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Preface

In this edition, we have somewhat simplified some chap-
ters in the Introductory section. However, because of the
theoretical and practical importance of genetics and ge-
netic engineering for future veterinary microbiclogy, the
pertinent chapters have been expanded.

A taxonomic approach has been used in the presenta
tion of the major pathogenic bacteria. Although the em-
phasis on taxonomy may seem at times burdensome, it
helps show the correlation between genetic relatedness
and the kind of disease produced.

We have attempted to provide the latest information
on all facets of the principal bacterial and fungal
pathogens of veterinary interest. As in carlier cditions, a
special eftort has been made to emphasize practical appli-
cations. The book is primarily directed to undergraduate
veterinary students.

Veterinary microbiology is traditionally tanght hy means
of lectures and laboratory exercises. This text provides the
more important facts of introductory and pathogenic mi-
crobiology for the didactic portion. In the interest of ccon-
omy, the number of illustrations has been Kept to a
minimum. If laboratory exercises are adequate, students will
have an opportunity to observe and study the microscopic
and cultural characteristics of important microorganisms.

We have found that the teaching of the pathogenic
portion of the course can be made more interesting and
relevanl Lo veterinary practice by the use of case reports
and scientific papers describing outbreaks of infectious
discasc. These can be used Socratically as the principal

way for conveying the lecture material, or employed on
occdasion to stimulate interest.

We decided, as have other authors, to forgo the listing
of references at the end of chapters. This was donc be-
cause of the easy availability ot a plethora ot references
both old and current via the Internet. This also con-
tributes to a less expensive book.

A glossary has been added at the end of many chapters
to explain terms with which many readers may nol be [a-
miliar. The individual glossaries have been placed in a Cu-
mulative Glossary at the back of the book.

We would like to express our appreciation to the Vir-
ginia-Maryland Regional College of Veterinary Medicine
and Concord College for the use of various facilities 1n-
cluding office space and communications.

Dr. Yasuko Rikahisa had prepared a chapler [or the pre-
vious edition and Dr. GG. William Klaus two chapters. We
substantially revised these chapters. Some of their mater-
ial from the previous edition was retained and is gratefully
acknowledged.

We acknowledge the valuable help of Ms. Linda Cox
and Dr. M. M. Chengappa of the College of Veterinary
Medicine, Kansas State University, on many practical as-
pects of veterinary bacteriology and mycology.

The help of the staff of lowa State Press in the many as-
pects of preparing the final manuscript is gratefully ac-
knowledged.

G. K. Carter
Darla J. Wise
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3 ParT I Introductory Bacteriology

Table 1.2  Comparison of Bacteria, Archaea, and Eukarya
Characteristics? Bacteria Archaea Eukarya
Cell wall Peptidoglycan Peptidoglycan or protein, only Plants: polysaccharide
Animals: none
Fungi: chitin
Cell wall: Amino acids D-isomers L-isomers L-isomers
Cell wall. Muramic acid + — +
Cell membrane atraight-chain fatty acids ester Branched hydrocarbons ester linked to Straight chain fatty acids cster linked to
linked to glyceral glycerol glycerol
Protein content High Low High

Lipids Phosphalipids
Sterols e
RIDOSOME sensitivity 1o diphtheria  —
toxin
Methanogenesis =
Milrification F
Chlorophyll-based photosynthesis ~ +
Fatty acids +
Plasmids +
Histone proteins —
Ribonucleic acid polymerases One type; simple: four subunits
Transcription factors required o
Sensitvity to chloramphenicol, Yes
streptomycin

Glycolipids, nonpolar isoprenoid lipids,
phospholipids, and sulfolipids

Phospholipids

— -
+ +

_I_ —

— +

-|. —

+ +

Several; complex; eight to 12 subunits aeveral; complex; eight to 12 subunits
+ -+

Mo No

*Not all representatives within a domain will demonstrate a given properly.
“*Mycoplasma, Ureaplasing, Spiruplasma, and Anderoplasma have sterols,

have been isolated from environments such as extreme salt,
boiling sulfur springs, and methane-producing bacteria. 1o
date, no pathogenic Archaea have been identified.

The fungi are a very diverse group that can be single-
celled (yeast and some molds) or can take macroscopic
multiccllular forms (such as mushrooms). The cell wall of
fungi 1s composed of chitin or cellulose. Unlike the hacte-
ria and Archaea, the fungi possess a cell nucleus and mem-
brane-bounded organelles. Like some of the bacteria and
Archaea, fungi absorb their nutrients from the environ-
ment. Fungi are also found widely distributed in nature. A
relatively small number of members of this group are
pathogenic. Some have been found to produce beneficial
antibiotics. Introductory aspects of the fungi are discussed
in Chapter 35.

Protozoa are single-celled organisms that have a cell
nucleus and membrane-bounded organelles. Protozoa do
not typically have cell walls. Like the fungi, they obtain
nutrients from their environment; however, some are ca-
pable of making their own; for example, by photosynthe-
s1s. Protozoans are widely distributed in nature, and a
small number are pathogenic.

Viruses are acellular microbes that, on their own, are
not capable of any of the activities of the other microbes,
such as metabolism. They are composed of nucleic acid
surrounded by a protein coat. Viruses are capable of repli-
cation only when they have infected particular cell types.
Those viruses capable of invading cells may become
pathogenic.

Algae are a very diverse group containing single-celled
and multicellular varieties. They possess a cell nucleus, a

membrane-bounded organelles, and a cell wall composed
of cellulose. All algae are capable of making their own
food by photosynthesis. They are widely distributed in
fresh water and oceans. Although some algae produce tox-
ins, they rarely cause disease.

BACTERIAL TAXONOMY AND CLASSIFICATION

laxonomy is defined as the science of classification (or-
derly arrangement of organisms). Biological classification,
in general, is based on natural, evolutionary relationships
between organisms. Traditionally, in higher organisms,
taxonomy has been based on readily observable structures
and other features. This approach is not sufficient for the
classification of the prokaryotes. Instead, prokaryotes tra-
ditionally have been classified on the basis of phenotypic
characteristics observed in the laboratory, such as mor
phology, cultural and staining characteristics, biochemi-
cal activity, oxygen requirements, and so forth. The
modern phylogenetic classification ol microorganisuy is
based on molecular criteria.

GENETIC BASIS FOR CLASSIFICATION

Genelic inlormalion of bacteria is coded in deoxyri-
bonucleic acid (DNA) base sequence. The genetic nature
of bactcria undergoes frequent variation by mutation,
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conjugation, transduction, and selection in different en-
vironients leading olten to relatively rapid cvolution.

DNA Base Compaositions

The proportions of the four DNA bases in the total DNA
of an organism can be determined. By convention, the
base composition of a DNA preparation is expressed as
the mole percentage of guanine—cytosine (GC) to the to
tal amount of DNA. Because GC + Al (adenine-thymine)
= 100% of the DNA, if the GC content is 40%, the AT
content is 60%. Determination of GC percentage is rela-
tively simple and is of some value in taxonomy: All the
Enterobacteriaceae, including Escherichia coli and Salmo-
nella, have GC percentages ranging from 50% to 54%.
Sitnilarity of base composition, howevcr, docs not neces
sarily signify DNA homology. The genomes of all verte-
bratcs have a GC percentage of 44%, which is the same as
SOmMe MmiCcroorganismes.

DNA Hybridization

DNA sequence homology between two organisms can be
quantified by procedures that determine the extent of for-
mation of molecular hybrids from two DNA strands of dif-
terent origin. This approach has been useful in
demonstrating the relative order and degree of DNA sim-
ilarity of closely related groups of bacteria. However, this
technique is ton specific to be used to study the relation-
ships of dissimilar bacterial groups. Hybridization be-
tween DNA molecules of two E. coli strains would be close
to 100%, but hybridization of E. coli with a Salmonella
strain would be about 45%. The phylogenetic definition
of a species generally includes strains with approximately
70% or greater DNA-DINA relatedness.

DNA Fingerprinting

DNA fingerprinting is used for identitying microorgan-
isms at the species and strain levels. Restriction €n-
zymes arc uscd to cut a molecule of DNA at locations
where a specific base sequence occurs. The resulting re-
striction fragments are separated by gel electrophoresis.
Comparison of the number and size of [ragments from
different arganisms indicate the extent of their genetic
similarity.

Sequence Comparison: 165 rRNA

16S rRNA is a large nucleotide (—1500 bases) of the ribo-
somes of prokaryotes. It conlains highly conserved (sta-
ble) sequences of nucleotides and, also, more variable
sequences. The former, more stable sequences arc usctul
for comparisons at the higher taxonomic ranks. Compar-
isons of the variable regions are usetful to determine di-
vergence at the strain or species level. Alternatve
phylogenetic markers have been provided, such as 235
rTRINA, but 16S tRNA continues Lo be the standard for elu-
cidating bacterial phylogeny. The eukaryotic counterpart
of 165 rRNA is 185 tRNA.

A practical application employing 165 rRNA is ribotyp-
ing. In this procedure, microorganisms are identified by
analysis of DNA fragments generated from restriction en-
zyme digestion of genes encoding their 165 rRNA.

The polymerase chain reaction (PCR), described in
Chapter 4, is particularly useful for increasing the
amount of microbial DNA for the nucleic acid analyses
referred to above.

BACTERIA

Bacteria arc single-celled organisms that are mainly dis-
tinguished from the eukaryotic organisms by the charac-
teristics listed in Table 1.1. They constitute an enormous
and varied group and are considered to share a distant
common ancestor. By far, the majority occur as free-living
organisms in nature, with only a few species having med-
ical or veterinary significance. Some idea of the size and
diversity of the group can be gathered from the several
volumes of Bergey’s Manual of Systematic Bacteriology, the
latest edition of which is referred to later in the chapter.
This compendium of microbial laxonomy lists and de-
scribes all recognized bacteria. It currently divides the
prokaryotes into two domains (the Archaea and the bac-
teria) and a number of phyla, referred to later. The princi-
pal kinds of bacteria are described briefly below.

Rickettsia and Chlamydia

Although rickettsia and chlamydia differ from each other
phylogenetically, they have a number Of features in com-
MO

e They are coccoid to rods in shape, with a diameter
of 0.3-0.7 pm.

e With the exception of one rickettsia (Rochalimaea),
they are obligate intracellular parasites and, thus,
require living cells for cultivation.

* They contain both DNA and RNA.

e Both have gram-negative-type cell walls
(peptidoglycan).

¢« Both cause a number of important diseases in
animals and humans.

They differ as follows:

o Rickettsia multiply by binary fission; chlamydia
have a distinct life cycle (scc Chapter 31).

e Rickettsia are mainly transmitted by arthropods;
chlamydia are mainly airborne.

e Both groups are susceptible to a number ol
antibiotics, but chlamydia are not susceptible to
penicillin.

o Chlamydia are more limited biosynthetically than
Litkellsia.

e Rickettsia can oxidize glutamate; chlamydia
cannot.

e Rickettsia are closely related to human
mitochondria and thus are thought ta have an
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ancestor that originally participated in an
endosymbiotic relationship with eukaryotic cells.

Mycoplasmas

These highly pleomorphic organisms lack cell walls (re-
sistant to penicillin) and are the smallest of the Eubacte-
ria. They are of particular evolutionary interest because of
their small genomes and simple cell structure. Some im-
portant features are:

* They consist of five genera that require sterols and
three that do not.

* They grow in culture media, although
supplementation with other factors, such as serum,
may be required.

* Although they do not stain gram-positive because
of the absence of a cell wall, they are considered to
be phylogenetically related to low mol % GC
(guanine plus cytosine content) gram-positive
bacteria.

* They include facultative anaerobes and obligate
anaerobes.

* They coulain lipoglycans that resemble the
lipopolysaccharides of gram-negative bacteria.

* There are more than 100 species, and many are
parasitic on plants and animals.

Cyanobacteria (Blue-Green Algae)

Although once considered algae, their typically prokary-
otic cell structure identifies them as bacteria. They per-
form oxygenic photosynthesis and possess plant-like
chlorophylls in thylakoid membranes. They are dif-
ferent from photosynthetic bacteria, which perform
anoxygenic photosynthesis and possess bacteriochloro-
phyll, bul not [romn thylakoid membranes. On occasion,
livestock, pets, and wild animals may ingest toxic
Cyanobacteria and be fatally poisoned.

Other Free-Living Bacteria

The rest of the free-living bacteria include the pho-
totrophic, gliding, sheathed, and appendaged bacteria;
rod, coccal, and spiral-shaped bacleria; and both gram-
positive and gram-negative bacteria. The phototrophic
bacteria (purple bacteria and grcen bacteria) perform
anoxygenic photosynthesis and possess a unique pigment
system containing bacteriochlorophyll.

METHODS EMPLOYED FOR OBSERVING
BACTERIA

The microscope is an essential investigative tool of micro-
biology. The units of measurement employed in microbi-
ology are the micrometer (wm = 10 ° m), the nanometer
(nm = 1077 m), and the angstrom (A = 10~ m). A vari-
ety of different microscopes, cach with different features,

allovwar microbiologists to examine microbes. These arc de-
scribed below.

Bright-Field Microscope

The conventional microscope has three objectives; low
power, high power (high dry), and oil immersion. A total
magnification of 1000 can be obtained using the oil-im-
mersion lens on a typical bright-field microscope. This
scope is used for the rouline examination of stained bac-
terial smears and wet mounts. The resolution of the
light microscope is limited by the wavelength of visible
light, which is about 0.5 pm; images less than 0.2 pm can-
not be clearly resolved.

Dark-Field Microscope

Dark-ficld illumination can be used in the conventional
microscope by substituting a dark-field condenser for the
conventional condenser. This special condenser
obliquely reflects a powerful source of light onto a wet
preparation. Very small objects, including microorgan-
Isms, scaller the light and can be seen as brilliant images
against a dark hackground. Extremelv small and slender
organisms such as spirochetes, which cannol be seen
with the conventional microscope, can be readily visual-
ized using this method. Living organisms and their
movement can be seen.

