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Evolution, Microbial Life,
and the Biosphere

In biology nothing makes sense, except in the light of evolution.
— THEODOSIUS DOBZHANSKY, 1970

ur solar system originated through physical and chemical processes. After Earth formed, organisms
originated and evolved. These first organisms were microorganisms, and they had a profound
impact on Earth and the formation of its biosphere, the shell about Earth where life occurs. Certain
bacterial groups played especially crucial roles early on in Earth’s development. For example, geo-
chemical and fossil evidence indicates that the production of oxygen in the atmosphere was due to
the photosynthetic activity of cyanobacteria. The evolution of microorganisms that produced oxygen
was of monumental significance, because all plant and animal life that exists today requires oxy-
gen. Thus, plants and animals could evolve only because microorganisms evolved first. In this chap-
ter we discuss Earth'’s origin, the evolution of life, and the importance of microorganisms to life on
Earth.

ORIGIN OF EARTH AND LIFE

The origin of Earth and the evolution of life on our planet has been a long process. The universe,
which is estimated to have an age of 18 Ga (1 Ga, a giga-annum, is 10° years), began with a “Big
Bang” that produced two principal elements, hydrogen ('H) and helium (*He), with smaller
amounts of other light (low atomic weight) elements. Following the Big Bang, the universe expand-
ed, as it continues to do today. At its periphery the original light elements condensed to form clouds
of gases and dust. In the clouds heavier elements evolved from the lighter ones.

Our solar system was formed by an accretional process in which micrometer-sized dust parti-
cles collided to form centimeter-sized bodies. These particles were located in a planar disk that
orbited the sun. The accretional process continued as the dust and rock particles aggregated to form
boulders and larger bodies that eventually attained the size of the planets. Thus, ultimately by grav-
itational contraction, our solar system, with the Sun, Earth, and other planets, formed about 4.5 Ga
ago. The final stages of accretion involved collisions between large bodies at high velocities. A major
collision between early Earth and a Mars-sized object resulted in the formation of our moon and
Earth.

The 600 million years following Earth’s formation is called the era of “heavy bombardment”
because of the high frequency of collisions between Earth and large asteroids and comets. Some of
these collisions, such as the one responsible for the formation of the moon, were so violent that they
heated Earth to sterilizing temperatures. Even collisions with bodies only 100 kilometers in diam-
eter could result in sterilization within the planet to depths of several kilometers. Furthermore, the
heat from these collisions would have removed volatile substances such as water.
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During its first 600 million years, Earth was not a hos-
pitable planet for life. Water was not initially available. It
was brought to Earth by comets and asteroids that came
from farther out in the solar system. Once water was
available and the era of heavy bombardment had ended,
conditions became conducive to the evolution of living
organisms.

Scientists have determined the date of Earth’s for-
mation by studying slowly decaying radioactive iso-
topes, whose decay occurs at a constant rate independ-
ent of temperature and pressure. The isotope most relied
on for dating such ancient events is potassium (*°K),
which decays to argon (**Ar) with a half-life, the time
required for half the radioactivity to decay, of 1.26 bil-
lion years. Radioisotopic methods are also used for dat-
ing strata in sedimentary rocks and therefore offer a
means of dating fossilized life forms in rocks.

Fossil Evidence of Microorganisms

By the nineteenth century it was known that fossils were
the remains or impressions of plants and animals that had
been preserved in sedimentary rocks. Accurate dating
methods were not yet available, so the estimated dates
were only guesses. We now know that some of the organ-
isms that became fossilized, such as the dinosaurs, lived
and became extinct millions of years ago. By examining
fossils, paleontologists came to several conclusions about
the evolution of life. They noted that fossils nearest the
surface, that is, in the most recently deposited sedimen-
tary rocks, were structurally more complex than those in
deeper layers. Fossils found in deeper strata were increas-
ingly simple in structure, fossils of very simple, extinct

Table 1.1

Geological timetable on Earth

animals such as trilobites. The gradation of complexity,
from simple organisms in the most ancient rocks to more
complex forms in the more recent sedimentary rocks,
argued for an evolutionary process in which more com-
plex forms of plants and animals arose from simpler
organisms. Geologists and paleontologists worked hand
in hand to develop time scales for sedimentary rock
deposits and named the various time periods of Earth’s
history based upon fossil records (Table 1.1).

At the time of Charles Darwin (1809-1882) the fossil
record was being carefully studied, but there was no
means of estimating ages. Today, we realize that the fos-
sil record for plants and animals extends back to a peri-
od of 570 million years ago (570 mya). Rocks older than
that contain no plant and animal fossils. This time and
all earlier times became known as the Precambrian era
(Table 1.1).

In the 1950s two American scientists, Stanley Tyler
and Elso Barghoorn, made a startling discovery. They
reported to the scientific world that they had found fos-
sils of microorganisms in sedimentary rocks dated to the
Precambrian era (Box 1.1). This important discovery
provided the first convincing evidence that the earliest
life forms on Earth were microorganisms.

The microbial fossils were discovered in laminated
sedimentary rocks called stromatolites (Figure 1.1A).
Many of the multilayered stromatolite structures con-
tain calcium carbonate along with the fossils of fila-
mentous microorganisms (Figure 1.1B). Living stroma-
tolites still exist on Earth today. The columnar stro-
matolites occur in intertidal marine areas such as
Shark Bay, Western Australia (Figure 1.2). These living

Years Before

Eon/era Period Present (millions) Major Events

Precambrian Hadean 4,500 Heavy bombardment period
Archaean 3,800 First sedimentary rocks
Proterozoic 2,600 Appearance of O,

Paleozoic Cambrian 570 Animals evolve
Ordovician 500
Silurian 440 Land colonization by plants, animals
Devonian 395 Fish diversify
Carboniferous 345 Reptiles evolve; large “fern” forests
Permian 280 Mass extinction at end

Mesozoic Triassic 245 Early dinosaurs; first mammals
Jurassic 190 Plants and animals diversify
Cretaceous 145 Mass extinction at end; 75% of species lost

Cenozoic Tertiary 65 Plant and animal radiation

Quaternary 1.8

Humans evolve




Figure 1.1 Stromatolites and mat communities

EVOLUTION, MICROBIAL LIFE, AND THE BIOSPHERE

(A) Fossil columnar stromatolites from Glacier National Park, shown in cross section.
AUS. quarter is shown for size. (B) Filamentous microbial fossils observed in sections
of 860 million-year-old stromatolites from the Bitter Springs formation in central

Australia. A, courtesy of Beverly Pierson; B, courtesy of William Schopf.

Milestones Box 1.1

In the early twentieth century an
American geologist, Charles
Doolittle Walcott, was studying
Precambrian sedimentary rocks in
Glacier National Park in northwest-
ern Montana. He noted that some
had curious undulating wavelike
structures (these are now called
stromatolites) and postulated that
they were fossilized forms of
Precambrian reefs. Contemporary
scientists doubted his theory, and it
remained untested for many years.
American micropaleontologists
Stanley Tyler from the University of
Wisconsin and Elso Barghoorn from
Harvard University were the first to
test Walcott’s hypothesis.They were
studying stromatolites from 1 to 2
billion-year-old Precambrian
Gunflint chert deposits from the
Great Shield area in the Great Lakes
vicinity of North America. When
they examined sections of these

The Discovery of Microbial Fossils

stromatolites using the light micro-
scope they discovered microbial ;
fossils. b 3 A
- =y

|

Microbiologists were incredulous T £
) ' . a4

when Tyler and Barghoorn first 3 w :
reported their observations in the ;
1950s and 1960s, as most microbiol- R = ]
ogists did not believe microbial fos- 3 )
sils existed. However, Tyler and , ah

A

Barghoorn’s clear photomicro-
graphic evidence convinced a
whole generation of skeptical ’ #
microbiologists. More recently,

micropaleontologists have discov-
ered microbial fossils in stromato-
lites 3.5 Ga old, dating back to about ’
1 Ga after the origin of Earth. J

The undulating layers of this sedimentary rock of Glacier National Park are stro-
matolites containing fossil microorganisms. The lens cap serves as a scale mark-
er. Courtesy of Beverly Pierson.
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Figure 1.2 Living columnar stroma-
tolites, Shark Bay, Western Australia

The largest stromatolite shown here is
about 1 m in diameter. Courtesy of
Beverly Pierson.

stromatolites contain microorganisms
that deposit calcium carbonate and
other minerals, forming the successive
layers of the stromatolite structure.
Other precursors of fossil stromatolites
are microbial mat communities, which
occur extensively in intertidal marine
environments throughout the world
(Figure 1.3A). Photosynthetic microor-
ganisms, including cyanobacteria, and
photosynthetic bacteria are found in
distinct layers in living stromatolites (Figure 1.3B-D).
These mat communities are flatter and broader than the
columnar-shaped classical stromatolites, but they are pro-
duced in similar saline, intertidal environments by simi-
lar microorganisms. Evidently during some major geo-
logical events living stromatolites became fossilized and
preserved in sedimentary deposits.

Fossil microorganisms have been dated at 3.5 Ga
before the present and therefore are found in some of
the earliest sedimentary deposits on Earth. Other evi-
dence for early microbial life comes from studies of
chemicals left by microbial activities in early sedimen-
tary rocks. These chemicals are found in organic mate-
rials, called kerogen, deposited in ancient rocks.

The Ishua formation in Greenland, which is more than
3.5 Ga old, is one of the oldest sedimentary deposits
known. Over the long period of time following the dep-
osition of organic carbon by microorganisms, the organ-
ic matter was altered considerably to form the kerogen.
Geochemists who have examined the Ishua kerogen note
that it has a significantly higher ratio of >C to 1*C than
does the associated inorganic carbon from the same stra-
ta. This is indicative of a biological process that deposit-
ed organic material that was eventually transformed to
kerogen. This dates the biological process to 3.5 Ga ago.

How can the occurrence of high concentrations of °C
in the kerogen be attributed to biological activity? Here
is the reasoning. Some organisms, called autotrophs, use
carbon dioxide as a carbon source for growth and from
this produce organic cellular material called biomass.
These organisms selectively use 1>CO, in preference to
its heavier, stable isotopic form, 1*CO,, which is also
present in the environment. As a result, by a process
called isotopic fractionation, the biomass becomes
enriched in the lighter isotope (12C) leaving behind the
heavier isotope in the environment. Determination of the
relative amounts of 1>C and 13C isotopes in the kerogen

and inorganic carbon deposits of a sample can therefore
be used to determine whether biological activity is
involved in geochemical processes (see Chapter 24).

Thus, both the fossil and the geochemical evidence
suggest that microorganisms originated on Earth with-
in a billion years of its formation. In fact, during the 3
billion years between 3.5 to about 0.5 Ga ago, living mat
and stromatolite communities covered vast areas of
intertidal zones on the planet and were likely the dom-
inant feature of life on Earth.

Mat communities are still common in intertidal areas,
but the columnar stromatolites are much rarer. Pre-
sumably the evolution of predatory animals led to the
selection of organisms that preyed on the microorgan-
isms in stromatolite communities, and this led to the
demise of these microorganisms in many areas on Earth.
So, except in special environments such as Shark Bay,
with its high salt concentration that is inhibitory to pred-
ators, columnar stromatolites have disappeared.

Origin of Life on Earth

Early fossils provide evidence that microbial life existed
on Earth within a billion years of its formation, but we
have many questions about this early period. How did
life originate? What were the first forms of life? What
were the conditions on Earth that permitted the origin
of life? These are important and intriguing questions,
but they cannot be answered by direct observation.
Nonetheless, from what we know of life and the early
history of the planet, the process can be partially recon-
structed. For example, we know that life cannot exist
without liquid water. This means that, at the time life
originated, the temperature somewhere on Earth must
have been between 0°C and 100°C (at atmospheric pres-
sure). Furthermore, we know that the atmosphere was
anoxic, that is, without free oxygen gas (O,). Oxygen
could not have formed chemically in any great amount,
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Four layers of photosynthetic organisms
are visible (from top to bottom): cyano-
bacteria, two layers of purple sulfur (of
different species), and green sulfur bacteria.

Figure 1.3 Microbial mat communities

(A) This marine intertidal community in Massachusetts,
called Sippewisset Marsh, contains a microbial mat com-
munity. Some areas are sectioned off by ribbons for
research purposes. (B) The mat community just beneath
the surface is made visible by cutting through the upper
layers of the sand using a razor blade, shown here to
provide a size scale. (C) A vertical section of the mat
showing the four layers of photosynthetic microorgan-
isms. Each layer is about 1 mm thick. The Sippewisset
Marsh mat forms during the summer months; winter
storms disrupt it, and a mat re-forms the next summer
season. Other mat communities remain stable for many
years, such as this one (D) at Laguna Mormona (Laguna
Figueroa), Baja California del Norte, Mexico. A-C cour-
tesy of Beverly Pierson; D, courtesy of William Schopf.

visible.The green surface layer contain

Multiple years of bacterial buildup are
s
living cyanobacteria.

and certainly it did not make up 20% of the atmosphere
as it does today.

Another precondition for the origin of life is the pres-
ence of organic compounds. It is inconceivable that cells
could have originated de novo in the absence of organ-
ic compounds, which are part and parcel of all living
organisms and biological processes. Thus, an important
question is, can organic compounds such as sugars and
amino acids be produced in the absence of organisms,
that is, abiotically? The first experiments to address this
question were conducted by Stanley Miller in 1953. He
constructed an apparatus for the interaction of a mixture
of gases thought to be present in Earth’s early atmos-
phere. The experimental device mimicked prebiotic
conditions (Figure 1.4).

The sterile apparatus contained 500 ml of water,
representing the “ocean,” and an “atmosphere,” con-
sisting of an anoxic gas mixture of methane, hydrogen,
and ammonia. The water was boiled, and steam rose
into the atmosphere to mix with the gases. A condenser
subsequently cooled the gases to produce liquid water,
that is, “rain.” Miller included as a source of energy a
60,000 volt spark discharge that represented lightning
in the atmosphere. The gases and water were recircu-
lated and the anoxic process was run continuously.

In a matter of a few days of operation, Miller’s appa-
ratus yielded a dark tarry liquid. This material was ana-
lyzed and found to contain, in addition to tarry hydro-
carbons, a variety of other organic compounds such as
glycine, alanine, lactate, glycolate, acetate, and formate,
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(B)

Steam

chamber.

Figure 1.4 Diagram of Stanley Miller’s apparatus
(A) Stanley Miller shown observing his apparatus
for generating organic material. (B) Using this
apparatus, Miller and others produced organic
compounds from inorganic sources. Photo ©Roger
Ressmeyer /CORBIS.

Boiler

as well as smaller amounts of other organic
compounds. Thus, organic materials were

formed under anoxic, abiotic conditions that resembled
those found on the early Earth.

However, we know that the gas mixture used by
Miller does not best represent that of the early atmos-
phere; similar experiments have been conducted by
other investigators, who used gas mixtures with com-
positions more closely resembling those of the atmos-
phere of early Earth. These are the gases, called fumarolic
gases, that are released from Earth’s hot mantle by vol-
canoes. In addition to the gases and water that Stanley
Miller used, the fumarolic gases include large amounts
of carbon dioxide, nitrogen, sulfur dioxide, and hydro-
gen sulfide. Ultraviolet light, which was intense on early
Earth, has been successfully used as an alternative to
Miller’s spark discharge as an energy source. In addition,
volcanism was more prevalent on early Earth, because
the nuclear reactions in its interior core produced more
heat than they now do. Thus, the heat from within
Earth’s crust would have influenced many of these early
reactions. In all experiments in which conditions were
anoxic, as they were on early Earth, organic compounds
similar to those found by Miller were synthesized.

The overall results of these Miller-type experiments
indicate that organic compounds can readily be synthe-
sized from inorganic compounds under conditions that
resemble Earth’s prebiotic environment. However, we
also know that organic compounds are synthesized in
intergalactic space. These organic compounds, includ-
ing amino acids and polycyclic aromatic hydrocarbons,
would have been brought to Earth by comets and mete-
ors. Thus, a large variety of organic compounds would
have been present on Precambrian Earth in the so-called
primordial soup.

produced in
boiler passes
into the spark

\

|

p3 Steam joins gas
mixture containing
CH,, NHs, and H,.

Spark X

chamber k3 Spark discharge
mimics the effect

of lightning.

Heat

the apparatus; reaction products

Water and gases recirculate through
condense in the collecting chamber.

We now realize that it is unlikely that life originat-
ed and evolved in shallow aquatic habitats, because
these habitats would have been continually suscepti-
ble to destruction during the period of heavy bom-
bardment. Many scientists now believe that life
evolved either in deep sea environments such as
hydrothermal vents (see Chapters 24 and 25) or in sub-
terranean environments, because these environments
were less likely to be destroyed by asteroid impacts.

The most difficult questions still remain unan-
swered. How did the first cell originate? What were
its characteristics? Was the first cell a progenitor of all
life.

TRACING BIOLOGICAL EVOLUTION

How can we trace biological evolution? Two approach-
es have been used. The first is to look at the fossil evi-
dence for microorganisms in sedimentary deposits. This
approach, discussed earlier in the chapter, requires the
examination of sedimentary rocks for evidence of fos-
silized microorganisms or their chemical traces or for
evidence of their geochemical activity.

