


Chapter 4

A Field Guide to the
Microorganisms

By now you are probably beginning to comprehend how diverse microor-
ganisms are. They are found in every conceivable environment, from frozen
Antarctic lakes to superheated thermal vents on the ocean oor where the
water is at or above the boiling point. They live in desert soils, on your skin,
and under your toenails. There are microorganisms that thrive on toxic
chemicals and others that digest petroleum. It is safe to say that microor-
ganisms exploit every possible habitat and resource on the planet.

Microorganisms even strain our notion of what the word life means.
Viruses, far smaller than bacteria, are little more than nucleic acid sur-
rounded by protein. Viruses are not composed of cells, and they display
only some of the characteristics that are attributed to living things. Even
smaller subviral agents, such as the infectious proteins called prions, cause
a bizarre set of diseases including the infamous mad cow disease.

In this chapter we will formally introduce the principal groups of microor-
ganisms to be considered throughout this text. Before we begin, however,
we need to get organized. Because all living things, including microbes, are
classi ed in speci c ways, we will start by investigating the principles of
modern biological classi cation and how it re ects the relatedness of all
living things.

Taxonomy: How Life Is Classified

The science of biological classi cation, known as taxonomy, attempts to
group organisms together on the basis of similarity. Accordingly, an accu-
rate taxonomy re ects the relationship between organisms. Taxonomy also
gives all scientists a common language with which to communicate about
the living world.

If you have ever spent time in another English-speaking country, you have
no doubt occasionally been struck by the different names that are used for
animals and plants in different places. Even within North America, cray sh
might also be called craw sh or crawdads depending on where you are.
These interchangeable terms may not be too confusing, but would you
know what Australians were talking about if they mentioned yabbies ? Of
course such problems only get worse when you travel to non-English-
speaking countries. Among biologists such problems can be more serious
than minor misunderstandings. When two scientists are sharing informa-
tion about an organism, there must be no doubt that they are discussing the
same thing. In microbiology speci cally, the consequences of such mis-
communication can literally be life-threatening. For instance, antibiotics
that work well against one species of Staphylococcus bacteria may have little
or no effect against others. Two doctors discussing treatment of a
Staphylococcus infection must be certain they are talking about the same
microorganism or an inappropriate medication might be prescribed.
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Taxonomy is based on a system of hierarchical groupings

Although attempts to classify animals and plants date back to Aristotle in
the fourth century BC, the modern era of taxonomy began with the Swedish
naturalist Carolus Linnaeus in the mid-1700s. Linnaeus developed a classi-

cation scheme based on a hierarchical sequence of groupings. In this sys-
tem, the smallest, most fundamental group is the species (plural, species).
All members of a particular species group are essentially the same type of
organism. Groups of species that appeared to be similar were placed in the
same genus (plural, genera). Thus, while the domestic dog is a unique spe-
cies, Canisfamiliaris, itis placed in the genus Canis along with other canines
such as the wolf (Canis lupus) and the coyote (Canis latrans). Note that each
species is assigned two names in a manner called binomial nomenclature,

rstintroduced by Linnaeus. The rst name indicates the organisms genus,
while the second identi es it as a particular species within that genus. Both
the genus and the species names are Latinized and are either underlined
(when written) or printed in italics. The genus name is always capitalized,
while the species name is always written in lowercase. Although the genus
name must be written out in full the rsttime itis used, it may subsequently
be abbreviated.

Moving up the hierarchy, those genera considered to be similar are placed
in a common family, and related families compose an order. For instance,
the fox is considered to be different enough from dogs to merit its own
genus, Vulpes. Both genera, Canis and Vulpes, are in the same family of dog-
like animals known as Canidae, and all Canidae are in the order Carnivora
along with other similar families such as Felidae (the cats) and Ursidae (the
bears). Carnivores are just one order in the class Mammalia (the mammals).
Others include the order Primates (monkeys, apes, and humans) and the
order Cetacea (whales and dolphins). Mammals, along with the classes Aves
(birds) and Osteichthyes (bony sh), as well as other animals having a back-
bone or a backbone-like structure at least some time in their lives, are
grouped together in the phylum (plural, phyla) Chordata, and all animals
including Chordata are in the kingdom Animalia (Figure 4.1). Animals are
one of several kingdoms, to be discussed in this chapter.

Modern classification reflects evolutionary relatedness

Although the basic strategies of hierarchal classi cation and binomial
nomenclature have remained the same since rst proposed by Linnaeus, as
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Phylum Proteobacteria Anthophyta Arthropoda Chordata
Class Zymobacteria Monocotyledonae | Insecta Mammalia
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Family Enterobacteriaceae | Poaceae Muscidae Felidae
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Species E. coli Z.mays M. domestica F. silvestris

guoan I OomnoCooo

Figure 4.1 Taxonomy s hierarchy.

A hierarchical classi cation of a bacterium,
a plant, and two animals. In such a
hierarchy, similar species are placed in the
same genus, and similar genera are placed
in the same family. Similar families are
placed in the same order, and so on. Both
the house y and the domestic cat, for
instance, are different enough to be placed
in separate phyla, but they share certain
characteristics that place them both in the
kingdom Animalia.
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our understanding of living things has increased, the way we think about
and use taxonomy has changed. Prior to the development of evolutionary
theory, to be described in Chapter 8, organisms were grouped on the basis
of similar visible features. No attempt to group organisms according to evo-
lutionary relatedness was made, as these relationships were not recognized.
However, most modern taxonomic schemes have tried to organize living
things according to their evolutionary ancestry. Taxonomy based on a
shared evolutionary history is known as phylogenetics. In such a taxonomy,
species withinagenus share acommon evolutionary ancestor more recently
than do species in separate genera. Two genera within the same family are
more closely related than genera in different families, and so on, up the tax-
onomic hierarchy. Evolutionary relationships are often depicted as a tree
(Figure 4.2). Insuch a tree of life the trunk represents the ancestral organ-
isms of all species in the tree. Branches indicate where groups of organisms
separated from each other in the course of their evolution. In a complete
taxonomic tree, the small terminal branches would represent individual
species. By examining a well-constructed phylogenetic tree, the evolution-
ary history of organisms can be traced back, and the relatedness of different
organisms can be inferred.