Fluorescence Microscope

Various fluorescent dyes are used to stain microorganisms.
The technique, known as immunofluorescence (fluores-
cent antibody, or FA, procedure), is widely used in clinical
microbiology for the identification of microorganisms.
Fluorescent antibody reagents are prepared by coupling a
fluorescent dye to a specific antibody. This conjugate will
unite with its conresponding antigen. The union of anti-
gen bound with antibody is observed by the presence of
fluorescence detected with the ultraviolet light of a luo-
rescence microscope.

PHASE-CONTRAST MICROSCOPE. When light waves pass
through transparent objects, such as cells, they emerge in
ditferent phases, depending on the properties of the ma
terials Uuovugh which they pass. In phase-contrast mi-
croscopy, a phase condenser and phase objective lens
convert differences in phase into differences in intensily
of light. Thus some structures appear darker than others.
This method is useful in studying the fine detail of un-
stained living microorganisms.

Electron Microscopy
TRANSMISSION ELECTRON MICROSCOPE. The principle

of this instrument is analogous to that of the light micro-
scope. Instead of visible light, the electron microscope em-
ploys a beam of electrons that is focused by an
eleclromagnetic field instead of by glass lenses. Because of
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the short wavelength, it can resolve objects as small as
0.0004 pm.

Because biologic materials are mainly composed of the
elemernls carbon, hydrogen, nitrogen, and oxygen, which
have low electron-scatter-detlecting ability, special tech-
niques are nccessary to make specimens stand out against
background.

HIGH-VOLTAGE ELECTRON MICROSCOPY. This method
allows thicker specimens to be examined by obtaining a
stereo image. The higher-accelerating voltage of 1000 kV
(1 MV) or higher results in improved resolution and pen-
etration power. In comparison, the conventional electron
microscope operates at 60-80 kV.

SCANNING ELECTRON MICROSCOPY (SEM). The objectis
scanned with a flying spot of electrons, and the emergent
secondary electrons are collected and shown on a scieen
of the cathode-ray tube Three-dimensional images are ob-
tained, but internal detail is not provided by SEM.

X-Ray Microanalysis

When an electron hits a specimen, characteristic x-rays
are released from each element. In x-ray spectroscopy, an
x-ray delector is used to monitor the distinct x ray pattern
produced by the interaction between the electron beam of
the microscope and the chemical elements in specific ar-
eas of the specimen. This method is especially suitable [o1
localizing specific elements in the microorganism.

Staining Procedures

Staining mecthods are used to determine the morphologic
form of bacteria and their affinity for certain dyes. Bacle-
ria are divided into two major groups on the basis of Gram
stain. Briefly, the procedure for Gram stain is as follows:
cells are first fixed to a glass slide by heat, stained with a
basic dye (crystal or methyl violet) that is washed oft with
an iodine—potassium iodide solution (mordant), and
then rinsed with water and cautiously decolorized with
acetone or ethvl alcohol. The smear is then counter-
stained with safranin. The results:

e Gram-positive organisms retain the basic dye
following decolorization with acetone or alcohol
and appear deep violet.

e (Gram-negative organisms, however, do not retain
the violet stain but take up the counterstain
(safranin) and stain red to pink. As a general rule,
organisms that give a doubttul reaction are gram-
positive.

e The gram-positive cell wall presents a permeability
barrier to elution of the dye—iodine complex by the
decolorizing agent. Aging graiu-posilive cells
appear gram-negative after a Gram stain because
autolylic enzymes attack the cell wall.

Gram stain differentiates between gram-positive and
gram-negative organisms on the basis of differences in the
structure of their cell wall. Gram-negative organisms have

more lipid in their cell walls. Gram-positive bacteria have
a thicker peptidoglycan layer, which renders them more
resistant to mechanical damage. Because of these struc-
tural differences, the two groups vary in their reaction to
the Gram slain and in their susceptibility to enzymes, dis-
infectants, and antimicrobial drugs.

Not all bactcria can be satisfactorily stained by the
Gram method. The cell walls of mycobacteria contain
lipids and waxy substances (mycolic acid) that make them
difficult to stain. However, when they are stained by a spe-
cial procedure, the acid-fast stain, they retain the carbol-
fuchisin even after exposure to a strong acid-alcohol (HCI
and ethanol) solution.

The leptospira and treponemes are very slender and
cannot be satistactorily resolved following Graim staining,
but they can be demonstrated by silver staining. Negative
staining, employing nigrosin or india ink, is used [ol
demonstrating capsules. Capsules appear clear and un-
stained, suntounded by dark inert particles. For demon-
strating flagella (around 0.02-0.03 pm in diameter), a
mordant is uscd before staining; this precipitates onto fla-
gella and thus thickens them. Because the Gram stain
may not disclose spores produced by such organisms as
Bacillus anthracis, special spores stains may be required.

BACTERIAL STRUCTURE

Shape and Structure of Bacteria

The five basic morphologic forins of bacleria are the coc- Bk

cus, which is spherical or ovoid; the rod, which is straight

and cylindiical; the spiral, which includes vibrios (comma- =

shaped), spirillum (curved, spiral-shaped rod), and spiro-
chete (elongated, tightly coiled); the filamentous bacteria,

which form long, thin cells or chains of cells; and the ap-

pendaged bacteria. There is considerable variation in these
basic forms. The morphology of all but the [ree-living ap-
pendaged bacteria is depicted in Fig. 1.1.

The cocci are found in different arrangements, depend-
ing nn the plane of cell division. The staphylococci occur
in bunches or clusters, the streptococci form chains, and
the pneumococci are predominantly paired. Some of the
micrococci occur in groups of four, or tetrads (Aerococcus
viridans); others are grouped in packets of eight (Surcinu).

The various species of the Enterobacteriaceae occur as
rather regular rods, bul some of the smaller organisms
such as Pasfeurella, Brucella, and Haemophilus are both
bacillary and coccobacillary. Some members of the genera
Bacillus and Clostridium have rods in chain formation. The
coryncbacteria are remarkably pleomorphic and produce
club-shaped forms. The actinomycetes (Actinomyces and
Nocardia) have both bacillary and filamentous branching
forms. The anaerobic Fusvbuclerium has a characteristic
elongated spindle shape. The curved bacteria (vibrio) have
a single turn, with some comma and S-shaped forms. The
spiral forms have a series of twists or turns and are tightly
or looscly coiled (Treponema and Leptospira).

The size of bacteria also varies considerably. Most rod
forms range from 2 to 5 pm in length by 0.5 to 1 pm In

]
Sl
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width; spirochetes may be longer (up to 20 pm) and nar-
rower (0.1-0.2 pm). Cocci are approximately 1 pm in di-
ameter. The size of a single type of bacteria can vary
somewhat, depending on the medium and the growth
phase. They are usually smallest in the logarithmic phase
of growth. It is of interest that an Escherichia coli bac-
terium has a volume of approximately 1 pm? and a weight
of approximately 10~'? g, whereas a liver cell has a volume
ot approximately 1000 pm® and a weight of approxi-
mately 10°? g. For convenicence, bacteria can be roughly
grouped according to size. For example: large: Spirochetes,
Bacillus, Clostriditm; medium: Enterobacteriaceae (e.g., ks-
cherichia coli, Proteus), pseudomonads; small: Brucella, Fas-
teurclla, Haemophilus; very small: Rickettsia, Chlamydia,
and some elements of mycoplasmas.

With regard to size, it is of interest that a remarkably
large bacterium, Thiomargarita namibiensis, has been dis-
covered recently. Single, spherical cells are 100-300 pm in

diameter but may be as large as 700 pm. The organism in-
habits Namibian shelf deposits.

BACTERIAL ULTRASTRUCTURE

Except tor the mycoplasmas, bacteria arc cnclosed by the
cell envelope, which is made up of the capsule (it present),
the cell wall, and the cytoplasmic membrane. The cell en-
velope surrounds the cytoplasm of the prokaryotic cell.
The cytoplasm contains various granules, ribosomes, the
nucleiod, and in some, bacterial mesosomes. Many bac-
teria have flagella, and some gram-negative varieties have
pili or iimbriae (Fig. 1.2).

The cytoplasmic membrane is a thin, elastic, trilaminar
structure consisting mostly of lipoprotein and protcins
imbedded in a phospholipid bilayer. Mesosomes are saclike
Invaginations of the cytoplasmic membranes. Their tubu-
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lar and circular structures, which are attached to DINA
chromatin, are thonght to have a role in cell division. The

principal structural features of bacteria are shown in Figs.

1.2 and 1.3.

Cell Envelope

This includes the cytoplasmic membrane, the cell wall,
and the capsule.

Capsules

These are amorphous, polymeric, often-gelatinous materi-
als lving outside the cell wall. Most hacterial capsules are
polysaccharides, but those of several species consist of
polypeptide; some bacteria, such as Bacillus megaterium,
have both compounds in their capsule. Special staining
procedures, including negative stains, are used to demon-
strate capsules. The capsules of mucoid strains of Pas-
teurella multocida and Streptococcus equi consisl alinost
wholly of hvaluronic acid. Virulence may depend to some
cxtent on the antiphagocytic properties of the capsule, as
with Bacillus anthracis, Pasteurella multocida, and Strepto-
coccus pneumoniae. Capsules vary chemically, and thus are
antigenically diverse. This is important, as will be shown
later, in vaccine production and in laboratory diagnosis.
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FIGURE 1.3

Transmission electron micrograph of Rickettsia.

N-acetylmuramic acid

M-acetylglucosamine

Aming acid
{(diaminopimelic acid,
D-alanine, D-glutamic acid, etc.)

Cell Wall

There are basic differences between the cell walls of gram-
positive and gram-negative bacteria. The cell wall makes
up approximately 20% of the total dry weight of the bac-
terium. It gives the organism its shape and a rigid stiuc-
ture that protects the cell’s internal structures from severe
chemical and physical actions.

The cell wall is permeable, and the cytoplasmic mem-
brane is selectively semipermeable, determining which
mnolecules will be excreted from the cell and what concen-
tration of the different solutes will be maintained. Move-
ment of substances across the membrane lakes place by
simple diffusion and by more complex transport systems.

The supporting role of the cell wall can be demon-

strated if its formation is prevented by penicillin or if it is
destroved by lysozyme. The structures that remain are
bound by the cytoplasmic membrane only and are called
protoplasts (gram-positive) or spheroplasts (gram-nega-
tive). Unless placed in a hypertonic milieu, proloplasts
and spheroplasts swell and burst.

The cell wall confers shape and rigidity to the bacterial
cell. This rigid structure is provided by peptidoglycans.
These very large polymers are composed of two kinds of
building blocks: N-acerylglucosamine and N-acetylmu-
ramic acid disaccharide polymers, and peptides consisting
of four or five amino acids; namely, 1-alanine, p-alanine,
D-glutamic acid, and either lysine or diaminopimelic acid
(Fig. 1.4). The latter is unique to bacteria.

GRAM-POSITIVE BACTERIA. Cell walls range from 150 to
800 A in thickness. In addilion (o the peplidoglycan, some
gram-positive organisms possess polysaccharides and tei-
choic acids. Teichoic acids are polymers of glycerol phos-
phate or ribitol, and in manyv bacteria, they are linked to
peptidoglycan. They are major surface antigens that may
serve as virulence factors. All gram-positive bacteria have
lipoteichoic acid linked to the cytoplasmic membrane. Table
1.3 compares soine major envelope structures of gram-pos-
itive and gram-negative bacterial cells. A diagram of the cell
walls of both types of organisms is shown in Fig. 1.5.

GRAM-NEGATIVE BACTERIA. The cell wall is approxi-
malely 100 A in thickness, high in lipid content (11%-—
22%), and appears as a unit membrane; thus, it is called the
outer membrane. A major protein of the outer membrane,

FIGURE 1.4  Schematic
peptidoglycan structure.
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flable 1.3  Principal Components of the Cell walls of Gram-
Positive and Gram-Negative Bacteria

Characteristic Gram-Positive

Gram-Negative

Peptidoglycan Thick Thin
Tetrapeptide Mast have lysine All have
diaminopimelate
Generally through  Direct bond
pentapepfide
Teichoic acid and/or teichuric  +
acid
| ipoproteins — e
Lipopolysaccharide (LPS) = i
Outer membrang = '-
Periplasmic space = +
Polysaccharide + +
Protein S — +

Cross-linkage

called porin, forms transmembranc pores or diffusion
channels allowing passage ot small hydrophilic molecules
through the outer membrane. A relatively small amount of
peptidoglycan is present in the inner rigid layer, but a large
amount of a lipopolysaccharide (LPS), often referred to as
endotoxin, occurs external to the outer membrane. Endo-
toxin is important in the pathogenesis of some diseases.
The serologic specificity of the O-antigens of gram-ncgative
bacteria resides in the terminal repeating units or O side
chains (major surface antigens with diverse epitopes) of
the polysaccharide. The lipid moiety of the LPS, called lipid
A, is the toxic component. The basic structure of LPS is
shown in Fig. 1.6.

PERIPLASM. ‘The periplasm is the space between the
plasma membrane and the cell wall, and it is visible in

Lipcteichoic
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gral-negative vigdiisius bul difficull to sce in gram-pos-
itive bacteria. The periplasm contains various hydrolytic
enzymes and binding proteins that specifically bind sug-
ars, amino acids, and inorganic ions. These enzymes and
proteins aid transport of various compounds into and out
of the bacterial cytoplasm, and they are released by 0s-
motic shock.

S-LAYERS. S-layers, also called the bacterial sutlace lay-
ers, are one of the most abundant cell envelope surface
components. S-layers are present in the Cubacteria, as well
as the Archaea. S-layvers are composed of either a single
protein or glycoprotecin, depending upon the species.
Some researchers believe that because of their simplicity,
S layers represent the simplest biological membranes evo-
lutionarily. As a result, they are the subject ol intense in-
vestigation with regard to their genetics, structure,
synthesis, and [unction. Furthermore, they arc being ex-
amined for potential uses in areas such as biotechnology,
molecular nanotcchnology, and nanoelectronics.

