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Preface

PURPOSE

It is our goal to provide an accurate, up-to-date
microbiology text that is comprehensive but not so
detailed that it is encyclopedic. Concepts of micro-
biology essential to understanding clinical infection,
disease pathogenesis, prevention, and treatment are
stressed; specific details of procedure and technique
are purposely omitted. Because of important recent
developments in molecular biology, biochemistry, and
genetics, relevant information from these areas has
been incorporated, extending the book’s usefulness to
fields other than medicine.

AUDIENCE

This book is principally intended for medical stu-
dents, but house officers and practicing physicians will
find it useful for its current clinical and basic science
information. Undergraduate and graduate students in
the health sciences will appreciate the book’s multi-
science perspective. Biochemists and molecular biolo-
gists will find it a handy reference text for basic micro-
biology concepts.

ORGANIZATION

Chapter 1 presents biological principles in the con-
text of microbiology and illustrates how these prin-
ciples can be used to predict the properties of micro-
organisms.

Chapters 2 through 8 review the general principles
relating to microorganisms and their laboratory obser-
vation.

Chapters 9 through 11, which discuss immunology,
pathogenesis of bacterial infection, and chemotherapy,
review factors that influence the interaction between
potentially pathogenic microorganisms and their hosts.

Chapters 12 through 47 review properties of specific
groups of pathogens and the diseases with which each

is associated, summarizing the clinical manifestations
and current knowledge about laboratory diagnosis,
treatment, epidemiology, and control.
Chapter 48 summarizes the principles of diagnostic
medical microbiology.
Significant Changes made in this edition include
the following:
* The new introductory Chapter 1 defines micro-
biology as a biological science.
* Chapter 3 has been rewritten to emphasize the
functional significance of bacterial classification.
¢ The bacteriology chapters have been updated, and

changes have been made in the chapter on para-
sitology.
Many of the virology chapters have been com-
pletely reorganized and rewritten to provide a
conceptual framework for understanding viruses
and viral infections. Chapters have been restruc-
tured to emphasize the members of a virus group
most important in human disease, and molecular
and genetic details have been presented to explain
viral pathogenesis or epidemiology.

The descriptions of pathogenesis of viral diseases

in different organ systems are expanded.

* The chapter on herpesviruses is completely re-
written and updated, including new information
about the importance of cytomegalovirus in con-
genital infections and a description of a new virus
designated human herpesvirus 6.

* The chapter on AIDS is updated.

* Many new diagrams are presented to illustrate
(a) important concepts of viral structure and func-
tion, and (b) the clinical course of and immune
response to viral infections.

Geo. F. Brooks
Janet S. Butel

L. Nicholas Ornston
Ernest Jawetz
Joseph L. Melnick
Edward A. Adelberg

San Francisco, Houston,
and New Haven
April, 1991



Sl units of measurement in the biological range.

Prefix Abbreviation Magnitude
kilo- k 10°
deci- d 10-1
centi- c 10-2
milli- m 10-3
micro- n 10-6
nano- n 10-°
pico- p 1012

These prefixes are applied to metric and other units. For example, a
micrometer (n.m) is 10~ meter (formerly micron, p); a nanogram (ng) is
109 gram (formerly millimicrogram, mug); and a picogram (pg) is 10~ 12
gram (formerly micromicrogram, p.pg). Any of these prefixes may also be
applied to seconds, units, mols, equivalents, osmols, etc. The Angstrom
(A, 10-7) is now expressed in nanometers (eg, 40 A = 4 nm).
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Section |. Fundamentals of Microbiology

The Science of Microbiology 1

BIOLOGICAL PRINCIPLES
ILLUSTRATED BY MICROBIOLOGY

Nowhere is biological diversity demonstrated more
dramatically than by microorganisms, creatures that
are not directly visible to the unaided eye. In form and
function, be it biochemical property or genetic mecha-
nism, analysis of microorganisms takes us to the limits
of biological understanding. Thus, the need for origi-
nality—one test of the merit of a scientific hypothe-
sis—can be fully met in microbiology. A useful hy-
pothesis should provide a basis for generalization,
and microbial diversity provides an arena in which this
challenge is ever-present.

