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The introduction of agar for pure culture study of microorganisms

The discovery ol the world ol microorganisms came
abgut as investigators developed microscopes and used
them to examine droplets of natural fluids. Menageries
of microbes were revealed from a variety of specimens.
Initially these observations were a source of great cu-
riosity. During the period from 1600 to 1800, consid-
erable information accumulated about the occurrence
of these microscopic forms of life. Great debates
emerged as to the origin of these microbes. The contro-
versy centered on the question of whether they arose
from nonliving materials, i.e., spontaneous generation.

Simultaneous with the development of evidence over
hundreds of years to disprove spontaneous generatipn
was the growing acceptance of the concept that these
microarganisms were the cause of many conditions that
occur in everyday life, ranging from food spoilage to
diseases of humans, other animals, and plants. In the
latter part of the nineteenth century a major problem
confronted investigators searching for evidence to
prove thet a specific ‘kind of microorganism was re-
sponsible for a disease or spoilage. How cpuld they
isolate in pure culture the microorganism suspected of
causing the change and prove that it was the causal
agent? What the researchers needed was a selid nutrient
substance upon which a specimen could be spread so
that individual microbial cells would be distant from
each other. Upon incubation, each cell would repro-
duce, resulting in a mass of identical cells (a colony).
A small portion of the colony could then be transferred
to a fresh medium and be maintained as a pure culture
for subsequent experiments, i.e., the pure culture tech-
nigque.

Robert Koch (1843-1885) was particularly concerned
with the need to develop a technique for the isolation
of microorganisms in pure culture in order to establish
the causative agent of a disease. He experimented with

sTices of sterile potatoes as the solid surface upon which
to.grow colonies of bacteria. This proved unsatisfactory
for a variety of reasons. He tried gelatin as a solidifying
agent. This had the desirable feature of being a trans-
parent gel, but it had the serious disadvantage of be-
coming liquid above 25°C, which is below the optimum
temperature for the growth of human disease-producing
bacteria.

The solution to this problem was provided in ‘1883
by a German housewife, Fannie E. Hesse, who spent
part of her time working in the laboratory of her hus-
band, Walther Hesse. Hesse, a physician, was a former
student of Robert Koch. Frau Hesse suggested to her
husband that he use agar, a polysaccharide of algal
origin, as a substitute for gelatin in microbiological.
media. She had gained experience with the character-
istics of agar in the process of making jelly; the agar
increased the consistency. His experiments with agar
as a substitute for gelatin were dramatically successful.
This observation was of such significance that Hesse
promptly reported the experimenis with agar to Robert
Koch. Koch immediately recognized the great value of
agar as a solidifying agent for microbiological media
and adopted its use. Agar goes into solution (1.5 per-
cent) at 100°C and solidifies at 45°C. Upon jelling at
45°C, i} remains solid a elevated temparatures—tem-
peratures just below 100°C. This feature makes it pos-
sible 1o incubate the inaculated media at almost any
dasired temperature and still have the medium remain
solid.

It is a remarkable fact that agar, introduced for use as
a solidifying agent in microbiclogical media just about
100 years ago, has not been replaced. Agar is as impor- '
tant now as it was then. The manner in.which it was
discovered adds credence to one of Louis Pasteur’s ob-
servations: 'Chance favors the prepared mind.”

Preceding page. A compound microscope made by John Marshall of London about 1700 after a design by Robert
Hooke. A condensing lens on a jointed arm allowed the instrument to be tilted on a ball-and-socket joint.
[(Courtesy of the Armed Forces Institute of Pathology, Washington, D.C.)
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Microbiology is the study of living organisms of microscopic size, which include
bacteria. fungi. algae, pretozoa. and the infectious agents at the borderline of
life that are called viruses. It is concerned with their form, structure, reproduc-
tion, physiology. metabolism, and classification. It includes the study of their
distribution in nature, their relationship to gach other and to other living organ-
isms, their effects on human beings and on other animals and plants, their
abilitics to make physical and chemical changes in our environment, and their
redctions to physical and chemical agents.

Microorganisms are closely associated with the health and welfare of human
beings: some microorganisms are beneficial and others are detrimental. For
example, microorganisms are involved in the making of yogurt, cheese, and
wine; in the production of penicillin, interferon, and alcohol: and in the pro-
cessing of dumestic and industrial wastes. Microorganisms can cause disease,
spuil food, and deteriorate materials like iron pipes, glass lenses, and wood
pilings.

Most microorganisms are unicellular. In unicellular organisms all the-life
processes are performed by a single cell. In the so-called higher forms of life,
organisms are composed of many cells that are arranged in tissues and organs
to perform specific functions. Regrrdless of the complexity of an organism, the
cell is the basic structural unit of life. All living cells are fundamentally similar.

The word cell was first used more'than two centuries ago by an Englishman,
Robert Hooke [1635—1703), in his descriptions (1665) of the fine structure of
cork and other plant materials. The honeycomblike structure he observed in a
thin slice of cork (see Fig. 1-1) was due to the cell walls of cells that were once
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Figure 1-1. Robert Hooke's
drawing of a thin slice of
cork as he observed it under
the microscope. This draw-
ing was included in a report
made to the Royal Society
(London) in 1665, He is
credited as being the first
person to use the word cell.
{Courtesy of National Li-
brary of Medicine.)
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living. But the concept of the cell as the structural unit of life—the cell theory—
is credited 1o two Germans, Matthias Schieiden and Theodor Schwann, who in
1838-1839 described cells as the basic structural and functional units of all
organisms. Schleiden and Schwann recognized that all cells, no matter what
the organism, are very similar in structure. As the concept of. the cell as the
basic unit of life gained acceptance, investigators speculated on the nature of
the substance contained within the cell. Protoplasm (Greek proto, “first"; plasm,
“formed substance’, introduced to characterize the living meterial of a cell), is
a colloidal organic complex consisting largely of protein, lipids, and rucleic
acids. These suhstances are enclosed by membranes or cell walls: and the
protoplasm always contains nuclei or an equivalent nuclear substance (see Fig.
1-2). Developments in electron-microscope techniques have made it possible to
reveal the complex intricacies of intracellular organization (see Fig. 1-3).

All biological systems have the following characteristics in common: (1} the
ability to reproduce; (2) the ability to ingest or assimilate food substances and
metabolize them for energy and growth; (3) the ability to excrete waste products;
(4) the ability to react to changes in their environment—sometimes called ‘rrit-
ability; and (5) susceptibility to mutation. In the study of microbiology, we
encounter “‘organisms” which may represent the borderline of life, These are
the viruses, which are simpler in structure and composition than single cells.
Viruses provide an exciting challenge and an opportunity to gain a better un-
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Figure 1-2. Generalized
diagram of typical cell
structures. (A} Plant cell.
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rial cell. (Erwin F..Lessel,
illustrator.)
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Figure 1-3. (A) Electron micrograph of the alga Chlamydomones reinhardii
(X15,000), a eucaryotic cell. (Courtesy of George E. Palade, The Rockefeller Uni-
versity, by permission of Holt, New York, publishers of Ariel G. Leowy and Philip
Seikovitz, Cell Structure and Function, 1969.) (B) Schematic representation of (A).
(Erwin F. Lessel; illustrator.} :
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derstanding of the nature of complex organic¢ substances that may bridge the
gap between the living ar.d the nonliving worlds.

Viruses are obligate parasites; that is, they are obligated to grow within an
appropriate host cell—plant, animal, or microbe. They cannot multiply outside
a host cell However, when a virus enters an appropriate living cell, it is able
to direct the synthesis of hundreds of identical viruses, using the cell's energy
and biochemical machinery. A virus is made up of substances unique to life:
nucleic acids (chemicals that make up genetic material) and proteins (complex
nitrogenous substances found in various forms in animals and plants).

Biologists are known for their differing opinions as to how the huge field of
biology can best be subdivided. Historically, the divisions followed the major
groups of life, as in zoology (animals), botany (plants), entomology (insects],
and microbiology. (microorganisms). Another manner of subdividing the subject
matter of biology is based on the level at which the study is conducted: for
example, studies at the level of molecular constituents of the cell (molecular
biology); studies at the level of the cell (cell biology): studies at the level of the
intact organism (organismal biology); and studies of groups of organisms (pop-
ulation biology). Still another approach is to establish divisionson the basis of
form and function, as in morphology or anatomy, physiology, metabolism, and
genelics. In some colleges and universities, the study of microbiology is carried
out in a department of biology; in others, it is in a department of microbiology
or & department of molecular biclogy.

Irrespective of where microbiology is placed in the broad field of biology,
microorganisms have some characteristics which make them ideal specimens
for the study of numerous fundamental life processes. This is possible becauss,
at the cellular level, many life processes are performed in the same manner
whether they be in microbe, mouse, or human.

Microorganisms are exceptionally attractive models for studying fundamental
life processes. They can be grown conveniently in test tubes or flasks, thus
requiring less space and maintenance than latger plants and animals. They grow
rapidly and reproduce at an unusuaily high rate; some species of bacteria un-
dergo almost 100 generations in a 24-h period. The metabolic processes of
microorganisms follow patterns that occur among higher plants and animals.
For example, yeasts utilize glucose in essentially the same manner as cells of
mammalian tissue; the same system of enzymes is presént in these diverse
organisms. The energy liberated during the breakdown of glucose is ““trapped”
and made available for the work to be performed by the cells, whether they be
bacteria, yeasts, protozoa, or muscle cells. In fact, the mechanism by which
organisms (or their cells) utilize energy is fundamentally the same throughout
the biological world. The source of energy does, of course, vary among organ-
isms. Plants are characterized by their ability to use radiant energy, whereas
animals require chemical substances as their fuel. In this respect some micro-
organisms are like plants, others like animals; and some have the unique ability
of using either radiant energy or chemical energy and thus are like both plants.
and animals. Furthermore, some microorganisms, the bacteria in particular, are
able to utilize a great variety of chemical substances as their energy source—
ranging from simple inorganic substances to complex organic substances.



Figure 1-4. Selman A. Waks-

man (1888-1973), world’s
foremost authority on soil
microbiclogy and codiscov-
erer of the antibiotic strep-
tomycin.

The Scope of Microbiology

In microbiology we can study organisms in great detail and observe their life
processes while they are actively metabolizing, growing, reproducing, aging,
and dying. By modifying their environment we can alter metabolic activities,
regulate growth, and even change some details of their genetic pattern—all
without destroying the organisms.

For example, bacteriophages. which are viruses that infect and reproduce in
bacteria. demonstrate the complete sequerice of host-parasite reactions and pro-
vide a model by which virus-hast cell reactions can be postulated for infections
in higher plants and animals. Bacteriophages have been of inestimable value in
elucidating many biological phenomena, including those concerned with ge-
netics.

Microorganisms have a wider rangejof physiological and biochemical poten-
tialities than all other organisms combined. For example, some bacteria are able
to utilize stmospheric nitrogen for the synthesis of proteins and other complex
organic nitrogenous compounds. Other species require inorganic or organic
nitrogen compounds as the initial building blocks for their nitrogenous constit-
uents. Some microorganisms synthesize all their vitamins, while others need to
be furnished vitamins. By reviewing the nutritional requirements of a large
collection of microorganisms, it is possible to arrange them from those with the
simplest to those with the most complex requirements. The increasing com-
plexity of nutritional requirements in such an arrangement is also a reflection
of the decreasing synthetic capacity of the organisms so arranged. In addition,
this kind of arrangement provides infarmation about the steps in the synthesis
of various metabolites, e.g., from atmaspheric oxygen to inorganic nitrogen salts
to amino acids. The biochemist has used microorganisms having varying degrees
of synthetic ability to investigate pathways of synthesis.

In his presidential address to the Society of American Bacteriologists (now
The American Society for Microbiology) in 1942, the late Selman A. Waksman
(Fig. 1-4) observed:
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There is no field of human endeavor, whether it be in industry or agriculture, or
in the preparation of food or in connection with problems of shelter or clothing, or
in the conservation of human or animal health and the combating of disease,
where the microbe does not play an important and often dominant role.

Waksman, longtime professor of microbiology at Rutgers University, in 1952
was awarded the Nobel prize in physiology or medicine for the part he played
in the discovery of the antibiotic streptomycin, which is produced by a soil
bacterium.

In biology as in any other field, classification means the orderly arrangement of
units under study into groups of larger units. Present-day classification in bi-
ology was established by the work of Carolus Linnaeus (1707-1778), a Swedish
botanist. His books on the classification of plants and animals are considered
to be the beginning of modern botanical and zoological nomenclature, a system
of naming plants and animals. Nomenclature in microbiology, which came much
later, was based on the principles established for the plant and animal kingdoms.

Until the eighteenth century, the classification of living organisms placed all
organisms into one of two kingdoms, plant and animal. As previously stated,
in microbiology we study some organisms that are predominantly plantlike,
others that are animallike, and some that share characteristics common to both
plants and animals. Since there are organisms that do not fall naturally into
either the plant or the animal kingdom, it was proposed that new kingdoms be
established to include those orgenisms which typically are neither plants nor
animals. .

One of the earliest of these proposals was made in 1866 by a German zoologist,
E. H. Haeckel. He suggested that a third kingdom, Protista, be formed to include
those unicellular microorganisms that are typically neither plants nor animals.
These organisms, the protists, include bacteria, algae, fungi, ana protozoa. (Vi-
ruses are not cellular organisms and therefore are not classified as protists.)
Bacteria are referred to as lower protists; the others—algae, fungi, and protozoa—
are called higher protists,

Haeckel'’s kingdom Protista left some questions unanswered. For example. what
criteria could be used to distinguish & bacterium from a yeast ot certain micro-
scopic algae? Satisfactory criteria were unavailable until late in the 1940s when
more definitive observation of internal cell structure was made possible with
the aid of the powerful magnification provided by electron microscopy. It was
discovered that in some cells, for example typical bacteria, the nuclear substance
was not enclosed by a nuclear membrane. In other cells, such as typical algae
and fungi, the nucleus was enclosed in a membrane. This discovery—the ab-
sence of membrane-bound internal structures in one group of protists (hacteria)
and the presence of membrane-bound structures in all the others (fungi, algae,
and protozoa}—was a discovery of fundamental significance. Further research
has revealed additional differences in the internal structure of these cells.
These two cell types, as characterized in Table 1-1, have been designated



Table 1-1. Features Distin-
guishing Procaryotic from
Eucaryotic Cells

The Scope of Microbtelogy

Frature

Procarvolic Cells

Eucarvotic Cells

Groups where found as unit
aof structure

Size range of organism

Genetic system
Location

Structure of nucieus

Sexuality

Cytoplasmic nature and
structures
Cytoplasmic streaming

Pinocytosis
Gas vacuoles
Mesosome

Ribosomes

Mitochondria
Chloroplasts

Golgi structures
Endoplasmic reticulum

Membrane-bound [true)
vacuoles

Quter ell structures
Cytoplasmic membranes

Cell wall

Locomaotor organelles

Bacteria

1-2 by 1-4 pwm or less

Nucteoid, chromatin body,
or nuclear material

Not bounded by nuclear
membrane; one circular
chromosome

Chromosome does not con-
tain histones; no mitotic di-
vision

Nucleolus absent; function-
ally related genes may be
clustered

Zygote nalure is merozygotic
{partial diploid)

Absent
Absent
Can be present
Present

708,* distributed in the cy-
toplasm

Absent
Absent
Absent
Absent
Absent -

Generally do not contain
sterols; contain part of respi-
ratory and, in some, photo-
synthetic machinery

Peptidoglycan (murein or
mucopeptide) as component

Simple fibril

Algae. fungi, protozoa,
plants, and animals

Greater than § pm in width
or diameter

Nucleus, mitochondria,
chloroplasis

Bounded by nuclesr mem-
brane; more than one chro-
mosome

Chromosomes have-histones;
milotic nuclear division

Nucleolus present; function-
ally related genes not clus-
tered

Zygote is diploid

Present
Present
Absent
Absent

BOS arrayed on membranes
as in endoplasmic reticu-
lum; 705 in mitochondria
and chloroplasts

Present
May be present
Present
Present

Present

Sterols present: do not carry
out respiration and photo-
synthesis

Absence of peptidoglycan

Multifibrilled with g + 2
microtubules



10

Table 1-1. {continued)

Figure 1-5. The bacterium
Escherichia coli, a typical
procaryotic cell. Note the
absence of any discrete in-
tracellular organelle struc-
tures. The light area repre-
sents nuclear material; the
dark area is ribosomal mate-
rial. {Courtesy 1. D. J. Bur-
dett and R. G. E. Murray, J.
Bacteriol 119:1039, 1974.)
Inset: E. coli cells as seen by
light microscopy.

INTRODUCTION TO MICROBIOLOGY

Feature Procarylic Cells Eucarvatic Cells
Pseudopodia Abgent Present in-some
Metabolic mechanisms Wide variety, particularly Glycolysis is pathway for

that of anaerobic energy-
yvielding reactions; some fix
nitrogen gas: some accumu-
late poly-B-hydroxybutyrate
as reserve material

DNA hase ralios as moles % 28t0 73
of guanine + cytosine (G +
C %)

anaerobic snergy-yielding
mechanism

About 40

* S refers to the Svedberg unit, the sedimentation coefficient of a particle in the ultracentrifuge.
~ote: Definitions of technical words are provided in the glossary at the back of the bogk.

procaryolic and cucarvolic: organisms of each celi type are called procaryotes

and eucaryotes, respectively.

BacteNa are procaryotic microorganisms. The cucaryotic microorganisms in-




Figure 1-6. A simplified schematic representa-
tion of Whittaker’s five-kingdom system. (Erwin

F. Lessel, illustrator.)

Whittaker's Five-
Kingdom Concept
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Kingdom Fungi

Kingdem Animalio

Kingdom Plontoe

MNutrien Nutrient
uptoke by uptake by
chsorption ingestion

Pholosynihefe

Kingdom Manera

clude the protozoa, fungi, and algae. (Plant and animal cells are also eucaryotic.}
Viruses are left out of this scheme of classification. Examples of tvpical pro-
caryotic and eucaryotic cells are shown in Figs. 1-2, 1-3, and 1-5.

A more recent and comprehensive system of classification, the five-kingdom
system, was proposed by R. H. Whittaker (1969). This system of classification,
shown in Fig,. 1-6, is based on three levels of cellular organization which evolved
to accommodate three principal modes of nutrition: photosynthesis, absorption,
and ingestion. The procaryotes are included in the kingdom Monera; they lack
the ingestive mode of nutrition. Unicellular eucaryotic microorganisms are
placed in the kingdom Protista; all three nutritional types are represented here.
In fact, as shown in Fig. 1-6, the nutritional modes are continuous: the mode
of nutrition of the microalgae is photosynthetic; the mode of nutrition of the
protozoa is ingestive; and the mode of nutrition in some other protists is ab-
sorptive, with some overlap to the photosynthetic and ingestive modes. The
multicellular and multinucleate eucaryotic organisms are found in the king-
doms Plantae {muiticellular green plants and higher algae), Animalia (multi-
cellular animals), and Fungi (multinucleate higher fungi). Their diversified nu-
tritional modes lead to a more diversified cellular organization. Microorganisms
are found in three of the five kingdoms: Monera (bacteria and cyancbacteria),
Protista (microalgae and protozoa), and Fungi (yeasts.and molds).



Kingdom
Procarvotae afler
Bergey's Manual of
Systematic
Bacteriology
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MICROORGANISMS
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Bergey's Manual of Systematic Bacteriology places all bacteria in the kingdom
Procarvotae which in turn is divided into 4 divisions as follows:

Division 1 Gracilicutes
Procaryotes with a complex cell-wall structure characteristic of Gram-neg-
ative bacteria

Division 2 Firmicutes
Pracaryotes with a cell-wall structure characteristic of Gram-positive bac-
teria

Division 3 Tenericutes
Procaryotes that lack a cell wall

Division 4 Mendosicutes
Procaryotes that show evidence of an earlier phylogenetic origin than those
bacteria included in Divisions 1 and 2 {above)

Bergey's Manual is the international standard for bacterial taxonomy. More
detailed descriptions of groups of bacteria are given in Part Four of this book.

A comparable manual of classification does not exist for fungi. algae, or
protozoa. There are, however, schemes of classification for each group that have
wide acceptance and usage. An international system for classification and no-
menclature of viruses is in the process of development.

The major groups of protists are briefly described below. Although viruses are
not protists or cellular organisms, they are included for two reasons: (1) the
techniques used to study viruses are microbiological in nature; and (2) viruses
are causative agents of diseases, hence, diagnostic procedures for their identi-
fication are employed in the clinical microbiological laboratory as well as the
plant pathology laboratory.

Aluye are relatively simple organisms. The most primitive types are unicel-
lular. "Others are aggregations of similar cells with little or no differentiation in
structure or function. Still other algae. such as the large brown kelp, have a
complex structure with cell types specialized for particular functions. Regard-
less of size or complexity, all algal cells contain chlorophyll and are capable of
photosynthesis. Algae are found most commonly in aquatic environments or in
damp soil.

V'iruses 8re very small noncellular parasites or pathogens of plants, animals,
and bacteria as well as other protists. They are so small that they can be
visualized only by the electron microscope. Viruses can be cultivated only in
living cells.

Baoteria 2r¢ unicellular procaryotic organisms or simple associations of sim-
tlar cells. Cell multiplication is usually by binary fission.

Protuzoa 8re unicellular eucaryotic organisms. They are differentiated on the
basis of morphological, nutritional, and physiological characteristics. Their role
in nature is varied, but the best-known protozoa are the few that cause disease
in human beings and animals.

Fungj 8¢ eucaryotic lower plants devoid of chlorophyll. They are usually
multicellular but are not differentiated into roots, stems, and leaves. They range
in size and shape from single-celled microscopic yeasts to giant multicellular
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Figure 1-7. Morphological
features of various groups of
microorganisms. (Note-that
this illustration is only in-
tended to convey the
impression of morphological
diversity. No size relation-
ship between groups can be
obtained from it. The wide
range in microbial sizes
does not permit both con-
stancy in magnification and
showing of meaningful mor-
phoiogical details at the
same time.) (A) Escherichia
coli (X1.000). (B) Tobacco
maosaic virus (X100,000).
(Hitachi, Ltd., Tokyo.} [C)
Rickettsia tsutsugamushi in
cytoplasm of infected ceil
(X940). (N.I. Kramis and
The Rocky Mountain Labo-
ratory, U.S. Public Health
Service.) (D) Candida

utilis (X2,000 approx.).
[Courtesy of G. Svihla, [. L.
Dainko, and F. Schlenk, |
Bacteriol, 85:399, 1963.} (E)
Aspergillus sp. (Courtesy of
Douglas F. Lawson.} (F)
Amoeba. {Caroling Biologi-
cal Supply Co.) (G) Chlo-
rella infusionum (X1,000).
{Courtesy of Robert W.
Krauss.)

The Scope of Microbiology

mushrooms and puffballs. We are particularly interested in those organisms
commonly called molds, the mildews, the yeasts, and the plant pathogens
known as rusts, True fungi are composed of filaments and masses of cells which
make up the body of the organism, known as a mycelivm. Fungi reproduce by
fission, by budding, or by means of spores borne on fruiting structures that are
quite distinctive for certain species.

Some morphological and characteristic features of these various microbial
groups are shown in Fig. 1-7 and Table 1-2.