The second approach is to construct an evolutionary
tree based on knowledge about current living organ-
isms. This is accomplished by analyzing the sequences
of the monomers (smaller units) of large molecules
called macromolecules such as deoxyribonucleic acid
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(DNA), whose monomers are purines and pyrimidines,
or protein, with amino acid monomers. The sequences
in these macromolecules provide the necessary infor-
mation to trace the evolutionary history of organisms,
as discussed in greater detail in Chapter 17.

However, before further discussion of the evolution
of life, we need to provide some background on the
characteristics of organisms that live on Earth today. The
first characteristic of all organisms is that they are com-
posed of one or more cells, this is the cell theory of life.

Cell Theory: A Definition of Life

Microorganisms can be divided into four groups on the
basis of form and function: bacteria, fungi, and algae
and protozoa (protists). Like plants and animals, all
microorganisms consist of one or more cells. Or to put
it another way, if something is living, it must be cellular.
Viruses, also discussed in this book, are not cellular and
therefore they are not regarded as living organisms.
Nonetheless, they are important biological agents that
develop only as intracellular parasites of organisms,
including microorganisms.

The cell is the fundamental unit of organisms and has
characteristic functional and structural features. These
functions include metabolism, the chemical reactions
and physical activities by which cells obtain and trans-
form energy and synthesize cell material for growth.
Metabolism is accomplished by biochemical reactions
catalyzed by proteins called enzymes. The other basic
function of cells is reproduction, the process by which
cells duplicate themselves to produce progeny.

Cells have three major groups of structural compo-
nents (Figure 1.5):

* The cytoplasm, the aqueous fluid of the cell in which
most of the enzymatic and metabolic activities occur.
For example, ribosomes, small structures responsible
for protein synthesis, are located in the cytoplasm.

Cell membrane: lipid and protein layer

¢ A central nuclear area that contains deoxyribonucle-
ic acid (DNA), the hereditary material that is dupli-
cated during reproduction.

¢ A cell membrane, or plasma membrane, the bound-
ary between the cell’s cytoplasm and its environment.
The cell membrane consists of lipids and proteins.

Many microorganisms also contain a layer external
to the cell membrane that is referred to as the cell wall,
a rigid structure that confers shape on the cell. All fungi
have cell walls, as do most algae and bacteria. Most pro-
tozoa lack cell walls, so their bounding structure is the
cell membrane. The chemical composition and structure
of the cell walls of microorganisms differ from one
group to another. Chapter 4 covers these structures and
their functions in greater detail.

Unlike plants and animals, which are all multicellu-
lar (containing millions of cells), many microorganisms
consist of a single cell and are therefore called unicellu-
lar. Most but not all bacteria and protozoa are unicellu-
lar. Only one group of fungi is unicellular—the yeasts.
Plants and animals are macroscopic; they contain many
cells organized into tissues and organs, neither of which
are found in microorganisms.

The Tree of Life

The macromolecules that have been most useful in trac-
ing evolution are found in the ribosomes, which are
responsible for protein synthesis in all organisms,
microorganisms as well as plants and animals. The ribo-
some is a complex structure containing RNA and protein
(see Chapter 4). Studies of ribosomal RNA (rRNA) mol-
ecules indicate that they have changed very slowly dur-
ing evolution. Because of their highly conserved nature
and universal occurrence, rRNA molecules have been
used in the study of the evolutionary relatedness among
organisms. The 165 and 185 rRNA molecules are the most
commonly used (where S refers to the Svedberg unit,
which relates to the mass and density of a molecule).

As a consequence of these studies,
three major domains of organisms are
now recognized by biologists: the Bacteria,
the Archaea, and the Eucarya (Figure 1.6).

surrounding the cytoplasm. In cells lacking
cell walls (some microorganisms, all animal
cells), it is the boundary between the cell
and its surroundings.

Cell wall: rigid outer layer of the cell,
of varying chemical composition.
Itis found in many microorganisms
and all fungi and plants.

The Bacteria contains many of the com-
mon microorganisms encountered in typ-
ical soil and aquatic environments and
includes those that are known to cause

4

)\ = Ribosomes

i

/L

/

disease. The Archaea comprises a separate
group of microorganisms, some of which
live in saturated salt environments or

Figure 1.5 Cell structure

DNA. In most cells (but not bacteria) the

Nuclear material: the hereditary material,
DNA is contained within a membrane.

enzymes, chemicals. It is the site
of most cellular metabolic activity.

nents of a typical cell: cell wall, cell mem-

Cytoplasm: contains organelles, ] The diagram shows the four major compo-

brane, cytoplasm, and nuclear area.
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BACTERIA

Bacteria that gave

rise to chloroplasts. Chloroflexi

Actinobacteria
Firmicutes

Spirochaetes

Planctomycetes
Verrucomicrobia
Chlamydiae
Cyanobacteria
Proteobacteria
Chlorobi
Bacteroidetes e

Deinococci
Thermotogae N
Aquificae

Bacteria that gave
rise to mitochondria.

)

Figure 1.6 Tree of Life

This diagram shows the evolutionary tree of various groups
of organisms based on 16S and 185 rRNA sequence analysis.
The two prokaryotic domains are the Bacteria and Archaea.
All eukaryotic microorganisms are placed in a separate do-
main, the Eucarya, along with the plant and animal “king-

high-temperature environments. The Eucarya contains
the microbial groups fungi, algae, and protozoa as well
as plants and animals. The major differentiating charac-
teristics among these organisms are shown in Table 1.2.
It is noteworthy that the three-domain system is the first
truly scientific classification of life (see Chapter 17).
Biologists have known for a long time that the cell
types of the Eucarya are structurally different from those
of the Bacteria and Archaea; the cells of the Eucarya are
called eukaryotic and those of the bacteria prokaryotic.
In the next section we discuss the differences between
eukaryotic and prokaryotic cell structure, or morpholo-

Table 1.2

domains of life

ARCHAEA

Crenarchaeota

Korarchaeota

Major differentiating characteristics of the three

EUCARYA

Cellular
Afellular lime
SHME — yolds Red algae

Entamoebae molds

Euryarchaeota

Ciliates,
Dinoflagellates

Amoeboflagellates

Parabasalians

Microsporans

Diplomonads

doms.” The Eucarya contains many “kingdoms” of microor-
ganisms, including the fungi and various protists. The Bacteria
and Archaea also contain many “kingdoms,” which in this
book we call phyla. The Bacteria contains at least 30 phyla,
many of which have never been studied in the laboratory.

gy, and compare other major features of eukaryotic and
prokaryotic microorganisms.

PROKARYOTIC VERSUS EUKARYOTIC
MICROORGANISMS

When examined under the light microscope, bacteria
appear different from eukaryotic microorganisms
(Figure 1.7). Bacterial cells are usually very small and
have no apparent nucleus. In contrast, cells of algae, pro-
tozoa, fungi, plants, and animals are typically much
larger and have a distinct nucleus.

These differences noted by obser-
vations with the light microscope are
borne out by more detailed examina-
tion using the electron microscope.
Microorganisms can be sliced into

very thin sections and examined at

Bacteria Archaea Eucarya ) DR 5 )
high magnification with the transmis-
Nud?ar membrane No No Yes sion electron microscope (TEM) (see
[lsitic s No No Yes Chapter 4). When viewed in this man-
Peptidoglycan cell walls Yes* No No ner, the structural differences be-
Membrane lipids Ester-linked Ether-linked Ester-linked tween bacteria (Figure 1.8) and other
Ribosome size 70S 70S 80S

microorganisms (Figure 1.9) are strik-

“Three bacterial groups, the chlamydia, planctomycetes, and mycoplasmas, lack cell wall
peptidoglycan (the structure of this material is discussed in Chapter 4).

ing. Bacteria have a much simpler cell
structure and are referred to as pro-
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(A) Prokaryotes

Figure 1.7 Drawings of represen-

R

- — tative microorganisms, as they
The nuclear material of bacteria is by light mi
dispersed in the cell and is not appear by light microscopy
20 evident under the light microscope. The two examples of bacteria are a
o

Bacillus megaterium Escherichia coli

(B) Eukaryotes

large rod, Bacillus megaterium, and a
small rod, Escherichia coli. The
eukaryotic organisms are an amoeba
(a protozoan), a yeast (Saccharomyces
cerevisiae), and an alga (Chlamydo-
monas nivalis). Note the cup-shaped
chloroplast and the two flagella of

The nuclear material is

C. nivalis.

surrounded by a membrane,

O ®

forming a nucleus, which is
clearly discernible.

00

Saccharomyces Chlamydomonas

Amoeba .. S
cerevisiae nivalis

karyotic (from the Greek meaning “before nucleus”)
organisms. In contrast, algae, fungi, and protozoa are
called eukaryotic (“good nucleus” or “true nucleus”).
Table 1.3 lists the major differences between these two
basic types of cellular organization. As the terms imply,
the single major difference between these two cell types is
related to their nuclear material (Box 1.2). The nucleus of
the cell of a eukaryotic microorganism (as well as plants

Figure 1.8 Cross section of a bacterial cell

This electron micrograph of a thin section of Sporosarcina

ureae shows the cell wall (W), cell membrane (M), and nuclear
material (N), which appears as fibrous matter dispersed in the
cytoplasm. ©T. J. Beveridge/Biological Photo Service.

and animals) is bounded by a membrane referred to as a
nuclear envelope or nuclear membrane (Figure 1.9). In
bacteria or prokaryotic organisms, the nuclear material,
which appears as a central fibrous mass in thin sections,
is not bounded by a membrane but is in direct contact
with the cytoplasm (Figure 1.8).

Other differences exist between prokaryotic and
eukaryotic cells, some structural, others genetic and phys-
iological. The nuclear material of prokaryotes typically
consists of a single type of DNA molecule, called a chro-
mosome. More than one copy of it may be present,
depending on how fast the organism is growing. Thus,

Figure 1.9 Cross section of a eukaryotic cell
A protozoan of the genus Acanthamoeba, showing the cell
membrane (CM), nuclear membrane (NM), and mitochon-
dria (M). Courtesy of T. Fritsche.



12 CHAPTER 1

IF1ERFEN Major differentiating characteristics of prokaryotes

and eukaryotes

occurs (Figure 1.10). This elabo-
rate physiological and morpho-
logical orchestration does not

occur in prokaryotes.

Characteristic Prokaryote Eukaryote

Nuclear structure and function O.ther Morphological

Nucleus with membrane No Yes Differences

Chromosomes One Two or more Ribosomes appear as granules

Mitosis No Yes (about 5 nm in diameter) in the

Sexual reproduction Rare; only part of Common; all chromo- cytoplasm. Prokaryotic ribosomes

genome involved somes involved are called 70S ribosomes. Eukary-

Meiosis No Yes otes, with rare exceptions in some

s e o protozoa, have slightly larger 80S
ytop ribosomes (see Chapter 4). Mole-

Mitochondria No Yes” cular differences in the RNA and

Chloroplasts No Yes (if photosynthetic) protein of ribosomes account for

Ribosomes 705 80’ the differences in size.

Typical cell volume <5 pm® >5 pm® One of the striking features of

7A few lack mitochondria.

YSome rare, primitive eukaryotic microorganisms have 70S ribosomes.

rapidly growing cells might have two or four copies of the
DNA molecule, but all copies are identical. Some bacteria
also have nonchromosomal DNA in their cells called plas-
mids, which are discussed in greater detail in Chapter 15.
Plasmids are smaller than the chromosome but contain
genes that are often significant to the bacterium.

In contrast, the nucleus of eukaryotic organisms con-
tains many separate chromosomes, each with its own
genetic material. Thus, bacteria can be regarded as typ-
ically having a single chromosome and eukaryotic
microorganisms as having more than one chromosome.
To ensure orderly, accurate, and precise delivery of their
multiple chromosomes during the process of cell divi-
sion, eukaryotic organisms undergo mitosis. In this
process, each chromosome replicates and aligns along
the division axis of the cell before asexual cell division

eukaryotes is their organelles,

small structures in the cytoplasm.

There are several types of organ-

elles. All are distinct compart-
ments surrounded by one or more membranes, which,
like the cell membrane, contain both protein and lipid.
The most common organelle of this type, found in
almost all eukaryotic cells, is the mitochondrion (Figure
1.11). The mitochondrion is the site of respiratory activ-
ity in eukaryotes. Mitochondria have their own inter-
nal DNA, cytoplasm, and ribosomes. One exciting fact
of cell biology is that the DNA of the mitochondrion is
similar to prokaryotic DNA, that is, it has no nuclear
envelope. Furthermore, the ribosomes of the mito-
chondrion are 70S in size, like those of prokaryotes.
These features and other lines of evidence (see
“Evolution of Eukaryotes” on page 17) suggest that the
mitochondrion evolved from a bacterium that devel-
oped a close interdependence or symbiotic association
with another cell over 1 billion years ago.

Milestones Box 1.2

of Cell Structure

Separating the Organisms of Earth into Two Categories on the Basis

Although his views were largely
ignored in the 1930s, the French biol-
ogist E. Chatton noted the differences
in cellular structure between “higher”
and“lower” forms of life. He coined
the terms “eukaryotic” and “prokary-
otic”based on his light microscopic
observations of the differences
between the cells of higher organ-

isms and bacteria (see Figure 1.7).
Only after the invention of the elec-
tron microscope (in the late 1930s)
and the subsequent development of
appropriate procedures to thin-sec-
tion organisms (1950s to 1960s) did
other biologists confirm the detailed
differences between these two types
of cellular organization. In addition to

these morphological features,a num-
ber of other differences were also dis-
covered that permitted the clear dis-
tinction of these two types of cells.
The major features that distinguish
prokaryotic from eukaryotic cells
were eloquently stated in an impor-
tant publication by Roger Stanier and
C.B.van Niel in 1962.
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Figure 1.10 Mitosis
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Anaphase Telophase Interphase

The two daughter The cells divide. The two daughter
chromosomes cells are now ready
separate. to replicate their

own chromosomes
again to repeat the
process.

In mitosis, a dividing eukaryotic cell duplicates its chromosomes and distributes one
copy to each of the newly forming daughter cells. This particular cell has two sets of

chromosomes.

The chloroplast is the site of photosynthesis in
eukaryotes. Like the mitochondrion, the chloroplast is
a membrane-bounded organelle found in the cytoplasm.
It also resembles the mitochondrion in that its DNA has
no nuclear envelope and its ribosomes are 70S in size.

However, unlike mitochondria, it also has internal mem-
branes containing the chlorophyll pigments involved in
photosynthesis. Chloroplasts are found in algal and
plant cells. They, too, are thought to be derived through
an evolutionary process from a prokaryotic organism,
in this case an organism from the photosynthetic group
called the cyanobacteria (see Chapter 21).

The organelles of motility of eukaryotic cells—the fla-
gellum and cilium—are larger and more complex than
the flagellum of prokaryotes. A cross section of the
eukaryotic flagellum reveals an elaborate fibrillar sys-
tem called the “9 + 2” arrangement, with nine outer
doublets of fibrils called microtubules and an inner pair
(Figure 1.12). In contrast, the prokaryotic flagellum has
a single fibril when viewed in cross section; the thread
is of such a fine diameter that a single flagellum cannot
be seen by light microscopy. Eukaryotic flagella and
cilia, in contrast, are readily observed with the light
microscope (see the alga in Figure 1.7).

Figure 1.11 Mitochondrion

Electron micrograph of a mitochondrion from a eukaryotic
microorganism, showing the outer membrane, the inner
membrane folded into cristae, and the enclosed fluid, the
matrix. ©Barry F. King/Biological Photo Service.
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During sexual reproduction the gametes fuse
together during fertilization to form a diploid zygote
(the fertilized egg). Therefore, the zygote contains a
full genetic complement from each of the parental
mating cells. Sexual reproduction is very common
among eukaryotic organisms. Except for haploid
gametes, the cells of most higher eukaryotes are
diploid. Because prokaryotes contain only a single
copy of each gene, genetic studies are much simpli-
fied. There are no dominant and recessive character-
istics, which means that any genetic change is
expressed fully and immediately in progeny cells. In
contrast, mutations in eukaryotic cells may not show
up in the next generation, because the diploid cells
have two copies of each gene. Thus prokaryotes are
model organisms for the study of genetics.

GV (B)

Inner Outer
microtubules

microtubules

Plasma
/ membrane

The arrangement of two central
microtubules surrounded by nine
pairs of microtubules (9 + 2) is
characteristic of eukaryotic cilia
and flagella.

Cell Size: Volume and Surface Area

As mentioned earlier, cell size is an important char-

Figure 1.12 Eukaryotic flagella
(A) This electron micrograph is a cross section through a eukaryot-

ic flagellum. (B) A bacterial flagellum has a very different structure:
its single fibril is smaller than one of the microtubules shown here.

acteristic for an organism. Most eukaryotic organ-
isms have larger cells than prokaryotic organisms

Photo ©W. L. Dentler/Biological Photo Service.

Reproductive Differences

All prokaryotes reproduce by asexual cell division. Cells
simply enlarge in size, replicate their DNA (i.e., produce
a second identical copy of their DNA), and divide to
form two new cells, each containing a copy of the DNA
molecule (Figure 1.13). Thus, prokaryotes have only one
copy of DNA and are called haploid. Sexual reproduc-
tion is relatively rare in prokaryotes. Though many bac-
teria are able to exchange genetic material between mat-
ing types, this is not known to be a universal char-
acteristic. As discussed later (see Chapter 15), this rarely
results in the formation of a diploid cell, with one copy
of the DNA molecule from each of the mating cells. A
diploid cell has two copies of each chromosome, that is,
two copies of each DNA molecule.

