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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

Modern Approach to Microbiology

their knowledge.

Separate Chapters on Bacteria and Archaea e

In recognition of the importance and prevalence of archaea, the
structure, genetics, and taxonomic and physiologic diversity of
these microbes are now covered in chapters that are separate

from those about bacteria.

An Introduction to the Entire

Microbial World

Now covered in chapters 3-6, the separate chapters on the
structure and function of bacteria and archaea are followed by

the discussion of eukaryotic cells preceding viruses.
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PartOne Introduction to Microbiology
1 The Evolution of Microorganisms and Microbiology 1

Secondary Lymphoid Organsand Tissues
The spleen is the most highly organized secondary lymphoid
organ. It is a largeorgan located in the abdominal cavitythat
functions to filter the blood and trap blood-borne particles to
be assessed for foreignness by phagocytes (figure 33.14). Mac-
rophages and dendritic cells are present in abundance, and
once trapped by splenic macrophages or dendritic cells, a
pathogen is phagocytosed, killed, and digested. The resulting
antigens are presented to lymphocytes, activating a specific im-
mune response.

Lymph nodes e at the junctions oflymphaticvessels, where
macrophages and dendritic cells trap particles that enter the lym-

phaticsystem (figure33.14c). Ifa particle i dtobe foreign, it
is then phagocytosed and degraded, and the resulting antigens
arepresentedto lymphocytes.

Lymphoid tissues are found throughout the body as highly
organized or loosely associated cellular complexes (figure 33.14).
Some lymphoid cells are closely associated with specific tissues

h as skin (ski iated id tissue, or SALT) and mu-
cous membranes (mucosal-associated lymphoid tissue, or
MALT).SALTand MALT are good examples of highlyorganized
lymphoid tissues that featuremacrophages surrounded by spe-
cific areas of B and T lymphocytes and sometimes dendritic cells.
Loosely associated lymphoid tissue is best represented by the
bronchial-associated lymphoid tissue (BALT), because it lacks
cellular partitioning, The primary role of these lymphoid tissues
is to efficiently organize leukocytes to increase interaction be-
tween the innate and the adaptive arms of the immune response.
“Ihus, the lymphoid tissues serve as the interface between the in-
nate resistance mechanisms and adaptive immunity of a host.
We now discuss these tissues in more detail.

Despite the skin's defenses, at times pathogenic microorgan-
isms gain access to the tissue under the shin surface. Here they
encounter a specialized set of cells called the skin-associated
lymphoid tissue (SALT) (figure 33.15). The major function of
SALT is to confine microbial invaders to the area immediately
underlying the epidermis and to preventthem from gaining ac-
cess to the bloodstream. One type of SALT cell is the Langer-
hans cell, a dendritic cell that phagocytoses microorganisms
that penetrate the skin. Once the Langerhans cell has internal-
ized a foreign particle or microorganism, it migrates from the
epidermis to nearby Iymph nodes, where it presents antigen to
activate nearby lymphocytes, inducing a specific immune re-
sponse to that antigen. This dendritic cell-lymphocyte interac-
tion illustrates another bridge between innate resistance and
adaptive immunity.

The epidermis also contains another type of SALT cell
called the intraepidermal lymphocyte (figure 33.15), a spe-

Figure 3315 Skin-Associated Lymphoid Tissue (SALT).  Exasiocyies
e 1 50% of the epiaermin They ate capulse f MEoTESng Cytok nes T1ae

st a7 Tty sespenta 15 Inuang pathegae. Lingerhans coll

Intmemaiion antigen and move 1 a bmoh node, whent they cillerentiane into
dendhTic cull that pemsn: avigers o el Toela, The mtrassicsrmal

hympnacytes may function T cell thrt can acthvate B ol to induce 0
antioady respone

‘The specialized lymphoid tissue in mucous membranes is
d l-associ

cialized T y
responses to antigen. These cells are strategically located in the
skin so that they can intercept any antigens that breach the first
line of defense. Most of these specialized SALT cellshavelimited

skin pathogen patterns.

callec ted lymphoid fissue (MALT). There
are several types of MALT. The system most studied is the gut-
associated lymphoid tissue (GALT). GALT includes the ton-
sils, adenoids, diffuse lymphoid areas along the gut, and
specialized regions in the intestine called Peyer’s patches. Less
well-organized MALT also occurs in the respiratory system and

2 Microscopy 22

3 Bacterial Cell Structure 42 Part Six Ecology and Symbiosis

| T4 Archaeal Cell Structure 82 28 Biogeochemical Cyclingand Global
5 Eukaryotic Cell Structure 92 Climate Change = 632
6 Virusesand Other Acellular Infectious Agents 112 29 MethodsinMicrobialEcology 646

30 Microorganisms in Marine and Freshwater
— Ecosystems 660
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7 Microbial Growth 133 32 Microbiallnteractions 699
8 Controlof Microorganismsin the Environment 172
9 Antimicrobial Chemotherapy 189

Part Seven Pathogenicity and Host Response
33 Innate Host Resistance 723

34 Adaptivelmmunity 753

35 Pathogenicity andinfection 789

PartThree Microbial Metabolism
10 Introductionto Metabolism 210
11 Catabolism: Energy C 30
12 Anabolism: The Useof Energyin Biosynthesis 266

PartEight Microbial Diseases, Detection, and Their
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36 Clinical Microbiologyand Immunology 808

Part Four Microbial Molecular Biology and Genetics 37 Epidemiology and Public Health Microbiology 3

13 Bacterial Genome Replicationand Expression 287 38 Human Diseases Caused by Virusesand Prions 854
14 Regulation of Bacterial Cellular Processes 325 39 Human Diseases Causedby Bacteria 888
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and Expression 353
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17 Recombinant DNATechnology 404 PartNine Applied Microbiology
18 Microbial Genomics 424 41 Microbiologyof Food 958

42 Biotechnologyand Industrial Microbiology 7%

—_— 43 Applied Environmental Microbiology 996
PartFive The Diversity of the Microbial World

9 Microbial Taxonomy and the Evolution of Diversity 447
20 TheArchaea 469

Appendix 1 AReview of the Chemistry
of Biological Molecules  A-1
Appendix2 Common Metabolic Pathways A-%

21 The Deinococdi, Mollicutes, andNonproteobacterial

GramNegative Bacteria 489 Glossary G-1
22 The Proteobacteria 509 Credits C1
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Molecular Microbiology and Immunology

The ninth edition includes updates on genetics, biotechnology,
genomics, and immunology. The discussion of eukaryotic and
archaeal genetics has been expanded and makes up a separate
chapter to reflect the relatedness of genetic information flow. A
streamlined discussion of immunity with enhanced detail be-
tween innate and adaptive linkages helps students grasp the
complexity and specificity of immune responses.



