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Proctorio
Remote Proctoring & Browser-Locking Capabilities
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Remote proctoring and browser-locking capabilities, hosted by
Proctorio within Connect, provide control of the assessment en-
vironment by enabling security options and verifying the identity
of the student.

Seamlessly integrated within Connect, these services allow
instructors to control students’ assessment experience by restrict-
ing browser activity, recording students’ activity, and verifying
students are doing their own work.

Instant and detailed reporting gives instructors an at-
a-glance view of potential academic integrity concerns, thereby
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Relevancy Modules for Microbiology
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Connect, students can see how microbiology actually relates to
their everyday lives. For select microbiology titles, students and
instructors can access the Relevancy Modules eBook at no addi-
tional cost. Auto-graded assessment questions which correlate to
the modules are also available within Connect. Each module
consists of videos, an overview of basic scientific concepts, and
then a closer look at the application of these concepts to the
relevant topic. Some topics include microbes and cancer, fermen-
tation, vaccines, biotechnology, global health, SARS-CoV-2,
antibiotic resistance, and several others.

[2]

Labs Virtual Labs and Lab Simulations

While the biological sciences are hands-on disciplines, instruc-
tors are often asked to deliver some of their lab components
online: as full online replacements, supplements to prepare for
in-person labs, or make-up labs.

These simulations help each student learn the practical and
conceptual skills needed, then check for understanding and pro-
vide feedback. With adaptive pre-lab and post-lab assessment
available, instructors can customize each assignment.

From the instructor’s perspective, these simulations may be
used in the lecture environment to help students visualize com-
plex scientific processes, such as DNA technology or Gram
staining, while at the same time providing a valuable connection
between the lecture and lab environments.
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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.

An Introduction to the Entire Microbial World

Covered in chapters 3—6, separate chapters on the structure and
function of bacteria and archaea are followed by the discussion
of eukaryotic cells and viruses.

Broad Coverage of Microbial Ecology
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Exotoxins are soluble, heat-labile proteins (inactivated at 60°

10 80°C) usually released into host tissues as the bacterial path-
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nent and a “B” (or binding) component. The B portion of the
toxin binds to a host-cell receptor and triggers endocytosis. Thus
the B component determines the cell type infected. Once inter-
nalized, the A and B components dissociate from one another.
The A component, which functions as an enzyme, is now free to
catalyze a reaction that will cause host cell toxicity (figure 347a).
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target host molecules (see figure 10.7). Certain exotoxins that are
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—— Molecular Microbiology and Immunology

The twelfth edition includes updates on genetics, biotechnology,
genomics and metagenomics, immunology, and the human mi-
crobiome. An up-to-date discussion of immunity, with enhanced
detail between innate and adaptive linkages, helps students grasp
the complexity and specificity of immune responses. The micro-
biome and its impact on human homeostasis is introduced in
chapter 33, The Microbe-Human Ecosystem.

Endoplasmic
reticulum
Structural

Exocytosis @

SARS-CoV-2 and the Impact of COVID-19

Students are introduced to the virology of SARS-CoV-2 and the
pathobiology of COVID-19 in chapters 25 and 37, respectively.
Throughout the text, the relevance of concepts to the pandemic
are noted as easy-to-find text boxes.

viii

Double membrane
vesicle

Positive-strand
RNA genome

Cytoplasmic
vesicles

Figure 2519 Replication and Viral Exit. (1) Viral replication occurs in cytoplasmic double membrane vesicles that shelter the genome and concentrate
ribonucleotide precursors. (2) Structural proteins are synthesized on the endoplasmic reticulum. (3) The nucleocapsid protein in complex with the positive-strand
RNA genome is engulfed by membranes to form cytoplasmic vesicles (4) that exitthe cell by exocytosis.
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Cas9 nuclease cuts
both DNA strands.
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The double-strand break is repaired / \ The double-strand break is repaired by

by nonhomologous end joining.

homologous recombination with donor DNA.

Cas9. PAM, protospacer adjacent motif.

Chemistry) and the other by Feng Zhang, sought to adapt Cas9
for genome editing. In this process, genomic DNA can be di-
rectly modified and the procedures are general enough to be
used for any cell into which DNA can be introduced and ex-
pressed. [4 Responses to viral infection (section 14.6)

Like restriction enzymes, Cas9 is an endonuclease that cuts
both strands of a target DNA. However, unlike restriction en-
zymes, which recognize four to eight base pairs through con-
tacts between the DNA and the enzyme active site, Cas9 is a
i in consisting of a polypeptide and a guide RNA
(gRNA). Recognition of target DNA for cleavage occurs by hy-
bridization of about 20 bases between the gRNA and its com-
plementary DNA sequence in the genome (figure 17.12). A
second short series of bases, the protospacer adjacent motif
(PAM), is located next to the hybridizing region on the opposite
DNA strand.

In microbes, the CRISPR locus is the source of the gRNA
(see figure 14.26), 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 in-
vading DNA for destruction. The extreme specificity con-
ferred by the gRNA is the key to genome editing because each
20-base target sequence almost certainly occurs only once in
any given genome. In contrast, a restriction enzyme that recog-
nizes a few nucleotides will cut the genome, on average, every
few thousand bases.

I I D
Figure 17.12 Genome Editing with Cas9 Nuclease. Hybridization between the quide RNA (gRNA) and the chromosome activates the nuclease activity of

DDA DADIDIDIDIDB

[TISNTTEXIERD How could you assemble the donor DNA molecule for homologous recombination?

Cas9 enzymes can be engineered to carry gRNAs with spec-
ified nucleotide sequences, thereby programming the recogni-
tion sequence for the nuclease. The gRNA directs Cas9 to
hybridize with a defined site in a genome, making it the most
precise mechanism available for targeting and cutting DNA. In
eukaryotes, all of which lack a CRISPR/Cas system, the editing
process begins by introducing the two components of the mature
Cas9 endonuclease, the apoenzyme and the gRNA, to the host
cells. These molecules may be added directly, or they may be
added as cloned DNA regulated by an inducible promoter. In the
latter case, upon induction, the Cas9-gRNA complex assembles
and performs its DNA cutting function.

Figure 17.12 illustrates how Cas9 recognizes and hydrolyzes
a specific DNA sequence. A portion of the gRNA protrudes from
the enzyme, available for hybridization. Upon locating its
complement, the gRNA induces a conformational shift in the
nuclease (protein) portion of Cas9, which then hydrolyzes phos-
phodiester bonds in both DNA strands, leaving blunt ends. In the
simplest case, a point mutation occurs as the cell attempts to re-
pair the damage. Some bacteria and archaea and all eukaryotes
have a nonhomologous end joining (NHEJ) system to rejoin
the two chromosome pieces. If the repair re-creates the original
sequence, it is again susceptible to Cas9 cutting. As a result, im-
perfect repairs with a deletion or insertion of a few base pairs is
the typical outcome. The consequence is usually a frameshift
mutation in the gene that results in an inactive protein. A limita-
tion to this method is that the outcome differs in each cell.

| 21st-Century Microbiology

Prescott’s Microbiology leads the way with text devoted to
CRISPR genome engineering, global climate change, and micro-
bial fuel cells. For more, see chapters 17, 28, and 42.

Metagenomics and the Human Microbiome

Expanded coverage of metagenomics and its importance in
understanding the role of microbes in all environments and in
exploring symbionts of invertebrates is threaded throughout the
text. Chapter 33, The Microbe-Human Ecosystem, explores the
human microbiome and its role in health and disease.