In contrast to prokaryotes, most eukaryotes exist as
diploid organisms or have diploid stages in their life
cycles. Thus, their cells have two sets of chromosomes,
one set from the “male” and another set from the
“female” mating types. For example, human body cells
have 46 chromosomes. These exist as 23 paired chro-
mosomes. Half, or one set of 23, is derived from the
father and the other 23 from the mother. To generate
reproductive cells, the number of chromosomes and
amount of DNA are reduced by half. Meiosis is the
process whereby, for example, the 46 human chromo-
somes are reduced to 23 in preparation for sexual repro-
duction. Meiosis results in the formation of haploid mat-
ing cells, called gametes—the sperm and the ovum,
produced by male and female mating types, respective-
ly (Figure 1.14).

(Figure 1.7)—but there are some exceptions. For

example, although typical bacterial cells range in

diameter from 0.5 to 1.0 pm, some wider than 50 pm
have been reported (Box 1.3). The cells of typical eukary-
otes range in diameter from 5 to 20 pum, with most about
20 pm, although some species have larger ones.
Specialized cells in multicellular organisms can be much
larger. A human neuron can be as long as 1 m.

The bacterial cell elongates and
the DNA (the single bacterial
chromosome) replicates.

The cell begins to divide, J

enclosing one DNA
molecule in each new cell.

have identical DNA

The two daughter cells
molecules.

(S (

Figure 1.13 Prokaryotic cell division

Though this process is analogous to mitosis in eukaryotic
organisms (compare with Figure 1.10), mitosis involves com-
plex structural features that are absent in bacteria.
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In meiosis, a process occurring in organisms that undergo sexual reproduction, a
diploid cell undergoes two rounds of division to form four haploid cells, the gametes.
In this case, two pairs of chromosomes are shown.

NELEETL R T TSR I'& BN You Can’t Tell a Bacterium by Its Size Alone!

Although most bacteria are very
small, some are amazingly large.The
largest bacterium we know of is
Thiomargarita.Individual cells of this
bacterium can be seen by the naked
eye.The bacterium lives in the inter-
tidal area off the coast of Namibia, in
southwest Africa. Although it has not
yet been isolated in pure culture,

Three cells of Thiomargarita

A chain of spherical cells of
Thiomargarita is lying next to a
fruit fly, indicating their huge (for
bacteria) size. Reprinted with per-
mission from Science, Vol. 284, pp.

Thiomargarita is known to be a sulfur 493-495 ©1999 AAAS.
bacterium that lives by the oxidation
of reduced sulfur compounds. 6 mm
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Many bacteria grow and reproduce at very
rapid rates. Some can double in size or in num-
ber of cells in less than 10 minutes under opti-
mal growth conditions. This implies that
metabolic processes can be extremely rapid in
these organisms. The rapid metabolic rate is
due in part to the small size of bacteria. Their
small size ensures that all the cytoplasm is in
close proximity to the surrounding environ-
ment from which they derive their nutrients.
The greatest distance between the cytoplasm
and the growth environment is only 0.5 pm in
a bacterium with a diameter of 1.0 pm, where-
as it is 10.0 pm in a eukaryotic organism with
a diameter of 20.0 um.

Another way to consider the close spatial
relationship between the cytoplasm of a cell and its envi-
ronment is to calculate the ratio of its surface area to its
volume (Figure 1.15). Let’s assume that a bacterial cell is
cubical, with sides 1.0 pm in length (actually, one
extreme salt-loving bacterium is a cube!); its surface area
is 6.0 pm? and its volume is 1.0 pm?. Thus, the ratio of its
surface area to its volume (SA/V) is 6.0. In comparison, a
hypothetical eukaryotic microorganism of the same
shape with 10.0 pm sides has an SA/V of 0.6. This small-
er value for the eukaryote indicates that it has a tenfold
greater amount of cytoplasm per unit of cell membrane
surface than does the smaller prokaryote. Given that
nutrients for growth must enter the cell by crossing the
cell membrane, more nutrients are available per unit of
cytoplasm in the prokaryote (6.0) than in the eukaryote
(0.6). The larger SA/V ratio enables faster metabolism
and growth.

Microbial Nutrition

Algae and several groups of bacteria are photosynthet-
ic, that is, like plants, they obtain their energy from sun-
light. Also, like plants, they use carbon dioxide as their
principal source of carbon for growth. This type of nutri-
tion, which is based entirely on inorganic compounds,
is referred to as autotrophic (self-nourishing or self-
feeding). Algae are therefore called photoautotrophic,
to indicate that they obtain their energy from sunlight
and their carbon from carbon dioxide.

In contrast to algae, fungi obtain their energy direct-
ly from chemical compounds, not sunlight. This type of
nutrition is referred to as chemotrophic (chemical feed-
ing). Fungi require organic chemical compounds as their
sources of energy and carbon. Such nutrition is termed
heterotrophic (other or different feeding, as distinct
from autotrophic) or organotrophic. Thus, fungi are
chemoheterotrophic—they use chemical compounds as
energy sources and organic compounds as carbon
sources. Only dissolved organic carbon sources can pass
through the cell walls of fungal cells. Thus, fungi are

Figure 1.15 Surface area and volume
Hypothetical cubical cells, showing how
the ratio of surface area to volume
(SA/V) varies with cell size. The larger
cell has a much smaller SA /V ratio. The
text explains the implications of this.

[J

- L |

1.0 pm 10.0 pm
Surface area (SA) 6.0 pm? 600 um?
Volume (V) 1.0 um?® 1,000 um?
SA/V 6 0.6

well known for their ability to use simple sugars and
other dissolved substances as carbon sources. Some
fungi can also degrade particulate organic materials,
such as cellulose, by excreting enzymes that solubilize
the organic material outside the cell; they then transport
the dissolved compounds into the cell.

Like fungi, protozoa are chemoheterotrophic organ-
isms, using organic compounds as sources of carbon
and energy for growth. Typical protozoa, which lack cell
walls, engulf bacteria and other microorganisms in
much the same way that higher animals eat food. The
protozoa’s source of food is particulate organic materi-
al; this type of feeding is called phagotrophic.

As a group, bacteria are exceedingly diverse in their
nutritional capabilities. Some are similar to algae in being
photoautotrophic. Others are photoheterotrophic, that is,
they can obtain energy from sunlight but use organic com-
pounds as carbon sources. Most prokaryotic organisms
are chemoheterotrophic, deriving both energy and carbon
from organic compounds. One especially interesting
group of bacteria can obtain energy by the oxidation of
inorganic compounds, such as ammonia or hydrogen sul-
fide, and use carbon dioxide as their principal carbon
source. This type of nutrition is termed chemoauto-
trophic, a nutritional category unique to these specialized
bacteria. The four principal groups of microbes and their
types of nutrition are shown in Table 1.4. Microbial nutri-
tion is discussed in more detail in Chapter 5.

With this background in microbiology, we are ready
to address more specifically the early evolution of
organisms.

MICROBIAL EVOLUTION AND
BIOGEOCHEMICAL CYCLES

Although we do not know which organisms were the
first biological entities on Earth, various theories have
been presented. Most scientists believe that the first
forms of life were anaerobic (living in the absence of
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IE N YR Microorganisms and their nutritional types

Microbial Group  Number of Cells per Organism Cell Walls Nutritional Type

Algae Usually one, some filamentous Yes Photoautotrophic

Protozoa One No Chemoheterotrophic

Fungi Filamentous, except yeasts Yes Chemoheterotrophic
(unicellular)

Bacteria Usually one, some multicellular Yes? Photoautotrophic,
Bacteria and Photoheterotrophic,
Archaea Chemoautotrophic, or

Chemoheterotrophic

?A few bacteria, namely, the mycoplasmas and thermoplasmas, lack cell walls.

0O,), based on evidence that early Earth was anoxic.
Many also believe that the earliest bacteria were ther-
mophilic (heat-loving), living in high-temperature envi-
ronments such as hydrothermal systems or deep with-
in Earth’s crust where it is hot. Evidence supporting this
hypothesis is that the earliest branches in the Tree of Life
contain thermophilic Bacteria and Archaea (Figure 1.6; see
also Chapter 17).

Carl Woese from the University of Illinois calls the
progenitor of microbial life the progenote, the prototyp-
ical precellular “organism” that gave rise to both the
Bacteria and the Archaea, and ultimately the Eucarya as
well. The progenote likely had a cell membrane that
conferred the ability to concentrate important chemicals
and carry out simple reactions.

Wolfram Zillig, a German biochemist, has proposed
that the Progenote populations must have separated
physically, possibly geographically, into two communi-
ties early in Earth’s history and that this separation led
to the evolution of the two main lines of descent—the
Bacteria and the Archaea. However, all theories on the
origin of life and the first microorganisms are specula-
tive and will not be addressed in great detail here.

Possible Early Metabolic Types

The Russian evolutionist A. I. Oparin argued that the
initial metabolic type was likely a simple heterotrophic
bacterium. He reasoned that autotrophic organisms are
inherently more complex, so they would not have
evolved first. As he noted, although autotrophs can live
on simple nutrients, they are more complex in that they
need not only metabolic pathways for the generation of
energy but also additional pathways to carry out carbon
dioxide fixation, that is, the conversion of CO, into
organic material. In contrast, simple fermentative het-
erotrophs require only a few enzymes for energy gener-
ation, and they could have lived on the organic com-
pounds formed abiotically early in Earth’s history.

Others have argued that early life forms might have
been hydrogen bacteria, those that obtain energy from
the oxidation of hydrogen gas. Both bacterial and
archaeal hydrogen users are known. These organisms
have simple nutritional requirements. Some grow
autotrophically, generating energy from the oxidation of
hydrogen gas and using carbon dioxide as a sole source
of carbon (see Chapter 8). Furthermore, many are anaer-
obic and could have existed in an anoxic environment
like that of early Earth.

Although photosynthetic bacteria may not have been
the first organisms, it is believed that they evolved early.
The ability to carry out photosynthesis using chloro-
phyll-type compounds probably evolved shortly after
the split between the Bacteria and the Archaea. Several
groups of the Bacteria carry out photosynthesis, whereas
none of the Archaea produce chlorophyll compounds.
The first photosynthetic organisms may have resembled
the photosynthetic Proteobacteria or Chlorobia, two of the
major lineages of Bacteria; this is consistent with recent
molecular evidence on the origin of photosynthesis.
These bacteria carry out photosynthesis anaerobically
using hydrogen sulfide or elemental sulfur for carbon
dioxide fixation (see Chapters 9 and 21):

(1) CO, +H,S — (CH,0), +S°

2) CO,+S° — (CH,0), +S0,>

where (CH,0O),, represents organic material (equations
are not balanced).

The volcanic atmosphere of early Earth would have
been ideal for these organisms, because it provided
abundant quantities of carbon dioxide and hydrogen
sulfide, the essential “ingredients.” This type of photo-
synthesis is termed anoxygenic photosynthesis, be-
cause it proceeds in an anoxic environment without the
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production of oxygen gas. Most photosynthesis that
occurs today, however, generates oxygen. Cyanobacteria
are the only prokaryotic organisms that can carry out
this oxygenic (oxygen-producing) photosynthesis.

Cyanobacteria and the Production of Oxygen

To understand the importance of cyanobacteria in the
production of oxygen, we must first review their metab-
olism. The metabolism of the cyanobacteria is similar to
that of the anoxygenic photosynthetic bacteria (see reac-
tion (1) above). However, there is one major difference:
cyanobacteria use water in place of hydrogen sulfide as
the hydrogen donor. Thus, the overall equation for
cyanobacterial photosynthesis is:

(3) CO, + H,0 - (CH,0), + O,

This process is termed oxygenic photosynthesis,
because oxygen is produced.

C. B. van Niel, a Dutch-born American microbiologist
who studied photosynthetic bacteria, noted that the O,
produced in reaction (3) must be derived from the water
molecule rather than from the carbon dioxide. He con-
cluded this based upon analogy to reaction (1) for
anoxygenic photosynthesis. His hypothesis was con-
firmed when scientists used radiolabeled water, H,'®O,
to show that the label ended up in the oxygen produced
(%0,); the label from C'®0, did not. Thus, the oxygen
comes from a reaction referred to as the “water-
splitting” reaction. This reaction, which is the key reac-
tion of oxygenic photosynthesis, is found in all cyano-
bacteria, algae, and plants.

The cyanobacteria evolved about 2.5 to 3.0 Ga ago,
when Earth’s atmosphere still lacked O,. But we know
that by 2.5 to 1.5 Ga ago free oxygen was present in the
atmosphere, because this was the time that iron oxides
were deposited in geological strata called banded iron
formations. The bands of these formations are alternat-
ing millimeter-thick layers of quartz and iron oxides,
partially oxidized forms of iron (FeO and Fe,O,) that
could have been produced only in the presence of
atmospheric oxygen. Banded iron formations are not
formed today, because the concentration of oxygen in
the atmosphere and in the oceans is too high. Instead,
contemporary iron deposits form red beds, so named
because they contain hematites (Fe,O,), a more highly
oxidized form of iron that gives them their red color.

From the locations of the iron oxides, it is concluded
that the banded iron formations were produced during
the period in which O, was first formed but before sig-
nificant concentrations accumulated in the atmosphere,
that is, between about 2.5 and 1.7 Ga ago. The O, need-
ed to oxidize the iron is believed to have come from oxy-
genic photosynthesis first carried out by cyanobacteria.

Initially, when the cyanobacteria first began produc-

ing oxygen, its concentration in the atmosphere would
have remained very low. This is because oxygen is high-
ly reactive chemically and would have combined with
the large amounts of highly reduced compounds that
existed on Earth at the time. These reduced compounds,
such as ferrous iron and sulfides, would have reacted
with the free oxygen, preventing it from accumulating
rapidly in the atmosphere. Therefore, the oxygen con-
centration in the atmosphere increased very gradually
over the past 2 to 3 billion years to reach its present level
of about 20% of atmospheric gases.

One of the recent exciting discoveries about
cyanobacteria is that some of them can also carry out
anoxygenic photosynthesis, as in reaction (1) above.
This finding suggests that the cyanobacteria may have
evolved from anoxygenic photosynthetic bacteria
similar to purple or green sulfur bacteria. Indeed,
evidence supporting this comes from molecular phylo-
genetic studies of the two photosystems of photosyn-
thesis (see Chapter 9), one of which is thought to be
derived from a member of the Chlorobi and the other
from a member of the Firmicutes, a photosynthetic
gram-positive group (see Chapter 21). However, some
variant must have evolved that could use water in place
of hydrogen sulfide as a reductant in photosynthesis
and therefore could split water and carry out oxygenic
photosynthesis, as in reaction (3). This important
process may have evolved by natural selection when
hydrogen sulfide became scarce and water for photo-
synthesis was abundant.

The oxygen produced by cyanobacteria would have
been toxic to early life forms. Fortunately, for the reasons
noted above, free oxygen would not have been available
in the atmosphere for many millions of years after the
first oxygenic cyanobacterium began producing it. This
lengthy time provided favorable conditions for the
selection and evolution of enzymes such as peroxidas-
es, which would protect sensitive bacteria from the oxi-
dizing effects.

Impact of Bacteria and Archaea
on Biogeochemical Cycles

Bacterial groups carry out significant reactions, called
biogeochemical reactions, that are crucial to the opera-
tion of Earth’s biosphere. Examples of these reactions
occur in the great cycles of elements such as the carbon
cycle, in which autotrophic organisms fix carbon diox-
ide to form organic carbon that is recycled back to CO,
by heterotrophic organisms. These reactions are dis-
cussed in greater detail later in the book, so we present
just a brief summary here.

Because of the early evolution of microorganisms,
particularly Bacteria and Archaea, they were provided
with many energy sources 3 billion years before plants
and animals evolved. As a result of this long period of
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evolution, they have diversified into many different
metabolic groups that uniquely use unusual growth
substrates such as methane, ammonia, hydrogen gas,
sulfur, and reduced iron. In addition, several different
groups of the Bacteria carry out photosynthesis using
light energy.

All the biological transformations of the nitrogen
cycle can be carried out by microorganisms. Likewise,
all the biological transformations of the carbon and sul-
fur cycles can be carried out by microorganisms. Indeed,
these cycles as we know them today were in place
1 to 2 Ga ago, at least 1 Ga before plants and animals
evolved. The Bacteria and Archaea continue to carry out
unique steps in these cycles, such as nitrogen fixation,
that eukaryotic microorganisms, plants, and animals
cannot perform. More information on these cycles and
the important roles of microorganisms in them is pro-
vided in Chapter 24.

EVOLUTION OF EUKARYOTES

The origin of eukaryotic organisms is obscure at this
time. The most popular hypotheses about eukaryotic
evolution stem from the ideas of scientists such as Lynn
Margulis and Wolfram Zillig. Zillig has proposed that
eukaryotic organisms, the Eucarya, evolved through a
fusion event between an ancestor of the Bacteria and an

terial ancestor had already developed its cell membrane
and this feature was thus incorporated into the Eucarya.