Microbiologists may specialize in the study of certain groups of microorgan-
isms. Strictly speaking, bacteriology is the study of bacteria, but the term is
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Table 1-2. Some Characteristics of Major Groups of Microorganisms (Erwin F. Lessel, illustrator)

Size

Importanl Characteristics

Practical Signihicance

et Marphology
Bacteria e /.
L, st 2 r,,# 4
RTINS : 74’ j
T

< B
g, %\}

[Py

Viruses R
&
[
38

Fungi: Yeasts

Fungi: Molds
.'-‘/;
qf?‘*&:-‘__
Protozoa
% . -
-y ' »
Algae

Typical:
0.5-1.5 pm
by
1.0-3.0 pm
Range:
0.2 by 100
pm

Range:
0.015-0.2 pm

Range:
5.0-10.0 pm

Range:
2.0-10.0 prn
by

several mm

Range:
2.0-200 pm

Range:
1.0 pm to
many feet

Procaryotic; unicellutar, simple
internal structure; grow on arti-
ficial laboratory media; repro-
duction asexual, characteristi-
cally by simple cell division

Do not grow on artificial labora-
tary media—require living cells
within which they are repro-
duced; all are obligate parasites;
electron microscopy required to
see viruses

Eucaryotic; unicellular; labora-
tory cultivation much like that
of bacteria; reproduction by
asexual cell division, budding,
or sexual processes

Eucaryotic; multicellular, with
many distinctive structural fea-
tures; cultivated in laboratory
much like bacteria; reproduc-
tion by asexual and sexual pro-
cesses

Eucaryotic; unicellular; soms
cultivated in laboratory much
like bacteria; some ars iatracell-
ular parssites; reproduction by
asexual and sexual processes

Eucaryotic; uniceliular and mul-
ticellular; most occur in aquatic
environments; contain chloro-
phylt and atz photosynthetic;
reproduction by asexual and
sexual processes

Some cause disease: some per-
form important role in natural
cycling of elements which con-
tributes to soll fertility; useful
in industry for manufacture of
valuable compounds; some
spoil foods and some make
foods

Cause diseases in humans, other
animals, and plants; also infect
microorganisms

Praduction of alcoholic bever-
ages; also used as food supple-
ment; some cause disease

Responsible for decomposition
(deterioration) of many materi-
&ls; useful for industrial produc-
tion of many chemicals, includ-
ing penicillin; cause diseases of
humans, other animals, and
plants

Food for aquatic animals; some
cause disease

Important to the production of
food in aquatic environments;
used as food supplement and in
pharmaceutical preparations;
source of agar for microbtologi-
cal media; some produce toxic
substances




DISTRIBUTION OF

VICROORGANISMS IN

NATURE

APPLIED AREAS OF
MICROBIOLOGY

MICROBIOLOGY AND
THE ORIGIN OF LIFE

15

The Scope of Microhioloygy

often used as a synonym for microbiology. Protozvolouy is the study of protozoa;
a special branch of protozoology called ). rusitology deals exclusively with the
parasitic or disease-producing protozoa and other parasitic micro- and macroor-
ganisms. \Myeolagy I8 the study of fungi such as yeasts and molds. \iinlny,y is
the science that ‘deals with viruses. Phveology is the study of algae. Further
specialization in some aspect of the biology of a particular group of organisms
is not uncommon; e.g., bacterial genetics, algal physiology, and bacterial cvtol-

ogy.

" Microorganisms occur nearly everywhere in nature. They are carried by air

currents from the earth's surface to the upper atmosphere. Even those indigenous
to the ocean may be found many miles away or mountaintops. Microbes are
found in the bottom of the ocean at its greatest depths. Fertile soil teems with
them. They are carried by streams and rivers into lakes and other large bodies
of water; and if human wastes containing harmful bacteria are discharged into
streams, diseases may be spread from one place to another. Microorganisms
occur most abundantly where they find food, moisture, and a temperature suit-
able for their growth and multiplication. Simce the conditions that favor the
survival and growth of many microorganisms are those under which people
normally live, it is inevitable that we live among a multitude of microbes. They
are in the air we breathe and the food we eat. They are on the surfaces of cur
bodies, in our alimentary tracts, and in our mouths, noses, and other body
orifices. Fortunately most microorganisms are harmless to us; and we have
means of resisting invasion by those that are potentially harmful.

Microorganisms affect the well-being of people in a great many ways. As we
have already stated, they cccur in large numbers in most natural environments
and bring about many changes, some desirable and others undesirable. The
diversity of their activities ranges from causing diseases in humans, other ani-
mals, and plants to the production and deposition of minerals, the formation of
coal, and the enhancement of soil fertility.

There are many more species of microorganisms that perform iinportant roles
in nature than there are disease-producing species.

A summary of the major fields of applied microbiology appears in Table 1-3.

Many explanations have been offered for the origin of life on earth, One of the
more acceptable of these proposals suggests that life originated in the sea fol-
lowing millions of years of a chemical avolutionary process. According to this
hypothesis the inorganic compounds of the atmosphere, under the influence of
ultraviclet light, electrical discharges, and/or high temperatures, interacted to
form organic compounds which precipitated into the sea, where they accumu-
lated. These organic compounds, subjected to additional physical effects of the
environment, combined to form amino acids. The amino acids interacted to
form peptides, polypeptides, and other more complex organic substances which
served as the precursors of the first form of life.
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Tab]e. 1-3. Ma]or Fields of Field Some Applied Arvas
Applied Microbiology -
Medical microbiclogy Causative agents of disease; diagnostic procedures; diagnosiic
procedures for identification of causative agents; preventive
measures
Agquatic microbiclogy Water purification; microbiological examination; biclogical
degradation of waste; ecology
Aeromicrobiology Contamination and spoilage: dissemination 'of diseases
Food microbiology Food preservation and preparation: foodborne diseases and
their prevention
Agricultural microbiology Soil fertility: plant and animal diseases
Industrial microbioclegy Production of medicinal products such as antibiotics and vac-

cines; fermented beverages, industrial chemicals; production
of proteins and harmones by genetically engineerad microor-
ganisms

Exomicrobiology Exploration for life in outer space

Geachemical microbiology Coal, minera] and gas formation; prospecting for deposits of
coal, oil, and gas; recovery of minerals from low-grade ores

The time scale of chemical evolution, biological evolution, and the emergence
of microbial life is shown in Fig. 1-8.

Millions Geologleal Approximate fime
of years ago era of origin
Cenozoic _w——Homo sapiens 1
Mesozoic T-—Mummqls and birds
B:P lzozoic Terrdglrial plants Fishes, inveriebroles

F==pulticellular organisms

" Proterczoic - )
- ——Euvcoryotic cells

]-—Ae:obic bacleric

2,000 - Archoean | { Cixrygen—svolving bocieria { Biological evolufion

1,000

—Procaryolic cells

Ancerobic bacteria

3,000 - ~—First fossil evidence ol life
¢ 4 First living “cells” <
4,000 - i 3 Protocell: membranes enclosing prototypes of nucleic acids
2 Coacervate format.on: concentration and aggregation of molecules
| Grganic soup: syathesis of amino ocids, sugars, and peplides % Chemical evolution
o

Figare 1-8. Time scale of the chemical evolutior, the biclogical evolution, and the
accurrence of microbial life.
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The Scope of Microbiology

1 List the characteristics common to all biological systems.
2 Why are microorganisms useful as subjects for research in the field of hiol-
ogy?
3 Explain why a knowledge of microbiology is useful in understanding life
processes in higher plants and animals.

4 How did the term protists arise? What organisms do we refer to by use of

this term? What is the difference between lower protists and higher protists?

Discuss the differences between procaryotic and eucaryotic cells.

How do viruses differ from other microorganisms?

What is the basis of the five-kingdom classification scheme according to

Whittaker? Give a reason why it is so widely accepted in the biclogical

community.

8 Discuss the place of microorganisms in Whittaker's five-kingdom classifi-
cation scheme.
89 Why is Bergey’s Manua! of Systematic Bacterinlogy so impgrtant to bacte-

rielogists?

10 Where are microorganisms found in nature? How may they be transferred
from place to place?

11 Name several applied areas of microbiology. Describe the importance of
microorganisms in each of these applied fields.

~} & @

Delauney, A.. and H. Erni (eds.): The World of Microbes, vol. 4, Encyclopedia of the
Life Sciences, Doubleday, Garden City, N.Y., 1965. A beautifully illustrated and
well-summaerized account of microbes in relation to human beings. It is an
inspiring introductory book for the new student.

Edmonds, P: Microbiology, An Environmental Perspective, Macmillan, New York,
1978. This volume serves to introduce nonspecialists te the importunt functions
carried out by microorganisms in nature.

Jennings, R. K., and R. F. Acker: The Protistan Kingdom, Van Nostrand Reinhold,
New York, 1970. This small book dealing with the protists and viruses is both
informative and entertaining. It may provide the stimulus for further study by
students and nonstudents alike.

National Academy of Sciences: Microbial Processes: Promising Technologies for
Developing Countries, National Academy of Sciences, Washington, D.C., 1981.
A report of scientific and technological developments in microbiology now avail-
able that might be applicable to less-developed countries for improvement of
their environment and their economy.

Postgate, |.: Microbes and Men, Penguin, Baltimere, 1975. A very good introduction
to microbes. It gives an account of how microbes keep our terrestrial biochemistry
moving and influence our food supply at every stage. Other aspects of applied
microbiology are also covered. Additional topics include microbes in evolution
and in the future.

Rossmore, H. W.: The Microbes, Our Unseen Friends, Wayne State, Detroit, 1976.
An elementory discussion of the many useful activities of microcrgenisms.

Whittaker, R. H.: *'"New Concepts of Kingdoms of Organisms,” Science, 163:150-160,
1969. A now classic paper stating the case that evolutionary relations are better
represented by new classifications than by the traditional two kingdoms of plants
and enimals. A new scheme of classification consists of five kingdoms.
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tiastory s the story of the acluevements of men and women. but it records
refatively few outstanding names and evenls  Many hmportant contributions
were made by people whose names have beeh 1orgotten and whose accomplish-
ments have been lost in the longer and deeper shadows cast by those who
cateht the faucy of the chroaickers. [1 has been said that in science the credit
oees 1o the one who convinces the world, not to the one who first had the idea.
S0, in the developmaent of microbiology. the vutstanding names are often of
those who convinced the world--——who developed a technique, a tool. or a con-
cept that was generally adopted. or who explained their findings so clearly or
dramatically that the science grew and prospered.

Amiony van Leruwenhnek’s lucid reports on the ubiquity of microbes enabled
Louis Pasteur 200 vears later to discover the involvement of these creatures in
fermcniation reactions and allowed Robert Koch, Theobald Smith. Pasteur, and
mitiyv others to discover the association of microbes with disease. Koch is
rememberee for his isolation of the bacteria that cause anthrax and tuberculosis
and lor the rigid criteria he demanded before a specific bacterium be held as
the cause of a disease. His important contributions to the ceeation of the science
at microbiology won him the 1905 Nobel prize,

The building of the Panama Canal dramatized Waller Reed's studies of the
epidemiology of vellow fever, but historians remember that Cheobald Smith's
work on transmission of Texas fever pointed the wayv for Walter Reed's subse-
quenn work.
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in divaiosis by liboratory methods, G F. L Widal and August vou Wassernan
prosen ed those whe followed them with tools and ideas with which to work.
Panl Eartich’s discovery of o chentical compound that would destray the svph-
ilis spirochete 1 the himan body without injury to tissue cells paved the way
o fud re develapinents in the use of chemicals in treating disease. For this he
shared' the Nobel peize in 1908 with Elie Metchnikotf, who discovered a svstem
in the human hody That combated infeclion.

The ugh ot relatively short duration. the history of microbiolog: is fitled with
thrilling achievements, We have won niany battles with microorganisms and
bave Jeaened not only te make them work for us but also to control some ol
those that vwork ageinst us.

Microbiology began when people learned to grind lenses from pieces of glass
and combine them to produce magnifications great enough to enable microbes
to be seen. During the thirteenth century Roger Bacon (1220-1292) postulated
that disease is produced by invisible living creatures. This suggestion was made
again by Girolamo Fracastoro of Verona (1483-1553) and Anton von Plenciz in
1762, but these people had no proof. As early as 1658, a monk named Athanasius
Kircher {1601-1680) referred to “‘worms'-invisible to the naked eye in decaying
bodies, meat, milk, and diarrheal secretions. Although his description lacked
accuracy, Kircher was the first person to recognize the significance of bacteria
and other microbes in disease. In 1665 Robert Hooke’s description of cells in a
piece of cork established the fact that the bodies of “animals and plants, complex
as they may appear, are yet composed of a few elementary parts frequently
repeated”—a quotation not from Hooke but from Aristotle's description of the
cellular structure of living things back in the fourth century B.c.

Although he was probably not the first to see bacteria and protozoa, Antony
van Leeuwenhoek, who lived in Delft, Holland, from 1632 to 1723, was the first
to report his observations with accurate descriptions and drawings (Fig.. 2-1}.
Leeuwenhoek had the means and apportunity to pursue his hobby of lens
grinding and microscope making. During his lifetime he made more than 250
microscopes consisting of home-ground lenses mounted in brass and silver, the
most powerful of which would magnify about 200 to 300 times (Fig. 2-2). These
microscopes bear little resemblance to the compound light microscope of today,
which is capable of magnifications of 1,000 to 3,000 times. However, the lenses
of Leeuwenhoek’s microscopes were well made and Leeuwenhoek had the
openness of mind that is so very important in an investigator. His descriptions
of protozoa were so accurate that many of the forms he described are easily
recognized today.

Leeuwenhoek carefully recorded his observations in a series of letters to the
British Reyal Society. In one of the first latters, dated September 7, 1674, ad-
dressed to Henry Oldenburg, Secretary of the Royal Society, he described the
“very little animalcules” which we recognize as free-living protozoa. On October
9, 1676, he wrote:

In the year 1675, I discovered living creatures in rain water which had stood but a
few days in a new earthen pot, glazed blue within. This invited me to view this
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Figure 2-1. Antony van
Leeuwenhoek (1632-1723),
a Dutch student of natural
history whose hobby was
making microscopes, is
shown here with one of the
more than 250 microscopes
that he made. His best
lenses were capable of mag-
nifications up to x 2790, and
he was the first person to
report descriptions of mi-
croorganisms in detail. (Cour-
tesy of Lambert-Hudnut,
Division Warner-Lambert
Pharmaceutical Company.)

INTRODUCTION TO MICROBIOLOGY

Figure 2-2. {A) The Leeuwenhoek microscope. Replica of a simple mi-
croscope made in 1673 by Leeuwenhoek. (From the collection of the
Armed Forces Institute of Patholdgy, Washington, D.C.) [B) Side view of
a Leeuwenhoek microscope, illustrating the manner in which observa-
tions of specimens were made. (C) Front and side views of Leeuwen-
hoek's brass aquatic microscope. Lenses could be slotted in at the front
and focused by the butterfly nut at the rear. (Erwin F. Lessel, illustrutor.)
(D) Leeuwenhoek’s sketches of bacteria from the human mouth, from
letter of September 17, 1683. Note particularly shapes of cells and rele-
tive sizes. The dotted line between C and D indicates motility (move-
mtent) of a bacterium. (Courtesy of C. Dobell, Antony van Leeuwenhoek
and His “Little Animals,” Dover, New York, 1960.)
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water with great attention, especially those little animals appearing to me ten
thousand times less than those . . . which may be perceived in the water with the
naked eye.

He described his little animals in great detail, leaving little doubt that he saw
bacteria, fungi, and many forms of protozoa. For example, he reported that on
June 16, 1675, while examining well water into which he had put a whole
pepper the day before:

I discovered, in a tiny drop of water, incredibly many very little animalcules, and
these of divers sorts and sizes. They moved with bendings, as an eel always swims
with its head in front, and never tail first, yet these animalcules swam as well
backwards as forwards, though their motion was very slow.

His enthusiastic letters were read with interest by the British scientists, but
the importance of his discoveries evidently went unappreciated. The talents
and astuteness of this remarkable man can best be appreciated by reading
Dobell's biography of Leeuwenhoek.

Before the time of Pasteur, microorganisms were studied mainly to satisfy
curiosity concerning their characteristics and their relationships to higher living
forms, without awareness of their importance in fermentation and disease.

The discovery of microbes spurred interest in the origin of living things, and
argument and speculation grew. As far as human beings were concerned, the
Greek explanation that the goddess Gaea was able to create people from stones
and other inanimate objects had been largely discarded. But even the astute
Aristotle {384-322 B.c.} taught that animals might originate spontaneously from
the soil, plants, or other unlike animals, and his influence was still strongly felt
in the seventeenth century. About 40 8.c., Virgil (70-19 B.c.] gave directions for
the artificial propagation of bees. This was but one of many fanciful tales of a
similar nature that persisted into the seventeenth century. For example, it was
accepted as a fact that maggots could be produced by exposing meat to warmth
and air, but Francesco Redi {1626-1697) doubted this. Proof that his skepticism
was well founded came from an experiment in which he placed meat in a jar
covered with gauze. Attracted by the odor of the meat, flies laid eggs on the
covering, and from the eggs maggots developed. Hence the experiment estab-
lished the fact that the origin of the maggots was the flies and not the meat.
This experiment and others involving mice and scorpions eppear to have settled
the matter so far as these forms of life were concerned. But microbes were
another matter; surely such minute creatures needed no parents!

There appeared champions for and challengers of the theory that living things
can originate spontaneously, each with a new and sometimes fantastic expla-
nation or bit of experimental evidence. In 17489, while experimenting with meat
exposed to hot ashes, john Needham (1713-1781) observed the appearance of
organisms not present at the start of the experiment and concluded that the
bacteria originated from the meat. About the same time, Lazaro Spallanzani
[1729-1799) boiled beef broth for an hour and then sealed the Rasks. No mni-
crobes appeared following incubation. But his results, confirmed in repeated
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Figure 2-3. The theory of
spontaneous generation was
disproved with the devices
illustrated here, all of which
eliminated airborne bacteria.
Schwann heat-sterilized the
air which flowed through
the glass tube to his culture
flask (A). Schroder and von
Dusch filtered the air enter-
ing the culture flask through
cotton (B). Simple goose-
necked flasks (C) were de-
vised by Pasteur. Tyndall
constructed a dust-free in-
cubation chamber (D).
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experiments, failed to convince Needham, who insisted that air was essential
to the spantaneous production of microscopic beings and that it had been
excluded from the flasks by sealing them. This argument was answered some
60 or 70 vears later independently by two other investigators, Franz Schulze -
(1815-1873) and Theodor Schwann (1810-1882). Schulze passed air through
strong acid solutions into boiled infusions, whereas Schwann passed air into
his flasks through red-hot tubes (Fig. 2-3A). In neither case did microbes appear.
But the die-hard advocates of spontaneous generation were still not convinced.
Acid and heat altered the air so that it would not support growth, they said.
About 1850, H. Schrider and T. von Dusch performed a more convincing ex-
periment by passing air through cotton into flasks containing heated broth (Fig.
2-3B). Thus the microbes were filtered out of the air by the cotton fibers so that
growth did not cccur, and a basic technique of plugging bacterial culture tubes
with cotton stoppers was initiated.

The concept of spontaneous generation was revived for the last time by Felix-
Archimede Pouchet (18006-1872), who published in 1859 an extensive report
“proving” its occurrence. But Pouchet reckoned without the ingenious, tireless,
and stubborn Pasteur (1822—1895). Irritated by Pouchet’s logic and data, Pasteur
performed experiments that ended the argument for all time. He prepared a
flask with a long, narrow gooseneck opening (Fig. 2-3C). The nutrient solutions
were heated in the flask, and air—untreated and unfiltered—could pass in or
out; but the germs settled in the gooseneck, and no microbes appeared in the
solution.

Pasteur reported his results with a great flourish at the Sorbonne in Paris on
April 7, 1864. His flasks would yield no sign of life, he said:

For I have kept from them, and am still keeping from them, that one thing which
is above the power of man to make; I have kept from them the germs that float in
the air. 1 have kept from them life.
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FERMENTATION

Figure 2-4. Louis Pasteur in
his laboratory. (Courtesy of
Institut Pasteur, Paris.)

The History of Microbiology

In his exuberance, Pasteur sent a few darts at those he disagreed with:

There is no condition known today in which you can affirm that microscopic
beings come into the world without germs, without parents like themselves. They
who allege it have been the sport of illusions, of ill-made experiments, vitiated by
errors which they have not been able to perceive and have not known how to
avoid.

Finally, John Tyndall (1820-1893) conducted experiments in a specially de-
signed box to prove that dust carried the germs (Fig. 2-3D). He demonstrated
that if no dust was present, sterile broth remained free of microbial growth for
indefinite periods.

Louis Pasteur (Fig. 2-4) began his brilliant career as professor of chemistry at
the University of Lille, France. A principal industry of France being the man-
ufacture of wines and beer, Pasteur studied the methods and processes involved
in order to help his neighbors produce a consistently good product. He found
that fermentation of fruits and grains, resulting-in alcohol, was brought about
by microbes. By examining many batches of “ferment,” he found microbes of
different sorts. In good lots one type predominated, and in the poor praducts
another kind was present. By proper selection of the microbe, the manufacturer
might be assured of a consistently good and uniform product. Pasteur suggested
that the undesirable types of microbes might be removed by heating-—not
enough to hurt the flavor of the fruit juice, but enough to destroy a very high
percentage of the microbial population. He found that holding the juices at a
temperature of 62.8°C (145°F) for half an hour did the job. Today pasteurizatior
is widely used in fermentation industries, but we are most familiar with it in
the dairy industry.
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Even before Pasteur had proved by experiment that bacteria are the cause of
some diseases, many cbservant students had expressed strong arguments for the
germ theory of disease. Fracastoro of Verona suggested that diseases might be
due to invisible organisms transmitted from one person to another. In 1762 von
Flenciz not only stated that living agents are the cause of disease but suspected
that different germs were responsible for different diseases. That the concept of
parasitism was becoming quite general is reflected in the following bit of dog-
gerel written by Jonathan Swift {1667-1745) early in the eighteenth century:

So naturalists ohserve, a flea
Hath smaller fleas that on him prey;
And these have smaller fleas to bit 'em;
And so proceed ad infinitum.

This is better known in the colloquial version:

Big bugs have little bugs,
Upon their backs to bit ‘em;
And little bugs have smaller ones,
And so ad infinitum.

Oliver Wendell Holmes (1809-1894), a successful physician as well as a
scholar, insisted that puerperal fever, a disease of childbirth, was contagious
and that it was probably caused by a germ carried from one mother 1o another
by midwives and physicians. He wrote The Contagiousness of Puerperal Fever
in 1842. At approximately the same time, the Hungarian physician Ignaz Philipp
Semmelweis {1818-1865) was pioneering in the use of antiseptics in obstetrical
practice. Deaths due to infections associated with childbirth were reduced in
the cases handled according to his.instructions, which minimized chances for
infection. As part of his crusade he published The Cause, Concept and Prophy-
laxis of Childbed Fever in 1861. Still, most physicians ignored his advice, and
it was not until about 1890, when the work of Joseph Lister in England had
become known, that the importance of antisepsis was fully appreciated by the
medical profession.

