cells cluster together.

3. What advantages might a bacterial species that forms multicellular
arrangements (e.g., clusters or chains) have that are not afforded
unicellular bacteria?

4. What is the relevance of the surface area-to-volume ratio?
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Table 31 Common Bacterial Structures and Their Functions

Plasma membrane Selectively permeable barrier, mechanical boundary of cell, nutrient and waste transport, location of
many metabolic processes (respiration, photosynthesis), detection of environmental cues for chemotaxis

Gas vacuole An inclusion that provides buoyancy for floating in aquatic environments

Ribosomes Protein synthesis ‘

Inclusions Storage of carbon, phosphate, and other substances; site of chemical reactions (microcompartments};
movement

Nucleoid Localization of genetic material (DNA) ‘

Periplasmic space In typical Gram-negative bacteria, contains hydrolytic enzymes and binding proteins for nutrient

processing and uptake; in typical Gram-positive bacteria, may be smaller or absent

Cell wall Protection from osmotic stress, helps maintain cell shape |
Capsules and slime layers Resistance to phagocytosis, adherence to surfaces
Fimbriae and pili Attachment to surfaces, bacterial conjugation and transformation, twitching
Flagella Swimming and swarming motility
Endospore Survival under harsh environmental conditions J
k
Plasma
Capsule Ribosomes Cell wall membrane

LN

Nucleoid

Fimbriae Chromosome Inclusion Flagellum
(DNA)

Figure 3.6 Structure of a Bacterial Cell.
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3.3 Bacterial Plasma Membranes Control
What Enters and Leaves the Cell

After reading this section, you should be able to:

a. Describe the fluid mosaic model of membrane structure and identify
the types of lipids typically found in bacterial membranes

b. Distinguish macroelements (macronutrients) from trace elements
(micronutrients) and provide examples of each

c. Provide examples of growth factors needed by some microorganisms

d. Compare and contrast passive diffusion, facilitated diffusion, active
transport, and group translocation, and provide examples of each

e. Discuss the challenge of iron uptake and describe how bacteria
overcome this difficulty

The cell envelope is defined as the plasma membrane and all
the surrounding layers external to it. The cell envelopes of
many bacteria consist of the plasma membrane, cell wall, and
at least one additional layer (e.g., capsule or slime layer). Of
all these layers, the plasma membrane is the most important
because it encompasses the cytoplasm and defines the cell. If
it is removed or compromised, the cell’s contents spill into
the environment and the cell dies. Furthermore, despite being
the innermost layer of the cell envelope, the plasma mem-
brane is responsible for much of the cell’s relationship with
the outside world. Thus we begin our consideration of bacte-
rial cell structure by describing the plasma membrane.

First, let’s consider what cells do to survive. Cells must
interact in a selective fashion with their environment, acquire
nutrients, and eliminate waste. They also have to maintain
their interior in a constant, highly or-
ganized state in the face of external
changes. Plasma membranes are an
absolute requirement for all living or-
ganisms because they are involved in
carrying out these cellular tasks.

A primary role of all plasma
membranes is that they are selectively
permeable barriers: They allow par-
ticular ions and molecules to pass ei-
ther into or out of the cell, while
preventing the movement of others.
Thus the plasma membrane prevents
the loss of essential components
through leakage while allowing the
movement of other molecules. Bacte-
rial plasma membranes play additional
critical roles. They are the location of
several crucial metabolic processes:
respiration, photosynthesis, and the
synthesis of lipids and cell wall
constituents.

In addition to the plasma mem-
brane, some bacteria have extensive

Hydrophobic
amino acids
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intracytoplasmic membrane systems. These internal mem-
branes and the plasma membrane share a basic design. How-
ever, they can differ significantly in the lipids and proteins
they contain. To understand these chemical differences and
the many functions of the plasma membrane and other mem-
branes, it is necessary to become familiar with membrane
structure.

Fluid Mosaic Model of Membrane Structure

The most widely accepted model for membrane structure is the
fluid mosaic model of Singer and Nicholson, which proposes
that membranes are lipid bilayers within which proteins float
(figure 3.7). Bacterial membranes have roughly equal amounts
of lipids and proteins. Cell membranes are very thin struc-
tures, about 2 to 3 nm thick, that look like two dark lines on
either side of a light interior when imaged by TEM. This char-
acteristic appearance is evidence that the membrane is com-
posed of two sheets of lipid molecules arranged end-to-end
(figure 3.7). Cleavage of membranes by freeze-etching, a tech-
nique that reveals fine detail, exposes the proteins lying within
the membrane lipid bilayer. |4 Electron microscopes use
beams of electrons to create highly magnified images (section
2.4); Scanning probe microscopy can visualize molecules and
atoms (section 2.5)

The chemical nature of membrane lipids is critical to their
ability to form bilayers. Most membrane-associated lipids (e.g.,
the phospholipids shown in figure 3.7) are amphipathic: They
are structurally asymmetric, with polar and nonpolar ends

Integral
membrane
protein

Oligosaccharide =

Glycolipid

Integral

i

s
‘
2\

Wiiresy
il ik

Peripheral
membrane
protein

Figure 3.7 The Fluid Mosaic Model of Bacterial Membrane Structure.  This diagram shows the
integral membrane proteins (blue) floating in a lipid bilayer. Peripheral membrane proteins (purple) are
associated loosely with the inner membrane surface and/or integral membrane proteins. Small tan spheres
represent the hydrophilic ends of membrane phospholipids, and wiggly tails are the hydrophobic fatty
acid chains. Phospholipids are drawn much larger than their actual size. Oligosaccharides (chains of
carbohydrates) protrude into the environment and may be attached to proteins or to membrane
phospholipids (glycolipids).
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Ethanolamine + | / ;‘
\ /
CH2 | polar and | — /

L O hydrophilic end

Glycerol{ |

Long, nonpolar,
hydrophobic
I I fatty acid chains L

Fatty acids 4 | |

Figure 3.8 The Structure of a Phospholipid.
Phosphatidylethanolamine, a phospholipid often found in bacterial membranes.

(figure 3.8). The polar ends interact with water and are hydro-
philic; the nonpolar hydrophobic ends are insoluble in water
and tend to associate with one another. In aqueous environments,
amphipathic lipids can interact to form a bilayer. The outer sur-
faces of the bilayer are hydrophilic, whereas hydrophobic ends
are buried in the interior away from the surrounding water (fig-
ure 3.7). Wl Lipids (appendix I)

Two types of membrane proteins have been identified based
on their ability to be separated from the membrane. Peripheral
membrane proteins are loosely connected to the membrane and
can be easily removed (figure 3.7). They are soluble in aqueous
solutions and make up about 20 to 30% of total membrane pro-
tein. The remaining proteins are integral membrane proteins.
These are not easily extracted from membranes and are insoluble
in aqueous solutions when freed of lipids. Integral membrane
proteins, like membrane lipids, are amphipathic; their hydropho-
bic regions are buried in membrane lipids while the hydrophilic
portions project from the membrane surface (figure 3.7).
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Integral membrane proteins carry out some of the most im-
portant functions of the membrane. Many are transport proteins
used to move materials either into or out of the cell. Others are
involved in energy-conserving processes, such as the proteins
found in electron transport chains. Those integral membrane
proteins with regions exposed to the outside of the cell enable the
cell to interact with its environment. Wl Proteins (appendix I)

Bacterial Plasma Membranes Are Dynamic

Bacterial membranes are lipid bilayers and many of their amphi-
pathic lipids are phospholipids (figure 3.8). The plasma
membrane is dynamic: The lipid composition varies with envi-
ronmental temperature in such a way that the membrane remains
fluid during growth. For example, bacteria growing at lower tem-
peratures have more unsaturated fatty acids in their membrane
phospholipids; that is, there are one or more double covalent
bonds in the long hydrocarbon chains. At higher temperatures,
their phospholipids have more saturated fatty acids—those in
which the carbon atoms are connected only with single covalent
bonds. W| Environmental factors affect microbial growth
(section 7.5)

Although most aspects of the fluid mosaic model are well
supported by experimentation, the suggestion that membrane
lipids and integral proteins are homogeneously distributed has
been challenged by the discovery of microdomains. These re-
gions of the membrane are formed by phospholipids in conjunc-
tion with other lipids like farnesol, hopanoids, and carotenoids
(see figure 11.31). Hopanoids are similar in structure to choles-
terol found in eukaryotic membranes (figure 3.9), and their
rigid planar structure makes them more hydrophobic than phos-
pholipids. The specific lipids found in microdomains vary
among organisms, but they all regulate membrane rigidity and
mark microdomain boundaries.

HO

(a) Cholesterol (a steroid) is found in the membranes of eukaryotes.

OH OH

OH OH

(b) Bacteriohopanetetrol (a hopanoid) is found in many
bacterial membranes.

Figure 3.9 Membrane Steroids and Hopanoids.
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The integral membrane proteins in microdomains differ
from those in the bulk membrane, and are organized by proteins
called flotillins. Flotillins are themselves integral membrane
proteins, and they function to assemble large protein complexes
like secretion systems for transporting molecules out of the cell
and complexes that transmit signals from the environment to
molecules in the cytoplasm.

Bacteria Use Many Mechanisms
to Bring Nutrients into the Cell

All plasma membranes function as barriers. Yet they must also
allow movement of nutrients into the cell. If a microbe does not
obtain nutrients from its environment, it will quickly exhaust its
supply of amino acids, nucleotides, and other molecules needed
to survive. In addition, if a microbe is to thrive and reproduce, it
must have a source of energy. The energy source is used to gener-
ate the cell’s major energy currency: the high-energy molecule
ATP. Clearly, obtaining energy and nutrient sources is one of the
most important jobs an organism has, and it is primarily a func-
tion of the bacterial plasma membrane. Here we discuss nutrient
uptake, but first let’s define some terms used to describe the nu-
trients needed by cells.

Microbiologists refer to carbon, oxygen, hydrogen, nitrogen, sul-
fur, and phosphorus as macroelements or macronutrients because
they are required in relatively large amounts. They are found in or-
ganic molecules such as proteins, lipids, nucleic acids, and carbohy-
drates. Other macroelements are potassium, calcium, magnesium,
and iron. They exist as cations and generally are associated with and
contribute to the activity and stability of molecules and cell structures
such as enzymes and ribosomes. Thus they are important in many
cellular processes, including protein synthesis and energy conserva-
tion. W Enzymes and ribozymes speed up cellular chemical reac-
tions (section 10.6); Translation in bacteria (section 13.7); Electron
transport chains: sets of sequential redox reactions (section 10.4)

Other elements are required in small amounts—amounts so
small that in the lab they are often obtained as contaminants in
water, glassware, and growth media. Likewise in nature, they are
ubiquitous and usually present in adequate amounts to support
the growth of microbes. Microbiologists call these elements
micronutrients or trace elements. The micronutrients—
manganese, zinc, cobalt, molybdenum, nickel, and copper—are
needed by most cells. Micronutrients are part of certain en-
zymes, and they aid in catalysis of reactions and maintenance of
protein structure.

Some microbes are able to synthesize all the organic mole-
cules they need from macroelements. However, some microbes
are unable to synthesize certain molecules needed for survival.
These molecules are called growth factors, and they must be
obtained from the environment. There are three types of growth
factors: amino acids, purines and pyrimidines, and vitamins.

What are the common features of nutrient uptake by bacte-
ria? Bacteria can only take in dissolved molecules. Uptake mech-
anisms are specific; that is, the necessary substances, and not
others, are acquired. It does a cell no good to take in a substance
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that it cannot use. Bacteria are able to transport nutrients into the
cell even when the concentration of a nutrient inside the cell is
higher than the concentration outside. Thus they are able to move
nutrients up a concentration gradient. This is important because
bacteria often live in nutrient-poor habitats. In view of the enor-
mous variety of nutrients and the complexity of the task, it is not
surprising that bacteria use several different transport mecha-
nisms: passive diffusion, facilitated diffusion, primary and sec-
ondary active transport, and group translocation.

Passive Diffusion

Passive diffusion, often called diffusion or simple diffusion, is
the process by which molecules move from a region of higher
concentration to one of lower concentration; that is, the mole-
cules move down the concentration gradient. The rate of passive
diffusion depends on the size of the concentration gradient be-
tween a cell’s exterior and its interior (figure 3.10). A large con-
centration gradient is required for adequate nutrient uptake by
passive diffusion (i.e., the external nutrient concentration must
be high while the internal concentration is low). The rate of dif-
fusion decreases as more nutrient accumulates in the cell. This
occurs if the nutrient is not used immediately upon entry.

Most substances cannot freely diffuse into a cell. However,
water and some gases, including O, and CO,, easily cross the

The plateau in this line represents
the saturation effect that is seen
whenever a carrier protein is
involved in transport.

i Carrier

S facilitated

a diffusion

[

"E Passive
] diffusion
©

o

Concentration gradient

Figure 3.10 Passive and Facilitated Diffusion. The rate of diffusion
depends on the size of the solute’s concentration gradient (the ratio of the
extracellular concentration to the intracellular concentration). This example of
facilitated diffusion involves a carrier protein that can be saturated. Sometimes
facilitated diffusion is mediated by a channel. Channels often do not exhibit a
saturation effect.
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plasma membrane by passive diffusion. H,O Outside Inside Outside Inside

also moves across membranes by passive diffu- cell cell cell

sion. Larger molecules, ions, and polar sub-
stances must enter the cell by other mechanisms,
all of which involve specialized proteins that are
referred to as transport proteins. & How Diffu-
sion Works

conformation.

It binds solute.

Facilitated Diffusion

During facilitated diffusion, substances
move across the plasma membrane with the
assistance of transport proteins that are either
channels or carriers. Channels, as their name
indicates, are proteins that form pores in
membranes through which substances can
pass; they are often involved in facilitated dif-
fusion. Channels show some specificity for
the substances that pass through them, but this is considerably
less than that shown by carriers, which are far more substrate
specific. The rate of facilitated diffusion increases with the
concentration gradient much more rapidly and at lower con-
centrations of the diffusing molecule than that of passive dif-
fusion (figure 3.10). When the transporter is a carrier, the
diffusion rate reaches a plateau above a specific gradient
value because the carrier protein is saturated; that is, it is
transporting as many solute molecules as possible. The result-
ing curve resembles an enzyme-substrate curve (see figure 10.16)
and is different from the linear response seen with passive
diffusion. An example of channel-mediated facilitated diffu-
sion is that involving aquaporins (see figure 2.31), which
transport water. Aquaporins are members of the major
intrinsic protein (MIP) family of proteins. MIPs facilitate dif-
fusion of small polar molecules, and they are observed in all
organisms.