A Modern Approach to Microbiology

21st-Century Microbiology
Prescott’s Microbiology leads the way with updated text devoted

(figure 28.12). Ammonium runoff leaches
into lakes and streams, frequently causing
eutrophication—an increase in nutrient
levels that stimulates the growth of a lim-
ited numberof organisms, thereby distarb-
ingthe ecology of these aquatic ecosystems.
By contrast, microbial nitrification can re-
sultinthe oxidation of ammonium tomore
nitrate than can beimmobilized by plants
and microbes, as organisms need aspecific
ratio of C:N:P. The process of denirifica-
tion converts thisextra nitrate to N, and
the reactive greenhouse nitrogen oxid es.
This cycle of nitrification/denitrification
fueled by NH," introd uced as fertilizer is
responsible for the highest N;O levels in
650,000 years.

What are the consequences of dis-
rupting the carbon and nitrogencycles?
Globalclimate change is themost obvi-
ous example. It is important to keep in
mind that weather is not the same as cli-
mate. While North America has suffered
some of thehottest summers on record in
the past d ecade, a single day or week in
Julythat is particularly hot is not, by it-
self, evidence of global climate change.
Global climate change is measured over
decades and includes many parameters
suchas surface temperature on land and
sea, and in the atmosphere and tropo-
sphere; rates of precipitation; and fre-
quency of extreme weather. Based on
these analyses, the average global temperature has increased
0.74°C, and this rise is directly correlated with fossil fuel com-
bustion to CO, (figure 28.13). Depend ing on the rate of contin-
ued increase in greenhouse gases, the average global surface
temperatureis pred icted torise between 1.1 and 6.4°C by 2100.

An important question is how will microbes respond to a g
changing world. Because for the vast majority of Earth's history,
microorganisms have been the drivers of elemental cycling,

hanges in microbial activiti major i ontherate
i limate E

and

change. The role microbes play inbalancingcarbon and nitrogen
! new in microbial ecol

Retrieve, Infer, Apply
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Figure 28.12 Natural and Human-Made Influences on the Nitrogen Cycle.
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to global climate change, biofuels, and microbial fuel cells. For

more, see chapters 28, 30, 42, and 43.

Metagenomics and the Human Microbiome

The updated genomics chapter covers the technical aspects of
metagenomics, and the human microbiome is discussed in the

context of microbial interactions in chapters 18 and 32.

Laboratory Safety

Reflecting forthcoming recommendations from the American
Society for Microbiology, chapter 37 provides specific guidance
for laboratory best practices to help instructors provide safe con-

ditions during the teaching of laboratory exercises.

Special Interest Essays

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

‘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
organisms such as Bacillus subtilis (Gram positive) and Esch-
erichia coli (Gram negative). At the time, it was thought that
all other bacteria would have similar cell wall structures.
However, as the cell walls of more bacteria have been charac-
terized, it has become apparent that it may be misleading to

obial Diversity & Eq

3.1 Gram Positive and Gram Negative or Monoderms and Diderms?

and many a budding microbiologist into thinki
bacterium has a typical Gram-positive envelope.
gues that by relating cell envelope architecture to t
enies of various bacterial taxa, we may gain insig
evolution of these architectures. He notes that the
micutes and Actinob ia are p
of monoderm bacteria, whereas almost all othe
phyla consist of diderms.

‘There are interesting exceptions to the relas
phylogeny and cell envelope structure. For instanct
of the genus Mycobacterium (e.g., M. tuberculo
to the predominantly monoderm phylum Actii

d almost

refer to bacteria as Gram positive or Gram negative. In other
words, the long-held models of Gram-positive and Gram-
negative cell walls do not hold true for all bacteria. Recently
Tain Sutcliffe has proposed that microbiologists stop refer-
ring to bacteria as either Gram positive or Gram negative. He
suggests that instead we should more precisely describe bac-
terial cell envelope architectures by focusing on the observa-
tion 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
the plasma b and an outer
as seen in typical G gative bacteria. He p
ing 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
monoderms. By referring to Gram-positive-staining diderms
as Gram-positive bacteria, it is too easy to mislead scientists

d call-

Mycobacteria have cell walls that consist of pep
and an outer membrane. The outer membrane is
of mycolic acids rather than the phospholipids
polysaccharides (LPSs) found in the typical Gras
cells’ outer membrane. B Suborder Corynet
(section 24.1)

Members of the genus Deinococcus are anoth
ing exception. These bacteria stain Gram positive
derms. Their cell envelopes consist of the plasma
what appears to be a typical Gram-negative cell w
outer S-layer. Their outer membrane is distinctive
lacks LPS. Deinococci are not unique in this respec
It is now known that there are several taxa with o
branes that substitute other molecules for LPS.

Disease

26.1 White-Nose Syndrome Is Decimating North American Bat Populations

Bats evoke all kinds of images. Some people immediately
think of vampire bats and are repulsed. Others think of the
large fruit bats often called flying foxes. If you have spent a
summer evening outdoors on the east coast of North America,
mosquitoes and the small bats that eat them may come to
mind. A new scene can now be added to these: bats with
white fungal hyphae growing around their muzzles (box fig-
ure). This is the hallmark of white-nose syndrome (WNS),
and ifits rate of infection continues unchecked, it is projected
to eliminate the most common bat species in eastern North
America (Myotis lucifugus) by 2026.