DNA analysis provides evidence for relatedness

Originally, similar anatomical and biochemical features were taken as an
indication of a similar evolutionary past. Since the 1970s, however, taxono-
mists have increasingly relied on genetic similarities to determine phylog-
enies. By comparing certain genes between organisms, scientists now have
a far more accurate means of determining who is related to whom. Recall
from our discussion of nucleic acids in Chapter 2 that a gene is a speci ¢
amount of DNA providing the code for the production of a particular pro-
tein. DNA is composed of nucleotides, and the sequence of the nucleotides
in aspeci cgene dictates the order of amino acids in the protein to be pro-
duced. Even if two organisms produce the same protein, however, they
might actually make it in slightly different forms. These differences are due
to mistakes, known as mutations, that occur in reproducing the DNA.
Mutations are changes in the sequence of nucleotides in a gene, and they
occur with time in all organisms.

If two species arose from a common ancestor only recently, there will not
have been much time for each to acquire mutations independently. Their
genetic material will therefore still be very similar. But if two species are
only distantly related, the number of differences in their DNA will be
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Figure 4.2 Phylogenetic tree showing
the relationships between several
representative mammals. Llamas share
a more recent common ancestor with
alpacas than they do with other animals in
this tree. Thus llamas and alpacas are more
closely related to each other than they

are to other animals. Llamas and alpacas,
along with the next closest group, the
camels, form the family Camelidae. Others
in this tree share a common ancestor more
recently with each other than any of them
do with members of Camelidae.
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correspondingly greater. Because more time has passed since they shared a
common ancestor, each species will have accumulated mutations on its
own for a longer period. Taxonomists use the number of differences seen in
a gene (mutations in the nucleotide sequence) as an indicator of
relatedness.

CASE: STREAMS, SNAILS, AND SCHISTOSOMES

Schistosomiasis is a debilitating disease caused by parasitic atworms in

the genus Schistosoma. Over 200 million people are infected worldwide,

primarily in the tropics. In Latin America, the causative agent is

Schistosoma mansoni. These parasites develop as larvae in freshwater

snailsin the genus Biomphalaria. After a period of larval development and

reproduction, the parasites leave the snail and enter the water. Humans

become infected when they enter contaminated water bodies (Figure 4.3).

The larval atworm burrows through the skin and migrates to the veins

surrounding the intestine. Following mating, large numbers of eggs are

produced that pass into the intestine and are released with the feces. Upon
hatching, the larval worm seeks out an appropriate snail, and the cycle is
complete. The adult worms can survive for many years in the human host,
producing millions of eggs. Many of the eggs fail to pass into the intestine
and get swept by the circulatory system to the liver, where they become
lodged. In ammation caused by the eggs can eventually lead to severe
liver disease. Interestingly, not all Biomphalaria snails are susceptible to
infection. The most susceptible species in South America is Biomphalaria
glabrata. Others, such as Biomphalaria obstructa, are resistant. It is
unknown whether or not Biomphalaria temascalensis found in the area of

Temascal, Oaxaca, in southern Mexico, is subject to infection.

Dr. Randall Delong, a biologist at the National Institutes of Health,
has examined the taxonomic relationship of Biomphalaria snails in
Latin America. He proceeded by extracting DNA from the three species
above and determining the nucleotide sequence for an rRNA gene from
each type of snail. He then found that the sequences for B. obstructa and
B. temascalensis are almost identical. The sequence for B. glabrata is
signi cantly different from that of the other two species.

1. What is an rRNA gene and why is it useful in this analysis? How does
a comparison of genes between species help deduce their taxonomic
relationship?

2. Which two of these three snail species share a more recent common
ancestor?

3. In the area of Temascal, B. temascalensis is the only Biomphalaria
species found. Do you think there is a likelihood of schistosomiasis in
these areas?

4. How would the rRNA gene Dr. DeJong studied in this snail genus
compare with the same gene in other taxonomic groups of animals?

Cells typically possess structures called ribosomes (see Chapter 3, p. 59),
which are used to assemble amino acids into proteins. Part of each ribos-
ome is composed of RNA, and the genes that code for this RNA are called
rRNA genes. These genes are very useful in taxonomic analysis for several
reasons. First, they are found in all living things, so they can be used to com-
pare very different organisms. Second, rRNA genes mutate slowly and at a
more or less constant and predictable rate. Separate species accumulate
unigque gene mutations, and the longer ago they diverged, the more differ-
ent their genes will be. Because the number of mutations is time-depend-
ent, scientists like Dr. De Jong can actually deduce how long ago separate
species were formed. DNA can thus serve as a molecular clock, which can
be used to construct phylogenetic trees.