Although facilitated diffusion relies on transport proteins, it
is truly diffusion because a concentration gradient spanning the
membrane drives the movement of molecules, and no energy is
used. If the concentration gradient disappears, net inward move-
ment ceases. The gradient can be maintained by converting the
transported nutrient to another compound, as occurs when a nu-
trient is metabolized.

Considerable work has been done on the mechanism of
carrier-mediated facilitated diffusion. When the solute molecule
binds to the outside of the carrier, it changes conformation and
releases the molecule on the cell interior (figure 3.11). The car-
rier subsequently changes back to its original shape and is ready
to pick up another molecule. The net effect is that a hydrophilic
molecule can enter the cell in response to its concentration
gradient.

Facilitated diffusion has been documented in some bacteria
but it does not seem to be the major uptake mechanism
for these microbes. Recall that many bacteria live in environ-
ments where nutrient concentrations are low, and facilitated dif-
fusion cannot concentrate nutrients inside cells. Therefore
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Carrier protein in
its outward-facing

After binding solute g

e 9O
After releasing solute

Carrier protein in
its inward-facing
conformation.

It releases solute
into cell.

Figure 3.11 A Model of Facilitated Diffusion. Because there is no energy input, molecules
continue to enter only as long as their concentration is greater on the outside.

energy-dependent transport mechanisms capable of concentrat-
ing nutrients are significantly more important uptake mecha-
nisms for bacterial cells.

Primary and Secondary Active Transport

Active transport is the transport of solute molecules to
higher concentrations (i.e., against a concentration gradient)
with the input of metabolic energy. Three types of active
transport are observed in bacteria: primary active transport,
secondary active transport, and group translocation. They
differ in terms of the energy used to drive transport and
whether or not the transported molecule is modified as it
enters.

Active transport resembles facilitated diffusion in that it
involves carrier proteins. Recall that carrier proteins bind particular
solutes with great specificity. Active transport is also characterized
by the carrier saturation effect at high solute concentrations
(figure 3.10). Nevertheless, active transport differs from facilitated
diffusion because it uses metabolic energy and can concentrate
substances within the cell.

Primary active transport is mediated by carriers called
primary active transporters. They use energy provided by ATP
hydrolysis to move substances against a concentration gradient
without modifying them. Primary active transporters are uni-
porters; that is, they move a single molecule across the mem-
brane (figure 3.12). ATP-binding cassette transporters (ABC
transporters) are important primary active transporters. Our
focus here is on those ABC transporters that are used for import
of substances. Other ABC transporters are used for export
of substances, in particular proteins; these exporters are
described in chapter 13. W Protein maturation and secretion
(section 13.8)

Most ABC transporters consist of two hydrophobic
membrane-spanning regions (domains) with two ATP-binding
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Antiporter

1 J

Uniporter Symporter

Cotransporters

Figure 3.12 Carrier Proteins Can Be Uniporters or Cotransporters.
Uniporters move a single substance into the cell. Cotransporters simultaneously
move two substances across the membrane. When both substances move in
the same direction, the carrier is a symporter. When the two substances move
in opposite directions, the carrier is an antiporter.

After binding solute,
the solute-binding
protein approaches
ABC transporter.

e Solute-binding protein attaches
to transporter and releases solute.
Energy released by hydrolysis of
ATP drives movement of solute
across membrane.

Solute-
binding
protein

Transporter Periplasm

Cytoplash’n 'l

ATP ADP 'ATP ADP
N

ATP- .
binding P. P;
domain !

Figure 3.13 ABC Transporter Function. Shown here is a transporter that
works with a solute-binding protein free in the periplasm. Other solute-
binding proteins are associated with the plasma membrane, always
associated with the transporter, or even fused to the transporter.

domains facing the cytoplasm (figure 3.13). The membrane-
spanning domains form a pore in the membrane, and the ATP-
binding domains bind and hydrolyze ATP to drive uptake. Most
ABC transporters employ solute-binding proteins to deliver the
molecule to be transported to the transporter.

Secondary active transport couples the potential energy of
ion gradients to transport of substances without modifying them.
Secondary active transporters are cotransporters (figure 3.12).
They move two substances simultaneously: the ion whose gradi-
ent powers transport and the substance being moved across the
membrane. When the ion and other substance both move in the
same direction, it is called symport. When they move in opposite
directions, it is called antiport. & Cotransport (Symport and
Antiport)
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The ion gradients used by secondary active transporters
arise primarily in three ways. The first results from bacterial
metabolic activity. During energy-conserving processes, elec-
tron transport generates a proton gradient in which protons
are at a higher concentration outside the cell than inside. The
proton gradient is used to do cellular work, including second-
ary active transport. Some bacteria use the second method, in
which an enzyme called a V-type ATPase hydrolyzes ATP
and uses the energy released to create either a proton gradient
or a sodium gradient across the plasma membrane. Finally, a
proton gradient can be used to create another ion gradient
such as a sodium gradient. This is accomplished by an anti-
porter that brings protons in as sodium ions are moved out of
the cell. The sodium gradient can then be used to drive uptake
of nutrients by a symport mechanism. Wl Electron transport
and oxidative phosphorylation (step 3) generate the most
ATP (section 11.6)

The lactose permease of E. coli is a well-studied symport
secondary active transporter. It is a single protein that transports
a lactose molecule inward as a proton simultaneously enters the
cell. The proton is moving down a proton gradient, and the en-
ergy released drives solute transport. X-ray diffraction studies
show that the carrier protein exists in outward- and inward-
facing conformations. When lactose and a proton bind to sepa-
rate sites on the outward-facing conformation, the protein
changes to its inward-facing conformation, and the sugar and
proton are released into the cytoplasm.

Bacteria often have more than one transport system for a nu-
trient, as can be seen with E. coli. This bacterium has at least five
transport systems for the sugar galactose, three systems each for
the amino acids glutamate and leucine, and two potassium trans-
port complexes. When several transport systems exist for the same
substance, the systems differ in such properties as their energy
source, their affinity for the solute transported, and the nature of
their regulation. This diversity gives the bacterium an added com-
petitive advantage in a variable environment.

Group Translocation

The distinguishing characteristic of group translocation is
that a molecule is chemically modified as it is brought into
the cell. The best-known group translocation system is the
phosphoenolpyruvate: sugar phosphotransferase system
(PTS), which is observed in many bacteria. The PTS transports a
variety of sugars while phosphorylating them, using phosphoe-
nolpyruvate (PEP) as the phosphate donor. PEP is a high-energy
molecule that can be used to synthesize ATP, the cell’s energy cur-
rency. However, when it is used in PTS reactions, the energy present
in PEP is used to energize sugar uptake rather than ATP synthesis.
P ATP: The major energy currency of cells (section 10.2)

The transfer of phosphate from PEP to the incoming molecule
involves several proteins and is an example of a phosphorelay
system. In E. coli and Salmonella, the PTS consists of two en-
zymes and a low molecular weight heat-stable protein (HPr). A
phosphate is transferred from PEP to enzyme II with the aid of
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Phosphate is then transferred
to incoming sugar via EIIB.

Mannitol-1-P

Mannitol

PEP El

HPr~®

Pyruvate EI~® HPr

s
The high-energy phosphate of ﬁ )
PEP is transferred via EI to - A

HPr and from HPr to EIIA.

Cytoplasm Periplasm
Figure 3.14 Group Translocation: Bacterial PTS Transport. Two examples of the
phosphoenolpyruvate: sugar phosphotransferase system (PTS) are illustrated. The
following components are involved in the system: phosphoenolpyruvate (PEP), enzyme

I (El), the low molecular weight heat-stable protein (HPr), and enzyme Il (Ell). ElIA is
attached to ElIB in the mannitol transport system and is separate from ElIB in the
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Figure 3.15 Enterobactin: A Siderophore Produced by E. coli.
Ball-and-stick model of enterobactin complexed with Fe®*.

Microorganisms secrete siderophores when iron is
scarce in the medium. Once the iron-siderophore com-
plex has reached the cell surface, it binds to a sidero-
phore-receptor protein. Then either the iron is released to
enter the cell directly or the whole iron-siderophore com-
plex is transported inside by an ABC transporter. Iron is
so crucial to microorganisms that more than one route of
iron uptake may be used to ensure an adequate supply.

glucose system.

enzyme I and HPr (figure 3.14). Enzyme II then phosphorylates
the sugar molecule as it is carried across the membrane. Many
different PTSs exist, and they vary in terms of the sugars they
transport. The specificity lies with the type of Enzyme I used in
the PTS. Enzyme I and HPr are the same in all PTSs used by a
bacterium. W Enzymes and ribozymes speed up cellular chem-
ical reactions (section 10.6)

PTSs are widely distributed in bacteria, primarily among fac-
ultatively anaerobic bacteria (bacteria that grow in either the pres-
ence or absence of O,); some obligately anaerobic bacteria (e.g.,
Clostridium spp.) also have PTSs. However, most aerobic bacteria
lack PTSs. Many carbohydrates are transported by PTSs. E. coli
takes up glucose, fructose, mannitol, sucrose, N-acetylglucosamine,
cellobiose, and other carbohydrates by group translocation.
®& Active Transport by Group Translocation

Iron Uptake

Almost all microorganisms require iron for building molecules
important in energy-conserving processes (e.g., cytochromes), as
well as for the function of many enzymes. Iron uptake is made
difficult by the extreme insolubility of ferric iron (Fe**) and its
derivatives, which leaves little free iron available for transport.
Many bacteria overcome this difficulty by secreting sidero-
phores (Greek for iron bearers). Siderophores are low molecular
weight organic molecules that bind ferric iron and supply it to the
cell (figure 3.15). Wl Electron transport chains: sets of sequen-
tial redox reactions (section 10.4)

wil11886_ch03_040-076.indd 50

Comprehension Check

1. List the functions of bacterial plasma membranes. Why must their
plasma membranes carry out more functions than the plasma
membranes of eukaryotic cells?

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

3. Onwhat basis are elements divided into macroelements and trace
elements?

4. Describe facilitated diffusion, primary and secondary active
transport, and group translocation in terms of their distinctive
characteristics and mechanisms. What advantage does a
bacterium gain by using active transport rather than facilitated
diffusion?

5. What are uniport, symport, and antiport?

6. What are siderophores? Why are they important?

3.4 There Are Two Main Types
of Bacterial Cell Walls

After reading this section, you should be able to:

a. Describe peptidoglycan structure

b. Compare and contrast the cell walls of typical Gram-positive and
Gram-negative bacteria

c. Relate bacterial cell wall structure to the Gram-staining reaction

The cell wall is the layer that lies just outside the plasma mem-
brane. It is one of the most important structures for several reasons:
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It helps maintain cell shape and protect the cell from osmotic lysis;
it can protect the cell from toxic substances; and in pathogens, it
can contribute to pathogenicity. Cell walls are so important that
most bacteria have them. Those that lack them have other features
that fulfill cell wall function. Bacterial cell wall synthesis is an
important target for many antibiotics. Wl Antibacterial drugs
(section 9.4)

Overview of Bacterial Cell Wall Structure

After Christian Gram developed the Gram stain in 1884, it soon
became evident that most bacteria could be divided into two major
groups based on their response to the Gram-staining procedure.
Gram-positive bacteria stained purple, whereas Gram-negative
bacteria were pink or red. The true structural difference between
these two groups did not become clear until the advent of the
transmission electron microscope. Here we describe the long-held
models of Gram-positive and Gram-negative cell walls developed
from these studies. More recent studies of diverse groups of bac-
teria have shown that these models do not hold true for all bacteria
(Microbial Diversity & Ecology 3.1). Because of ongoing dis-
cussions related to these new studies, we will refer to bacteria that
fit the models as being typical Gram-positive or typical Gram-
negative bacteria. |4 Differential staining (section 2.3)

The cell walls of Bacillus subtilis and many other typical
Gram-positive bacteria consist of a single, 20- to 80-nm-thick
homogeneous layer of peptidoglycan (murein) lying outside the
plasma membrane (figure 3.16). In contrast, the cell walls of
E. coli and many other typical Gram-negative bacteria have two
distinct layers: a 2- to 7-nm-thick peptidoglycan layer covered by
a 7- to 8-nm-thick outer membrane.

One important feature seen in typical Gram-negative bacte-
ria is a space between the plasma membrane and the outer mem-
brane. It also is sometimes observed between the plasma
membrane and cell wall in typical Gram-positive bacteria. This
space is called the periplasmic space. The substance that occu-
pies the periplasmic space is the periplasm.

Peptidoglycan Structure

The feature common to nearly all bacterial cell walls is the pres-
ence of peptidoglycan, which forms an enormous meshlike struc-
ture often referred to as the peptidoglycan sacculus. Peptidoglycan
is composed of many identical subunits. Each subunit within the
sacculus contains two sugar derivatives, N-acetylglucosamine
(NAG) and N-acetylmuramic acid (NAM), and several different
amino acids. The amino acids form a short peptide, sometimes
called the stem peptide, consisting of four alternating p- and L-
amino acids; the peptide is connected to the carboxyl group of
NAM (figure 3.17). Three of the amino acids are not found in
proteins: pD-glutamic acid, p-alanine, and meso-diaminopimelic
acid. The presence of pD-amino acids in the stem peptide protects
against degradation by most peptidases, which recognize only
the L-isomers of amino acid residues. The peptidoglycan subunit
of many bacteria is shown in figure 3.17. Wl Carbohydrates
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The typical Gram-positive cell envelope

Peptidoglycan

Plasma membrane

\/203” wall

The typical Gram-negative cell envelope
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Outer membrane
Peptidoglycan
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Figure 3.16 Cell Envelopes of Typical Gram-Positive and Gram-
Negative Bacteria. Cell envelopes consist of the plasma membrane and
any layers (e.g., cell wall) exterior to it. For simplicity, we show only the plasma
membrane and cell wall. Staphylococcus aureus (top) has a typical Gram-
positive cell wall that consists primarily of peptidoglycan. Myxococcus
xanthus (bottom) has a typical Gram-negative cell wall consisting of a thin
layer of peptidoglycan, an outer membrane, and the periplasmic space.