Laboratory Safety

Reflecting recommendations from the Centers for Disease Con-
trol and Prevention, along with the American Society for
Microbiology, chapter 36 provides specific guidance for labora-
tory best practices to help instructors provide safe conditions
during the teaching of laboratory exercises.

Special Interest Essays

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

DISEASE

9.1 Chloroquine and COVID-19: A Cautionary Tale

In the early days of the COVID-19 pandemic, caused by the
coronavirus SARS-CoV-2, the search o repurpose existing
drugs as a treatment (or even cure) was intense. As the pan-
demic grew, the notion of waiting for new drugs to be devel-
oped and tested scemed untenable. During the SARS
epidemic of 2003, chloroquine and its derivative hydroxy-
chloroguine (box figure) were shown to block replication of
the causative coronavirus, SARS-CV in vitro. Although the
antiviral mechanism of these drugs remains debated, one
leading theory was that they prevent progression of the viral
life cycle by increasing the pH of the endosome in which the
virus resides upon entering a host cell,

Unfortunately, the desire for a treatment collided with a
lack of understanding of how drug trials must proceed to pro-
tect the public from ineffective and unsafe drugs. By rushing
clinical trials of dubious quality into print, the scientific com-
munity bears some of the blame in the ensuing confusion
Some of the events surrounding chloroguine and hydroxyclo-
roquine in the first half of 2020 include:

February 4: The journal Cell Research publishes a letter to
the editor by Chinese scientists, including a notable coronavi-
rus expert, suggesting that the antimalarial drug chloroguine
might be effective in combating COVID-19.

February 15: A group of French scientists publishes a simi-
lar editorial in the International Journal of Antimicrobial
Agents

Mid- to late February: Several news outlets report promis-
ing results from early Chinese clinical trials using chloro-
quine and the more bioavailable hydroxychloroquine in
treating COVID-19 patients

March 16: Entreprencur Elon Musk ¢
might be effective in treating COVID-19.

March 20: U.S. President Donald Trump announces chloro-
quine is a “game changer”

March 23: Patients who take chloroquine and hydroxy-
chloroquine for autoimmune diseases report shortages in
getting these medications, which many have been taking for
years.

March 24: An Arizona man dies and his wife becomes

that chloroquine

March 25: The World Health Organization announces a
large, international clinical trial to test the safety and effec-
tiveness of hydroxychloroguine in treating COVID-19.
March 28: The U.S. Food and Drug Administration (FDA)
issues emergency use authorization allowing widespread use
o the drug
April 10: Reports from frontline health-care workers suggest
the drug is not effective and may be causing adverse events in
some patients.
April 13, April 22: Two clinical trials report that hydroxy-
chloroquine failed to demonstrate any potential benefit in
treating COVID-19 patients.
April 24: The FDA issues a warning against using hydroxy-
chloroquine if not hospitalized.
May 18: Donald Trump announces he is taking hydroxy-
chloroquine prophylactically.
May 26: The medical journal The Lancet publishes a large
clinical trial that concludes hydroxychloroquine is not effec-
tive in treating COVID-19 and increases the risk of death
June 5: The Lance retracts the paper published on May 26
due to concerns about data quality.
June 15: The U.S. FDA rescinds its emergency use authoriza-
tion for chloroquine and hydroxychloroguine.
June 20: The NIH closes a clinical trial due (o lack of evi-
dence that the drugs are effective in treating COVID-19.
Since that time, chlroroguine and hydroxychloroquine
have largely returned to treating malaria and autoimmune
diseases. Let's hope we don't have to wait for the next
pandemic to find out if all the stakeholder agencies learned
anything from the rise and fall of these drugs.

2

gravely ill after ingesting chlorog fish tank
er in an effort to prevent contracting COVID-19.

ydroxyl group, as shown in purple.

MICROBIAL DIVERSITY & ECOLO

1.1 Hydrothermal Vents: Did Life Begin Under the Sea?

Whether or not early life was RNA-based, one thing is clear:
the origin of life needed energy to synthesize biomolecules.
So, perhaps the most fundamental evolutionary question is
“Where did biomolecules and the energy needed to build
them come from?” Three hypotheses have been suggested.
First, the p ia theory that
bombarded our planet, bringing with them other-worldly bio-
molecules. Second, the more familiar primordial soup theory
suggests that organic molecules were spontaneously assem-
bled by an input of energy, such as lightning strikes. The last
theory, which has gained evidence in recent years, hypothe-
sizes that both the energy and the molecules originated in
hydrothermal vents. Let’s explore the hydrothermal vent
theory.

Hydrothermal vents are geothermally active deep-sea
chasms thousands of meters below the surface of the ocean.
Their discovery in 1977 sparked tremendous excitement as im-
ages of entirely new ecosystems with mysterious organisms cap-
tured the attention of scientists and the public (see section 27.2).
These vents pump 400°C sulfide-rich water into cold ambient
water, causing the sulfide to instantly precipitate, so these
chimneylike structures are dubbed “black smokers.” In
2000, scientists made yet another deep-sea discovery with a
different kind of vent system. These are cooler (45-90°C)
and alkaline (pH 9-11). When these waters mix with the
surrounding seawater (pH about 8.0), calcium carbonate pre-
cipitates, forming white chimneys, as seen in the Lost City
vents (box figure).

This pH gradient is critical to the hypothesis that a vent
system, such as Lost City, could be the origin of biomolecules.
As you may have learned when studying mitochondria or
batteries, the separation of positive and negative charges cap-
tures potential energy (remember that energy can't be cre-
ated). In Lost City vents, the thin walls of the chimneys serve

teorite:

D Keley, Uiversity of Washington

to separate these fluids with as much as a 3-unit pH differ-
ence. The question now being asked is “Was this potential
energy tapped to convert CO, in scawater to simple carbon-
based molecules, such as amino acids, short hydrocarbons,
and others?”

If the answer is yes, a 2019 study shows that a mixture of
molecules called single-chain amphiphiles (SCAs), which are
simpler versions of more familiar phospholipids, can form
vesicles in hot, alkaline pH seawater that mimics that of Lost
City. Putting this together, we can hypothesize a series of
events that occurred 3.7-4.0 billion years ago. First, the pres-
ence of the pH gradient across geological barriers in the Lost
City drove the formation of random organic molecules, some
of which were SCAs. These SCAs accumulated and formed
vesicles that entrapped fluids preserving the pH gradient.
These vesicles had the energy to test the formation of differ-
ent molecules. Was one of them RNA?
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Human Diseases
Caused by Bacteria

—
The Plague Family Tree -
Imost everyone has heard of the Black Death—thg tbreak of victims of each strains.

g
However, . pestis DNA from victims spanning the fourteenth to seven-
teenth centuries is highly similar, suggesting it was the same strain
that persisted right up until the last outbreak in France in 1722. Some
scientists believe that the Black Death Y. pestis strain became more
virulent and  back to China, where it

the twentieth centuries.

Why does anyone even care about adisease that happened so long
ago? COVID-19 has certainly shown us that diseases emerge and move.
We need o understand the pastto respond in the future. I this chapter
welearn that cause human disease. Althought s good
to remember that only a tiny fraction of bacteria are pathogens, it is wise
those

plague in Europe from 1347 to 1351 when as much as 40% of

the population died. Caused by the Gram-negative bacterium Yersinia
pestis, it was called Black Death because victims bled under the skin
and experienced necrosis (cell death) of the extremities, which tured
skin purple-black

For almost as long as the tudied, it has been
believed that the outbreak in 1347 and other waves of plague that
followed over the next several hundred years were independent
introductions of Y. pestis from Asia. But new evidence suggests that this
may ot be the case. Europe
with a more virulent ¥. pestis strain.