'WNS was first spotted in 2006 among bats hibernating in
acave near Albany, NY. Scientists quickly became alarmed for
two reasons. First, it spreads rapidly—it’s known to occur in at
least six bat species and is now found from the mid-Atlantic
United States, northward into Canada (Ontario, Quebec, and
New Brunswick), and as far west as Oklahoma. Second, it is
deadly. A population of bats declines from 30 to 99% in any
given infected hibernacula (the place where bats hibernate,
which unfortunately rhymes with Dracula).

'WNS is caused by the ascomycete Geomyces destructans.
It colonizes a bat's wings, muzzle, and ears where it first

erodes the epidermis and then invades the underlying skin
and connective tissue. Despite the name WNS, the primary
site of infection (and the anatomical site harmed most) is the
wing. Wings provide a large surface area for colonization,
and once infected, the thin layer of skin is easily damaged,
leading to adverse physiological changes during hibernation.
These in turn result in premature awakening, loss of essential
fat reserves, and strange behavior.

Where did this pathogen come from and why does it
infect bats? The best hypothesis regarding its origin is that
humans inadvertently brought it from Europe, where it
causes mild infection in at least one hibernating bat species.
This makes G. destructans an apparent case of pathogen
pollution—the human introduction of invasive pathogens of
wildlife and domestic animal populations that threaten bio-
diversity and ecosystem function.

The capacity of G. destructans to sweep through bat
populations results from a “perfect storm” of host- and
pathogen-associated factors. G. destructans is psychrophilic,
with a growth optimum around 12°C; it does not grow above
20°C. All infected bat species hibernate in cold and humid
environments such as caves and mines. Because their meta-
bolic rate is drastically reduced during hibernation, their
body temperature reaches that of their surroundings, be-
tween 2 and 7°C. Thus WNS is only seen in hibernating bats
or those that have just emerged from hibernation. When
metabolically active, the bat’s body temperature is too warm
to support pathogen growth.

While it is too late to save the estimated 6 million bats
that have already bed to WNS, microbiologists, con-
servationists, and government agencies are trying to limit
the continued decline in bat populations. Caves have been
closed to human traffic, and protocols for decontamination
after visiting hibernacula have been developed to limit the
spread from cave to cave. Although we cannot cure sick

bats, it is our ibility to stop the d spread of
this pathogen.
Alittle b W.F eral, 2000 An i
with the white fungal hyphae (arrow) for which WNS is named. collagss of a common North Ameri Science 329:679-682.

Source: Sutcliffe, 1. C. 2010. A

architacture. Trends Microbiol. 18(10):464-70.
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Micro Inquiry—Select figures
throughout every chapter
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New! Newsworthy Stories—Each chapter begins with a
/ real-life story illustrating the relevance of the content cov-
ered in the upcoming text.

New! Readiness Check—The introduction to each chapter
includes a skills checklist that defines the prior knowledge
a student needs to understand the material that follows.

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

Animation lcon—This sym-
bol indicates material pre-
sented in the text is also
accompanied by an anima-
tion on the text website at
www.mhhe.com/willey9.

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

Retrieve, Infer, Apply—
Questions within the nar-
rative of each chapter assist
students in mastering sec-
tion concepts before mov-
ing on to other topics.



Stud

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

More Annotated Figures—All key metabolic
pathways and molecular processes are now anno-
tated, so that each step is clearly illustrated and

ent-Friendly Organization
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Key Concepts—At the end of each
chapter and organized by num-
bered headings, this feature dis-
tills the content to its essential
components with completely cross-
referenced figures and tables.

Compare, Hypothesize, Invent—
Includes questions taken from cur-
rent literature; designed to stimulate
analytical problem-solving skills.
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Each chapter has been thoroughly reviewed and many have un-
dergone significant revision. All now feature pedagogical ele-
ments, including a Readiness Check for the chapter and Learning
Outcomes for each section therein.

Part1

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.

Chapter 3—Coverage of bacterial cellular structure and function.
The chapter now includes a discussion of nutrient uptake in the
section on bacterial plasma membranes.

Chapter 4—Growing understanding of the distinctive character-
istics of archaea has warranted the creation of a new chapter that
focuses on their cell structure and function. Comparisons to bac-
teria are made throughout the chapter.

Chapter 5—An introduction to eukaryotic cell structure and
function, with emphasis on eukaryotic microbes. More de-
tailed information on protist and fungal cells is presented in
chapters 25 (The Protists) and 26 (The Fungi), which also focus
on the diversity of these microbes. Comparisons between bac-
teria, archaea, and eukaryotes are included throughout the
chapter.

Chapter 6—This chapter, entitled Viruses and Other Acellular In-
fectious Agents, surveys the essential morphological, physiologi-
cal, and genetic elements of viruses as well as viroids, satellites,
and prions. This chapter completes our four-chapter introduction
of microbial life.

Part II

Chapter 7—Reorganized to initially focus on the growth of mi-
crobes outside the laboratory (including growth in oligotrophic
environments) and the environmental factors that influence
microbial reproduction. Topics related to laboratory culture of
microbes follow.

Chapter 8—Reorganized to reflect emphasis on interruption of nor-
mal growth and reproduction functions to control microorganisms.

Chapter 9—Content focuses on the mechanism of action of each
antimicrobial agent and stresses usage to limit drug resistance.

Part I11
Chapter 10—This introduction to metabolism includes a new
section that outlines the nature of biochemical pathways and

List of Content Changes

introduces the concept of metabolic flux through the intercon-
nected biochemical pathways used by cells.

Chapter 11—The chapter now begins with an introduction to
metabolic diversity and nutritional types.

Chapter 12—Updated coverage of CO,-fixation pathways.

Part IV

Chapter 13—Now focuses on bacterial genetic information flow
with improved coverage of bacterial promoters, sigma factors,
termination of DNA replication, transcription cycle, and protein
folding and secretion.

Chapter 14—Now focuses on the regulation of bacterial cellular
processes. The coverage of regulation of complex cellular behav-
iors has been significantly updated and expanded, including new
material on cyclic dimeric GMP.