So, is schistosomiasis likely in the Temascal, Oaxaca, area? Dr. DeJong s data
indicate that B. obstructa and B. temascalensis diverged only recently, while
the ancestor of B. glabrata branched off from the others relatively early in

(a)

Figure 4.3 Schistosomiasis. (a) Adult
male and female schistosomes. The
slender female worm (indicated by the
lower arrow) lies in a groove along the
surface of the male s body (indicated by
the upper arrow). In infected humans,
these paired schistosomes are found in the
mesenteric veins surrounding the intestine.
(b) Humans become infected when they
come in contact with water contaminated
with schistosome larvae. (c) Biomphalaria
glabrata. These aquatic snails are the most
important schistosome larval host in South
America.
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the evolution of this snail genus. Because the closely related B. obstructa is
resistant to infection, it is likely that schistosomes cannot infect B. temasca-
lensis either. Streams in this part of southern Mexico are therefore probably
schistosome-free. Other Biomphalaria species extend into the southern
United States, but they are also resistant, and an analysis of rRNA genes
places them closer to B. obstructa and B. temascalensis than to B. glabrata.

If the rRNA gene of Biomphalaria snails were compared with that of other
snails in different genera but the same family, there would no doubt be an
increased number of sequence differences. Snails are members of the phy-
lum Mollusca, which is divided into eight classes. Snails are in the class
Gastropoda. Other familiar molluscan classes include Bivalvia (clams, oys-
ters, etc.) and Cephalopoda (squid and octopuses). Any two snails would be
more similar to each other in terms of rRNA gene sequence then they would
be to a member of a different molluscan class. A snail and an octopus, how-
ever, would have greater similarity than either would to an animal in a dif-
ferent phylum such as a beetle (phylum Arthropoda).

Kingdoms are organized among three domains

Originally, all life was divided into two principal kingdoms: Animalia and
Plantae (animals and plants). However many types of living things did not

t easily into either of these categories, and the recognition of major struc-
tural differences between eukaryotic and prokaryotic cells (see Chapter 3,
p. 46) led to important changes in classi cation. Eventually, three more
kingdoms were added Protozoa (single-celled organisms but with eukary-
otic cells similar to those of animals and plants), Fungi (eukaryotes such
as mushrooms, molds, and yeasts), and Monera (the prokaryotes). This
scheme became known as the ve-kingdom classi cation system.

In the 1980s, researchers used the powerful new techniques of molecular
biology to dramatically change the way we look at the relatedness of living
things. By comparing rRNA genes from a very large number of organisms,
these scientists found that living things could actually be divided into three
groups. These very large divisions, encompassing all ve kingdoms, are
termed domains.

Originally, all prokaryotes were grouped together in the kingdom Monera.
Molecular data, however, suggested that these organisms actually had two
different evolutionary origins. The single kingdom was therefore reorgan-
ized into two very distantly related domains. Most of the former members
of the kingdom Monera with which we are most familiar belong to the

domain termed Bacteria. Other prokaryotes once considered to be bacteria RNA similarity, showing some of the

are different enough to merit their own domain, Archaea. Additional study principal groups in each of the three
of archaea has revealed other important structural and biochemical differ- domains. Note that domain Archaea is
ences from the bacteria. Animals and plants, along with protozoa and fungi, somewhat closer to domain Eukarya than
are grouped together in the domain Eukarya (Figure 4.4). All of these either is to domain Bacteria.

Domain Bacteria Domain Archaea

Spirochetes Crenarchaeota  Euryarchaeota

Chlamydiae

Cyanobacteria

Korarchaeota

Proteobacteria

Gram-positive bacteria

Common ancestor of all living things

Figure 4.4 The three domains of life.
A phylogenetic tree based on ribosomal
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Figure 4.5 Giardia intestinalis. These agellated protozoans use a
ventral sucker to attach to the lining of the digestive tract, blocking
proper nutrient absorption and causing intestinal distress. Note the
circular mark on the intestinal lining left by a ventral sucker.

organisms have eukaryotic cells, and rRNA analysis suggests that they origi-
nally evolved from a common ancestor.

Having reviewed the fundamentals of classi cation, it is time to turn our
attention to each of the principal groups of microorganisms. A complete
review of all species is well beyond our scope. Rather, we will consider the
important characteristics and the major divisions within each important
lineage, providing representative examples where appropriate. Think of this
section, then, as your microbial whoswho or as a roster of our microbial
players.

Organizing Microorganisms

How many species of microorganisms are there? No one knows, because so
few have been described so far. There are currently about 6000 described
species of bacteria. The real number of species no doubt numbers in the
millions. A single ounce of seawater may contain thousands of species,
most of them unknown to science. As for the archaea, scientists are only just
beginning to understand their diversity. Until recently, it was believed that
archaea were largely limited to extreme environments, such as very hot,
salty, or acidic habitats (see Figure 1.1c). We now know that in many com-
mon environments, a large proportion of the microorganisms found turn
out to be archaea. The sea, for example, teems with them.

The eukaryotic microorganisms are also a diverse lot. If, for example, while
on a hike, you pause to drink from an apparently clear freshwater stream,
you may become infected with a microorganism called Giardia intestinalis
and develop a case of what is commonly called hikers disease (Figure
4.5). The water becomes contaminated when beavers and other mammals
pass Giardia cysts into the environment while defecating. If you enjoy drink-
ing beer, on the other hand, you may be interested to know that different
styles of beer are made by using different species of yeast in fermentation.
To produce an English-style ale, the brewmaster adds Saccharomyces cerevi-
siae to a Itrate of the mixed malt and hops. A lager is the result if
Saccharomyces carlsbergensis is used. Both Giardia and the two yeast spe-
cies are examples of microorganisms in the domain Eukarya.

We will begin by reviewing the two prokaryotic domains before moving on
to the eukaryotic microorganisms. We will conclude this chapter by consid-
ering the viruses and subviral infectious particles that straddle the gray area
between the living and the nonliving world.