Appendages

FLAGELLA. These are long, whiplike structures of loco-
motion. They are composed of three parts: filament,
hook, and basal body. The basal body is embedded in the
plasma membrane and gives the flagella its rotary motion,
which prapels the organism. The distribution of flagella
on the cell is of significance in taxonomy. Monotrichous
bacteria have a single polar tlagellum, lophotrichous bac-
teria have tufts of several flagella at one pole, amphi-
trichous bacteria have flagella at both poles, and peritrichous
organisms have a number of flagella distributed all
around the cell surface. The diameter of a {lagellum is 10—
20 nm, and special staining procedures are used to
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demonstrate them. They are composed entirely of a pro-
tein subunit called tlagellin, which ditfers in primary
structure from one species to another. The surface of fla-
gella has protein antigens with diverse epitopes. For ex-
ample, H-antigens are used in the serologic classification
of some bacterial species.

Most of the organisms that produce capsules (species of
Klebsiella, Haemophilus, Pasteurella, and Bacillus) are non-
motile. None of the cocci of medical importance is motile.
Motility is determined in the laboratory by the examina-
tion of wet preparations from cultures under the micro-
scope (hanging-drop method) and by observing the kind
ol growlh oblained when a semisolid agar medium is
stabbed with an inoculum of the organism being exam-
ined. Diffuse growth into the agar indicates motility.

AXIAL FILAMENT. This is a flagellum-like filament lo-
cated in the periplasmic space between the inner and
outer membranes of spirochetes. The spiral organisms
move by a traveling helical wave along axial filaments.

PILI (FIMBRIAE). Thesc arc shorter, thinner, and straighter
than tlagella and are attached to the plasma membrane of
mostly gram-negative bacteria. They are composed of a
protein monomer called pilin, which is 4-20 nm in diam-
eter and can only be seen by electron microscopy. The pili
enable some bacteria to adhere to epithelial cells, thus
leading to colonization of mucous membranes.

The sex pili (sce Chapter 4) occur in fertility (F) factor
(+) cells tound in the Enterobacteriaceae and a few other
bacteria. They adhere to F (—) cell surfaces and make pos-
sible the transfer of genetic material from F (+) to F (—)
cells during bacterial conjugation.

Endospores Members of the genera Clostridinm and
Bacillus have Lhe capacity to produce highly resistant,
thick-walled spores (Fig. 1.7). They occur when vegetative
cells are deprived of some factor or nutrient necessary for
growth. In anthrax, spores are produced by Bacillus an-
thracis when the organisms are exposed to oxygen.

Spore formation begins with realignment of DNA ma-
terial into filaments and invagination of plasma mem-
brane, forming a structure called the forespore. The
forespore is further surrounded by the plasma membrane.
At this point, the forming endospore is surrounded by a
double membrane. The facing side of these two plasma

Nuclear Material

.....

Spore NMrotoplast Membrane

Spoure Cortex

Pilasma Membrane

Spore Coat

Exosporium (1IN some spores)

FIGURE 1.7  Basic structure of a bacterial endospore.

membranes is the peptidoglycan synthesizing side, and
spore cortex, a poorly polymerized peptidoglycan that is
synthesized in the space between the two layers of plasma
membranes. Spore coat, a Keratin-like protein rich in cys-
teine, is formed outside the spore cortex. In some mi-
CrOOIrZaIlisins, an exosporiuin is formed outside the spore
coat. When spore formation is completed, the mature
spore is released by the disintegration of the envelope of
the mother cell, or sporangium. Each spore germinates
into a single vegetative cell when conditions for growth
are favorable. In gram-stained preparations, spores appear
as ovoild, refractile, nonstaining objects either within the
cell or free of it.

The location of the mature spore in the cell may he cen-
tral, terminal, or subterminal, depending upon the organ-
ism, and is useful for identification of the microorganism.
The remarkable heat resistance of spores is thought to be
the result of the dehydration of the spore protoplast. The ir-
radiation resistance may be related to a high level of cys-
leine disullide bonds in the spore coat protein, and
dehydration resistance is caused by keratin-like spore coat
protein. 1

Relatively large amounts of calcium and dipicolinic
acid, a compound unique to spores and a derivative of di-
aminopimelic acid (a component of peptidoglycan), occur
in the spore.

Bergey's Manual of Systematic Bacteriology

Bergey’s Manual of Systematic Bacteriology, a standard refer-
ence work for microbiologists, contains detailed descrip-
tions of most known bacteria. Many different features,
including morphologic, staining, cultural, and biochemi-
cal characteristics as well as oxygen requirements, DINA
base compositions, and DNA homology were used to key
and identify bacteria. Volumes of the [usl edilion of
Bergey’s Manual of Systematic Bacteriology were published in
1984 and 1986. This reference is currently undergoing re-
vision, and hve new volumes should all be published
within several years. Volume 1 became available in June
2001. This second edition will incorporate, along with the
conventional information referred to earlier, the results of
ribosomal RNA analysis.

The proposed content of the new volumes is, briefly, as
follows:

Volume 1: The Archaea and Deeply Branching and
Phototrophic Bacteria; none of these are of
veterinary or medical significance.

Volume 2: The Proteobacteria; many gram-negative
pathogenic bacteria are in this category, which
begins with Rickettsia.

Volume 3: The Low & +  Grawm Positives; this volume
begins with Lhe Clostridiu.

Volume 4: The High & + C Gram Positives; this volume
begins with the Actinimycetes.

Volume 5: The Plantomycetes, Spirochaetales,
Fibrobacteres, Bacteroides and Fusobacteria; this
volume begins with the Chlamydia.

With regard to nomenclature, the classic binomial
(Linnaean) system by which organisms are given a genus

s =

e
=1
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Table 1.4  Location of Bacterial Genera in Phyla in Proposed Taxonomic Outline
Domain Phyla Genra
Archaea Phyla Al and All None of veterinary or medical significance.
Dacteria Phylum Bl to BBXI Nonec of veterinary or medical significance.

Phylum BXIl Proteobacteria

Rickettsia, Ehrfichia, Aegyptianella, Anaplasma, GCowdria, Ehrliciina, Neorickellsia
Bartonelfa, Brucella, Afipia

Burkholdera, Alcaligenes, Bordetelia, Tayloralla
Neisseria, Chromobacierivin, Efkunelld, Kingella, Simunsielia

Spirillum
Fancisella

Legionelia, Coxiglia, Rickettsiella
Pseudomonas, Acinefobacter, Morazella
Fnternharterianeae (14 genera)

Actinobacifius, Hacmophilus, Pasteurclla, Mannheimia

[ awsonid

Arcobacter. Campyvlobacter, Helicobacter, Walinella

Phylurm BXII Firmicutes Clostridia

Mycuplasina, Eperythrozoan, Haemobartonelia, Ureaplasma

Spiroplasma
Acholeplasma

Erysipelothirix (Genera incertae sedis)
Baciflus, Listeria, Staphylococcus
Lactobaciflus, Enterococcus, Streptococeus

Phylum BXIV Actinobacteria
Micrococcus
Dermataphilus

Actinomyces, Actinobaculum, Arcanobacterium

Corynebacterium, Mycobacterium, Nocardia, Rhodococcus

Streptomyces
Phylum BXV Planctomycetes
Phylum BXV| Chlamydiac
Phylum BXVII Spirochaetes

Phylum BXVII Fibrobacteres
Phylum BXIX Acidobacteria

Phylum BXA Baclervides

None of veterinary or medical significance.

Chiamydia, Chlamydophila

Spirochaeta, Borrelia, Trepunemd, Brachyspha, Serpulina, Leptospira
Mone of veterinary or medical significance.

Mone of veterinary or medical significance.

Bactervides, FPrevotella

Flavobacterium, Capnocytophaga, Riemerella, Weeksella

Fusobacterium
Streptobacillus

Phylum BXXI Fusobacteria

"Adapted trom Boone UK and Castenholz BW, editors; Bergey’s Manual of Systematic Bacteriology, Vol. 1, 2nd ed. Springer, New York, 2001.

and species name is used. The taxonomic levels or ranks
uscd in the current Bergey’s Manual are hierarchical ones.

The hierarchy of taxonomic categories generally em-
ploved in the upcoming new edition are as fallows:

Domain: There are two domains, Archaca and Bacteria.

Phylum: A major category within a domain.

Class: Consists of related orders.

Order: Contains a group of related families.

Family: Contains closely related genera.

Genus: Contains closely related species.

Species: Contfains strains of bacteria that have many
characteristics in commaon.

Subspecies: Some species may be further subdivided
into subspecies on the basis of small but consistent
ditterences.

Strain: A strain consists of the descendants (clone) of
a single isolate in pure culture. For each species,
there is a type strain, which usually is the
particular culture from which the species
description was originally made. Type strains are
available in various culture collections.

Biovar: A strain with special biochemical or
physiologic properties.
Serovar: A strain with distinctive antigenic properties.

In addition to generic (genus) and species names, well-
known trivial names, such as tubercle bacillus (Mycohac-
terium (uberculosis), often appear in medical literature.

Since 1980, valid names of all bacterial species have been
published in the Infernational Journal of Systemic Bacteriology.

Bergev’s Manual provides a key that may be used for the
identification of bactcria. It is not widely used in diagnos-
tic laboratories except for uncommon OIganismes.

The location of genera of veterinary and medical sig-
nificance in the various phyla in the proposed classifica-
tion is given in Tahle 1.4. The discussion of the various
bacleria in the main text follows this generic order.

GLOSSARY

anoxygenic Does not form oxygen as a product of photosyn-
thesis.
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antigen Molecule or substance that is recognized by an animal
as foreign (nonself) and elicits an immune or specific antibody
ICSPOILSE.

endosymbiotic Relationship of an organism that lives in a sym-
bicotic relationship within another organism or cell.

epitope Local chemical configuration on the antigen molecule
(antigenic determinant) that elicits a specific antibodyv.

lipoglycans Long-chain heteropolysaccharides linked to mem-
brane lipids and imbedded in the cytoplasiic membranes of
many mycoplasmas.

lysozyme Enzyme, also known as muramidase, present in many
body fluids, that breaks down murein, a component of the
cell walls of gram-positive bactena.

mesosome Bacterial structure associated with an invagination of
the plasma membrane. It is the site of respiratory enzymes.

mordant Chemical (in the Gram stain iodine) that fixes a dye
(crystal violet in the (Gram stain) by comhining with it to form
an insoluble compound.

pleomorphic Assuming various forms.

restriction enzymes Bacterial enzymes that recognize and
cleave specific DNA sequences.

thylakeid membrane Flattened membrane discs in which

chlorophvll and other components for photosynthesis are lo-
cated.

wet mounts Suspension of clinical material in saline or other
solutions to facilitate microscopic examination.



Bacterial Nutrition
and Growth

CHEMICAL AND PHYSICAL
REQUIREMENTS FOR GROWTH

Ot the vast number of bacteria, a relative few are patho-
genic. Many microorganisms never cause an infection
simply because the host tissue does not provide the phys-
ical or chemical conditions necessary to support growth.
However, some Llissues provide an acceptable environ-
ment for the growth of opportunistic and frankly patho-
genic microorganisms. An understanding of the chemical
and physical requirements for growth of a microorganism
better enables one to grow it in the laboratory, identify it,
and advise regarding treatment.

Nutritional Categories

Microorganisms may be divided into two major categories
according to their ability to use various forms of energy
and carbon for biosynthesis. The two major categories are
autotrophs and heterotrophs. Sometimes the autotrophs
are subdivided into those thal use light energy (photo-
synthetic) and those that use the energy associated with
chemical reactions (chemolithotrophic).

PHOTOTOSYNTHETIC MICROORGANISMS. These organ-

isms are capable of using light as a sole energy source and

either carbon dioxide or more reduced organic molecules
as a carbon source for growth.

AUTOTROPHS. Autotrophs are divided into two major
catcgorics, bascd on the source of cnergy for their metab-
olism. Photoautotrophs are capable of using light as a sole
energy source and either carbon dioxide or more reduced
organic molecules as a carbon source for growth. Au-
totrophic (chemolithotrophic) microorganisms are those
tial caimnot use lightt as a1 eneigy svuice but thal can use
inorganic molecules as the sole source of energy, and they
may use cither carbon dioxide or more reduced organic
molecules as a carbon source tor synthesis and growth.

There are no known strict autotrophic microorganisms
that are animal pathogens.

HETEROTROPHS. In contrast to autotrophs, heterotrophs
cannot use light or inorganic compounds for energy, and
their carbon source for growth needs to be obtained di-
rectly [rom Lheir environment in the form of biomole-
cules. Specifically, the heterotrophs use reduced organic

molecules (such as sugars, amino acids, fatty acids, and
nucleic acids) both as a source ot energy and as a source ot
carbon for synthesis and growth. Only a few heterotrophs
cannot be cultivated in artificial (synthetic) media in the
laboratory. All pathogenic microorganisms, both oppor-
tunistic and strict pathogens, are heterotrophs, and the
large majority of these are saprophytes (they feed on dead
organic matter).

Nutrient Requirements

Nutrients for microbial growth may be divided into two
classes: essential nutrients, without which a cell cannot
grow, and nonessential nutrients, which are used if pre-
sent. All essential nutrients must be provided in an artifi-
cial medium for cultivation of a microorganism.

All cells must have a source of carbon and a source of en-
ergy to grow. In addition, all cells must have a nutritional
source of nitrogen, phosphaorus, sulfur, sodium, potassium,
iron, magnesium, and manganese and trace quantities of
many other minerals. These nutrients are essential for the
growth of all microorganisms. Some microorganisms are
able to grow on media that contain only those nutrients
just listed. These organisms are known as prototrophs. For
example, some enterobacteria will grow in a medium con-
taining only glucose (as a carbon and energy source), am-
monium ion (as the sole nitrogen source), phosphalte ion
(as a phosphorus source), sulfate ion (as a sulfur source),
and trace amounts of other mincerals. These cells form all
the polysaccharides, fats, proteins, and nucleic acids neces-
sary for growth solely from the carbon and energy available
in the glucose molecule. These cells have a very complex
metabolism with powertul biosynthetic capabilities.