Although much of this is speculative, it is interesting
to note that as scientists further dissect organisms at the
molecular level, they are beginning to infer likely, if not
actual, evolutionary events that occurred billions of
years ago.

Progenotes are spatially separated, and the
separated forms evolve independently, one
line producing Prebacteria, the other
producing Prearchaea, with their
characteristic cell membrane structures.

Progenotes

O=0=0
\ \

Prebacterium Prearchaean

Q Spatial separation

Protobacterium
with ester membrane

\

Protoarchaean with
ether membranes

ancestor of the Archaea (Figure 1.16). According to this 5 ... | T~ Fusion Q ~ | Archaen
theory, the progenote had a permeable cell membrane iineages ;'/// l\' l \ lineages
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tain fatty acids linked to glycerol by
ester linkages. In contrast, archaea
do not produce long-chain fatty
acids and they use ether linkages in
their isopranyl cell membranes (see
Chapters 4 and 18). This evidence
suggests that if a fusion event
occurred, it occurred when the bac-
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and an early eukaryote (an
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Figure 1.16 Evolution of the main lines of descent

This diagram illustrates the possible origin of prokaryotic and eukaryotic organisms
from a progenote. The early progenotes may have been precellular RNA forms
without organic cell membranes.
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Impact of Oxygen on the Evolution
of Plants and Animals

The evolution of oxygenic photosynthetic organisms
had a profound impact, not only on the chemistry of
Earth but on the evolution of animal and plant life.
Virtually all plants and animals use oxygen and carry
out aerobic respiration, a process that occurs in the mito-
chondrion. Mitochondria are not found in Bacteria or
Archaea. However, the mitochondrion is bacterial, by
which we mean:

e A mitochondrion has its own DNA, but its DNA is
not bounded by a nuclear membrane.

e A mitochondrion has ribosomes, which are not the
80S ribosomes of eukaryotes but the smaller, 70S ribo-
somes of prokaryotes.

¢ The size and structure of a mitochondrion are reminis-
cent of a gram-negative bacterium without a cell wall.

* Sequence analyses of mitochondrial 165 rRINA reveal
that, regardless of the eukaryotic source, mitochon-
dria are descended from the Proteobacteria (Figure
1.6).

Similarly, the chloroplast, the photosynthetic organelle
of algae and higher plants, bears a striking resemblance
to another prokaryotic group, the cyanobacteria. Thus,
the chloroplast, like the mitochondrion, is prokaryotic.
It, too, has DNA but no nuclear membrane, has 70S ribo-
somes, and lacks a cell wall, though it is descended from
one of the bacterial phyla. Sequence analysis of its 16S
rRNA places the chloroplast within the cyanobacterial
branch of the Bacteria (Figure 1.6).

Endosymbiotic Evolution

The theory of endosymbiotic evolution, championed
by Lynn Margulis, has been developed to explain the
origin of mitochondria and chloroplasts. According to
this theory, early in the evolution of eukaryotic organ-
isms, certain prokaryotic organisms (the premitochon-
drion and prechloroplast) developed intracellular sym-
bioses with eukaryotic cells (Figure 1.16). As time
passed, the partners in these symbioses became more
and more interdependent, until the bacterium became
an organelle inside the eukaryotic cell.

Further support for the endosymbiotic theory is
found in intracellular bacterial associations with proto-
zoa. For example, certain protozoa harbor bacterial cells
as “parasites” that provide unique features to their
hosts. One type of association is the “killer parameci-
um.” This strain of Paramecium contains a bacterium
called a kappa particle. The kappa particle lives inside
the protozoan and is responsible for the production of
an organic compound that kills other paramecia that do
not harbor these particles. The kappa particles retain
their cell wall, so the symbiosis is not as highly evolved

as that of the mitochondrion. Other Paramecium-bacter-
ial relationships are also known (Figure 1.17). Another
example of endosymbiosis occurs in certain flagellate
and amoeboid protozoans that have a photosynthetic
organelle called a cyanelle. The cyanelles appear to be
cyanobacteria replete with all their bacterial features,
including their cell wall.

Clearly, plants and animals, through evolution, have
obtained many of their genes from microorganisms. In
this manner genes have been available from a vast pool
of different types of organisms. The macroorganism can
therefore be viewed, at least in part, as a chimera of dif-
ferent genes, some derived directly from microorgan-
isms and others modified through evolution.

Origin of the Ozone Layer

Crucial to the evolution of higher life forms was the
development of the ozone layer in Earth’s stratosphere.
Ozone is produced by a photochemical oxidation reac-
tion of oxygen in the upper stratosphere. It is believed
to have first formed as a consequence of oxygen pro-
duction by early cyanobacterial photosynthesis. The
ozone layer is important to life on Earth in that it
strongly absorbs ultraviolet light, a very active oxidiz-

Figure 1.17 A Paramecium

This protist contains numerous endosymbiotic bacteria
called “lambda particles,” which are analogous to the
“kappa particles” described in the text. Courtesy of John
Preer Jr., Louise Preer, and Artur Jurand.
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ing agent and mutagen. Some aquatic forms of life
could have evolved and lived largely unaffected by UV
radiation prior to the formation of an ozone layer,
because water also strongly absorbs UV light. However,
higher forms of terrestrial life would have been unpro-
tected and could not have evolved until the ozone
shield was established.

Oxygen and the development of the ozone layer had
a profound impact on the evolution of higher organ-
isms. Especially intriguing is the diversity and com-
plexity of multicellular eukaryotic life forms, all of
which evolved during the past 600 million years,
particularly in terrestrial environments. In contrast,
prokaryotes, which have had about 3.5 Ga to evolve,
have rather simple structures. However, the simple and
largely unicellular morphology of prokaryotes belies
their vast genetic, metabolic, and physiological diversi-
ty, as this book so clearly demonstrates.

SEQUENCE OF MAJOR EVENTS
DURING BIOLOGICAL EVOLUTION
The timetable shown in Figure 1.18 portrays, to the best

of our current knowledge, the probable major sequential
events during biological evolution. The initial composi-

tion of the atmosphere was determined in large part by
volcanic emissions. From these anaerobic gases and
water, organic compounds could have been produced on
Earth and mixed with organic compounds from inter-
galactic space. Within a billion years of Earth’s formation,
the first microorganisms appeared. These were probably
thermophilic, anaerobic bacteria, including heterotrophic
organisms that could live by fermentative processes.
Hydrogen bacteria were also likely to have evolved early.

Anoxygenic photosynthetic bacteria likely had
evolved by 3.0 to 3.5 Ga ago. These communities of
organisms are thought to have colonized all aquatic
habitats favorable for life. Photosynthesis had a major
impact on Earth’s biosphere. By producing large
amounts of organic carbon, it greatly enhanced the
growth of heterotrophic organisms.

The cyanobacterial branch of photosynthetic bacteria
probably first appeared between 2.5 and 3.0 Ga ago. The
production of oxygen would have had a major impact
on many different processes in the biosphere. First, it
would have caused the oxidation of reduced inorganic
compounds such as iron sulfides that were present in
enormous amounts early on. Indeed, it likely provided
conditions that favored the evolution of new metabolic
types such as iron-oxidizing bacteria. In addition,

Prokaryotic
groups Anaerobic prokaryotes
Anoxygenic photosynthetic
bacteria
Oxygenic cyanobacteria
Aerobically respiring
bacteria
Nitrifying and
denitrifying bacteria
Eukaryoti
glilfprzo ' Unicellular microorganisms
Multicellular organisms
3 million\l Hominid species
years ago
Hadean Archaean Proterozoic Sl e i Geological era
present day
T T T T T T T T
45 4.0 3.5 3.0 2.5 2.0 1.5 1.0 0.5 0
I A P f i
Earth First fossil Banded iron Formation of ozone layer
formed stromatolites formations

Figure 1.18 Geological and evolutionary timetable

The timetable shows the major geological events, beginning
with the formation of Earth 4.5 Ga ago, and the evolution of
various bacterial, archaeal, and eukaryotic groups. Note that

hominids (primates) have occupied Earth for only 3 million
years or so, a minute fraction (less than one-thousandth) of
the time since cellular life forms arose.
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The dark red band in the ice layer
indicates the presence of the

microbial community, containing
mainly algae and bacteria.

©

Figure 1.19 Extreme environments

(A) Thermal hot springs, such as Mammoth Terrace in
Yellowstone National Park, contain thermophilic (heat-
loving) bacteria. (B) A core taken through the sea ice of
Antarctica, home to sea ice microorganisms. (C) On this salt
farm in Thailand, sea water is evaporated and becomes
more and more concentrated in salt. Only halophilic (salt-
loving) microorganisms can grow in such salt-saturated
water. (D) In Antarctica’s cold desert area in Victoria Land,
called the Dry Valleys, microbes are the only life forms. The
microbes live inside the rocks, such as this lichen revealed
in a broken sandstone rock. A,B, courtesy of J. T. Staley; C,
©Claudia Adams/Dembinsky Photo Associates; D, cour-
tesy of J. Robie Vestal.

L
Bands o
and algae (lower greenish layer),
components of a lichen, grow
beneath the rock surface.

e 3 |
f fungi (upper dark layer)

oxygen would have been a poison to the anaerobic bac-
teria that had already evolved, and it would have
adversely affected processes such as nitrogen fixation,
which occur most efficiently under reducing conditions.
Moreover, it would have led to the evolution of aerobic,
respiratory bacteria that have a more efficient mode of
metabolism. And, of course, it would have provided the
key conditions for the evolution of plants and animals,
which had obtained their mitochondria from pro-
teobacteria and chloroplasts from the cyanobacteria.

Another consequence of oxygenic photosynthesis
was the development of an ozone layer, which fostered
the evolution of land plants and animals by protecting
them from UV radiation. Aquatic organisms would
have been less affected by UV light, because water
strongly absorbs radiation of this wavelength.

It is interesting, from the standpoint of human evo-
lution, that hominid primates date back to only about 3
mya, and the species Homo sapiens to a mere 100,000
years or so ago. Humans are therefore very recent par-
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ticipants in the biosphere and very dependent on the
other processes and organisms that occur on Earth.
Because humans and other animals and the plants are
so recent, they evolved in a world of microorganisms,
and it is interesting to note how plants and animals
made use of microorganisms as they evolved. Both
groups rely on microorganisms and their activities in
very intimate ways. For example, the roots of plant
species have bacteria and some have special fungi, called
mycorrhizae, that the plant relies on to bring in nutrients
from the soil. Likewise, almost all animals have an anox-
ic digestive tract in which foods are broken down by
microorganisms to provide nutrients, including amino
acids and vitamins, for the host animal. Without these
microorganisms, animals could not survive.

ASTROBIOLOGY

What we have learned about the evolution of life on
Earth poses interesting questions about evolution on
other planetary bodies. Astrobiology is the study of life
in the universe. Of course, at this time, the only place
where life is known to exist is Earth. Because we are just
beginning to understand microbial life on Earth, much
of the field of astrobiology is centered on studying
microbial ecosystems on Earth.

What type of life is most likely to be found on other
potentially habitable planets? Consider the following
factors:

¢ Earth has had microbial life for more than 3.5 Ga of
its 4.5 Ga history, whereas plants and animals are less
than 500 million years old.

* Microbial life can survive asteroid impacts that
would almost sterilize a planet.

* Microbes live everywhere that organisms live on Earth.

To amplify on the last point, it is noteworthy that
some microorganisms grow at boiling temperatures in
hot springs (Figure 1.19A) and at over 110°C in under-
sea volcanic hydrothermal vents. Others live in sea ice
at temperatures below freezing (Figure 1.19B). Some
produce sulfuric acid from sulfur compounds and live
ata pH of 1.0, equivalent to 0.1 N H,SO,. A few microbes
live in saturated salt brine solutions (Figure 1.19C),
while others live in pristine mountain lakes as pure as
distilled water. Microbes even live inside rocks in the
harsh environment of Antarctica (Figure 1.19D). Thus,
microorganisms can live in extreme environments not
colonized by plants and animals.

All these factors are consistent with the hypothesis
that if life is found elsewhere in the universe, it is less
likely to be macroscopic than microscopic. This is
extremely likely for our own solar system. There is now
very little doubt that no “little green men” are living on
Mars or any other planets in our solar system. However,
extreme environments are known to be common else-
where in the solar system, so microorganisms are their
most likely inhabitants. Indeed, Mars may still be vol-
canically active and may contain aquatic habitats
beneath its surface that are hospitable for microorgan-
isms. Jupiter’s moon, Europa, though frozen at its sur-
face, may teem with microbial life in its ocean and pos-
sible hydrothermal vents (Figure 1.20). Furthermore, we
know that asteroid impacts on planets can disperse
rocks from one planet to another. For example, several
rocks from Mars have been found on Earth.

These exciting recent developments have led
the National Aeronautics and Space Administration
(NASA) to launch a program on
astrobiology to study early life and
its evolution on Earth (http://
astrobiology.arc.nasa.gov).
Indeed, preparations are being
made for expeditions to Mars and
Europa for the exploration of past
or present life. Pursuit of these
lines of research may help humans
understand some of the great
questions of life such as, where
did we come from? And are we
alone in the universe?

Figure 1.20 Europa, Jupiter’s moon

Europa is covered with ice. Careful examination of the surface reveals
that large blocks of ice have been moved, indicative of an underlying
ocean (see inset). Although cold and anaerobic, conditions on Europa
seem to be suitable for life, although life has not yet been found. Photos
from PIRL/University of Arizona/NASA.
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SUMMARY

» Earth and its solar system formed by physical and
chemical processes about 4.5 Ga ago. Microbial fossils
were first reported by micropaleontologists only
recently (1950s). The oldest microbial fossils are found
in stromatolites dated at about 3.5 Ga old.

» Stromatolites are laminated sedimentary rocks, some
of which were produced by microorganisms. Intertidal
mat communities are the most common type of living
stromatolites currently found on Earth.

» Many organic molecules can be formed abiotically
from inorganic compounds in an anoxic environment
with an energy source such as ultraviolet light or
lightning. Some organic compounds are produced in
space and brought to Earth in meteors and comets.

» The “RNA world” theory holds that RNA was the first
macromolecule and served both as a biochemical cat-
alyst and as a template for reproduction in primitive
“organisms.”

» Microorganisms are the smallest living things. Most
can be seen only under a microscope. Microorganisms
are ubiquitous in the biosphere; some grow in extreme
habitats such as boiling hot springs, saturated brine
solutions, or sea ice; some produce sulfuric acid.

» Microorganisms that use light as an energy source
and carbon dioxide as a carbon source are said to be
photoautotrophic. Those that use light as an energy
source and organic carbon as a carbon source are pho-
toheterotrophic. Those that use organic chemical
compounds as both energy and carbon sources are
heterotrophic, chemoheterotrophic, or chemoorgano-
trophic. Microorganisms that use inorganic com-
pounds as energy sources and carbon dioxide as a
carbon source are chemoautotrophic.

» The term “bacteria” is synonymous with “prokaryot-
ic organism.” The two groups of prokaryotic microor-
ganisms are Bacteria and Archaea. The three groups of
eukaryotic microorganisms are fungi and the two
types of protists, algae and protozoa. All organisms on
Earth are classified into three domains of life and
organized on a “Tree of Life,” which is based on the
sequence of 165 and 18S ribosomal RNAs. These
domains are the Bacteria, Archaea, and Eucarya (the lat-
ter including all eukaryotic microorganisms and
plants and animals).

» Viruses lack cytoplasm, and they do not produce cells.
Therefore, they cannot be included in the Tree of Life.

» Prokaryotic organisms lack a nuclear membrane and
do not have membrane-bounded organelles such as
mitochondria and chloroplasts.

» Prokaryotes have 70S ribosomes, whereas eukaryotic
organisms have larger, 80S ribosomes.

» Eukaryotic organisms have a nuclear membrane and
most possess mitochondria and, in photosynthetic
cells, chloroplasts. Mitosis is the process by which the
chromosomes are duplicated and separated during
asexual division of eukaryotic cells. Meiosis is the
process by which the diploid chromosomes of eukary-
otic cells are separated to form haploid gametes.

» The cyanobacteria are thought to be the first O,-
producing (oxygenic) photosynthetic organisms. The
O, produced by cyanobacteria resulted in the banded
iron formations as well as the protective ozone layer
and led eventually to the high concentration of O, in
the atmosphere. Through natural selection, O, in the
atmosphere led to the evolution of aerobic respiration,
a much more efficient type of metabolism than fer-
mentation and anaerobic respiration.

» The theory of endosymbiotic evolution holds that
mitochondria, chloroplasts, and possibly other
organelles of higher animals and plants are derived
from prokaryotic organisms that developed symbios-
es with higher organisms. Evidence from 165 rRNA
sequence analysis of mitochondria indicates that these
organelles evolved from the Proteobacteria. Evidence
from 16S rRNA sequence analysis of chloroplasts indi-
cates they evolved from cyanobacteria. The cyanelle is
a cyanobacterial symbiont within some protozoa.

» The eukaryotic cell may have evolved from a fusion
event between Prebacteria and Prearchaea coupled
with endosymbiotic events with prokaryotic organ-
isms. Plants and animals could not have evolved
unless microorganisms evolved first.

» Microorganisms, particularly Bacteria and Archaea,
carry out unique steps in the biogeochemical cycles of
the biosphere.