Pasteur’s success in solving the problem of fermentation led the French gov-
erment to request that he investigate pebrine, a silkworm disease that was
ruining an important French industry. For several years Pasteur struggled with
this problem, heartaches and disappointments following one after another. Even-
tually he isolated the parasite causing the disease. He also showed that silkworm
farmers could eliminate the disease by using only healthy, disease-free cater-
pillars for breeding stock. 7

Turning from silk to wool, Pasteur next tackled the problem of anthrax, a
disease of cattle, sheep, and sometimes human beings. He grew the microbes in
laberatory flasks after isolating them from the blood of animals that had died of
the disease. Meanwhile Robert Koch (1843-1910) was busy with the anthrax
problem in Germany. Koch, a quiet, meticulous physician, sometimes neglected
his medical practice to play with the fascinating new science of bacteriology. It
was he who discovered the typical bacilli with squarish ends in the blood of
cattle that had died of anthrax. He grew these bacteria in cultures in his labo-
ratory, examined them microscopically to be sure he had only one kind present,
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and then injected them into other animals to see if these became infected and
developed clinical symptoms of anthrax. From these experimentally infected
animals he isolated microbes like those he had originally found in sheep that
died of anthrax. This was the first time a bacterium had been proved to be the
cause of an animal disease. (Pebrine is caused by a protozoan rather than by a
bacterium.) This series of observations led to the establishment of Koch’s pos-
tulates. which provided guidelines to identify the causative agent of an infec-
tious disease. Koch's postulates are: (1) A specific organism can always be found
in association with a given disease. (2} The organism can be isolated and grown
in pure culture in the laboratory. {3) The pure culture will produce the disease
when inoculated into a susceptible animal. (4) It is possible to recover the
organism in pure culture from the experimentally infected animal.

As we have previously stated, microorganisms occur in nature in extremely
large populations made up of many different species. In order to study the
characteristics of a particular species it is first necessary to separate it from all
other species. Laboratory procedures have been developed that make it possible
to isolate microorganisms representing each species and to grow (cultivate) each
of the species separately. The growth of a mass of cells of the same species in
a laboratory vessel (such as a test tube) is called a pure culture.

Pure cultures of bacteria were first obtained by Joseph Lister in 1878 using
serial dilutions in liquid media. With a specially constructed syringe he diluted
a fluid (probably milk) containing a mixture of bacteria until a single organism
was delivered into a container of sterile milk. After incubation, bacteria in this
container were of a single kind, identical to the parent cell. Lister named the
organism Bacterium lactis.

Meanwhile Kach was carefully refining methods for the study of bacteria. He
found that by smearing bacteria on a glass slide and adding certain dyes to
them, individual cells could be seen more clearly with the microscope. He
added gelatin and other solidifying materials such as agar to media in order to
obtain isolated growths of organisms known as colenies, each of which con-
tained millions of individual bacterial cells packed tightly together. From these
colonies, pure cultures could be transferred to other media. The development
of a liquefiable solid-culture medium was of fundamental importance.

Using techniques he had devised, Koch studied with painstaking care material
taken from patients with pulmonary tuberculosis. After performing a series of
rigid tests, as he had done with the anthrax bacillus, he announced the discovery
of the microorganism that causes tuberculesis.

The importance of pure cultures to the development of the science of micro-
biology cannot be overestimated, since by using pure-culture techniques the
microorganisms responsible for many infections, certain fermentations, nitrogen
fixation in soil, and other activities were isolated and identified. However, strict
adherence to pure-culture techniques and Koch's postulates sometimes led in-
vestigators up dead-end streets. Early investigators did not <now about viruses,
nor did they know about the cooperation of two or more microorganisms in
causing disease or in bringing about a desirable fermentation such as we find
in the ripening of cheese. Today we are as much interested in mixed microbial



26

PROTECTION AGAINST
INFECTION: IMMUNITY

Figure 2-5. The principle of
immunization was demon-
strated by Pasteur when he
inoculated chickens with
cultures of chicken cholera
bacteria several weeks old
and the chickens remained
healthy. They did not be-
come sick when inocculated
with a fresh culture several
waeks later although this
fresh culture killed chickens
that had not received the at-
tenuated (old) culture.

A
Chicken
o inoculated
)
Pure culture
of chicken
cholera
bacterio

8 weeks old
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populations and the effects they produce as we are in pure cultures. Further
advances in marine microbielogy, rumen microbiology, microbiclogy of the
intestinal tract, and many other systems will depend upon understanding first
the physiology of individual microorganisms in pure culture and then upon the
ecological relationships of the total microbial populations in a given environ-
ment.

Pasteur continued to make discoveries concerning the cause and prevention of
infactious diseases. About 1880 he isolated the bacterium responsible for
chicken cholera and grew it in pure culture. Here again, the practical Pasteur
made use of the flundamental techniques devised by the mors thegretical Koch.
To prove that he really had isolated the organisms responsible for chicken
cholera, Pasteur arranged for a public demonstration where he repeated an
experiment (Fig. 2-5) that had been successful in many previous trials. He
inoculated healthy chickens with his pure cultures, but to his dismay, the
chickens failed to get sick and die! Reviewing each step of the experiment,
Pasteur found that he had accidentally used cultures several weeks old instead
of the fresh ones grown especially for the demonstration. Some weeks later he
repeated the experiment, using two groups of chickens. One of these groups
had been inoculated at the first demonstration with the old cultures that had
proved ineffective, and the second had not been previously expesed. Both
groups received bacteria from fresh young cultures. This time the chickens in
the second group got sick and died, but those in the first group remained hale
and hearty. This puzzled Pasteur, but he scon found the explanation. In some
way bacteria could lose their ability to produce disease, i.¢., their virulence.
after standing and growing old. But these allenualed (having decreased viru-
lence) bacteria still retained their capacity for stimulating the host to produce
substances, i.e. anlibodies. that protect against subsequent exposure to virulent
organisms,

This demonstration explained the principle involved in Edward Jenner's suc-
cessful use of cowpox virus, in 1798, to immunize people against smallpox (Fig.
2-6). Pasteur next applied this principle to the prevention of anthrax, and again
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Figure 2-6. Edward fenner
vaccinating (inoculating}
James Phipps with cowpox
material, which resulted in
development of resistance to
smallpox infection. (Cour-
tesy of Culver Pictures, New
York.)

Figure 2-7. Rabies vaccine is
made by inoculating a rabbit
with saliva from a rabid
dog. Virus in the extract of
the rabbit’s spinal cord is
attenuated before injection
into a patient.

The History of Microblology

it worked. He called the attenuated cultures vaccines. a term derived from the
Latin vacca, meaning 'cow.” Pasteur was honoring Jenner when he applied the
term vaccination to immunization with attenuated cultures of bacteria that had
no connection with cows.

Pasteur’s fame was by now well established throughout France, and the belief
became prevalent that he could work miracles with bacteria and the control of
infections. It was not surprising, then, that he was given an even greater chal-
lenge: he was asked to work on a disease affecting human beings. As he was a
chemist and not a physician, studying a human disease might prove risky. But
Pasteur again accepted the challenge to be of service to humanity and set out
to make a vaccine for hydrophobia, or rabies, a disease transmitted to people
by bites of dogs, cats, and other animals. Because it was invariably fatal, when
a boy named Joseph Meister was biiten by a mad woli, his family did not
hesitate to take the one chance in thousands that Pasteur could make a vaccine
that would save him.
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It had been established thai the rabies virus was too minute to be seen even
with a microscope; it had never been grown in laboratory culture, and it was
not a bacterium. The disease could be produced in rabbits by inoculating them
with saliva from mad dogs. Then the brain and spinal cord could be removed
from the infected rabbits, dried for several days, pulverized, and mixed with
glycerin. Injecting this mixture into dogs protected them against rabies (Fig. 2-
7). But vaccinating dogs was quite different from treating a sick boy. Perhaps
the worried Pasteur was as surprised as anyone else when after the crucial trial,
which ook several weeks, Joseph Meister did not die. As with Jenner's vacci-
nation for smallpox, the principles of the preventive treatment of rabies have
not changed.

The success of Pasteur and Koch brought honors and accolades from their
appreciative countrymen. Koch became Professor of Hygiene and Director of
the Institute for Infective Diseases, which was founded for him at the University
of Berlin. France showed its gratitude by establishing the Pasteur Institute in
Paris in 1888. To each of these men came scholars from all over the world, and
these students later carried the spirit and knowledge of Koch and Pasteur te
America and throughout Europe.

New bacteria were being discovered with increasing frequency, and their
disease-producing capacities were proved by Koch's postulates. After Edwin
Klebs in 1883 and Frederick Loeffler in 1884 discovered the diphtheria bacillus
and demonstrated that it produced its poisons in a laboratory flask, Emil von
Behring and Shibasaburo Kitasato devised a method of producing immunity to
infections caused by these organisms by injecting their texins {poisons) into
animals so that an antitoxin (a substance that neutralizes toxin} would develop.
Similarly, Kitasato cultivated Clostridium tetani, the cause of tetanus {lockjaw),
and with von Behring made antitoxin for the prevention and treatment of this
disease. For his work on serum therapy, von Behring was awarded the Nobel
prize in physiology or medicine in 1901. During this time, D. E. Salmon and
Theobald Smith demonstrated that immunity to many infections could be pro-
duced by inoculation with killed cultures of microorganisms.

Working in Pasteur’s laboratory, Elie Metchnikoff (Fig. 2-8A), a Russian, de-
scribed how certain leukocytes {white blood cells) could ingest (eat) disease-
producing bacteria in the body. He called these special defenders against infec-
tion phagocytes (“eating cells”) and the process phagocytosis (Fig. 2-8B). Metch-
nikoff formulated the theory that the phagocytes were the body's first and most
important line of defense against infection.

In Germany, one of Koch’s students had a different concept of how the body
destroys bacteria. Paul Ehrlich explained immunity on the basis of certain
soluble substances in the blood. Today we know that there is much merit in
both arguments and that both mechanisms play their parts. Ehrlich made another
important discovery that opened the door to future developments in chemo-
therapy and antibiotics: he found that the 606th compound tested, an organic
chemical compound containing arsenic, would destroy the syphilis microbe in
the body. This was the first chemotherapeutic substance scientifically discovered
and evaluated. The period from 1880 to1800 was indeed a golden time for
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Figure 2-8. (A) Elie Metch-
nikoff was the first person
to recognize the role of
phagocytes in combating
bacterial infections. {Cour-
tesy of René Dubos.) (B) The
process of phagocytosis, the
ingestion of particulate mat-
ter by certain cells, shown
in three steps. Phagocytosis
is a natural defense mecha-
nism against disease. (Erwin
F. Lessel, illustrator.)
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microbiology because the infant science grew to adolescence during those years.
As shown in Table 2-1, most of the causative agents of bacterial diseases that
had plagued the world for centuries were isolated and identified.

The students of Koch and Pasteur continued to discover the cavsative agents
of diseases and new methods for diagnosis; e.g., the Widal test for typhoid fever
and the Wassermann test for syphilis made diagnosis. of these diseases accurate
and quick.

In the 1860s. while all these things were happening on the continent of
Europe, an English surgeon, Joseph Lister, was trying to combat the microbes
that caused postoperative and wound infections. Deaths from these infections
were frequent in the nineteenth century. Disinfectants as such were unknown,
but since carbolic acid would kill bacteria, Lister used a dilute =olution of this
acidl to soak surgical dressings. Wounds protected in this way did not become
infected, and healing tock place rapidly. So remarkable was Lister’s success that
the technique was quickly accepted, and this antiseptic surgicai practice estab-
lished the principles of present-day aseptic (“'without infection”) techniques.
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Table 2-1. Discovery of
Causative Agents of Micro-
bial Diseases Following Es-
tablishment of Germ Theory
of Disease

INTRODUCTION TO MICROBIOLOGY

Date Disease of Infection Causative Agent* Discoverert
1876  Anthrax Bacillus anthracis Koch
1879  Gonarrhea Neisseria gonorrhoeas Nelsser
1880  Typhoid fever Salmonelia typhi Eberth
1880  Malaria Plasmodium gpp. Laveran {C. Alphonse)
1881  Wound infections Staphylococeus aureus Ogston
1882  Tuberculosis Mycobacterium tuberculosis  Koch
1882  Glanders Pseudemonas mallei Loeffler and Schiitz
1883  Cholera Vibrio cholerae Koch
1883  Diphtheria Corynebacterium diphther- Klebs
ine
1884  Diphtheria Corynebecterium diphther- Loeffler
lae
1885  Swine erysipelas Erysipelothrix rhusiopathioe  Loefiler
1885  Tetanus Clostridium tetani Nicolaier
1886  Bacterial pneumonia Streptocaccus pneumoniae Fraenke]
1887  Meningitis Neisserio meningitidis Weichselbaum,
1887  Malta fever Brucelia spp. Bruce
1888  Equine strengles Streptococcus app. Schiitz
1888  Chancroid Hemophilus ducreyi Ducrey
1892  Gas gangrene Clostridium perfringens Welch and Nuttall
1884  Plague Yersinia pestis Kitasato and Yersin
1895  Fow! typhoid Salmonella gallinarum Moore
1896  Botulism (food poisoning)  Clostridium botulinum Van Ermengem
1897  Bang's disease Bruceila abortus Bang
(bovine abortion)
1898  Dyasentery Shigella dysenteriae Shiga
1898  Pleuropneumonia of cattle  Mycoplasma mycoides Nocard and Roux
1905  Syphilis Treponema pallidum Schaudin and
Hoffmann
1906  Whooping cough Bordetella pertussis Bordet and Gengou
1909  Rocky Mountain Rickettsia rickettsii Ricketts
spotted fever
1912  Tularemia Francisella tularensis McCoy and Chapin

* Present name of causative agent; original name, in many instances, was different.
t In some instances the Individual simply observed the causative agent; in other instances
the investigator isolated the agent in pure culture.
Microbiologists began to appear in America at the turn of the century, Some
had studied under Koch, and others had visited the Pasteur Institute or watched
Lister operate in a mist of carbolic acid vapors or a spray of bichloride of
mercury. Whether they actually received their training in the “laboratories of
the masters,” first- and second-generation bacteriologists in Europe and America
were greatly influenced by them. These Americans who actually studied under
Pasteur and Koch—William Henry Weich at Johns Hopkins, Harold Clarence
Ernst at Harvard, F. G. Novy at Michigan, and H. L. Russell at Wisconsin—were,
as P. F. Clark, longtime professor at the University of Wisconsin, said, "“respon-
sible directly or indirectly for the development of bacteriology in the United
States.” Their students and their students’ students constitute the who’s who of
those who built the science of microbiology in America.
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In sketching the history of bacteriology, it is natural to emphasize developments
that have strikingly affected the health of people. But discoveries like those of
Pasteur and Koch were almost immediately applied to the fields of agriculture -
and industry. Here we can describe only briefly a few of these applications and
the scientists who originated them.

The field of soil microbiology was opened in the late 1800s by the Russian
Sergei Winogradsky, who showed the importance of bacteria in taking nitrogen
from the atmosphere, combining it with other elements, and making it available
as plant food and hence as animal food. In 1888, the mutually beneficial, or
symbiotic, relationship between bacteria and the leguminous plants, such as
clover and alfalfa, was shown by H. Hellriegel and H. Wilfarth. In 1901, Martinus
Willem Beijerinck (1851—-1931), a famous Dutch microbiologist, found the free-
living nitrogen-fixing bacterium Azotobacter and described its usefulness in
promoting soil fertility (see Chap. 25).

Emil Christian Hansen (1842—1909), a Dane, cpened the way to the study of
industrial fermentations. He developed the pure-culture study of yeasts and
bacteria used in vinegar manufacture, and pure cultures known as starters were
soon used to encourage the study of fermentation processes. For example, L.
Adametz (1889), an Austrian, used pure cultures in cheese manufacturing, and
H. W Conn in Connecticut and H. Weigmann in Germany developed pure-
culture starters for butter production (1890-1897).

Late in the nineteenth century, T. J. Burrill, working in lilinois, found that in
pears a disease known as fire blight was caused by a bacterium. This discovery
opened a new area for microbiology, namely plant pathology—the study of plant
diseases. Additional discoveries followed. In 1886 A. E. Mayer described a
mottling disease of the tobacco plant and transmitted it to healthy plants by
transferring sap from an infected plant. About the same time, Erwin F. Smith of
the U.S. Department of Agriculture transmitted the disease peach yellows from
diseased to healthy plants by the process of budding. With such leads as these
to work on, Dmitrii Iwanowski demonstrated the viral nature of the infective
agents of these plant diseases. Transmission of virus diseases of plants by insect
was suggested by an observant Japanese farmer named Hashimoto in 1894 and
independently in 1907 by the American workers A. B. Ball, A. Adams, and J.
C. Shaw. Proof that insects could harbor viruses and transmit them from diseased
to healthy plants was not provided until 1915, by E. Smith and P. A. Bonquet.
The tobacco mosaic virus was isolated in crystalline form in 1935 by Wendell
M. Stanley and John H. Northrup. For their valuable contributions to knowledge
of the pature of viruses and the crystailization of virus protein, they were
awarded the Nobel prize in chemistry in 1946.

From these few examples we can see that the science of microbiology grew
up in less than a quarter of a century. Its early years were exciting, and by the
beginning of the twentieth century, people in the street and on the farm knew
of bacteria and were learning what these organisms could do and how they
could be controlled.

The historical events leading to the establishment of microbiology as a science
are summarized in Table 2-2.
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Tahle 2-2. A Chronological Arrangement of Events Important in the History of Microbiology

Era investigalor Contribution
1500-1600 Girolamo Fracastoro (1483-1553) Theory that invisible living seeds caused disease
1600-1700 Francesco Redi (1626-1697) Performed experiments to disprove spontaneous generation
Antony van Leeuwenhoek (1632-1723) First to observe and accurately record and report microorganisms
1700-1800 John Needham (1713-1781) Performed experiments, results supported concept of
spontaneous generation
Lazaro Spallanzani (1729-1799) Did experiments, results disproved spon‘aneous generation
Edward Jenner (1749-1823) Discavered vaccination for smallpox using cowpox vaccine
1800-1900 Theodor Schwann {1810-1882) Performed experiments, results disproved spontaneous
genaration
Franz Schultze {1815-1873) Performed experiments, results disproved spontaneous
generalion
Justus von Liebig (1803-1873) Supported concept of physicochemical theory of fermentation
Jacob Henle (1809-1885) Established principles for germ theory of disease
QOliver Wendell Holmes [1809-1894) Stressed contagiousness of puerperal fever; that agent was
carried from one mother to another by doctors
Ignez Philipp Sammelwais (1818-1865) introduced use of antiseptics
Louis Pasteur {1822-18495) Established gurm theory of fermentation and germ theory of
disease, developed immunization techniques
Florence Nightingale (1820-1910) Organized hospitals which minimized cross-infection
Jaseph Lister {1827-1912) Developed aseptic techniques; isolated bacteria in pure culture
Thomas ]. Burrill (1839-1918} Discovered bacterial disease of plants
John Tyndall (1820-1893) Developed fractional sterilization to kill spores (Tyndallization)
Fanny Hesse (18560-1934) Suggested use of agar as a solidifying material for micro-
biclogical media
Rabert Koch (1843-1910) Developed pure culture tschnique and Koch's postulates;
discovered causative agents of anthrax and tuberculosis
Paul Ehxlich (1854-1915) Developed modern concept of chemotherapy and
chemotherapeutic agents
Elie Metchnikoff {1845-1816) Discovered phagocytosis
Hans Christian Gram (1853-1933) Developed imporiant pracedure for differential staining of
bacteria, the Gram stain
Sergei N. Winogradsky {1856—1953) Discovered nitrogen-fixing bacteria in soil
William Henry Walch {1850-1934) One of first great American microbiologists: discovered relation
of clostridia to gas gangrene
Theobald Smith (1859-1934) Early American microbiologist; discoverea transmission of Texas
fever by cattle tick
19001910 Walter Reed (1851-1902) Reported transmission of yellow fever by mosquito

Jules Bordet (1870-~1961) and
Octave Gengou [1875-1957)

Discovared complement-fixation reaction
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Table 2-2. (continued)

The History of Microbiology

Era Investigator Conlribution
August von Wassermann (1866—1925) Introduced complement-fixation test for syphilis
Martinus Willem Beijerinck Utilized principle of enrichment cultures; confirmed finding of
(1851-1931} first virus '
Frederick W. Twort (1877-1950) [ Independently discovered bacteriophages, viruses that
Felix H. d’Herelle (1873-1949) destroy bacteria

Howard T. Ricketts (1871-1910) Reported Rocky Muuntain spotted fever transmitted by wood tick

and Mexican typhus transmitted by body louse

MICROBIOLOGY AND
MODERN BIOLOGY:
MOLECULAR BIOLOGY

Figure 2-8. Salvador E. Lu-
tia, Professor of Biology at
the Massachusetts Institute
of Technology. was awarded
the Nobel prize in 1969 for
his research in molecular
biology.

As new laboratory techniques and experimental procedures were developed,
our knowledge of the characteristics of microorganisms accumulated rapidly.
Extensive information about the biochemical activities ‘of microorganisms be-
came available. An analysis of the data suggested that there was much in
common among different microorganisms—the differences were likely to be
variations on a major central biochemical pathway. At about the same time there -
was a growing recognition of the unity of the biochemical life processes in
microorganisms and higher forms of life, including human beings. Consequently
it became attractive to use microorganisms as a tool to explore fundamental life
processes. Microorganisms offer numerous advantages for this kind of research:
they reproduce (grow) very rapidly, they can be cultured (grown) in small or
vast quantities conveniently and rapidly, their growth can be manipulated easily
by chemical or physical means, and their cells can be broken apart and the
contents separated into fractions of various particle sizes. These characteristics,
as well as others, make microorganisms a very convenient research model for
determining exactly how various life processes take place in terms of specific
chemical reactions and the specific structures involved. Scientists from many
disciplines recognized the usefulness of microorganisms as experimental mod-
els. Thus it was not surprising that physicists, ‘geneticists, chemists, and biol-
ogists joined with microbiologists in what is now known as molecular biolegy.
Salvador E. Luria (Fig. 2-9), professor of biology at the Massachusetts Institute




MICROBIOLOGY AND
SOCIETY

QUESTIONS

34

INTRODUCTION TO MICROBIOLOGY

of Technology and one of the major contributors to this field, defines molecular
biology as follows:

It is the program of interpréting the specific structures and functions of organisms
in terms of molecular structure.

The results and rewards from this field of research have been spectacular. The
contributions include elucidation of enzyme structure and mode of action,
cellular regulatory mechanisms, energy metabolism, protein synthesis, structure
of viruses, function of membranes, and the structure and function of nucleic
acids (including DNA). Most of the basic knowledge about DNA and genstic
processes at the molecular level has been obtained through research with bac-
teria and bacteriophages (viruses that infect bacteria). The significance of these
discoveries in molecular biology to all of biology is underscored by the fact that
numerous Nobel prizes have been awarded to researchers for their work in this
field. :

From the foregoing account it is clear that microbiology has become increasingly
important to our society, and microbiology has emerged as one df the most
important branches of the life sciences. Microbiologists have made significant
contributions to basic biological sciences as well as in the applied areas of
public health and medical sciences, agriculture, industry, and environmental
sciences.

The most dramatic current development in applied microbiology is the ability
to alter an organism’s genetic makeup, commonly referred to as genetic engi-
neering. The detailed knowledge that has been ebtained about the structure and
function of DNA, together with the discovery of enzymes that “cut, unzip, or
rebuild” the molecule, has madea it possible to alter the DNA structure of

microorganisms. New pieces of DNA can be inserted into a DNA molecule in a’

process called recombination. Thus a microorganism can be engineered, through
modification of its DNA, to produce new substances, such as human proteins.
Bacteria have been genetically modified to produce human insulin and intet-
feron, for example. Genetically engineered microorganisms hold great potential
for the production of drugs and vaccines, for improvement of agricultural crops,
and for other products and processes.

1 Why was the belief in spontaneous generation an obstacle to the develop-
ment of the science of microbiology? What is the relationship between the
germ theory of fermentation and the germ theory of disease?

2 What is meant by the pure-culture concept? Does it exist in natural enviran-
ments? Explain. _

3 How did Leeuwenhoek’s work influence the contributions of Pasteur and
Koch?

4 In what way are the contributions of Ehrlich and Fleming related?

5 In what way did Koch’s postulates influence the development of microbi-
ology?
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6 Why is the period 1880-1900 significant for the emergence of microbiology
as a science?