Chapter 15—A new chapter that considers eukaryal and archaeal
genome replication and expression together. In both cases, the
discussion has been updated and expanded, and reflects the simi-
larity of information flow as carried out by members of Archaea
and Eukarya.

Chapter 16—Covers mutation, repair, and recombination in the
context of processes that introduce genetic variation into popula-
tions. This is now related to the evolution of antibiotic-resistant
bacteria.

Chapter 17—The use of recombinant DNA approaches to con-
struct a synthetic genome is highlighted.

Chapter 18—New principles and applications of genomic tech-
niques, including massively parallel genome sequencing and
single cell genome sequencing, are now reviewed. The growing
importance of metagenomics to environmental microbiology and
its use in exploring the human microbiome are introduced here.

PartV

Chapter 19—Microbial evolution, introduced in chapter 1, is ex-
panded with a complete discussion of the endosymbiotic theory,
and the concept and definition of a microbial species.

Chapter 20—Expanded coverage of archaeal physiology includes
new figures presenting archaeal-specific anabolic and catabolic
pathways. The evolutionary advantage of each pathway is dis-
cussed in the context of archaeal ecology.

Chapter 21—Now includes mycoplasmas, in keeping with
Bergey’s Manual; new figures illustrating the life cycle of Chlamydia
are included.



List of Content Changes

Chapter 22—Expanded coverage of proteobacterial physiology
with content on C1 metabolism, including several figures.

Chapter 24— Increased coverage of streptomycetes, with new
graphics illustrating their life cycle and their importance in anti-
biotic production.

Chapter 27—Updated discussion of virus taxonomy and phylog-
eny, including increased coverage of archaeal viruses and the
CRISPR/CAS system.

Part VI

Chapter 28—The description of each nutrient cycle is accom-
panied by a new “student-friendly” figure that distinguishes
between reductive and oxidative reactions. Expanded cover-
age of the interaction between nutrient cycles is also newly
illustrated.

Chapter 29—This chapter continues to emphasize culture-based
techniques as the “gold standard” and reviews some new, innova-
tive approaches. The chapter also discusses a variety of culture-
independent techniques used to assess populations and
communities.

Chapter 30—Updated and expanded discussion of freshwater
microbiology is complemented by discussion of carbon cycling in
the open ocean and its implications for global climate change.

Chapter 31—New and updated coverage of mycorrhizae, with an
emphasis on host-microbe communication and evolutionary
similarities to rhizobia.

Chapter 32—Microbial relationships are presented along with
human-microbe interactions, helping to convey the concept that
the human body is an ecosystem. New and increased coverage of
the human microbiome.

Part VII

Chapter 33—Reorganized and updated, this chapter on innate
host resistance provides in-depth coverage of physical and
chemical components of the nonspecific host response fol-
lowed by an overview of cells, tissues, and organs of the im-
mune system. This includes a step-by-step discussion of how
microorganisms and damaged tissues are identified by the host
using pattern recognition to remove them. Discussions of
phagocytosis and inflammation are updated and reflect mo-
lecular mechanisms. The groundwork is laid for a full apprecia-
tion of the connections between the adaptive and innate arms
of the immune system.

Chapter 34—Reorganized and updated to enhance linkages be-
tween innate and adaptive immune activities. Discussions inte-
grate cell biology, physiology, and genetics concepts to present
the immune system as a unified response having various compo-
nents. Implications of dysfunctional immune actions are also
discussed.

Chapter 35— This chapter has been re-titled Pathogenicity and
Infection, reflecting its emphasis on microbial strategies for
survival that can lead to human disease. The essential elements
required for a pathogen to establish infection are introduced
and virulence mechanisms highlighted. It follows the immu-
nology chapters to stress that the host-parasite relationship is
dynamic, with adaptations and responses offered by both host
and parasite.

Part VIII

Chapter 36—This chapter has been updated to reflect the work-
flow and practice of a modern clinical laboratory. Emphasis is on
modern diagnostic testing to identify infectious disease.

Chapter 37—Expanded focus on the important role of labora-
tory safety, especially in the teaching laboratory. Discussion em-
phasizes modern epidemiology as an investigative science and
its role in preventative medicine. Disease prevention strategies
are highlighted.

Chapter 38—Updated and expanded coverage includes viral
pathogenesis and common viral infections.

Chapter 39—Expanded coverage of bacterial organisms and
their common methods leading to human disease.

Chapter 40—Refocused to reflect disease transmission routes as
well as expanded coverage of fungal and protozoal diseases.

Part IX
Chapter 41—Expanded discussion of probiotics in the context of
the human microbiome.

Chapter 42—This chapter has been reorganized to illustrate the
importance of industrial microbiology by presenting common
microbial products—including biofuels—first. This is followed by
an updated discussion of strain development, including in vivo
and in vitro directed evolution.

Chapter 43—Updated discussion of water purification, wastewater
treatment, and bioremediation. This includes the development
and use of microbial fuel cells.
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The Evolution
of Microorganisms
and Microbiology

I n February 2012, the National Aeronautics and Space Administration
(NASA) reported that over 2,000 potential planets had been discovered
by the 2009 Kepler mission. Using a telescope in space, the light
emanating from stars as far as 3,000 light-years away had been
monitored every half-hour. The Kepler telescope identified planets as
they circulated their star and caused a brief decrease in emitted light; just
as an object is detected as a blip by radar, a blip of “darkness” indicates a
planet.

Unless you are a science fiction fan, you might wonder why NASA is
interested in finding planets. By finding other planets, scientists can
gather evidence to support or refute current models of planet formation.
These models predict a process that is chaotic and violent. Planets are
thought to begin as dust particles circling around newly formed stars. As
these particles collide, they grow in size, forming larger chunks. Eventually
a series of such collisions results in planet-sized bodies. Astrobiologists are
interested in identifying characteristics of a planet that may allow it to
support life. Using Earth as a model, they hypothesize that life-supporting
planets will share many features with Earth. But how will life be recog-
nized? Again, scientists look to life on Earth to answer this question, and
increasingly they are turning to microbiologists for help.