(appendix 1); Proteins (appendix I); Proteins are polymers of
amino acids (section 13.2)

The peptidoglycan sacculus is formed by linking the sugars
of the peptidoglycan subunits together to form a strand; the
strands are then cross-linked to each other by covalent bonds
formed between the stem peptides extending from each strand.
As seen in figure 3.18, the backbone of each strand is composed
of alternating NAG and NAM residues. The strand is helical, and
the stem peptides extend out from the backbone in different di-
rections. There are two types of cross-links: direct and indirect
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MICROBIAL DIVERSITY & ECOLOGY

3.1 Gram Positive and Gram Negative or Monoderms and Diderms?

The importance of the Gram stain in the history of microbi-
ology cannot be overstated. The Gram stain reaction was for
many years one of the critical pieces of information used by
bacterial taxonomists to construct taxa, and it is still useful in
identifying bacteria in clinical settings. The initial studies
done to differentiate bacteria that stained Gram positive from
those that stain Gram negative were done using model organ-
isms such as Bacillus subtilis (Gram positive) and Escherichia
coli (Gram negative). At the time, it was thought that all other
bacteria would have similar cell wall structures. However,
the long-held models of Gram-positive and Gram-negative
cell walls do not hold true for all bacteria. Iain Sutcliffe has
proposed that microbiologists stop referring to bacteria as
either Gram positive or Gram negative. He suggests that in-
stead we should more precisely describe bacterial cell enve-
lope architectures by focusing on the observation that some
bacteria have envelopes with a single membrane—the plasma
membrane as seen in typical Gram-positive bacteria—while
others have envelopes with two membranes—the plasma
membrane and an outer membrane as seen in typical
Gram-negative bacteria. He proposed calling the former
monoderms and the latter diderms.

But why make this change? Sutcliffe begins by pointing
out that some bacteria staining Gram positive are actually
diderms and some staining Gram negative are actually mono-
derms. By referring to Gram-positive-staining diderms as
Gram-positive bacteria, it is too easy to mislead scientists and
many a budding microbiologist into thinking that the bacterium

has a typical Gram-positive envelope. He also argues that by
relating cell envelope architecture to the phylogenies of vari-
ous bacterial taxa, we may gain insight into the evolution of
these architectures. He notes that the phyla Firmicutes and
Actinobacteria are composed almost completely of mono-
derm bacteria, whereas almost all other bacterial phyla con-
sist of diderms.

There are interesting exceptions to the relationship of
phylogeny and cell envelope structure. For instance, members
of the genus Mycobacterium (e.g., M. tuberculosis) belong
to the predominantly monoderm phylum Actinobacteria.
Mycobacteria have cell walls that consist of peptidoglycan
and an outer membrane. The outer membrane is composed of
mycolic acids rather than the phospholipids and lipopolysac-
charides (LPSs) found in the typical Gram-negative cells’
outer membrane. P Order Corynebacteriales includes im-
portant human pathogens (section 23.1)

Members of the genus Deinococcus are another interest-
ing exception. These bacteria stain Gram positive but are di-
derms. Their cell envelopes consist of the plasma membrane,
what appears to be a typical Gram-negative cell wall, and an
S-layer. Their outer membrane is distinctive because it lacks
LPS. Deinococci are not unique in this respect, however. It is
now known that members of several taxa have outer mem-
branes that lack LPS.

Source: Sutcliffe, I. C. 2010. A phylum level perspective on bacterial cell envelope
architecture. Trends Microbiol. 18(10):464-70.

via a peptide interbridge. A direct cross-link is characterized by
connecting the carboxyl group of an amino acid in one stem pep-
tide to the amino group of an amino acid in another stem peptide.
For instance, many bacteria cross-link the strands by connecting
the carboxyl group of the p-alanine at position 4 of the stem pep-
tide directly to the amino group of diaminopimelic acid (position 3)
of the other peptidoglycan strand’s stem peptide (the position 5
p-alanine is removed as the cross-link is formed). Bacteria that
have indirect linkage use a peptide interbridge (also called an
interpeptide bridge), a short chain of amino acids that links the
stem peptide of one peptidoglycan strand to that of another
(figure 3.19). Cross-linking results in one dense, interconnected
network of peptidoglycan strands Wl Synthesis of peptidogly-
can occurs in the cytoplasm, at the plasma membrane, and in
the periplasmic space (section 12.4)

The peptidoglycan sacculus is strong but elastic. It is able to
stretch and contract in response to osmotic pressure. This is due
to the rigidity of the backbone coupled with the flexibility of the
cross-links. Peptidoglycan sacculi are also rather porous,
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allowing globular proteins having a molecular weight as large as
50,000 to pass through, depending on whether the sacculus is
relaxed or stretched; thus only extremely large proteins are una-
ble to pass through peptidoglycan.

Variants of peptidoglycan are found, particularly among
typical Gram-positive bacteria. For example, some substitute the
diamino acid lysine for meso-diaminopimelic acid (figure 3.20)
and cross-link chains via interpeptide bridges. These interpep-
tide bridges can vary considerably (figure 3.21). Peptidoglycan
can also vary in terms of the length of the peptidoglycan strands
and the amount of cross-linking. Bacteria that stain Gram posi-
tive tend to have much more cross-linking, whereas those that
stain Gram negative have considerably less.

Typical Gram-Positive Cell Walls Consist

Primarily of Peptidoglycan

Most cultured bacteria that stain Gram positive belong to the phyla
Firmicutes and Actinobacteria, and most of these bacteria have
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Figure 3.17 Peptidoglycan Subunit Composition. Shown is the | / |
peptidoglycan subunit of £. coli, many other typical Gram-negative 2l D'?Iu
bacteria, and many typical Gram-positive bacteria. This illustration shows L-Ala
the subunit before it has been inserted into the existing peptidoglycan —NAM—‘—
polymer. NAG is N-acetylglucosamine. NAM is N-acetylmuramic acid. The (a)
stem peptide is composed of alternating b- and L-amino acids; it terminates
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thick cell walls composed of peptidoglycan and large amounts of Peptide inter |
other polymers such as teichoic acids (figure 3.22). Teichoic acids L"?'a
are polymers of glycerol or ribitol joined by phosphate groups (b) —NAm—.—
(figure 3.23). Some teichoic acids are covalently linked to pepti-
doglycan and are referred to as wall teichoic acids. Others are Figure 3.19 Peptidoglycan Cross-Links Can Be Direct or Indirect via a
covalently connected to the plasma membrane; they are called Peptide Interbridge. (a) £. coli peptidoglycan with direct cross-linking,
lipoteichoic acids. Wall teichoic acids extend beyond the surface typical of many Gram-negative bacteria. (b) Staphylococcus aureus
of the peptidoglycan. They are negatively charged and help give peptidoglycan with an interbridge. S. aureus stains Gram positive. Gly is
the cell wall its negative charge. Teichoic acids are not present in glycine. D-GIUNH, is D-glutamic acid with an NH, group attached to the a
other bacteria. carbon (the carbon next to the carboxyl group).
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Figure 3.20 Diamino Acids Present in Peptidoglycan. (a) L-lysine,
(b) meso-diaminopimelic acid, (c) D-ornithine.

Teichoic acids have several important functions. They help cre-
ate and maintain the structure of the cell envelope by anchoring the
wall to the plasma membrane. They are important during cell divi-
sion, and they protect the cell from harmful substances in the envi-
ronment (e.g., antibiotics and host defense molecules). In addition,
they function in ion uptake and are involved in binding pathogenic
species to host tissues, thus initiating the infectious disease process.

The periplasmic space lies between the plasma membrane
and the cell wall and is so narrow that it is often not visible by
electron microscopy. The periplasm has relatively few proteins;
this is probably because the peptidoglycan sacculus is so porous
that many proteins translocated across the plasma membrane
pass through the sacculus. Some secreted proteins are enzymes
called exoenzymes. Exoenzymes often serve to degrade poly-
mers such as proteins and polysaccharides that would otherwise
be too large for transport across the plasma membrane; the deg-
radation products, the monomer building blocks, are then taken
up by the cell. Those proteins that remain in the periplasmic
space are usually attached to the plasma membrane.

Not all secreted proteins pass through the peptidoglycan
sacculus; some become bound to it instead. These proteins are
involved in interactions of the cell with its environment. Some are
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Figure 3.21 Examples of Peptidoglycan Cross-Links.

noncovalently bound to teichoic acids or other cell wall polymers,
while others are covalently attached to the peptidoglycan. Mem-
brane-bound enzymes called sortases catalyze the formation of
covalent bonds that join these proteins to the peptidoglycan.
P Protein maturation and secretion (section 13.8)

Typical Gram-Negative Cell Walls Include
Additional Layers Besides Peptidoglycan

As just noted, most cultured bacteria that stain Gram positive
belong to the phyla Firmicutes and Actinobacteria. With a few
exceptions, bacteria belonging to the remaining phyla stain Gram
negative (Microbial Diversity & Ecology 3.1). Even a brief in-
spection of figure 3.16 shows that typical Gram-negative cell
walls are more complex than typical Gram-positive walls. One of
the most striking differences is the paucity of peptidoglycan. The
peptidoglycan layer is very thin (2 to 7 nm, depending on the
bacterium) and sits within the periplasmic space.

The periplasmic space is much larger than that of a typical
Gram-positive cell, ranging from about 30 to 70 nm wide
(figure 3.24). Some studies indicate that it may constitute about
20 to 40% of the total cell volume. The periplasmic space is home
to a variety of proteins. Some periplasmic proteins participate in
nutrient acquisition—for example, hydrolytic enzymes and trans-
port proteins. Some periplasmic proteins are involved in energy
conservation. For instance, some bacteria have electron transport
proteins in their periplasm (e.g., denitrifying bacteria, which con-
vert nitrate to nitrogen gas). Other periplasmic proteins are in-
volved in peptidoglycan synthesis and modification of toxic
compounds that could harm the cell. Wl Anaerobic respiration
uses the same three steps as aerobic respiration (section 11.7);
Nitrogen cycle (section 28.1)

The outer membrane lies outside the thin peptidoglycan
layer. It is linked to the cell by Braun’s lipoprotein, the most
abundant protein in the outer membrane (figure 3.24). This small
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Most variation in peptidoglycan structure occurs in the composition of the stem peptide and the

method by which peptidoglycan strands are cross-linked. (a) Examples of interpeptide bridges that link D-alanine in position 4 with L-lysine in position 3. The
bracket contains six typical bridges: (1) Staphylococcus aureus, (2) S. epidermidis, (3) Micrococcus roseus and Streptococcus thermophilus, (4) Lactobacillus viridescens,
(5) Streptococcus salivarius, and (6) Leuconostoc cremoris. The arrows indicate the polarity of peptide bonds running in the C to N direction. (b) An interpeptide
bridge observed in Corynebacterium poinsettiae. The bridge extends between positions 2 and 4 and consists of the D-diamino acid ornithine (figure 3.20c¢). Note
that L-homoserine (L-Hsr) is in position 3 rather than meso-diaminopimelic acid or L-lysine.
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Figure 3.22 Typical Gram-Positive Cell Wall.  This component of the cell envelope lies
just outside the plasma membrane.
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Figure 3.23 Teichoic Acid Structure.
The segment of a teichoic acid made of
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Figure 3.24 Typical Gram-Negative Cell Wall. Notice that these bacteria are bounded by two membranes, the plasma membrane and the outer

membrane of the cell wall.

MICRO INQUIRY How does the outer membrane of the cell wall differ from the plasma membrane?
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(a) (b)

Figure 3.25 Lipopolysaccharide Structure. (a) A simplified diagram of LPS. Abbreviations: GIcN, glucosamine; Hep, heptulose; KDO, 2-keto-3-deoxyoctonate;
P, phosphate. Lipid A is buried in the outer membrane. (b) Molecular model of a lipopolysaccharide. The lipid A and core polysaccharide are straight; the O side

chain is bent at an angle in this model.

lipoprotein is covalently joined to both the outer membrane and
the peptide chain of peptidoglycan.

In contrast to the symmetry of the plasma membrane, the
most distinctive structural feature of the outer membrane is the
difference between the inner leaflet (facing the periplasm) and
the outer leaflet (facing the environment). This external layer of
the Gram-negative cell is comprised of lipopolysaccharides
(LPSs). These large, complex molecules contain both lipid and
carbohydrate, and consist of three parts: (1) lipid A, (2) the core
polysaccharide, and (3) the O side chain. The LPS from
Salmonella spp. has been studied most, and its general structure
is described here (figure 3.25). Lipid A contains two glucosa-
mine sugar derivatives, each with fatty acids and phosphate at-
tached. The fatty acids of lipid A are embedded in the outer
membrane, while the remainder of the LPS molecule projects
from the surface. The core polysaccharide is joined to lipid A
and is constructed of 10 sugars, many of them unusual in struc-
ture. The O side chain or O antigen is a polysaccharide chain
extending outward from the core. It has several peculiar sugars
and varies in composition between bacterial strains.

LPS has many important functions. (1) It contributes to the
negative charge on the bacterial surface because the core polysac-
charide usually contains charged sugars and phosphate (figure 3.25).
(2) It helps stabilize outer membrane structure because lipid A is a
major constituent of the exterior leaflet of the outer membrane. (3) It
helps create a permeability barrier. The geometry of LPS
(figure 3.25b) and interactions between neighboring LPS molecules
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are thought to restrict the entry of bile salts, antibiotics, detergents,
and other toxic substances that might kill or injure the bacte-
rium. (4) LPS helps protect pathogenic bacteria from host defenses.
The O side chain of LPS is also called the O antigen because it elicits
an immune response by an infected host. This response involves the
production of antibodies that bind the strain-specific form of LPS
that elicited the response. For example, microbiologists refer to spe-
cific strains of Gram-negative bacteria using the O antigen, such as
E. coli O157; here the O side chain is the antigenic type, number 157.
Unfortunately, many bacteria can rapidly change the antigenic na-
ture of their O side chains, thus thwarting host defenses. (5) Impor-
tantly, the lipid A portion of LPS can act as a toxin and is called
endotoxin. If LPS or lipid A enters the bloodstream, a form of
septic shock develops for which there is no direct treatment.
P| Endotoxins (section 35.4); Antibodies bind specific 3-D antigens
(section 33.7)

As the outermost layer of the cell envelope, the LPS presents
an effective barrier for the cell. Within the LPS, the negatively
charged phosphate groups on the core polysaccharide interact
with calcium ions to stabilize and tightly pack the LPS mole-
cules. This results in an impermeable barrier that excludes small
molecules, including many antibiotics and toxins. Transport
across the outer membrane must therefore be regulated by inte-
gral membrane proteins, including one class of proteins termed
porins. Most porin proteins cluster together to form a trimer
in the outer membrane (figure 3.24 and figure 3.26). Each
porin protein spans the outer membrane and is more or less
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(a) Porin trimer

(b) OmpF side view

Figure 3.26 Porin Proteins.  Two views of the OmpF porin of £. coli.
(a) Structure of a trimeric porin observed when looking down at the outer
surface of the outer membrane (i.e., top view). The center of each porin
monomer is a water-filled channel. Each OmpF monomer can be divided
into three parts: the green barrel forms the channel, the blue segment
interacts with other porin proteins to help form the trimer, and the orange
loop narrows the channel and dictates the chemical selectivity of the
porin. The arrow indicates the area of a porin molecule viewed from the
side in panel (b). Side view of a porin monomer showing the B-barrel
structure characteristic of porin proteins.