7 Why was the introduction of the use of agar important to microbioilogy?

8 For what contribution to microbiology is each of the following remembered:
(a) H. W. Conn, {b) Erwin F. Smith, (c) Emil Christian Hansen, and (d) T. J.
Burrill?

9 Name an important contribution to microbiology made by each of the fol-
lowing: (@) Tenner, (b) Metchnikoff, {c) Lister, and (d) Welch.

10 Describe the process of phagocytosis.

11 How did Ehrlich’s concept of disease differ from the phenomenon of phag-
ocytosis?

12 Many researchers in the biclogical sciences use microorganisms as a model
system to explore life processes. Explain why this is so.

13 For what contributions are the following microbiologists remembered: (a}
Winogradsky, (b) Hellriegel and Wilfarth, and (c) Beijerinck?

14 List some of the applied fields of microbiology and make a general statement
of the importance of microorganisms in each field.

15 What, in your judgment, were the five most important major discoveries
between 1800 and 1900 which contributed to the establishment of micro-
biology as a science?

16 Prior to the 1930s universities and colleges had departments of bactericlogy.
Since that time there has been a shift toward a change in name to depart-
ments of microbiology. What is the explanation for this change?
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Chapter 3

OUTLINE

The Characterization, Classification,
and Identification of Microorganisms

Major Characteristics of Microorganisms
Morphological Characteristics » Chemical Characteristics » Cultural Characteristics
+ Metabolic Characteristics ¢ Antigenic Characteristics » Genetic Characteristics e
Pathogenicity « Ecological Characteristics

Microbial Classification, Nomenclature, and Identification
Classification * Nomenclature » Identification » The Past and Present State of
Bacterial Taxonomy

Characterization. classification. and identificalion are major objectives in all
branches of the biological sciences.

Classification is a means of bringing order to the bewildering variety of or-
ganisms in nature, Once we learn the characteristics of an organism e can
compare il with other organisins to discover similarities and differences. The
human mind tends te arsange similar things tugether in groups and to distin-
guish these grmups from one snother

In order to identify and classify microorganisms, we must first learn their
characteristics, It is usually not feasible 1o study the characleristics of a single
microorganism, beeause of its small size: therefore, we study the characteristics
of a culture—a population of microorganisms, [f we study the characieristics of
o culture containing manv microorganisms (usually millions or billions of cells
of only one kind). it is as if we are studyving the characieristics of a single
organism.

As stated earlier. a culture that consists of a single kind of microorganism
[one living species). regardless of the number of individuals. in an environment
frec of other living organisms is called a pure culture. (Strictlv speaking. this is
an axenic culture: however, microbiologists customarily refer ta such a culture
as a pure culture. In the strict. technical sense a pure culture is one grown from
a single cell.}

Determining the characteristics of microorganisms is not only prerequisite for
classificalion but is dune for other reasons as well. As we have already pointed
out, microorganisms play many important. indeed essential, roles in nature. It
is thercfore desirable to determine the characteristics of species that enable
these activities to oceur.
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The major characteristics of microorganisms fall into the following categories:

1 Morphological characteristics. Cell shape, size, and structure; cell arrangement;
occurrence of special structures and developmental forms; staining reactions; and
motility and flagellar arrengement

2 Chemical composition. The various chemical constituents of the cells

3 Culturel characteristics. Nutritional requirements and physical conditions re-
quired for growth, and the manner in which growth occurs

4 Metabolic characteristics. The way in which cells obtain and use their energy,
carry out chemical reactions, and regulate these reactions

5 Antigenic characteristics. Special large chemical components (antigens) of the
cell, distinctive for certain kinds of microorganisms

6 Genelic characteristics. Characteristics of the hereditary material of the cell
(deoxyribonucleic acid, or DNA); and occurrence and function of other kinds of
DNA that may be present, such as plasmids

7 Pathogenicity. The ability to cause disease in various plants or animals or even
other microorganisms

8 Ecological characteristics. Habitat and the distribution of the organism in nature
and the interactions between and among species in natural environments

Unlike ather kinds of microbial characteristics, determination of morphological
features usually requires studying individual cells of a pure culture. Microor-
ganisms are very small and their size is usually expressed in micrometers (pm).
One pm is equivalent to 0.001 millimeter (mm) or about 0.00004 in; conse-
quently, routine examination of microbial cells requires the use of a high-power
microscope, usually at a magnification of about 1,000 diameters.

The use of electron microscopy provides magnification of thousands of di-
ameters and makes it possibie to see fine details of cell structure. Numerous
techniques are available for the microscopic examination of microorganisms.
The technique selected depends upon the information which is being sought.
Some of the techniques are described in Chap. 4.

Microbial cells consist of a wide variety of organic compounds. When cells are
broken apart and their components subjected to chemical analysis, each kind
of microorganism is found to have a characteristic chemical composition. Both
qualitative and quantitative differences in composition occur among varicus
specigs. For example, the occurrence of lipopolysaccharide in cell walls is
characteristic of Gram-negative bacteria but not Gram-positive bacteria; on the
other hand, many Gram-positive bacteria have cell walls that contain teichoic
acids, compounds not found in Gram-negative bacteria. Fungal and algal cell
walls are very different in composition from those of bacteria. A major distinc-
tion among viruses is made on the basis of the kind of nucleic acid they possess,
namely ribornucleic acid (RNA) or deoxyribonucleic acid (DNA).

Each kind of microorganism has specific growth requirements. Many microor-
ganisms can be grown in or on a culturc medium (a mixture of nutrients used
in the laboratory to support growth and multiplication of microorganisms).
Some microorganisms can grow in a medium containing only inorganic com-
pounds, whereas others require a medium containing organic compounds
(amino acids, sugars, purines or pyrimidines, vitamins, or coenzymes). Some
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require complex natural substances {peptone, yeast attolysate, blood cells, or
blood serum), and some cannot as yet be grown in an artificial laboratory
medium and can be propagated only in a living host or living cells. For example,
rickettsias require a host in which to grow, such as an animal, a fertilized chicken
egg (chick embryn), an arthroped, or a culture of mammalian tissue cells. The
host serves as a very complex “medium” for such nutritionally demanding
micreorganisms.

In addition to specific nutrients, each kind of organism also requires specific
physical conditions for growth. For example, some bacteria grow best at high
temperatures and cannot grow below 40°C; others grow best in the cold and
cannot grow above 20°C; still others, such as bacteria pathogenic to humans,
require a temperature close to that of the human body {i.e., 37°C). The gasecus
atmosphere required for growth is also important; for instance, some bacteria
require oxygen for growth; oxygen is lethal to others and they can grow only in
its absence. Light may be another important physical condition: certain bacteria,
such as cyanobacteria, require light as a source of energy, whereas others may
be indifferent to light or may even find it deleterious to their growth.

Each kind of microorganism grows in a characteristic manner. For example,
growth in a liguid medium may be abundant or sparse; it may be evenly

-dispersed throughout the medium, or it may occur only as a sediment at the

bottom or only as a thin film or pellicle at the top. On solid media, microbes
BIOW 88 .olonies—distinct, compact masses of cells that are macroscopically
visible. Colonies are characterized by their size, shape, texture, consistency,
color, and other notable features.

The life processes of the microbial cell are & complex integrated series of
chemical reactions collectively referred to as 1, .y.holism. The variety of these
reactions affords many opportunities to characterize and differentiate various
groups of microorganisms. For instance, some organisms may obtain energy by
absorbing light, others by oxidizing various organic or inorganic compounds,
and others by redistributing the atoms within certain molecules so that the
molecules become less stable. Organisms also differ in the ways in which they
synthesize their cell components during growth. The various chemical reactions
of an organism are catalyzed by proteins called enzymes, And the complement
of enzymes possessed by one kind of organism, as well as the ways in which
those enzymes are regulated, can differ significantly from that of other organ-
isms.

Certain chemical compounds of microbial cells are called antigens, Antigenic
characterization of a microorganism has great practical importance. If microbial
cells enter the animal body, the animal responds to their antigens by forming
specific blood serum proteins called 3 (ipodies, Which bind to the antigens.
Antibodies are highly specific for the antigens that induce their formation.
Because different kinds of microorganisms have different types of antigens,
antibodies are widely used as tools for the rapid identification of partlcular
kinds of microorganisms.

The numerous applications of antigen-antibody reactions will be dlscussed
in detail in Chap. 34. For the present this might be explained as a “'lock and
key system.” Because of the highly specific nature of the reaction, if we know
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the identity of one part of the system (antigen or antibody) we can identify the:
other. For example, if we take typhoid bacterium antibody and mix it with a
suspension of unknown bacterial cells, and a positive reaction occurs, we can
conclude that the cells are those of the typhoid erganism. If no reaction occurs,
then these bacterial cells are of some species other than the typhoid bacterium.

The double-stranded chromosomal DNA of each kind of microorganism has
certain features that are constant and characteristic for that organism and useful
for its classification: :

1 DNA base composition. It is important to note that the DNA molecule is made
up of base pairs: guanine-cytosine and adenine-thymine. Of the total number of
nucleotide bases present in the DNA, that percentage represented by guanine plus
cytosine is termed the moles % G + C value (or more briefly, mol% G + C).
Values for various organisms range from 23 to 75. Some examples are listed in
Table 3-1.

2 The sequence of nucleotide bases in the DNA. This sequence is unique for each
kind of organism and is the most fundamental of all the characteristics of an
organism; consequently, it has great significance for microbial classification.

In addition to chromosomal DNA, plasmid DNA may sometimes be present
in microbial cells. Plasmids are circular DNA molecules that are capabie of
autonomous replication within bacteriyl cells, and their presence can confer
special characteristics on the cells that contain them, such as the ability to make
toxins(ioxigenicity), to become resistant to various antibiotics, or to use unusual
chemical compounds as nutrients.

The ability to cause disease, or pathogenicity, of some microorganisms is cer-
tainly a dramatic characteristic and it stin.alated much of the early work with
microorganisms. Although we now know that relatively few species of micro-
organisms cause disease, certain microorganisms are pathogenic for animals or
plants, and some microorganisms may cause disease in other microorganisms.

Species Mules % G + C Content of DNA
Azospirillum brasilense 70-71
A. lipoferum 69-70
Campylobacter fetus 32-35
C. jejuni 31
Klebsiella pneumoniae 56-58
K. terrigena 57
Neisseria gonorrhoeae 50-53
N. elongata 53-54
Pseudomonas aeruginosa 67
P. cichorii 59
Wolinella recta 4246
W. succinogenes 46—49

source: Krieg, N. R. {ed.), Bergey’s Manual of Systematic Bacterielogy, vol, 1, Williams &
Wilkins, Baltimore, 1984.
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For example, bacteria known as bdeliovibrios are predatory on other bacteria,
and viruses called bacteriophages can infect and destroy bacterial cells.

The habitat of a microorganism is important in characterizing that organism.
For example, microorganisms normally found in marine environtnents generally
differ from those in freshwater environments. The microbial population of the
oral cavity differs from that of the intestinal tract. Some kinds of micreorganisms
are widely distributed in nature, but others may be restricted to a particular
environment. The relation of an organism to its environment is often complex
and may involve special characteristics of the organism that are not yet known.

Once the characteristics of microorganisms have been determined and appro-
priately catalogued, the process of classification can begin.

In microbiology, taxa are initially constructed from strains. A strain is made up
of all the descendents of a pure culture; it is usually a succession of cultures
derived from an initial colony. Each strain has a specific history and designation.

For example, strain ATCC 19554 is a strain of spirilla isolated originally from
pond water in Blacksburg, Virginia in 1965 by Wells and Krieg, and cultures of
this strain are maintained at the American Type Culture Collection {ATCC),
Rockville, Maryland. Cultures of the same species that were isolated from other
sources would be considersd different strains.

The basic taxonomic group (taxon) is the species.je,, .a collecnon of strains
having similar characteristics. Bacterial species consist of a special strain called
the type strain together with all other strains that are considered sufficiently
similar to the type strain as to warrant inclusion in the species. The type strain
is the strain that is designated to be the permanent reference specimen for the
species. Unfortunately, it is not always the strain that is most typical of all the
strains included in the species, but it is the strain to which-all other strains
must be compared to see if they resemble it closely enough to belong to the
species. Therefore, type strains are particularly important and special attention
is given to their maintenance and preservation, particularly by national reference
collections such as the ATCC in the United States or the National Collection of
Type Cultures in England. Many other culture collections are maintained
throughout the world.

In the definition just given for a bacterial species, the phrase “censidered
sufficiently similar to the type strain’’ indicates that the definition contains an
element of subjectivity. In other words, the criteria which one taxonomist be-
lieves to constitute “sufficient similarity” may be quite different from those
used by another taxonomist. At present there are no specific criteria for a
bacteria! species that are universally accepted. However, certain criteria based
on DNA homology experiments (described later in this chapter) are probably
more widely accepted today than any others and eventually may lead to a
unifying concept for defining a species.

Just as a bacterial species is composed of a collection of similar strains, a
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bacterial8#nus is composed of a collection of similar species. One of the species
is designated thetYpe species. and this serves as the permanent example of the
genus; that is, other species must be judged to be sufficiently similar to the type
species to be included with it in the genus. Unfortunately, there is even less
agreement about the criteria for a bacterial genus than there is for a bacterial
species.

Taxonomic groups of higher rank than yenus are listed below, and the same
considerations about subjectivity apply here as well:

Family A group of similar genera
Order A group of similar families
Class A group of similar orders
Division A group of similar classes
Kingdom A group of similar divisions

Taxonomists strive to make classifications that have the following two qualities:

1 Stabiiity. Classifications that are subject to frequent, radical changes lead to
canfusion. Every attempt should be made to devise classifications that need only
minor changes as new information becomes available.

2 Predictability. By knowing the characteristics of one member of & taxonomic
group, it should be possible to assume that the other members of the same group
probably have similar characteristics. If this cannot be done, the classification has
little value.

Three methods are used for arranging bacteria into taxa:

The Imtuitive Method. A microbiologist who is thoroughly familiar with the
properties of the organisms he or she has been studying for several years may
decide that the organisms represent one or more species or genera. The trouble
with this method is that the characteristics of an organism that seem important
to one person may not be so important to another, and different taxonomists
may arrive at very different groupings. However, some classification schemes
based on the intuitive method have proved to be quite useful,

Numerieal Taxomomy. In an effort to be more objective about grouping bacteria,
a scientist may determine many characteristics (usually 100 to 200) for each
strain studied, giving each characteristic equal weight. Then using a computer
he ar she calculates the % similarity (%S) of each strain to every other strain.
For any two strains, this is:

NS

"= Ns+ND

where NS is the number of characteristics that are the same (positive or negative)
for the two strains, and ND is the number of characteristics that are different.
(The method is sometimes made more rigarous by making NS equal to the
number of positive characteristics that are the same for the two strains, since
what organisms ‘can do may be more important than what they cannot do.)
Those strains having a high %5 to each other are placed into groups; those
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Figure 3-1. Diagram show-
ing the arrangement of 83
strains of oxidase-positive,
vibriolike bacteria according
te a numerical taxonomic
study. Some of the resulting
groups represent species
(e.g., Vibrio metschnikovii,
V. cholerae, etc.}; others are
designated only by vernacu-
lar names (Marine vibrios,
Group D, etc.). Courtesy of J.
V. Lee, T. J. Donovan, and
A. L. Furniss, Int ] Syst Bac-
teriol 28:99-111, 1978.}
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groups having a high %3 to each other are in turn placed into larger groups,
and so on (see Fig. 3-1). The degree of similarity needed to rank a group 4s a
species, genus, or other taxon is a matter of judgment on the part of the taxon-
omist. This method of classification has great practical usefulness as well as
being relatively unbiased in its approach; it also yields classifications that have
a high degree of stability and predictability.

Genetic Relatedness. The third and most reliable method of classification ig
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Figure 3-2. Schematic dia{ :
gram illustrating the basic
principle behind DNA ho-
mology experiments.
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based on the degree of genetic relatedness between organisms. This method is
the most objective of all and is based on the most fundamental aspeci of organ-
isms, their hereditary material (DNA). In the 1960s the development of that
branch of science known as molecular biclogy provided techniques by which
the DNA of one organism could be compared with that of other organisms. At
first only crude comparisons could be made, based on mel% G + C values. It
is true that two organisms of the same or similar species that are very closely
related will have very similar mol% G + C values, and it is also true that twe
organisms having quite different mol% G + C values are not very closely related.
However, it is important to realize that organisms that are completely unrelated
may have similar mol% G + C values. Therefore, much more precise methods
of comparison were needed—namely, methods by which the DNA molecules
from various.organisms could be compared with respect to the sequence of their
component nucleotides. This sequence is the most fundamental characteristic
of an organism. Modern techniques have now made it possible to make such a
comparison. The basic principles can be described briefly as follows:

1 DNA homelogy experiments. The double-stranded DNA molecules from two
organisms are heated to convert them to single strands. The single strands from
one organism are then mixed with those from the other organism and allowed to
cool. If the two organisms are closely related, peteroduplexes Will form. In other
words, a strand from one organism will pair with a strand from the other organism
{see Fig. 3-2). If the two organisms are not closely related, no heteroduplexes will
form. This method is most useful at the species level of classification.
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2 Ribosomal RNA homology experiments and ribosomal RNA oligonucleotide
cataloging. Two organisms may not be so closely related as to give a high level
of DNA homology, yet they may still have some degree of relatedness. Ribosomes,
the small granular-appearing structures within the cell which manufacture pre-
teins, are composed of proteins and RNA. The ribosomal RNA (rRNA) is coded
for by only a small fraction of the DNA molecule, the rRNA cistrons. In all bacteria
so far studied, the nucleotide sequence of thess TRNA genes has been found to be
highly conserved; that is, during evolution, the nucleotide sequence has changed
more slowly than that of the bulk of the DNA molecule. This means that even if
two organisms are only distantly related and show no significant DNA homology,
there still may be considerable similarity in the nucleotide sequences of their
rRNA cistrons. The degree of similarity that exists can therefore be used as a
measure of relatedness between organisms, but at a level beyond that of species
{at the level of genus, family, order, etc.). RNA homology experiments and RNA
oligonucleotide cataloging are twe modern methods-used to determine the degree
of similarity between the rRNA cistrons of different organisms. The techniques
are complax and are being used by only a few laboratories.

Classifications based on genetic relatedness come the closest to achieving the
taxonomic goals of stability and predictability. Moreover, the data obtained for
such classifications allow microbiologists to infer the way in which bacteria
have evolved, so that the present-day bacterial genera and species can be ar-
ranged in a hierarchy that reflects their ancestral relationships, i.e., in a. phylo-
genelic classification. Much of the work is still fragmentary, but some of the
results, especially those obtained by Dr. C. R. Woese-of the University of [Hinois
and his colleagues, have already revolutionized current thinking about how
bacteria have evolved and how they are related to one another. In fact, it is now
apparent that present-day bacteria evolved by at least two very different major
routes from an early ancestral form and that they now comprise two very large
groups: the eubacteria (which are the traditional, familiar ones that have re-
ceived the most study) and the archaeobacteria (consisting of methane-produc-
ers, extreme halophiles, and thermoacidophiles). It has been proposed that these
twao groups be considered as two separate kingdoms of life, and, indeed, they
do seem as distantly related to each other as they are to eucaryotic organisms.
Although the kingdom question is still debatable, data obtained from rRNA
oligonucleotide cataloging nevertheless make it clear that the archaeobacteria
are separated from other bacteria by a great phylogenetic gulf (see Fig. 3-3).

Each species of microorganism has only one officially accepted name, by inter-
national agreement. This system provides for precise communication. If an
organism were to be called Escherichia coli in one country end Coprobacterium
intestinale in another, chaos would result. It would be difficult to know that
the same orgenism was being studied.

The name of a species is merely a convenient label. It is not necessarily even
descriptive, although some names are. For example, Micrococcus Iuteus means
“yellow berry” in Latin, and Preieus vulgaris is Latin for “common organism
of many shapes.”” Some species are named after persons: for example, Esche-
richia coli—the organism of the colon. named. after Theodor Escherich (a
German bacteriologist): or Clostridium barkeri—the spindle-shaped organism,
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based on tRNA aligonucleo-
tide cataloging. The ar-
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named after H. A. Barker (an American biochemist). Some names are even
nonsensical [e.g., Runella slithyformis—*'the organism whose shape resembles
runes (characters of an ancient alphabet) and which is slithy,” the latter term
being taken from Lewis Carroll’s poem “Jabberwocky’” from Alice in Wonder-
land]. The important point is that names are only convenient designations. For
example, instead of referring to “the rod-shaped, acid-fast bacterium that is
slow-growing, is stimulated by glycerol, causes pulmonary tuberculosis in hu-
mans, is spread mainly by airborne droplets, forms buff-colored colonies, syn-
thesizes niacin, reduces nitrate to nitrite, and is pathogenic for guinea pigs,” it
is much more convenient simply to say “Mycobacterium tuberculosis.”
Although it might seem that microbial names could bs constructed aimost at
random, the fact is that certain rules must be followed. Bacteria, for example,
are named according to rules set down in the International Code of Nomencla-
ture of Bacteria; other codes govern the naming of algae, fungi, and viruses.
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One rule in bacteriological nomenclature is that a name must be written as a
Latin or latinized binomial {two words) and must follow certain rules of Latin
grammar. The first word in the binomial is the gepus name and is always
capitalized. The second word is the specific epithet and is never capitalized.
Both the genus name and specific epithet are given in italics (or underlined,
which means “‘italics” to a printer). Bacteria are sometimes referred to by com-
mon or colloguial names, which have no official standing in nomenclature and
are never italicized {for example, the “‘colon bacillus,” which is E. coli, ar the
“tubercle bacillus,” which is M. tuberculosis). Such names do not lead to precise
communication; for instance, many bacteria occur in the colon besides E. coli,
and other organisms besides M. tuberculosis can cause tuberculosis.

Those bacterial names which have official standing in microbiology were
published in the Approved Lists of Bacterial Names in January, 1980. Any new
or additional names must be published in the International Journal of System-
atic Bacteriology in order to achieve official recognition.

The International Code of Nomenclature of Bacteria was developed with
reference to the much earlier established International Codes of Zoological and
Botanical Nomenclature, All of these codes incorporate certain common prin-
ciples as listed below.

1 Each distinct kind of organism is designated as a species.

2 The species is designated by a Latin binomial to provide a characteristic inter-
national label {binomial system of nomenclature).

Regulation is established for the application of names.

A law of priority ensures the use of the oldest available legitimate name.
Designation of categories is required for classification.of organisms.
Requirements are given for effective publication of new specific names, as well
as guidance in coining new names.

oW W

An organism must be classified before it can bejidentified —that is, given a name.
This is true sven if the classification is merely the recognition that the organism
is different from any known organism. (For example, this occurred with the
Legionnaires' disease agent, which caused the famous pneumonia epidemic in
1976 in Philadelphia; this organism was unlike bacteria of any established
species; it has now been classified in 2 new bacterial genus, Legionella, and has
been assigned the species name L. pneumophila.} Once an organism is classified,
a few of its characteristics are selected by which it can be identified by other
microbiclogists. In order to be useful for identification, the combinaticn of
characteristics chosen must occur only in that particular kind of organism and
in no other. The characteristics ¢hosen should also be ones that are easy to
determine, such as shape, staining reactions, and sugar fermentations. For ex-

. ample, DNA homology experiments, while very useful for classifying an organ-

ism, would be quite unsatisfactory for the routine identification of an organism
because of the complexity of the procedure.