Domain Bacteria

Genetic analysis indicates that the domain Bacteria can be divided into
more than a dozen major phylogenetic lineages. A phylogenetic tree show-
ing the relationship of the major groups is provided in Figure 4.6. As dis-
cussed earlier, such trees are often constructed by comparing rRNA genes.
The closer two groups are on the tree, the more similar are their rRNA
sequences. Branches in the tree indicate where an ancestral lineage diverged
into separate groups. To date, there isno rm consensus on which if any of
the bacterial lineages should be grouped together as kingdoms. Depending
on the source, each group has been referred to as a separate kingdom, a
phylum, or even a class. Consequently, until this issue is resolved, it is prob-
ably preferable to refer to each of the large groups as simply distinct line-
ages, each one united by a common evolutionary history.




Domain Bacteria 1

Bacteroides, avobacteria

Spirochetes

Radioresistant cocci & relatives

Aquifex/Hydrogenobacteria

Common bacterial ancestor

The earliest bacteria were adapted to life on the
primitive Earth

CASE: THE HEAT WAS ON!

It is estimated that the Earth was formed about 4.5 billion years ago.
Yet it would be another 400 million years before there was even a solid
piece of ground to stand on. Prior to that time the Earths surface was an
inferno of molten rock. About 4.1 billion years ago the Earth had cooled
enough for the crust to solidify. Another 700 million years later, the rst
cells appeared (Figure 4.7). However, the Earth was still an inhospitable
place. Temperatures were much higher than they are today, and without
an ozone layer, the surface was bombarded by UV radiation.

1. What characteristics would have been typical of the earliest cells?

2. Are any of these characteristics present in the modern ancestors of

these rst prokaryotes?

Let us consider the bacteria living today that most resemble those ancient
pioneers of 3.5 billion years ago. As seen in Figure 4.6, the Aquifex/
Hydrogenobacter group were the rst to branch off the main lineage within
the domain Bacteria. As such they are the most primitive members of this
domain, closest to the original ancestor of all bacteria. The term primitive,
when used in this context, does not imply that these organisms are some-
how less complex or that they are poorly adapted to their environment.
Rather, it means that this group has changed the least since the evolution-
ary origin of the domain.

These bacteria grow at very high temperatures (up to 95 C or 203 F) and are
therefore known as thermophiles (from the Greek for heat loving ). Their
ability to tolerate high temperatures, along with their phylogenetic position
near the base of the bacterial tree, makes sense in light of prevailing opinion
that the early Earth was very hot. Continuing up the evolutionary tree, we
next encounter the green nonsulfur bacteria, another group of ther-
mophiles. Interestingly, although they grow well at elevated temperatures,
they do not survive the extreme heat tolerated by members of the Aquifex/
Hydrogenobacter lineage. This suggests that although the Earth was still

Earth rst rst rst rst
formed solid cells eukaryotic animals
rock cells

V

5 4 3 2 1 0
Billions of years ago

Chlamydiae

Gram positive bacteria

Proteobacteria

Figure 4.6 Phylogenetic tree of the
domain Bacteria based on comparisons
of rRNA. There are over a dozen distinct
lineages in the domain. This phylogenetic
tree shows the relationship of the principal
groups. While not complete, it shows the
relationships between those bacterial
lineages that best illustrate the evolution of
this domain or those that are of particular
importance ecologically or medically.

Figure 4.7 Origin of the Earth and
appearance of the rst cells. The Earth
is thought to have formed approximately
4.5 billion years ago. The rst cells
appeared about 1 billion years later, about
3.5 billion years ago. Eukaryotes were rst
present approximately 2.5 billion years ago.
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Figure 4.8 Deinococcus radiodurans. This species is highly resistant
to radiation, in part because of its ability to repair radiation-induced
damage to its DNA. Each cell is surrounded by a peptidoglycan cell wall
typical of Gram-positive bacteria, as well as an outer membrane seen
in Gram-negative species.

quite warm when this group evolved, it had already cooled to some degree.
The two lineages discussed so far are composed entirely of thermophilic
species. Thermophiles are found in other groups of bacteria, but only in
these most primitive groups is the characteristic universal. Green nonsulfur
bacteria are also photosynthetic, using sunlight as an energy source to pro-
duce sugars.

The radioresistant cocci and relatives are noteworthy because of their abil-
ity to tolerate radiation. One species, Deinococcus radiodurans, is even more
radiation-resistant than the bacterial endospores discussed in Chapter 3.
These microbes can survive up to 3 million rads of radiation, whereas for a
human, exposure to fewer than 500 rads can be lethal. Not surprisingly, a
number of unusual adaptations make this possible. Although unrelated to
other Gram-positive bacteria, D. radiodurans has a multilayered Gram-
positive cell wall. It also has an outer membrane, typically found only in
Gram-negative bacteria (Figure 4.8). High doses of radiation are usually
lethal primarily because they cause mutations in a cell s DNA, but D. radio-
durans has a remarkable ability to repair its DNA, far exceeding our own.
Such a characteristic would obviously have been useful when life rst
evolved because of the high levels of ambient radiation. The resistance seen
in species such as D. radiodurans may be a legacy of those times.

The tree spreads out

At this point, our phylogenetic tree diverges into a number of distinct line-
ages. The spirochetes are a group of bacteria having an unusual helical and

exible shape (Figure 4.9a). They are found in many environments, and
several species infect humans and animals, causing a handful of important
diseases. Perhaps the most signi cant of these is syphilis, caused by
Treponema pallidum (Figure 4.9b).