Earth formed 4.5 billion years ago. Within the next billion years, the
first cellular life forms—microbes—appeared. Since that time, microorgan-
isms have evolved and diversified to occupy virtually every habitat on Earth:
from oceanic geothermal vents to the coldest Arctic ice. The diversity of
cellular microorganisms is best exemplified by their metabolic capabilities.
Some carry out respiration, just as animals do. Others perform photosynthe-
sis, rivaling plants in the amount of carbon dioxide they capture, forming
organic matter and releasing oxygen into the atmosphere. Indeed,
Prochlorococcus, a cyanobacterium (formerly called a blue-green alga), is
thought to be the most abundant photosynthetic organism on Earth and

Artist’s rendition of the six planets orbiting a star called Kepler-11.
The drawing is based on observations made of the system by the
Kepler spacecraft on August 26, 2010. Some are Earth-sized and

may be habitable by life.

thus a major contributor to the functioning of the biosphere. In addition to
these familiar types of metabolism, other microbes are able to use inorganic
molecules as sources of energy in both oxic (oxygen available) and anoxic
(no oxygen) conditions. It is these microbes that are of particularinterest to
NASA scientists, as it is thought that the organisms on other planets may
have similar unusual metabolisms.

Our goal in this chapter is to introduce you to this amazing group of
organisms and to outline the history of their evolution and discovery.
Microbiology is a biological science, and as such, much of what you will learn
in this text is similar to what you have learned in high school and college
biology classes that focus on large organisms. But microbes have unique
properties, so microbiology has unique approaches to understanding them.
These too will be introduced. 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 List the attributes that scientists use to determine if an object is alive

1.1 Members of the Microbial World

After reading this section, you should be able to:

B Differentiate the biological entities studied by microbiologists
from those studied by other biologists

B Explain Carl Woese's contributions in establishing the three
domain system for classifying cellular life

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

B Determine the type of microbe (e.g., bacterium, fungus, etc.) when
given a description of a newly discovered microbe
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Figure 1.1 Concept Map Showing the Types of Biological Entities Studied by Microbiologists.

MICRO INQUIRY How would you alter this concept map so that it also distinguishes the cellular organisms from each other?

Microorganisms are defined as those organisms and acellular
biological entities too small to be seen clearly by the unaided
eye (figure 1.1). They are generally 1 millimeter or less in diam-
eter. Although small size is an important characteristic of mi-
crobes, it alone is not sufficient to define them. Some cellular
microbes, such as bread molds and filamentous photosynthetic
microbes, are actually visible without microscopes. These mac-
roscopic microbes are often colonial, consisting of small aggre-
gations of cells. Some macroscopic microorganisms are
multicellular. They are distinguished from other multicellular
life forms such as plants and animals by their lack of highly dif-
ferentiated tissues. Most unicellular microbes are microscopic.
However, there are interesting exceptions, as we describe in
chapter 3. In summary, cellular microbes are usually smaller
than 1 millimeter in diameter, often unicellular and, if multi-
cellular, lack differentiated tissues.

The diversity of microorganisms has always presented a
challenge to microbial taxonomists. The early descriptions of
cellular microbes as either plants or animals were too simple.
For instance, some microbes are motile like animals but also
have cell walls and are photosynthetic like plants. Such mi-
crobes cannot be placed easily into either kingdom. An im-
portant breakthrough in microbial taxonomy arose from
studies of their cellular 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, and
karyon, nut or kernel; organisms with a primordial nucleus)
have an open floor plan. That is, their contents are not divided

into compartments (“rooms”) by membranes (“walls”). The
most obvious characteristic of these cells is that they lack the
membrane-delimited nucleus observed in eukaryotic cells
(Greek eu, true, and karyon, nut or kernel). Eukaryotic cells
not only have a nucleus but also many other membrane-bound
organelles that separate some cellular materials 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. Microorganisms
(except for viruses and other acellular infectious agents, which
have their own classification system) were placed in the first three
kingdoms. In this scheme, all organisms with prokaryotic cell
structure were placed in Monera. The five-kingdom system was an
important development in microbial taxonomy, but it is no longer
accepted by microbiologists. This is because not all “prokaryotes”
are the same and therefore should not be grouped together in a
single kingdom. Furthermore, it is currently argued that the term
prokaryote is not meaningful and should be abandoned. As we
describe next, this discovery required several advances in the
tools used to study microbes. PPl The “prokaryote” controversy
(section 3.1)

Great progress has been made in three areas that profoundly
affect microbial classification. First, much has been learned
about the detailed structure of microbial cells from the use of
electron microscopy. Second, microbiologists have determined
the biochemical and physiological characteristics of many dif-
ferent microorganisms. Third, the sequences of nucleic acids and



proteins from a wide variety of organisms have been compared.
The comparison of ribosomal RNA (rRNA), begun by Carl
Woese in the 1970s, was instrumental in demonstrating that
there are two very different groups of organisms with prokary-
otic cell architecture: Bacteria and Archaea. Later studies based
on rRNA comparisons 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 have led many
taxonomists to reject the five-kingdom system in favor of one
that divides cellular organisms into three domains: Bacteria
(sometimes referred to as true bacteria or eubacteria), Archaea
(sometimes called archaeobacteria or archaebacteria), and
Eukarya (all eukaryotic organisms) (figure 1.2). We use this
system throughout the text. A brief description of the three
domains and of the microorganisms placed in them follows.
PP Nucleic acids (appendix 1); Proteins (appendix I)

Members of domain Bacteria are usually single-celled or-
ganisms." Most have cell walls that contain the structural mol-
ecule peptidoglycan. Although most bacteria exhibit typical
prokaryotic cell structure (i.e., they lack a membrane-bound
nucleus), a few members of the unusual phylum Planctomycetes
have their genetic material surrounded by a membrane. This
inconsistency is another argument made for abandoning the
term “prokaryote.” Bacteria are abundant in soil, water, and
air, including sites that have extreme temperatures, pH, or sa-
linity. Bacteria are also major inhabitants of our skin, mouth,
and intestines. Indeed, more microbial cells are found in and
on the human body than there are human cells. These microbes
begin to colonize humans shortly after birth. As the microbes
establish themselves, they contribute to the development of the
body’s immune system. Those microbes that inhabit the large
intestine help the body digest food and produce vitamins. In
these and other ways, microbes help maintain the health and
well-being of their human hosts. Pl Phylum Planctomycetes
(section 21.5)