How do you study a disease outbreak that happened over
500 years ago? You pair a team of archaeologists, who can find,
document, and exhume graves, with a team of forensic anthropolo-
gists and bacteriologists, who can extract, sequence, and analyze
¥. pestis DNA from teeth and bones. Studies of plague victims in
Spain, England, Germany, and Russia now give a more complete,
albeit complex, story of Y. pestis evolution. Itis broadly agreed that
the story starts about 1320 with a plague outbreak in Mongolia; from
there it spread to China in the 1330s. It came to Europe in 1347 on a
dozen ships that docked in Siciy, where accounts from the time
describe dead sailors covered in black boils. From Sicily, the disease
quickly migrated north, reaching Russia by 1351

After the plague epidemic receded in the mid-1350s, it reemerged
every 3 the
adjacent painting by Josse Lieferinve dated 1497, If Europeans were the
victims of independent waves of Y. pestis from Asia, bacterial DNA from

b
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Readiness Check:
Based on what you have learned previously, you should be able to
/' Describe basic bacterial cell biology (sections 3.2-310)

¥/ Describe the mechanisms of action of the mjor classes of antibiotics
(section 9.4)

/' Compare and contrast the general principles of innate and adaptive
immunity (chapter 31; sections 32.1-32.8)

/' Explain how key pathogens cause nfection (chapter 34)

the next V/ Differentiate between different types of vaccines (section 35.6)

by which pathogenic
(chapter 36)

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

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 Manage-
ment System for students.

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

ation

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 stu-
dents need to understand the material that follows.

Comprehension Check—Questions within the narrative of
each chapter help students master section concepts before
moving on to other topics.

excises incorrectly to geherate a specialized transducing parti-
cle, these bacterial gene} are most often present (figure 16.24).
M Bacteriophage lanfbda: a temy bacteriophage
(section 23.2) @ Specidlized Transduction

Comprehension Check

Describe generalized transduction and how it occurs. What is an
abortive transductant?

What is specialized transduction and how does it come about?
How might one tell whether horizontal gene transfer was mediated
by generalized o specialized transduction?

Why doesn'ta celllyse after successful transduction with a
temperate phage?

How are conjugation, transformation, and transduction similar?
How are they different?

&

o

PR g

Figure 16.25 AnRPlasmid. Plasmid R1is an R plasmid that contains
the replicative transposon Tn3. Tn3 contains the gene for B-lactamase (blo),
an enzyme that confers resistance to ampicillin (Amp). Note that T3 is

16.9 Evolution in Action: The
Development of Antibiotic
Resistance in Bacteria

After reading this section, you should be able to:

. Describe an R plasmid and its associated genetic elements
Distinguish integrative conjugative elements, transposons, and
conjugative plasmids

. Describe how genetic elements mobilize portions of chromosomes

4

o

Within 3 years after the widespread use of penicillin began in the

inserted into another transposable element, Tnd. Tnd carries genes that
provide resistance to streptomycin (Sm) and sulfonamide (Su. The R1
plasmid also carries resistance genes for kanamycin (Km) and
chloramphenicol (Cm). The RTF region of R1 codes for proteins needed for
plasmid replication and transfer. Transposase and resolvase are encoded
by tnpA and tnpR, respectively.

[IIXNEILY® /s o replicative transposon, what would happen if
Tn3 hopped from this R1 plasmid into a different plasmid?

19405, penicillin-resistant bacteria were found in clinical speci-_ggf

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

Key Concepts

21 Lenses Create Images by Bending Light
« A light ray moving from air to glass or vice versa is bent in
a process known as refraction (figure 2.1).
o Lenses focus light rays at a focal point and magnify images
(figure 2.2).

In simple staining, a single dye is used (o stain
cqorganisms (figure 2.16).

Differential St cedures such as Gram and acid-fast

staining distinguish between TR i

them differently (figures 2.17 and 2.18a, b) i

staining techniques are specific for particular structures such

as bacterial capsules and flagella (figure 2.18¢, d).

2.2 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 il 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 (figure 2.15).

2.4 Electron Microscopes Use Beams of Electrons

to Create Highly Magnified Images
e 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 2.21).
Resolution is high because the wavelength of a beam of
electrons is very short.
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, uranium, and lead. They can also be prepared
for TEM by negative staining, shadowing with metal, or
freeze-etching (figures 2.23 and 2.24).
The scanning electron microscope is used to study external
surface features of microorganisms (figures 2.25 and 2.26).
Cryo-EM enables visualization of single molecules and
complex molecular structures. Samples are flash frozen
and when examined, a series of images are captured that
when combined and processed form a three-dimensional
reconstruction of the specimen (figure 2.27).

2.5 Scanning Probe Microscopy Can Visualize
Molecules and Atoms

« Scanning probe microscopes reach very high
magnifications that allow scientists to observe biological
molecules (figures 2.28 and 2.30).
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 2.29).

2.3 Staining Helps to Visualize and Identify Microbes
« Specimens are often fixed and stained before viewing in
the bright-field microscope. There are two fixation
‘methods: heat fixation and chemical fixation.
© Most dyes are cither positively charged basic dyes or negatively
charged acidic dyes that bind to ionized parts of cells.

i earing

2. Which type of microscopy and stain (if appropriate) would
you use to visualize each of the following? (There may be

1. You have prepared a specimen for light microscopy.
stained it using the Gram-staining procedure, but failed to
see anything when you looked through your light more than one correct answer.) Be sure to explain your
microscope. Discuss the things you may have done answer. Mycobacterium tuberculosis (which causes
incorrectly. tuberculosis), microbes in pond scum, Staphylococcus
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Figure 14.23 Quorum Sensingin V. fischeri. The AHL signaling molecule (Al diffuses out of the cell; when cell density is high, Al diffuses back into the cel,
where it binds to and activates the transcriptional regulator LuxR. Active LuxR then stimulates transcription of the gene coding for AHL synthase (fuxi), as well as
the genes encoding proteins needed for light production.
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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.



List of Content Changes

Each chapter has been thoroughly reviewed.

Part One

Chapter 1—We open the text with a new emphasis on the funda-
mentals of microbial evolution, thereby setting the stage for
weaving this theme throughout the text.

Chapter 2—A new section has been added that describes excit-
ing advances in cryo-electron microscopy and the visualization
of biomolecules.

Chapter 3—In this discussion of the bacterial cell, the two main
types of cell walls have been reframed as monoderm and diderm,
reflecting their structural differences. A new section describes the
structure and function of extracellular vesicles. Membraneless
organelles and liquid-liquid phase separation are introduced in a
Microbial Diversity & Ecology box. New figures complement an
expanded discussion of nucleoid-associated proteins and nucleoid
structure.

Chapter 4—The discussion of the archaeal cell features an en-
hanced comparison of bacterial and archaeal cells, and an ex-
panded diagram of archaeal lipids. Extracellular vesicles,
nanotubes, and nanopods are described and illustrated.

Chapter 5—An updated discussion of endocytic pathways and
extracellular vesicles has been added.

Chapter 6—This introduction to the morphological, physiologi-
cal, and genetic elements of viruses has been streamlined with
new images and figures and an updated discussion of prions.