Prediction, the practical outgrowth of science, is a
product created by a blend of technique and theory.
Biochemistry and genetics provide the tools required
for analysis of microorganisms. Microbiology, in
turn, extends the horizons of these scientific disci-
plines. A biologist might describe such an exchange as
mutualism, ie, one that benefits all of the contributing
parties. In biology, mutualism is called symbiosis, a
continuing association of different organisms. Should
the exchange operate primarily to the benefit of one
party, the association is described as parasitism, a
relationship in which a host provides the primary ben-
efit to the parasite. Isolation and characterization of a
parasite—eg,a pathogenic bacterium or virus—often
requires effective mimicry in the laboratory of the
growth environment provided by host cells. This de-
mand sometimes represents a major challenge to the
investigator.

The terms “mutualism,” “symbiosis,” and “para-
sitism™ relate to the science of ecology, and the princi-
ples of environmental biology are implicitin microbiol-
ogy. Microorganisms are the products of evolution,
the biological consequence of natural selection oper-
ating upon a vast array of genetically diverse organ-
isms. It is useful to keep the complexity of natural
history in mind before generalizing about microorga-
nisms, the most heterogeneous subset of all living
creatures.

A major biological division separates the eu-
karyotes, organisms containing a membrane-bound
nucleus, from prokaryotes, organisms in which DNA
is not physically separated from the cytoplasm. As
described below and in Chapter 2, further major dis-
tinctions can be made between eukaryotes and pro-
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karyotes. Eukaryotes, for example, are distinguished
by their relatively large size and by the presence of
specialized membrane-bound organelles such as mito-
chondria.

As described more fully below, microbial eu-
karyotes are termed protists, and within this group the
major subdivisions are the algae, the protozoa, the
fungi, and the slime molds.

Eukaryotes and prokaryotes are organisms because
they contain all of the enzymes required for their rep-
lication and possess the biological equipment neces-
sary for the production of metabolic energy. Thus,
eukaryotes and prokaryotes stand distinguished from
viruses, which depend upon host cells for these neces-
sary functions.

VIRUSES

The unique properties of viruses set them apart from
living creatures. Heterogeneity among viruses is as-
sured by their dependence upon a host for replication.
In a sense, a virus can be regarded as a genetic exten-
sion of its host. Host-virus interactions tend to be high-
ly specific, and the biological range of viruses mirrors
the diversity of potential host cells. Further diversity of
viruses is exhibited by their broad array of strategies
for replication and survival.

A viral particle consists of a nucleic acid molecule,
either DNA or RNA, enclosed in a protein coat or
capsid. Proteins—frequently glycoproteins—in the
capsid determine the specificity of interaction of a
virus with its host cell. The capsid protects the nucleic
acid and facilitates attachment and penetration of the
host cell by the virus. Inside the cell, viral nucleic acid
redirects the host’s enzymatic machinery to functions
associated with replication of the virus. In some cases,
genetic information from the virus can be incorporated
as DNA into a host chromosome. In other instances,
the viral genetic information can serve as a basis for
cellular manufacture and release of copies of the virus.
This process calls for replication of the viral DNA and
production of specific viral proteins. Maturation con-
sists of assembling newly synthesized nucleic acid and
protein subunits into mature viral particles which are
then liberated into the extracellular environment. Dif-
ferent viruses are known to infect a wide variety of
specific plant and animal hosts as well as prokaryotes
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and at least one eukaryotic alga. Virus-like particles
that seem to lack an infectious extracellular phase have
been found in fungi as well as in several genera of
algae.

A number of transmissible plant diseases are caused
by viroids—small, single-stranded, covalently closed
circular RNA molecules existing as highly base-paired
rod-like structures; they do not possess capsids. Their
molecular weights are estimated to fall in the range of
75,000-100,000. It is not known whether they are
translated in the host into polypeptides or whether they
interfere with host functions directly (as RNA); if the
former is true, the largest viroid could only be trans-
lated into the equivalent of a single polypeptide con-
taining about 55 amino acids. Viroid RNA is repli-
cated by the DNA-dependent RNA polymerase of the
plant host; preemption of this enzyme may contribute
to viroid pathogenicity.