MICRO INQUIRY Are these transporter proteins categorized as
channels or carriers?

tube-shaped; its narrow, water-filled channel allows passage of
nutrients and hydrophilic molecules smaller than about 600 dal-
tons. Larger molecules such as vitamin B, carbohydrates, and
iron complexes are too large for porins and cross the outer mem-
brane through the action of specific outer membrane receptors
(figure 3.24). The receptor-solute complex in the outer membrane
interacts with the TonB complex of proteins spanning the peri-
plasm. TonB transfers the energy for the ligand transport from
the plasma membrane across the periplasm to the receptor. Upon
entering the periplasm, a periplasmic transport protein shuttles
the ligand to an ABC-transporter in the plasma membrane for
transfer to the cytoplasm.

Mechanism of Gram Staining

The difference between typical Gram-positive bacteria and typi-
cal Gram-negative bacteria is due to the physical nature of their
cell walls. If the cell wall is removed, typical Gram-positive
bacteria stain Gram negative. Furthermore, bacteria that never
make cell walls, such as mycoplasmas, also stain Gram negative.
|4 Differential staining (section 2.3)

During the Gram-staining procedure, bacteria are first
stained with crystal violet, a dye with a positive charge that is
attracted to the bacterial cell’s net negative charge. They are next
treated with iodine, a mordant that interacts with the crystal vio-
let, forming an insoluble complex and thus promoting dye reten-
tion. When bacteria are then treated with ethanol in the
decolorization step, the pores of the thick peptidoglycan found in
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the cell walls of typical Gram-positive bacteria appear to shrink,
causing the peptidoglycan to act as a permeability barrier that
prevents loss of crystal violet. Thus the dye-iodine complex is
retained during the decolorization step and the bacteria remain
purple, even after the addition of a second dye. In contrast, the
peptidoglycan in typical Gram-negative cell walls is very thin,
not as highly cross-linked, and has larger pores. Alcohol treat-
ment also may extract enough lipid from the outer membrane to
increase the cell wall’s porosity further. For these reasons, alco-
hol more readily removes the crystal violet—iodine complex, de-
colorizing the cells. The counterstain safranin, also a dye with a
net negative charge, easily stains the decolorized cells so that
they appear red or pink.

Cell Walls and Osmotic Protection

Microbes have several mechanisms for responding to changes in
osmotic pressure. Osmotic stress arises when the concentration of
solutes inside the cell differs from that outside, and the responses
work to equalize the solute concentrations. However, in certain
situations, osmotic pressure can exceed the cell’s ability to accli-
mate. In these cases, additional protection is provided by the cell
wall. When cells are in hypotonic solutions—in which the solute
concentration is less than that in the cytoplasm—water diffuses
into the cell to dilute the solutes, causing it to swell. Without the
peptidoglycan layer of the cell wall, the pressure on the plasma
membrane would become so great that the membrane would be
disrupted and the cell would burst—a process called lysis.
Conversely, in hypertonic solutions, water flows out and the cyto-
plasm shrivels up—a process called plasmolysis.

The protective nature of peptidoglycan is most clearly dem-
onstrated when bacterial cells are treated with lysozyme or peni-
cillin. The enzyme lysozyme attacks peptidoglycan by
hydrolyzing the bond that connects N-acetylmuramic acid with
N-acetylglucosamine (figure 3.17; see also figure 32.4). Penicil-
lin works by a different mechanism. It inhibits the enzyme trans-
peptidase, which is responsible for making the cross-links
between peptidoglycan chains. If bacteria are treated with either
of these substances while in a hypotonic solution, they lyse.
However, if they are in an isotonic solution, they can survive and
grow normally. Treatment of typical Gram-positive bacteria with
lysozyme or penicillin results in the complete loss of the cell
wall, and the cell becomes a protoplast. When typical Gram-
negative bacteria are exposed to lysozyme or penicillin, the pep-
tidoglycan sacculus is destroyed, but the outer membrane
remains. These cells are called spheroplasts. Both protoplasts
and spheroplasts are osmotically sensitive. If they are transferred
to a hypotonic solution, they lyse due to uncontrolled water in-
flux (figure 3.27). Wl Antibacterial drugs (section 9.4)

Bacteria That Lack Cell Walls

Most bacteria are defined by their cell wall—they are either Gram
positive or Gram negative. A few bacteria, most notably a group
called the mycoplasmas, are defined by their lack of a cell wall.
Without a cell wall, they are pleomorphic and osmotically sensitive

22/10/18 7:12pm



58 cHaPTER 3 | Bacterial Cell Structure

Penicillin inhibition
of wall synthesis.
Incubation in isotonic

D =
—
>

Protoplast

Transfer to
hypotonic
medium
—>

Swelling due
to H,O influx Lysis

—>

Figure 3.27 Protoplast Formation and Lysis. Protoplast formation induced by incubation with penicillin in an isotonic medium. Transfer to a hypotonic

medium will result in lysis.

(see figure 21.3). Despite this, they often grow in dilute media or
terrestrial environments because their plasma membranes are more
resistant to osmotic pressure than those of walled bacteria. The
precise reason for this is not clear, although the presence of sterols
in the membranes of many species may provide added strength.

Comprehension Check

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

2. Draw a Venn diagram to classify the major molecules that make up
typical Gram-positive and Gram-negative cell walls and those
common to both types of cell wall. How do these molecules
contribute to the functions of the cell wall?

3. When protoplasts and spheroplasts are made, the shape of the cell
becomes spherical regardless of the original cell shape. Why does
this occur?

4. The cell walls of most members of the phyla Firmicutes and
Actinobacteria lack porins. Why is this the case?

5. What two mechanisms allow the passage of nutrients across the
outer membrane of typical Gram-negative bacteria?

3.5 The Cell Envelope Often Includes
Layers Outside the Cell Wall

After reading this section, you should be able to:

a. List the structures found in all the layers of bacterial cell envelopes

b. Identify the functions and major component molecules in cell
envelope structures

Figures 3.22 and 3.24 show the bacterial envelope as consisting
solely of the plasma membrane and cell wall. However, many
bacteria have another layer in their cell envelopes that lies out-
side the cell wall. This layer is given different names depending
on its makeup and how it is organized.

Capsules and Slime Layers

Capsules are layers that are well organized and not easily washed
off (figure 3.28). They are most often composed of polysaccha-
rides, but some are constructed of other materials. For example,
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K. pneumoniae

Figure 3.28 Bacterial Capsules. Capsule stain (a negative stain) of

Klebsiella pneumoniae, bright-field light microscopy. (X1,000)
©McGraw-Hill Education/Lisa Burgess photographer

Bacillus anthracis (the anthrax bacterium) has a proteinaceous
capsule composed of poly-p-glutamic acid. Capsules are clearly
visible in the light microscope when negative stains or specific
capsule stains are employed; they also can be studied with the
electron microscope.

Capsules are not required for growth and reproduction in
laboratory cultures. However, they confer several advantages when
bacteria grow in their normal habitats. They help pathogenic
bacteria resist phagocytosis by host phagocytes. Streptococcus
pneumoniae, which causes ear infections, pneumonia, and other
diseases, provides a dramatic example. When it lacks a capsule,
it is phagocytosed easily and does not cause disease. On the other
hand, the capsulated variant commonly causes disease. Capsules
can also protect against desiccation because they contain a great
deal of water. They exclude viruses and most hydrophobic toxic
materials such as detergents.

A slime layer is a zone of diffuse, unorganized material that
is removed easily. It is usually composed of polysaccharides but
is not as easily observed by light microscopy. Gliding bacteria
often produce slime, which in some cases has been shown to fa-
cilitate motility (section 3.8).
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A bacterial glycocalyx is a layer consisting of a network
of polysaccharides extending from the surface of the cell. The
term can encompass both capsules and slime layers because
they usually are composed of polysaccharides. The glycoca-
lyx aids in attachment to solid surfaces, including tissue sur-
faces in plant and animal hosts. Wl Pathogenicity islands
encode virulence factors (section 35.4)

S-Layers

Many bacteria have an ordered covering called an S-layer on
their surface. The S-layer has a pattern something like floor tiles
and is composed of protein or glycoprotein (figure 3.29). In typi-
cal Gram-negative bacteria, the S-layer adheres noncovalently to
the outer membrane; it is associated with the peptidoglycan sur-
face of typical Gram-positive cell walls.

S-layers are of considerable interest not only for their bio-
logical roles but also in the growing field of nanotechnology.
Their biological roles include protecting the cell against ion and
pH fluctuations, osmotic stress, enzymes, or predatory bacteria.
The S-layer also helps maintain the shape and envelope rigidity
of some cells, and it can promote cell adhesion to surfaces. Fi-
nally, the S-layer seems to protect some bacterial pathogens
against host defenses, thus contributing to their virulence. The
potential use of S-layers in nanotechnology is due to the ability
of S-layer proteins to self-assemble; that is, S-layer proteins con-
tain the information required to spontaneously associate and
form the S-layer without the aid of any additional enzymes or
other factors. Thus S-layer proteins could be used as building
blocks for the creation of technologies such as drug-delivery
systems and novel detection systems for toxic chemicals or bio-
terrorism agents.

Figure 3.29 The S-Layer. An electron micrograph of the S-layer of the

bacterium Deinococcus radiodurans after shadowing.
©Dr. Robert G.E. Murray/University of Western Ontario
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Comprehension Check

1. What is the difference between a capsule and a slime layer? Why
does the term glycocalyx usually encompass both?

2. S-layers and some capsules are composed of proteins. How does an
S-layer differ from a proteinaceous capsule?

3.6 The Bacterial Cytoplasm Is More
Complex than Once Thought

After reading this section, you should be able to:

a. Describe the function of three types of bacterial cytoskeletal
proteins and compare their structure with those of eukaryotes

b. Compare and contrast storage inclusions and microcompartments,
citing specific examples

c. List the composition of bacterial ribosomes and their spatial
organization within the cell

d. Differentiate the structure and function of bacterial chromosomes
and plasmids

The plasma membrane and everything within is called the
protoplast. The cytoplasm is the material bounded by the plasma
membrane; thus the cytoplasm is a major part of the protoplast.
The cytoplasm is further divided into the liquid component, called
the cytosol; those structures such as inclusions, ribosomes, and
plasmids that float in the cytosol; and the many molecules dis-
solved in the cytosol. The high concentration of these macromol-
ecules and their precursors and metabolites creates a phenomenon
known as macromolecular crowding. Abundant solutes result in
less available space around each molecule, a familiar experience to
anyone who travels around a city at rush hour. The bacterial cyto-
plasm is estimated to be about 10 times more viscous than water,
and physical and chemical processes like diffusion are affected.
For many years, bacterial cells were thought of as bags of bio-
chemicals, but the exciting discovery of cytoskeletal proteins in bac-
terial cells has forever changed that view. Although the bacterial
cytoskeleton is less complex than that of eukaryotes, it clearly helps
organize the cytoplasm. In this section, we consider the bacterial
cytoskeleton and then a variety of other structures in the cytoplasm.

Bacterial Cytoskeleton

Eukaryotes possess three major cytoskeletal elements: actin fila-
ments, microtubules, and intermediate filaments. Actin filaments
are made from actin, and microtubules are made from tubulin.
Intermediate filaments are composed of a mixture of one or more
members of different classes of proteins. Homologues of all three
types of eukaryotic proteins have been identified in bacteria
(table 3.2). Bacterial cytoskeletal proteins are structurally similar
to their eukaryotic counterparts and carry out similar functions:
They participate in cell division, localize proteins to certain sites
in the cell, and determine cell shape. In addition, some bacterial
cytoskeletal proteins appear to be unique. Thus it is likely that the
evolution of the cytoskeleton was an early event in the history of
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Table 3.2 Some Bacterial Cytoskeletal Proteins

Type Function
‘ Tubulin Homologues
FtsZ Cell division
‘ TubZ Bacteriophage replication

Actin Homologues

‘ FtsA Cell division
MamK Positioning magnetosomes
MreB/Mbl Helps determine cell shape; may be involved
in chromosome segregation, localizing
proteins, motility, and establishing cell polarity
ParM Plasmid segregation

‘ Intermediate Filament Homologues
CreS (crescentin) Induces curvature in curved rods

‘ Unique Bacterial Cytoskeletal Proteins

MinD Prevents polymerization of FtsZ at cell poles

ParA Segregates chromosomes and plasmids, helps
localize chemotaxis proteins and type IV pili to
one pole of certain rod-shaped bacteria

Bactofilin Scaffold for protein and chromosome

positioning

life on Earth. Wl The eukaryotic cytoplasm contains a cytoskel-
eton and organelles (section 5.3); Bacterial cell cycles can be
divided into three phases (section 7.2)

The cytoskeletons of Escherichia coli, Bacillus subtilis, and
Caulobacter crescentus are the most important bacterial model
systems and are the focus of our discussion. E. coli is a Gram-
negative rod that has been extensively studied and can be easily
manipulated. B. subtilis is a Gram-positive rod found in soil. It is
an endospore-forming bacterium, making it a good model for cel-
lular differentiation (section 3.9). Both were models for cell wall
structure as described in section 3.4. C. crescentus is a curved rod
found in aquatic habitats. It is interesting in part because it exhibits
a complex life cycle that includes two different stages: a motile
swarmer cell and a sessile, stalked cell that attaches to surfaces by
a holdfast (see figure 22.8). Pl Caulobacteraceae and Hyphomi-
crobiaceae reproduce in unusual ways (section 22.1)

The best studied bacterial cytoskeletal proteins are FtsZ,
MreB, and CreS (also known as crescentin). FtsZ was one of
the first bacterial cytoskeletal proteins identified and has since
been found in most bacteria as well as mitochondria and chlo-
roplasts. FtsZ is a homologue of the eukaryotic protein tubulin.
It forms a ring at the center of a dividing cell and is required for
the formation of the septum that will separate the daughter cells
(figure 3.30a). MreB and its relative Mbl are actin homologues.
Their major function is to determine cell shape in rod-shaped
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Comments