Part Two

Chapter 7—This discussion of microbial growth highlights re-
cent advances in Z ring and divisome formation. New figures
complement discussions of the archaeal cell cycle, biofilm devel-
opment, and quorum sensing. A new Microbial Diversity &
Ecology box illustrates how some microbes can form bioconcrete.

Chapter 8—Microbial control is reorganized into physical,
chemical, and biological methods, with information on destruc-
tion of the SARS-CoV-2 virus.

Chapter 9—In addition to reviewing the structure and mecha-
nism of action of antimicrobial classes, the growing threat of
antimicrobial resistance is emphasized.

Part Three
Chapter 10—This chapter provides the foundation for under-
standing energy conservation and biosynthesis.

Chapter 11—Catabolic pathways and energy conservation
have been refocused in this chapter to emphasize bacterial and
archaeal processes. A new art program uses concept maps to
provide overviews of microbial catabolic strategies such as aer-
obic versus anaerobic respiration.
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Chapter 12—Biosynthetic pathways are illustrated in detail in
this chapter, and several have been expanded to include archaeal
variations. Lipopolysaccharide biosynthesis is elaborated and il-
lustrated in a new figure.

Part Four

Chapter 13—Revisions to this chapter on the basic molecular
biology of the cell include expanded discussion and images for
the origin of replication and the replisome. A new section de-
scribes the physical constraints on DNA and RNA polymerases
acting on the same chromosomal template.

Chapter 14—The regulation of cellular processes has been ex-
panded to include control by RNA secondary structures such as
RNA thermometers and T box riboswitches. The importance of
secondary messengers is highlighted in the updated discussion of
cyclic-di-GMP regulation.

Chapter 15—This chapter focuses on a discussion of eukary-
otic and archaeal molecular biology, including an introduction
to biomolecular condensates for eukaryotic processes. Recent
research on gene regulation in archaea is presented, as well as an
updated discussion of transcription from a chromatin template.

Chapter 16—This focus on mutation and repair features new
figures and an updated description of DNA repair mechanisms.
Recent research on mobile genetic elements and mechanisms of
gene transfer is included.

Chapter 17—This chapter introduces students to the common
laboratory techniques for manipulating DNA, including gene
cloning, PCR, heterologous gene expression, and CRISPR/Cas9
gene editing. A section on synthetic biology is now included.

Chapter 18—Essential genomic techniques, including single-
cell genomic sequencing and metagenomics, are introduced with
real-world applications, including those related to SARS-CoV-2.

Part Five

Chapter 19—Archaeal taxonomy now reflects the formalism
established in the Genome Taxonomy Database. Microbial dark
matter is described, as many archaea are known only from
metagenomic sequences. The discussion of archaeal carbon path-
ways has been streamlined, and the Wolfe cycle of hydrogeno-
trophic methanogenesis has been carefully annotated.

Chapter 20—Bacterial taxonomy now also reflects the formalism
derived in the Genome Taxonomy Database. As a consequence,
organisms previously classified as delta- and epsilonproteobacteria
are now included in this chapter. Variations on the diderm cell
envelope are discussed. Cable bacteria and extracellular electron
transport are introduced, and discussions of radiation resistance in
Deinococcus and chromatic acclimation in cyanobacteria have
been updated.



List of Content Changes

Chapter 21—This chapter on the proteobacteria contains a new
section describing Acinetobacter. In addition, the p-hydroxy-
aspartate cycle linking autotrophs and heterotrophs in the open
ocean is included.

Chapter 22—This chapter surveying the Gram-positive bacteria
now includes Mycoplasma spp. The section on Streptomyces
presents a discussion of biosynthetic gene clusters.

Chapter 23—Updated protist classification based on recent phy-
logenomic analysis is provided as clades of protists of medical
and environmental importance are reviewed.

Chapter 24—This chapter has been reorganized based on recent
phylogenomic evidence. The six major fungal groups are presented.

Chapter 25—Viral taxonomy has been revised, and this chapter
reflects the classification used by the International Committee on
the Taxonomy of Viruses. The detailed life cycle of a coronavirus
serves as an example of positive-strand RNA viruses, thereby
presenting the replication cycle of SARS-CoV-2. This is accom-
panied by new figures.

Part Six

Chapter 26—This chapter presents a discussion of key tech-
niques used for assessing microbial populations and communities
and includes an expanded discussion on metagenomics. Applica-
tions to environmental and microbiome research are included.

Chapter 27—This chapter on microbial interactions has been
extensively revised, grouping interactions as mutualism, cooper-
ation, or antagonism. Multiple new examples are detailed, with
emphasis on metabolic interdependence.

Chapter 28—An expanded introduction to nutrient cycling and
biogeochemical cycling precedes the review of major elemental
cycles. New art brings these cycles to life. The chapter builds
upon these concepts to explain the role of microbes in an updated
discussion of climate change.

Chapter 29—Discussions of microbial adaptation to the marine
environment and the importance of the oceans in global climate
change have been updated. Coverage of freshwater microbiology
has also been revised, emphasizing anthropogenic impacts.

Chapter 30—This chapter complements chapter 27 with discus-
sions of mycorrhizal fungi and nitrogen-fixing bacteria. The role
of metagenomics in advancing our understanding of soil microbi-
ology is stressed. Coverage of plant pathogens has been expanded.

Part Seven

Chapter 31—This chapter has been updated and its organization
refined to provide a concise introduction of innate immunity,
including advances in our understanding of the role of the in-
flammasome and innate lymphoid cells.

Chapter 32—Revised and updated, this discussion of adaptive
immunity and immunopathologies provides a current overview
to introduce students to the dynamics of human immunity. Many
figures have been revised for clarity.

Chapter 33—The rapidly expanding field of the human micro-
biome is introduced. This chapter follows those on immunology
for a complete discussion of the role of human microbiota in
immune function, as well as their role in maintaining system
homeostasis.

Chapter 34—This chapter provides a broad overview of infec-
tious disease from pathogen transmission to pathogenicity.

Part Eight

Chapter 35—This chapter has been revised to reflect recent
epidemiological data, a discussion of R and herd immunity, and
an updated vaccine section to include mRNA vaccines. The epi-
demiology of SARS-CoV-2 is highlighted, as well as pandemic
management.

Chapter 36—This chapter provides students with an overview of
key microbiological and immunological techniques enabling the
identification of clinical samples.

Chapter 37—This chapter now includes a complete discussion of
our current understanding of the pathobiology of SARS-CoV-2.
The genomics and evolution of the virus is emphasized, as well as
the clinical manifestations of COVID-19.

Chapter 38—Students are introduced to bacterial diseases, in-
cluding pathogenesis, prevalence, and clinical presentation. Where
applicable, the importance of vaccine prevention is stressed.

Chapter 39—This chapter provides an overview of fungal and
protozoan diseases of local and global significance. The global
burden of key diseases such as Chagas and malaria is emphasized.

Part Nine

Chapter 40—The essentials of food safety now include a discus-
sion of hazards and safety measures at all stages from farm to
market. Methods for food testing have been updated to reflect the
use of molecular methods and whole-genome sequencing.

Chapter 41—The growing reach of biotechnology is illustrated in
several examples, including an expanded discussion of industrial
enzymes derived from microbes, rational vaccine design strategies,
microbial biosensors, and diatoms as nanotechnology platforms.