The green sulfur bacteria, like the green nonsulfur bacteria described
above, are photosynthetic. As their name suggests, however, sulfur-contain-
ing compounds are used in the photosynthetic process. Note that the green
sulfur and green nonsulfur bacteria are only distantly related (see Figure
4.6). This suggests that photosynthesis evolved more than once in taxonom-
ically distinct groups. Indeed, it seems to have evolved several times in dif-
ferent lineages scattered across the bacterial domain.

If you have ever been told by your dentist that you are at risk for gum disease
or gingivitis, it is likely that you can blame Bacteroides gingivalis, a member
of the next lineage on our tree, avobacteria. Because B. gingivalisis unable
togrowinthe presence of oxygen, itiscalled astrictanaerobe. Consequently,
it ourishes in the oxygen-free environment under the gum line, where it
causes the in ammation that results in disease. When you o0ss your teeth,
you actually allow oxygen into this space, inhibiting the growth of the bac-
teria and reducing the likelihood of gingivitis.

Chlamydiae are interesting in several respects. First, they cannot reproduce
unless they enter the cytoplasm of an appropriate host cell. Therefore they
are examples of obligate intracellular parasites. Although they have a
Gram-negative outer membrane, they are unrelated to other Gram-negative
species. Unlike more familiar Gram-negative bacteria, they have no pepti-
doglycan layer between the plasma and outer membranes. Chlamydia tra-
chomatis inhabits the human urogenital tract, and infections caused by this

Figure 4.9 Treponema pallidum.

(a) Treponema pallidum, a representative
spirochete, is the causative agent of
syphilis. (b) Syphilitic lesions caused by

T. pallidum.



species are perhaps the most common of all sexually transmitted diseases.
This species can also infect the eye. The scarring that occurs on the cornea
can result in trachoma, the leading cause of blindness in humans.

The most recently evolved lineages are found at the
farthest branches of the tree

There are three remaining evolutionary lineages in our bacterial tree (see
Figure 4.6). All three are more closely related to each other than they are to
any of the lineages thus far discussed. The Gram-positive bacteria (see
Figure 3.14a) contain many familiar genera such as Staphylococcus and
Streptococcus. Because members of this lineage are so common and because
they affect human health and welfare in so many ways, they will reappear
often throughout this text.

We owe a large debt of gratitude to the cyanobacteria (Figure 4.10). Before
their evolution, approximately 2.4 billion years ago, the atmosphere con-
tained about 0.1% free oxygen. Today the air we breathe is about 20% oxy-
gen, much of it due to the photosynthetic activity of cyanobacteria. These
bacteria, therefore, helped change the Earths environment in a way that
made the later evolution of aerobic (oxygen-requiring) life possible. Today
they continue to play a major role in ecological processes. Cyanobacteria
release large amounts of oxygen, especially in aquatic and marine environ-
ments. Additionally, many species remove nitrogen from the atmosphere
and convert it to aform that can be used by plants, a process called nitrogen

xation. The bluish-green coloration of cyanobacteria comes from their
photosynthetic pigments.

The nal branch on our tree, clustered with the Gram-positive bacteria and
the cyanobacteria, is the proteobacteria (see Figure 4.6). This large and var-
ied group contains most of the Gram-negative species with which we are
most familiar (Escherichia coli, for example). Although they are all Gram-
negative, proteobacteria span the gamut in terms of cell shape and metabo-
lism. They may be cocci or rods, motile or nonmotile, aerobic or anaerobic.
While some species are photosynthetic, the majority are not. The name

proteobacteria refers to the Greek god Proteus, who could change his
shape, alluding to the great diversity in this group. DNA analysis, however,
con rms that these bacteria share acommon origin. Like the Gram-positive
bacteria, because so many proteobacteria impact human or animal health
or play important roles in ecological processes, we will encounter many
members of this group in subsequent chapters.

Domain Archaea

If you visited a very salty or hypersaline pool in Death Valley, or a hot
spring in Yellowstone where the water is near boiling, you could be excused
for thinking that nothing could survive in such a place. But you would be
wrong. Such extreme environments are the habitat of choice for many spe-
cies of archaea, often referred to as extremophiles (see Figure 1.1c). Their
adaptations to harsh environments suggest that they also, like the ther-
mophilic bacteria discussed earlier in our case, were among the Earths ear-
liest inhabitants. As previously discussed, it was not until recently that these
organisms were considered to be anything other than unusual bacteria.
Although archaea super cially resemble bacteria, phylogenetic analysis
indicates that these two prokaryotic groups are only remotely related.
Indeed, rRNA comparisons place domain Archaea somewhat closer to
domain Eukarya than either group is to domain Bacteria.

The structure of archaea varies considerably. Cell walls may or may not be
present, and although cell wall structure is variable, peptidoglycan is always
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Figure 4.10 Cyanobacteria.
Photosynthesis in the cyanobacteria evolved
independently from photosynthesis in
other bacterial lineages. Oxygen, released
by cyanobacteria as a photosynthetic

waste, helped to create an oxygen-rich
atmosphere.
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Eukarya

Archaea

Bacteria

Crenarchaeota

Korarchaeota

absent. Many are rods or cocci, but others have highly unusual shapes. They
may or may not require oxygen, and some are photosynthetic.