Olher microorganising require complex organic com-
pounds to grow. These organisms are known as aux-
otrophs. I'or example, they may need certain amino acids,
fatty acids, nucleotides, or vitamins. These microbes are
not able to make these compounds from a simple carbon
and energy source (like glucose); therefore, these com-
pounds must be supplied in the growth medium. These
organic compounds are called preformed nutrients be-
cause they must be offered to the cells in a preformed
statc. If a microbe requires many preformed nutrients for
growth, it is said to be tastidious. Fastidious microbes lack
powerful synthetic capabilities. An example of an aux-
otroph (fastidious bacteria) is Haemophilus parasuis, which
requires the coenzyme NADT™ for growth.

15
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Even though a microorganism is capable of making
everything it needs from a simple sugar such as glucosc, it
will usually grow more rapidly in the presence of many
preformed nutrients. For example, Salmonella species are
capable of growth on a glucose plus mineral salts
medium, but they will grow many times faster if provided
with the preformmed nutrients found in yeasl and beel ex-
tracts. In general, microorganisms preferentially take in
preformed nutrients rather than making them on their
own because this saves energy.

Both pathogenic and nonpathogenic microorganisms
associated with animals can range from nutritionally pro-
totrophic to those that are extremely fastidious.

Hydrogen lon Concentration

Some bacteria of veterinary significance are acidoduric;
that is, they have the ability to survive (but not grow) for
short periods of time in very acidic environments. FOr ex-
ample, gastric fluids may have a pH value of 1.0, and gas-
trointestinal (GI) pathogens must first survive Lhese
stomach fluids before growing and exerting their adverse
ellects in the inlestines. Although some microbes are aci-
doduric, very few are able to grow at these extremes in pH.
An cxception is Helicobacter, which lives in the stomach
and can cause gastroenteritis.

Each microorganism has a pH range within which
growth is possible, and each usually has a well-defined op-
timum pH at which the cells grow at their maximum rate.
Mosl bacteria ol medical or velerinary significance grow
best at a neutral or slightly alkaline pH (pH 7.0-7.5), the
pll of most mammalian fluids and tissuc.

When one prepares a medium for laboratory growth ot
a microbe, its initial pH (hydrogen ion concentration) is
often above or below the pIl that will support optimum
growth of that microorganism. It is then customary to ad-
just the pH with an inorganic acid or base before the
medium is sterilized. Autoclaving sometimes alters the
medium pH; therefore, it is best to check the pH after the
autoclaved medium has cooled.

It is desirable to maintain a relatively constant medium
pH during microbial growth. However, some growing mi-
crobes excrete organic acids that increase the acidity (de-
crease Lhe pH) ol the growlh medium, and some microbes
excrete ammonium ions that increase the alkalinity (in-
crease the pH) of the growth mecdium. Buffers arc salts of
weak acids or bases. It butters are present in the growth
medium, they respond to the microbial addition of acids
or bases by taking up or giving off hydrogen ions, helping
to keep the pH constant. Amino acids are good buffers,
and they are naluially presenl in many complex labora-
tory media.

Carbon Dioxide Concentration

All microorganisms require carbon dioxide (CO,) for both
survival and growth. This is supplied either exogenously
(from the environmenl outside Lhe cell; the earth’s at-
mosphere normally contains about 0.03% CO,) or en-

dogenously (from within the cell; produced by decar-
boxylation rcactions during catabolism).

Some microorganisms initiate growth in the laboratory
and reproduce at a more rapid rate when the CO, con-
centration is increased above that normally [ound in the
atmosphere. This phenomenon is characteristic of many
pathogens of veterinary significance. These microbes may
be grown in a CO, incubator by using compressed CO, to
rcplace about 10% of the atmosphere inside the incuba-
tor. Alternatively, one may seal the inoculated cultures in-
side a jar with a lighted candle (candle jar) and allow the
candle to burn to extinction; this method decreases the
amount of O, available and raises the CO, levels from
0.03% Lo about 3% (see Microaerophiles below).

OUxygen Concentration

When axygen is dissolved in fluids, it forms a variety of
ions, such as the loxic superoxide radical. As a conse-
quence of metabolism in the presence of O,, toxic hydro-
gen peroxide is also formed. Therefore, cells capable of
growth in the presence ot O, must have a way to detoxify
these harmful forms of oxygen. Microorganisms accom-
plish this by producing enzymes that break down the
toxic molecules or change them into a form that is less
toxic. Superuxide dismulase, catalase, and peroxidase are
examples of siich enzymes.

Cells that grow in the presence of air usually usc O, to
support a respiratory type of metabolism. Other types ot
microbes normally live where there is only a small
amount ot O,; consequently, they have only a limited
ability to detoxify oxygen radicals, and their cultivation in
the laboratory must be under condilions in which the O,
concentration is artificially lowered. Still other microbes
live only in environments that exclude O,; these microbes
usually lack this detoxification ability, and their laboratory
cultivation must be in the complete absence of O,

The terms that follow reflect an organism’s ability to
arow in the presence of O, and, in some cases, even to use
0, to its metabolic advantage.

STRICT (OBLIGATE) AEROBES. 'T'hese are microorganisms
that can only grow in the presence of air (O,). Strictly aer-
obic pathogens are not common; some occur on the mu-
cosa of the upper respiratory fract. They have an
unusually high capacity to detoxify the toxic forms of O,;
that is, they produce large amounts of extremely active
catalase and supcroxidc dismutase. In the laboratory,
strict aerobes are usually cultivated on the surface of solid
media or in well-aerated liquid media. These microbes are
incapable of supporting growth from the energy supplied
by fermentation. All accomplish a respiratory type of me-
tabolism and use only O, as a terminal electron acceptor.

FACULTATIVE ANAEROBES. These are able to grow in ei-
ther the presence or the absence of air ((),), but they grow
better when oxygen is present. Many bacteria, including
most pathogens, are facultative anaerobes. They may be-
gin to grow in well-oxygenated tissuc (or laboratory me-
dia) and rapidly use the dissolved oxygen. However, they



then continue to grow in the absence of O,, but at a
slower rate. Because facultative anaerobes are able to grow
in the presence of air, they must have the ability to detox-
ify the toxic forms of O,. In the laboratory, facultative
anaerobes are usually cultivated under aerobic conditions,
but they may grow in the absence of O, and at all inter-
mediate oxygen concentrations. These microbes are able
to support growth from the energy supplied by either fer-
mentation or a respiratory catabolism.

There are many facultative bacteria associated with the
animal body. For example, bacteria normally found on an
animal’s skin or within its intestines are often facultative.
These bacteria are common opportunistic pathogens that
cause tissue infections when the skin or gul wall is broken
or abraded.

MICROAEROPHILES. These microbes require oxygen, but
they will not grow in air that normally contains 20% oxy-
gen. Only a few bacteria arc microacrophiles, but some of
these are important animal pathogens, such as some Bru-
cella, Actinomyces, and Campylobacter species. Cultivation
in the laboratory is often achieved in liguid or on solid
media held in an atmaosphere containing about 6% oxy-
gen. Laboratory cultivation is also possible in semisolid
media (0.1%—0.4% agar). The agar prevents oxygen tfrom
freely mixing through the tube. Oxygen can only diffuse
from the surface; thus, the medium is stratified, with an
oxygen gradient having the most oxygen-rich layer at the
surface. After inoculating the medium by stabbing deeply
with a loop or needle, microaerophiles begin to grow in a
discrete band localed (rom a few millimeters to several
centimeters helow the surface, where the oxygen concen-
tration is the most favorable (Fig. 2.1). Microaerophiles
use a strictly respiratory catabolism, with O, being the
only terminal electron acceptor used.

STRICT (OBLIGATE) ANAEROBES. These anaerobes lack
the ability to grow in the presence of air, and often even
small amounts of O, are toxic. In healthy animals, anaer-
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FIGURE 2.1 Growth of aerobes (A), anaerobes (B), microaerophiles

(G). and facultative anaerobes (D) in semisolid agar.
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obic environments are commonly found in the oral cavity
(cspecially between the teeth and gums) and in the in-
testines (where the facultative microbes scavenge all avail-
able O,). Strict anaerobes are among the normal
microflora of these environments. Most infections ini-
tially contain a mixture of facultative anaerobes and
anacrobes, and the facultative bacteria quickly use up the
available O,. This leaves an anaerobic environment that
favors the growth of strict anaerobes. Only a relatively few
species are strict anaerobes. The best known anaerobes of
veterinary significance are in three genera: Bacteroides,
Clostridium, and Fusobacterium.

The reasons why strict anaerobes are intolerant of (),
are not completely clear, but it may be that they lack the
ability to remove toxic forms of oxvgen (most strict anaer-
obes lack superoxide dismutase). For this reason, anaer
obes are cultivated in an artificially reduced medium in an
atmosphere that contains little or no oxyvgen. Reducing

agents are commonly added to the medium to depress the
nyidation reduction (rednx) potential of the medinnm and

to hold it at the correct state of reduction. Anaerobic jars
and cabinets with controlled atmospheres are used in the
laboratory for the isolation and growth of anaerobes.

Although some strict anaerobes are capable of anaero-
bic respiration (using inorganic terminal electron accep-
tors other than oxygen), those ol veterinary signilicance
appear to support growth only from energy supplied by
fermentation.

Temperature

Temperature is one of the most important environmental
factors affecting the growth and survival of microorgan-
isms. At cold temperatures, metabolic rates are very slow,
and cells will survive for long periods of time. As the tem-
perature rises, enzymatic reactions inside the cell proceed
at faster rates, and growth also becomes more rapid, until
the optimum growth rate is achieved. Just above that opti-
mum temperature, however, proteins, deoxyribonucleic
acid (DNA), and ribonucleic acid (RINA) become irreversibly
denatured, and the growth rate falls rapidiy to zero. Con-
Linued increases in temperature will kill the microbe.

The optimum growth temperature of most microbes
associated with mammals is from 35° to 37°C, but some
(such as Yersinia species) still grow well at room tempera-
turc (25°C). These are called mesophiles (optimum growth
from 28° to 38°C); this category contains most Known
microorganisms.

Pathogens that have an optimum growth rate at the
body temperature of one animal may not grow or may be
killed when transferred to another animal that has a body
temperature just a few degrees higher. This may help to
explain the species specificity of some microbial
pathogens. The higher temperature at an inflammatory
site may be less favorable for microbial growth.

If the temperature is elevated above the maximum al
which growth is possible, then vegetative cells (but not
endospores) die. Our knowledge of these lethal temper-
atures 1s used in pasteurization and in the sterilization
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of instruments and other arficles by autoclaving (steam
heat under pressure).

The effect of cold temperatures on microorganisms is
also of considerable significance. As the incubation tem-
perature is lowered, enzymatic reactions inside the cell
proceed at slower rates, and growth rates are decreased un-
til cells reach the minimum temperature at which growth
is possible. UInlike elevated temperatures, however, tem-
peratures below the minimum growth temperalure cause
no damage. On the contrary, cold temperatures preserve
microorganisms. Storing culturcs in a refrigerator (about
4°C), in a treezer (about —10°C), or in a liquid nitrogen
container (about —196°C) are common methods for the
long-term preservation of microbial cultures.

MOVEMENT OF NUTRIENTS INTO CELLS
Movement through the Capsule and Cell Wall

The capsule surrounding many microorganisms is a loose
matrix that permits the diffusion of all soluble molecules
but does not allow transfer ol colloid-sized particles. Thus,
the capsule does not prevent entry of most available nu-
trients into the cell.

The gram-positive cell wall is also a permeable but rigid
matrix that allows for diffusion of soluble nutrients.

The outer membrane of gram-negative cell walls, how-
ever, is thought to be a barrier to large molecules. Inter-
spersed thiroughout this outer membrane are a large number
of only a few types of proteins (Fig. 2.7). The concentration
of each protein in the outer membrane varies considerably,
depending on the types of nutrients in the environment.
One type of protein, which is almost always present in large
numbers, is called a porin. The porin molecules appear to
form water-filled channels that span the outer membrane,
and these channels are of sufficient diameter Lo allow pas-
sage of molecules having a molecular weight up to 800900
daltons (DDa). Therefore, small hydrophilic nutrients (like
inorganic ions, mono- and disaccharide sugars, amino acids,
and di and tripeptides), as well as small non-nutrient mol-
ecules, can easily diffuse through these channels (pores).
Thus, it is believed that the outer membrane of the gram-
negative cell wall acts as a molecular sieve.

Other proteins present in the outer membrane of the
gram-negative cell wall occur in smaller numbers than the
porins. A number of these minor proteins seem to be re-
ceptor proteins (Fig. 2.2) that facilitate entry of molecules
too large to pass through the pores (such as iron chelates,
vitamin B,,, and degradation products of nucleic acids).
These membrane-bound receptor proteins occur in larger
amounts when their substrate is present in the medium.
5till other minor outer membrane proteins appear to have
a structural function.

Neither the outer membrane of the gram-negative cell
wall nor the cytoplasmic (plasma) membrane should be
thought of as static structures. There is evidence that op-
tirnal cell growth occurs only when the outer inembrane
of the gram-negative cell wall and the plasma membrane
are in a partially fluid state.