Widely observed in bacteria and archaea

Observed in multiple bacteriophages |

Attaches the FtsZ ring to the cell envelope
Observed only in magnetotactic species

Observed in most rod-shaped bacteria :

Plasmid encoded
Caulobacter crescentus

Observed in many rod-shaped bacteria

Observed in many species, including Vibrio cholerae, C. crescentus,
and Thermus thermophilus

Widely observed in bacteria

cells so it is not found in cocci. MreB and Mbl determine cell
shape by properly positioning the machinery needed for pepti-
doglycan synthesis (figure 3.30b,c). CreS (crescentin) was dis-
covered in C. crescentus and is responsible for its curved shape.
CreS is a homologue of lamin and keratin, two intermediate
filament proteins. W Cellular growth and determination of
cell shape (section 7.2)

The movement of newly replicated DNA to daughter cells
occurs in eukaryotes by DNA attachment to the mitotic spindle.
Although it is not a general phenomenon in bacteria, there are a
few examples of cytoskeletal filaments contributing to chromo-
some segregation (see figure 7.4). Certain plasmids, in particu-
lar, rely on partition (Par) proteins to ensure equal distribution
in daughter cells following cell division. »| Chromosome
replication and partitioning (section 7.2)

Intracytoplasmic Membranes

Although members of Bacteria do not contain complex membra-
nous organelles like mitochondria or chloroplasts, internal membra-
nous structures are observed in some bacteria (figure 3.31). These
can be extensive and complex in photosynthetic bacteria and in bac-
teria with very high respiratory activity, such as nitrifying bacteria.
The internal membranes of the photosynthetic cyanobacteria are
called thylakoids and are analogous to the thylakoids of chloroplasts.
Pl Photosynthetic bacteria are diverse (section 21.4); Nitrifiying
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(a) Ftsz

(b) Mbl (c) Mbl

Figure 3.30 The Bacterial Cytoskeleton. (a) FtsZ protein in a chain of
Bacillus subtilis cells; FtsZ-green fluorescent (GFP) fusion protein viewed by
fluorescence microscopy. (b) The MreB-like cytoskeletal protein (Mbl) of B. subtilis;
Mbl-GFP in live cells was examined by fluorescence microscopy. With this method,
Mbl seems to form helices (arrows). More sensitive methods show that Mbl forms
patches that move perpendicular to the long axis of the cell. (c) Three of the

cells from (b) are shown at a higher magnification.
(a) ©Dr. Joseph Pogliano; (b) ©Jeff Errington/Centre for Bacterial Cell Biology/Newcastle University; (c) ©Jeff
Errington/Centre for Bacterial Cell Biology/Newcastle University

bacteria oxidize ammonium or nitrite to gain energy and electrons
(section 22.1); Mitochondria, related organelles, and chloroplasts
are involved in energy conservation (section 5.6)

The internal membranous structures observed in bacteria
may be aggregates of spherical vesicles, flattened vesicles, or
tubular membranes (see figure 22.3). They are often connected
to the plasma membrane and arise from it by invagination. How-
ever, these internal membranes differ from the plasma membrane
by being enriched for proteins and other molecules involved in
energy conservation. For instance, the thylakoids of cyanobac-
teria contain the chlorophyll and photosynthetic reaction cent-
ers responsible for converting light energy into ATP. Thus the
function of internal membranes may be to provide a larger
membrane surface for greater metabolic activity.

Inclusions

Inclusions are common in all cells. They are formed by the aggrega-
tion of substances that may be either organic or inorganic. Inclusions
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Figure 3.31 Internal Bacterial Membranes. The nitrifying bacterium
Nitrosococcus oceani has parallel membranes traversing the whole cell. Note

the nucleoid (n) with fibrillar structure.
©Dr. Robert G.E. Murray/University of Western Ontario

can take the form of granules, crystals, or globules; some are amor-
phous. Some inclusions lie free in the cytoplasm. Other inclusions are
enclosed by a shell that is single-layered and may consist of proteins
or of both proteins and phospholipids. Some inclusions are sur-
rounded by invaginations of the plasma membrane. Many inclusions
are used for storage (e.g., of carbon compounds, inorganic substances,
and energy) or to reduce osmotic pressure by tying up molecules in
particulate form. The quantity of inclusions used for storage varies
with the nutritional status of the cell. Some inclusions are so distinc-
tive that they are increasingly being referred to as microcompart-
ments. A brief description of several important inclusions follows.

Storage Inclusions

Many storage inclusions form when one nutrient is in ready supply
but another nutrient is not. Others store end products of metabolic
processes. In some cases, these end products are used by the mi-
crobe when it is in different environmental conditions. The most
common storage inclusions are glycogen inclusions, polyhydroxy-
alkonate granules, sulfur globules, and polyphosphate granules.
Some storage inclusions are observed only in certain organisms,
such as the cyanophycin granules in cyanobacteria. W Phylum
Cyanobacteria: oxygenic photosynthetic bacteria (section 21.4)
Carbon is often stored as polyhydroxyalkonate (PHA)
granules, also termed carbonosomes. Several types of PHA gran-
ules have been identified, but the most common contain poly-f-
hydroxybutyrate (PHB) (figure 3.32). The structure of PHB
inclusions has been well studied, and PHB granules are surrounded
by a single-layered shell composed of proteins. Much of the interest
in PHB and other PHA granules is due to their industrial use in
making biodegradeable plastics. W Biopolymers (section 42.1)
Polyphosphate granules and sulfur globules are inorganic
inclusions observed in many organisms. Polyphosphate
granules store the phosphate needed for synthesis of important
cell constituents such as nucleic acids. In some cells, they act as
an energy reserve, and polyphosphate also can serve as an energy
source in some reactions, when the bond linking the final phos-
phate in the polyphosphate chain is hydrolyzed. Sulfur globules
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Figure 3.32 PHB Inclusions in Bacteria. PHB is a polymer of
B-hydroxybutyrate molecules joined by ester bonds between the carboxyl
and hydroxyl groups of adjacent molecules. PHB inclusions are around 0.2 to
0.7 um in diameter. PHB (red lines) is enclosed by a shell composed of
several different proteins, including the PHB-synthesizing enzyme (red) and
the PHB-degrading enzyme (green).

ggw‘?

YT

(a) Sulfur globules (b) Carboxysomes

(c) Gas vacuoles

(d) Magnetosomes

Figure 3.33 Bacterial Cell Inclusions.  (a) Chromatium vinosum, a purple
sulfur bacterium, with intracellular sulfur globules. (b) Carboxysomes in the
bacterium Halothiobacillus neapolitanus. Each carboxysome is approximately
100 nm in diameter. (c) A freeze-fracture preparation of Anabaena flosaquae
showing gas vesicles and gas vacuoles. Both longitudinal and cross-section
views of gas vesicles are indicated by arrows. (d) Magnetococcus marinum cells

are roughly spherical with a single chain of magnetite crystals.

(a) ©Bryant, N. Pfenning and J.G. Holt (Eds), Bergey’s Manual of Systematic Bacteriology, Vol. 3. © 1989
Williams and Wilkins Co., Baltimore; (b) ©Dr. Jessup Shively; (c) ©Daniel Branton/Harvard University;

(d) ©Dennis Bazylinski
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are formed by bacteria that use reduced sulfur-containing com-
pounds as a source of electrons during their energy-conserving
metabolic processes (figure 3.33a). For example, some photo-
synthetic bacteria use hydrogen sulfide (rather than water) as an
electron donor and accumulate the resulting sulfur either exter-
nally or internally. Wl Light reactions in anoxygenic
photosynthesis (section 11.12); Purple sulfur bacteria perform
anoxygenic photosynthesis (section 22.3)

Microcompartments

Some bacterial inclusions serve functions other than simply
storing substances for later use. These inclusions, called mi-
crocompartments, share several characteristics. They are rela-
tively large polyhedrons formed by one or more different
proteins. Enclosed within the protein shell are one or more en-
zymes. Microcompartments include the ethanolamine utilization
(Eut) microcompartment, the propandiol utilization (Pdu) micro-
compartment, and carboxysomes. We focus here on carbox-
ysomes as they are the best studied.

Carboxysomes are present in many cyanobacteria and other
CO-fixing bacteria (figure 3.33b). Their polyhedral coat is com-
posed of three different proteins and is about 100 nm in diameter.
Associated with the shell is the enzyme carbonic anhydrase that
converts carbonic acid and bicarbonate into CO,. Recall that bio-
logical membranes allow the free diffusion of CO,. However, the
carboxysome shell prevents CO, from escaping so it can accumu-
late. Enclosed within the polyhedron is the enzyme ribulose- 1, 5-bi-
sphosphate carboxylase/oxygenase (RubisCO). RubisCO is the
critical enzyme for CO, fixation, the process of converting CO, into
sugar. Thus the carboxysome serves as a site for CO, fixation. As
such, it is critical that carboxysomes be distributed to both daughter
cells during cell division. ParA, a cytoskeletal protein (table 3.2),
helps ensure appropriate segregation of carboxysomes. P CO,
Jfixation: reduction and assimilation of CO, carbon (section 12.3)

Other Inclusions

Inclusions can be used for functions other than storage or as micro-
compartments. Two of the most remarkable inclusions are gas vacu-
oles and magnetosomes. Both are involved in bacterial movement.

The gas vacuole provides buoyancy to some aquatic bacte-
ria, many of which are photosynthetic. Gas vacuoles are aggre-
gates of enormous numbers of small, hollow, cylindrical
structures called gas vesicles (figure 3.33¢). Gas vesicle walls are
composed of many copies of a single small protein. These protein
subunits assemble to form a rigid cylinder that is impermeable to
water but freely permeable to atmospheric gases. Cells with gas
vacuoles can regulate their buoyancy to float at the depth neces-
sary for proper light intensity, oxygen concentration, and nutrient
levels. They descend by simply collapsing vesicles and float up-
ward when new ones are constructed.

Aquatic magnetotactic bacteria use magnetosomes to orient
themselves in Earth’s magnetic field. Northern Hemisphere bac-
teria use their magnetosome chain to determine northward and
downward directions, and swim down to nutrient-rich sediments
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or locate the optimum depth in freshwater and marine habitats.
Magnetotactic bacteria in the Southern Hemisphere generally
orient southward and downward, with the same result. Magneto-
somes are intracellular chains of magnetite (Fe,O,) or greigite
(Fe,S,) particles (figure 3.33d). They are around 35 to 125 nm in
diameter and enclosed within invaginations of the plasma mem-
brane. The invaginations contain distinctive proteins that are not
found elsewhere in the plasma membrane. For the cell to move
properly within a magnetic field, magnetosomes must be ar-
ranged in a chain. A cytoskeletal protein called MamK is respon-
sible for establishing a framework upon which the chain can
form (table 3.2; see figure 22.14).

Bacterial Ribosomes

Ribosomes are the site of protein synthesis, and large numbers
(10,000 to 20,000) are found in nearly all cells. The cytoplasm of
rapidly growing bacterial cells is often packed with ribosomes,
and additional ribosomes may be loosely attached to the plasma
membrane. The cytoplasmic ribosomes synthesize proteins des-
tined to remain within the cell, whereas plasma membrane—
associated ribosomes make proteins that will reside in the cell
envelope or be transported to the outside.

Translation, the process of protein synthesis, is amazingly
complex and is discussed in detail in chapter 13. This complexity
is evidenced in part by the structure of ribosomes, which are
made of dozens of proteins and several ribonucleic acid (RNA)
molecules. The ribosomes of all three domains of life share simi-
larities. However, there are important differences. Here we focus
strictly on bacterial ribosomes. We compare bacterial and
archaeal ribosomes in chapter 4 and compare all three types of
ribosomes in chapter 5.
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(c) 70S ribosome

ribosome of £. coli. (d) Molecular structure of the 70S ribosome
of Thermus thermophilus. The 50S subunit (LSU) includes 23S
rRNA (gray) and 5S rRNA (lavender), while 16S rRNA (turquoise)
is found in the 30S subunit (SSU). A molecule of tRNA (gold) is
shown in the A site. To generate this structural model, crystals
of purified bacterial ribosomes were prepared and exposed to
Xrays, and the resulting diffraction pattern analyzed.

Bacterial ribosomes are called 70S ribosomes and are con-
structed of a 50S and a 30S subunit (figure 3.34). The S in these
values stands for Svedberg unit. This is the unit of the sedimen-
tation coefficient, a measure of sedimentation velocity in a cen-
trifuge; the faster a particle travels when centrifuged, the greater
its Svedberg value. The sedimentation coefficient is a function
of a particle’s molecular weight, volume, and shape. Heavier and
more compact particles normally have larger Svedberg
numbers.

Bacterial ribosomes are composed primarily of ribosomal
RNA (rRNA) molecules. The small subunit contains 16S
rRNA, whereas the large subunit consists of 23S and 5S rRNA
molecules. Approximately 55 proteins make up the rest of the
mass of the ribosome: 21 in the small subunit, and 34 in the
large subunit.

Nucleoid

The nucleoid is an ellipsoidal region that contains the cell’s
chromosome and numerous proteins (figure 3.35). Although the
nucleoid is not separated from the cytoplasm by a membrane, it
is a distinct region of the cell, as observed by microscopy. Ribo-
somes are excluded from the nucleoid. The chromosome itself
has an orientation, and particular regions occupy discrete loca-
tions within the nucleoid.

The chromosomes of most bacteria are a circle of double-
stranded deoxyribonucleic acid (DNA), but some bacteria have
a linear chromosome. Most bacteria have a single chromosome,
but some bacteria, such as Vibrio cholerae and Borrelia burg-
dorferi (causative agents of cholera and Lyme disease, respec-
tively), have more than one chromosome. Many bacteria carry a
single copy of their chromosome (monoploid), but others are
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Figure 3.35 E. coli Nucleoids and Chromosomes.  Bacterial chromosomes
are located in the nucleoid, an area in the cytoplasm. (a) A color-enhanced
transmission electron micrograph of a thin section of a dividing E. coli cell. The
red areas are the nucleoids present in the two daughter cells. (b) Chromosome
released from a gently lysed E. coli cell. Note how tightly packaged the DNA must

be to fit inside the cell.
(a) ©CNRI/SPL/Science Source; (b) ©Dr. Gopal Murti/SPL/Science Source

known to be polyploid, often with more than 10 copies per cell.
In Deinococcus radiodurans, this is believed to be necessary to
allow the repair of damaged DNA under adverse environmental
conditions, and the giant bacterium Epulopiscium fishelsoni
(figure 3.4) appears to require tens of thousands of chromosome
copies.