Chapter 42—The discussion of water safety has been expanded
to include a discussion of microbial source tracking, and a COVID
box notes the importance of monitoring sewage for SARS-CoV-2
as an aspect of public health. The section on biodegradation has
been expanded to include petroleum hydrocarbons, halogenated
organic molecules, and a description of the plastisphere.
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The Evolution of
Microorganisms and
Microbiology

H ow does it feel to witness history? The COVID-19

pandemic will be studied for years to come by scientists,
clinicians, and politicians. However, as the COVID-19 pandemic
exploded, we had the tools to address many of the questions that
needed answers in real time. Each of these questions also illustrates
the reach of microbiology. Let’s explore five of them:

m What is the nature of the virus that causes COVID-19, SARS-CoV-2?
It is easy to see that virologists—those who study viruses—helped
answer this question. But they were supported by many others. For
example, electron microscopists were needed to visualize the virus,
and the work of molecular biologists and geneticists was critical. The
ability to rapidly sequence the first isolated SARS-CoV-2 genome,
followed by new many new isolates cultured from patients, illustrates
the importance of bioinformaticists (people who analyze large
biological data sets), computer scientists, and clinical microbiologists.

m How does SARS-CoV-2 cause disease? This turned out to be much
more complicated than anyone initially anticipated. To answer
this question, immunologists, physiologists, infectious disease
specialists, pathologists, and every manner of clinician-scientist
conducted studies.

m How do we best treat patients with COVID-19? The process of
repurposing existing drugs and developing new drugs required
the coordinated efforts of virologists, molecular biologists,
biochemists, chemists, and immunologists to identify and
design new drugs. Meanwhile, clinicians—including physicians,
nurses, pharmacists, and public health officials—tested new
therapies on patients. Data scientists and statisticians were
needed to interpret the outcomes of trials.

Raman Tyukin/Shutterstock

Microbiology’s Reach

m How do we prevent the spread of COVID-19? The world got a
crash course on the role of epidemiologists and disease modelers
in tracking, tracing, and predicting the spread of disease.
Geographic information scientists helped figure out where the
virus was spreading. As it became clear that vaccines take time
for microbiologists, biochemists, and immunologists to develop,
the design and deployment of cheaper and easier testing by
industrial microbiologists and bioengineers was critical.

These are only some of the questions wrought by COVID-19. The
goal of this textbook is to introduce you to the microbial world—the
magnitude of its diversity, the elegance of its biology, and the many
subdisciplines within microbiology. Unfortunately, COVID-19 has
probably already convinced you of microbiology’s importance.

Our goal in this chapter is to introduce you to this amazing world
of microorganisms and outline their evolution and history of discov-
ery. Much of microbiology is similar to what you have learned in other
biology classes that focus on large organisms. But microbes have
unique properties that often require unique approaches to under-
stand them. But before you delve into this chapter, check to see if you
have the background needed to get the most from it.

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

v/ List the features of eukaryotic cells that distinguish them from other cell
types

v/ Understand the basic structure of the macromolecules, nucleic acids,
proteins, carbohydrates, and lipids (see appendix /)

v/ Explain the terms genome, genotype, and mutation



2 cHapTer 1 | The Evolution of Microorganisms and Microbiology

1.1 Members of the Microbial World

a. Define the term microbiology

b. Explain Carl Woese’s contributions in establishing the three-domain
system for classifying cellular life

c. Determine the type of microbe (bacterium, fungus, etc.) when given
a description of a microorganism

d. Provide an example of the importance to humans of each of the
major types of microbes

Microorganisms—those organisms too small to be seen clearly
by the unaided eye (figure 1.1) are fabulously diverse and
unimaginably abundant. It is difficult to count the number of
microbes on Earth, but estimates are about 10°*° microbial cells
in habitats as diverse as termite guts and sediments deep be-
neath the seafloor (figure 1.2). There are more microbes on
Earth than stars in the known universe.

Although microbes are generally 1 millimeter or less in di-
ameter, some, such as bread molds, are visible without micro-
scopes. Some macroscopic microorganisms are multicellular.
They are distinguished from other multicellular life forms such as
plants and animals by their lack of highly differentiated tissues.
In addition, a variety of acellular biological entities, including
viruses and subviral agents, are also called microorganisms and
microbes. This is not without controversy because these agents
cannot reproduce independently.

The diversity of microorganisms has always presented a
challenge to microbial taxonomists. Early descriptions of cellu-
lar microbes as either plants or animals were too simple. For in-
stance, some microbes are motile like animals but also have cell
walls and are photosynthetic like plants. An important break-
through in microbial taxonomy arose from studies of their cel-
lular architecture, when it was discovered that cells exhibited one
of two possible “floor plans.” Cells that came to be called
prokaryotic cells (Greek pro, before; karyon, nut or kernel) have
an open floor plan. That is, their contents are not divided into
compartments by membranes. Only eukaryotic cells (Greek eu,
true) have a nucleus and other membrane-bound organelles
(e.g., mitochondria, chloroplasts) that separate some cellular ma-
terials and processes from others.

These observations eventually led to the development of a
classification scheme that divided organisms into five kingdoms:
Monera, Protista, Fungi, Animalia, and Plantae. Microorgan-
isms (except for viruses and other acellular infectious agents)
were placed in the first three kingdoms. In this scheme, all or-
ganisms with prokaryotic cell structure were placed in Monera.
However, the five-kingdom system is no longer accepted by mi-
crobiologists. This is because prokaryotes are too diverse to be
grouped together in a single kingdom. Pl Use of the term prokar-
yote is controversial (section 3.1)

Classifying microbes has benefited from progress in three
areas. First, the development of electron microscopy tech-
niques reveals the detailed structure of microbial cells. Sec-
ond, methods that measure the biochemical and physiological
characteristics of many different microorganisms demonstrate
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Figure 11 Concept Map Showing the Types of Biological Entities Studied by Microbiologists.
L1 (e3 LN [N How would you alter this concept map so that cellular organisms are differentiated by their key features?
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Figure 1.2 Bacterial and Archaeal Habitats and Abundance.

ground portions of plants), livestock, and humans.
Fotout/Shutterstock

many similarities and differences. Third, the genomic revolu-
tion enabled the analysis of nucleic acid and protein sequences
from a wide variety of organisms. The comparison of riboso-
mal RNA (rRNA) nucleic acid sequences, begun by Carl Wo-
ese (1928-2012) in the 1970s, transformed our understanding
of the term prokaryote. It was discovered that there are two
very different groups of organisms with prokaryotic cell mor-
phology: Bacteria and Archaea. Among eukaryotic microbes,
later studies showed that Protista is not a cohesive taxonomic
unit (i.e., taxon) and that it should be divided into three or
more kingdoms. These studies and others led many taxono-
mists to reject the five-kingdom system in favor of one that
divides cellular organisms into three domains: Bacteria,
Archaea, and Eukarya (all eukaryotic organisms) (figure 1.3).
Pl Nucleic acids (appendix I); Proteins (appendix I)
Members of domain Bacteria are usually single-celled
organisms.! Most have cell walls that contain the structural mole-
cule peptidoglycan. Despite popular belief, most bacteria do not
cause disease. In fact, bacteria are major inhabitants of our bodies,
forming the human microbiome. Indeed, at least as many micro-
bial cells are found in and on the human body as there are human
cells. These microbes contribute to the development of the body’s
immune system. Microbes that inhabit the large intestine help the

Numbers indicate the number of
microbial cells in each habitat. The majority of bacteria and archaea live in oceans and sediments, either
within the Earth’s crust or deep below the crust (subsurface). The discovery of viable microbes so deep
within our planet is a recent and exciting development. Other habitats include the phyllopshere (above
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body digest food and produce vitamins. In
these and many other ways, the human mi-
crobiome helps maintain our health and
well-being. Pl Overview of bacterial cell
wall structure (section 3.4); Human micro-
biome and host interactions (chapter 33)

Unfortunately some bacteria do cause
disease, and some of these diseases can have
a huge impact. In 1347 the plague (Black
Death), a disease caused by bacteria living
in fleas, struck Europe with brutal force,
killing one-third of the population within
023 e 4 years. Over the next 80 years, the disease

ot struck repeatedly, eventually wiping out
roughly half of the European population.
The resulting labor shortage gave workers
more power, ultimately eliminating serf-
dom, and preparing the way for the
Renaissance.