Many identification schemes are in the form of keys, which give identifying
characteristics arranged in a logical fashion.1dentification tables are also useful
and generally contain more characteristics than do keys, with the information
arranged in an easy-to-read, summarized form.
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The first classification scheme for bacteria was published in 1773, and many
more have appeared since. The early schemes were based only on morphological
characteristics, but as the science of microbiology developed, other kinds of
characteristics bacame increasingly important for classifications. Each succes-
sive classification scheme reflected the level of knowledge available &t the time,
and this continues to be true. Even present arrangements of bacteria are only
provisional, subject to modification or replacement as new information appears.

Many classification schemes presently exist, but most cover only one or a few
groups of bacteria. One classification scheme is unigue, however, because of its
broad scope and wide acceptance: Bergey's Manual of Determinative Bacteri-
ology. This international reference work not only provides descriptions of all
established genera and species of bacteria, but it also provides a practical ar-
rangement of these taxa that is useful for their identification, together with
appropriate keys and tables. Eight editions of Bergey's Manual have appeared
since 1923, and a new edition is now in preparation, part of which has already
been published. The title has been changed to Bergey’s Manual of Systematic
Bacteriology to reflect an increased coverage of bacterial characterization, clas-
sification, and taxonomic problems, in addition to the identification aspects.
Bergey's Manual is written by hundreds of authors from around the world, each
an authority on a particular bacterial group.

The arrangement of bacterial taxa in the new edition of Bergey’s Manual is
mainly along traditional, practical lines. Each volume is divided into a number
of sections, each bearing a vernacular name such as “The Spirochetes or " Gram-
Negative Anaerobic Cocci” rather than a formal taxonomic name. The emphasis
is largely on genera and species and, because of the present incomplets and
fragmentary understanding of the real relationships that exist among bacteria,
no attempt is made to adhere to any comprehensive, formal taxonomic hierarchy,
The present classification scheme has considerable practical value, but the
editorial board of Bergey’s Manual regards it only as an interim arrangement
that must eventually give way to a new, general, comprehensive classification
scheme based on genetic relatedness. This is expected to provide greater stability
and predictability, to lead to improved identification schemes, and o aid our
understanding of the origin of present-day genera and species.

1 Define the following terms:

Classification Taxon
Nomenclature Taxa
Identification Bacterial strain
Pure culture Bacterial species
Mol% G + C %S
Phylogenetic Bergey’s Manual

2 Why is it essential to classify microorganisms and what must be done before
they can be classified?

3 List and describe briefly the major kinds of microbial characteristics and indicate
thoss that must be determined-by examination of individual cells.

4 Why is the type strain the most important strain in a bacterial species?

5 Explain the subjectivity that exists in the definition of a bacterial species.
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6 (a) If two microorganisms have an identical mol% G '+ C valiie for their DNA,
are they necessarily related? Explain.

(b) 1f two microorganisms have very different mol% G + C values for their DNA,
are they necessarily unrelated? Explain.

7 In DNA homology experiments, we directly compare the entire genome (all the
DNA) of one organism with that of another organism. What are we comparing
when we do rRNA homology experiments or tRNA oligonucleotide cataloging?

8 What advantages do rRNA homology experiments and rRNA oligonucleotide
cataloging offer compared to DNA homology experiments?

8 What is the reason that each taxon has only one officially recognized name?

10 What function does the name of a bacterial species serve?

11 Give an example of a bacterial name and write it in its proper form.

12 What makes Bergey’s Manual unique among microbiological publications?

13 ‘What is the present philosophy of the editorial board of Bergey's Manual toward
bacterial classification and what sorts of changes may occur in future editions?
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Microscopes and Micrascopy

Bright-Field Microscopy » Dark-Field Microscopy * Fluorescence Microscopy *
Phase-Contrast Microscopy * Transmission Electron Microscopy ¢ Scanning Elec-
tron Microscopy

Limitations of Electron Micrascopy

Preparations for Light-Microscope Examinations
The Wet-Mount and Hanging-Drop Technigues » Fixed, Stained Smears

The microscope is the instrument most characteristic of the microbiology lab-
oratory. The magnification it provides enables us to sce microorganisms and
their structures otherwise invisible to the naked eye. The magnifications attain-
able by microscepes range from X100 10 X400,000. In addition, several differant
kinds of microscopy are available, and many techniques have been developed
by which specimens of microorganisms can be prepared for examination. Each
type of microscopy and each method of preparing specimens for examination
offers advantages for demonstration of specific morphological features. In this
chapter we shall describe sume of the microbiologists’ methods for ohserving
the morphological characteristics of microorganisms. The techniques used to
make these examinations are provided in the laboratory manual.

Microscopes are of two categories, light (or optical) and electron, depending
upon the principle on which magnification is based. Light microscopy, in which
magnification is obtained by a system of optical lenses using light waves, in-
cludes: (1) bright-field, {2} dark-field, (3) fluorescence. and (4) phase-contrast
microscopy. The electron microscope, as the name suggests, uses a beam of
electrons in place of light waves to produce the image. Specimens can be
examined by either transmission or scanning electron microscopy.

In a first microbiology course, students perform most of their examinations,
if not all, with the bright-field microscope. This is the most widely used instru-
ment for routine microscopic work. The other types of microscopy are used for
special purposes or research investigations. However, students should be ac-
quainted with their applications, since each has some unique feature that is
useful for demonstrating particelar structures of the cell.

Figure 4-1. A stained preparation of bacteria as seen by bright-field microscopy.
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Figure 4-2. The student microscope. (A) Identification of parts. (B) Cutaway sketch
of student microscope showing optimal parts and path of light. (Courtesy of Carl
Zeiss, New York.}

In bright-field microscopy, the microscopic field (the area observed) is brightly
lighted and the microorganisms appear dark because they absorb some of the
light. Ordinarily, microorganisms do not absorb much light, but staining them
with a dye greatly increases their light-absorbing ability (Fig. 4-1), resulting in
greater contrast and color differentiation. The optical parts of a typical bright-
field microscope and the path the light rays follow to produce enlargement, or
magnification, of the object are shown in Fig. 4-2. Generally microscopes of this
type produce a useful magnification of about X1,000 to X2,000. At magni-
fications greater than X2,000 the image becomes fuzzy for reasons we will
explain now.

The basic limitation of the bright-field microscope is one not of magnification
but ofresolving power. the ability to distinguish two adjacent points as distinct
and separate. Mere increase in size (greater magnification) without the ability
to distinguish structural details (greater resolution) is not beneficial. To state it
differently, the largest magnification produced by a microscope may not be the
most useful because the image obtained may be unclear or fuzzy. The more lines
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Figure 4-3. The relationship between angular aperture and resolution. (A) A nar-
row cone of light enters the low-power objective; the total angle is 64°, 8 is 32°,
and the numerical aperture (N.A.} is 0.6. (B) A substage condenser increases the
size of the cone of light to 96° 8 is 48°, N.A. is 0.8. (C) With the oil-immersion
objective, the size of the cone of light is increased to 116° 6 is 58°, N.A. is 1.3.
The refractive index (n) for air is 1.0; for oil, 1.3. The resolution of the lens sys-
tem, as described in the text, increases as the numerical aperture increases. (From
P. Gray, Handbook of Basic Microtechnique, McGraw-Hill, New York, 1964.)

or dots per unit area that can be seen distinctly as separate lines or dots, the
greater is the resolving power of the microscope system. The resolving power
of a microscope is a function of the wavelength of light used and the numerical
aperture (NA) of the lens system.

Numerical Aperture The arngle 6 subtended by the optical axis and the outermost rays still covered
by the objective is the measure of the aperture of the objective; it is the half-
aperture angle [Fig. 4-3). The magnitude of this angle is expressed as a sine
value. The sine value of the half-aperture angle multiplied by the refractive
index n of the medium filling the space between the front lens and the cover
slip gives the numerical aperture (NA): NA = nsin @

With dry objectives the value of n is 1, since 1 is the refractive index of air.
When immersion oil is used (Fig. 4-3) as the medium, n is 1.56, and if 0 is 587,
then

NA = nsin 8 = 1,56 X sin 58° = 1.56 x 0.85 = 1.33

The degree to which microscope objectives can be altered to increase the NA
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is limited: the maximum NA for a dry objective is less than 1.0, and oil-
immersion objectives have an NA value of slightly greater than 1.0 (1.2 to 1.4).
The wavelength of light used in optical microscopes is also limited; the visible
light range is between 400 nm (blue light) and-700 nm (red light), or 0.4 pm to
0.7 pm. (The abbreviation nm stands for nanometer and is equal to 0.001 pm,
or 107%m.)

Thus it is apparent that the resolving power of the optical microscope is
restricted by the limiting values of the NA and the wavelength of visible light.

The limit of resolulion is the smallest distance by which two objects can be
separated and still be distiriguishable as two separate objects. The greatest
resolution in light microscopy is obtained with the shortest wavelength of
visible light and an objective with the maximum NA. The relationship between
NA and resolution can be expressed as follows:
A

d=Na
where d = resolution and A = wavelength of light. Using the values 1.3 for NA
and 0.55 um, the wavelength of green light, for A, resolution can be calculated
as

0.55

d=72%130

= 0.21 pm

From these calculations we may conclude that the smallest details. that can
be seen by the typical light microscope are those having dimensions of approx-
imately 0.2 pm.

Magnification beyond the resolving power is of no value since the larger image
will be less distinct in detail and fuzzy in appearance. The situation is analogous
to that of a movie screen: if we move closer to the screen the image is larger
but is also less sharp than when viewed at a distance.

Most laboratory microscopes are equipped with three objectives, each capable
of a different degree of magnification. These are referred to as the oil-immersion,
high-dry, and low-power objectives. The primary magnification provided by
each objective is engraved on its barrel. The total magnification of the system
is determined by multiplying the magnifying power of the objective by that of
the eyepiece. Generally, an eyepiece having a magnification of X10 is used,
although eyepieces of higher or lower magnifications are available.

The effect produced by the dark-field technique is that of a dark background
against which objects are brilliantly illuminated. This is accomplished by equip-
ping the light microscope with a special kind of condenser that transmits a
hollow cone of light from the source of illumination, as shown in Fig. 4-4. Most
of the light directed through the condenser does not enter the objective; the
field is essentially dark. However, some of the light rays will be scattered
(diffracted) if the transparent medium contains objects such as microbial cells.
This diffracted light will enter the objective and reach the eye; thus the object

or microbial cell, in this case, will appear bright in an otherwise dark micro-
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Figure 4-4. Path of light
through a dark-field micro-
scope system. Note that
only those light waves
which strike an object in the
microscopic field are “bent’’
toward the observer’s eye.
(Erwin F. Lessel, illustrator.}

Figure 4-5. Dark-field and
bright-field microscopy. The
appearance of a white blood
cell {(eosinophil) surrounded
by red blood cells, as
viewed by {A) dark-field
and (B) bright-field micros-
copy. (From Scope, courtesy
of The Upjohn Company.} x

Fluorescence
Microscopy

INTRODUCTIOX TC MICROBICLOGY

scopic field {Fig. 4-5). Dark-field microscopy is particularly valuable for the
examination of unstained microorganisms suspended in fluid—wet-mount and
hanging-drop preparations.

Many chemical substances absorb light. After absorbing light of a particular
wavelength and energy, some substances will then emit light of a longer wave-
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allows only
blue light 1o pass

White
light

Blue light

Mercury
arc Lamp

Specimen stained with
fluprescent dye
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Eye

S

e

7~ ~Green light only .
Barrier filter (blocks Figure 4-6. The special features of fluorescence

+——out blue light but microscopy. A high-intensity mercury lamp is
i Itf_'fog;ﬁ" light used as the light source and emits white light.

The exciter filter transmits only blue light to the
specimen and blocks out all other colors. The
blue light is reflected downward to the speci-
men by a dichroic mirror {(which reflects light of
certain colors but transmits light of other
Green iight colors). The specimen is stained with a fluores-
|| phus residual cent dye: certain portions of the specimen retain
blue light the dye, others do not. The stained portions ab-

. Dichroic mirror

| sorb blue light and emit green light, which

passes upward, penetrates the dichroic mirror,
and reaches the barrier filter. This filter allows
the green light to pass to the eye; however, it
blocks out any residual blue light from the spec-

femits green light o imen which may not have been completely de-
flected by the dichroic mirror. Thus the eye per-

e ceives the stained portions of the specimen as

The Fluorescent Antibody
Technique—Immunofluo-
rescence

glowing green against a jet black background,
¢ whereas the unstained portions of the specimen

are invisible. (Erwin F. Lessel, illustrator. )
length and a lesser energy content. Such substances are called fygrescent 2and
the phenomenon is termed flygrescence. APplication of this phenomenon is the
basis of flucrescence microscopy. In practice, microorganisms are stained with
a fluorescent dye and then illuminated with blue light; the blue light is absorbed
and green light emitted by the dye.

The special features of fluorescence microscopy with the respect to illumi-
nation of the specimen are shown in Fig. 4-6. The function of the gxciter filter
is to remove all but the blue light; the harrier filter blocks out blue light and
allows green light {or other light emitted by the fluorescing specimen) to pass
through and rench the eye. Barrier filters are selected on the basis of the dye
used.

An example of direct staining of bacteria with a fluorescent dye is shown in
Fig. 4-7.

It is possible to chemically combine fluorescent dyes with antibodies, i.e.,
substances that combine with specific microorganisms. Antibodies to which a
flucrescent dye is attached are referred to as |aheled antibodies. Thus labeled
antibodies can be‘mixed with a suspension of bacteria and then the preparation
examined by fluorescent microscopy. The bacterial cells that have combined
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Figure 4-7. Mycobacterium
tuberculosis in a sputum
specimen stained with flu-
orescent dye shows up a
bright bacillus. {Courtesy
Center for Disease Control,
Atlanta, Ga.)

b ol o
» ¥y

Fluorescent dye cooted Bocterial cell combined with
on anlibody flucrescent—dys coated anfibody

Figure 4-8. Fluorescence staining technique and microscopy. (A} The direct flu-
orescent antibody staining technique. When a bacterial cell is incubated with spe-
cific antibody that is conjugated (combined) with a flucrescent dye, the dye—anti-
body conjugate will cover the surface of the cell. The technique is performed cn a
glass slide, the excess fluorescent dye—antibody conjugate is washed off, and the
preparation is examined by ultraviclet light microscopy. The bacterial cell will
glow brilliantly as a result of fluorescence caused by the ultraviolet illumination of
the dye-coated bacterial cell. Any bacterial cells hot covered by the dye do not
fluoresce and hence are not visible by this technique. (B) Photomicrograph of a
fluorescent-stained Proteus mirabilis preparation as described above. (Courtesy of
Judith Hoeniger, F. M. Clinits, and E. A. Clinits, . Bacteriol, 98:226, 1969.)

with the labeled antibody will be visible in the microscogic preparation (see
Fig. 4-8). This procedure is known as the fluorescent antibody technique: the
phenomenon is termed immunofluorescence. Theoretically, it is possible to
identify & single microbial cell by this procedure. The application of this test
in diagnostic procedures is discussed in Chap. 34.

Phase-contrast-microscopy is extremely valuable for studying living unstained
cells and is widely used in applied and theoretical biologica! studies. It uses a
conventional light microscope fitted with a phase-contrast objective-and a phase-
contrast condenser. This special optical system makes it possible to distinguish
unstained structures within a cell which differ only slightly in their refractive
indices or thicknesses.

In principle, this technique is based on the fact that light passing through one
material and into another material of a slightly different refractive index and/or
thickness will undergo a change in phase. Thege differences in phase, or wave-
front irregularities, are translated into variations in brightness of the structures
and hence are detectable by the eye.

With phase-contras{ microscopy it is possible to reveal differences in cells
and their structures not discernible by other microscopic methods. A compari-
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Figure 4-9. [A) Phase-contrast microscopy compared with bright-field and dark-
field microscopy. The same specimen of a protozoan as seen by each method: (i)
bright-field; {ii) phase-contrast; (iii) dark-field. [Courtesy of Q. W. Richards, Re-
search Department, Americen Optical Company.) (B) Photomicrographs of living,
unstained, rod-shaped cells of Pseudomonas fluorescens. The bacilli are 0.7 to 0.8
pm in width, They can be seen gnly indistinctly by ordinary bright-field micros-
copy (i) but are readily visible by phase-contrast (ii} or dark-field microscopy (iii).
fCourtesy N. R. Krieg.}

son of a specimen viewed by bright- field dark-field, and phase-contrast micros-
copy is shown in Fig. 4-9.

Transmission Electron microscopy differs markedly and in many respects from the optical
Electron Microscopy microscopic techniques. The electron microscope provides tremendous usefut
magnification, because of the much higher resolution obtainable with the ex-
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tight microscope Transmission electron
{upside down) microscope
Lo Light source [Lv) Eleciron gun
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Figure 4-10. Diagrammatic comparison of imaging systems
in (A) optical microscope, {B} transmission electron micro-
scope, and (C) scanning electron microscope. (Courtesy of
L. A. Bullg, Jr., G. St. Julian, C. W. Hesseltine, and F. L.
Baker, Scanning Electron Microscopy, in Methods in Micro-
biology, vol. 8, Academic, New York, 1973.)

Figure 4-11. A high-resolution electron micro-
scope. (Courtesy of George Hatjygeorge, Ford-
ham University.)
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Figure 4-12. Relative size of mi-
Malecules . crobes, molecules, and atoms is

| depicted here, together with an
indication of the useful range of
different types of microscopes.
{Courtesy of A. J. Rhodes and C.
E. van Rooyen, Textbook of Vi-
rology, Williams & Wilkins,
Baltimore, 1968.)

Y

tremely short wavelength of the electron beam used to magnify the specimen
As shown in Fig. 4-10, the electron .icroscope uses electron beams and mag-
netic fields to produce the image, whereas the light microscope uses light waves
and glass lenses.

With an electron microscope (Fig. 4-11) employing 60- to 80-kV electrons the
wavelength is only 0.05 A. A is the abbreviation for angstrom; 1 A equals 1/
100,000,000 (107%) cm or 1/10,000 (1074} wm. (Compare this electron wave-
length with the light wavelengths used for optical microscopes.) It is possible
to resolve objects as small as 10 A (Fig. 4-12). The resolving power of the electron
microscope is more than 100 times that of the light microscope, and it produces
useful magnification up to x 400,000.

For electron microscopy, the specimen to be examined is prepared as an
extremely thin dry film on small screens and is introduced into- the instrument
at a point between the magnetic condenser and the magnetic objective; this
point is comparable to the stage of the light microscope. The magnified image
may be viewed on a fluoresceni screen through an airtight *“window” or recorded
on a photographic plate by a camera built into the instrument.

Numerous techniques are available for use with electron microscopy which
extend its usefulness in characterizing cellular structure. Some of these are
described below.



Shadow-casting

Figure 4-14. Electron micro-
graphs of tobacco rattle vi-
rus as seen in three different
preparations (A, B, and C).
This virus characteristically
appears as particles of two
different sizes; the larger
particle measures 184 by 25
nm and the smaller particle
measures 74 by 25 nm. (A)
Shadow-cast preparation us-
ing chromium. (B) Negative-
stain preparation using po-
tassium phosphotungstate.
{C) Ultrathin section of in-
fected leaf showing intra-
cellular virus crystals,
stained with uranyl acetate
and lead citrate. (Courtesy
of M. Kenneth Corbett.}
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This technique involves depositing an extremely thin layer of metal (e.g., plat-
inum) at an oblique angle on the organism so that the organism produces a
shadow on the uncoated side. The shadowing technique produces a topograph-
ical representation of the surface of the specimen (see Fig. 4-13).

Figure 4-13. Shadow-casting tech-
nique. The specimen is dried cn a
special grid which is placed in a
vacuum jar. Atoms of a heavy metal
such as platinum are projected (from
a highly heated filament) at an angle
that produces a “shadow’ behind
the particles being examined. Exami-
nation of the shadowed image pro-
vides information as to the shape of
the specimen particles. (Erwin F.
Lessel, illustrator.)
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Figure 4-15. Electron micro-
graph of freeze-etched prep-
aration of Neisseria gonor-
rheae. This bacterium
measures approximately 0.6
to 1.0 um in diameter.
{Courtesy of Ivan L. Roth.)

Negative Staining

Ultrathin Sectioning

Freeze-Etching

Localization of Cell
Constituents

The Microscapic Examination of Microorgamisms

An electron-dense material such as phosphotungstic acid can be used as a
“stain” to outline the object. The electron-opague phosphotungstate does not
penetrate structures but forms thick deposits in crevices (see Fig. 4-14). Fine
detail of objects such as viruses or bacterial flagella can be seen by this tech-
nigue.

In order to make observations of intracellular structures, the material for ex-
amination must be extremely thin. An intact microbial cell is too thick to allow
distinct visualization of its internal fine structure by electron microscopy. How-
ever, techniques are available for sectioning (slicing) a bacterial cell; for example,
bacterial cells can be embedded in a plastic material and then this “block™ can
be cut into ultrathin slices, as thin as 60 nm, These slices are then prepared for
microscopic examination. As you might expect, the slices will reveal cells sliced
at different levels and at different angles. Improvement in contrast of structures
is possible through use of special electron-microscope stains such as uranium
and lanthanum salts,

Freeze-etching was developed to prepare sections of the specimen without
resorting to the chemical treatment of the fixation process, which can produce
artifacts. The specimen is sectioned while contained in a frozen biock. Carbon
replicas of these exposed surfaces are then prepared which reveal internal
structures of the cell (see Fig. 4-15).

Special techniques have been developed making it possible to locate chemical
constituents of the cell. For example, thin sections of a cell can be treated with
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Localization of Enzymes
in Thin Sections

Auteradiography

Scanning Electron
Microscopy

Figure 4-16. Intracellulor io-
calization of isocitrate dehy-
drogenase in Escherichia
coli as seen by electron mi-
croscopy. (A) Ultrathin sec-
tion of E. coli treated with a
specific fraction of anti-
serum to the enzyme and
then with a protein—gold
particle complex which
reacts with the antiserum.
Location of gold particles
and hence the enzyme is
shown by arrows. (B) Con-
trol section treated with
preimmune serum and pro-
tein—gold, showing ocuter
membrane (om), peptidogly-
can {mp), and cytoplasmic
membrane (cm). {Courtesy
of . R. Swafford et al., Sci-
ence 121:295, 1983.)
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. ferritin-labeled antibody. Ferritin is an iron-containing substance of high density

that markedly affects passage of the electron beam. The combination of this
ferritin-labeled antibody with antigen in the cell produces a complex which
manifests a higher contrast in the electron-microscope image.

Electron-microscope techniques have been developed to locate the position of
enzymes within cells. The intracellular localization of the enzyme isocitrate
dehydrogenase of Escherichia coli is shown in Fig. 4-16. This was accomplished
by first preparing ultrathin sections of the bacterial cells, foliowed by an im-
munochemical technique by which colloidal gold is affixed specifically to the
isgcitrate dehydrogenase enzyme. '

Autoradiography is a cytochemical method in which the location of a particular
chemical constituent in a specimen is determined by observing the site at which
radioactive material becomes positioned. The cells are first exposed to the
radioactive substance to permit its uptake. In practice, the specimen prepared
for microscopic examination is covered with a layer of photographic emulsion
and stored in the dark for a period of time. The ionizing radiation emitted
during the decay of the radioactive substance produces latent images in the
emulsion, and, after pho.ographic processing, the developed image is seen as
grains of silver in the preparation.