Bacterial chromosomes are longer than the length of the
cell. Therefore, an important and unanswered question is how
these microbes manage to fit their chromosomes into the rela-
tively small space occupied by the nucleoid. For instance,
E. coli’s circular chromosome measures approximately 1,400
pm, or about 230-700 times longer than the cell (figure 3.35b).
Thus the chromosome must be organized and packaged in a
manner that decreases its overall size yet retains easy
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accessibility to the genetic information. Physical factors like
macromolecular crowding and supercoiling contribute to nucle-
oid organization. Supercoiling produces a dense, central core of
DNA with loops of DNA extending out from the core. Besides
physical factors, architectural proteins also contribute to nucle-
oid structure. Nucleoid-associated proteins (NAPs) are small,
abundant DNA binding proteins that cause the chromosome to
bend and fold. For example, the HU protein, a NAP first identi-
fied in E. coli, is widely distributed in bacteria, and is abundant
enough to cover about 10% of the chromosome. NAPs have mul-
tiple functions: They form bridges between one section of the
chromosome and another and they participate in the many pro-
cesses that occur on the chromosome. Cells have several differ-
ent NAPs, but HU is the only one found in almost all bacteria.
NAPs are particularly important during cell division, when they
further compact the chromosomes. This extra level of packing is
important for proper segregation of daughter chromosomes dur-
ing cell division. ®| DNA is a polymer of deoxyribonucleo-
tides (section 13.2)

Plasmids

In addition to the genetic material present in the nucleoid, many
bacteria contain extrachromosomal DNA molecules called plas-
mids. The genome of an organism includes all DNA, including
plasmids. Indeed, most of the bacterial genomes sequenced thus
far include plasmids. In some cases, numerous different plas-
mids within a single species have been identified. For instance,
B. burgdorferi carries 12 linear and 9 circular plasmids. Plas-
mids play many important roles in the lives of the organisms
that have them. They also have proved invaluable to microbiolo-
gists and molecular geneticists in constructing and transferring
new genetic combinations and in cloning genes, as described in
chapter 17.

Plasmids are double-stranded DNA molecules that can exist
independently of the chromosome. Both circular and linear plas-
mids have been documented, but most known plasmids are circu-
lar. Plasmids have relatively few genes, generally less than 30.
Their genetic information is not essential to the bacterium, and
cells that lack them usually function normally. However, many
plasmids carry genes that confer a selective advantage to the bac-
terium in certain environments.

Plasmids use the cell’s DNA-synthesizing machinery to
replicate, but their replication is not linked to any particular
stage of the cell cycle. Thus regulation of plasmid and chro-
mosomal replication are independent. However, some plas-
mids are able to integrate into the chromosome. Such
plasmids are called episomes and when integrated are repli-
cated as part of the chromosome. Plasmids are inherited sta-
bly during cell division, but they are not always equally
apportioned into daughter cells and sometimes are lost. The
loss of a plasmid is called curing. It can occur spontaneously
or be induced by treatments that inhibit plasmid replication
but not host cell reproduction. Some commonly used curing
treatments are acridine mutagens, ultraviolet and ionizing
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Table 3.3 Major Types of Bacterial Plasmids

Type Function Example

Conjugative Transfer of DNA from one F factor

Plasmids? cell to another

R Plasmids Carry antibiotic-resistance RP4
genes

Col Plasmids Produce bacteriocins, ColE1
substances that destroy
closely related species

Virulence Plasmids Carry virulence genes Ti

=

1 Abbreviations used for antibiotics: Amp, ampicillin; Km, kanamycin; Nm, neomycin; Tet, tetracycline.

2 Many R plasmids and others are also conjugative.

radiation, thymine starvation, antibiotics, and growth above op-
timal temperatures.

Plasmids may be classified in terms of their mode of existence,
spread, and function. A brief summary of the types of bacterial
plasmids and their properties is given in table 3.3. These various
types of plasmids can also differ in terms of the number of copies
found within the cell. Single-copy plasmids produce only one
copy per host cell. Multicopy plasmids may be present at concen-
trations of 100 or more per cell.

Comprehension Check

1. Briefly describe the nature and function of the cytoplasm, and the
regions and structures within it. How is the cytosol different from the
cytoplasm?

2. List the most common kinds of inclusions. How are they similar to
eukaryotic organelles such as mitochondria and chloroplasts? How
do they differ?

3. How do plasmids differ from chromosomes? What is an episome?

4. Explain the importance of each of the following plasmids: conjugative
plasmid, R plasmid, Col plasmid, and virulence plasmid.

3.7 Many Bacteria Have External
Structures Used for Attachment
and Motility

After reading this section, you should be able to:
a. Distinguish pili (fimbriae) and flagella
b. lllustrate the various patterns of flagella distribution

Bacteria must constantly respond to their changing environments.
Sometimes it is advantageous to attach to a surface. Other times it
is better to move toward or away from something in the environ-
ment. Many bacteria have structures that extend beyond the cell
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Size (kbp) Hosts Phenotypic Features'

95-100 E. coli, Salmonella, Sex pilus, conjugation
Citrobacter

54 Pseudomonas and Sex pilus, conjugation,

many other Gram-
negative bacteria

resistance to Amp,
Km, Nm, Tet

9 E. coli Colicin E1 production
200 Agrobacterium Tumor induction
tumefaciens in plants

envelope and are involved in either attachment to surfaces or motil-
ity. In addition, these external structures can function in protection
and horizontal gene transfer. Several are discussed in this section.

Bacterial Pili and Fimbriae

Many bacteria have fine, hairlike appendages that are thinner
and typically shorter than flagella. These are called fimbriae
(s., fimbria) or pili (s., pilus). The terms are synonymous, al-
though certain structures are historically called pilus (e.g., sex
pilus), while others are called fimbriae. We will use the terms
interchangeably, except in those instances. A cell may be cov-
ered with up to 1,000 fimbriae, but they are only visible in an
electron microscope due to their small size (figure 3.36). They
are slender tubes composed of helically arranged protein sub-
units and are about 3 to 10 nm in diameter and up to several

Figure 3.36 Flagella and Fimbriae. The long flagella and numerous

shorter fimbriae are evident in this SEM of the bacterium Proteus vulgaris.
©Thomas Deerinck, NCMIR/Science Source
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micrometers long. Pili grow by adding protein subunits to their
base. Several different types have been identified and most func-
tion to attach cells to solid surfaces such as rocks in streams and
host tissues. Type IV pili are involved in motility (section 3.8)
and two gene transfer mechanisms: bacterial transformation and
bacterial conjugation. W Bacterial conjugation requires cell—
cell contact (section 16.6); Bacterial transformation is the up-
take of free DNA from the environment (section 16.7)

Many bacteria have up to 10 sex pili (s., sex pilus) per
cell. These hairlike structures differ from other pili in the fol-
lowing ways. Sex pili often are larger than other pili (around
9 to 10 nm in diameter). They are genetically determined by
conjugative plasmids and are required for conjugation. Some
bacterial viruses attach specifically to sex pili at the start of
their infection cycle.

Bacterial Flagella

Many motile bacteria move by means of flagella (s., flagellum),
threadlike locomotor appendages extending outward from the
plasma membrane and cell wall. Although the main function of
flagella is motility, they can have other roles. They can be in-
volved in attachment to surfaces, and in some bacteria, they are
virulence factors, that is, they contribute to the ability of the
bacterium to cause disease.

Bacterial flagella are slender, rigid structures about 20 nm across
and up to 20 pm long. Flagella are so thin they cannot be observed
directly with a light microscope but must be stained with techniques
designed to increase their thickness. The detailed structure of a fla-
gellum can only be seen in the electron microscope.

Bacterial species often differ in their patterns of flagella
distribution, and these patterns are useful in identifying bacteria.
Monotrichous bacteria (Greek trikhos, hair) have one flagel-
Ium; if it is located at an end, it is said to be a polar flagellum
(figure 3.37a). Amphitrichous bacteria (Greek amphi, on both
sides) have a single flagellum at each pole. In contrast, lopho-
trichous bacteria (Greek lopho, crest or tuft) have a cluster of
flagella at one or both ends (figure 3.37b). Flagella are spread

(a) P. mendocina—monotrichous

polar flagellation flagellation

(b) S. volutans—lophotrichous

evenly over the whole surface of peritrichous (Greek peri,
around) bacteria (figure 3.37¢).

Transmission electron microscope studies have shown that
the bacterial flagellum is composed of three parts (figure 3.38).
(1) The filament is the longest and most obvious portion. It
extends from the cell surface to the tip. (2) The basal body is
embedded in the cell envelope; and (3) a short, curved segment,
the hook, links the filament to its basal body and acts as a flexi-
ble coupling.

The filament is a hollow, rigid cylinder constructed of
subunits of the protein flagellin, which ranges in molecular
mass from 30,000 to 60,000 daltons, depending on the bac-
terial species. The filament ends with a capping protein.
Some bacteria have sheaths surrounding their flagella. For
example, Vibrio cholerae flagella have lipopolysaccharide
sheaths.

The hook and basal body are quite different from the fila-
ment (figure 3.38). Slightly wider than the filament, the hook is
made of different protein subunits. The basal body is the most
complex part of a flagellum. The basal bodies of E. coli and most
other typical Gram-negative bacteria have four rings: L, P, MS,
and C, which are connected to a central rod (figure 3.38a). The
L, P, and MS rings are embedded in the cell envelope, and the
C ring is on the cytoplasmic side of the MS ring. Typical Gram-
positive bacteria have only two rings: an inner ring connected to
the plasma membrane and an outer one probably attached to the
peptidoglycan (figure 3.38b).

The synthesis of bacterial flagella is complex and in-
volves at least 20 to 30 genes. Besides the gene for flagellin,
10 or more genes code for hook and basal body proteins; other
genes are concerned with control of flagellar construction or
function. Many components of the flagellum lie outside the
cell envelope and must be transported out of the cell for as-
sembly. Interestingly, the basal body is a specialized version
of the type III protein secretion system observed in typical
Gram-negative bacteria. Type III secretion systems have a
needlelike structure through which proteins are secreted. In
the flagellar type III secretion system, the filament replaces

(c) B. alvei—peritrichous
flagellation

Figure 3.37 Flagellar Distribution.  Examples of various patterns of flagellation as seen in the light microscope. (a) Flagella stain of Pseudomonas mendocina.
(b) Spirillum volutans (x1,000). Only the tuft of flagella at one end is clearly visible. (c) Bacillus alvei.

(a, ¢) Source: CDC/Dr. William A. Clark; (b) ©McGraw-Hill Education/James Redfearn, photographer,
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Figure 3.38 The Ultrastructure of Bacterial Flagella.

the needle. Individual flagellin subunits are transported
through the hollow filament. When the subunits reach the tip,
they spontaneously aggregate under the direction of a protein
called the filament cap; thus the filament grows at its tip rather
than at the base (figure 3.39). Filament synthesis, like S-layer
formation, is an example of self-assembly. Wl Protein matu-
ration and secretion (section 13.8)

LPS

Flagellin

Filament
cap protein

— Plasma
membrane

mRNA

Ribosome

Peptidoglycan

Periplasmic

Plasma
membrane

Outer membrane

(b)
Flagellar basal bodies and hooks in (a) typical Gram-negative and (b) typical Gram-positive bacteria.

Comprehension Check

1. What are the functions of fimbriae (pili) and sex pili?

2. What terms are used to describe the different flagella distribution
patterns observed among bacteria?

3. Whatis self-assembly? Why does it make sense that the filament of a
flagellum is assembled in this way?

Figure 3.39 Flagellar Filaments Grow at the Tip.

Flagellin subunits travel through the flagellar core and attach to

the growing tip. Their attachment is directed by the filament cap protein.

MICRO INQUIRY How does flagellum growth compare to pilus growth?
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3.8 Bacteria Move in Response to
Environmental Conditions

After reading this section, you should be able to:

a. Compare and contrast flagellar swimming motility, swarming,
spirochete flagellar motility, and twitching and gliding motility
b. State the source of energy that powers flagellar motility

c. Explain why bacterial chemotaxis is referred to as a “biased
random walk”

As we note in section 3.7, several structures extending beyond
bacterial cell envelopes contribute to motility. Five major meth-
ods of movement have been observed: swimming movement
conferred by flagella, flagella-mediated swarming, corkscrew
movement of spirochetes, twitching motility associated with
type IV pili, and gliding motility.

Motile bacteria do not move aimlessly. Rather, motility is
used to move toward nutrients such as sugars and amino acids
and away from many harmful substances and bacterial waste
products. Movement toward chemical attractants and away from
repellents is known as chemotaxis. Motile bacteria also can move
in response to environmental cues such as temperature (thermo-
taxis), light (phototaxis), oxygen (aerotaxis), osmotic pressure
(osmotaxis), and gravity.

Flagellar Movement

Swimming

The filament of a bacterial flagellum is in the shape of a rigid
helix, and the cell moves when this helix rotates like a propeller
on a boat. The flagellar motor can rotate very rapidly. The E. coli
motor rotates 270 revolutions per second (rps); Vibrio alginolyti-
cus averages 1,100 rps. For many bacteria in an aquatic environ-
ment, flagellar rotation results in two types of movement: a
smooth swimming movement often called a run, which actually
moves the cell from one spot to another, and a tumble, which
serves to reorient the cell. As we shall see in our discussion of
chemotaxis, alternating between runs and tumbles is important
for responding to environmental conditions. Often, the direction
of flagellar rotation determines whether a run or a tumble occurs.
For example, many bacteria with monotrichous, polar flagella
use a counterclockwise rotation for a run (figure 3.40). When
rotation is reversed, the cell tumbles. Many peritrichously flagel-
lated bacteria operate in a somewhat similar way. To move for-
ward in a run, the flagella rotate counterclockwise. As they do
so, the flagella bend at their hooks to form a rotating bundle that
propels the cell forward. Clockwise rotation of the flagella dis-
rupts the bundle and the cell tumbles.