Unfortunately, some bacteria cause disease, and some of
these diseases have had a huge impact on human history. In 1347
the plague (Black Death), an arthropod-borne disease, struck
Europe with brutal force, killing one-third of the population
(about 25 million people) within four years. Over the next
80 years, the disease struck repeatedly, eventually wiping out
75% of the European population. The plague’s effect was so
great that some historians believe it changed European culture
and prepared the way for the Renaissance. Because of such
plagues, it is easy for people to think that all bacteria are patho-
gens, but in fact, relatively few are. Most play beneficial roles,
from global impact to maintaining human health. They break
down dead plant and animal material and, in doing so, cycle
elements in the biosphere. Furthermore, they are used exten-
sively in industry to make bread, cheese, antibiotics, vitamins,
enzymes, and other products.

—
rRNA sequence change

1.1 Members of the Microbial World 3
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Figure 1.2 Universal Phylogenetic Tree. These evolutionary
relationships are based on rRNA sequence comparisons. To save space,
many lineages have not been identified.

MICRO INQUIRY How many of the taxa listed in the figure include
microbes?

Members of domain Archaea are distinguished from bacte-
ria by many features, most notably their distinctive rRNA
sequences, lack of peptidoglycan in their cell walls, and unique
membrane lipids. Some have unusual metabolic characteristics,
such as the methanogens, which generate methane (natural) gas.
Many archaea are found in extreme environments, including
those with high temperatures (thermophiles) and high concen-
trations of salt (extreme halophiles). Although some archaea are
members of a community of microbes involved in gum disease
in humans, their role in causing disease has not been clearly
established.

Domain Eukarya includes microorganisms classified as
protists or fungi. Animals and plants are also placed in this
domain. Protists are generally unicellular but larger than
most bacteria and archaea. They have traditionally been di-
vided into protozoa and algae. Despite their use, none of these
terms has taxonomic value as protists, algae, and protozoa do

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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not form cohesive taxa. However, for convenience, we use
them here.

The major types of protists are algae, protozoa, slime molds,
and water molds. Algae are photosynthetic. They, together with
cyanobacteria, produce about 75% of the planet’s oxygen and are
the foundation of aquatic food chains. Protozoa are unicellular,
animal-like protists that are usually motile. Many free-living
protozoa function as the principal hunters and grazers of the
microbial world. They obtain nutrients by ingesting organic
matter and other microbes. They can be found in many different
environments, and some are normal inhabitants of the intestinal
tracts of animals, where they aid in digestion of complex materi-
als such as cellulose. A few cause disease in humans and other
animals. Slime molds are protists that behave like protozoa in
one stage of their life cycle but like fungi in another. In the pro-
tozoan phase, they hunt for and engulf food particles, consum-
ing decaying vegetation and other microbes. Water molds are
protists that grow on the surface of freshwater and moist soil.
They feed on decaying vegetation such as logs and mulch. Some
water molds have produced devastating plant infections, includ-
ing the Great Potato Famine of 1846-1847 in Ireland. PP»| The
protists (chapter 25)

Fungi are a diverse group of microorganisms that range
from unicellular forms (yeasts) to molds and mushrooms. Molds
and mushrooms are multicellular fungi that form thin, thread-
like structures called hyphae. They absorb nutrients from their
environment, including the organic molecules they use as
sources of carbon and energy. Because of their metabolic capa-
bilities, many fungi play beneficial roles, including making
bread rise, producing antibiotics, and decomposing dead organ-
isms. Some fungi associate with plant roots to form mycorrhi-
zae. 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. P»| The Fungi
(chapter 26)

The microbial world also includes numerous acellular infec-
tious agents. Viruses are acellular entities that must invade a
host cell to multiply. The simplest viruses 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). How-
ever, their small size belies their power: they cause many animal
and plant diseases and have caused epidemics that have shaped
human history. Viral diseases include smallpox, rabies, influ-
enza, AIDS, the common cold, and some cancers. Viruses also
play important roles in aquatic environments, and their role in
shaping aquatic microbial communities is currently being ex-
plored. Viroids and satellites are infectious agents composed
only of ribonucleic acid (RNA). Viroids cause numerous plant
diseases, whereas satellites cause plant diseases and some im-
portant animal diseases such as hepatitis. Finally, prions, infec-
tious agents composed only of protein, are responsible for
causing a variety of spongiform encephalopathies such as scra-
pie and “mad cow disease.” PPl Viruses and other acellular in-
fectious agents (chapter 6)

Retrieve, Infer, Apply

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. Identify 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.

1.2 Microbial Evolution

After reading this section, you should be able to:

B Propose a time line of the origin and history of microbial life and
integrate supporting evidence into 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

B Compare and contrast the definitions of plant and animal species,
microbial species, and microbial strains

A review of figure 1.2 reminds us that in terms of the number of
taxa, 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 scien-
tific 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 (see www
.mhhe.com/willey9). To be sure, it is sometimes more difficult to
amass evidence when considering events that occurred millions,
and often billions, of years ago, but the advent of molecular meth-
ods has offered scientists a living record of lifes ancient history.
This section describes the outcome of this scientific research.

Evidence for the Origin of Life

Dating meteorites through the use of radioisotopes places our
planetat 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?

Clearly, in order to find evidence of life and to develop
hypotheses about its origin and subsequent evolution, scien-
tists 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 has proven
elusive for scientists. Thus most definitions of life consist 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 mi-
crobes on Earth today to search for life elsewhere (p. 1), so too
are scientists examining extant organisms, those organisms
present today, to explore the origin of life. Some extant organ-
isms have structures and molecules that represent “relics” of
ancient life forms. Furthermore, they can provide scientists
with ideas about the type of evidence to seek when testing
hypotheses.