The RNAs of viroids have been shown to contain
inverted repeated base sequences at their termini, a
characteristic of transposable elements and retrovi-
ruses (see Chapter 7). Thus, it is likely that they have
evolved from transposable elements or retroviruses by
the deletion of internal sequences.

Scrapie, a degenerative central nervous system dis-
ease of sheep, is caused by a filterable agent less than
50 nm in diameter. It is resistant to nucleases and other
agents that inactivate nucleic acids but is inactivated
by proteases and other agents that react with proteins.
The infectious particle has been called a prion; it
copurifies with a specific protein, but the presence of
nucleic acid within the particle has not been ruled out.

By use of recombinant DNA techniques, the gene
encoding the major prion protein has been cloned from
hamster brain. The gene—and its corresponding
mRNA—is present (and thus expressed) in both nor-
mal and scrapie-infected brain tissue. Three compet-
ing models exist: (1) Scrapie is a conventional virus
with an extremely small nucleic acid genome that has
escaped detection; (2) the infectious agent is a small,
noncoding RNA molecule that binds to prion protein
with high affinity, changing the prion’s conformation
in a self-propagating manner to a pathological form;
and (3) the prion protein is itself the infectious agent,
inducing the synthesis of posttranslational modifying
enzymes that convert a normal protein to the patholog-
ical prion form. These models may also apply to the
agents of Creutzfeldt-Jakob disease and kuru, which
produce very similar diseases in humans.

The general properties of animal viruses pathogenic
for humans are described in Chapter 32. Bacterial vir-
uses are described in Chapter 7.

PROKARYOTES

The primary distinguishing characteristics of the
prokaryotes are their relatively small size, usually on
the order of 1 wm in diameter, and the absence of a

nuclear membrane. The DNA of almost all bacteria is a
circle with a length of about 1 mm; this is the prokary-
otic chromosome. The chromosomal DNA must be
folded more than a thousandfold just to fit within the
prokaryotic cell membrane. Substantial evidence sug-
gests that the folding may be orderly and may bring
specified regions of the DNA into proximity. Thus, it
would be a mistake to conclude that subcellular differ-
entiation, clearly demarcated by membranes in eu-
karyotes, is lacking in prokaryotes. Indeed, some pro-
karyotes form membrane-bound subcellular structures
with specialized function such as the chromotaphores
of photosynthetic bacteria. Such prokaryotic struc-
tures differ from eukaryotic counterparts in that the
membranes surrounding the specialized region are ex-
tensions of the cell membrane.

Prokaryotic Diversity

The small size of the prokaryotic chromosome lim-
its the amount of genetic information it can contain.
Reasonable estimates of the number of genes within a
typical prokaryote are on the order of 1000, and many
of these genes must be dedicated to essential functions
such as energy generation, macromolecular synthesis,
and cellular replication. Any one prokaryote carries
relatively few genes that allow physiological accom-
modation of the organism to its environment. The
range of potential prokaryotic environments is un-
imaginably broad, and it follows that the prokaryotic
group encompasses a heterogeneous range of special-
ists, each adapted to a fairly narrowly circumscribed
niche.

The range of prokaryotic niches is illustrated by
consideration of strategies used for generation of meta-
bolic energy. Light from the sun is the chief source of
energy for life. Some prokaryotes such as the purple
bacteria convert light energy to metabolic energy in the
absence of oxygen production. Other prokaryotes, ex-
emplified by the blue-green bacteria (cyanobacteria),
produce oxygen that can provide energy through respi-
ration in the absence of light. Aerobic organisms de-
pend upon respiration with oxygen for their energy.
Some anaerobic organisms can use electron accep-
tors other than oxygen in respiration. Many anaerobes
carry out fermentations in which energy is derived by
metabolic rearrangement of chemical growth sub-
strates. The tremendous chemical range of potential
growth substrates for aerobic or anaerobic growth is
mirrored in the diversity of prokaryotes that have
adapted to their utilization.