» Astrobiology is the study of life in the universe.
Because of their rapid evolution and hardiness,
microorganisms may be a much more common form
of life in the universe than macroorganisms.

REVIEW QUESTIONS

1. Describe what you believe to have been the first true
bacterium on Earth. What were its properties and
why were they essential?

2. Compare and contrast oxygenic and anoxygenic
photosynthesis.

3. How do you explain the existence of some eukary-
otes that lack mitochondria?
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. Do you believe it would be possible to place chloro-

plasts in human skin cells? Would humans become
photosynthetic? Would they become “little green
men and women”?

. Why do bacteria grow in such unusual habitats?

. What are viruses? Are they alive? Explain your

answer.

. Compare the nutrition of humans with that of a typ-

ical chemoheterotrophic bacterium.

. Some bacteria can reproduce to form progeny cells

in less than 10 minutes. Why is human reproduction
so much slower?

. Why don’t bacteria undergo meiosis?

10.

Describe Earth’s biosphere before and after the evo-
lution of cyanobacteria.

How much information can be obtained by the dis-
covery and dating of microbial fossils? Can the type
and metabolic activity of the microorganism be
determined?

Is there life on Mars? On the moon? On Europa?
Explain your answer.
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Historical Overview

The accidents of health had more to do with the march of great events
than was ordinarily suspected.
— H. A. L. FISHER, 1865—1940

B |

he previous chapter was devoted to a discussion of the evolution and role of microorganisms in
the living world. Clearly, microbes make up a considerable part of the biosphere and are therefore
studied for their own sake. However, microbiology is a multifaceted discipline that is concerned
with infectious disease, agricultural practice, sanitation, and the industrial production of food, bev-
erages, and chemicals. Microorganisms have been and remain important model organisms for stud-
ies in nutrition, metabolism, genetics, and biochemistry. Results of studies with microorganisms
were instrumental in the development of biotechnology. Microorganisms have also had a profound
effect—both positive and negative—on human welfare. In this chapter we will examine the con-
tributions of pioneer scientists to our understanding of the microbe.

EFFECTS OF DISEASE ON CIVILIZATION

Microorganisms have markedly affected the course of human history. Disease-causing microor-
ganisms often decided the well-being and morale of populations, the strength of armies, and the
outcomes of battles. The mobilization of armies themselves, with the consequent concentration of
young soldiers from across the country, created environments that were ripe for the spread of epi-
demics. Every soldier was both a potential carrier of infectious disease from his home and a poten-
tial victim of disease due to lack of previous exposure. In rapidly growing urban areas, the absence
of proper sanitation under crowded conditions also contributed to the spread of infectious agents.
As world trade and travel increased, infectious diseases slowly but inevitably moved from region
to region. They then retraced their steps back to a new generation of susceptible individuals. This
section briefly presents some examples of these and other effects of microbial disease on human
populations, institutions, and wars throughout the history of civilization.

The decline of Rome under the Emperor Justinian (A.D. 565) was certainly hastened by epidemics
of bubonic plague and smallpox. The inhabitants of Rome were decimated and demoralized by
these massive epidemics and were left powerless against the barbarian hordes that destroyed the
empire. Through the Middle Ages and beyond, each human generation was subject to renewed
attacks of epidemics. Some of these epidemics spread across the continents, whereas others were
more localized. Typhus, plague, smallpox, syphilis, and cholera were some of the infectious dis-
eases that caused suffering and great loss of human life.

The populations of Europe, North Africa, and the Middle East totaled about 100 million when
a bubonic plague epidemic struck in A.D. 1346 (the Black Death). The epidemic traveled west down
the “Silk Road” (the main trade route from China), bringing death to Asia; the epidemic then spread
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WUHES LGN O'®RN  The Spread of the Black Plague in Europe

The Great Plague of the fourteenth
century was also referred to as the
“Black Death.” The epidemic originat-
ed in Chinain 1331 and moved slowly
across Asia, reaching the outskirts of
Europe in 1347.The disease spread
from caravan stop to caravan stop,
moving west with the rat-flea-human

community associated with the cara-
vans.The high rate of fatalities among
these hosts in thinly populated areas
of Asia was probably responsible for
the slow movement of the epidemic
across Asia.When the infected flea/
rat population reached the Mediter-
ranean area, the disease agent

(Yersinia pestis) spread into the black
rat populations. Shipping and com-
merce carried the black rats and their
bubonic plague-infected fleas
upward across Europe.The Black
Death reached Sweden by late 1350,
a mere three years from when it
arrived in the Mediterranean area.
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throughout Europe, resulting in the loss of 25 million
people in a few short years (Box 2.1). Recurrences of
plague through the sixteenth and seventeenth centuries
kept populations in check. In 1720-1722, one last great
epidemic occurred in France that killed 60% of
Marseilles, 60% of Poulon, 44% of Arles, 30% of Aix, and
30% in Avignon. The most recent major plague pandemic
originated in Yunnan, China, in 1892, moved across
India, and arrived in Bombay in 1896. That outbreak
killed an estimated 6 million people in India alone.

In wars that were fought prior to World War II, the
outcome was generally decided by arms, strategy, and

pestilence. Pestilence, more often than not, played the
leading role, as the following examples affirm.

By the time Napoleon began his retreat from Moscow
in 1812, most of his army had fallen victim to typhus,
pneumonia, dysentery, and other diseases. These diseases,
the cold, and deprivation all played a role in his depar-
ture. The following year (1813), the irrepressible Napoleon
recruited a new army of 500,000 young soldiers. As with
the previous army, their youth and the crowded unsani-
tary conditions soon rendered them susceptible to infec-
tious disease. By the time Napoleon and his new army
faced the allies at Leipzig, preliminary battles and disease



had reduced his army of approximately 500,000 to about
170,000. An estimated 105,000 were casualties of earlier
battles, but about 220,000 were incapacitated by illness.
Thus, microbial infections were a major factor in the ulti-
mate defeat of Napoleon at Waterloo in 1815.

There were over 550,000 deaths among the soldiers
in the American Civil War (1861-1865), and more were
victims of infectious disease than died from battle. Of
the Union Army troops lost, 93,443 were killed in action
or died from wounds, whereas 210,400 succumbed from
disease. Infections were a major cause of death among
the wounded, as field conditions were unsanitary and
care of the wounded was haphazard. Of those who died
of disease, records indicate that 29,336 died from
typhoid fever, 15,570 from other “fevers,” 44,558 from
dysentery, and 26,468 from pulmonary disease (mostly
tuberculosis). The remaining deaths were from other
undetermined causes. Records for the army of the
Confederacy are less extensive, but an estimated 90,000
were killed in action or died from wounds. The number
of deaths from disease exceeded 180,000 soldiers. It is
highly probable that typhoid fever, dysentery, and pul-
monary diseases were also the main causes of death
among the Confederate soldiers. The approximate totals
for the two armies were 183,000 deaths from combat
wounds and over 390,000 victims of infectious disease.

WHY STUDY THE HISTORY
OF A SCIENCE?

Microbiology, as with any field of endeavor, can be com-
prehended best if one has a reasonable understanding
of the historical development of the field. The ingenious
experimentation and insights that led scientists, such as
Pasteur and Koch, to logical explanations for the observ-
able manifestations of disease should be familiar to the
modern student in microbiology. One cannot fully com-
prehend present theories and concepts without first
understanding the logical steps that led to those ideas.

The remainder of this chapter presents the scientific
contributions made by several intellectual giants in
microbiology. This list of contributors is by no means
complete, nor does this discussion do justice to the
many early scientists who contributed to the founda-
tions of microbiology. Suggested readings at the end of
the chapter provide sources for those interested in fur-
thering their knowledge of the historical development
and significance of microbiology.

STATUS OF MICROBIAL SCIENCE
PRIORTO 1650
From the dawn of civilization until the middle of the

nineteenth century, any success in combating disease, in
fighting the microbe’s destructive power, or in harness-
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ing their fermentative capabilities came about through
inexact processes of trial and error. Those occurrences
we now assign to the microbe were then ascribed to a
supreme being, “miasmas,” spontaneous generation,
magic, chemical instabilities, or other interpretations
limited only by the human imagination.

Human thought was influenced by the great philoso-
phers, whose writings indicate that they were intrigued
by theories supporting spontaneous generation, the
immediate origin of living organisms from inert organ-
ic materials. It should be emphasized that spontaneous
generation is defined, for our purposes in this chapter,
as the creation of identifiable living creatures from the
inanimate. The evolution of the earliest viable cell was
discussed in Chapter 1 and is not an example of spon-
taneous generation as applied here.

Aristotle (384-322 B.C.) and others wrote of the forma-
tion of frogs from damp earth and of mice from decaying
grain. After the fall of Rome and the decline of civiliza-
tion, free inquiry and acquisition of knowledge became
severely limited. Through the centuries of the Dark Ages
(A.D. 476-1000), disease epidemics and plagues were
recorded, but little of scientific consequence was written.
The Renaissance (1250-1550) was a period of awakening
and the beginning of open inquiry into the forces that
shaped human life. The first major writings on the cau-
sation of disease were by Girolamo Fracastoro (c.
1478-1553), who wrote extensively on the “contagions”
involved in the disease process. Based on his investiga-
tions, he wrote that disease could be spread by direct con-
tact, handling contaminated clothing, or through the air.

It is evident from the literature of that time (prior to
the Age of Enlightenment) that scholars in the sixteenth
and early seventeenth centuries were seeking logical
explanations for the phenomena of nature. Theory and
experimentation were one thing, but acceptance of con-
cepts contrary to the dogma of the time was quite anoth-
er. It was particularly difficult to gain acceptance of bio-
logical explanations for natural phenomena, such as food
decay, when many renowned scientists, particularly
chemists, attributed this process to chemical instabilities
and clung to theories of spontaneous generation. Typical
of this group was van Helmont (1580-1644), a forerun-
ner of scientific chemistry, who published a recipe for
producing mice from soiled clothing and a little wheat.

MICROBIOLOGY FROM 1650 TO 1850

During the seventeenth century there were individuals
of a scientific bent whose contributions gave impetus to
a further awakening of the human spirit. Biology bene-
fitted significantly from such developments as the
microscope and the realization that living matter was
composed of individual cells. This was the Age of
Enlightenment, a time when people questioned tradi-



30 CHAPTER 2

tional doctrines. Science, reason, and individualism
replaced obedience to accepted dogma.

Fabrication of the original microscope is generally
attributed to a Dutch spectacle maker, Zacharias
Janssen, and his father, Hans, between 1590 and 1610.
The first to employ a microscope extensively in the
examination of biological material was the Italian sci-
entist Marcello Malpighi (1628-1694), and he is con-
sidered by many to be the “father of microscopic biolo-
gy.” Malpighi made major contributions through his
discovery of capillaries and an understanding of
embryonic development. Antony van Leeuwenhoek
(1632-1723) developed a solar microscope with high
resolving power that led to the first recorded observa-
tions of bacteria in 1683. Robert Hooke (1635-1703)
examined the structure of cork and, based on these
observations, suggested that all living creatures were
made up of individual cells. The following section cov-
ers Leeuwenhoek and his discovery of bacteria in some
detail. About 200 years passed before the nature of these
organisms was generally accepted. Why 200 years?
Because humans were not yet ready to disregard com-
pletely the prevailing dogma that chemical instabilities
and spontaneous generation were responsible for all
activities that we now ascribe to microbes.

Antony van Leeuwenhoek

Antony van Leeuwenhoek was born in Delft, Holland,
in 1632 into a relatively prosperous family (Figure 2.1).
At the age of 16, he was sent to Amsterdam to appren-
tice in a draper’s shop and learn a useful trade. He was
a bright lad and was appointed cashier in the business
before returning to Delft to spend the remaining 70
years of his life. He did not attend a university, but was
learned in mathematics, and he became a successful
businessman, a surveyor, and the official wine gauger
for the town of Delft. In the latter capacity, he assayed
all of the wines and spirits entering the town, and it was
his responsibility to calibrate the vessels in which they
were transported. His lack of a university education was
inconsequential because, at that time, such institutions
were mostly devoted to theology, law, and philosophy.
Scientific research was done by amateurs as an avoca-
tion, by the wealthy, or by individuals under the spon-
sorship of a patron.

Leeuwenhoek apparently had solar microscopes avail-
able and made extensive observations of bacteria prior to
1673 for, in that year, several of his studies were commu-
nicated to the Royal Society in London, England, by his
friend, Renier de Graaf, a noted Dutch anatomist.
Fortuitously, the editor of Philosophical Transactions (pub-
lished by the Royal Society) was Henry Oldenberg, a
German-born scientist who was well versed in several
languages, including Dutch. Oldenberg firmly believed
that scientific information should have no nationalistic
restrictions, and he carried on an extensive correspon-
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Figure 2.1 Antony van Leeuwenhoek

Antony van Leeuwenhoek (1632-1723) developed a micro-
scope and was the first to observe and accurately describe
bacteria. Courtesy of National Library of Medicine.

dence with scientists throughout Europe. Leeuwenhoek
was encouraged to communicate with the Royal Society.
His first report, published in the Philosophical Transactions,
dealt with molds, mouthparts and the eye of the bee, and
gross observations on the louse. Due to Oldenberg’s
contacts and immediate translation of Leeuwenhoek’s
correspondence into several languages, his work gener-
ated considerable interest in the scientific world.
Leeuwenhoek continued to send letters to the Royal
Society throughout his life, and in 1680, he was unani-
mously elected a Fellow of the Royal Society.

Over 200 of Leeuwenhoek’s original letters have been
preserved in the library of the Royal Society. Upon his
death, Leeuwenhoek bequeathed a cabinet containing
26 microscopes to the Royal Society, and these were
delivered by his daughter, Maria, with the handwritten
passage, “every one of them ground by myself and
mounted in silver and furthermore set in silver . . . that
I extracted from the ore . . . and therewithal is writ down
what object standeth before each glass.” The cabinet and
microscopes remained in the Royal Society collection for
a century, but unfortunately have since been lost and
never recovered. The microscopes were rather simple in
design, and he left no description of how they were
operated (Figure 2.2). The exactness of his drawings
suggests that he had a keen eye, but most certainly he
also had an unexplained method for using his micro-
scope to examine bacteria. Because his microscopes



Figure 2.2 The microscope developed by Leeuwenhoek
It is very difficult to observe microbes with this crude instru-
ment, but Leeuwenhoek held the implement to the solar light
in such a way that small specimens such as bacteria could be
viewed. His drawings confirm the accuracy of his observa-
tions. From Antony van Leeuwenhoek and His “Little Animals,”
edited by Clifford Dobell, Dover Publications, 1960.

could magnify by only 300 diameters (less than one-
third of what modern light microscopes can do), it is
probable that he achieved his detailed observations of
bacteria by careful focusing of solar light.

It is evident from Leeuwenhoek’s descriptions of
what he called “animalcules” and from his size esti-
mates by comparison with grains of sand or human red
blood corpuscles (which he measured fairly accurately
at 1/300 inch) that he indeed closely observed the liv-
ing forms that he depicted. His writings describe some
of the major bacterial forms now known—spheres, rods,
and spirals—and he described motility in rod- and
spiral-shaped cells (Figure 2.3). Leeuwenhoek’s descrip-
tions of bacteria were superior to those made by Louis
Joblot (1645-1723) and Robert Hooke (1635-1703), who
used slightly more sophisticated compound micro-
scopes. Leeuwenhoek’s extensive letters described an
array of protozoa, spermatozoa, and red blood cells, and
he is generally considered to be the founder of protozo-
ology and histology.

Leeuwenhoek emphasized the abundance of pro-
tozoa, yeast, bacteria, and algae in environments as
diverse as the mouth and seawater. Although Leeuwen-
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hoek’s observations were widely known, apparently
no one attributed familiar processes such as fermenta-
tion and decay to these “animalcules.” He was firm in
his belief that his animalcules arose from preexisting
organisms of the same kind and did not arise by spon-
taneous generation.

From Leeuwenhoek to Pasteur

The studies by a number of experimentalists (now much
ignored) between 1725 and 1850 laid the foundation for
the great advances in bacteriology made in the latter half
of the nineteenth century. These scientists did much to
discredit the theories of spontaneous generation, pro-
vide a foundation for studies on the immune response,
and suggest rational classification schemes for bacteria.
A major factor in affirming the role of microbes in nature
was disproving the generally held concept of sponta-
neous generation.

Francesco Redi (1626-1697), an Italian physician,
published a book in 1688 attacking the doctrine of spon-
taneous generation. At that time, the presence of mag-
gots in decaying meat was considered a prime example
of spontaneous generation. Redi believed otherwise and
to prove this he placed meat in beakerlike containers,
covered some with fine muslin, and left others exposed
to invasion by blowflies. Although fly eggs were deposit-
ed on the muslin over the covered jars, maggots did not
develop on the meat. Extensive growth of maggots,
however, did occur in the meat that was left uncovered.
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Figure 2.3 Drawings made by Antony van Leeuwenhoek
Their probable identification: (A) Bacillus, (B) motile Seleno-
monas, (E) Micrococcus, (F) Leptothrix, and (G) a spirochete. From
Antony van Leeuwenhoek and His “Little Animals,” edited by
Clifford Dobell, Dover Publications, 1960.
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When Redi placed the eggs that were deposited on the
muslin onto the surface of the meat, maggots quickly
appeared. Clearly maggots came from the eggs deposit-
ed by the flies. Studies of this type led to careful experi-
mentation and clear evidence that animals and insects,
discernible by the eye, could not arise spontaneously
from decaying matter. The proponents of spontaneous
generation turned to phenomena whose causes were not
so apparent. The inability to identify the factor responsi-
ble for fermentation and putrefaction in infusions (meat
or vegetable broth) gave their theory continued life.