Not all bacteria use runs and tumbles for swimming motil-
ity. For instance, Rhodobacter sphaeroides cells alternate be-
tween rotating their single flagellum in one direction (run) and
no rotation, a so-called run-stop motility. When the cells are
stopped, molecules in the environment bombard the cells and
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Figure 3.40 The Direction of Flagellar Rotation Often Determines the
Way a Bacterium Moves. Parts (a) and (b) describe the motion of bacteria
with monotrichous, polar flagella. Parts (c) and (d) illustrate the movements of
bacteria with peritrichous flagella.

cause them to make small changes in orientation. When they
resume a run, they move in a new direction. Another type of
swimming motility is seen with the monotrichous bacterium
Vibrio alginolyticus. It uses a run-reverse-flick pattern. It
swims forward (run) when the flagellum rotates in one direc-
tion. When rotation reverses, the cell moves backward (reverse).
Just as the rotation switches again for a run, the flagellum
flicks, causing the cell to change its orientation and move in a
new direction.

The motor that drives flagellar rotation is located at the
base of the flagellum. Torque generated by the motor is trans-
mitted to the hook and filament. The motor is composed of two
components: the rotor (the moving parts) and the stator (the sta-
tionary components). It is thought to function like an electrical
motor, where the rotor turns in the center of a ring of electromag-
nets, the stator. In typical Gram-negative bacteria, the rotor is
composed of the central rod and all four rings (figure 3.41). The
C ring protein, FliG, is particularly important because it interacts
with the stator. The stator is composed of the proteins MotA and
MotB, which form a channel through the plasma membrane.
MotB also anchors MotA to cell wall peptidoglycan.
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Figure 3.41 Mechanism of Flagellar Movement. (a) This diagram of a
flagellum shows some of the more important components and the flow of
protons that drives rotation. Some of the many flagellar proteins are labeled.
(b) A three-dimensional electron cryotomographic reconstruction of the

flagellar motor.
(b)©Gavin Murphy/Nature/Science Source

MICRO INQUIRY Would this flagellum be found in a typical
Gram-negative or Gram-positive bacterium?

As with all motors, the flagellar motor must have a power
source that allows it to generate torque and cause flagellar rota-
tion. The power used by most flagellar motors is a difference in
charge and pH across the plasma membrane. This difference is
called the proton motive force (PMF). PMF is largely created
by the metabolic activities of organisms, as described in chap-
ter 11. One important metabolic process is the transfer of
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electrons from an electron donor to a terminal electron
acceptor via a chain of electron carriers called the elec-
tron transport chain (ETC). In bacterial cells, most
components of the ETC are located in the plasma mem-
brane. As electrons are transported down the ETC, pro-
tons are transported from the cytoplasm to the outside
of the cell. Because there are more protons outside the
cell than inside, the outside has more positively charged
ions (the protons) and a lower pH. PMF is a type of
potential energy that can be used to do work: mechani-
cal work, as in the case of flagellar rotation; transport
work, the movement of materials into or out of the cell
(section 3.3); or chemical work such as the synthesis of
ATP, the cell’s major energy currency.
How can PMF be used to power the flagellar motor?
The channels created by the MotA and MotB proteins
allow protons to move across the plasma membrane from
the outside to the inside (figure 3.41). Thus the protons
move down the charge and pH gradient. This movement
releases energy that is used to rotate the flagellum. In
essence, the entry of a proton into the channel is like the
entry of a person into a revolving door. The “power” of
the proton generates torque, rather like a person pushing
the revolving door. Indeed, the speed of flagellar rotation
is proportional to the magnitude of the PMF.
The flagellum is a very effective swimming device. From the
bacterium’s point of view, swimming is quite a difficult task be-
cause the surrounding water seems as viscous as molasses. The cell
must bore through the water with its corkscrew-shaped flagella, and
if flagellar rotation ceases, it stops almost instantly. Despite such
environmental resistance to movement, bacteria can swim from 10
to 100 pm per second. This is equivalent to traveling from 2 to over
150 cell lengths per second. In contrast, an exceptionally fast hu-
man might be able to run around 5 to 6 body lengths per second.

Swarming

An increasing number of bacterial species has been found to
exhibit an interesting type of motility called swarming. This
motility occurs on moist surfaces and is a type of group behavior
in which cells move in unison across the surface. Most bacteria
that swarm have peritrichous flagella. Many also produce and
secrete molecules that help them move across the substrate.
When bacteria that swarm are cultured in the laboratory on
appropriate solid media, they produce characteristic colony mor-
phologies (figure 3.42).

Spirochete Motility

Spirochetes have flagella that work in a distinctive manner. In
many spirochetes, multiple flagella arise from each end of the
cell and wind around the cell (figure 3.43). The flagella do not
extend outside the cell wall but rather remain in the periplasmic
space and are covered by the outer membrane. They are called
periplasmic flagella and rotate like the external flagella of other
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Figure 3.42 Swarming Bacteria Often Produce Distinctive Patterns on
a Solid Growth Medium. These bacterial cells swarmed from the center

of the plate and produced a branching pattern called dendrites.
©Dr. Daniel Kearns

bacteria, causing the corkscrew-shaped outer membrane to rotate
and move the cell through the surrounding medium, even very
viscous liquids. Flagellar rotation may also flex or bend the cell
and account for the creeping or crawling movement observed
when spirochetes are in contact with a solid surface. P Phylum
Spirochaetes (section 21.6)

PF periplasmic flagella
PC protoplasmic cylinder
OM outer membrane

PF PC OM

(a)

Protoplasmic

cylinder Filament Hook

Basal body

Outer
membrane

100 pm

(b)

Figure 3.43 Spirochete Flagella. (a) Numerous flagella arise from each
end of the spirochete. These intertwine and wind around the cell, usually
overlapping in the middle. (b) Electron cryotomographic image of the spirochete

Treponema denticola showing three flagella arising from the tip of the cell.
©Jacques lzard/Harvard School of Dental Medicine
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Twitching and Gliding Motility

Twitching and gliding motility occur when cells are on a solid sur-
face. However, unlike swarming, neither involves flagella. Gliding
motility varies greatly in rate (from 2 to over 600 pm per minute) and
in the nature of the motion. Although first observed over 100 years
ago, the mechanism by which many bacteria glide remains a mys-
tery. We describe the gliding motility of Flavobacterium spp. and
Mycoplasma spp. in detail in chapter 21. W Phylum Bacteroidetes
includes important gut microbiota (section 21.7); Class Mollicutes,
Phylum Tenericutes: bacteria that lack cell walls (section 21.3)

Here we focus on Myxococcus xanthus because it exhibits
both twitching and gliding motility. Its twitching motility is
called social (S) motility because it occurs when large groups
of cells move together in a coordinated fashion. Twitching
motility is characterized by short, intermittent, jerky motions
of up to several micrometers in length and is normally seen on
very moist surfaces. Type IV pili alternately extend and retract
to move cells during twitching motility. The extended pilus
contacts the surface at a point some distance from the cell
body. When the pilus retracts, the cell is pulled forward. ATP
hydrolysis powers the extension/retraction process.

In contrast to the jerky movement of twitching motility,
gliding motility is smooth. The gliding motility exhibited by
Myxococcus xanthus is called adventurous (A) motility; it is
observed when single cells move independently. In M. xanthus,
proteins similar to MotA and MotB of the flagellar motor func-
tion as the motors for gliding motility and these are also pow-
ered by PMF. They are located in the plasma membrane (like
flagellar motors). Additional motility proteins are located in the
periplasm and the outer membrane where they move indepen-
dently. It is only when the full set of protein complexes aligns
across the entire cell envelope that they can exert the mechani-
cal force to propel the cell. Adhesin proteins on the cell surface
are compressed and slide on the substrate, pushing the body of
the cell forward. Pl Order Myxococcales: bacteria with mor-
phological complexity and multicellularity (section 22.4)

Chemotaxis

Imagine a motile bacterium in an ocean. Depending on where it
is in the water column, light, oxygen, and nutrient levels will
vary. These also vary over time due to the activities of all the
organisms present. To position itself in the most beneficial loca-
tion in the water column, this bacterium needs to sense changes
in the environment and move accordingly. The movement toward
or away from attractants or repellents is called taxis. As noted
earlier, bacteria exhibit taxes to a variety of stimuli, including
light and oxygen. The movement of cells toward chemical at-
tractants or away from chemical repellents (chemotaxis) is the
best-studied type of taxis. Chemotaxis is readily observed in
Petri dish cultures. If bacteria are placed in the center of a dish of
semisolid agar containing an attractant, the bacteria will exhaust
the local supply of the nutrient and swim outward following the
attractant gradient they have created. The result is an expanding
ring of bacteria. When a disk of repellent is placed in a Petri dish
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of semisolid agar and bacteria, the bacteria will swim away from
the repellent, creating a clear zone around the disk.

Attractants and repellents are detected by chemoreceptors,
proteins that bind chemicals and transmit signals to other com-
ponents of the chemosensing system. Chemosensing systems,
located in the plasma membrane, are sensitive and allow the cell
to respond to low levels of attractants (about 10-* M for some
sugars). Some receptors also participate in the initial stages of
sugar transport into the cell.

The chemotactic behavior of E. coli has been extensively
studied and is our focus here. Its movements can be followed us-
ing a tracking microscope, a microscope with a moving stage
that automatically keeps an individual bacterium in view. In the
absence of a chemical gradient, E. coli cells move randomly,
switching back and forth between runs and tumbles. During a
run, the bacterium swims in a straight or slightly curved line.
After a few seconds, the bacterium stops and tumbles. The tum-
ble randomly reorients the cell so that it is facing in a different
direction. Therefore when it begins the next run, it usually goes
in a different direction (figure 3.44a). In contrast, when E. coli is
exposed to an attractant, it tumbles less frequently (or has longer
runs) when traveling toward the attractant. Although the tumbles
can still orient the bacterium away from the attractant, over time
the cell gets closer and closer to the attractant (figure 3.44b). The
opposite response occurs with a repellent. Tumbling frequency
decreases (the run time lengthens) when the bacterium moves
away from the repellent.

E. coli must have some mechanism for sensing that it is get-
ting closer to the attractant (or moving away from the repellent).

Tumble Run

(a)

¢ M.

(b)

Figure 3.44 Tumbles and Runs Are Used to Direct the Movement of
Many Bacteria Toward a Chemical Attractant. (a) Random movement of a
bacterium in the absence of a concentration gradient. Tumbling frequency is
fairly constant. (b) Movement in an attractant gradient. Tumbling frequency is
reduced when the bacterium is moving up the gradient. Therefore runs in the
direction of increasing attractant are longer.
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The behavior of the bacterium is shaped by temporal changes in
chemical concentration. The cell is able to compare the current
concentration with the concentration a few seconds earlier. If the
concentration of the attractant is increasing, tumbling is sup-
pressed. Likewise, E. coli moves away from a repellent because
it senses that the concentration of the repellent is decreasing. The
bacterium’s chemoreceptors play a critical role in this process.
The molecular events that enable E. coli cells to sense a chemical
gradient and respond appropriately are presented in chapter 14.

Comprehension Check

1. Describe the way many flagella operate to move a bacterium.

2. How does swimming differ from swarming?

3. Explain in a general way how bacteria move toward substances such
as nutrients and away from toxic materials.

4. Suggest why chemotaxis is sometimes called a “biased random walk.”

3.9 Bacterial Endospores Are a
Survival Strategy

After reading this section, you should be able to:

a. Describe the structure of a bacterial endospore

b. Explain why bacterial endospores are of particular concern to the
food industry and why endospore-forming bacteria are important
model organisms

c. Describe in general terms the process of sporulation

d. Describe those properties of endospores that are thought to
contribute to its resistance to environmental stresses

e. Describe the three stages that transform an endospore into an
active vegetative cell

Endospores, dormant cells formed within a so-called mother
cell, are fascinating bacterial structures only produced by certain
members of the genera Bacillus and Clostridium (rods), and
Sporosarcina (cocci) within the phylum Firmicutes. It is impor-
tant to distinguish bacterial endospores from spores formed by
fungi and plants. Endospore formation is not a reproductive strat-
egy as only a single endospore is produced by a bacterial cell.
There are several reasons why endospores have long held the in-
terest of microbiologists. The primary reason is that endospores
are extraordinarily resistant to environmental stresses such as
heat, ultraviolet radiation, gamma radiation, chemical disinfect-
ants, and desiccation. In fact, some endospores have remained
viable for around 100,000 years. Another important reason is
that several species of endospore-forming bacteria are dangerous
pathogens. For example, Clostridium botulinum causes botu-
lism, a food-borne disease that results from ingestion of botuli-
num toxin, the deadliest toxin known. The extreme heat
resistance of C. botulinum’s endospores is a major concern of
the food industry. Other medically important endospore-forming
bacteria include B. anthracis (causes anthrax), C. tetani (causes
tetanus), and C. perfringens (causes gas gangrene and food poi-
soning). Endospores also are of considerable interest to scientists

22/10/18 7:13 pm



72 cHaPTER 3 | Bacterial Cell Structure

because of their complex structures and the equally complex
process that generates them. Over the decades, microbiolo-
gists have asked many questions about endospores and en-
dospore formation. (1) How are endospores structurally
different from vegetative cells? (2) What makes them so re-
sistant to harsh environmental conditions? (3) What triggers
endospore formation? (4) What are the steps in endospore for-
mation and how is the process regulated? (5) How do en-
dospores convert back to vegetative cells? In this section, we
address these questions. We save the consideration of regulat-
ing endospore formation for chapter 14. Wl Sporulation in
B. subtilis (section 14.6)

Endospore Structure and Resistance

Electron microscopy has been an important tool for dissect-
ing endospore structure. Electron micrographs show that the
endospore consists of a core surrounded by several layers that
vary significantly in composition. The core has normal cell
structures such as ribosomes and a nucleoid but has very low
water content (figure 3.45). The core is surrounded by an in-
ner membrane, which is in turn covered by the core wall (also
called the germ cell wall, as it contains the peptidoglycan
that will form the wall of the vegetative cell that grows out of
the endospore following germination). Next is the cortex,
which may occupy as much as half the endospore volume. It
is made of peptidoglycan that is less cross-linked than that in
vegetative cells. The cortex is surrounded by a phospholipid
bilayer called the outer membrane. Outside of the outer mem-
brane is the coat, a complex structure composed of several
layers. It is composed of more than 70 different proteins,
which are highly cross-linked to each other. Finally, many
endospore-forming bacteria produce endospores enclosed by
a thin covering called the exosporium, which is made up of
glycoproteins.