Members of domain Archaea are dis-
tinguished from bacteria by many fea-
tures, most notably their distinctive rRNA
sequences, cell walls, and membrane li-
pids. Some have unique metabolic charac-
teristics, such as the ability to generate
methane (natural) gas. Some archaea are
found in extreme environments, including
those with high temperatures (thermo-
philes) and high concentrations of salt (ex-
treme halophiles). Archaea do not appear to directly cause disease
in humans.

Domain Eukarya includes plants, animals, and microor-
ganisms classified as protists or fungi. Protists are generally
unicellular but larger than most bacteria and archaea. They
have traditionally been divided into protozoa, which have an
animal-like metabolism, and algae, which are photosynthetic.
However, these terms lack taxonomic value because protists,
algae, and protozoa do not form three groups, each with a sin-
gle evolutionary history. Nonetheless, for convenience, we use
these terms here. Wl Protist diversity reflects broad phylogeny
(section 23.1)

Fungi are a diverse group of microorganisms that range
from unicellular forms (yeasts) to multicellular molds and mush-
rooms. Because of their metabolic capabilities, many fungi play
beneficial roles, including making bread dough rise, producing
antibiotics, and decomposing dead organisms. Some fungi as-
sociate with plant roots to form mycorrhizae. Mycorrhizal fungi
transfer nutrients to the roots, improving growth of the plants,
especially in poor soils. Other fungi cause plant diseases
(e.g., rusts, powdery mildews, and smuts) and diseases in
humans and other animals. Wl Fungal biology reflects vast
diversity (section 24.1)

Other habitats
Groundwater 5 X 1027 |
Phyllosphere 2 X 1026
Cattle 4 X 1024 -
Termites 6 X 1023

Pigs 7 X 1023

1 In this text, the term bacteria (s., bacterium) is used to refer to those microbes belonging to domain Bacteria, and the term archaea (s., archaeon) is used to refer to those that belong to domain Archaea. In
some publications, the term bacteria is used to refer to all cells having prokaryotic cell structure. That is not the case in this text.
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L[S LN\ [XVIIN'® How many of the taxa listed in the figure include
microbes?

The microbial world also includes numerous acellular
infectious agents. Viruses are acellular entities that must
invade a host cell to multiply. The simplest virus particles
(also called virions) are composed only of proteins and a
nucleic acid, and can be extremely small (the smallest is
10,000 times smaller than a typical bacterium). However, their
small size belies their power. They cause many animal and
plant diseases and, as we saw most recently with COVID-19,
can trigger epidemics and pandemics that shape human his-
tory. In addition to COVID-19, viral diseases include rabies,
influenza, AIDS, the common cold, and some cancers. Vi-
ruses are also important in aquatic environments, where they
play a critical role in shaping microbial communities. Viroids
are infectious agents composed only of ribonucleic acid
(RNA). They cause numerous plant diseases. Satellites are
composed of a nucleic acid enclosed in a protein shell. They
must coinfect a host cell with a virus, called a helper virus, to
complete their life cycle. Satellites and their helper viruses
cause both plant and animal diseases. Finally, prions, infec-
tious agents composed only of protein, are responsible for
causing neurological diseases such as scrapie and “mad cow
disease.” W Viruses and other acellular infectious agents
(chapter 25)

Comprehension Check

1. How did the methods used to classify microbes change,
particularly in the last half of the twentieth century? What was the
result of these technological advances?

2. ldentify one characteristic for each of these types of microbes that
distinguishes it from the other types: bacteria, archaea, protists,
fungi, viruses, viroids, satellites, and prions.

3. Describe one interaction with microbes you had yesterday.

1.2 Microbes Have Evolved and
Diversified for Billions of Years

After reading this section, you should be able to:

a. Explain the RNA world hypothesis and the evidence that supports it

b. Design a set of experiments that could be used to place a newly
discovered cellular microbe on a phylogenetic tree based on small
subunit (SSU) rRNA sequences

c. Compare and contrast the evolution of mitochondria and chloroplasts

A review of figure 1.3 reminds us that microbes are the dominant
organisms on Earth. How has microbial life been able to radiate
to such an astonishing level of diversity? To answer this question,
we must consider microbial evolution. The field of microbial
evolution, like any other scientific endeavor, is based on the
formulation of hypotheses, the gathering and analysis of data,
and the reformation of hypotheses based on newly acquired
evidence. That is to say, the study of microbial evolution is based
on the scientific method. To be sure, it is difficult to amass
evidence when considering events that occurred millions, and
often billions, of years ago, but the application of molecular
methods has revealed a living record of life’s ancient history.
This section describes the outcome of this scientific research.

Theories of the Origin of Life Depend
Primarily on Indirect Evidence

Dating meteorites through the use of radioisotopes places our
planet at an estimated 4.5 to 4.6 billion years old. However, con-
ditions on Earth for the first 100 million years or so were far too
harsh to sustain any type of life. Eventually bombardment by
meteorites decreased, water appeared on the planet in liquid
form, and gases were released by geological activity to form
Earth’s atmosphere. These conditions were amenable to the ori-
gin of the first life forms. But how did this occur, and what did
these life forms look like?

To find evidence of life and develop hypotheses about its
origin and subsequent evolution, scientists must be able to define
life. Although even very young children can examine an object



and correctly determine whether it is living or not, defining life
succinctly is actually not that easy. Most definitions of life con-
sist of a set of attributes. The attributes of particular importance
to paleobiologists are an orderly structure, the ability to obtain
and use energy (i.e., metabolism), and the ability to reproduce.
Just as NASA scientists are using the characteristics of microbes
on Earth today to search for life elsewhere, so too are scientists
examining extant organisms, those organisms present today, to
explore the origin of life. Some extant organisms have structures
and molecules that represent relics of ancient life forms. These
can provide scientists with ideas about the type of evidence to
seek when testing hypotheses.

The best direct evidence for the nature of primitive life
would be a fossil record. There have been reports of microbial
fossil discoveries since 1977. These have always met with skepti-
cism because some objects that look like cells can be formed by
geological forces that occurred as the rock was formed. The re-
sult is that the fossil record for microbes is sparse and always
open to reinterpretation.

Despite these problems, most scientists agree that life was
present on Earth about 3.5 to 3.8 billion years ago (figure 1.4).
To reach this conclusion, biologists rely on indirect evidence.
Among the indirect evidence used are molecular fossils. These
are chemicals found in rock or sediment that are chemically re-
lated to biological molecules. For instance, the presence of mol-
ecules called hopanes in a rock indicates that bacteria were
present when the rock was formed. This conclusion is reached
because hopanes are formed from hopanoids, which are found in
the plasma membranes of extant bacteria. As you can see, no
single piece of evidence can stand alone. Instead many pieces of
evidence are put together in an attempt to get a coherent picture
to emerge, as with a jigsaw puzzle.