Prokaryotic Communities

A useful survival strategy for specialists is to enter
into consortia, arrangements in which the physiologi-
cal characteristics of different organisms contribute to
survival of the group as a whole. If the organisms
within a physically interconnected community are di-
rectly derived from a single cell, the community is a
clone that may contain up to 108 cells. The biology of
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such a community differs substantially from that of a
single cell. For example, the high cell number virtually
assures the presence within the clone of at least one cell
carrying a variant of any gene on the chromosome.
Thus, genetic variability—the wellspring of the evolu-
tionary process called natural selection—is assured
within a clone. The high number of cells within clones
also is likely to provide physiological protection to
at least some members of the group. Extracellular
polysaccharides, for example, may afford protection
against potentially lethal agents such as antibiotics or
heavy metal ions. Large amounts of polysaccharides
produced by the high number of cells within a clone
may allow cells within the interior to survive exposure
to a lethal agent at a concentration that might kill single
cells.

A distinguishing characteristic of prokaryotes is
their capacity to exchange small packets of genetic
information. This information may be carried on plas-
mids, small and specialized genetic elements that are
capable of replication within at least one prokaryotic
cell line. In some cases, plasmids may be transferred
from one cell to another and thus may carry sets of
specialized genetic information through a population.
Some plasmids possess a broad host range that allows
them to convey sets of genes to diverse organisms. Of
particular concern are drug resistance plasmids that
may render diverse bacteria resistant to antibiotic treat-
ment.

The survival strategy of a single prokaryotic cell line
may lead to a range of interactions with other organ-
isms. These may include symbiotic relationships illus-
trated by complex nutritional exchanges among organ-
isms within the human gut. These exchanges benefit
both the microorganisms and their human host. Para-
sitic interactions can be quite deleterious to the host.
Advanced symbiosis or parasitism can lead to loss of
functions that would allow growth of the symbiont or
parasite independent of its host.

The mycoplasmas, for example, are parasitic pro-
karyotes that have lost the ability to form a cell wall.
Adaptation of these organisms to their parasitic en-
vironment has resulted in incorporation of a substantial
quantity of cholesterol into their cell membranes.
Cholesterol, not found in other prokaryotes, is assimi-
lated from the metabolic environment provided by the
host. Loss of function is exemplified also by obligate
intracellular parasites, the chlamydiae and rickett-
siae. These bacteria are extremely small (0.2-0.5 pm
in diameter) and depend upon the host cell for many
essential metabolites and coenzymes. Some evidence
suggests that the host cell may even provide energy in
the form of ATP to these bacteria.

The most widely distributed examples of bacterial
symbionts appear to be chloroplasts and mitochondria,
the energy-yielding organelles of eukaryotes. A sub-
stantial body of evidence points to the conclusion that
ancestors of these organelles were endosymbionts,
prokaryotes that established symbiosis within the cell

membrane of the ancestral eukaryotic host. The pres-
ence of multiple copies of the organelles may have
contributed to the relatively large size of eukaryotic
cells and to their capacity for specialization, a trait
ultimately reflected in the evolution of differentiated
multicellular organisms.

Classification of the Prokaryotes

An understanding of any group of organisms re-
quires their classification. An appropriate classifica-
tion system allows a scientist to choose characteristics
that allow swift and accurate categorization of a newly
encountered organism. The categorization allows pre-
diction of many additional traits shared by other mem-
bers of the category. In a hospital setting, successful
classification of a pathogenic organism may provide
the most direct route to its elimination. Classification
may also provide a broad understanding of relation-
ships among different organisms, and such informa-
tion may have great practical value. For example,
elimination of a pathogenic organism will be relatively
long-lasting if its habitat is occupied by a nonpatho-
genic variant.

The principles of prokaryotic classification are dis-
cussed in Chapter 3. At the outset it should be recog-
nized that any prokaryotic characteristic might serve as
a potential criterion for classification. Not all criteria
are equally effective in grouping organisms. Posses-
sion of DNA, for example, is a useless criterion for
distinguishing organisms because all cells contain
DNA. The presence of a broad host range plasmid is
not a useful criterion because such plasmids may be
found in diverse hosts and need not be present all of the
time. Useful criteria may be structural, physiological,
biochemical, or genetic. Spores—specialized cell
structures that may allow survival in extreme environ-
ments—are useful structural criteria for classification
because well-characterized subsets of bacteria form
spores. Some bacterial groups can be effectively sub-
divided on the basis of their ability to ferment specified
carbohydrates. Such criteria may be ineffective when
applied to other bacterial groups that may lack any
fermentative capability. A biochemical test, the Gram
stain, is an effective criterion for classification be-
cause response to the stain reflects fundamental and
complex differences in the bacterial cell surface that
divide bacteria into two major groups.