The first direct evidence of primitive cellular life was the
1977 discovery of microbial fossils in the Swartkoppie chert.
Chert is a type of granular sedimentary rock rich in silica. The
Swartkoppie chert fossils as well as those from the Archaean
Apex chert of Australia have been dated at about 3.5 billion
years old (figures 1.3 and 1.4). Despite these findings, the mi-
crobial fossil record is understandably sparse. Thus to piece to-
getherthe very early eventsthatled to the origin of life, biologists
must rely primarily on indirect evidence. Each piece of evidence
must fit together as in a jigsaw puzzle for a coherent picture to
emerge.

RNA World

The origin of life rests on a single question: How did early cells
arise? At a minimum, modern cells consist of a plasma membrane
enclosing water in which numer-

ous chemicals are dissolved and

\‘Q subcellular structures float. It
seems likely that the first self-
replicating entity was much sim-

pler than even the most primitive
modern living cells. 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 di-
oxide, and nitrogen. In the
oceans, hydrogen, methane,
and carboxylic acids were
formed by geological and
chemical processes. Areas
near hydrothermal vents or

in shallow pools may have
provided the conditions that
allowed chemicals to react
with one another, randomly
“testing” the usefulness of
the reaction and the stability
of its products. Some reac-
tions released energy and
would eventually become the
basis of modern cellular

Figure 1.3 Microfossils of the Archaeon Apex Chert of Australia.
These microfossils are similar to modern filamentous cyanobacteria.
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metabolism. Other reactions generated molecules that could
function 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.

In modern cells, three different molecules fulfill the roles of
catalysts, structural molecules, and hereditary molecules
(figure 1.5). Proteins have two major roles in modern cells:
structural and catalytic. Catalytic proteins are called enzymes,
and they speed up the myriad of chemical reactions that occur
in cells. DNA stores hereditary information and can be repli-
cated to pass the information on to the next generation. RNA is
involved in converting the information stored in DNA into pro-
tein. Any hypothesis about the origin of life must account
for the evolution of these molecules, but the very nature of
their relationships to each other in modern cells complicates
attempts to imagine how they evolved. As demonstrated in
figure 1.5, proteins can do cellular work, but their synthesis in-
volves other proteins and RNA, and uses information stored in
DNA. DNA can’t do cellular work. It stores genetic information
and serves as the template for its own replication, a process that
requires proteins. RNA is synthesized using DNA as the tem-
plate and proteins as the catalysts for the reaction.

Based on these considerations, it is hypothesized that at
some time in the evolution of life, there must have been a single
molecule that could do both cellular work and replicate itself.
A possible molecule was suggested in 1981 when Thomas Cech
discovered a catalytic RN A molecule in a protist (Tetrahymenasp.)
that could cut out an internal section of itself and splice the re-
maining sections back together. Since then, other catalytic RNA
molecules have been discovered, 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 had the ability to catalyze its own replication, using itself
as the template. In 1986 Walter Gilbert coined the term RNA
world to describe a precellular stage in the evolution of life in
which RNA was capable of storing, copying, and expressing
genetic information, as well as catalyzing other chemical reac-
tions. However, for this precellular stage to proceed to the evo-
lution of cellular life forms, alipid membrane must have formed
around the RNA (figure 1.6). 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—vesicles bounded by a lipid bilayer. A fascinating
experiment performed by Marin Hanczyc, Shelly Fujikawa,
and Jack Szostak in 2003 showed that clay triggers the forma-
tion of liposomes that actually grow and divide. Together with
the data on ribozymes, these data suggest that early cells may
have been liposomes containing RNA molecules (figure 1.6).
PP Lipids (appendix I)

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
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Figure 1.5 Functions of DNA, RNA, and Protein, and Their
Relationships to Each Other in Modern Cells.

ribosome, a structure that consists largely of rRNA and uses
messenger RNA (mRNA) and transfer RNA (tRNA) to construct
proteins. Also recall that rRNA itself catalyzes peptide bond for-
mation during protein synthesis. Thus RNA seems to be well
poised for its importance in the development of proteins. Be-
cause RNA and DNA are structurally similar, RNA could have
given rise to double-stranded DNA. It is suggested that once
DNA evolved, it became the storage facility for genetic informa-
tion because it provided a more chemically stable structure. Two
other pieces of evidence support the RNA world hypothesis: the
fact that the energy currency of the cell, ATP, is a ribonucleotide
and the more recent discovery that RNA can regulate gene ex-
pression. So it would seem that proteins, DNA, and cellular en-
ergy can be traced back to RNA. PPl ATP (section 10.2);
Riboswitches (sections 14.3 and 14.4)

Despite the evidence supporting the hypothesis of an RNA
world, it is not without problems, and many argue against it.
Another area of research is also fraught with considerable de-
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Figure 1.6 The RNA World Hypothesis for the Origin
of Life.

MICRO INQUIRY Why are the probionts pictured above not considered
cellular life?

bate: the evolution of metabolism, in particular, the evolution of
energy-conserving metabolic processes. Recall that early Earth
was a hot environment that lacked oxygen. Thus the cells that
arose there must have been able to use the available energy sources
under these harsh conditions. 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 the first form of energy metabolism. Another metabolic
strategy, oxygen-releasing photosynthesis, appears to have evolved
perhaps as early as 2.5 billion years ago. Fossils of cyanobacteria-
like cells found in rocks dating to that time support this hypothesis,
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(a)

(b)

Figure 1.7 Stromatolites. (a) Section of a fossilized stromatolite. Evolutionary biologists think the layers of material were formed when mats of cyanobacteria,
layered one on top of each other, became mineralized. (b) Modern stromatolites from Western Australia. Each stromatolite is a rocklike structure, typically T min

diameter, containing layers of cyanobacteria.

as does the discovery of ancient stromatolites (figure 1.7a). Stro-
matolites are layered rocks, often domed, that are formed by the
incorporation of mineral sediments into layers of microorganisms
growing as thick mats on surfaces (figure 1.7b). The appearance of
cyanobacteria-like cells was an important step in the evolution of
life on Earth. The oxygen they released is thought to have altered
Earth’s atmosphere to its current oxygen-rich state, allowing the
evolution of additional energy-capturing strategies such as aerobic
respiration, the oxygen-consuming metabolic process that is used
by many microbes and animals.