Lazzaro Spallanzani (1729-1799), an Italian naturalist
and priest, was familiar with the studies of Redi and did
a series of experiments to confirm and extend Redi’s ear-
lier work. Spallanzani hermetically (airtight) sealed meat
broth in glass flasks and reported that 1 to 2 hours of heat-
ing the enclosed infusions was sufficient to render the con-
tents incapable of supporting growth. John Needham, an
English cleric and proponent of spontaneous generation
attacked these studies. Needham proposed that a “vege-
tative force” was responsible for spontaneous generation
and that hermetically sealing and heating the flasks
destroyed this vital force. Spallanzani then did a series of
experiments to overcome this objection, which he consid-
ered to be conclusive and from which he affirmed that to
render a broth sterile, it was necessary to seal the flask and
not allow unsterile air to enter. Spallanzani also concluded
that boiling for a few minutes destroyed most organisms,
but that others, now known to be spore formers, with-
stood boiling for a half hour. Spallanzani’s work was quite
advanced for his time, and his deductions and conclusions
were similar to those reported later by Pasteur.

During the latter part of the eighteenth century,
Antoine Lavoisier and others demonstrated the indis-
pensability of oxygen (O,) to animals. This led to the
assumption that oxygen was the mysterious element
(vegetative force?) necessary for spontaneous generation,
and that it was this element that had been excluded in
Spallanzani’s experiments.

In 1836, Franz Schulze (1815-1873), a German chemist,
performed a crucial experiment indicating that oxygen
depletion was not the sole reason for sterility in
Spallanzani’s flasks. Schulze took a flask that was half
filled with vegetable infusion and closed it with a cork
through which two bent glass tubes were fitted (Figure
2.4). He thoroughly boiled the infusion in a sand bath,
and while steam was being emitted, he attached an
absorption bulb to each of the two glass tubes. One bulb
contained concentrated sulfuric acid and the other a solu-
tion of potassium hydroxide (potash). Every day for sev-
eral months, he drew air out through the potash bulb,
and incoming air passed through the acid. The flask
remained sterile, while a control flask without acid ster-
ilization of incoming air had visible mold growth after a
few days. When the sterile infusion was opened and
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Figure 2.4 Sterilization by heat

The experiment by Franz Schulze did much to confirm that
air does not contain a “vital force.” From The History of
Bacteriology, by William Bulloch, M.D., Oxford University
Press, 1960.

exposed to the atmosphere, mold growth followed in a
few days. This experiment demonstrated that infusions
could be sterilized (no viable microbes) and that microbes
could be introduced from the air. John Tyndall did many
modifications of the Schulze experiment, and Theodor
Schwann made further refinements, and these finally led
to refutation of the doctrine of spontaneous generation.

During this period, other scientists were helping to
disprove spontaneous generation by examining how
microbes were involved in fermentation. The first report
that gave a clear account of the yeast cell and its role in
fermentation of beer and wine appeared in an 1836
report by Charles Cagniard-Latour (1777-1859). He
asserted that yeasts were nonmotile organized globules
capable of reproduction by budding and that they prob-
ably belonged to the vegetable kingdom. In 1837, he
suggested that the vital activity of the yeast cell was
responsible for converting a sugar solution to carbonic
acid and alcohol.

Theodor Schwann (1810-1882), a German physiolo-
gist, independently discovered and described the yeast
cell in 1837. Although his report also concerned the doc-
trine of spontaneous generation, he wrote that beer
yeast consisted of granules arranged in rows, and that
they resembled fungi. He believed them to be plants and
observed their reproduction by budding. The relation-
ship between the growth of yeast and the process of fer-
mentation was clear to Schwann, and he called the
organisms “zuckerpilz” (sugar fungus), from which the
term Saccharomyces (a genus of common yeast) was
derived. He also noted the indispensable requirement
for nitrogenous compounds in the fermentation process.

A third independent worker who contributed to the
discovery of the fermentation process was Friedrich



Kiitzing (1807-1893), a German naturalist, and his major
publication was also dated 1837. He described the nucle-
us of the cell and developed the concept that all fer-
mentation is caused by living organisms. He was among
the first to suggest that physiologically distinct organ-
isms brought about different types of fermentation.

The role ascribed to the yeast cell in fermentation was
contemptuously attacked by the chemists of that time.
J. J. Berzelius, F. Wohler, and J. von Leibig (all influen-
tial chemists) attributed a chemical character to every
vital process and suggested that chemical instabilities
were responsible for fermentation. Although much rhet-
oric ensued, the criticisms by the chemists led to more
definitive experimentation and a clearer understanding
of the role of yeast and fungi in many different types of
fermentation.

Classification Systems

The earliest classification scheme for living organisms
that included the bacteria was formulated by the
Swedish botanist Carolus Linnaeus (1707-1778). In
Systema Naturale (1743), he described the “animalcules”
(Leeuwenhoek) as “infusoria” and placed this group,
which included the bacteria, in the genus Chaos. A major
shortcoming of the Linnaean classification scheme was
the emphasis that he placed on a few known character-
istics. This emphasis has permeated classification
schemes until recent times; for example, we often use
terms such as rod or coccus without considering the
metabolic capabilities of the microbe. There were other
classification schemes suggested, and the Adansonian
classification scheme proposed by Michael Adanson in
1730 gave equal weight to all characteristics of a species.
The Adansonian classification scheme was more
amenable to modern computerized classification sys-
tems of bacteria.

The Danish naturalist Otto E. Muller (1730-1784) pre-
sented several works that described, arranged, and named
a number of microscopic organisms. His major study,
Animalcula infusoria et Marina, published posthumously in
1786, was 367 pages in length and described 379 species
of bacteria. In his scheme, two of five genera contained
bacterial forms. The genera were named Monas and Vibrio.
The term Vibrio has been retained to the present day.

The first attempt to define bacterial forms as distinct
from complex organisms was made by Christian G.
Ehrenberg (1795-1876) in 1838. His treatise, entitled Die
Infusionsthierchen als Volkommene Organismen (The Infu-
soria as Complete Organisms), used some of Leeuwen-
hoek’s drawings of microbial cells. It was 547 pages in
length and recognized three families that comprised
forms we now recognize as bacteria. These families—
Monadina, Crystomonadina, and Vibrionia—encompassed
several genera: Bacterium, Vibrio, Spirochaeta, and
Spirillum. All of these terms are still in common usage.
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MEDICAL MICROBIOLOGY
AND IMMUNOLOGY

Several scientists merit mention for their contributions
to our understanding of the cause of disease and immu-
nity prior to 1850. In 1822, the Italian scientist Enrico
Acerbi postulated that parasites existed that were capa-
ble of entering the body and that their multiplication
caused typhus fever. This theory was advanced by the
1835 work of Agostino Bassi (1773-1856), who made
classic observations on the diseases of silkworms.

A disease that was rampant at that time caused the
death of the worms; the dead silkworms were covered
with a hard, white, limy substance. At the time, the limy
coat was considered to arise spontaneously from
unknown factors. However, Bassi demonstrated that
aseptic transfer of subcutaneous material from sick liv-
ing worms to healthy worms resulted in the disease. He
suggested that a fungus caused the disease, which was
ultimately renamed Botrytis bassiana in his honor. In later
life, although nearly blind, he developed his theory that
contagion (infectious agents) in such diseases as cholera,
gangrene, and plague resulted from living parasites.

During 1798, Edward Jenner (1749-1823) published
studies on the immunization of humans against small-
pox (Figure 2.5). Jenner and others observed that indi-

Figure 2.5 Effective vaccination

An early depiction of Edward Jenner vaccinating a child
against smallpox. From The Eradication of Smallpox from India,
by Basu, Jezek, and Ward, a World health Organization pub-
lication, 1979.
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viduals who were routinely exposed to cows often devel-
oped pustules on their hands and arms that were simi-
lar to those caused by the dreaded smallpox. This “cow-
pox” was not fatal in humans, and apparently those
infected with the cowpox did not contract the smallpox.
Jenner inoculated an eight-year-old boy (James Phipps)
with material from the infected cowpox pustules on the
hands of a milkmaid. The boy became ill and had char-
acteristic cowpox pustules at the site of inoculation but
quickly recovered. A challenge dose later from an active
case of smallpox did not result in illness. The boy was
apparently immune to smallpox. Jenner then inoculated
several healthy individuals with cowpox exudate and
observed that they were made immune to smallpox.
Jenner has often been criticized for the empirical nature
of his experimentation, but given the context of the time,
he deserves much credit for his contribution.

MICROBIOLOGY AFTER 1850:
THE BEGINNING OF MODERN
MICROBIOLOGY

During the latter part of the nineteenth century, a number
of gifted scientists working independently established the
disciplines that are now encompassed by the term
“microbiology.” Much was accomplished during this half-
century, and the foundations for immunology, medical
microbiology, protozoology, systematics, fermentation,
and mycology were all set in place. However, up until
1860, the doctrine of spontaneous generation of microbes
remained a generally accepted concept. This was largely
due to the widespread acceptance that chemists were
infallible—a view they did little to discourage—and they
tended to be more dogmatic than were the naturalists.
They would soon meet their match in a brilliant, strong-
willed Frenchman named Louis Pasteur.

A notable publication appeared in 1861 written by
Louis Pasteur and entitled Mémoire sur les corpuscules
organisés qui existent dans I'atmosphere: Examen de la doc-
trine de génerdtions spontanées (Report on the organized bod-
ies that live in the atmosphere: Examination of the doctrine of
spontaneous generation). It marked the beginning of a new
epoch in bacteriology.

Louis Pasteur (1822-1895) was a chemist, and his
approach to the study of microorganisms was marked-
ly influenced by his chemical training and analytical
mind (Figure 2.6). Pasteur was a genius in his thinking,
argument, and experimentation, but also one of his
unique qualities was the ability to communicate and
convince scientists and laypeople alike of his views. He
laid to rest forever the idea of spontaneous generation,
established immunology as a science, developed the
concepts of fermentation and anaerobiosis, and devel-
oped many microbiological techniques. In short, he con-
tributed to every phase of microbiology.

Figure 2.6 Louis Pasteur

Louis Pasteur (1822-1895), an outstanding researcher and the
developer of the rabies vaccine. Pasteur is credited with dis-
proving “spontaneous generation.” From Life of Pasteur, by
Rene Vallery-Radot, Doubleday Page, Garden City, N, 1923.

The Pasteur School

Louis Pasteur entered the controversy surrounding
spontaneous generation at a time when the dogma of
heterogenesis was being used to explain the origin of
living matter. This theory was avidly expounded by
Felix-Archimede Pouchet (1800-1872), a noted French
physician and naturalist and honored member of many
learned societies in France. Pouchet believed that life
could spring de novo from a fortuitous collection of
molecules and that the “vital force” came from preex-
isting living matter. In contrast Pasteur’s studies on fer-
mentation indicated that “ferments” (cause of fermen-
tation) were actually organic living beings that
reproduced and, by their vital activities, generated the
observed chemical changes. In a series of brilliant exper-
iments, Pasteur showed that “germs” present in the air
were the cause of ferments and that such organisms
were widely distributed in nature. Pasteur’s “germs”
are actually what we call bacteria and fungi today.
Starting in 1859, Pasteur dealt with the problem of
microbes in air by designing an aspirator filter sys-
tem to recover them. Pasteur was aware that H. G. F.
Schroder and T. von Dusch had found spun cotton-wool
to be an effective filter for airborne microbes. Employing
this knowledge, Pasteur drew copious quantities of air
through spun cotton and then dissolved the cotton in a



mixture of alcohol and ether.

Microscopic examination of the 4
resulting sediment revealed a '
considerable number of small
round or oval bodies that were
indistinguishable from the
“germs” previously described
by others. Pasteur noted that
the number of these organisms
varied with the temperature,

moisture, and movement of the 'l

air and the height above the

tube was placed.

We digress briefly here to
present work done by others
that influenced Pasteur’s exper-
imentations.

During this era, the English
physicist John Tyndall (1820-
1893), who was also opposed to
the dogma of spontaneous generation, performed a series
of experiments that supported the work of Pasteur.
Tyndall used optics to demonstrate that microbes were
present in air and that heated infusions placed in optical-
ly clear chambers remained sterile, whereas infusions
placed under an ordinary atmosphere exhibited growth.
A major contribution was his empirical observation that
some bacteria have phases: one is a thermolabile (unstable
when heated) phase during which time the bacteria are
destroyed at 100°C, and the other is a thermoresistant
phase that renders some microbes incredibly resistant to
heat. Ferdinand Cohn (1828-1898) confirmed these sup-
positions with the demonstration that hay bacilli could
form the heat-resistant bodies we now call endospores.

To dispel the theories of spontaneous generation,
Pasteur initiated a series of experiments with long-necked
flasks of various types (Figure 2.7) to improve on experi-
ments by earlier workers such as Schwann and
Spallanzani. He fashioned one flask with a horizontal neck
and placed distilled water in the flask that contained 10%
sugat, 0.2% to 0.7% albuminoid (soluble proteins), and the
mineral matter from beer yeast. The flask was boiled for
several minutes to sterilize the contents, and the neck was
attached to a platinum tube that was maintained at a red-
hot temperature as the flask cooled down. The air drawn
into the flask was sterilized by passage through this heated
tube. Pasteur noted that flasks containing various infusions
treated in this manner remained clear and free of microbial
growth. He also showed that swan-necked flasks, which
were long and bent down in a way that excluded passage
of dust on cooling, but allowed a free exchange of air, also
remained sterile. Microbes rapidly grew in all of the flasks
if the neck were broken off or if its infusion were spilled
into the neck and allowed to drain back into the flask.

soil that the aspirator’s inlet 4 ’ . —
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HISTORICAL OVERVIEW 35

Figure 2.7 Pasteur’s bent glass flasks

Pasteur’s drawings of his bent neck flasks, which were employed in disproving sponta-
neous generation. From The History of Bacteriology, by William Bulloch, M.D., Oxford
University Press, 1960.

In 1864 Pasteur gave a public lecture about his exper-
iments and demonstrated some infusions that had
remained unspoiled for four years. In his address, he
stated:

And, therefore, gentlemen, I could point to that
liquid and say to you, I have taken my drop of
water from the immensity of creation, and I have
taken it full of the elements appropriated to the
development of inferior beings. And I wait, I
watch, I question it, begging it to recommence for
me the spectacle of the first creation. But it is
dumb, dumb since these experiments were begun
several years ago; it is dumb because I have kept
it from the only thing that man cannot produce,
from the germs that float in the air, from life, for
life is a germ and a germ is life. Never will the
doctrine of spontaneous generation recover from
the mortal blow of this simple experiment.

(From Vallery-Radot, Rene. 1920. The Life of
Pasteur. Garden City, NY: Garden City Publishing
Company, Inc., p. 108-109.)

Much heated controversy continued during the peri-
od from 1860 to 1880, and the heterogenesists contin-
ued to attack the experiments and writings of Pasteur,
Tyndall, Lister, Cohn, and others. Despite this, the voice
of the opposition was weakening. The Academy of
Science in Paris and scientists everywhere were con-
vinced of the correctness of Pasteur’s experimental
work.

Pasteur was aware of and continued the studies of
Cagniard-Latour, Schwann, and Kiitzing (1837), who
reported that the fermentation of sugar to an alcohol
was due to the biological activities of a viable organism.
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Pasteur initiated studies on fermentation about 1857 and
published an extensive paper three years later that estab-
lished a number of properties of alcohol fermentation:

¢ [tis caused by a yeast

¢ The organism requires nitrogen

¢ Alcohol and carbon dioxide are not the sole products
of sugar fermentation because yeasts utilize some of
the sugar to synthesize cell protein, carbohydrate,
and fat as they multiply

In 1865, Napoleon III asked Pasteur to investigate the
causative agent of bad wine. Pasteur reported that one
specific organism that was different from the agent of
good wine caused this problem. He suggested that the
juices of grapes be heated to 50° to 55°C to destroy the
resident populations and that the resultant material be
inoculated with a proven producer of good wine.

In addition to working with wine, Pasteur studied
the fermentation of beer over several years. He felt that
it was his patriotic duty to make French beer superior to
the brew produced elsewhere, particularly in Germany.
Whether he laid the foundation for the ultimate pro-
duction of a superior brew is left to the taste of the con-
noisseurs. His research resulted in the publication of a
book on beer fermentation in 1876.

Pasteur’s studies on the butyric acid fermentation
(conversion of sugar to butyric acid and other products)
were very successful, as in this work he confirmed that
anaerobic forms of life do exist. While microscopically
examining fluid from butyric acid fermentation, he
noted that organisms near the edge of the cover glass
placed on the slide ceased movement whereas those in
the middle swam about vigorously. He wondered
whether oxygen in the air might be harmful to the
organisms. To test this, he passed a stream of oxygen
through a group of cells that were actively fermenting.
He found that butyric acid production was halted, and
the organisms died. Pasteur was the first (1863) to use
the terms “aerobe” and “anaerobe” to describe the
effects of air on microorganisms.