In the region between the outer membrane and the
plasma membrane ol the gram-negative cell, there is a
rigid, girder-like polymer called peptidoglycan (Fig. 2.2).
This region is referred to as the periplasm. Within the
periplasm are three types of proteins. First, there are hy-
drolytic enzymes, such as proteases, RNA and DNA nucle
ases, phosphatases, phosphodiesterases, and lactamases
(which destroy the B-lactam antibiotics such as peni-
cillin). The [unction ol the hydrolylic enzymes is to cleave
intermediate-sized nutrients so that they are small
cnough to pass through the plasma membrane. Second,
there are binding proteins that specifically bind sulfate,
some sugars, and amino acids and that act in concert with
the plasma membrane to help translocate these nutrients
into the cell. Third, there are the chemoreceptor proteins
Lhal allow motile gram-negative cells to detect certain nu-
trients in the environment. so that they may direct their
movement toward the nutrient source. Thus, periplasmic

proteins play a predominant role in both detecting nutri-
ents and transferring them into the cell.

Translocation (Movement)
across the Plasma Membrane

Most microorganisms function best when surrounded by
water containing dissolved inorganic ions. Most microbes
also require reduced organic molecules that are used as a
carbon and energy source, For the cell Lo use these nultri-
ents, they must first be moved across the plasma mem-
brane. The term translocation is used here to indicate the
general movement of nutrients across the plasma mem-
brane, regardless of whether energy is required to accom-
plish that movement. Translocations accomplished
without the expenditure of energy are called diffusion,

whereas those requiring energy are called transporl.

PASSIVE AND FACILITATED DIFFUSION. Passive diffusion

1s probably the simplest method of moving solules (dis-
solved nutrients) into or out of the cell. It allows the free
flow of solutes across the plasma membrane, it requires no
carrier protein within the membrane, and it requires no
energy. But passive diffusion of solutes is slow, and the

concentration eventually becomes equal on both sides of
the membrane. Therefore, hoth the intercellular concen-
tration and the rate of uptake depend on the extracellular
concentration. There are relatively few nutrients that are
translocated across the plasma membranc by passive dif-
fusion; they must, with few exceptions, be less than 100
Da in size.

Facilitated diffusion is similar to passive diffusion in
that it requires no energy and the sohite concentration in-
side the cell is never greater than on the outside. [lowever,
facilitated diffusion differs from passive diffusion in two
important ways: first, facilitated diffusion uses carrier pro-
teins in the plasma membrane, often called permeases,
which specifically bind the solute and facilitate 1ts translo-
cation, and second, facilitated diffusion is more rapid
than passive diffusion. Facilitated diffusion of soluble nu-
trients appears to be rare in bacteria.
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FIGURE 2.2 Representation, as viewed in cross section, of the gram-negative cell wall (not drawn Lo scale). The wall has two main layers: an outer

membrane, composed of a phospholipid bilayer containing embedded proteins and lipopolysaccharides, and a rigid peptidoglycan matrix containing various types of

functional proteins.

Glycerol is the only nutrient known to enter Es-
cherichiu coli by facilitated diffusion, and it appears that
the same mechanism is also used for glycerol transloca-

that specifically bind one type of nutrient and assist in its
translocation across the membrane. Also like facilitated
diffusion, the nutrient translocated by coupled transport

tion in Salrmonella typhimurium and species ol Klebsiella,
Shigella, Pseudomonas, Bacillus, Nocardia, and every other
bacterium studied to date.

Both passive and facilitated diftusion probably play mi-
nor roles in nutrient translocations.

Energy-requiring translocations are only accomplished
by actively metabolizing cells, and these types of franslo-
cations are called aclive Lransport mechanisms. There are
two types of active (energy-requiring) transport mecha-
nisms: one is called coupled transport and the other group
translocation.

Coupled Transport. The cell uses energy in the form of
adenosine triphophate (ATP) to move compounds across
the plasma membrane, usually from outside to inside.
Similar to facilitated diffusion, coupled transport requires
membrane-bound carrier proteins (also called permeases)

ertlers Lthe cell in an unallered state. However, unlike f[a-
cilitated diffusion, coupled transport requires energy that
is provided by the proton motive force. The processes in-
volved are shown schematically in Fig. 2.3.

Group Translocation. There are three main features of
group translocation: first, similar to facilitated diffusion
and coupled transport, group translocation requires a
membrane-bound carrier protein to specifically bind one
type of nutrient and assist in its translocalion across the
membrane: second, like coupled transport, group translo-
cation requires cnergy, but this energy comes from a high-
energy metabolic intermediate, such as the hydrolysis of
ATP; and third, unlike coupled transport, the nutrient en-
ters the cell in a chemically altered (usually phosphory-
lated) state (Fig. 2.4). The cell does accumulate a useful
nutrient in much greater concentration than its precursor



20 PArT I Introductory Bacteriology
Symporl Antiporl
@ ton
Outside of Cell @ G_) @ Outside of Cell
_|_
{nulriend @ Autri:% F N
= o == e ﬂ{"fb-' T % r— o = ..“ _ :"".__.-""r e :’__: -,_'.'I - .M.__x .x_:_.
Plasma __ Boosian @ SRR o et ;’ wapentged _ Plasma
Membrane 0 e R primen O T e W N b e RO e b i Biaic
@ 2. oy 0 @
Cvtoplasm @ @ @ @ Cyloplasm
© - & S
@ ® @
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FIGURE 2.4  Group translocation of a nutrient, such as

glucose. |he nutrient is brought into the cell via a permease
associated with the PTS (phosphotransferase system) that consists
of at leact four proteins. The PTS then transfers a phosphate group

(PO, from phousphuenul pyruvate Lo the nutrient. This results in the
formation of a phosphorylated nutrient and pyruvate.
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on the outside, so the overall effect appears similar to that
accomplished by active transport.

The best studied examples of group translocations in
volve certain sugars, such as p-glucosides, fructose, glu-
cose, N-acetylglucosamine, and mannose. Each of these
molecules appears to be phosphorylated during transport
by the phosphotransferase system (PTS). The mechanism,
illustrated in Tig. 2.4, involves at least four separate pro-
teins that carry the high-energy phosphate group from
phosphoenolpyruvate (a common catabolic intermediate)
to the incoming sugar.

Because group translocation does not require interme-
diates thal are produced in great quantities except during
cellular respiration (such as ATP and high-energy elec-
trons), this transport mechanism is thought to occur
predominantly in termenting organisms. Micrococcus, My-

cobacteriuni, and Nocardia appear to lack a PTS. Facultative
anaerobes of veterinary significance known to contain a
PTS include Escherichia, Salmonella, Staphylococcus, and
Vibrio. In addition, a PTS i1s found in the strict anaerobes
Clostridium and Fusobacterivn. Group translocation is con-
fined to prokaryotes.

ESTABLISHMENT AND
GROWTH OF PURE CULTURES

Pure Culture Isolation

The establishment and maintenance of pure cultures are
absolute requirements for the study of bacteriology. The
microbiologist may spend considerable time and energy



in obtaining pure cultures from environmental, clinical,
and other sources to study the microbial characteristics.
Sometimes a pure culture can be obtained by physically
separating (streaking or spreading) the cullure on the sui-
face of a general-purpose medium (Fig. 2.5). Sometimes,
however, other bacteria will outgrow the sought-after mi-
crobe on such a plate medium, or the sought-atter bac-
terium may be present in such small numbers that it
would be unlikely to appear as an isolated colony on a
streak or spread plate. This common situation requires the
use of either a selective mediumn or an enrichment culture
ta isolate the suspected bacterium or pathogen.

SELECTIVE AND DIFFERENTIAL MEDIA. An ideal selective
medium is one that will preferentially grow only one type
of microorganism. Onc must first determine the type of mi
crobe that is suspected, then choose a medium that will
both encourage the growth of the suspected pathogen and
inhibit the growth of all other organisins common to that
environment. In order to choose a satisfactory selective
medium for that microbe’s growth, one must make sure
that all the cell’s nutritional requirements are supplied by
that medium. Then one can select the inhibitory agent that
will prevent the growth ot the other microbial competitors.

There are many kinds of selective media, but most em-
ploy some chemical agent that Is added to thie growth
medium. To be selective, the organism you wish to isolate
(the suspected pathogen) must be resistant to that chemical
agent, and the organisms whose growth you wish to inhibit
(e.g., the normal flora) must be susceptible to that chemical
agent. Antibiotics, dves, detergents, and sodium chloride
are commonly used for selective growth inhibition.

A differential medium is one that allows the growth of
several different organisms, which for growth or metabolic
reasons, appear differently on or in the medium. Therefore,
based on a metabolic activity of one, it can be observably
distinguished from the others that may be present. Differ-
ential media contain substances such as blood or an acid-
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FIGURE 2.5  Streak-plate method for obtaining pure cultures. A loop
[ull of sample is used W inoculate an agar plate, as indicated at (1). The loop is
sterilized, and a streak is made as indicated in (2). The loop is sterilized, and a
streak is made as indicatad in (3). It is in region (3) where isnlated colonies
are obtained; in this region where isolated colonies are obtained, one can be
certain that one I1s working with a pure culture.
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base indicator that only certain types of microbes will re-
spond to in a characteristic way. For example, blood agar 1s
the most commonly used differential medium. On this
medium, bacteria can be differentiated on thc basis of
whether or not they lvse red cells (produce hemolysins)
and on their characteristic colony morphology.

Sometimes a medium may be both differential and se-
lective. For example, a medium may contain blood (to dif-
ferentially detect a- and B-hemolysis produced by
streptococcal colonies) as well as an antibiotic (that will
selectively inhibit growth of other gram-positive cocdi).
Another widelv used differential and selective medium is
MacConkey agar, which contains lactose and growth in-
hibitors. 1t distinguishes between lactose fermenters (e.g.,
E. coli) and nonfermenters (Salmonella).

When microbiologists use the tern seleclive medium,
they generally are referring to a solid medium contained in
a Petri dish or test tube. These are usually inoculated with
a loop or a small volume of liquid. When organisms are
few, larger volumes must be examined for the suspected
microorganism, and this requires enrichment culture.

ENRICHMENT CULTURE.
for the growth of microbes that are present in very small
numbers and that may represent only a very small pro-
portivi ol all types ol witivuigaiisims presenal in a mixed
culture. Usually, a relatively large volume (from 1 to 10
mlL) is inoculated into a type of broth that provides a se
lective environment favoring the growth ot one kind ot
microorganism; for example, selenite broths favors the
growth of dalmonella spp.

DETERMINATION OF CULTURE PURITY. A pure culture is
defined as one that contains cells of only oue type ol bac-
teria. One can attain this purity hy microscopic separation
anid subsequent cultivation of a single cell, but this
method is extremely time-consuming and usually im-
practical. The most practical method for obtaining a pure
culture is the streak plate. Using this method, one can
start with a mixed culture and physically separate one
from all others (see Fig. 2.5). During Incubation, individ-
ual cells will grow and each form a colony. The colony re-
sulting from the growth of a single cell is a pure culture. A
pure culture obtained by the streak-plate method is con-
sidered adequate in the clinical microbiology laboratory.

Bacterial Growth Characteristics

When referring to growth, the bacteriologist means an in-
crease in cell numbers. For bacterial numbers to increase,
the medium must have the minimum essential nutrients,
and the atmosphere surrounding the medium must pro-
vide the minimum physical conditions for growlh ol thal
cell type. Both the rate of growth and the numbers
achieved at the end of growth will increase when any one
of the following conditions is raised above minimum lev-
cls: the concentration of any one essential nutrient, the
temperature, and the concentration of oxygen (unless the
bacterium is microaerophilic or strictly anaerobic). Also,
growth rate and final numbers will often increase with the

This culturing technique is used |

ey
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addition of preformed nutrients, because cells prefer to
use environmentally supplied nutrients instead ol making
their own.

However, the rate of growth will either decrease or stop
when nonessential or essential nutrients are depleted; when
waste products accumulate to toxic levels; or when the con-
centration of heat, hydrogen ions, or oxygen (for some) is
lowered below optimal levels. The same conditions that
slow or stop microbial growlh may also cause cell deatlr.

GROWTH IN LIQUID MEDIA. When a small number of
cells from a pure culture are inoculated into a liguid
medium (broth), the cells exhibit a characteristic growth
curve that can be thought of in four phases (Fig. 2.6).
Note that Fig. 2.6 shows the change in the logarithm of vi-
able cell numbers versus time.

During the lag phase, cells are shifting their metabolism
to grow on the new medium. There are two important
characteristics ot the lag phase: (1) cells are rapidly making
new DNA and RNA and inducing the synthesis of new en-
zymes needed for cell division, and thus, there is a great
deal of metabolic activity (including synthesis) taking place;
but (2) as shown in Fig. 2.5, there is no increase in cell num-
hers. The initiation of cell division marks the transition he-
tween the lag phase and the exponential growth phase.

During the exponential growth phase, cell division oc-
curs at a maximum rate for the growth conditions pro-
vided by that medium and those environmental
conditions. This is called the exponential phase (log
phase), because cell numbers are increasing (doubling) at
an exponential rate. In other words, the logarithm of the
cell numbers increases linearly with time.

The rate of cell division during exponential growth is
often called the doubling time. This is the timce that it
takes for one doubling in cell numbers. The doubling time
of any culture is affected greatly by the environmental
(nutritional and physical) conditions provided. The dou-
hling time is also affected by the cell’s genetic ability to

carry out efficient catabolic and anabolic pathways; there-
[ore, growlh rales are often characleristic ol microbial cul-
tures. For example, Escherichia coli has a doubling time of
about 20 minutes in nonsynthetic media under optimal
conditions, whereas the doubling time of Mycobacterium
tuberculosis may be as long as 24 hours in nonsynthetic
media under optimal conditions. Its cousin, M. leprae, has
a doubling time of 2 weeks.

This rate of cell division does not continue indelinitely,
however. A test tube, flask, or plate is a closed system; that
is, each contains a limited amount of medium. Eventually,
the cells may run out of nutrients, or cellular waste prod-
ucts may build up to toxic levels, or the population density
may become so great that the rate of diffusion of nutrients
between cells becomes limiting. When the rate of cell divi-
sion slows below exponential levels, the cells make a tran-
sition from exponential growth to the stationary phase.