Early Life Was Probably RNA-based

Before there was life, most evidence suggests that Earth was a
very different place: hot and anoxic, with an atmosphere rich
in water vapor, carbon dioxide, and nitrogen. In the oceans,
hydrogen, methane, and carboxylic acids were formed by geo-
logical and chemical processes. Areas near hydrothermal
vents may have provided the conditions that allowed chemi-
cals to react with one another, randomly testing the usefulness
of the reaction and the stability of its products. Some reactions
generated molecules that functioned as catalysts, some
aggregated with other molecules to form the predecessors of
modern cell structures, and others were able to replicate and
act as units of hereditary information (Microbial Diversity &
Ecology 1.1).

How did early cells, sometimes called probionts, arise? In
modern cells, three different molecules fulfill the roles of cata-
lysts, structural molecules, and hereditary molecules. Proteins
have two major roles in modern cells: catalytic and structural.
Catalytic proteins are enzymes and structural proteins serve
myriad functions, such as transport, attachment, and motility.
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DNA stores hereditary information that is replicated and passed
on to the next generation. RNA converts the information stored
in DNA into protein. Any hypothesis about the origin of life must
account for the evolution of these molecules, but their relation-
ships to each other in modern cells complicates attempts to im-
agine how they evolved. Proteins can do cellular work, but their
synthesis involves other proteins and RNA, and uses information
stored in DNA. DNA cannot do cellular work, and proteins are
needed for its replication. RNA synthesis requires both DNA as
the template and proteins as catalysts.

Based on these considerations, it is hypothesized that at some
time in the evolution of probionts, there must have been a single
molecule that could do both cellular work and replicate. This idea
was supported in 1981 when Thomas Cech discovered an RNA
molecule in a protist (Tetrahymena sp.) that also had catalytic ac-
tivity. Since then, other catalytic RNA molecules have been dis-
covered, including an RNA found in ribosomes that is responsible
for forming peptide bonds—the bonds that hold together amino
acids, the building blocks of proteins. Catalytic RNA molecules
are now called ribozymes.

The discovery of ribozymes suggested that RNA at some
time was capable of storing, copying, and expressing genetic
information, as well as catalyzing other chemical reactions. In
1986 Nobel laureate Walter Gilbert coined the term RNA world
to describe this precellular stage in the evolution of life. However,
for this precellular RNA-based stage to proceed to the evolution
of cellular life forms, a lipid membrane must have formed around
the RNA (figure 1.5). This important evolutionary step is easier
to imagine than other events in the origin of cellular life forms
because lipids, major structural components of the membranes of
modern organisms, spontaneously form liposomes—rvesicles
bounded by a lipid bilayer. The notion of an RNA world has
caused some scientists to look for evidence on Mars, where
conditions are thought to have been frozen in the prebiotic era.
Pl Lipids (appendix I)

Back here on Earth, Jack Szostak, also a Noble laureate, is
a leader in experimentally simulating how protobionts con-
taining only RNA may have formed. When his group created
liposomes using simpler fatty acids than those found in mem-
branes today, the liposomes were leaky. These leaky liposomes
allowed single RNA nucleotides to move into the liposome, but
prevented large RNA chains from moving out. Furthermore,
researchers could prod the liposomes into growing and divid-
ing. Dr. Szostak’s group has also been able to create conditions
in which an RNA molecule could serve as a template for syn-
thesis of a complementary RNA strand. These experiments
may have recapitulated early steps in the evolution of cells. As
seen in figure 1.5, several other processes need to occur to
reach the level of complexity found in extant cells.

Apart from its ability to perform catalytic activities, the
function of RNA suggests its ancient origin. Consider that much
of the cellular pool of RNA in modern cells exists in the ribo-
some, a structure that consists largely of ribosomal RNA
(rRNA) and uses messenger RNA (mRNA) and transfer RNA
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MICROBIAL DIVERSITY & ECOLOGY N\

1.1 Hydrothermal Vents: Did Life Begin Under the Sea?

Whether or not early life was RNA-based, one thing is clear:
the origin of life needed energy to synthesize biomolecules.
So, perhaps the most fundamental evolutionary question is
“Where did biomolecules and the energy needed to build
them come from?” Three hypotheses have been suggested.
First, the panspermia theory speculates that meteorites
bombarded our planet, bringing with them other-worldly bio-
molecules. Second, the more familiar primordial soup theory
suggests that organic molecules were spontaneously assem-
bled by an input of energy, such as lightning strikes. The last
theory, which has gained evidence in recent years, hypothe-
sizes that both the energy and the molecules originated in
hydrothermal vents. Let’s explore the hydrothermal vent
theory.

Hydrothermal vents are geothermally active deep-sea
chasms thousands of meters below the surface of the ocean.
Their discovery in 1977 sparked tremendous excitement as im-
ages of entirely new ecosystems with mysterious organisms cap-
tured the attention of scientists and the public (see section 27.2).
These vents pump 400°C sulfide-rich water into cold ambient
water, causing the sulfide to instantly precipitate, so these
chimneylike structures are dubbed “black smokers.” In
2000, scientists made yet another deep-sea discovery with a
different kind of vent system. These are cooler (45-90°C)
and alkaline (pH 9-11). When these waters mix with the
surrounding seawater (pH about 8.0), calcium carbonate pre-
cipitates, forming white chimneys, as seen in the Lost City
vents (box figure).

This pH gradient is critical to the hypothesis that a vent
system, such as Lost City, could be the origin of biomolecules.
As you may have learned when studying mitochondria or
batteries, the separation of positive and negative charges cap-
tures potential energy (remember that energy can’t be cre-
ated). In Lost City vents, the thin walls of the chimneys serve
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D.Kelley, University of Washington.

to separate these fluids with as much as a 3-unit pH differ-
ence. The question now being asked is “Was this potential
energy tapped to convert CO, in seawater to simple carbon-
based molecules, such as amino acids, short hydrocarbons,
and others?”

If the answer is yes, a 2019 study shows that a mixture of
molecules called single-chain amphiphiles (SCAs), which are
simpler versions of more familiar phospholipids, can form
vesicles in hot, alkaline pH seawater that mimics that of Lost
City. Putting this together, we can hypothesize a series of
events that occurred 3.7-4.0 billion years ago. First, the pres-
ence of the pH gradient across geological barriers in the Lost
City drove the formation of random organic molecules, some
of which were SCAs. These SCAs accumulated and formed
vesicles that entrapped fluids preserving the pH gradient.
These vesicles had the energy to test the formation of differ-
ent molecules. Was one of them RNA?

(tRNA) to construct proteins. Also rRNA itself catalyzes pep-
tide bond formation during protein synthesis. Thus RNA seems
to be well poised for its importance in the development of pro-
teins (figure 1.5). Because RNA and DNA are structurally simi-
lar, RNA could have given rise to double-stranded DNA. It is
suggested that once DNA evolved, it became the storage facility
for genetic information because it provides a more chemically
stable structure. Two other pieces of evidence support the RNA
world hypothesis: the fact that the energy currency of cells,
ATP, is a ribonucleotide and the discovery that RNA can regu-
late gene expression. Pl ATP: the major energy currency of
cells (section 10.2); Riboswitches: effector-mRNA interactions

regulate transcription (section 14.3); Translational riboswitches
(section 14.4)

However, the RNA world hypothesis is not without prob-
lems, and more recent experiments suggest the first nucleic ac-
ids may have been a mix of DNA and RNA molecules. Another
area of research also fraught with considerable debate is the
evolution of metabolism. The early Earth was a hot environment
that lacked oxygen. Thus cells that arose there must have been
able to use the available energy sources under these harsh con-
ditions. Today there are heat-loving archaea capable of using
inorganic molecules such as FeS as a source of energy. Some
suggest that this interesting metabolic capability is a remnant of
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Figure 1.5 The RNA World Hypothesis for the Origin of Life.
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the first form of energy metabolism. Another metabolic strat-
egy, oxygen-releasing photosynthesis (oxygenic photosynthe-
sis), appears to have evolved perhaps as early as 2.7 billion years
ago. This is supported by the discovery of ancient stromatolites
(figure 1.6). Stromatolites are layered rocks formed by the in-
corporation of mineral sediments into layers of cyanobacteria
growing in thick mats on surfaces. The oxygen released by these
early cyanobacteria is thought to have altered Earth’s atmosphere
to its current oxygen-rich state, allowing the evolution of addi-
tional energy-capturing strategies such as aerobic respiration,
the oxygen-consuming metabolic process used by many mi-
crobes and animals.