In scanning electron microscopy the specimen is subjected to a narrow electron
beam which rapidly moves over {scans) the surface of the specimen. This causes
the release of a shower of secondary electrons and other types of radiation from
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Figure 4-17. Scanning electron
micrograph of cells of Pseudo-
monas aeruginosa. The average
size of this bacterium is 0.5 to
1.0 um by 1.5 to 4 pm. (Cour-
tesy of David Greenwood.)

the specimen surface. The intensity of these secondary electrons depends on
the shape and the chemical composition of the irradiated object. The secondary
electrons are collected by a detector which generates an electronic signal. These
signals are then scanned in the manner of a television system to produce an
image on a cathode ray tube. The image system for the scanning electron mi-
croscope is shown in Fig. 4-10.

The scanning electron inicroscope lacks the resolving power obtainable with
the transmission electron microscope but has the advantage of revealing a strik-
ing three-dimensional picture. The surface topography of a specimen can be
revealed with a clarity and™a depth of field not possible by any other method.
An example of a scanning electron microscope picture {micrograph) is shown
in Fig. 4¢-17.

Despite the great advantage of tremendous resolution and magnification, there
are several limitations to electron microscopy. For example, the specimen being
examined is in a chamber that is under a very high vacuum. Thus cells cannot
be examined in a living state. In addition, the drying process may alter some
morphological characteristics. Another limitation of the technique is the low
penetration power of the electron beam, necessitating the use of thin sections
to reveal the internal structures of the cell.

The real problem confronting the researcher who attempts to unravel the fine
intracellular structure of the microbial cell is identification of intracellular
material. Frequently it is necessary to correlate results obtained with the same
organism viewed by different microscopic techniques, e.g., phase-contrast,
bright-field (stained preparations), and electron microscopy. Each method con-
tributes different kinds of information. Interpretation of this information, par-
ticularly comparison of what is revealed by each technique, makes it possible
to identify cellular structures. But considerable experience in microscopy is
required before a researcher can correctly interpret the results.
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Table 4-1. A Comparison of

different Types of Micros-
copy

PREPARATIONS FOR
LIGHT-MICROSCOPE
EXAMINATIONS

The Wet-Mount and
Hanging-Drop
Techniques

INTRODUCTION TO MICROBIOLOGY

Type of Maximum Useful  Appearance of
Microscopy Magnification Specimen Useful Applications
Bright-figld 1,000-2,000 Specimens stained or  For gross morphological
unstained; bacteria features of bacteria,
generally stained yeasts, molds, algae,
and appear color and protozoa
of stain
Dark-field 1,000-2.000 Generally unstained; For microorganisms
appears bright or that exhibit some
“lighted” in an characteristic morphological
otherwise dark field feature in the living state and
in fluid suspension, e.g., spi-
rochetes
Fluorescence 1,000-2,000 Bright and colored; Diagnostic techniques
color of the fluores- where fluorescent
cent dye dye fixed to organism
reveals the arganism’s
identity
Phasa-contrast  1,000-2,000 Varying degrees of For examination of
"darkness” cellular siructures in
living cells of the larger
microorganisms, e.g.,
yeasts, algae, protozoa,
and some bacteria
Electron 200,000-400,000  Viewed on Examination of viruses

fluorescent scresn

and the ultrastructure
of microbial cells

Some of the major features of the several kinds of microscopy are summarized

in Table 4-1.

Two general techniques are used to prepare specimens for light-microscope
examination. One is to suspend organisms in a liquid (the wet-mount or the
hanging-drop techniques), and the other is to dry, fix, and stain films or smears
of the specimen.

Wet preparations permit examination of organisms in a normal living condition.
A wet mount is made by placing a drop of fluid containing the organisms onto
a glass slide and covering the drep with a cover slip. To reduce the rate of
evaporation and exclude the effect of air currents, the drop may be ringed with
petroleum jelly or a similar material to provide a seal between the slide and
cover slip. A special slide with a circular concaye depression is sometimes used
for examination of wet preparations. A suspension of microbial specimen is
placed on a cover slip, then inverted over the concave depression to produce a
“hanging drop" of the specimen.
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Examination of microorganisms in wet preparation is desirable in the follow
ing instances:

1 The morphology of spiral bacteria is greatly distorted when these bacteria are
dried and stained; they should be examined in living condition. For example. in
the examination of serous exudates suspected of containing the spirochete that
causes syphilis, the wet preparations are examined by dark-field microscopy. This
provides a sharp contrast between the organisms and the dark background. The
nermal arrangement of cells can also be better determined in a wet preparation.

2 The observation of bacteria to determine whether or not they are motile obviously
requires that they be suspended in a liqguid medium, free to move about.

3 To ohserve cytological changes occurring during cell division and to determine
the rate at which the division occurs, the organisms must be examined in the
living state (i.e., wet mount). Spore furmation and germination must also be
observed in living cells.

4 Some cell inclusion bodies, e.g., vacuoles and lipid material. can be observed
readily by this method.

When wet preparations are examined by bright-field microscopy. it is ex-
tremely important to control the light source. The reason is that the lack of a
stain makes the cells less distinctly visible: adjustment of the intensity of the
light source can enhance their visibility. Partially closing the substage condenser
diaphragm helps to' increase contrast; however, some resolving power is lost.
Dark-field and phase-contrast microscopy offer the distinct advantage of provid-
ing both high contrast and high resolving power for examination of unstained
preparations.

Fixed, stained preparations are most frequently used for the observation or the
motphological characteristics of bacteria. The advantages of this procedure are
that (1) the cells are made more clearly visible after they are colored. and (2}
differences between cells of different species and within the same species can
be demonstrated by use of appropriate staining solutions {differential or selec-
tive staining). .

The essential steps in the preparation of a fixed, stained smear are (1) prep-
aration of the film or smear, {2) fixation, and (3) application of one or more
staining solutions.

A large number of colored organic compounds {dyes) are available for staiming
microorganisms. These compounds are generally rather complex in terms of
molecular structure. On this basis they may be classified into groups such as
triphenylmethane dves, oxazine dyes, and thiazine dyes.

more practical c%assiﬁcation for the cytologist is one based on the chemical
behavior of the dye; namely, 5cid basic. °F neutral, A0 acid (or anionic) dye is
one in which the charge on the dye ion is negative; a basic (or cationic) dye is
one in which the charge carried by the dye ion is positive. A neutral dye is a
complex salt of a dye acid with a dye base, e.g., eosinate of methylene blue.
Acid dyes generally stain basic cell components, and-basic dyes generally stain
acidic cell components. '
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The process of staining may involve ion-exchange reactions between the stain
and aclive sites at the surface of or within the cell. For example, the colored
ions of the dve may replace other ions on cellular components. Certain chemical
groupings of cell proteins or nucleic acids may be involved in salt formation
with positively charged ions such as Na* or K*. Thus we might view these
peripheral areas of the cell as carrying a negative charge in combination -with
positively charged ions; for example,

(Bacterial cell ")(Na*)

In a basic dye like methylene blue, the colored ion is positively charged (a
cation), and if we represent this ion by the symbol MB, the dye, which is actuaily
methylene blue chloride, may be represented as

MB*Cl-

The ionic exchange which takes place during staining can be represented by
the following equation, in which the MB™* cation replaces the Na* cation in the
cell:

{(Bacterial cell"}(Ne*) + [MB*}{Cl~} — (bacterial cell")}{MB*) * (Na*Cl™)

Simple Staining. The coloration of bacteria by applying a single solution of stain
to a fixed smear is termed simple staining. The fixed smear is flooded with a
dye solution for a specified period of time, after which this solution is washed
off with water and the slide blotted dry. The cells usually stain uniformly.
However, with some organisms, particularly when methylene blue is used, some
granules in the interior of the cell may appear more deeply stained than the
rest of the cell, indicating a different type of chemical substance.

Differential Staining. Staining procedures that make visible the differences be-
tween bacterial cells or parts of a bacterial cell are termed differential staining
techniques. They are slightly more elaborate than the simple staining technique
in that the cells may be exposed to more than one dye solution or staining
reagent.

Gram Staining. One of the most important and widely used differential stain-
ing techniques in microbiology is Gram staining.This technique was introduced
by Christian Gram in 1884. In this process the fixed bacterial smear is subjected
to the following staining reagents in the oeder listed- rystal violet, iodine
solution, alcohol (decolorizing agent), and safranin or some other suitable coun-
terstain. Bacteria stained by the Gram method fall into two groups: Gram-

positivebacteria, which retain the crystal violet and hence appear deep violet

in color; and Gram-negativebacteria, which lose the crystal violet, are coun-
terstained by the safranin, and hence appear red in color. Why does this pro-
cedure stain some bacteria purple-violet and others red?

The most plausible explanations for this phenomenon are associated with the
structure and composition of the cell wall. (See Chap. 5 for a discussion of the
relative differences between the cell walls of Gram-negative and Gram-positive
bacteria.} Differences in the thickness of cell walls between these two groups
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may be important; the cell walls of Gram-negative bacteria are generally thinner
than those of Gram-positive bacteria. Gram-negative bacteria contain a higher
percentage of lipid than do Gram-positive bacteria. Experimental evidence sug-
gests that during staining of Gram-negative bacteria the alcohol treatment ex-
tracts the lipid, which results in increased porosity or permeability of the cell
wall. Thus the crystal violet-iodine (CV-I) complex can be extracted and the
Gram-negative organism is decolorized. These cells subsequently take on the
color of the safranin counterstain. The cell walls of Gram-positive bacteria,
because of their different composition (lower lipid content), become dehydrated
during treatment with alcohol. The pore size decreases, permeability is reduced,
and the CV-1 complex cannot be extracted. Therefore these cells remain purple-
violet.

Another explanation, somewhat similar, is also basad on permeability differ-
ences between the two groups of bacteria. In Gram-positive bacteria, the CV-i
complex is trapped in the wall following ethano! treatment, which presumably
causes a diminution in the diameter of the pores-in the cell-wall peptidoglycan.
Walls of Gram-negative bacteria have a very much smaller amount of peptido-
glycan, which is less extensively cross-linked than that in the walls of Gram-
positive bacteria. The pores in the peptidoglycan of Gram-negative bacteria
remain sufficiently large even after ethanol treatment to allow the CV-I complex
to be extracted. These two explanations are not mutually exclusive, and it is
likely that both may contribute to the explanation of the mechanism of the Gram
stain. Furthermore, if Gram-positive cells are treated with lysozyme {(an enzyme)
to remove the cell wall, the resulting structures, called prowplasts(cells lacking
walls), will be stained by the CV-I complex. However, they are easily decolorized
by alcohol. All this evidence points to the cell-wall structure of Gram-positive
bacteria as the site of retention of the primary stain.

Although Gram-negative organisms consistently fail to retain the primary
crystal violet stain, Gram-positive organisms may sometimes show variations in
this respect, i.e., 8 Gram-variable reaction. For example, old cultures of Gram-
positive bacteria lose the ability to retain the crystal violet and hence will be
stained by the safranin. A similar effect may sometimes be due to changes in
the environment of the organism or a slight modification in staining technigue.

Within some groups of bacteria, such as the archaeobacteria (see Chap. 5),
some are Gram-positive and others Gram-negative; yet the cell wall structure
and chemical composition of these bacteria is very different from that of other
groups of Gram-positive and Gram-negative bacteria.

Gram-positive bacteria differ from Gram-negative bacteria in other character-
istics besides staining reaction. Gram-positive bacteria are usually more suscep-
tible to penicillin and less susceptible to disintegration by mechanical treatment
or exposure to some enzymes than Gram-negative bacteria. Gram-negative bac-
teria as a group are more susceptible to other antibiotics such as streptomycin.
There are other differences between these two groups of bacteria.

The Gram stain has its greatest use in characterizing bacteria. This staining
technique is not generally applicable for other groups of microorganisms such
as protozoa and fungi; however, yeasts consistently stain Gram-positive.

Other Differential Stdins. There are numerous other staining techniques de-
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signed to identify some particuiar feature of cell structure or compaosition. These
technigues are summarized here. Detailed descriptions of these proceduies a
pear in the laboratory manual.

11

12

13

NAME OF STAINING TECHNIQUE ~ APPLICATION
Distinguishes acid-fast bacteria such as My-
cobacterium spp. from non-acid-fast bacte-
ria
Endospore stain Demonstrates spore structure in bacleria as
well as free spores
Capsule stain Demonstrates presence of capsules surround-
ing cells
Flagella stain Demonstrates presence and arrangement of
flagella
Cytoplasmic inclusion stains Identifies intracellular deposits of starch, gly-
cogen, polyphosphates, hydroxvbutyrate,
and other substances
Giemsa stain Particularly applicable for staining rickettsias
and some protozoa

Acid-fast stain

Define'the following terms:
Rasolving powsr Fluorescence
Limit of resolution, d Autoradiography
NA (numerical aperture) Anionic dye
Angle 8 Cationic dye

What are the usual magnifications obtainable with light microscopy? What
determines its useful limit?

Assume that a yeast cell is examined by () bright-field. [b) phase-contrast,
and (c) dark-field microscopy. Describe the likely differences in the appear-
ance of the cell when viewed by thess methods.

Why are microorganisms stained?

What is the function of oil when used with the oil-immersion objective?
Name several different staining techniques and describe their particular
applications.

Compare the kind of image obtained with scanning electron microscopy
with that obtained using transmission eleciron microscopy.

Compare the resolving power of the electron microscope with that of the
light microscope.

Name two limitations of electron microscopy.

What are some major differences between Gram-positive and Gram-negative
bacteria?

Why is the Gram stain one of the most important and widely used stains in
bacteriolegy?

Compare the appearance of microorganisms as seen by dark-field and by
phase-contrast microscopy.

Describe two special applications of fluorescence microscapy.
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Some glegant experiments with bacterial flagella

it biad been known for many years that ba tevial Jag-
ella -the helically shaped filaments projecting from
hacterial cells- -are <c mehow responsibie {or the abilitv
of bacterial cells to swim. Baueria lacking flagella. and
mutants that have lost the ability to make flagella, are
unable to swim; moreover. mutants that make only
straight flagella are unable to swim, indicating that a
helical flagellar shape s required for swimming. Prior
to 1973, however, 1t was not (lear just how flagella
operated. Que theory was that if the flagella could rotate
as on a bearing, this could cause the flagells to screw
through the medium, just as a rotating corkscrew can
penetrate a piece of cork. The discovery of disk-shaped
structures at the base of bacterial flagella suppested that
there might indeed be a "flagellar motor™ that could
cause flagella ‘o spin. Unforiunately, individual bacte-
rial flagella were so thin that they could not be ob<erved
microsropically “in action™ on a living bacterium.

in 1973, Michauel Silverman and Melvin Simon al the
University of Californiaz, San Diego. performed experi-
ments that indicaled unequivocally that bacterial fla-
gella do actually rotate. They realized that a bacterial
flagellum might he analogous to the shaft of an electric
motor: if the motor housing is bolted to a table, then
the shaft will rotate. However, if the moter is not holted
to a table Lut rather is grasped by the shaft and held
up in the air, then the shaft will be stationary and the
motor housing will rotate. Using this analogy, Silver-
man and Simon devised experiments whereby they
could prevent a hacterial flagellum from rotating. The

consequentce of this would e that the bucterial cell
would rotete instead- -and this was something that
could be casilv seen with an ordinary microscoype.

Silverman and Simon chose 4 mutant bacterium that
had g single straight Hagellum on ane side of the cell.
This mutant could not swim because the flagellum was
not helical: nevertheless. if the rotalional hypothesis
were correct, the flagellum chould stitl be able to spin.
They prepared antibodies against the flagellum and
then added a mixture of the bacteria and the antibodies
to a slide. The slide be.ame coated with the antibodies,
and the flagella adhered to the antibodies. Thus, each
cell became “tethered ™ by its flagellum to the slide. In
this condition the flagella of these cells could not rotate;
howevar, each tethered cell began to spin like a pin-
wheel!

i was difficult to explain how such behavior could
oceur unless, in a frec-swimming cell, the flagella
spun- probablv by means of a rotary motor at their
buse. Additional experiments on untethered cells also
supporied lhe idea of flagellar rotation. Silverman and
Simon found that small latex beads could be attached
o a bacterial flagellum by means of anlibodies; such
beads. which were easily visible with a microscope,
were observed to rotate rapidly about an invisible axis
ithe steaight flagellum)!

It is now generally accepted that bacterial flagella do
rofate as on a bearing—a type of motion that may be
rnigue among living organisms,

|

Preceding page. Cell walls of Mycobacterium tuberculosis obtained from cells exposed to extremely high pres
sures tnder special conditions. Note the shape maintained by the “hollow” cell fragments which is indicative of
the rigid structure of the cell wall. 341,500 (Courtesy of E. Ribi.}
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The Morphology and Fine Structure of
Bacteria

The Size, Shape, and Arrangement of Bacterial Cells
Size * Shape and Atrangement

Bacterial Structures

Structures External to the Cell Wall
Flagella and Motility  Pili {Fimbrize) » Capsules » Sheaths » Prosthecae and Stalks

The Cell Wall
Structure and Chemical Composition

Structures Internal to the Cell Wall

The Cytoplasmic: Membrane » Protoplasts, Spheroplasts * Membranous [ntrusions
and Intraceilular Membrane Systems ¢ The Cytoplastm * Cytoplasmic Inclusions
and Vacuoles  Nuclear Material

Spores and Cysts

Amaong the major characteristics of hacterial colls are their size., shape. structure
and arrangemeni. These characteristics constilute the morphology of the (el
Depending on the species. individual cells are spherical. rodlike. or helieal.
although many variations of these three basic shapes oceur. Furthermore, in
certain species of bacteria the cells are arranged in groups. the most common
of which are pairs, clusters. chains, trchomes. aod fijaments. It is imporfani to
recognize these patterns of shape and arrangemeni. since they are atten char
acteristic of a taxonomic group, e.g.. a genus. Some bacteria also possess ap-
pendeges, which can be made visible by special staining techniques or by
electron microscopy. All of these morphological features are regared as the gross
morpholagical characteristics of bacterial cells.

The bacterial cell possesses a detailed internal stracture. The distovery of
this internal structure was made possible by the development of electron-mi-
croscope techniques amd of instrurents for slicing a bacterial cell into extremely
thin sections. The terms microhial cytology and bacterial anatomy have become
commonplace in microbiological literalnre.

The various structures of a bactoviai cell difter from one another ant onlv in
their physical features but also in their chemical characteristics and in their
functions. Thus biologists todav seek to integrate the siructural, chemical, and
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ARRANGEMENT OF
BACTERIAL CELLS

Size

Shape and
Arrangement

Table §-1. Comparison of
the Surface Area/Volume
Ratio of Spherical Orga-

nisms of Different Sizes*

Figure 5-1. Bacteria are gen-
erally either [A) spherical
{cocci); (B) rodlike {rods or
bacilli); or (C) helical (spi-
rilla). However, there are
many modifications of these
three basic forms. (Erwin F.
Lessel, illustrator.)

MICROORGANISMS—BACTERIA

functional. properties of the bacterial cell. This area ot research studied by
biologists is sometimes referred to as higchemical cytology.

Bacteria are very small, most being approximately 0.5 to 1.0 pm in diameter.
An important consequence of the small size of microorganisms is that the
surface areafvolume ratio ©f bacteria is exceedingly high compared to the same
ratia for larger organisms of similar shape [Table 5-1). A relatively large surface
through which nutrients can enter (or waste products leave) compared lo a small
volume of cell substance to be nourished accounts for the unusually high rate
of growth and metabolism of bacteria. Moreover. because of the high surface
area volume ratio, the mass of cell substance to be nourished is very close to
the surface; therefore, no circulatory mechanism is needed to distribute the
nutrients that are taken in. and there is thought to be little or no cytoplasmic
movement within a bacterial eell. Despite these advantages, a high surface area/
volume ratio limits the size of bacteria to microscopic dimensions.,

The shape of a bacterium is governed by its rigid celt wall: however, cxactly
what attribute of this rigid material determines that a cell will have a particular
shape is not yet understood. Typical bacterial cells are spherical {¢g¢ci; singular.
coccus ): Straight rods (hagilli; singular. hacillus): or rods that are helically curved
{spirifla; singular. spirillum) as illustrated in Fig. 5-1. Although mosl bacterial
species have cells that are of a fairly constant and characteristic shape, some
have cells that are pleomorphic, i-¢ that can exhibit a variety of shapes (Fig.
5-2).

Surface Area

-1
Surface Area, pm? Volume, pm? Volume - M™
Diameler of Sphere, pm [CE: T [4mr'i3) - (3/r|
1 pm 31 1152 6
1.000 pm 3.1 x 10" 5.2 x 108 U.006
1.000.000 pm 3.1 x 1072 .2 x 1017 0.U00006

* For a given volume, the geometrical shape that has the smallest surface area/volume ratio is
a sphere; i.e., if two organisms have the same volume. one being spherical and the other
cylindrical. the cylindrical organism has the greater surface area/volume ratio.
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A Diplococci-
Arthrobeoeler
(3 — %
T

B Streptococcr:

C Tetrods.

ST

Figure 5-2. Drawing of pleomorphic
cells of the genus Arthrobacter. (Erwin
7. Lessel, illustrator.)

o

$taphylococa:

E Sarcnce:

F—-
R

—

e

Figure 5-3. Characteristic acrangements of cocci, with schematic al-
lustrations of patterns of multiplicatien. {A) Diplococci: cells divide
in one plane and remain attached predominantly in pairs. (B} Strep-
tococci: cells divide in one plape ahd remain attached to form
chains. [C) Tetracocci: cells divide in two planes and characteristi-
cally form groups of four cells. (D) Staphylococci: cells divide in
three planes, in an irregular pattern, producing “bunches’ of cocci.
(E) Sarcinae: cells divide in three planes, in a regular pattern, pro-
ducing a cuboidal arrangement of cells.

/

A
Figure 5-4. Photomicrograph Bacterial cells are usually arranged in a manner characteristic of their partic-
of the trichomes of Sapro- ular species. Although it is rare that all the cells of a snecies are arranged in

spira grandis, composed of  the same manner, it is the predominant arrangement that is the importan

individual cylindrical cells  {gature.

that are 1 to 5 pm long and Cocci appear in several characteristic arrangements. depending on the plane

closely attached to one an-  of cellular division and whether the daughter cells stay together following

other (X1,650). (Courtesy of  (jyisian {Fig. 5-3). Bacilli are not arranged in patterns as complex as these of

G. J. Hageage, Jr) cocci, and most oceur singly or in pairs (diplobacilli).But some species, such
as Bacillus subtilis, form chains (strepmbacilii];others. such as Beggiatoa ant
Saprospire species, form  trichomes.which are similar to chains but have a
much larger area of contact between the adjacent cells (Fig. 5-4). In other bacillus
species, such as Corynebacterium diphtheriae, the cells are lined side by side
like matchsticks (palisade arrangemenf}ind at angles to one another (Fig. 5-5).
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Figure 5-5. Drawing of the
cells of Corynebacterium
diphtheriae showing pali-
sade arrangements. {Erwin
F. Lessel, illustrator.)

Figure 5-7. Drawing of cells
of the genus Vibrio, show-
ing the characteristic curved
shape and the polar flagella.
The flagella are not visible
by ordinatry staining proce-
dures. (Erwin F. Lessel, il-
lustrator.}

BACTERIAL
STRUCTURES

MICROORGANISMS—BACTERIA

Coiled chain
of conid:a

Hyphal filament
~ beanng conidia

Vibrio

Figure 5-8. Photomicrograph of Streptomyces viridochromo-
genes. This bacterium produces coiled chains of spores (called
conidia) which develap at the ends of vegetative filaments
called hyphae. (Courtesy of Mary P. Lechevalier.)

Still others, such as Streptemyces species, form long, branched, multinucleate
filaments called ,. .. (5ingular, h_vphaj which collectively form a weeljum
(Fig. 5-6). [Note thfilI the terms hyphae and mycelivm are also commonly applied
to the filaments formed by fungi, described in Chap. 17).