Pasteur’s studies with microbes resulted in his devel-
opment of new methods to work with these organisms.
Many of these methods are still in use.

Knowledge of the extraordinary sterilizing effects of
superheated steam came from studies in Pasteur’s labo-
ratory. He and his coworker, Charles Chamberland, noted
that when hermetically sealed flasks were placed in a
bath of calcium chloride and heated above 100°C, the
flask solutions were free from viable organisms.
Experimental work resulted in an improvement in this
process so that equally effective sterilization resulted if
the flasks were plugged with wool and heated in a closed
container. Heating in a closed container resulted in inter-
nal temperatures that exceeded 100°C. The modern appa-
ratus used for this purpose is the autoclave, which was

originally manufactured in 1884 by a Parisian engineer-
ing firm under the name Chamberland’s Autoclave.

In 1865, Pasteur’s chemistry professor from his ear-
lier days at the Sorbonne (who was in later life a senator
from the south of France) asked his former pupil to
investigate a devastating problem in silkworms.
Pasteur was reluctant to go because, as a chemist, he
knew nothing of silkworms. Eventually he took his
entourage to Alais, France, to initiate studies on the dis-
ease. It took Pasteur five years and generous help from
his able assistant, M. Gernez, to show clearly that the
agent that was destroying the extensive silkworm
industry in France was a transmissible microbe, specif-
ically, the protozoan Nosema. Pasteur outlined a course
for eradication of the disease based on isolating healthy
worms, retaining the eggs produced, and examining the
progenitor for a period of time. If the parent worm
remained healthy, the eggs were allowed to hatch.
These robust progeny were free of the disease, and
following this regimen, the French silk industry was
restored to its former glory.

Most of Pasteur’s remaining years were dedicated to
the understanding and prevention of infectious diseases
in animals and humans.

Pasteur studied the disease anthrax in farm animals
and suggested that immunization to this scourge was
possible. Apparently, further experimentation was
unsuccessful, and Pasteur abandoned the study. He was
more successful in devising methods whereby immu-
nization could prevent cholera in chickens. Pasteur
obtained the chicken cholera organism and grew it in
culture. Inoculation of chickens with laboratory cultures
of this organism resulted in a mild illness from which
they recovered. At a later date, a virulent (infectious)
strain of the cholera organism was used to inoculate
these chickens, but they were completely resistant to the
disease. Apparently, growth in laboratory culture yield-
ed a bacterial strain that was less virulent but could still
elicit immunity. Pasteur realized the implications and
potentials of this discovery and then turned to a study
that was to be the crowning achievement of his career—
the use of a weakened virus to prevent hydrophobia in
humans bitten by rabid dogs.

During the late nineteenth century, rabies was a seri-
ous health problem in France, and Pasteur decided to
devote his efforts to the eradication of this dreadful dis-
ease. Perhaps he was intrigued by the always-fatal con-
sequence of a bite by a rabid dog and sensed the pro-
found effect that a cure would have on the scientific
world. Pasteur recognized that the infection settled in the
brain and nervous system of animals. All previous efforts
to isolate a microscopically visible agent (now known to
be a virus) of this disease had been unsuccessful. He out-
lined an empirical method to develop a vaccine that
would counteract the fearful effects of rabies.



In 1885, he published a method for protecting dogs
after they had been exposed to rabies. A dog so exposed
was protected by inoculation with an emulsion pre-
pared from the dried spinal cord of a rabbit that had
succumbed to the disease. Because he was able to pre-
vent symptoms of rabies in animals exposed to other
rabid animals through this procedure, Pasteur was con-
vinced that the method was also applicable to unfortu-
nate humans who were bitten by rabid animals. An
opportunity to test this belief soon presented itself.

A nine-year-old boy, Joseph Meister, was brought to
Pasteur in July 1885 after he had been severely bitten by
a dog that was certainly rabid. Meister was injected over
several days with the emulsions prepared from animal
spinal cord material. After two weeks, the boy was
given an injection of virus that had maximal virulence
when tested in a rabbit. The boy survived, as did thou-
sands of others treated by the same procedure, and
Pasteur received worldwide acclaim.

In 1886, a commission was appointed within the
Academy of Sciences in Paris to erect a scientific insti-
tute in honor of the man who had contributed so much
to world health. More than 2.5 million francs were col-
lected from throughout the world, and the Institute
Pasteur was established. This institute continues today
as a major scientific research center. Although Pasteur
had many noble accomplishments during his lifetime,
he may have erred in some of his judgments and exper-
imentation. However, this should not detract from his
great contributions to society. The well-known microbi-
ologist A. T. Henrici summed it up well:

It has been hinted that Pasteur was not always
willing to give credit to those who had preceded
him that his ideas and experiments were not
always strictly original with him. It is one thing to
discover a truth, another to get it established as an
accepted fact. Whatever criticism may be directed
towards Pasteur as regards the originality of his
ideas, nothing can be said to belittle his ability to
put them across. His genius for quick and accurate
thinking, for keen argument, and for obtaining
publicity, was not less important to the develop-
ment of microbiology than his ingenious experi-
ments. He “sold” the science to the public.

(From Henrici, A. T. 1939. The Biology of Bacteria,
2nd ed. New York: D. C. Heath & Co., p. 10.)

The Koch School

This school of thought concentrated on the isolation of
pure cultures of pathogenic (disease causing) and sapro-
phytic (live on dead or decaying matter) bacteria. The
members of Koch’s laboratory were the originators of
pure culture methods and made significant contribu-
tions to many specialized branches of bacteriology (see
later discussions).
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Figure 2.8 Robert Koch

Robert Koch (1843-1910), the great medical microbiologist;
Koch confirmed the “germ theory” of disease. From The
History of Bacteriology, by William Bulloch, M.D., Oxford
University Press, 1960.

Robert Koch (1843-1910) was trained as a physician
and became a country doctor in Wollstein, East Prussia
(Figure 2.8). His wife, seeking to allay his restless curios-
ity, gave him a microscope as a gift, little knowing the
far-reaching consequences this small instrument would
have on advancing science and in alleviating human
misery. With his microscope, Koch examined many
specimens, including the blood of an ox that had suc-
cumbed to anthrax. Anthrax is an infectious disease of
warm-blooded animals. (See Box 28.4 for a discussion
of anthrax in humans.) He noted the constant presence
of sticklike bodies in diseased animal blood, which were
absent in blood taken from healthy animals (see Figure
2.9). He found that the disease symptoms could be
transmitted by inoculating a healthy mouse with blood
from an animal that had died from anthrax. His tool for
inoculation was a fire-sterilized splinter.

Koch surmised that these long, cylindrical bodies
might be the viable causative disease agent and pro-
ceeded to culture the organism in fluid obtained from
the eye of an ox. The organism, transferred in several
passages of the fluid medium, would again cause
anthrax when injected into the tail of a mouse. The
transfers were done to ensure that no other agent was
carried along that could cause the disease. This was the
first clear experimental evidence that a bacterium was
an agent of disease (see Figure 2.9).

From these experiments, Koch formulated his theo-
ries on the causal relationships between microbes and
disease. From this came what we now known as Koch’s
postulates:
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Figure 2.9 Causative agent of anthrax

Koch’s drawings of Bacillus anthracis that he recognized as
the causative agent of anthrax in cattle. The drawing in the
lower right indicates why he described the bacterium as
“sticklike.” From The History of Bacteriology, by William
Bulloch, M.D., Oxford University Press, 1960.

® A specific microorganism must be present in all cases
of a disease

® The organism can be obtained in pure culture outside
the host

® The organism will, when inoculated into a suscepti-
ble host, bring about symptoms equivalent to those
observed in the host from which it was isolated

® The organism can be isolated in pure culture from the
experimentally infected host

These postulates express a logical series of steps to be
followed in identification of microorganisms obtained
in the clinic and from the environment.

Koch observed that the causative agent of anthrax
has a life cycle involving a dormant spore, and he theo-
rized correctly that these were the resistant bodies
responsible for survival in soil. Koch (1876) wrote to
Ferdinand Cohn, a noted scientist in Breslau, Germany,
telling him of his investigations and was invited to
Breslau to demonstrate his work. He was received with
enthusiasm, and his discoveries were acknowledged

Figure 2.10 A pure culture

Koch’s photomicrograph of bacteria from a single colony
confirming that it was composed of one morphological type.
From The History of Bacteriology, by William Bulloch, M.D.,
Oxford University Press, 1960.

with acclaim. Later he was invited to Berlin to set
up a laboratory and devote his energies to studying
microbes.

The origin of pure culture methods can be traced to
Koch’s observation that individual bacterial colonies
growing on potato slices often differed in appearance
(Figure 2.10). Microscopic examination of stained cells
revealed that the organisms within a colony were simi-
lar, but were often unlike organisms in other colonies.
Koch theorized that a colony arose from a single cell,
and he developed streaking methods using a platinum
loop (his invention) that enabled him to isolate organ-
isms in pure culture. Gelatin was the solidifying agent
for culture media during the early years of Koch's career
(Box 2.2). However, gelatin had major shortcomings,
and Fannie Hesse, the American-born wife of Walter
Hesse, a coworker in Koch'’s laboratory, suggested that
agar could be used as a solidifying agent. At that time
(1882), agar was added as a jellying agent in fruit pre-
serves. This discovery was a considerable aid in the iso-
lation of pathogenic microorganisms. An assistant in
Koch’s laboratory, R. J. Petri, in 1887 developed the dish
(or plate) named in his honor that is still used in cultur-
ing bacteria. The design of the Petri dish is virtually
unchanged from his original except that glass has been
replaced with plastic.

Paul Ehrlich (1854-1915) was another coworker in
Koch’s laboratory and made far-reaching discoveries in
immunology and chemotherapy. In devising staining
methods for visualizing infectious microbes in tissue, he
observed that bacterial cells present often absorbed select-
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WHESCHES:O@WAE  Discovery of Agar as a Solidifying Agent

Agar has long been the universal
solidifying agent used in preparing
media for growing microbes, but it
was not the first employed.The first
solid medium was employed by
Robert Koch and was an aseptically
cut slice of potato. He was able to
isolate colonies on this substrate and
developed his theory that all organ-
isms in a colony were of one species.
Koch assumed correctly that all
organisms in a discrete colony grew
from a single cell. These studies were
the origin of pure culture methods.
The next solidifying agent employed
by Koch was gelatin. Gelatin is a pro-
tein and was unsatisfactory for two
principal reasons: (1) it melts at 37°C,
the favored incubation temperature
for most pathogens; and (2) many
bacteria can digest gelatin.

In 1882 Fannie Hesse, the
American-born (New Jersey) wife of
Walter Hesse, suggested that a jelly-
ing agent used in making fruit pre-
serves might be a replacement for
gelatin in bacterial media. Walter
Hesse (1846-1911) was an associate

in Koch's laboratory and probably
discussed the problems of gelatin
with his wife. Fannie Hesse's sugges-
tion led to the adoption of agar as
the choice for a solidifying agent.

The Dutch apparently brought
agar from their East Indian colonies,
where it was used to improve the
setting quality of jam.Chemically,
agar is an extract of algae that thrive
in the Pacific and Indian Oceans and
Japan Sea. Agar is a complex poly-
saccharide containing sulfated sug-
ars. It cannot be digested by most
microbial species. Laboratory grade
agar is inhibitor free, and virtually all
organisms grow well in its presence.

Agar melts at 100°C and remains
in the liquid state down to about
45°C.The high melting point makes
agar useful for growing all organ-
isms including thermophiles at tem-
peratures up to almost 100°C. The
low solidifying temperature permits
the addition of bacteria to melted
agar (45°C).They can be distributed
by mixing, and the isolated colonies
can be observed.

Fannie Hesse First to suggest the use
of agar. Courtesy of ASM Archives,
University of Maryland, Baltimore
County.

Thus, an observation by Fannie
Hesse on the qualities of a simple
kitchen commodity became an
object of worldwide utility.

ed dyes to a markedly greater extent than did surround-
ing tissue. Ehrlich reasoned that a toxic dye might destroy
the bacterium without significant damage to the host tis-
sue because so much more would adhere to the invading
microbe. Ehrlich theorized that organic arsenicals might
be synthesized that would be harmless to animals but
toxic to invading parasites. Arsenicals are organic deriv-
atives of arsenic, a toxic element. In his laboratory, scores
of arsenicals were synthesized and tested on trypanoso-
mal infections in mice. Trypanosomes are protozoan par-
asites that infect the blood of vertebrates. The 606th
arsenical (Salvarsan) that he synthesized proved to be
effective in curing these protozoan infections.

At the time, the spirochete that caused syphilis was
reported by its discoverer, Fritz Schaudinn, to be related
to the trypanosomes. Ehrlich proceeded to test 606 as a
cure for syphilis. It was remarkably successful, and thus
the “magic bullet” (often mentioned in the popular press)
against the dreaded disease syphilis was discovered.

The magnitude of the discoveries in Koch'’s laborato-
ry can be appreciated by considering that when he
developed his methods in 1881, only anthrax was sus-

pected of being caused by a microbe. During the next 20
years, Koch and his coworkers confirmed that microbes
were the etiological (causative) agents of 15 significant
human and animal diseases (Table 2.1).

Chemical antiseptics originated with Joseph Lister
(1827-1912), an English physician, who employed car-
bolic acid for antisepsis during surgery. Koch extended
the work of Lister and devised a method for comparing
the efficiency of chemical antiseptics. He dried cultures
of bacteria, generally anthrax spores, on small pieces of
silk thread, which were then immersed in the antiseptic
solution. At intervals, a thread was removed from the
antiseptic, washed in sterile water, and placed in growth
medium to determine whether the organism remained
viable. Koch found that carbolic acid was relatively
weak in its disinfecting (killing) power, and of all the
substances he tested, perchloride of mercury was most
effective. It destroyed bacterial spores at a high dilution
and in the shortest period of time. Mercuric compounds
today remain widely used as disinfectants, although we
are now concerned about the toxic effects of mercury in
the environment.
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IF1+][2E N Diseases whose causative agents were
discovered by koch and his coworkers

He introduced the principles of enrichment
culture, which gave clarity and rationality to
microbial ecology. Enrichment culture is a

means by which organisms that evolved to

PR DI EET PrEEEEe exist under any specific conditions of sub-
1882 Koch Tuberculosis strate, temperature, pH, salinity, osmolarity,
1882 Loeffler and Schutz Glanders and oxygen availability can be isolated. The
1884 Koch Asiatic cholera sole limitation on isolation is the existence of
1884 Loeffler Diphtheria an organism in the inoculum taken from a nat-
1884 Gaffky Typhoid fever ural environment.

1884 Rosenbach Staphylococcal The enrichment culture technique provid-
and streptococcal ed a means for the isolation of various physi-
infections ological types of microorganisms that exist in

1885 Bumm Gonorrhe;.a natural environments. An enrichment medi-

1886 Fraenkel Pneumonia um is prepared with a defined chemical com-

1887 Bru.ce Malt_a fever position and inoculated with soil or water rich

1887 Weicheselbaum Meningococcal in microbes; only those microbes capable of
infections . . :

, growth on that particular medium will grow.

1889 Kitasato Tetanus . . .

) . The microbes that thrive will be those best

1891 Wolff and Israel Actinomycosis . . . .

) . equipped by heredity to survive on that medi-

1894 Kitasato and Yersin Plague .

. um at the temperature, pH, and other condi-

1897 van Ermengen Botulism . . . . .

_ tions chosen. With this technique, Beijerinck

1898 Shiga Acute dysentery

and his followers readily obtained microbes

Microbes as Agents of Environmental Changes

The adverse effects that microbes had on humans, food,
and animals were the major considerations of the Koch
and Pasteur schools. The causative agents of diseases,
such as tuberculosis or rabies, caused much human suf-
fering and challenged the scholar of scientific bent.
During the latter years of the nineteenth century, knowl-
edge of disease expanded rapidly along with a broad
acceptance of the germ theory of disease. Another area
that caught attention during the latter part of the nine-
teenth century was the potential role that microorgan-
isms might play as a component part of all life on Earth.
This leads us to the next conceptual development in
microbiology—the role of microbes in nature.

Ferdinand Cohn suggested in 1872 that microbes were
involved in the ultimate cycling of all living matter and
that the activities of organisms in the biosphere allowed
for the reutilization of cellular constituents. Our knowl-
edge of the indispensable role that diverse microorgan-
isms play in recycling constituents of living cells has
expanded greatly since this pronouncement by Cohn.
Microbial ecology, the relationship between the microbe
and the environment and the scope of microbiology,
expanded markedly in the twentieth century.

Martinus Beijerinck  An important technique devel-
oped by the great Dutch botanist Martinus Beijerinck
(1851-1931) provided much of the foundation for the
elucidation of the various functions of microbes in the
cycles (carbon, nitrogen, sulfur) of matter (Figure 2.11).

with differing physiological capabilities, and

Figure 2.11 Martinus Beijerinck

Martinus Beijerinck (1851-1931), a major contributor to our
understanding of the role of microbes in nature. From
Martinus Willem Beijerinck: His Life and His Work, by G. van
Iterson Jr., L. E. den Dooren de Jong, and A. J. Kluyver,
Martinus Nijholt, The Hague, 1940.



they were able to assess the potential role of that
microbe under natural conditions.