Genetic criteria are increasingly employed in bac-
terial classification, and many of these advances are
made possible by the development of recombinant
DNA technology. It is now possible to design DNA
probes that swiftly identify organisms carrying spec-
ified genetic regions with common ancestry. Com-
parison of DNA sequences for some genes led to the
elucidation of phylogenetic relationships among pro-
karyotes. Ancestral cell lines can be traced, and organ-
isms can be grouped on the basis of their evolutionary
affinities. These investigations have led to some strik-
ing conclusions. For example, comparison of cyto-
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chrome ¢ sequences suggests that all eukaryotes, in-
cluding humans, arose from one of three different
groups of purple photosynthetic bacteria. This conclu-
sion in part explains the evolutionary origin of eu-
karyotes, but it does not fully take into account the
generally accepted view that the eukaryotic cell was
derived from the evolutionary merger of different pro-
karyotic cell lines.

Bacteria & Archaebacteria:
the Major Subdivision Within
the Prokaryotes

A major success in molecular phylogeny has been
the demonstration that prokaryotes fall into two major
groups. Most investigations have been directed to one
group, the bacteria. The other group, the archaebac-
teria, has received relatively little attention, in part
because many of its representatives are difficult to
study in the laboratory. Some archaebacteria, for ex-
ample, are killed by contact with oxygen, and others
grow at temperatures exceeding that of boiling water.
Before molecular evidence became available, the ma-
jor subgroupings of archaebacteria seemed disparate.
The methanogens carry out an anaerobic respiration
that gives rise to methane; the halophiles demand ex-
tremely high salt concentrations for growth; and the
thermoacidophiles require high temperature or acidity
(or both). It has now been established that these pro-
karyotes share biochemical traits such as cell wall or
membrane components that set the group entirely apart
from all other living organisms. An intriguing trait
shared by archaebacteria and eukaryotes is the pres-
ence of introns within genes. The function of introns—
segments of DNA that interrupt informational DNA
within genes—is not established. What is known is
that introns represent a fundamental characteristic
shared by the DNA of archaebacteria and eukaryotes.
This common trait has led to the suggestion that—just
as mitochondria and chloroplasts appear to be evo-
lutionary derivatives of the bacteria—the eukaryotic
nucleus may have arisen from an archaebacterial an-
cestor.

PROTISTS

The “true nucleus” of eukaryotes (from Gr karyon
“nucleus”) is only one of their distinguishing features.
The membrane-bound organelles, the microtubules,
and the microfilaments of eukaryotes form a complex
intracellular structure unlike that found in prokaryotes.
The agents of motility for eukaryotic cells are flagella
or cilia—complex multistranded structures that do not
resemble the flagella of prokaryotes. Gene expression
in eukaryotes takes place through a series of events
achieving physiological integration of the nucleus with
the endoplasmic reticulum, a structure that has no
counterpart in prokaryotes. Eukaryotes are set apart by
the organization of their cellular DNA in chromo-

somes separated by a distinctive mitotic apparatus dur-
ing cell division.

In general, genetic transfer among eukaryotes de-
pends upon fusion of haploid gametes to form a
diploid cell containing a full set of genes derived from
each gamete. The life cycle of many eukaryotes is
almost entirely in the diploid state, a form not encoun-
tered in prokaryotes. Fusion of gametes to form re-
productive progeny is a highly specific event and es-
tablishes the basis for eukaryotic species, a term that
can be applied only metaphorically to the prokaryotes.
Taxonomic groupings of eukaryotes frequently are
based on shared morphological properties, and it is
noteworthy that many taxonomically useful determi-
nants are those associated with reproduction. Almost
all successful eukaryotic species are those in which
closely related cells, members of the same species, can
recombine to form viable offspring. Structures that
contribute directly or indirectly to the reproductive
event tend to be highly developed and, with minor
modifications among closely related species, exten-
sively conserved.