Curved bacteria are usually curved with a twist, Bacteria with less than one
complete twist or turn have a ;0.0 shape (Fig. 5-7), whereas those with one
or more complete turns have a 1.y shape. Spirilla are rigid helical bacteria,
whereas spirochetes 4T¢ highly IPIBXh]lB (Fig. 5-8).

In addifion to the common bacterial shapes, many others aiso occur: pear-
shaped cells {e.g.. Pasteuria); lobed spheres (e.g., Sulfolobus); rods with squared
rather than the usual hemispherical ends (e.g., Bacillus anthracis); disks ar-
ranged like stacks of coins (e.g., Carvophanon); rods with helically sculptured
surfaces (e.g., Seliberia); and many others,

Examination of a bacterial cell reveals various component structures. Some of
these are external to the cell wall (Fig. 5-8); others are internal to the cell wall
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Figure 5-B. Drawings of spi-
rochetes (A and B) and spi-
rilla (C). Spirochetes are
flexible and can twist and
contort their shape, whereas
spirilla are relatively rigid.
{Erwin F. Lessel, illustrator.)

Figure 5-9. Drawing of the
major structures external to
the bacterial cell wall. Cer-
tain structures, e.g., cap-
sules, flagella, and pili, are
not common to all bacterial
cells. (Erwin F. Lessel, illus-
trator.)

The Morphology and Fine Structare of Bacteria

(Fig. 5-10). Some structures are present in only certain species; some are more
characteristic of certain species than of others; and still other cellular parts,
such as the cell wall, are naturally commen to aimost all bacteria. The following
are brief descriptions of the readily evident structures of bacteria.

DS

A Treponema ] Borrelio o Spirifflum
pallidum ansering volutans

Muclear
 — i
malenai

[—-Cytoplasm

— Ribosome

w4 Cytoplasmic
Fj)] membrane

[— Mescsome
}— Cell wall

Muclear
matenal

Figure 5-10. Drawing of the major
structures which occur within the
bacterial cell wall. Certain struc-
tures, e.g., mesosomes, are not
common to all bacterial cells. (Er-
win F. Lessel, illustrator.)
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STRUCTURES EXTERNAL Bacterial flagella (singular. flagellum) are hairlike, helical appendages that pro-

TO THE CELL WALL trude thraugh the cell wall and are responsible for swimming motility. They are
much thinner than the flagella or cilia of eucarvoles, being 0.01 to 0,02 um in
Flagella and Motility diameter, and they are also much simpler in structure. Their location on the

cell varies depending on the bacterial spocies and may be polar {at one or both
ends of the bacteriumj or lateral (along the sides of the baclerium]. Some
arrangements of bacterial flagella are shown in Fig. 5-11. A flagellum is com-
posed of three parts {Fig. 5-12); a basal body assuciated with the cytoplasmic
membrane and cell wall, a short hgok, and a helical filament which is usually
several times as long as the cell. Some Gram-negative bucteria have a sheath
surrounding the flagellum: this sheath is continuous with the outer membrane
of the Gram-negative cell wall. The chemical composition of the basal body is
unknown, but the hook and filament are composed of protein subunits (mono-
mers) arranged in a helical fashion. The protein of the filament is known as
flagellin.

Unlike a hair. a flagellum grows at its iip rather than at the base. Flagellin
monomers svathesized within the cell are believed to pass along the hollow
center of the flagellum and are added to the distal end of the filament.

Figure 5-11. Drawings of
various arrangements of
bacterijal {flagella. (A) Mono-
trichous; a single polar fla-
gellum. {B) Lophotrichous;
a cluster of polar flagella.
(C) Amphitrichous; flagella,
either single or clusters, at
both cell poles. (D) Peritri-
chous; surrounded by lateral
flagella. (Erwin F. Lessel, il-
fustrator.)
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Psevdomonas oeruginosa B Pseudomonas fluorescens
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Hydrodynamics of
Flagella

Figure 5-12. The mechanism
of attachment of flagella to a
Gram-negative bacterial cell
[Pseudomonas aerugiriosa).
(A) Prior to electron-micro-
scope examination, the cells
were partially lysed and
then negatively stained to
make the point of flagellar
attachment (basal body}
more visible {X80,000 ap-
prox.). (B) Isolated flagella
showing basal body al one
end. (C) Model of base!
body illustrating its struc-
ture and attachment to a
Gram-negative bacterium.
The flagella of Gram-posi-
tive bacteria have only two
basal rings. {Courtesy of T.
lino, University of Tokvo.)

The Morphology and Fine Structure of Bacleric

Large motile bodies such as boats and fish make use of the inertia of water for
their propulsion. When pushed against with, for example, an oar, a propeller
blade. or fins, the waler temporarily acts as a solid. thereby enabling the boat
or fish to generate a forward propulsive force. However. the small size of bacteria
prohibits their use of the inertia of water to gain propulsive force, because the
drag forces due to the viscosity of water become thousands of times greater than
any forces that can be generated from inertia. The difficulty would be similar
to what we would encounter if we attempted to row a boat on a lake filled with
thick molasses. However, bacteria can swim many times their own length per
second under analogous conditions!

Bacteria propel themselves by rolating their helical flagella. The principle
involved can be illustrated by imagining the penetration of a piece of cork by a
corkscrew. If one tries to ram the corkscrew directly through the cork. great
force will probably be needed. On the other hand if one merely rotates the
corkscrew, the cork can be easily penetrated. In the case of bacteria, the cork is
analogous to the viscous medium and the corkscrew to the helical flagellum. It
is apparent from this analogy that a mutant bacteriumn having straight rather
than helical flagetla would be unable to swim. The nature of the rotary motor
that spins each corkscrew-shaped flagellum is still not understond. but the rings
found in the basal body (Fig. 5-12) are probably involved. It is known that the
flageltar motor is driven by the protonmotive force, i.e.. the force derived from
the electrical potential and the hydrogen-ion gradient across the cytoplasmic
membrane (see Chap. 10). Moreover, recent studies suggest that the concentra-
tion of cGMP {guanosine 3',5’-cyclic phosphoric acid) within the cell governs
the direction in which the rotation occurs.

Bacteria having polar flagella swim in a back-and-forth fashion: they reverse
their direction of swimming by reversing the direction of flagellar rotation.
Bacteria having lateral flagella swim in a more complicated manner. Their
flagella uperate in synchrony to form a bundle that extends behind the cell (Fig.
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Swimming Motility
Without Flagella

Gliding Motility

Bacterial Chemotaxis

Figure 5-13. Diagram of the configuration and ar-
rangement of peritrichous flagella during swimming
and tumbling. The small arrows indicate the direc-
tion of propagation of helical waves along the fla-
gella. (A) During swimming the flagella are in the

Y ‘/%/' R form of left-handed helices and rotate counterclock-
—~ \ wise in synchrony to form a bundle. The large arrow
; indicates the direction of swimming. (B) During
5 N /—\\ tumbling the flagella reverse their rotation, portions
of the flagella acquire a short wavelength and right-

handed configuration, and the bundle flies apart.
The cell cannot swim under these conditions and
instead exhibits a chaotic motion, as symbolized by
the large crossed arcows, {Courtesy of R. M. MacNab
and M. K. Ornston, | Mol Biol 112:1, 1977.)

5-13). However, when the flagellar motors reverse. conformational changes occur
along the flagella, the bundle flies apart, and the cell tumbles wildly. Finally,
the flagellar motors resume their normal direction. the flagellar bundle again
forms, and the cell begins to swim—but now in a different direction. This
sequence of events occurs repeatedly, so that the motility becomes a series of
periods of swimming (runs) punctuated by periods of tumbling (iwiddles), with
a change in direction after each tumble.

Certain helical bacteria {spirochetes) exhibit swimming motility, particularly in
highly viscous media, yet they lack external flagella. However, they have fla-
gellalike structures located within the cell, just beneath the outer cell envelope
(see Fig. 13-1). These are called periplasmic flagella: they have also been termed
axial fibrils O endoflugella. They are responsible for the motility of spirochetes,
but how they accomplish this is not yet clear. Other helical bacteria called
spiroplasmas are able to swim in viscous media, yet lack any apparent organ-
eﬁes Por motility, even periplasmic flagella. The mechanism for theirmotility is
completely unknown.

Some bacteria, e.g., Cytophaga species, are motile only when they are in contact
with a solid surface. As they glide they exhibit a sinuous, flexing motion. This
kind of movement is comparatively slow, only a few um per second. The
mechanism of gliding motility is unknown; no organelles responsible for mo-
tility have been observed.

Many, perhaps most, motile bacteria are capable of directed swimming toward
or away from various chemical compounds—a phenomenon called bacterial
chemotaxis. SWimming toward a chemical is termed j,citive chemataxis; SWim-
ming away is pooative chemotaxis, 2lthough chemicals may act as attractants
ar repellents, the stimulus is in fact not the chemical itself but rather a change
in the concentration of the chemical with time, i.e., a temporal gradient. Such
gradients are sensed by means of protein chemoreceptors Which are located on
the cytoplasmic membrane and are specific for various attractants a.d repellents.

By means of its chemoreceptors, a bacterium continually compares its im-
mediate environment with the environment it had experienced a few moments
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Figure 5-14. Negatively
stained cell of Aquaspiril-
lum mognetotacticum show-
ing a particle chain (PC) of
highly electron-dense mag-
netite inclusions (magneto-
somes) within the celi. The
bar represents 1 pm. (Cour-
tesy of D. L. Balkwill, D.
Maratea and R. P. Blake-
more, J. Bacteriol 141:1399,
1980.}
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earlier. To illustrate this, suppose we are observing the behavior of a bacterium
that has peritrichous flagella and for which glucose is an attractant. If the cell
is placed in a homogeneous glucose broth, the glucose concentration remains
constapt regardless of the direction of the bacterium's swimming, and the glu-
cnse-specific chemaoreceptors can sense no change in glucose concentration.
Consequently, the ceil exhibits a normal swimming pattern—periods of swim-
ming with intermittent periods of tumbling. Suppose that the cell is now placed
in a long capillary tube with a higher concentration of glucose at one end than
at the other. If the cell happens to swim toward the higher concentration of
glucose (i.e., in the “'right”" direction), the chemoreceptors sense that the glucose
concentration is increasing with time. This results in suppression of normal
tumbling, causing the cell to swim smoothly ahead for a long period before it
tumbles. On the other hand, if the ce!ll happens to swim toward the end of the
tube where there is less glucose (i.e., in the '“wrong” direction}, the chemore-
ceptors sense that the glucose concentration is decreasing with time, and no
suppression of tumbling occurs. Therefore, the cell soon tumbles, changes di-
rection, and tries again until finally the “right” direction is achieved. (In a
gradient of a repellent compound, the right direction would be down the gra-
dient, i.e., toward a decreasing concentration, and the wrong direction would
be up the gradient.)

Tactic responses are not limited to chemical gradients. For instance, photo-
rophic bacteria exhibit positive phototaxis toward increasing light intensities
and are repelled by decreasing light intensities. Still another type of taxis is
exhibited by Aquaspirillum magnetotacticum; this organism exhibits directed
swimming in response to the earth's magnetic field or to local magnetic fields
(magnets placed pear the culture). This is attributed to a chain of magnetite
inclusions {magnetusomes) within the cell, which allows the cell to become
oriented as a magnetic dipole {Fig. 5-14). Because of the downward inclinatien
of the Earth's magnetic field in the regions where these bacteria have been
found, magnetotaxis may serve to direct the celis downward in aquatic envi-
ronments toward oxygen-deficient areas more favorable for growth.
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Pili (Fimbriae)

Capsules

Figure 5-15. Fimbriated bac-
teria. (A) Shigella flexneri:
dividing bacilli with numer-
ous fimbriae surrounding
the cells (X20,000). (B) Sal-
monella typhi: dividing ba-
cilli with numerous fimbriae
and a few flagella (the very
long appendages) (X12,500).
(Courtesy of ]. P. Duguid
and J. F. Wilkinsori and The
Society of General Microbi-
ology: Sympo<ium XI.
1961.)
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... (singular, ) are hollow, nonhelical, filamentous appendages that are
B{!hner, shorteg.]]gﬁd more numerous than flagella (Fig. 5-15}. They do not
function in matility, since they are found on nonmotile as well as motile species.
There are, however, several functions associated with different types of pili.
One type, known as the F pilus (or sex pilus), serves as the port of entry of
genetic material during bacterial mating (see Chap. 12). Some pili play a major
role in human infection by allowing pathogenic bacteria to attach to epithelial
cells lining the respiratory, intestinal, or genitourinary tracts. This attachment
prevents the bacteria from being washed away by the flow of mucous or body
fluids and permits the infection to be established.

Some bacterial cells are surrounded by a viscous substance forming a covering
layer or envelope around the cell wall. If this layer can be visualized by light
microscopy using special staining methods, it is termed a If the layer
X . ; ; - capsule. s
is too thin to be seen by light microscopy it is termed a _ . lo: i it i8
; microcgpsule; © *-

so abundant that many cells are embedded in a common matrix, the maferial is
called

By ligkmﬁ'icmscopy, capsules appear to be amorphous gelatinous areas sur-
rounding a cell {Fig. 5-16A); however, special technigues designed to preserve
delicate structures for observation by electron micrescopy have revealed that
capsules consist of a mesh or network of fine strands (Fig. 5-168),

In many instances capsular material is not highly water-soluble and therefore
does not readily diffuse awav from the cells that produce it. In other instances
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Figure 5-16. Bacterial cap-
sules as szen by light mi-
croscop® [A) and electron
microstopy (B). (A) India-
ink preparation of a capsu-
lated bacterium isolated.
from a paper-mill operation.
The particles of carbon in
the ink cannot penetrate the
capsules (white areas
around the cells). Courtesy
of P. M. Borick, Wallace
and Tiernan, Inc.) [B)
Fresze-etch preparation of
Gram-positive rod-shaped
bacteria isolated from acid
mine water, showing a fi-
brillar polymer aatwork sur-
rounding the cells. The
freeze-fracture process has
also revealed various inter-
nal and surface structures of
the cells. (Courtesy of P. R.
Dugan, C. B. MacMillen,
and R. M. Pfister, |. Bacte-
riof 101:982, 1970.)

Sheaths
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tha materia! is highly water-soluble and dissolves in the medium, sometimes
dramatically increasing the viscosity of the broth in which the organisms are
cultured.

Capsules can serve a number of {functions, depending on the bacterial species
(1) They may provide protection against temporary drying by binding water
maolecules. (2) They may block attachment of bacteriophages. (3} They may be
antiphagoeytic; i.e., they inhibit the engulfment of pathogenic bacteria by white
blood cells and thus contribute to invasive or infective ability {virulence). {4}
They may promate attachment of bacteria to surfaces; for example, Streptococ-
cus mutans, a bacterium associated with producing dental caries, firmly adheres
to the smooth surfaces of teeth because of its secretion of a water-insoluble
capsular glucan. (3) If capsules are composed of compounds having an electri-
cal charge, such as sugar—uronic acids, they may promote the stability of bac-
terial suspension by preventing the cells from aggregating and settling out,
because cells bearing similarly charged surfaces tend to repel one another.

Most bacterial capsules are composed of polysaccharides. Capsules composed
of a single kind of sugar are termed homopolysaccharides; are usually
synthesized outside the cell from disaccharides by exoceliular enzymes. The
synthesis of glucan {a polymer of glucose) from sucrose by 5. mutans is an
example, Other capsules are composed of several kinds of sugars and are termed
heteropolysaccharides; these are usually synthesized from sugar precursors that
are activated {energized) within the cell, attached to a lipid carrier molecule,
transported across the cytoplasmic membrane, and polymerized outside the cell.
The capsule of Klebsiella pneumoniae is an example.

A few capsules are polypeptides. For example, the capsule of the anthrax
organism. B. anthracis, is composed entirely of a polymer of glutamic acid.
Moreover, this peptide is an unusual one because the glutamic arid is the rare
D optical isomer rather than the usual L isomer commonly found in nature.

Some species of bacteria, particularly those from freshwater and marine envi-
ronments, form chains or trichomes that are enclosed by a hollow tube called a
This structure is most readily visualized when some of the cells have
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Figure 3-17. Sheathed bacte-
ria. Sheath and cells of
Sphaerotilus natans stained
with nigrosin. Dimensions
of individual cells are 1 pm
by 2 to 6 wm, and the
sheaths may reach a length
of several millimeters.
(Courtesy of [. L. Stokes, |
Bacteriol 67:279, 1954.)

Prosthecae and
Stalks

THE CELL WALL
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migrated from it (Fig. 5-17). Sheaths may sometimes become impregnated with
ferric or manganese hydroxides, which strengthen them.

Prosthecae (singular, prostheca) are semirigid extensions of the cell wall and
cytoplasmic membrane and have a diameter that is always less than that of the
cell. They are characteristic of a number of aerobic bacteria from freshwater and
marine environments. Some bacterial genera such as Caulobacter have a single
prostheca; others such as Stella and Ancolomicrobium have several (Fig. 5-18).
Prosthecae increase the surface area of the cells for nutrient absorption, which
is advantageous in dilute environments. Some prosthecate bacteria may form a
new cell [bud} at the end of a prostheca; others have an adhesive substance at
the end of a prostheca that aids in attachment to surfaces.

Although the term stalk is sometimes used interchangeably with the terms
prostheca or hypha, it is perhaps better to restrict its use to certain nonliving
ribbonltike or tubular appendages that are excreted by the cell, such as those
found in the genera Gallionella or Planctomyces (see Chap. 15). These stalks
aid in attachment of the celis to surfaces.

Beneath such external structures as capsules, sheaths, and flagella and external
to the cytoplasmic membrane is’the cell wall, a very rigid structure that gives
shape to the cell. Its main function is to prevent the cell from expanding and
eventually bursting because of uptake of water, since most bacteria live in
hypotonic environments {i.e., environments having a lower osmotic pressure
than exists within the bacterial cells). The rigidity of the wall can be readily
demonstrated by subjecting bacteria to very high pressures or other severe
physical conditions: most bacterial cells retain their original shapes during and
after such treatments. To obtain isolated cell walls for analysis, bacteria usually
must be mechanically disintegrated by drastic means, as by sonic or ultrasonic
treatment or by exposure to extremely high pressures with subsequent sudden
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Figure 5-18. Ancalomicrobium adetum, a budding bacterium with several prosthe-
cae per cell. Electron micrograph of whole cell, negatively stained. The bar repre-
sents 1.0 wm. [Courtesy of J. T. Staley, | Bacteriol 95:1921, 1968.)

release of pressure. The broken cell walls are then separated from the rest of
the components of the disintegrated cells by differential centrifugation. Isolated
cell walls, devoid of other cellular constituents, retain the original contour of
the cells from which they were derived.

Among the ordinary or typical bacteria (which are sometimes called eubacteria
to distinguish them from the phylogenetically distinct group known as the
archaeobacteria, discussed in Chap. 3), the walls of Gram-negative species are
generally thinner (10 to 15 nm) than those of Gram-positive species (20 to 25
nm). The walls of Gram-negative archaeobacteria are also thinner than those of
Gram-positive archaeobacteria. Since the chemical composition of the walls of
archaeobacteria is quite different from that of eubacteria, wall thickness rather
than chemical composition may be the major factor in the Gram reaction.

The cell wall constitutes a significant portion of the dry weight of the cell;
depending on the species and culture conditions, it may account for as much
as 10 to 40 percent. Bacterial cell walls are usually essential for bacterial growth
and division. Cells whose walls have been completely removed (i.e., protoplasts)
are incapable of normal growth and division.

For eubacteria, the shape-determining part of the cell wall is largely peptido-
glvcan (sometimes called murein), an insoluble, porous, cross-linked polymer
of enormous strength and rigidity. Peptidoglycan is found only in procaryotes;
it occurs in the form of a “bag-shaped macromolecule” surrounding the cyto-
plasmic membrane. Peptidoglycan differs somewhat in composition and struc-
ture from one species to another, but it is basically a polymer of N-acetylglu-
cosamine, N-acetylmuramic acid, L-alanine, p-alanine, p-glutamate, and a
diamino acid [LL- or meso-diaminopimelic acid, L-lysine, L-ornithine, or L-dia-
minobutyric acid). The structure of this polymer is depicted in Figs. 11-6 and
11-7. It is important to realize that as tough as peptidoglycan is, it is also in a
dynamic state. That is, in order for the cell to grow and divide, portions of the
peptidoglycan must continually be degraded by wall-agsociated hydrolytic en-
Zymes 50 that new polymer can be added.

Although most archaecbacteria possess cell walls, these do not contain peptido-

.glycan, and their cell-wall fine structure and chemical composition is very

different from that of eubacteria. Their walls are usually composed of proteins,
glveoproteins. or polysaccharides. A few genera, such as Methanobuacterium,
have walls composed of pseudomurein, a polymer whose structure superficially
resembles eubacterial peptidoglycan but which differs markedly in chemical
compositien (see Chap. 15).

Gram-positive bacteria usually have a much greater amount of peptidoglycan in
their cell walls than do Gram-negative bacteria; it may account for 50 percent
or more of the dry weight of the wall of some Gram-positive species, but only
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Figure 5-19. Schematic interpretation of cell walls of Figure 5-20, {A) Thin section of Aquaspirillum ser-
eubacteria from electron-microscope observations. (A;  pens showing the wavy outer membrane [OM), the
Gram-positive bacteria, showing thick wall consisting  peptidoglycan layer (PG), and the cytoplasmic mem-
mainly of peptidoglycan. Although the wall is often brane {CMV, (B) Companion preparation of a sphero-

homogeneous in appearance, in some bacteria it may plast formed by treatment of the cells with a chelating
consist of several layers. (B) Gram-negative bacteria, agent and lysozyme. The peptidoglycan layer is miss-
showing outer membrane and thin peptidoglycan ing. (From R. G. E. Murray, P. Steed and H. E. Elsin,

lzyer. [Courtesy of A. L. Laskin and H. A. Lechevalier Can | Microbiol 11:547, 1965.)
{eds.}, Handbook of Microbiology, CRC Press, Inc.,
Cleveland, 1974.)

about 10 percent of the wall of Gram-negative bacteria. Other substances mav
occur in addition to peptidoglycan. For instance, the walls of Streplococcus
pyogenes contdin polysaccharides that are covalently linked to the peptidogly-
can and which can bé extracted with hot dilute hydrechloric acid. The walls of
Staphylococcus qureus and Streptococcus faecalis contain yeichoic acids—
acidic polymers of ribitol phosphate or glycerol phosphaie—which are cova-
lently linked to peptidoglycan and which can be extracted with cold dilute
acid. Teichoic acids bind magnesium ions, and there is some evidence that they
help to protect bacteria from thermal injury by providing an accessible pool of
these cations for stabilization of the cytoplasmic membrane. The walls of most
Gram-positive bacteria contain very little lipid, but those of Mycobacterium,
Corynebacterium, and certain other genera are exceptions, being rich in lipids
called These compounds have the following general structure:

Ri—CH—CH—-COOH.
H R,

where R, and R; are long hydrocarban chains. The ability of myccbacteria to
exhibit acid-fast slaining (i.e., when stained, the cells cannot be decolorized
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Walls of Gram-Negative
Eubacteria

Figure 5-21. Tentative
model of the cell wall of a
Gram-negative bacterium
like Escherichia coli or Sal-
monella typhimurium. Not
shown is the cytoplasmic
membrane, which is located
below the peptidoglycan
layer. The 8-nm-thick outer
membrane of the cell wall is
separated from the peptido-
glycan layer by a 5 to 7 nm
space. Molecules of Braun's
lipoprotein extend across
this space and anchor the
outer membrane to the pep-
tidoglycan. Porins extend
from the external surface of
the outer membrane down
to the peptidoglycan layer.
{Courtesy of H. Nikaido and
T. Nakae, Adv Micrabial
Physiol 20:163, 1979.)
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easily despite treatment with dilute acids) is correlated with the presence of
cell wall mycolic acids. A mycolic acid derivative called cord factor {trehalase
dimycaolate) is toxic and plays an important role in the diseases caused by C.
diphtheriae and M. tuberculosis, described in Chap. 36,

The walls of Gram-negative bacteria are more complex than those of Gram-
positive bacteria. The most inleresting difference is the presence of an outer
membrane that surrounds a thin underlying layer of peptidoglycan (Figs. 5-19
and 5-20). Because of this membrane, the walls of Gram-negative bacteria are
rich in lipids (11 to 22 percent of the dry weight of the wall), in contrast to
those of Gram-positive bacteria. This outer membrane serves as an impermeable
barrier to prevent the escape of important enzymes, such as those involved in
cell wall growth, from the space between the cytoplasmic membrane and the
guter membrane (periplasmic space). The outer membrane also serves as a
barrier to various external chemicals and enzymes that could damage the cell.
For example, the walls of many Gram-positive bacteria can be easily destroyed
by treatment with an enzyme called lysozyme, which selectively dissolves
peptidoglycan; however, Gram-negative bacteria are refractory to this enzyme
because large protein molecules cannot penetrate the outer membrane. Only if
the outer membrane is first damaged, as by removal of stabilizing magnesium
ions by a chelating agent, can the enzyme penetrate and attack the underlying
peptidoglycan layer {see Fig. 5-20B).