The ability of the endospore to survive heat, radiation, and
damaging chemicals requires that its enzymes and DNA be
protected. The various layers of the endospore contribute to
this resistance in several ways. The coat protects the endospore
from chemicals and various lytic enzymes such as lysozyme.
The inner membrane is extremely impermeable to various
chemicals, including those that cause DNA damage. The core
has very low water content, high amounts of dipicolinic acid
complexed with calcium ions (Ca-DPA), and a slightly lower
pH, all of which contribute to the endospore’s resistance to
harsh conditions. The low water content seems to be especially
important for endospore resistance. Evidence exists that the
water content of the core is low enough to prevent rotation of
enzymes and other proteins present. However, it is not low
enough to prevent protein denaturation. It has been suggested
that the immobilization prevents them from interacting with
each other and becoming entangled. Thus, even though they
may become denatured, they are able to refold to their proper
active structure as the endospore germinates. The endospore’s
DNA is protected by two main mechanisms. Ca-DPA
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Figure 3.45 Bacterial Endospores. (a) A schematic showing the various
layers of an endospore. They are not drawn to scale. (b) A colorized cross
section of a Bacillus subtilis cell undergoing sporulation. The oval in the center
is an endospore that is almost mature; when it reaches maturity, the mother

cell will lyse to release it.
(b) ©CNRI/Science Source

complexes are inserted between the nitrogenous bases of DNA,
which helps stabilize it. In addition, small, acid-soluble DNA-
binding proteins (SASPs) saturate endospore DNA. SASPs alter
the three-dimensional structure of DNA in the endospore core,
converting it from the common B form to A form. The A form
DNA is less susceptible to damage by ultraviolet (UV) light,
which accounts for the ability of endospores to tolerate UV
exposure. Wl DNA is a polymer of deoxyribonucleotides (sec-
tion 13.2)

Sporulation: Making Endospores

Endospore-forming bacteria are common in soil, where they
must be able to withstand fluctuating levels of nutrients.
Sporulation normally commences when growth slows due to
nutrient limitation. Thus it is a survival mechanism that al-
lows the bacterium to produce a dormant cell that can survive
until nutrients are again available and vegetative growth can
resume. These bacteria cycle between two states: vegetative
growth and survival as an endospore. Vegetative growth is the
normal, continuous cycle of growth and division. By contrast,
sporulation is a complex process that occurs in a highly or-
ganized fashion over several hours. The mature endospore
occupies a characteristic location in the mother cell (referred
to as the sporangium), depending on the species of bacteria.
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Endospores may be centrally located, close to one end (subter-
minal), or terminal (figure 3.46). Sometimes an endospore is
so large that it swells the sporangium. One of the best-studied
endospore formers is Bacillus subtilis, which is an important
model organism.

Sporulation may be divided into seven stages (figure 3.47).
The cell’s DNA is replicated (stage I), followed by an inward
folding of the cell membrane to enclose part of the DNA and
produce the forespore septum (stage II). The mother cell
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membrane continues to grow and engulfs the immature en-
dospore in a second membrane (stage III). Next, cortex is laid
down in the space between the two membranes, and both cal-
cium and dipicolinic acid are accumulated (stage IV). Protein
coats are formed around the cortex (stage V), and maturation of
the endospore occurs (stage VI). Finally, lytic enzymes destroy
the sporangium, releasing the endospore (stage VII). Sporula-
tion requires about 8 to 10 hours. ® Bacterial Endospore
Formation

Endospore to Vegetative Cell

The transformation of dormant endospores into active vege-
tative cells is almost as complex as sporulation. It occurs in
three stages: (1) activation, (2) germination, and (3) out-
growth. Activation is a process that prepares endospores for
germination and can result from treatments such as heating.
This is followed by germination, the breaking of the
endospore’s dormant state. It begins when proteins called
germinant receptors, located in the inner membrane and the
cortex, detect small molecules such as sugars and amino
acids. Upon detection of these molecules by the germinant
receptors, a series of events occur. These activated receptors
trigger the release of the Ca-DPA complexes, breakdown of
the peptidoglycan in the cortex, and water uptake. Eventually

Figure 3.47 Endospore Formation.
indicated by Roman numerals.

The stages are

Wall

DNA

]
Septum
formation
and

forespore
development J

Engulfment of {
forespore |

22/10/18 7:13 pm



74 cHapPTER 3 | Bacterial Cell Structure

water levels inside the germinating endospore reach those
characteristic of vegetative cells and enzymes in the core be-
come active. This allows the endospore to begin synthesizing
various molecules needed to initiate endospore outgrowth and
return to a vegetative state. Because germination of some spe-
cies’ endospores results in disease or toxin production, inhib-
iting germination by blocking germinant receptors is an active
area of research.

Comprehension Check

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

2. Briefly describe endospore formation and germination. What is the
importance of the endospore?

3. What features of the endospore contribute to its resistance to harsh
conditions?

’Izey Concepts

31 Use of the Term “Prokaryote”
Is Controversial

B Bacteria and archaea are related and share a common cell
architecture. However, they have distinct characteristics
and evolutionary lineages.

3.2 Bacteria Are Diverse but Share
Some Common Features

B Rods (bacilli) and cocci (spheres) are common bacterial
shapes. In addition, bacteria may be comma-shaped
(vibrio), spiral (spirillum and spirochetes), or filamentous;
they may form buds and stalks; or they may have no
characteristic shape (pleomorphic) (figures 3.1 and 3.2).

B Some cells remain together after division to form pairs,
chains, and clusters of various sizes and shapes.

B Frequently observed bacterial cell structures include a cell
wall, plasma membrane, cytoplasm, nucleoid, fimbriae,
inclusions, capsule, ribosomes, and flagella (figure 3.6).
Table 3.1 summarizes the major functions of these
structures.

3.3 Bacterial Plasma Membranes Control
What Enters and Leaves the Cell

B The cell envelope consists of the plasma membrane and all
external coverings, including the cell wall and other layers
(e.g., capsules).

B The bacterial plasma membrane fulfills many roles,
including acting as a semipermeable barrier, carrying out
respiration and photosynthesis, and detecting and
responding to chemicals in the environment.

B The fluid mosaic model proposes that cell membranes are
lipid bilayers in which integral membrane proteins are
buried. Peripheral membrane proteins are loosely
associated with the membrane (figure 3.7).

B Bacterial membranes are bilayers composed of
phospholipids constructed of fatty acids connected to
glycerol by ester linkages (figure 3.8). Bacterial
membranes include microdomains characterized by an
altered lipid composition, in which large protein complexes
are assembled by flotillins.

B Microorganisms require nutrients, materials that are used
in energy conservation and biosynthesis. Macronutrients

wil11886_ch03_040-076.indd 74

are needed in relatively large quantities. Micronutrients
(trace elements) are used in very small amounts.

B [In passive diffusion, a substance moves through the
membrane on its own. Movement is down a concentration
gradient and does not require an input of energy. Only a
few substances enter bacteria by passive diffusion.

B Transport proteins are divided into two major types:
channels and carriers. Channels create a pore through
which a substance moves. Carriers are so called because
they carry the molecule across the membrane.

B In facilitated diffusion, a transport protein (either a
channel or a carrier) helps move substances in the
direction of decreasing concentration; no metabolic
energy is required (figure 3.11). Facilitated diffusion is
not an important uptake mechanism for bacterial cells.

B Active transport systems use metabolic energy and
carrier proteins to concentrate substances by
transporting them against a gradient. ATP is used as an
energy source by ABC transporters, a type of primary
active transporter (figure 3.13). ABC transporters are
uniporters (one substance is transported). Gradients of
ions drive solute uptake in secondary active transport
systems. Secondary active transporters are either
symporters (two substances are transported in the same
direction) or antiporters (two substances are transported
in opposite directions) (figure 3.12).

B Group translocation is a type of active transport in which
bacterial cells transport organic molecules while
modifying them (figure 3.14).

B The secretion of siderophores, which bind ferric iron,
enables the accumulation of iron within bacterial cells
(figure 3.15).

3.4 There Are Two Main Types of Bacterial Cell Walls

B The vast majority of bacteria have a cell wall outside the
plasma membrane to help maintain their shape and protect
them from osmotic stress.

B Bacterial walls are chemically complex and usually
contain peptidoglycan (figures 3.16-3.21). Typical
Gram-positive walls have thick, homogeneous layers of
peptidoglycan and teichoic acids (figures 3.22 and 3.23).
Typical Gram-negative bacteria have a thin peptidoglycan
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layer surrounded by a complex outer membrane containing 3.7 Many Bacteria Have External Structures

lipopolysaccharides (LPSs) and other components Used for Attachment and Motility
(figures 3.24 and 3.25). The lipid A portion of LPS is also

called endotoxin. Its release into the human body can lead
to septic shock.

B The mechanism of the Gram stain is thought to depend on
the thickness of peptidoglycan. The thick peptidoglycan of
typical Gram-positive bacteria binds crystal violet tightly,
preventing its loss during the ethanol wash.

B Many bacteria have hairlike appendages called fimbriae
or pili. Fimbriae function primarily in attachment to
surfaces, but type IV pili are involved in twitching
motility. Sex pili participate in the transfer of DNA from
one bacterium to another (figure 3.36).

B Many bacteria are motile, often by means of threadlike,
locomotory organelles called flagella. Bacterial species

3.5 The Cell Envelope Often Includes Layers differ in the number and distribution of their flagella

Outside the Cell Wall (figure 3.37). Each bacterial flagellum is composed of

a filament, hook, and basal body (figure 3.38).
B Capsules, slime layers, and glycocalyces are layers of y (fig )

material lying outside the cell wall. They can protect cells 3.8 Bacteria Move in Response to
from certain environmental conditions, allow cells to Environmental Conditions
attach to surfaces, and protect pathogenic bacteria from
host defenses (figure 3.28).

B S-layers are the external-most layer in some bacteria.
They are composed of proteins or glycoprotein and have
a characteristic geometric shape (figure 3.29).

B Several types of bacterial motility have been observed:
swimming by flagella, swarming by flagella, spirochete
motility, twitching motility, and gliding motility.

B The bacterial flagellar filament is a rigid helix that rotates
like a propeller to push the bacterium through water

3.6 The Bacterial Cytoplasm Is More (figures 3.40 and 3.41). When many bacteria swim, they

Complex than Once Thought alternate between two types of movement: runs and
tumbles.

B Some bacterial species move as a group in a behavior
called swarming. Swarming is mediated by flagella and
occurs on moist surfaces.

B Spirochete motility is brought about by flagella that are

B Some bacteria have simple internal membrane systems wound around the cell and remain within the periplasmic

containing photosynthetic and respiratory machinery Spj‘we' Whe.n they rotate, the outer memt.)rane of the
(figure 3.31). spirochete is thought to rotate, thus moving the cell

(figure 3.43).

B Myxococcus spp. exhibit both twitching and gliding
motility. Twitching motility is a jerky movement brought
about by type IV pili, whereas gliding motility is
smooth.

B Motile cells can respond to gradients of attractants and

B Bacterial ribosomes are 70S in size. They are composed repellents, a phenomenon known as chemotaxis. E. coli and

of numerous proteins and several rRNA molecules many other peritrichously flagellated bacteria accomplish
(figure 3.34). movement toward an attractant by increasing the length

of time spent moving toward the attractant and shortening
the time spent tumbling (figure 3.44). Similarly, they
increase their run time when they move away from a
repellent.

B The bacterial cytoplasm is a highly concentrated and
crowded solution of biochemicals.

B The bacterial cytoplasm contains proteins that are similar
in structure and function to the cytoskeletal proteins
observed in eukaryotes (figure 3.30 and table 3.2).

B Inclusions are observed in all cells (figure 3.33). Most are
used for storage (e.g., PHB inclusions and polyphosphate
granules), but some are used for other purposes (e.g.,
magnetosomes and gas vacuoles). Microcompartments
such as carboxysomes contain enzymes that catalyze
important reactions (e.g., CO, fixation).

B The genetic material of bacterial cells is located in an area
within the cytoplasm called the nucleoid. The nucleoid is
not usually enclosed by a membrane (figure 3.35). The
chromosome usually consists of a double-stranded,
covalently closed, circular DNA molecule. 3.9
B Plasmids are extrachromosomal DNA molecules found in
many bacteria. Some are episomes—plasmids that exist
freely in the cytoplasm or can be integrated into the
chromosome. Although plasmids are not required for
survival in most conditions, they can encode traits that
confer selective advantage in some environments. Many
types of plasmids have been identified (table 3.3).

Bacterial Endospores Are a Survival Strategy

B Some bacteria survive adverse environmental conditions
by forming endospores, dormant structures resistant to
heat, desiccation, and many chemicals (figure 3.45).

B Both endospore formation and germination are complex
processes made in response to certain environmental
signals (figure 3.47).
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Propose a model for the assembly of a flagellum in a
typical Gram-positive cell envelope.

. The peptidoglycan of bacteria has been compared with the

chain mail worn beneath a medieval knight’s suit of armor.
It provides both protection and flexibility. Describe other
structures in biology that have an analogous function. How
are they replaced or modified to accommodate the growth
of the inhabitant?

Why might a microbe have more than one uptake system
for certain substrates?

Design a demonstration to illustrate the cell wall’s role in
protecting against lysis.

What would you expect to observe if you were able to
“transplant” CreS into a rod-shaped bacterium such as
Bacillus subtilis?

Develop a hypothesis to explain why gas vacuoles are
bounded by proteins rather than a lipid bilayer membrane.

Support or refute the statement that the periplasm is an
organelle because it is a membrane-bound compartment of
the bacterial cell.

Calculate the surface area-to-volume ratio of an ultrasmall
bacterium, a coccus of 0.2 pm diameter, and compare it to
the ratios calculated in figure 3.5.
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9. Kingella kingae colonizes the pharynx in young

children. It has three distinct surface components that
may be responsible for attachment to host cells: a type IV
pilus (T4P) that confers twitching motility, a protein
adhesin, and a polysaccharide capsule on its outer
membrane. To study attachment, four variants were
created: one lacking the T4P, one with a T4P unable to
twitch, one lacking the adhesin, and one lacking the
capsule. Why do you think the researchers created the
strain with the disabled T4P?

Dimensions of these components were measured: The
T4P was several microns in length, the adhesin extended
about 110 nm from the surface, and the capsule was 700
nm deep. Micrographs of Kingella cells adhered to host
cells show that the capsule was compressed significantly
when the bacteria were in contact with a host cell. Sketch
these structures to help visualize the cell surface. The most
important determinants in adherence were a functional,
twitching T4P and the adhesin. Considering the geometry
of the cell surface, how might these two components
collaborate in attachment of the bacterium?

Read the original paper: Kern, B. K, et al. 2017. Defining

the mechanical determinants of Kingella kingae adherence
to host cells. J. Bacteriol. 199(23):e00314-17.
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