Microbial eukaryotes—protists—are members of
the four following major groups: algae, protozoa,
fungi, and slime molds. It should be noted that these
groupings are not necessarily phylogenetic: Closely
related organisms may have been categorized sepa-
rately because underlying biochemical and genetic
similarities may not have been recognized.

Algae

The term *“‘algae” has long been used to denote all
organisms that produce O, as a product of photo-
synthesis. One major subgroup of these organisms—
the blue-green bacteria, or cyanobacteria—are pro-
karyotic and no longer are termed algae. This classifi-
cation is reserved exclusively for photosynthetic eu-
karyotic organisms. All algae contain chlorophyll in
the photosynthetic membrane of their subcellular
chloroplasts. Many algal species are unicellular micro-
organisms. Other algac may form extremely large
multicellular structures. Kelps of brown algae some-
times are several hundred meters in length. A full de-
scription of the algae can be found in Bold HC, Wynne
MI: Introduction to the Algae: Structure and Repro-
duction. Prentice-Hall, 1978. A highly readable ac-
count of the properties of algae and other protists is
presented in Sagan D, Margulis L: Garden of Micro-
bial Delights: A Practical Guide to the Subdivisible
World. Harcourt Brace Jovanovich, 1988.

Protozoa

Protozoa are unicellular nonphotosynthetic protists.
The most primitive protozoa appear to be flagellated
forms that in many respects resemble representatives
of the algae. It seems likely that the ancestors of these
protozoa were algae that became heterotrophs: the
nutritional requirements of such organisms are met
by organic compounds. Adaptation to a heterotrophic



THE SCIENCE OF MICROBIOLOGY / 5

mode of life was sometimes accompanied by loss of
chloroplasts, and algae thus gave rise to the closely
related protozoa. Similar events have been observed in
the laboratory as either mutation or physiological ad-
aptation has given rise to colorless descendants of algal
cells.

From flagellated protozoa appear to have evolved
the ameboid and the ciliated types; intermediate forms
are known that have flagella at one stage in the life
cycle and pseudopodia (characteristic of the ameba) at
another stage. A fourth major group of protozoa con-
sists of the sporozoons, parasites with complex life
cycles that include a resting or spore stage.

Fungi

The fungi are nonphotosynthetic protists growing as
a mass of branching, interlacing filaments (“hyphae™)
known as a mycelium. Although the hyphae exhibit
cross-walls, the cross-walls are perforated and allow
free passage of nuclei and cytoplasm. The entire or-
ganism is thus a coenocyte (a multinucleated mass
of continuous cytoplasm) confined within a series of
branching tubes. These tubes, made of polysaccha-
rides such as chitin, are homologous with cell walls.
The mycelial forms are called molds; a few types,
yeasts, do not form a mycelium but are easily recog-
nized as fungi by the nature of their sexual reproduc-
tive processes and by the presence of transitional
forms.

The fungi probably represent an evolutionary off-
shoot of the protozoa; they are unrelated to the ac-
tinomycetes, mycelial bacteria that they superficially
resemble. Fungi are subdivided as follows: Zygomy-
cotina (the phycomycetes), Ascomycotina (the asco-
mycetes), Basidiomycotina (the basidiomycetes), and
Deuteromycotina (the imperfect fungi).

The evolution of the ascomycetes from the phy-
comycetes is seen in a transitional group, members of
which form a zygote but then transform this directly
into an ascus. The basidiomycetes are believed to have
evolved in turn from the ascomycetes. The classifica-
tion of fungi is discussed further in Chapter 30.

Slime Molds

These organisms are characterized by the presence,
as a stage in their life cycle, of an ameboid multinucle-
ate mass of cytoplasm call a plasmodium. The plas-
modium of a slime mold is analogous to the mycelium
of a true fungus. Both are coenocytes. In the latter,
cytoplasmic flow is confined to the branching network
of chitinous tubes, whereas in the former the cyto-
plasm can flow in all directions. This flow causes the
plasmodium to migrate in the direction of its food
source, frequently bacteria. In response to a chemical
signal, 3',5'-cyclic AMP (see Chapter 7), the plas-
modium, which reaches macroscopic size, differenti-
ates into a stalked body that can produce individual
motile cells. These cells, flagellated or ameboid, initi-
ate a new round in the life cycle of the slime mold. The
cycle frequently is initiated by sexual fusion of single
cells.