Beijerinck discovered free-living, nitrogen-fixing
(assimilate atmospheric nitrogen) bacteria by the appli-
cation of enrichment using a medium devoid of nitroge-
nous compounds such as ammonia or amino acids. The
aerobic microbe that he obtained was given the genus
name Azotobacter. He also published extensively on the
symbiotic nitrogen-fixing organisms (Rhizobium) that
form nodules in the roots of legumes such as peanuts.

Beijerinck discovered and described many major
groups of bacteria: the luminous organisms (Photobacter-
ium), the sulfate reducers (Desulfovibrio), the methane-
generating bacteria (now Archaea), and Thiobacillus deni-
trificans, an organism involved with denitrification
(reduction of nitrates to nitrogen gas). Beijerinck did
much of the early work on lactic acid bacteria and pro-
posed the genus name Lactobacillus. He recognized that
“soluble” living germs existed that he called “contagium
vivum fluidum,” which is generally accepted as the ini-
tial description of a virus (specifically, the tobacco mosa-
ic virus). His contributions to microbiology are legion,
and his perceptions of the great role of microbes estab-
lished the foundation of modern approaches to microbial
physiology and microbial ecology.

Sergei Winogradsky During the era of Koch, Pasteur,
and Beijerinck, there arose another major figure in the
field of general bacteriology (Figure 2.12). Sergei
Winogradsky (1856-1953) was born in Russia in 1856,
and during his long and fruitful life, he witnessed the
origins of the science of microbiology and survived to
see the Age of Antibiotics. It is noteworthy that both
Winogradsky and Beijerinck spent time in the labor-
atory of the great mycologist and plant pathologist
Anton De Bary (1831-1888) at Strassburg, Germany.
Winogradsky arrived in Strassburg shortly after
Beijerinck left. In Strassburg, Winogradsky initiated
studies on sulfur-oxidizing bacteria. He concluded that
the bacterium Beggiatoa could utilize inorganic H,S as a
source of energy and atmospheric CO, for carbon in the
synthesis of cellular material. He named these organ-
isms “orgoxydants” and thus opened up the entire con-
cept of autotrophy, which is the ability of bacteria to
manufacture their cells from CO, and use inorganic
chemicals or light as a source of energy. Prior to his
study, only chlorophyll-containing plants were believed
to use CO, as their sole carbon source.

Following the death of De Bary, Winogradsky went
to Zurich, where he isolated and clarified the role of the
bacteria that convert ammonia to nitrate, the autotroph-
ic nitrifying bacteria. During this period, he also
showed that green and purple bacteria could oxidize
hydrogen sulfide to sulfate, but he was uncertain
whether or not this was a photosynthetic process. In
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Figure 2.12 Sergei Winogradsky

Sergei Winogradsky (1856-1953), a Russian-born microbiolo-
gist. Winogradsky was the father of autotrophy. He lived
from the days of Pasteur and Koch to the modern era of
microbiology. From Sergei N. Winogradsky: His Life and Work,
by S. A. Waksman, © 1953 by the Trustees of Rutgers
College. Reprinted by permission of Rugers University
Press.

addition, he isolated the nitrogen-fixing anaerobe Clos-
tridium pastorianum.

In 1891, the noted scientist and Nobel laureate Elie
Metchnikoff (1845-1916) carried a personal letter from
Pasteur to Zurich inviting Winogradsky to work at the
Pasteur Institute in Paris. Metchnikoff was the discover-
er of phagocytosis and cellular immunity. After much
deliberation Winogradsky decided to accept a position
in St. Petersburg, Russia, thus ending the first half of his
illustrious scientific career. He did go to Paris in 1892 to
represent Russia at the seventieth-birthday celebration
for Pasteur and met Beijerinck for the first and only time.
The revolution in Russia led Winogradsky to emigrate,
and in 1922 he accepted an offer from the Pasteur
Institute and moved to Paris. He spent the remainder of
his life there studying the broad aspects of soil bacteriol-
ogy. Winogradsky compiled his life’s work and pub-
lished it in a monumental treatise entitled Microbiologie
du Sol (Microbiology of the Soil). He survived the depriva-
tions of World War II and died in Paris at the age of 97.

Microbes and Plant Disease

Among the first to recognize that microbes might be
directly involved in plant diseases was Anton De Bary,
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who in 1853 suggested that Brandpilze (plant rust) was
caused by a parasitic fungus. He later proved experi-
mentally that a fungus, Phytophthora infestans, caused late
blight of the potato. This disease had caused crop fail-
ures in the 1840s in Ireland, and in 1845 M. J. Berkeley
demonstrated that the blight was caused by a fungus.
The potato blight continued in the 1850s and 1860s and
led to a widespread famine, thousands of deaths, and the
immigration of 1.5 million Irish to the United States.

Although the causal relationship between bacteria
and animal disease had gained widespread acceptance
by 1900, few botanists were willing to believe that bac-
teria could cause disease in plants. The fungi were gen-
erally acknowledged to be the agents of plant disease.
J. H. Wakker, a Dutch scientist working with De Bary in
1881, isolated and identified the bacterium Xanthomonas
hyacinthia as the pathogen causing widespread damage
to hyacinth bulbs in Holland. Erwin Smith, in 1895,
demonstrated that a bacterium caused a wilt in cucur-
bits (cucumbers and other members of the gourd fami-
ly), and in 1898, Beijerinck concluded that a virus was
the cause of tobacco mosaic.

Despite these and other reports, considerable contro-
versy remained regarding the role of bacteria in plant
disease. It took two American scientists, Thomas Burrill
and Erwin Smith, to convince the scientific world that
bacteria did indeed cause plant disease. Burrill was the
first to discover and demonstrate a bacterial disease of
plants when he reported in 1877 that pear blight was
caused by Micrococcus (Erwinia) amylophorus. Burrill
investigated a number of diseases of corn, potatoes, and
fruit, but he is probably best known as the first person
in America to offer a laboratory course in bacteriology.

During the period from 1895 to 1900, Exrwin Smith
implicated bacteria in diseases of tomatoes, cabbage,
and beans and in the wilt of maize. By applying the pos-
tulates of Koch (a hero to Smith), his group at the U.S.
Department of Agriculture found definitive proof that
strains of Xanthomonas, Pseudomonas, Erwinia, and
Corynebacterium were the causative agents of disease in
agricultural crops. Smith also demonstrated that crown
gall, a plant tumor, resulted from an Agrobacterium tume-
faciens infection. These studies established plant pathol-
ogy as a field of scientific inquiry.

TRANSITION TO THE MODERN ERA

Louis Pasteur died in 1895, and Koch died in 1910.
Beijerinck retired in 1921, and the first part of Wino-
gradsky’s scientific career ended at the turn of the cen-
tury when he returned to Russia. Thus ended what is
considered to be the “Golden Era of Microbiology,” for
during the 50-year period from 1870 to 1920, the disci-
pline of microbiology was firmly established.

Albert Jan Kluyver (1888-1956) replaced Beijerinck
as professor of microbiology at the Technical University
at Delft in 1922. Knowledge of metabolic processes in
microbes and in living cells in general was then quite
limited. Most questioned whether metabolic reactions
in microbes and in higher forms of life could occur in
any equivalent manner. Knowledge of biochemical
activities in microbes was mostly restricted to a number
of unrelated transformations such as nitrification
brought about by individual organisms.

During the decade following his arrival at Delft,
Kluyver introduced order to chaos by presenting a sim-
ple coordinated model for metabolic events in all living
cells. His experimental approach led to our modern
understanding that unity exists in biochemical reactions,
a concept termed comparative biochemistry. This con-
cept arose from his proposal that the basic feature of vir-
tually all metabolic processes is a transfer of hydrogen
(oxidation/reduction reactions). This transfer is univer-
sal and occurs whether the organism is aerobic or anaer-
obic, autotrophic or heterotrophic. He also believed that
biosynthetic and biodegradative pathways in cells are
highly coordinated and relatively few in number. He
proposed that metabolic processes are functionally
equivalent in all living cells. It is interesting to note that
the general ideas behind the “Unity of Biochemistry”
concept have been borne out by the recent comparative
study of genomes.

Kluyver and Cornelis B. van Niel, one of his students,
proposed that aerobic and anaerobic respiration could
be illustrated by the following simple formula:

AH, +B - A +BH,

in which A represents a more reduced element, such as
NH,*, CH,, and B represents oxygen in aerobic respira-
tion or some less-reduced metabolic intermediate in
anaerobic respiration. He was certain that oxidation/
reduction reactions are basic to all life forms.

They also suggested that the general formula for all
photosynthetic reactions would be as follows:

CO, +2H,A O light CH,O (cell material)
+H,O+2A

In plant photosynthesis, A would represent oxygen
because the hydrogen atom for CO, reduction is donat-
ed by H,O. Molecular oxygen (O,) is released in this
process. Prior to their studies, it was widely considered
that light was used in photosynthesis to decompose car-
bonic acid and generate oxygen (O,). For photosynthesis
to occur in the anaerobic photosynthetic bacteria, A
could be hydrogen, sulfide, or a reduced organic com-



pound. As a consequence of the reduction of CO,, an
oxidized product such as sulfate would be generated.

One should not underestimate the contribution that
the comparative biochemistry concept made to advances
in the area of cellular metabolism. The bacteria became
a major model system for study only with the general
acceptance of this unity by all biologists. During the
decade following World War II, a fundamental under-
standing of the role and structure of DNA, enzymes,
metabolic regulatory mechanisms, and microbial genet-
ics was attained. These discoveries led to a broad, inte-
grated study on cellular growth that we now call molec-
ular biology, a term coined by William Astbury in 1945.

Many characteristics of Bacteria and Archaea—rapid
growth, simple nutritional requirements, growth under
harsh conditions, and ease in handling—make them
attractive tools for physiological studies. Because
researchers generally choose to progress from simpler
systems to those of greater complexity, the Bacteria and
Archaea have provided an attractive model system for
studying animal and plant processes. The broad array
of Bacteria and Archaea species available—from those
that use light as an energy source to the myxobacteria,
which form fruiting bodies—makes them a system of
choice for investigations on regulation, biosynthesis,
gene expression, and molecular interactions. Studies of
their ability to grow under extreme conditions of pH,
temperature, salinity, and anaerobiosis (and combina-
tions of these extremes) have yielded many clues to the
elucidation of life strategies. Other unique characteris-
tics that allow study at the molecular level include nitro-
gen fixation, antibiotic synthesis and action, parasitism
(for bacteria and eucaryotes), directed motility, and
development of bacteriophages (bacterial viruses).

Much might be written on the growth of microbiolo-
gy as a scientific discipline over the last 50 years. The
following chapters give ample evidence that much has
been accomplished.

SUMMARY

» Epidemic diseases played a major role in battles
throughout recorded history. Napoleon was driven
from Russia in 1812 by disease and deprivation and
ultimately lost at Waterloo because about one-half of
his army was incapacitated by illness.

» The first significant writings on contagious disease
were those of Girolamo Fracastoro during the first
half of the sixteenth century. He suggested that invis-
ible organisms were the agents of disease.

» Antony van Leeuwenhoek observed and made exten-
sive drawings of bacteria in 1683, but it was 200 years
before “spontaneous generation” was disproved and
the “germ theory” of disease was accepted.
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» A number of scientists who preceded Louis Pasteur
did much careful experimentation that disproved
spontaneous generation. Among these were: Redi,
Spallanzani, Schulze, Cagniard-Latour, Schwann, and
Kiitzing.

» Edward Jenner developed an effective vaccination
that protected humans against smallpox long before
the germ theory of disease was established.

» When it became clear that animals could not spring
from inanimate material, the proponents of sponta-
neous generation moved to changes caused by decay
or putrefaction as proof that chemical instabilities
were the basis for the observable changes in organic
matter.

» By 1864 Pasteur had clearly proven that spontaneous
generation did not occur, and his ideas on fermenta-
tion were generally accepted.

» Pasteur and his colleague, Chamberland, developed
the autoclave.

» Pasteur was the first to observe and report that anaer-
obic bacteria existed. He also recognized the immu-
nity to disease was possible and developed an effec-
tive rabies vaccine.

» The Academy of Sciences in Paris collected funds from
around the world and established the renowned
Institute Pasteur in honor of Louis Pasteur.

» Robert Koch was the first to clearly demonstrate that
bacteria were a causative agent of infectious disease.

» Koch proposed a set of postulates (Koch’s postulates)
that could be employed to demonstrate that a cultur-
able organism was the causative agent of disease
symptoms.

» Koch developed pure culture methods. His laborato-
ry developed the loop and the Petri dish and was the
first to use agar as a solidifying agent for bacterial
growth.

» Paul Ehrlich is considered the founder of chemother-
apy, the use of chemicals to kill infectious microor-
ganisms.

» Martinus Beijerinck was a pioneer in assessing the role
of microorganisms in the cycles of matter (carbon,
nitrogen, and sulfur) in nature. He discovered the free-
living nitrogen fixing Azotobacter sp. and the symbi-
otic nitrogen fixing Rhizobium sp.

» Sergei Winogradsky was the first to recognize that
autotrophic bacteria were of widespread occurrence.
He spent the last 34 years of his life at the Pasteur
Institute studying the activities of bacteria in soil.
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» The American scientists Thomas Burrill and Erwin
Smith elucidated the role of bacteria in plant disease.

» Albert Jan Kluyver, a Dutch bacteriologist, proposed
that basic metabolic reactions in all living cells
were equivalent, a concept known as comparative
biochemistry.

» Bacteria and Archaea have proven to be an excellent
model system for studies in metabolism, genetics, and
molecular interactions.

REVIEW QUESTIONS

1. What are some of the influences the microbe has had
on human history? Discuss in terms of war, food,
population control, and other factors.

2. It took 200 years, from Antony van Leeuwenhoek’s
observations and descriptions of bacteria (1673) until
the latter part of the nineteenth century, for the role
of bacteria to be elucidated. Why did it take so long?

3. Define “spontaneous generation.” Why did this con-
cept have so many proponents?

4. Spallanzi and Redi made significant contributions to
disproving “spontaneous generation.” What were
some of their contributions, and why were their
experiments not accepted as definitive proof? What
did Franz Schulze add that was crucial?

5. Koch and Pasteur were interested in the effects
of microbes on human health and well-being,
Winogradsky and Beijerinck in the role of microbes
in nature. Give examples that support this reasoning.

6. How did Louis Pasteur contribute to conquering
rabies? What experiment(s) led him to conclude that
a treatment was possible?

7. Most of the basic techniques used in microbiological
studies originated in Robert Koch’s laboratory. What
are some of them?

8. What are Koch'’s postulates? How did he use these
in discovering the causative agents of disease? What
are some of the common diseases for which Koch’s
laboratory discovered the causative agent?

9. Do bacteria play a role in plant disease? How did
our understanding of the role of fungi and bacteria
in plant disease evolve? What important historic
development resulted from plant disease?

10. How did the philosophy of Albert Kluyver and C. B.
van Niel influence modern science?
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Fundamental Chemistry
of the Cell

Life, atom of that infinite space that stretcheth,
twixt the here and there.
— SIR RICHARD FRANCIS BURTON, 1821—-1890

' ™

he basic physical principles that govern the chemical activities of all elements apply equally to both
living and nonliving systems. The living cell differs in that it has the capacity to utilize these phys-
ical properties to generate energy, to grow, and to reproduce. To understand viable systems, we
must first have a fundamental knowledge of chemical principles and how these principles relate
to the structure and function of a cell. For example, we know that all matter is composed of mole-
cules that are made up of atoms. We also know that matter has characteristics that are determined
by the way in which these atoms are joined to form molecules.

A molecule is formed when two or more atoms bond to one another. They may be like atoms
and form a molecule such as O, or N, or be unlike atoms and form a compound such as CO, or
glucose. Macromolecules are composed of interconnected compounds that, working in concert,
produce life. This chapter is devoted to an overview of chemical principles underlying the forma-
tion of the molecules that collectively make up a living cell.

ATOMS

The atom is the smallest unit that has all of the characteristics of an element. There are 92 different
naturally occurring elements. An atom can exist either as a single unit or in combination with other
atoms. The smallest atom is that of hydrogen, which consists of one proton and one electron. The
proton is located in the dense core of the atom called the nucleus, and the electron orbits the nucle-
us at great speed. The nuclei of all elements except hydrogen also contain neutrons. A proton has
a positive charge, an electron has a negative charge, and a neutron has no charge. The number of
protons in the nucleus of an atom is equal to the number of electrons orbiting around it, which
effectively renders an atom electrically neutral. The attraction between the positively charged nucle-
us and the negatively charged electrons keeps the atom intact. The nucleus contains 99.9% of the
mass of one atom but occupies only one-hundred-trillionth (107'4) of the volume.

The number of protons in the nucleus of any element is constant, and this is called the atomic
number. The number of neutrons and electrons associated with an atom may vary. There is almost
the same number of protons and neutrons in the nucleus, and the sum of these is the atomic weight.
Electrons are inconsequential in the atomic weight of an atom because an electron is only 1/1836
of the relative mass of a proton or neutron. The structure of an element that contains an equal (or
close to equal) number of protons and neutrons is considered the elemental form and is the form
that is most abundant in nature.

Isotopes are atoms that have a greater number of neutrons than protons. Some isotopes of bio-
logical