In the stationary phase, there is no net increcasc or de-
crease in cell numbers. What happens depends on the
bacterial type. Some just stop growing but fully maintain

their viability. Others reach a state in which the rate of
new cell formation is equal to the rate of cell death. Re-

gardless of the cause, the effect is always a lack of change
in viable numbers.

Eventually, cells begin to die, initiating the death
phase. During this phase, the rate of cell death in the pop-
ulation is exponential. Cell death is defined as the loss of
a cell’'s ability to form a colony when transferred to a
plate. However, the rate of death is not always equal to the
rate of growth of the same population.

GROWTH ON 50LID MEDIA. Growth of microorganisms

on the surface of a solid medium follows the same growth
characteristics shown in Fig. 2.5. However, cclls usually

cannot become as widely dispersed as in a liquid medium,
so they remain tightly packed together in a colony after
many divisions. Under these conditions, nutrient diffu-
sion rapidly becomes limiting, especially at the center of

FIGURE 2.6  The four characteristic phases of
microbial growth that occur when cells are transferred to liquid
medium in a closed container. (A) Lag phase, (B) log phase,
(G) stativnary phase, and (D) death phase of the growth curve,
Note that the lag phase may be eliminated if exponentially (B)
growing cells are transferred into identical medium.
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the developing colony, and those cells rapidly reach the
stationary phase. However, at the colony’s edge, cells con
tinue to grow exponentially even while those at the cen-
ter are in the death phase. For reasons that are not clearly
understood, bacterial colonies usually do not continue to
expand indefinitely across the surface of a plate.

GLOSSARY

dalton Unit of mass uscd to express masses of atoms, molecules,
and nuclear particles. It is equal to one-twelfth of the weight
of the carbon 12 atom; it is also called atomic mass unit.
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endospore Structure formed within certain gram-positive bacte-
ria, such as Bacillus anthracis, that is extremely resistant to
heat, drying, and other harmful influences.

opportunistic Microorganisms that do not normally cause dis-
ease, for example, many bacteria of the normal flora of ani-
mals, but that can be pathogenic under certain circumstances
such as trauma and impairment of the mune systerm.

pasteurization Heating of milk or other liquids to the point
that potential pathogens are killed. It has been particularly ¢f-
fective in the prevention of tuberculosis and brucellosis in hu-
mans (see Chapter 9 for more detail).

palhogenic Having the capacity to cause disease in a suscepti-
ble host.



Bacterial
Metabolism

Metabolism refers to all ot the chemical reactions occur-
ring within the living cell. Metabolism starts with nufri-
ents brought in from the environnent, and the ultimate
product is a new cell. Basically, metabolism can be divided
into two parls: catabolism and anabolism. Catabolism
refers to those metabolic reactions that break down the
nutrient, serving as the cell’s chemical energy source. An-
abolism denotes those metabolic reactions that use the en-
crgy provided by catabolism to make new cellular
materials.

Overall catabolic pathways are exergonic, that is,
they yield energy, and this energy is often stored in new
high-energy phosphate bonds. This addition of energy
to adenosine diphosphate (ADP) and inorganic phos-
phate (Pi) in the presence of an adenosine triphosphate
(ATP) synthase forms ATP. ATP is the universal molecule
ot energy transfer. Catabolic pathways ate oxidative, in
that some reactions remove hydrogens (ZH™ + Ze7)
from the nutrient eneigy source and save these cnergy-
rich hydrogens for later use by giving them to hydrogen
carriets such as the coenzymes NAD' or NADP'. Cata-
holic pathways also produce intermediates (building
blocks) for biosynthesis at many steps during the oxida-
tion process.

Finally, when the cell can oxidize the carbon, energy
source, or both no further, the product of the last reaction
is excreted as waste including CO, (the most oxidized
form of caibon), various organic acids or neutral com-
pounds, and oxidized inorganic molecules.

Owverall, anabolic pathways are endergonic, that is,
they require energy, and this is frequently supplied by
the hydrolysis of one of the high-energy phosphate
bonds on ATP. Anabolic pathways are also reductive;
some reactions use hydrogens (2ZH® + 2e7) supplied by
reduced NAD* and NADP* (NADH, NADPH). Anabolic
pathways begin with intermediates produced by catabo-
lism and then use these to form building blocks such as
amino acids, fatty acids, sugars, purines, and pyrim-
idines. These building blocks are then polymerized into
new cellular materials, such as proteins, lipids, polysac-
charides, and nucleic acids. All of this synthesis (an-
abolisin) requires a lot of energy.

The two major divisions of catabolism are respiration
and fermentation. For purposes of general orientation, a
schematic overview of the principal features of respira-
tion and fermentation is provided in Fig. 3.1. This figure

shiows Lhat both respiration and fermentation begin with
glucose undergoing the process of glycolysis to produce
pyruvate, which then follows the different pathways of
respiration and fermentation. To understand the
processes, one needs a basic understanding of carbohy-
drate metabolism. From this, discussions of respiration
and fermentation will follow.

CARBOHYDRATE METABOLISM

Oxidativn of carbohydrates is the primary source of ccllu-
lar energy for most microorganisms. Although microor-
ganisms can catabolize various proteins and lipids,
glucose is by tar their most common carbohydrate energy
source. Glucose may be derived from polysaccharides and
disaccharides. As shown in Fig. 3.1, the respiration of glu-
cose takes place in three main stages:

« Glycolysis: Most microbes use this pathway for the
catabolism of glucose. The product is pytuvale
with the production of ATP and energy-containing
INADH.

e The Krehs Cycle: Also known as the Citric Acid Cycle
or Tricarboxylic Acid Cycle, following the conversion
of pyruvate to acetyl coenzyme A (acetyl-CoA), the
Krebs Cycle oxidizes the acetyl-CoA into carbon
dioxide with the production of ATF, NADH, and the
reduced electron carrier FADH,,.

e FElectron Transpoil System (ETS): In this process,
NADH and FADH, are oxidized and involved in a
cascade of redox reactions using additional
electron carriers. Considerable energy 1s generated
from these reactions.

These three stages will be discussed separately.

Glycolysis (Embden—Meyerhof Pathway)

Most microbes use Lhe glycolytic pathway for the break-
down of glhicose. This multistep metabolic pathway takes
place in the cytoplasm of microbes and many other living
cells in the presence or absence of oxygen. Important fea-
turcs of glycolysis are that

« Glucose is split by enzymes into two three-carbon
sugars that are oxidized, resulting in the release of
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FERMENTATION

GLYCOLYSIS

_ Glucose

RESPIRATION
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FIGURE 3.1 AN overview of fermentation and respiration. Note that the sole purpose of the fermentation reactions is the regeneration of

NAD*; all of the adenosine triphophate (ATP) was generated in the glycolysis portion of the reactions. In respiration, glycolysis and the tricarboxylic
acid (TCA) cycle serve to generate NADH, which can donate its electrons to the electron transport systeim 1o yenerale large quantities of ATP,

energy and formation of two molecules of
pyruvale.

* NADT s reduced to NADH with production of two
ATP molecules by substrale-level phosphorylation.

* The pathway consists of a series of chemical
reactions, each of which is catalyzed by a different
enzyme. The reactions involved are shown in Fig.
3.2

* Two molecules of ATP are required to start
glycolysis, and four molecules are generated in the
process; thus, there is a gain of two molecules of
ATP tor each molecule of glucose that is oxidized.

Alternatives to Glycolysis
PENTOSE PHOSPHATE PATHWAY. This pathway, which

operates simultancously with glycolysis, is an alternative
to glycolysis for many bacteria. It produces NADPH and
four- and five-carbon sugars that are required for many
synthetic reactions. These four- and five-carbon sugars ul-
timately vield nucleic acids, carbohydrates for cell wall

synthesis, and amino acids. Among Lhe bacteria that use
this pathway are Escherichia coli, Leuconostoc mesenteroides,
and Enterococcus faecalis. One molecule of ATP is oblained
from one molecule of glucose in the pentose phosphate
pathway.

ENTNER-DOUDOROFF PATHWAY. Bacteria of the genera
Pseudomonas, Agrobacter, and Rhizobiurn use the Entner—
Doudorott pathway instead of the glvcolytic pathway for
the oxidation of glucose to pyruvate. This pathway is not
very efficient; from each molecule of glucose, two mole-
cules of NADPH and one molecule of ATP are produced.

RESPIRATION

After glucose has been broken down by glveolysis to pyru-
vate, the pyruvate can be [uither used in respiration or fer-
mentation (see Fig. 3.1). Respiration may be defined as the
step by step oxidation of molecules via catabolic reactions
that produce ATP, and the final electron acceptor in the
process is usually an inorganic molecule. The final elec-
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tron acceptor for aerobic respiration is O, and for anaer-
obic respiration is typically an inorganic molecule and
only rarely an organic molecule.

An importaul fealure of respiration is the electron
transport chain (see Fig. 3.1). The following discussion of
respiration, beginning with the Krebs Cycle, is that ob-
served in aerobic bacteria.

KREBS CYCLE (CITRIC ACID
CYCLE/TRICARBOXYLIC ACID CYCLE)

Energy is obtained from the breakdown of pyruvale by
one of the previously discussed pathways, but a greater
yield is obtained by the further oxidation of pyruvate in
the presence of oxygen via the Krebs cycle (see Fig. 3.2).



28 ParTt I Introductory Bacteriology

Significant teatures ot Krebs cycle are that

* Before entering the Krebs cycle, pyruvate must
undergo conversion to acetyl-CoA. In this process,
pyruvate is enczymatically broken down, and one
carbon is released as C.(),. The remaining two
carbon atoms are combined with coenzyme A,
producing acetyl CoA. During the process, a
hydrogen ion and electrons arc transferred to
NAD ' to produce high-energy NADH. This
reaction is known as the transition reaction.

= Acelyl=CouaA enters thie Krebs cycle by combining
with oxaloacetic acid to form citric acid. Citric acid
then undergoes a series of 10 enzyme-catalyzed
conversions (see Fig. 3.1). In the various steps,
high-energy clectrons are released to NAD, which
acquires a hydrogen ion and becomes NADH.

* In one reaction, FAD (flavine adenine dinucleotide)
serves ds the electron acceptor, acquiring two
hydrogen ions to become FADH,,.

* Sufficient energy is released Lo produce two ATP
molecules from the two pvruvate molecules
entering the system.

* For each molecule of acetyl-CoA entering, two CO,
molecules are formed; thus, four molecules of CO,
are formed from the two acetyl-CoA molecules
entering the Krebs cycle. Overall, six molecules of
CO, are generaled, accounting for all of the carbon
molecules contained in the original ghicose
molecule. The CO, is given off as waste gas.

* 'The final product of Krebs cycle is oxaloacetic acid
that, when combined with a new molccule of
acetyl-CoA, begins another turn of the cycle.

ELECTRON TRANSPORT SYSTEM

In bacteria, the ETS takes place in association with the
cell’s plasma membrane. In eukaryotic cells, ETS is associ-
ated with the inner membrane of the mitochondria.

The chains of all ETS function similarly. There is a se-
quence of carrier molecules capable of a series of oxida-
tion-reduction reactions. Electrons are passed through
the chain stepwise, and the energy released is used to
drive the chemiosmotic (see Chemiosmosis, below) gen-
eration of ATP. The operation of the ETS is depicted in
Fig. 3.3.

There are three classes of carrier and transfer molecules
in the ETS:

e Flavoproteins: Flavin coenzymes capable of
performing oxidation-reduction reactions.

e (Cytochromes: These proteins with an iron-
conlaining group are capable of existing alternately
as oxidized and reduced forms. The cvtochromes
include cytochrome b, cytochrome ¢, Cylochirumne
¢, cytochrome a, and cytochrome a,.

e Ubiquinomes, or coenzyme Q, arc small protein
carriers.

NADH and FADH, are used to produce ATP by action of
the electron transport chain (see Fig. 3.1). The operation
of the electron transport chain with the role of the various
carrier molecules is shown in Fig. 3.3.

I'he final electron receptor in aerobic respiration is oxy-
gen, which is responsiblc for removing electrons from the
system.

CHEMIOSMOSIS

This is the use of ion gradients, particularly proton gradi-
ents, across plasma membranes in the case of hacteria, to
generate ATP. In chemiosmosis, when a substance (pro-
ton) moves along a gradient, the energy released is used to
synthesize ATP. In respiration, chemiosmosis is responsi-
ble for much of the ATP generated.

Figure 3.4 shows schematically how chemiosmosis
works. Energy is released [romn the electron transport sys-
tem to drive the motive force in chemiosmosis. With this
energy, hydrogen atoms are pumped from inside the mi-
crobial membrane to the outside. As the protons accumu-
late, a proton motive force develops by which protons are
pumped back across the membrane to equalize the con-
centration. As a result of the proton flow, energy is pro-
vided [or the synthesis of ADP molecules with phosphate
to form ATP. The comhined action of ETS and chemios-
mosis generate a net gain of 34 ATP molecules.

LIPIDS AND PROTEINS

Lipids and proteins can also undergo catabolism after be-
ing broken down so they can enter the cell. There they are
subjected to one or more of the following: beta oxidation,
glycolysis, the Kiebs cycle, and other conversions.

ANAEROBIC RESPIRATION

Some bacteria usc anaerobic respiration, a process in
which the final electron acceptor is an inorganic sub-
stance other than oxygen. Bacillus and Pscudomonas
species and some other bacteria use nitrate gas, nitrous
oxide, and nitrite ions as final electron acceptors. Nitro-
gen and sulfur cycles in nature depend vn wictvvIgan-
1sms that, in anaerobic respiration, use nitrate and
sulfate as final electron acceptors.