Phylogenetically, domain Archaea is often divided into three main lineages
(Figure 4.11), although this issue still remains to be settled de nitively. We
still know little about Korarchaeota, the most primitive lineage of Archaea,
and those presumably most similar to the original ancestor of all prokaryo-
tes and eukaryotes. Crenarchaeota are a lineage of extreme thermophiles
and are thought to be the most heat-loving of all prokaryotes. Some mem-
bers of Crenarchaeota are also extreme acidophiles, living in environments
with pH below 1.0. That means that if it were hot enough, and with proper
nutrients, they could thrive in battery acid! The third lineage of Archaea is
Euryarchaeota. The extreme halophilic ( salt-loving ) archaea are members
of this group. Halobacterium, for instance, grows in salt deposits or other
environments where salt concentration may reach 7 times that found in the
ocean. The methanogens, which thrive in the oxygen-free environments
found in sewage, swamps, and the intestines of many animals, are also
Euryarchaeota. The name of this group refers to the fact that they release
methane as a metabolic waste product. Methane gas, of course, is amma-
ble; because it is also odorless, it presents a particular hazard. If you collect
compost, you may know that it is advisable to keep your compost heap away
from structures and closed spaces to prevent an explosion. Also, turning the
compost heap from time to time allows oxygen to enter, thereby inhibiting
methanogen growth. Methane is also a greenhouse gas, helping to trap
heat in the atmosphere. The methanogens in a single cow s intestines pro-
duce about 10 cubic feet of the gas each day. Billions of cows, all releasing
tons of methane, are thought to be part of the global warming problem.

Eukaryotic Microorganisms

Note in Figure 4.12 that initially life branched off in two directions. One
lineage gave rise to domain Bacteria. The other lineage later branched into

Animals
Fungi

Sarcodina

Bacteria Ciliophora

Archaea .
Apicomplexa

Mastigophora

Figure 4.11 Phylogeny of the three
principal lineages of Archaea.
Korarchaeota are thought to be the most
primitive of the three lineages, most
similar to the original ancestor of all three
domains. Crenarchaeota and Euryarchaeota
are more closely related to each other than
either is to Korarchaeota.

Figure 4.12 Domain Eukarya.

A phylogeny of the Eukarya, based on rRNA
similarity. Note that animals (in orange) and
fungi (in black) are more closely related to
each other than either group is to plants

(in green). The four lineages in blue are

all currently classi ed as members of the
kingdom Protozoa. The exact relationship
between these lineages is still under
investigation.



Archaea and Eukarya. These last two domains are therefore more closely
related to each other than either is to domain Bacteria. In the Eukarya, many
of the more ancient lineages are placed in the kingdom Protozoa, single-
celled eukaryotes, abundant as both parasites and free-living forms. Later
in the tree, we see that modern animals, plants, fungi, and some protozoa
were the result of a more recent burst of diversity.

Protozoa are single-celled organisms within the domain
eukarya

CASE: THE CAT S OUT OF THE BAG ON A PROTOZOAN
PARASITE

Donna, a 32-year-old woman, has been married for three years. She has
just learned that she is pregnant. Anxious to provide proper prenatal
care, she reads extensively on the subject of how to best care for herself
and her developing baby. In a parenting magazine, she is horri ed to read
that cats pose a risk to a developing fetus. Cats are often infected with
the protozoan parasite Toxoplasma gondii, which can be transmitted to
a pregnant woman, and across the placenta to the fetus. Birth defects
due to Toxoplasma infection in a newborn can include deafness, vision
problems, and other neurological abnormalities. Donna has always owned
cats, and her current cat, Woody, has lived with her for years. The idea of
parting with her feline friend is almost more than she can bear. She wisely,
however, puts off making any important decisions about her cat until she
consults with her doctor. While at the doctor s of ce she asks the following
questions:

1. Isittrue that Woody may pose a risk to her baby?

2. If so, can Donna be tested for Toxoplasma infection, and if she is
infected, can she be treated with antibiotics to protect both her and the
baby?

3. Should she ndanew home for Woody?

The protozoa are microscopic, unicellular eukaryotes that lack cell walls.
They are usually motile. Their lack of photosynthetic chloroplasts distin-
guishes protozoa from the unicellular algae, with whom they are often cat-
egorized ina superkingdom called Protista.

Protozoa are found in many environments including fresh and salt water
and moist terrestrial habitats. They feed by ingesting other organisms or
organic material. Protozoa often have complex life cycles. While many are
free-living in the environment, others are parasites with great medical and
veterinary signi cance. When conditions permit, they exist in an active
feeding and reproducing stage as trophozoites. However, if environmental
conditions deteriorate, many protozoa form metabolically inactive, protec-
tive structures called cysts. In parasitic species, cysts are most common
among those that spend a portion of their life cycle outside the body of a
host. Often these cysts are excreted in feces into the environment, where
they might ultimately be ingested by a new host. Once the cyst is ingested,
it will develop into the active trophozoite, completing the life cycle. Other
protozoa reach new hosts by way of vectors such as mosquitoes, which
ingest the parasite when they take a blood meal. The parasite is then trans-
ferred to the next host when the vector feeds a second time. Because proto-
zoa that are carried by vectors are never exposed to the external environ-
ment, there is no cyst formation.

Phylogenetic analysis shows that the protozoa are not necessarily closely
related to each other (see Figure 4.12). In this sense, the kingdom Protozoa
can be compared to a grab bag where organisms that do notseemto telse-
where are placed. It is likely that further research may reorganize this king-
dom, and what we now refer to collectively as Protozoa will one day be

Eukaryotic Microorganisms



82 Chapter 4: A Field Guide to the Microorganisms

(a) (b)

divided into several distinct lineages. By current convention, the four main
groups within the protozoa are recognized on the basis of mode of
locomotion.