Evolution of the Three Domains of Life

Look closely at figure 1.3 and find a line labeled “Origin.” This
is where data indicate the last universal common ancestor
(LUCA) to all three domains should be placed. LUCA is the
most recent organism from which all three types of life—
bacterial, archaeal, and eukaryotic—arose. On this tree of life,

Figure 1.6 Stromatolites. Modern stromatolites from Western Australia.
Each stromatolite is a rocklike structure, typically 1 m in diameter, containing
layers of cyanobacteria.

Horst Mahr/imagebroker/age fotostock

LUCA is on the bacterial branch, which means that Archaea and
Eukarya evolved independently, separate from Bacteria.

The evolutionary relationship of Archaea and Eukarya is
still a matter of considerable debate. According to the universal
phylogenetic tree (figure 1.3), Archaea and Eukarya shared
common ancestry but diverged and became separate domains.
Recent evidence supports the notion that Eukarya evolved from
Archaea (see Microbial Diversity & Ecology 26.1). The close
evolutionary relationship of these two forms of life is still evident
in the manner in which they process genetic information. For
instance, certain protein subunits of archaeal and eukaryotic
RNA polymerases, the enzymes that catalyze RNA synthesis,
resemble each other to the exclusion of those of bacteria. How-
ever, archaea have other features that are most similar to their
counterparts in bacteria (e.g., mechanisms for conserving en-
ergy). This has further complicated and fueled the debate. The
evolution of the nucleus and endoplasmic reticulum is also con-
troversial. However, hypotheses regarding the evolution of other
membrane-bound organelles are more widely accepted and are
considered next.

Mitochondria, Mitochondria-Like Organelles, and
Chloroplasts Evolved from Endosymbionts

The endosymbiotic hypothesis is generally accepted as the ori-
gin of several eukaryotic organelles, including mitochondria,
chloroplasts, and hydrogenosomes. Endosymbiosis is an interac-
tion between two organisms in which one organism lives inside
the other. The original endosymbiotic hypothesis proposed that
over time a bacterial endosymbiont of an ancestral cell in the
eukaryotic lineage lost its ability to live independently. If the in-
tracellular bacterium used aerobic respiration, it became a mito-
chondrion. If the endosymbiont was a cyanobacterium and
therefore performed photosynthesis, it became a chloroplast
(figure 1.7).
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Figure 1.7 The Endosymbiotic Theory. (a) According to this hypothesis,
mitochondria derived from a bacterium in the phylum Proteobacteria.

(b) A similar phenomenon occurred for chloroplasts, which derived from
cyanobacteria.

Although the mechanism by which the endosymbiotic rela-
tionship was established is unknown, there is considerable evi-
dence to support this hypothesis. Mitochondria and chloroplasts
contain DNA and ribosomes; both are similar to bacterial DNA
and ribosomes. Peptidoglycan, the unique bacterial cell wall
molecule, has even been found between the two membranes that
enclose the chloroplasts of some algae. Indeed, inspection of fig-
ure 1.3 shows that both organelles belong to the bacterial lineage.
More specifically, mitochondria are most closely related to bac-
teria called proteobacteria. The chloroplasts of plants and green
algae are thought to have descended from an ancestor of the
cyanobacterial genus Prochloron, which contains species that
live within marine invertebrates. I Phylum Cyanobacteria: oxy-
genic photosynthetic bacteria (section 20.4); The proteobacte-
rial origin of mitochondria (section 21.1)

The endosymbiotic hypothesis for mitochondria has been
refined by the hydrogen hypothesis. This asserts that the
endosymbiont was an anaerobic bacterium that produced H, and
CO, as end products of its metabolism. Over time, the host be-
came dependent on the H, produced by the endosymbiont. Ulti-
mately the endosymbiont evolved into one of several organelles
(see figure 5.13). Some endosymbionts evolved into organelles
such as a hydrogenosome—an organelle found in some extant
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protists that produces ATP by a process called fermentation (see
figure 5.15).

Evolution of Cellular Microbes

Although the history of early cellular life forms may never be
known, we know that once microbial cells arose, they were sub-
jected to the same evolutionary processes as modern organisms.
The ancestral bacteria, archaea, and eukaryotes possessed ge-
netic information that could be duplicated, lost, or mutated in
other ways. Mutations could have many outcomes. Some led to
the death of the microbe, but others allowed new functions and
characteristics to evolve. Mutations that allowed the organism to
increase its rate of reproduction or survival were selected and
passed on to subsequent generations. In addition to selective
forces, geographic isolation of populations allowed some groups
to evolve separately from others. Thus selection and isolation led
to the eventual development of new collections of genes (i.e.,
genotypes) and new species.

In addition to mutation, other mechanisms exist for reconfig-
uring genomes and therefore creating genetic diversity. Most eu-
karyotic species increase their genetic diversity by reproducing
sexually, whereby each offspring has a mixture of parental genes
and a unique genotype. Bacteria and archaea do not reproduce
sexually. They increase their genetic diversity by mutation and
horizontal gene transfer (HGT). During HGT, genetic information
from a donor organism is transferred to a recipient, creating a new
genotype in the recipient. In this way genetic information is
passed between individuals of the same generation and even be-
tween species found in different domains of life. Genome se-
quencing has revealed that HGT has played an important role in
the evolution of all microbial species. Importantly, HGT still
occurs in bacteria and archaea leading to the rapid evolution of
microorganisms with antibiotic resistance, new virulence proper-
ties, and novel metabolic capabilities. The outcome of HGT is that
most microbes have mosaic genomes composed of bits and pieces
of the genomes of other organisms. P Horizontal gene transfer:
creating genetic variation the asexual way (section 16.4)

Phylogenetic or phyletic classification systems compare
organisms on the basis of evolutionary relationships. The term
phylogeny (Greek phylon, tribe or race; genesis, generation or
origin) refers to the evolutionary development of organisms.
As discussed, microbial phylogeny relies on comparisons of
multiple features found in extant organisms. These include
cell wall structure, biomolecules such as fatty acids, and cer-
tain housekeeping proteins (proteins used to maintain cellular
life, therefore found in many different organisms), and nucleo-
tide sequences, particularly of small subunit rRNA molecules
(SSU rRNA) (table 1.1). Wl Bacterial ribosomes (section 3.7);
Archaeal ribosomes (section 4.3); Eukaryotic ribosomes
(section 5.5)

Phylogenetic Trees

Figure 1.3 is an example of a phylogenetic tree. The goal of
phylogenetic tree construction is to display the evolutionary