FERMENTATION

As mentioned earlier, glucose is broken down by glycoly-
515 to pyruvate. In fermenlalion, pyruvate is broken down,
incompletely in the absence of oxygen, by specific en-
zymes to form alcohols, acids, and other end products.
Other sugars, amino acids, organic acids, purines, and
pyrimidines are also subject to fermentation.
Fermmentation produces relatively small amounts ot
ATP. From each molecule of starting material, only one or
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FIGURF 3.3 An electron transport chain.
The electrons are passed to the clectron carriers via
oxidation-reduction reactions in a stepwise madnner ds
indicated. The boxed-in electron carriers indicate
complex | (NADH dehydrogenase), complex |l
(succinate dehydrogenase), complex [l {cytochrome ¢
reductase), and complex IV (cytochrome ¢ oxidase).
Ubiquinone (coenzyme Q or Q) and cytochrome ¢ are
not parl uf these complexes and, therefore, have more
mobility within the membrane as a result. In addition,
the siircinate dehydrngenase enzyme (catalyzing:the
reaction converting succinate to fumarate) reduces the
membrane-associated flavin adenine dinucleutide of
complex |l to FADH,, which then transters the electrons
to the Fe/S center and, ultimately, to Q. Moving the

electrons in this manner allows for release of energy in
manaqeable quantities. Releasing 1t all at once would
result in loss of the energy as heat, rather than
conversion to ATP.
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two ATP molecules are produced, depending on the fer-
mentation pathway used.

Two of the more important fermentations are alcohol
fermentation and lactlic acid [ermentation.

* Alcohol fermentation: This is carried out by veasts
and certain bacteria. Pyruvate is converted to
ethanol and CO,,.

s Lactic acid fermentation: Some bacteria in the
genera Lactobacillus, Streptococcus, and
Staphylococcus use this type of fermentation in
which pyruvate is converted to lactic acid.

The yield from respiration including the electron trans-
port system and chemiosmosis is 34 ATP, compared with
2-3 ATP from fermentation.

A number of other types of fermentation, the microor-
ganisms involved, and the products produced are giver in
Table 3.1.

LIPID AND PROTEIN CATABOLISM

Microbes can also derive energy from the oxidation of
lipids. Some bacteria produce extracellular lipases that

-
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FIGURE 3.4  Chemiosmosis. The mavement of electrons down the electron transport chain facilitates the pumping of protons (H') from

inside the microbial membrane to outside the membrane. This accumulation results in the formation of a proton gradient across the membrane. A
proton motive force then develops. The protons flow back to the inner side of the membrane through the adenaosine triphophatase (ATPase)
enzyme, which couples the movement of the proton with the production of a malecule of ATP. The energy is provided by the proton motive force

in this case

break down fats to glycerol and fatty acids. These com-
pounds are then metabolized separately.

Glycerol is converted to dihydroxyacetone phosphate,
which is metabolized by glycolysis and the Krebs cycle.

Fatty acids are uxidized by a process called beta oxida-
tion, in which carbon fragments are removed from long-
chain fatty acids and acetyl-CoA is formed from them.
Acetyl-CoA is turther oxidized in the Krehs cycle.

Proteins are too large to pass through the plasma mei-
brane. Bacteria overcome this by producing extracellular
peptidases and proteases. These enzymes break down pro-
teins to amino acids that can cross the plasma membrane.
bBetore being metabolized, amino acids must he converted
to compounds that can enter the Krebs cycle. This is ac-
complished by processes that include deamination, decar-
boxylation, and dehydrogenation.

ANABOLISM (BIOSYNTHESIS)

Anabolism is the building up of reduced urganic molecules,
ulimately resulting in the formation of a new cell. An-
abolism requires energy in the form of ATP and hydrogens
(artached to reduced hydrogen carriers) that are generated in
catabolic pathways. In addition, anabolism requires building
blocks thal are provided either extracellularly as nutrients or
are formed intracellularly as intermediates of catabolic path-

ways. The term “building block” refers to the starting mate-
rials from which cellular polymers are made, such as amino
acids, fatty acids, purines, pyrimidines, and sugars.

If glucose is the only carbon source available to the cell,
all cellular polymers must be made from intermediates
formed during the catabolism of glucose. Mosl microor-
ganisms, whether or not they are pathogens, use similar if
not identical catabolic intermediates to form these build-
ing blocks.

Many gram-negative enteric bacteria are capable of us-
ing both the Embden—Meyerhof-Parnas (EMP) pathway
and the hexose monophosphate pathway (HMP) coupled
with the Krebs cycle to carry out respiratory catabolism. In
the absence of a terminal electron acceptor, the Krebs cy-
cle enzymes no longer function as a cyclic pathway, but
most of these enzymes continue to produce the catabolic
intermediates that are essential for biosynthetic pathways.
Figure 3.5 schematically shows the EMP and HMP path-
ways with the Krebs cycle and indicates which catabalic
intermediates arc commonly produced building blocks for
each cellular polvmer.

In an actively growing microorganism, pathways like
EMP + Krebs cycle do not function solely for catabolism or
energy production. One molecule of glucose may be en-
tirely oxidized to CO,, bul the next molecule of glucose
may be oxidized only as far as pyruvate, and from there the
process may support synthesis of the amino acid alanine
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End Products Excreted by Microorganisms Fermenting Sugars

Fermenlalion Type Microorganisms®

Products Formed

Lactic acid Lactobacillus
Streptococcus
Levcounosiog

Pedicoccus
Sporalactobacillus
Bifidobacterium

Ethanol Saccharomyces cerevisiag
Zymomonas

Sarcinia ventrigul
Erwinia amylovora
Clostridivm butyricum
Glostridium kluyveri
Glostridiurn avelobulylicum
Clostridium pasteurianum
Clostridium perfringnes
Neisseria spp.
Bacterades spp.
Fusohacteriim spp.
Eubacterium spp.
Butyriviprio spp.
Escherichia

Salmonslia

Stiiyella

Proteus

Klehsiella

Enferobacter

Serratia

Erwinia

Acromonas

Bacilius polymyxd
Kiebsiella
Propionibacterium
Clostridiurm progioincur
Corynebacterium diphtheriae
Vaillonella

Neisseria spp.

Butyric acid and acetone-hutanol

Mixed acicl

Butanediol

Propionic acid

Lactic, acetic, and formic acids, ethanol, glycerol, diacetyl, acetoln, butanediol, and

Mostly ethanol, GO,

\arying amounts of butyric and acetic acids, butanol, acetone, ethanol, isopropanal,
H,, and CO,

Primarily lactic, acetic, and formic acids with little H,, CU,, and ethanol

Lots of butanediol, with some CO,, H,, and ethanol, and only slight amounts of mixed

Primarily propionic, acetic, and succinic acids and GO,

*If the fermentation type appears to be characteristic of the entire genus, the genus name only 1S given; when characteristic of several species, e word "species” (spp.) is used; if

rharartarictic nf nnly nne species. the entire species name is used.

and, ultimately, the synthesis of proteins. Thus, the “catab-
olism” of glucose appears to be a dynamic process thatl sup-
ports both the cell's need for energy and its need to
produce building blocks for biosynthesis.

The ultimate function or consequence of biosynthesis
is growth; for microorganisms, this mcans the production
of new cells. All cells are composed of four types of poly-

mers: protein, lipid, carbohydrates, and nucleic acids. Syn-
thesis of the building blocks to support construction of
these polymers, and the polymerization process itself, re-
quircs the expenditure of large quantities of energy. About
70Y% of the dry weight of the E. coli cell is protein, and il is
estimated that about 88% of all energy obtained from glu-
cose catabolism goes into making Lthe cell’s protein.
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FIGURE 3.5  Common metabolic intermediates produced by respiratory catabolism and used as the starting puint fur
anidbulic (biosynthetic) pathways. Note that anabolism is often considered in two stages: first, pathways tor the production of
building blocks (e.g., amino acids) from catabolic intermediates, and second, mechanisms for the proper covalent binding of these
building blocks into polymers (e.g., proteins). HMP, hexose monophosphate pathway; EMP, Embden-Meyerhof-Parnes pathway; DNA,
deoxyribonucleic acid; RNA, ribunudeic acid.



Microbial Molecula
Genetics N

STRUCTURE AND FUNCTION
OF THE BACTERIAL GENOME

Structure and Chemistry of the Bacterial
Nuclear Region

The nucleus is defined as the membrane-bound organelle
within a cell that contains chromosomes and nucleoli. Eu-
karyotic cells contain a nucleus, but prokaryotic cells
(such as bacteria) do not. However, prokaryoles do con-
tain genetic material, and its function is the same as that
within the nucleus of eukaryotic cells. Where the genetic
material is located inside a bacterium is called the nu-
cleoid. Often the bacterial chromosome is referred to as
the nuclear material or region to distinguish between it
and any extrachromosomal genetic material, such as plas-
mids (see Fig. 1.2).

Investigators have isolated the nuclear region of Es-
cherichia coli and many other bacteria, and the chemical
analyses of all appear similar. Each is composed of about
80% deoxyribonuclcic acid (DNA), 10% ribonucleic acid
(RNA; mostly nascent), and 10% protein (mostly RNA
polymerasc).

In 1963, John Cairns developed a special technigue
that allowed him to isolate and spread out the chromo-
some of E. coli su its stiucture could be examined under
an electron microscope. He found that the E. coli chro-
mosome was circular and had the same width as one
double-stranded DNA molecule and a circular length of
about 1 mm. Because the chromosome’s length was
about 1000 times longer than the entire cell, it was -
mediately recognized that the molecular organization of
the bacterial chromosome within the nucleoid must be
very complex.

Realizing the DNA packaging problem for E. coli, based
on Cairns work, turther investigation revealed that the
DNA molecule of the bacterial chromosome is supercoiled
(twisted upon itself) and that this accounts for its elficient
packing inside the cell. For the double-stranded helical
DNA molecule Lo be supercoiled, one strand must first be
hroken (nicked) so that the helical molecule can be
twisted upon itsclf (supcrcoiled). Studies suggest that
there are 18-20 loops of DNA 1n the E. coli chromosome
and that each loop is supercoiled, so that the entire mole-
cule is reasonably compact.

Py

- -
-

Genetic Elements of Bacteria:
Chromosomes and Plasmids

Microbiologists usc the term genome to mean the com
plete set of genetic elements occurring within a cell or
virus particle. Although the chromosome is the primary
genetic element in bacteria, many bacteria also contain
small pieces of extrachromosomal genefic material called
plasinids. Thereloie, the genomic material of bacteria
comprises both the chromosomes and the extrachromo-
somal plasmids. For now, however, we will concentrate on
the bacterial chromosome while remembering that much
of what we say about chromosome structure and replica-
tion also applies to plasmids.

A gene is the basic unit of heredity that determines a
particular characlerislic or trait, such as height in pea
plants. The physical location of that gene on the chromo-
some is the gene locus. Alleles arc the alternative forms as
sociated with that particular trait. In the case of height in
peas, the alleles are dwarf and tall. Most nondividing eu-
karyotic cells are diploid; that is, they contain two copies
of each chromosome per cell, one copy of each chromo-
some inherited from each parent. Eukaryolic chromo-
somes are structurally complex, and cells have a number
of different Ly pes of chromosomes.

In contrast with eukaryotic cells, bacteria have rela-
tively simple genetic systems. Bacterial chromosomes are
single DNA molecules. Nongrowing cells are haploid; that
is, they contain only one chromosome (DNA molecule)
per cell (one set of genes). During giowlh, however, the
bacterial cell contains at least one partial copy of its chro-
mosome at any one time, because DNA synthesis must
provide two complete copies just before cell division.

Prokaryotic Genomics

Recently, many prokaryotic genomes representing both
the Eubacteria and the Archaea have been sequenced. The
Haemaophilus influenzae genome was, in 1995, the first
genome to be completely sequenced. Since then, more
than 50 bacterial genome sequences have been completed.

EUBACTERIA. Genomes of Eubacteria that have been se-

quenced have some common features. First, the eubacter-
ial genome in general is small, typically less than 5 Mb in
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size, and circular To date, several exceptions to the “small,
circular genome” have been identified. These include
Bacillus megaterium, which has a genome that is 30 Mb,
and Borrelia burgdorferi and some Streptornyces spp. that
possess linear genomes.

Second, eubacterial plasmids arc small and contain rel-
atively few genes. However, Borrelia burgdorferi carries ap-
proximately 17 plasmids that encode approximately 430
genes. Furthermore, Vibrio cholerae and other Vibrio spp.
have two circular chromosomes. The second chromosome
is thought to be derived from an ancestral plasmid that
continued to add genetic material over time.

Last, gene density within thec cubacterial genome is rel-
atively high, approximately 1 gene per kilobase (kb) of
DNA. For example, the E. coli genome is approximately
4.6 MDb In length and contains approximately 4288 pro-
tein coding regions. In addition, many of the genes are
arranged in operons (described below).

ARCHAEA. Genomes of the Archaea are similar to those
of the Eubacteria. The best-studied archaeal genome is
that ot Methanococcus jannaschii, which possesses three
circular chromosomes, one large (1.66 Mb) and two small
(58.4 and 16.5 kb). The entire genome is 1.7 Mb in size,
encoding approximately 1738 proteins, and therefore,
having a high gene density, as exemplified by the Eubac-
teria. Some of the genes are also arranged in operons.

In contrast with the Lubacteria, the Archaea share
many features observed in eukaryotic genomes. Such sim-
ilarities are found in genes associated with RNA synthesis,
protein synthesis, and DNA synthesis; the presence of
histone proteins associated with DNA packaging; and thc
presence of introns within the tRNA genes.