Mastigophora. Mastigophora have one or more agella, which they use for
locomotion. They are commonly referred to as the agellates (Figure 4.13a).
Some are important pathogens, including G. intestinalis, the cause of hikers
diarrhea mentioned earlier (see Figure 4.5). Several species within the genus
Leishmania (see Chapter 1, Figure 1.5b) can cause the disease leishmania-
sis. These protozoa received a great deal of attention during the Persian Gulf
Warin 1991. The disease is found throughout the Middle East, and a number
of service personnel became infected after being bitten by sand ies, which
serve as vectors. The symptoms of leishmaniasis include severe ulceration
and lesions on the skin (see Figure 1.5c). Because the Leishmania protozoa
are found in the blood, Americans who served in the Gulf War were not per-
mitted to donate blood upon their return.

Sarcodina. This group includes the amoebas, which move by extending
portions of their cytoplasm called pseudopodia (see Figure 4.13b), chang-
ing shape as they move. Most amoebas are free-living. Others can cause
severe dysentery. Entamoeba histolytica, for example, is thought to infect
close to half a billion people and to cause up to 100,000 deaths annually.
Amoebic dysentery is mainly a problem in parts of the world where sanita-
tion is poor. Cysts are passed in the feces of infected individuals, where they
may subsequently come in contact with food or water, to infect new hosts.
Access to clean drinking water vastly reduces the risk of infection.

Ciliophora. These protozoa are recognized by the presence of cilia, which
beat in a coordinated manner, directing locomotion. Perhaps your rstview
of the microbial world was a drop of pond water under the microscope. If
so, you may have observed free-living Paramecium swimming furiously
across the slide in search of prey (see Figure 4.13c). Most ciliophora are free-
living and play no role in disease processes. One exception known to tropi-
cal sh hobbyists is Ichthyophthirius multi liis. These parasitic protozoans
penetrate the mucous coatona shsskin or gills and feed on epithelial and
blood cells. The result is the fatal skin condition called ich or white
spot.

Apicomplexa. All protozoa in this fourth group are parasitic and most are
intracellular parasites, spending at least part of their life cycle inside host
cells. They are named for a complex of structures found at the apex of the
cell. There are usually no structures related to locomotion, and most are
nonmotile.

Some of the most lethal human pathogens are the apicomplexans in the
genus Plasmodium that cause malaria (see Figure 4.13d). Plasmodium
infects up to half a billion humans worldwide each year, killing as many as 1
million annually. The parasite is transmitted by the bite of speci ¢ vector
mosquitoes. Many other animals besides humans are also affected. If you
visit Hawaii, for instance, almost all of the beautiful birds you see near the
coast are nonnative species. Many native birds can now thrive only at

(d)

Figure 4.13 Representative protozoans.
(a) A mastigophoran, Trichomonas
vaginalis, the most widespread agent of
any protozoan disease, causes itching and
in ammation of the female reproductive
tract. It is transmitted via sexual contact.
(b) Entamoeba histolytica, a sarcodinan, is
a common cause of amoebic dysentery.

It is transmitted through contaminated
food and water and is a problem

wherever adequate sanitation is not
assured. (c) The common freshwater
ciliophoran Paramecium is a free-living
(nonparasitic) protozoan. (d) Plasmodium,
the apicomplexan that causes malaria. The
parasite in this photograph is the darkly
stained ringlike structure. It is shown inside
a human red blood cell.
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elevations above 1500 meters where malaria-bearing mosquitoes are not
common. Hawaii did not originally have the mosquitoes necessary to trans-
mit malaria. They rst arrived in about 1850, probably on a ship, and they
brought Plasmodium with them. Indigenous birds, with no previous expo-
sure, had no resistance to the disease and died in large numbers.

Toxoplasma gondii, introduced in our case, is also an apicomplexan. Like
many parasites, T. gondii has a complex life cycle, involving more than one
host (Figure 4.14). As trophozoites, T. gondii live in the intestine of cats,
where they feed and reproduce sexually. Because sexual reproduction takes
place in the cat, cats serve as the de nitive host for this parasite.
Reproduction results in the production of oocysts, resistant cystlike struc-
tures that pass out of the intestine with the cats feces. Rodents or birds may
accidentally consume these oocysts. Following ingestion, the oocyst rup-
tures, releasing the parasite into the intestine. The organisms penetrate the
gut wall and spread throughout the body, eventually forming dormant tis-
sue cysts in various organs. Infected rodents or birds, capable of reinfecting
cats, are known as intermediate hosts. The cycle is completed when a cat
kills and eats an infected animal, reestablishing the infection in the cats
intestine.

Humans can become infected if they inadvertently consume oocysts. Tissue
cysts then form in the infected human. In an individual with a healthy

J0000ooooo
Cat:

Toxoplasma trophozoites
live in intestine

Oocyst excreted
in cat feces
(p
)
00000 00I00D000n Figure 4.14 Life cycle of T. gondii.
Rodents ' Sexual reproduction of this parasite takes
Birds place in the cat, which therefore is called
Humans Tissue cvst the de nitive host. Cystlike oocysts are
in brainy passed in the cat s feces, where they may be

later consumed by a rodent or other small
animal, which serves as the intermediate
host. Here the oocysts form tissue cysts,
which usually remain dormant until they
reenter the de nitive host, when a cat
eats the intermediate host. Humans can
also become infected if they consume
oocysts. If awoman rst becomes infected
during pregnancy, there is a danger that
the parasite may cross the placenta and
infect a fetus before it is contained by the
woman s immune system. Such infection
of a developing fetus can result in serious
birth defects.

Transplacental
transmission
to fetus
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immune system, these cysts usually remain dormant for life, without
causing problems. Most long-time cat owners, including Donna, will prob-
ably test positive for T. gondii but will not have symptoms because the
immune system usually keeps the parasite from causing illness. Inan immu-
nocompromised individual, such as an AIDS patient, Toxoplasma may
cause severe in ammation, which can result in tissue damage and death.