The life cycle of the slime molds illustrates a central
theme of this chapter: the interdependency of living
forms. The growth of slime molds depends upon nu-
trients provided by bacterial or, in some cases, plant
cells. Reproduction of the slime molds via plasmodia
can depend upon intercellular recognition and fusion
of cells from the same species. Full understanding of a
microorganism requires both knowledge of the other
organisms with which it coevolved and an appreciation
of the range of physiological responses that may con-
tribute to survival.
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OPTICAL METHODS

The Light Microscope

The resolving power of the light microscope under
ideal conditions is about half the wavelength of the
light being used. (Resolving power is the distance that
must separate two point sources of light if they are to
be seen as two distinct images.) With yellow light of a
wavelength of 0.4 wm, the smallest separable diame-
ters are thus about 0.2 wm. The useful magnification
of a microscope is the magnification that makes visible
the smallest resolvable particles. Microscopes used in
bacteriology generally employ a 90-power objective
lens with a 10-power ocular lens, thus magnifying the
specimen 900 times. Particles 0.2 wm in diameter are
therefore magnified to about 0.2 mm and so become
clearly visible. Further magnification would give no
greater resolution of detail and would reduce the vis-
ible area (field).

Further improvement in resolving power can be ac-
complished only by the use of light of shorter wave-
lengths of about 0.2 pwm, thus allowing resolution of
particles with diameters of 0.1 pwm. Such microscopes,
employing quartz lenses and photographic systems,
are too expensive and complicated for general use.

The Electron Microscope

Using a beam of electrons focused by magnets, the
electron microscope can resolve particles 0.001 wm
apart. Viruses, with diameters of 0.01-0.2 wm, can be
easily resolved.

An important technique in electron microscopy is
the use of “shadowing.” This involves depositing a
thin layer of metal (such as platinum) on the object by
placing it in the path of a beam of metal ions in a
vacuum. The beam is directed obliquely, so that the
object acquires a “shadow” in the form of an uncoated
area on the other side. When an electron beam is then
passed through the coated preparation in the electron
microscope and a positive print made from the “nega-
tive” image, a three-dimensional effect is achieved
(eg, see Figs 2-21, 2-22, and 2-23).

Other important techniques in electron microscopy
include the use of ultrathin sections of embedded mate-
rial; a method of freeze-drying specimens, which pre-
vents the distortion caused by conventional drying pro-
cedures; and the use of negative staining with an
electron-dense material such as phosphotungstic acid
(eg, see Fig 44-1).

The scanning electron microscope provides 3-di-
mensional images of the surfaces of microscopic ob-
jects (eg, see Fig 3—1). The object is first coated with a
thin film of a heavy metal and then scanned by a
downward-directed electron beam. Electrons scattered
by the heavy metal are collected and focused to form
the final image.

Darkfield lllumination

If the condenser lens system is arranged so that no
light reaches the eye unless reflected from an object on
the microscope stage, structures that provide insuf-
ficient contrast with the surrounding medium can
be made visible. This technique is particularly valu-
able for observing organisms such as the spirochetes,
which are difficult to observe by transmitted light.

Phase Microscopy

The phase microscope takes advantage of the fact
that light waves passing through transparent objects,
such as cells, emerge in different phases depending on
the properties of the materials through which they
pass. A special optical system converts difference in
phase into difference in intensity, so that some struc-
tures appear darker than others. An important feature
is that internal structures are thus differentiated in liv-
ing cells; with ordinary microscopes, killed and
stained preparations must be used.

Autoradiography

If cells that have incorporated radioactive atoms are
fixed on a slide, covered with a photographic emul-
sion, and stored in the dark for a suitable period of
time, tracks appear in the developed film emanating
from the sites of radioactive disintegration. If the cells
are labeled with a weak emitter such as tritium, the
tracks are sufficiently short to reveal the position of the
radioactive label in the cell. This procedure, called
autoradiography, has been particularly useful in fol-
lowing the replication of DNA, using tritium-labeled
thymidine as a specific tracer.

EUKARYOTIC CELL STRUCTURE

The principal features of the eukaryotic cell are
shown in the electron micrograph in Fig 2—1. Note the
following structures.