Evolution of the Three Domains of Life

As noted in section 1.1, rRNA comparisons were an important
breakthrough in the classification of microbes; this analysis also
provides insights into the evolutionary history of all life. What
beganwith the examination of rRNA from relatively few organisms
has been expanded by the work of many others, including Nor-
man Pace. Dr. Pace has developed a universal phylogenetic tree
(figure 1.2) based on comparisons of small subunit rRNA mole-
cules (SSU rRNA), the rRNA found in the small subunit
of the ribosome. Here we examine how these comparisons
are made and what the universal phylogenetic tree tells us.
PP| Bacterial ribosomes (section 3.6); Exploring microbial tax-
onomy and phylogeny (section 19.3)

Comparing SSU rRNA Molecules

The details of phylogenetic tree construction are discussed in
chapter 19. However, the general concept is not difficult to under-
stand. In one approach, the sequences of nucleotides in the genes
that encode SSU rRNAs from diverse organisms are aligned, and
pair-wise comparisons of the sequences are made. For each pair
of SSU rRNA gene sequences, the number of differences in the
nucleotide sequences is counted (figure 1.8). This value serves as
a measure of the evolutionary distance between the organisms;
the more differences counted, the greater the evolutionary dis-

tance. The evolutionary distances from many comparisons are
used by sophisticated computer programs to construct the tree.
Each branch in the tree represents one of the organisms used in
the comparison. The distance from the tip of one branch to the tip
of another is the evolutionary distance between the two organ-
isms represented by the branches.

Two things should be kept in mind when examining
phylogenetic trees developed in this way. The first is that they are
molecular trees, not organismal trees. In other words, they rep-
resent, as accurately as possible, the evolutionary history of a
molecule and the gene that encodes it. Second, the distance be-
tween branch tips is a measure of relatedness, not of time. If the
distance along the lines is very long, then the two organisms are
more evolutionarily diverged (i.e., less related). However, we do
not know when they diverged from each other. This concept is
analogous to a map that accurately shows the distance between
two cities but because of many factors (traffic, road conditions,
etc.) cannot show the time needed to travel that distance.

LUCA

What does the universal phylogenetic tree tell us about the evo-
lution of life? At the center of the tree is a line labeled “Origin”
(figure 1.2). This is where the data indicate the last universal
common ancestor (LUCA) to all three domains should be placed.
LUCA is on the bacterial branch, which means that Archaea and
Eukarya evolved independently, separate from Bacteria. Thus
the universal phylogenetic tree presents a picture in which all
life, regardless of eventual domain, arose from a single common
ancestor. One can envision the universal tree of life as a real tree
that grows from a single seed.

The evolutionary relationship of Archaea and Eukarya is
still the matter of considerable debate. According to the univer-
sal phylogenetic tree we show here, Archaea and Eukarya shared
common ancestry but diverged and became separate domains.
Other versions suggest that Eukarya evolved out of Archaea. The
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Figure 1.8 The Construction of Phylogenetic Trees
Using a Distance Method.

MICRO INQUIRY Why does the branch length indicate amount of
evolutionary change but not the time it took for that change to occur?
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close evolutionary relationship of these two forms of life is still
evident in the manner in which they process genetic informa-
tion. For instance, certain protein subunits of archaeal and eu-
karyotic RNA polymerases, the enzymes that catalyze RNA
synthesis, resemble each other to the exclusion of those of bacte-
ria. However, archaea have other features that are most similar
to their counterparts in bacteria (e.g., mechanisms for conserv-
ing energy). This has further complicated and fueled the debate.
The evolution of the nucleus and endoplasmic reticulum is also
at the center of many controversies. However, hypotheses re-
garding the evolution of other membrane-bound organelles are
more widely accepted and are considered next.

Endosymbiotic Origin of Mitochondria, Chloroplasts,
and Hydrogenosomes

The endosymbiotic hypothesis is generally accepted as the
origin of three eukaryotic organelles: mitochondria, chloro-
plasts, and hydrogenosomes. Endosymbiosis is an interaction
between two organisms in which one organism lives inside the
other. The initial statement of the endosymbiotic hypothesis
proposed that over time a bacterial endosymbiont of an ances-
tral cell in the eukaryoticlineagelostits ability to live indepen-
dently, becoming either a mitochondrion, if the intracellular
bacterium used aerobic respiration, or a chloroplast, if the en-
dosymbiont was a photosynthetic bacterium (see figure 19.11).
Although the mechanism by which the endosymbiotic rela-
tionship was established is unknown, there is considerable evi-
dence to support the hypothesis. Mitochondria and chloroplasts
contain DNA and ribosomes; both are similar to bacterial DNA
and ribosomes. Indeed, inspection of figure 1.2 shows that both
organelles belong to the bacterial lineage based on SSU rRNA
analysis. Further evidence for the origin of mitochondria
comes from the genome sequence of the
bacterium Rickettsia prowazekii, an
obligate intracellular parasite and
the cause of epidemic (lice-borne)
typhus. Its genome is more similar to
that of modern mitochondrial genomes
than to any other bacterium. The chloro-
plasts of plants and green algae are
thought to have descended from an ancestor of
the cyanobacterial genus Prochloron, which con-
tains species that live within marine invertebrates.
Recently the endosymbiotic hypothesis for mitochondria
has been modified 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
became dependent on the H, produced by the endosymbiont.
Ultimately the endosymbiont evolved into one of two organelles.
If the endosymbiont developed the capacity to perform aerobic
respiration, it evolved into a mitochondrion. However, if the en-
dosymbiont did not develop this capacity, it evolved into a
hydrogenosome—an organelle found in some extant protists that
produce ATP by a process called fermentation (see figure 5.16).