Donna asked her doctor about antibiotics. Antibiotics would not cure a
Toxoplasma infection because antibiotics are useful only to treat bacterial
infections, and most function by attacking unique prokaryotic features such
as the cell wall or bacterial ribosomes. They have no effect against eukaryo-
tic pathogens. When a Toxoplasma infection must be treated, as it would in
someone with AIDS, entirely different drugs capable of inhibiting eukaryo-
tic cells must be used.

So, is it time for Woody to go? Since Donna has had cats for years, it is likely
that she is already infected with T. gondii. In such a case her immune system
will have contained the infection as dormant tissue cysts, preventing any
spread to her fetus. She will also be resistant to new infections. There is no
need to nd anew home for her pet.

The real danger is if a woman becomes infected for the rst time during
pregnancy. In this case, the parasite may spread across the placenta before
it is contained. Because a fetus does not have a fully functioning immune
system, the infection can cause severe damage, resulting in birth defects.
Consequently, a kitten is a poor choice for a baby shower gift, if the mother-
to-be has never owned cats. A good precaution in any event is to change cat
litter frequently during pregnancy. When oocysts pass out of an infected cat,
they need to be exposed to oxygen for 24 48 hours before they can infect
another animal. Fresh litter each day greatly reduces the risk of exposure to
infective oocysts. As an added safety precaution, pregnant women might
consider having another family member take over the task of changing the
cat litter until the baby is born.

Many fungi are involved in disease or ecological
processes or are useful for industrial purposes

CASE: FIRST YOU SHAKE, THEN YOU ACHE

On January 17, 1994, southern California was struck by a massive
earthquake. With a magnitude of 6.7 on the Richter scale, the temblor
that came to be known as the Northridge earthquake downed buildings
and collapsed freeways. Fifty-eight people were killed and approximately
2000 were injured. As if to compound the misery, over the next eight weeks
southern California was hit by an epidemic of Valley fever. Two hundred
three individuals were diagnosed with the respiratory infection that
causes cough, chest pain, fever, night sweats, and anorexia. Three people
died. Valley fever is caused by a soil-dwelling fungus called Coccidioides
immitis. This organism is found in soils throughout the arid Southwestern
United States (Figure 4.15). People become infected when they breathe
in the fungal spores. There are typically only a few cases of Valley fever
each year. The 1994 outbreak was attributed to the Northridge earthquake
several weeks earlier.

1. What is the link between the earthquake and the outbreak of Valley

fever?
2. What, if anything, can be done to prevent similar future epidemics?

Fungi are perhaps most familiar to us either as food or because of their use
in baking and brewing. But the importance of fungi far exceeds their gastro-
nomic value. If you have never seen a Costa Rican golden toad, for instance,
you have probably missed your chance. This spectacularly colored
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Figure 4.15 Distribution of Valley fever
in North America. Valley fever is caused
by the soil fungus Coccidioides immitis. The
fungus thrives in the dry, desert soil of the
American Southwest and northern Mexico.
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amphibian is presumably extinct. If so, this would be the rst known verte-
brate extinction caused by a parasite. The culprit is thought to be an unu-
sual fungus known as Batrachochytrium dendrobatidis. You might still nd,
on the other hand, an American chestnut tree to admire, but the vast stands
of chestnuts that once blanketed the eastern United States are gone. Again,
the reason is a fungal pathogen that was rst introduced into New York in
about 1900.

These examples illustrate the substantial impact that fungal parasites can
have on the welfare of animals and plants. Yet the vast majority of fungi are
not pathogenic, and the role played by many fungi in ecological processes
can hardly be overstated. Fungi are ubiquitous in the soil environment, and
many fungi extract nutrients from dead or decaying organic material in the
soil. They are thus important as decomposers organisms that break down
and recycle nutrients in the environment (Figure 4.16). The fungi have no
equal when it comes to converting large molecules such as proteins and
complex carbohydrates into their constituent building blocks. These small
precursor molecules are recycled back into the environment, where they
become available to growing plants. Other fungi form important mutualis-
tic relationships with speci c living plants; the fungus and the plant live
together in an association that bene ts both partners. The fungi absorb
food from the living plants, while in return they provide the plant with cru-
cial nutrients. Forests would indeed be barren places were it not for the
fungi unobtrusively recycling nutrients and augmenting plant nutrition.

Close to 100,000 species of fungi have been described, but the actual number
of fungal species is no doubt many times greater than this. Hundreds of new
species are discovered each year. Originally, fungi were believed to be prim-
itive or degenerate plants that lacked chlorophyll and thus could not per-
form photosynthesis. This historical fact explains why phyla in the kingdom
Fungi are sometimes still called divisions as they are in the kingdom :
Plantae. We now recognize that fungi are a separate lineage that differs from Figure 4.16 Fungi are important
other eukaryotes in important ways. Ironically, acomparison of rRNA places decomposers in the environment. This
fungi closer to the animals than to the plants (see Figure 4.12). These molec- fungus (the irregular shaped growth in

. . . the middle of the photograph) is growing
ular data are supported by several morphological and biochemical features on a forest oor. Fungi secrete enzymes,
shared by fungi and animals but not by plants. For example, all fungi syn- which digest organic molecules in the
thesize aresilient structural carbohydrate called chitin that is often found in plant material. The fungi then absorb the
fungal cell walls. Plants do not produce this molecule, but most animals do. digested components to meet their own
The exoskeleton of insects and crustaceans, for example, is composed of nutritional needs.
































