The outer membrane of the Gram-negative cell wall is anchored to the un-
derlying peptidogiycan by means of Braun’s lipopretein (Fig. 5-21). The mem-
brane is a bilayered structure consisting mainly of phospholipids, proteins, and
lipopuolysaccharide (LPS). The LPS has toxic properties and is also known as
endotoxin. [t occurs only in the cuter layer of the membrane (Fig. 5-21) and is
composed of three covalently linked parts: {1) Lipid A, firmly embedded in the
membrane; (2) core polysaccharide, located at the membrane surface; and (3)
polysaccharide O antigens, which extend like whiskers from the membrane
surface into the surrounding medium (Fig. 5-21}. Many of the serological prop-
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Figure 5-22. Thin section of
an Escherichia coli cell that
was plasmolyzed in a 20%
sucrose sdlution, causing
the protoplast to contract,
Numerous adhesions are ev-
ident between the cyto-
plasmic membrane and the
outer membrane of the cell
wall. The light, fibrillar area
in the center of the cell is
the nuclear material. The
bar represents 0.1 pm.
(Courtesy of M. E. Bayer, |
Gen Microbiol §3:395,
1968.)

Macromolecular Surface
Arrays

STRUCTURES INTERNAL
TO THE CELL WALL

MICROORGANISMS—BACTERIA

erties of Gram-negative bacteria are attributable to O antigens; they can also
serve as receptors for bacteriophage attachment.

Although impermeable to large molecules such as proteins, the cuter mem-
brane can allow smailer molecules, such as nucleosides, oligosaccharides, mon-
osaccharides, peptides, and amino acids, to pass across. This is accomplished
by means of channels in special proteins called porins, which span the mem-
brane (Fig. 5-21). The various porins are specific for different kinds or classes
of small molecules, and some can even allow certain essential large molecules
to penetrate, such as vitamin B;;. Many porins also serve as receptors for
attachment of bacteriophages and bacteriocins.

One of the guestions posed by the structure of Gram-negative cell walls is:
How can water-insoluble, lipophilic substances such as LPS pass from their
place of synthesis within the cytoplasm and cytoplasmic membrane across a
watery periplasmic space to be inserted into the outer membrane? A likely
explanation has been provided by the discovery of numerous adhesions, or
points of direct contact between the two membranes (Fig. 5-22). These adhesions
seem to be the export sites for newly synthesized LPS and porins, and they are
also the sites at which pili and flagella are made.

The cell walls of some bacteria, both Gram-negative and Gram-positive, are
covered by a mosaic layer of protein subunits (Fig. 5-23). The functions of these
mosaic layers are not well understood, but at least one function is to protect
Gram-negative bacteria against attack and penetration by other small, predatory
bacteria known as bdellovibrios.

Immediately beneath the cell wall is the “ytoplasmic membrane. This structure
is approximately 7.5 nm (0.0075 wm) thick and is composed primarily of phos-
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Figure 5-24. Schematic interpretation of the struc-
ture of the cytoplasmic membrane. Phospholipids
{PL) are arranged in a bilayer such that the polar

Figure 5-23. Electron micrograph showing a macromo- portions [circles) face outward and the nonpolar
lecular surface array of protein subunits of the outer portions {filaments) face inward. I[P = integral pro-
surface of a cell-wall fragment from Aquaspirillum ser- tein; PP = peripheral protein. Note that some inte-
pens. {Courtesy of R. G. E. Murray. From N. R. Krieg, gral proteins, such as transport proteins, are be-

Bacteriol Rev 40:55, 1976.)

The Cytoplasmic
Membrane

lieved to span the membrane.

pholipids (about 20 to 30 percent) and proteins (about 60 to 70 percent]. The
phospholipids form a bilayer in which most of the proteins are tenaciously held
(integral proleins) (Fig. 5-24}; these proteins can be removed only by destruction
of the membrane, as with treatment by detergents. Other proteins are only
loosely attached (peripheral proteins) and can be removed by mild treatments
such as osmotic shock. The lipid matrix of the membrane has fl,idity, allowing
the components to move around laterally. This fluidity appears to be essential
for various membrane functions and is dependent on factors such as temperature
and on the proportion of unsaturated fatty acids to saturated fatty acids present
in the phospholipids.

A significant difference exists between the phosphelipids of eubacteria and
those of archaeobacteria. In eubacteria the phospholipids are phosphoglycer-
ides, in which straight-chain fatty acids 8 ester-linked to glycerol (Fig. 5-25).
In archaeobacteria, the lipids are polyisoprenoid branched-chain lipids, in
which long-chain branched alcehole (phytanols) are ether-linked to glycerol
{Fig. 5-25).

The cytoplasmic membrane is a hydrophobic barrier to penetration by most
water-soluble molecules. However, specific proteins in the membrane ellow,
indeed facilitate, the passage of small molecules (i.e., nutrients and waste prod-
ucts) across the membrane; these transport systems are discussed in Chap. 11.
The cytoplasmic membrane also contains various enzymes involved in respi-
ratory metabolism and in synthesis of capsular and cell-wall components; more-
over, because of its impermeability to protons (hydrogen ions), the cytoplasmic
membrane is the site of generation of the protonmotive force—the force that
drives ATP synthesis in many organisms, certain nutrient transport systems,
and flagellar motility (see Chaps. 10 and 11). Consequently the cytoplasmic



Figure 5-25. {A) Example of
a eubacterial phospholipid,
showing two unbranched,
long-chain fatty acids ester-
linked to glycerol. [B) Ex-
ample of an archaeobacterial
phospholipid, showing two
branched phytanol chains
that are ether-linked to glyc-
erol. (R is any of several
compounds such as ethanol-
amine, choline, serine, ino-
sitol, or glycerol.)
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membrane is an extremely important functional structure, and damage to it by
physical or chemical agents can result in the death of the cell.

Proteins are synthesized within the cell, but some can pass across the cyto-
plasmic membrane barrier to the outsids; examples of such exported molecules
are the protein components of cell walls (e.g., porins or lipoproteins) or the
exocellular enzymes that are secreted by many bacteria into their culture me-
dium, such as penicillinases, proteinases and amylases. Other proteins made
within the cell may pass into the cytoplasmic membrane and remain there (e.g..
enzymes such as cytochromes and membrane-bound dehydrogenases). The
mechanism by which transport of these proteins occurs into or across the
cytoplasmic membrane is unknown. A related question is: How does a cell
“know” which of the many kinds of proteins within the cell to transport out of
the cell? This question has been partially answered: The genes that code for
these proteins carry a message that results in the addition of & sequence of about
20 extra amino acids (the signal peptide) to the proteins during their synthesis
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within the cell. Unlike ordinary proteins, proteins carrying a signal peptide are
destined to be transported into or across the cytoplasmic membrane. According
to one hypothesis, special membrane proteins might bind the signal peptide at
the inner surface of the cytoplasmic membrane and form a channel by which
the protein can traverse the membrane. Whatever its function, the signal peptide
is subsequently removed by a proteolytic enzyme and does not appear in the
final, transported protein.

A protoplast is that portion of a bacterial cell consisting of the cytoplasmic
membrane and the cell material bounded by it. Protoplasts can be prepared
from Gram-positive bacteria by treating the cells with an enzyme such as lyso-
zyme, which selectively dissolves the cell wall, or by culturing the bacteria in
the presence of an antibiotic such as penicillin, which prevents the formation
of the cell wall. In either case, the osmotic pressure of the medium must be
sufficiently high to protect the organisms from bursting. Bacteria normally occur
in hypotonic environments (i.e., environments having a lower osmotic pressure
than that within the bacterial cells) and they continually take up water by
osmosis; thus, they tend to expand, pressing the cytoplasmic membrane tightly
against the rigid cell wall. In the absence of a rigid cell wall, there is nothing
to prevent the continued expansion and eventual bursting of a protoplast. This
bursting can be prevented by preparing protoplasts in an jgotanic medium, i.e.,
in a medium that has an osmotic pressure similar to that of the protoplast. Such
osmotically protected protoplasts are soft and fragile and are spherical, regatd-
less of the original shape of the cell.

Round, osmotically fragile forms of Gram-negative bacteria can be prepared by
procedures similar to those used for the protoplasts of Gram-positive bacteria.
However, the cell walls of Gram-negative bacteria differ from those of Gram-
positive bacteria by possessing an outer membrane. Although the peptidoglycan
of the cell wall may be destroyed by lysozyme or its synthesis inhibited by
antibiotics, the flexible outer membrane of the cell wall remains {Fig. 5-20B).
Because the treated cell has two membranes, the cytoplasmic membrane of the
protoplast plus the outer membrane of the cell wall, the cell is called 8 gpher-
oplast Tather than a protoplast.

Some bacteria, the mycoplasmas, never have cell walls and are bounded by
only a cytoplasmic membrane; therefore, they have many of the properties of
protoplasts, yet they manage to thrive nonetheless. Most mycoplasmas are par-
asites of animals, plants, or arthropods, and therefore live in osmotically favor-
able or isotonic environments. Some are able to attain a degree of rigidity by
incorporating cholesterol into their cytoplasmic membranes. Most mycoplasmas
have a more or less spherical shape, but one genus, Spiroplasma, consists of
helical cells. How such cells are able to maintain this shape in the absence of
a cell wall is unknown.

Bacterial cells do not contain membrane-enclosed organelies corresponding to
the mitochondria and chloroplasts of eucaryotic cells. However, bacteria may
have specialized invaginations of the cytoplasmic membrane that can increase
their surface area for certain functions.
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Figure 5-26. Thin section of
the Gram-positive bacterium
Streptococcus faecalis,
showing the beginning
stages of cell division occur-
ring beneath a thickened
equatorial ridge of the cell
wall {arrows). A central mes-
osoms [m] is present in
each cell and is seen to be a
complex invagination of the
cytoplasmic membrane. Nu-
clear material (n) appears as
a light, fibrillar area. (Cour-
tesy of J. M. .Garland, A. R.
Archibald and J. M. Baddi-
ley, ] Gen Microbicl 89:73,
1975.)

The Cyloplasm
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Many bacteria, especially Gram-positive bacteria, possess membrane invagin-
ations in the form of systems of convoluted tubules and vesicles termed meso-
somes. Those known ascentral mesosomes penetrate deeply into the cytoplasm,
are located near the middle of the cell, and seem to be attached to the cell's
nuclear material; they are though!t to be involved in DNA replication and cell
division {Fig. 5-26). In contrast, peripheral mesosomes show only a shallow
penetration into the cytoplasm, are not restricted to a central location, and are
not associated with nuclear material; they seem to be involved in export of
exocellular enzymes such as penicillinase.

Extensive intracellular membrane systems occur in methane-oxidizing bac-
teria, in certain chemoautotrophic bacteria (Fig. 5-27), and in nearly all photo-
trophic bacteria. They serve to increase surface area for various metabolic activ-
ities. For example, in phototrophic bacteria they are the site of the
photosynthetic apparatus of the cell; the infoldings provide a large surface area
to accommodate a high content of light-absorbing pigments. In the phototrophs
known as cyanobacteria, special intracellular membranes(thylakoids) occur that
seem to be separate from the cytoplasmic membrane.

The cell material bounded by the cytoplasmic membrane may be divided into
(1) the cytoplasmic area, granular in appearance and rich in the macromolecular
RNA-protein bodies known as ribosomes, on which proteins are synthesized;
{2) the chromatinic area, rich in DNA; and (3) the fluid portion with dissolved
substances. Unlike animal or plant cells, there is no endoplasmic reticulum to
which ribosomes are bound; some ribosomes are free in the cytoplasm, and
others, especially those involved in the synthesis of proteins to be transported
out of the cell, are associated with the inner surface of the cytoplasmic mem-
brane. When the ribosomes of procaryotes undergo sedimentation in a centri-
fuge, they have a sedimentation coefficient of 70 Svedberg units (705) and are
composed of two subunits, a 508 and a 305 subunit. This is in contrast to the
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Cytoplasmic
Inclusions and
Vacuoles

Nuclear Material

Figure 5-27. Electron micro-
graph of a thin section of a
chemoautotrophic bacte-
rium, Nitrosococcus
oceanus, showing an exten-
sive intracellular membrane
system. [Courtesy of 5. W.
Watson:)

The Mornhelogy and Fine Slructore of Bacleria

ribosomes of eucaryotic organisms, which have a sedimentation coefficient of
80S and are composed of a 605 and a 408 subunit.

Concentrated deposits of certain substances are detectable in the cytoplasm of
some bacteria. yolutin granules, 8150 known as metachromatic granules, e
composed of polyphosphate. They stain an intense reddish-purple color with
dilute methylene blue and can be observed by light microscopy. By electron
microscopy they appear as round, dark areas (Fig. 5-28). Volutin setves as a
reserve source of phosphate. Another polymer often found in aerobic bacteria,
especially under high-carbon, low-nitrogen culture conditions, is a chioroform-
soluble, lipidlike material, poly-B-hydroxybutyrate, (PHB), which can serve as
a reserve carbon and energy source. PHB granules can be stained with lipid-
soluble dyes such as Nile blue. By electron microscopy they appear as clear
round areas (Fig. 5-28). Polysaccharide granules, i.e., glycogen. €an be stained
brown with iodine. By electron microscopy they appear as dark granules (Fig.
5-28). Another type of inclusion is represented by the intracellular globules of
elemental sulfur that may accumulate in certain bacteria growing in environ-
ments rich in hydrogen sulfide.

Some bacteria that live in aquatic habitats form gas vacuoles that provide

. buoyancy. By light microscopy these are bright, refractile bodies; by slectron

microscopy they are seen to have a regular shape: hollow, rigid cylinders with
more or less conical ends and having a striated protein boundary. This boundary
is impermeable to water, but the various dissolved geses in the culture medium
can penetrate it to fill the cavity. The identifying feature of gas vacuoles is that
they can be made to collapse under pressure and thereby lose their refractility.

In contrast to eucaryotic cells, bacterial cells contain neither a distinct mem-
brane-enclosed nucleus nor a mitotic apparatus. However, they do conlain an
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Figure 5-28. Thin section of Pseudomnonas pseudoflava
showing polyphosphate {volutin) granules {PP), paly--
Lydroxybutyrate granules (PHB), and glycogenlike gran-
ules (G). (Courtesy of G, Auling, M. Reh and H. G. Schle-
gel, Int | Syst bacteriol 28:82, 1978.)



94 MICROORGANISMS—BACTERIA

Figure 5-29. Drawings
showing the location, size,
and shape of endospores in
cells of various species of

; i Spores elliptical; Spores sphericol; Spores ovoid;
Bucﬂl]us and Clos_mdmm.g_ centrally (ocated lerminally located subterminally localed
(Erwin F. Lessel, illustrator.) {Baciflus cerevs) (Clostridium tetani) {Clostridium subterminale)

area near the center of the cell that is regarded as a nuclear structure, artj the
DNA of the cell is confined to this area. Because it is not a discrete nutleus,
this nebulous structure has been designated by such terms as the nuclevid; the
chromalin body; the nuclear equivalent; and even the bacterial chromosome,
since it consists of a single, circular DNA molecule in which all the genes are
linked. The nucleoid can be made visible under the light microscope by Feulgen
staining, which is specific for DNA. By electron microscopy it appears as a light
area with a delicate fibrillar structure (for example, see Figs. 5-22 and 5-2R).
The behavior of the nucleoid in growing, dividing bacteria has been observed
by use of phase-contrast microscapy with a medium having a high refractive
index.

SPORES AND CYSTS Certain species of bacteria produce spores. either within the cell (endospores)
or external to the cell (exospores). The spore is a metabolically dormant form
which, under appropriate conditions, can undergo germination and outgrowth
to form a vegetative cell.

Endospores These structures are unique to bacteria. They are thick-walled, highly refractile
bodies that are produced (one per cell) by Bacillus, Clostridium, Sporosarcina,
Thermoactinomyces, and a few other genera. The shapes of endospores and also
their location within the vegetative cell vary depending on the species (Fig. 5-
29). The structural changes that occur during the development of endospores
have been extensively studied in Bacillus and Clostridium species (Fig. 5-30).
Endospores are usually produced by cells growing in rich media but which are
appreoaching the end of active growth. Various factors such as aging or heat
treatment are needed to activate the dormant spores {i.e., permit them to be able
to undergo germination and outgrowth when they are placed in a suitable
medium).

Endospores are extremely resistant to desiccation, staining, disinfecting chem-
icals, radiation, and heat. For example, the endospores of Clostridium botulinum
type A have been reported to resist bailing for several hours. The degree of heat
resistance of endospores varies with the bacterial species, but most can resist
treatment at 80°C for at least 10 minutes. What causes this heat resistance has .



85  The Morphology and Fime Structure of Bacteria

been a subject of intense study, but the explanation is still \not clear. During
sporulation, a dehydration process occurs in which most of the water in the
developing spore is expelled; the resulting dehydrated state may be an important
factar for heat resistance.

All endospores contain large amounts of dipicolinic acid (DPA), @ unique
compound that is undetectable in the vegetative cells vet can account for 10 to
15 percent of the spore's dry weight. It occurs in combination with large amounts
of calcium and is probably located in the core, i.e., in the central part of the
spore. The calcium-DPA complex may possibly play a role in the heat resistance
of endospores. Synthesis of DPA and the uptake of calciurp occur during ad-
vanced stages of sporulation.

Figure 5-30. Structural '"V°gi"|°’i°".‘ of
R . Qsmic
changes in the bacterial cell Crfer?\brune Forespore seplum

during sporulation. {Erwin
F. Lessel, illustrator; re-
drawn, with modifications
from L. E. Hawker and A. H.

Linton, Microorganisms— Free spore
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Figure 5-31. Outgrowth of
spores from cultures of Ba-
cillus mycoides: {A) grown
2 h at 35°C (X44,000), [B)
grown 1% h at 35°C
(X46,000). The two halves
of the severed spore coat
appear at the ends of the
vegetative cell. {SAB photos
LS 203 and 204 courtesy of
G. Knaysi, R. F. Baker, and

. Hillier, | Bacteriol, 53:525,

1947.)

Exospores

Conidiospores and
Sporangiospores

Cysts

Figure 5-32. Qutgrowth of
cysts from cultures of an
Azotobacter strain. Vegeta-
tive cells are also evident,
{Couitesy of Y.-T. Tchan
and P. B. New, from N. R.
Krieg (ed.), Bergey’'s Manual
of Systematic Bacteriology,
vol. 1, Williams & Wilkins,
Baltimore, 1984.]

During germinalion, endospores lose their resistance to heat and staining,
Subsequent gyigrowth occurs, characterized by synthesis of new cell material
and development of the organism into a growing cell (Fig. 5-31).

Cells of the methane-oxidizing genus Methylosinus form exospores, i.e., spores
external to the vegetative cell, by budding at one end of the cell. These are
desiccation- and heat-resistant, but unlike endospores they do not contain DPA.

The large group of bacteria known as the actinomycetes form branching hyphae;
spores develop, singly or in chains, from the tips of these hyphae by crosswall
formation (septation). If the spores are contained in an enclosing sac (sporan-
gium), they are termed sporangiospores; if not, they are called conidiospores
{or conidia) (Fig. 5-6). ’Fhe spores do not have the high heat resistance of
endospores, but they can survive long periods of drying.

Cysts are dormant, thick-walled, desiccation-resistant forms that develop by
differentiation of a vegetative cell and which can later germinate under suitable
conditions (Fig. 5-32). In some ways cysts resemble endospores; however, their
structure and chemical composition are different and they do not have the high
heat resistance of endospores. The classic example of a cyst is the structurally
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Figure 5-33. Fine structure of an Azotobacter cyst.
The exosporium (Ex) and the two layers of exine
(CC, and CC;) are visible. A nuclear region (N1)
and a cytoplasmic region containing ribosomes are
observable within the central body. [Courtesy of Y .-
T. Tchan and P. B. New, from N. R. Krieg (ed.),
Bergey's Manual of Systematic Bacteriology, vol. 1,
Williams & Wilkins, Baltimore, 1984.]

complex type produced by the genus Azotobacter (Fig. 5-33). Several other
bacteria can differentiate into cystlike forms, but these seem to lack the degree
of structural complexity characteristic of Azotobacter cysts.
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How does the cell’s surface area/volume ratio compare with that of larger

organisms? What advantages does a high surface area/volume ratio offer?

What constraints does it place on a cell?

What bacterial cell structures may help to increase the cell's surface area/

volume ratio?

If you performed a microscopic examination of an appropriately stained

preparution of Staphylococcus aureus, would you expect all the cells to be

arranged in clusters? Explain,

Explain why some species of cocci appear as chains but others appear in a

cuboidal arrangement.

Draw a typical bacterial cell and identify all parts.

Contrast propulsion by a bacterial flagellum with that by a screw propeller

on a submarine.

What functions might chemotaxis, phototaxis, and magnetotaxis-have for

bacteria in their natural habitats?

What problems associated with the shape and motility of spiroplasmas still

remain to be solved?

What function might a capsule serve for the following bacteria?

(a) a pathogenic bacterium

(b) a soil bacterium where the soil is periodically subjected to drought
conditions

(¢) a bacterium living in a flowing stream

Why are Gram-negative eubacteria usually much easier to disrupt by sonic

oscillation than Gram-positive eubacteria?

Compare the structure and chemistry of the cell walls of Gram-positive

eubacteria versus those of Gram-negative eubacteria. List some major differ-

ences between the cell walls of archaeobacteria versus those of eubacteria.

What function do the porins of the outer membrane of a Gram-negative

eubacterial cell wall serve? What functions do cytoplasmic membrane/outer

membrane adhesions serve?
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13 In what kinds of bacteria and in what kinds of bacterial cell structures would
we be most likely to find the following compounds: (a) peptidoglycan, (b}
teichoic acids, (c) calcium dipicolinate, (d) cholesterol, {e) lipopolysaccha-
ride, (f) phytanols ether-linked to glycerol?

14 Is spore formation in bacteria a method of reproduction or a means of
multiplication? Explain.

15 What are the similarities and differences between protoplasts and sphero-
plasts?

18 Is it proper to refer to bacterial cells as containing a typical nucleus? Explain.

17 Name several cytoplasmic inclusions or substances. What function might be
associated with each of these?
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