OVERVIEW OF MOLECULAR GENETICS

(Genetic processes require at least three types of polymers:
DNA, RNA, and proteins. During cell growth, all three
types of macromolecules are made. Because the steps lead-
ing from DNA to RNA to newly synthesized prolein require
the transter of information, DNA and RNA are often called
informational macromolecules to distinguish them from
other large molecules such as lipids and polysaccharides.
During the process of cell division, the DNA of the par-
ent cell needs Lo be copied such that identical copies of
the DNA are available for each of the daughter cells. The
process of duplicating the DNA is called DINA replicatiun,
or simply replication. To preserve the information con-
tained within the DNA molecule in the form of its sc-
quence of nucleotides, each of the original DNA strands is
used as a template for the manufacture of its complemen-
tary strand. This is called semiconservative DINA replica-
tion. In replication, the original DNA strand provides the
template for the synthesis of the new, complemen Lary
DNA strand by the action of the enzyvme DNA polvmerase.
When we look at DNA and, ultimatcly, the protein
products produced from information contained in the
genes, we are looking at what is commonly called “infor-

mation flow” in a ccll. The DNA molecule cunilains Ui in-
formation necessary to make various proteins. However,
DNA cannot be directly used to make proteins. Instcad,
we find that the DNA provides a template that is tran-
scribed into messenger RNA (mRNA) by the enzyme RNA
polymerase. Messenger RNA can then be translated into
protein, the amino acid sequence of the protein being de-
termined by the sequence of nucleotides of the mRNA.
I'he site of translation is the ribosome. This process, DNA
—mRNA —protein, is referred to as the central dogma.
There is one exception to the central dogma: the retro-
viruses. Retroviruses possess a unique enzyme known as
reverse lranscriplase, which is able to synthesize DINA
from an RNA template.

DNA Structure and Synthesis

As DNA molecules are polymers of nucleotides, the basic
structure of a nucleotide needs (o be discussed. Each nu-
cleotide in DNA comprises a phosphate group, deoxyri-
bose sugar, and a nitrogenous base (Fig. 4.1). Each carbon
within the deoxyribose is numbered and indicated by a
prime (' ) to distinguish it from the carbons of the ni-
trogenous base. The phosphate group is covalently bound
ta both the 3' and the 5' position of adjacent deoxyribose
molecules (esler linkages), forming what is commonly
called the “sugar-phosphate backbone” of one DNA
strand. Lach DNA strand has a [ree 5' phosphate at one
end and a free 3' hydroxyl at the other end. One of four
possible nitrogenous bases is linked to the deoxyribose in
the nucleotide molecule. These are either a purine (ade-
nine, guanine) or pyrimidine (thymine, cytosine) base.,

The single bacterial chromosome contains two com-
plementary (not identical) DNA strands that are wound
around one another in a helical fashion, with the ends co-
valently bonded together to form a circular macromole-
cule. Following Chargoff’s rules, guanine forms hydrogen
bonds with cytosine, and thymine forms hydrogen bonds
with adenine (Fig. 4.2). Replication requires the unwind-
ing the existing helix, followed by the incorporation of in-
dividual nucleotides, so that a new complementary DNA
strand is built, using the vriginal strand as a template (see
bottom half of Fig. 4.2). This is known as semiconserva-
tive replication. Also notc that replication of these two
strands runs in opposite directions, which is known as an-
tiparallelism (Fig. 4.3).

Replication always begins at the 3' end and progresses
toward the 3’ end of each NNA strand.

The region where the two strands unwind is called thie
replication fork, or the replicon. Replication begins with
the double helix being unwound by the enzyme helicase.
To stabilize the structure and maintain the replication
fork, single-strand binding proteins bind the unwound
DNA. An enzyme called primase then initiates the syn-
thesis of a short RNA (primer), approximately 12-15 nu-
cleotides in length. Once the primer is in place, DNA
polymerase continues to covalently bond each additional
nucleotide to the 3' hydroxyl end of the newly developing
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FIGURE 4.1 A small segment of deoxyribonucleic acid (DNA)

chowing alternating moleculas of denvyrihnge and phosphate covalently
bonded together to form one strand of the double-stranded DNA molecule.
Each purine or pyrimidine base is covalently bonded at the 1° position of the
rihnse and lonsely associated by hydrogen bonding () to a complementary
base on the adjacent strand (not shown).

strand. As one molecule of DINA polymerase is responsible
for the synthesis of both new complementary strands of
DNA simullaneously, a logistic problem is created. One of
the original strands can be replicated in the 5' to 3’ direc-
tion. As this strand can be synthesized fairly quickly in a
continuous manner, it is often called the continuous
strand or the leading strand. In contrast, because of the
antiparallel nature of the DINA helix, the strand oriented
in the 2' ta §' direction appears tn defy the palvmerase law
ol synthesis in only the 5' to 3' direction. More recent
work has uncovered that this strand of the DNA is wound
around the DNA polymerase so that short stretches of the
molecule are oriented in the 5' to 3' direction (see Fig. 4.4).
As a result, for each new region of this strand wrapped
around the DNA polymerase, primase must add a primer
followed by DNA polymerase activity through this partic-
ular section. As a result, this strand is made up of many
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FIGURE 4.2  The double-helix structure of deoxyribonucleic acid
during the replication process. At the top of this drawing, each sugar—
phosphate strand is shown as a continuous band with the bases adenine (A),
cytosine (), guanine (G), or thymine (T) covalently bound to each sugar. The
two strands are held together by hydrogen bonding (---) between each
complementary base pair. During replication, the old strands separate, and one
new strand is formed that is complementary to each of the old strands.

small fragments and, therefore, takes longer to synthesize.
We refer to this strand as the lagging strand, or the dis-
conlinuous strand. The short [ragments of this strand are
known as Okazaki fragments. The adjacent fragments are
then covalently bonded together by an enzyme called
DNA ligase. The RNA primers are eventually removed
and replaced with DNA nucleotides, and any breaks in the
backbone are sealed by DNA ligase. The end result of this
synthesis is two double-stranded DNA molecules (two
bacterial chromosomes).

Once replicated, each chromosome is then supercoiled.
Supercoiling is believed to be an important factor in both
the replication of DNA and its transcription. Enzymes
called topoisomecrases appear to regulate the degree of
DNA supercoiling and, thus, its ease of replication and
transcription. Each time that DNA is supercoiled, it is put
under strain., Because it is under strain, it unwinds more
easily than if it were not supercoiled. The topoisomerase
that promotes DNA supercoiling in bacteria is DNA gyrase.
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FIGURE 4.3 Mechanism of deoxyribonucleic acid (DNA) replication.
Unwinding occurs at the growing point {replication fork or replicon). The
enzyme DNA polymerase connects each nucleotide only to the 3" end of each
short fragment. These shorl (Okazaki) lragments are subsequently joined
together by the enzyme DNA ligase.

A highly schemalic and oversimplified illustration of
chromosome replication and the subsequent division of
these two DNA macromolecules before cell division is
shown in Fig. 4.5. The exact manner in which each chro-
mosome finds itself in a new cell is not known, but it is
believed that the site of attachment of the chromosome to
the plasma membrane plays an important part in this par-
titivning process. Evidence also suggests that rapidly di-
viding cells have more than one growing point (site of
replication), becausc the time between successive cell di-
visions is shorter than the time it takes to replicate an en-
tire chromosome. If this is true, then at any one time
during rapid growth, there may be at least one complete
chromosome and several partial copies at various stages of
completion.

RNA Structure and Synthesis

The bacterial cell’s RNAs also play an important part in
gCNne CXpPression.

‘There are three major differences between the chem-
istry of RNA and that of DNA. First, molecules of RNA
contain a sugar called ribose instead of deoxyribose. Sec-
ond, RNA has a nitrogenous hase called uracil instead of
Lhe base thymine. And finally, bacterial RNA is typically
not a double-stranded molecule (some viral RNASs are dou-
ble-stranded). Like all other cells, bacteria contain three

major types of RNA: mRNA, transter RNA (tRNA), and ri-
bosomal RNA (tRINA).

MESSENGER RNA SYNTHESIS. The function of mRNA is
to copy (transcribe) the genetic code from the gene (chro-
mosomal DNA) and, thus, provide that message for trans-
lation into protein at the ribosome. Transcription of the
genetic code refers specifically to mRNA synthesis.

To discuss transcription, one must look at the basic
structure of a gene (Fig. 4.6). The portion of the gene that
will ultimately encode a protein product following both
transcription and lranslalion is referred to as the struc-
tural portion of the gene. Upstream from the structural
gene is a region known as the promoter. Each gene (or set
of genes) on the chromosome has its own promoter. RKINA
polymerase binds to the promoter region, causing local-
ized unwinding of the DNA strands so that the code may
be transcribed from one DNA strand (the sense strand).
The RNA polymerase then moves along the DNA sense
strand while it simultaneously bonds together the ri-
bonucleotide building blocks—adcnosine triphosphate
(ATP), cvtosine triphosphate (C1P), guanosine triphos-
phate (GTP), and uridine triphosphate (UTP)—to form the
new mRNA molecule. The order in which the ribonu-
cleotides are inserted into the developing mRNA is deter-
mined by the sequence of bases on the single-stranded
DNA maolecule. Tn other words, the bases on the single
DNA strand act as a template for the assembly of comple-
mentary ribonucleotides. In this manner, the transcrip-
tion proccss transcribes the information from the DNA
(gene) to the mRNA (message).

Termination of mRNA synthesis also occurs at a spe-
cific (termination) site on the DINA molecule. This termi-
nation site determines how long the mRNA will be, and
Lthis, in turn, determines how large the protein molecule
will be. Several types of termination sites on the DNA
molecule have been identified, and these effectively stop
the action of RNA polymerase (and thus mRENA synthesis).
The resulting complete, functional mRNA molecule is lin-
ear and single-stranded.

Not all mRNA molecules code for synthesis of a single
prolein molecule. In bacteria, some mRNAs code for syn-
thesis of several related enzymatic proteins whose synthe-
sis is coded on adjacent genes. For example, the genes that
code tor all of the enzymes needed in the synthetic path-
way for formation of one amino acid may be sequentially
arranged on the DNA. Instead of having one teruinalion
site at the end of the code for each enzyme, the DNA may
have one termination site for the entire sequence of
genes. Thus, one long mRNA molecule could be tran-
scribed and encode the simultaneous synthesis of all en-
zymes required for that synthetic pathway. As shown later
in this chapter, this mRNA arrangement allows for several
mechanisms for regulation of the quantities ol Lhese gene
products in the cell.

Several important antibiotics interfere with mRNA syn-
thesis. Actinomycin inhibits mRNA synthesis by binding
to the DNA molecule in such a way that it stops mRNA
formation. Two groups of antibiotics, the rifamycins and
the streptovaricins, are etfective against bacteria bhecatise
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FIGURE 4.4 A simplified illustration of deoxyribanucleic acid (DNA) replication. Note that the original DNA of the lagging strand needs to
“wrap around” the DNA polymerase holoenzyme (entire) to have small potions, as indicated by the grey box, that are in the appropriate orientation 1o
facilitate polymerase activity in the 5' —3' direction. As a result, these pieces require the addition of a primer each time, followed by a short length of
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DNA polymerization. The result is commonly known as Okazaki fragments.

they appear to bind to the RNA polymerase molecule and
inhibit its activity. The rifamycins seem to be highly spe-
cific for bacterial RINA polymerase.

TRANSFER RNA STRUCTURE AND FUNCTION. tRNA is a
single-stranded molecule thal conlains double-stranded
regions as a result of the molecule folding back on itself.
These folded regions have complementary bascs across
from each other, and hydrogen bonding holds these adja-
cent strands together. The structure of tRNA is generally
drawn like a cloverleaf, with three distinct loops (of un-
paired bases) and a stem that has two open ends.

To function properly, a molecule of (RNA (Fig. 4.7)
must do four things: it must bind with an enzyme that ac-
tivates amino acids, it must specifically bind with one
type of amino acid, it must recognize a specific triplet
code (codon) on the mRNA and hydrogen bond with the
triplet bases on that codon, and it must nonspecifically
bind with the ribosome to which an mRNA is bound. The
structure of the tRNA molecule closely reflects how it
functions in these ways during protein synthesis.

The D loop on tRNA selectively binds an enzyme called
an aminoacyl-tRNA (AA-tRNA) synthetase. This enzyme
does two things: first, it specifically activates one type of
amino acid, and second, it binds that activated amino

acid to the acceplor slem of the tRNA. To activate the
amino acid, AA-tRNA synthetase cleaves pyrophosphate
from an ATP molecule and covalently bonds the remain-

ing AMP to the amino acid. Thus, an activated amino acid
is an amino acid AMP complex. The specificity of the

tRINAS toward only one type of AA-tRNA synthetase should
be emphasized. It is extremely important that the correct
AA-tRNA synthetase be atlached Lo the LIRNA molecule,
hecause this enzyme determines which amino acid will be
activated and bound to the tRNA. In turn, this determincs
which amino acid will be inserted in the developing pro-
tein during translation. Specific binding between a tRNA
and an amino acid occurs in the cytosol of the cell. Once
the amino acid has been activated and the amino acid-
tRINA complex leaves the enzyme, the complex is avail-
able for integration into a polypeptide during translation.

The anticodon loop on tRNA contains three bases (the
anticodon) that are complementary to three bases on
mRNA (the codon). The function of the anticodon on this
loop is to specifically recognize and bind an mKENA codon
based on complementarity between the codon and the
anticodon. As a result, the amino acid carried by this
tRINA is brought in proper order to the site of translation
based on the sequence of the mRNA, which in turn was
determined by the information provided from the DNA.
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FIGURE 4.5 Replication of the bacterial chromosome. Each of the
old strands of the chromosome is represented by a thin lineg, and the new
strands are shown with heavy lines. Sites of attachment to the plasma
membrane are also sites for deoxyribonucleic acid replication (growing point}.
Separation of growing points may allow for partitioning of each new
chromosome beflore cell division,

In other words, the genomic message from the chromo-
some is transcribed into the mRINA, which comes Into
contact with the ribosome, where its message is translated
by the tRNAs carrying the activated amino acids.

The 1YyC loop appears to bind to the 505 ribosome
subunit (see next section) during the translation process
to help all of these components slay in Lthe proper con-
figuration while the activated amino acids are being co-
valently bonded onto the newly developing protecin
molecule.

RIBOSOME STRUCTURE AND FUNCTION. Ribosomes arc
composed of two subunits. Each subunit is made up of a
number of individual proteins as well as rRNA. Further-
more, each subunit is described by the way it sedimerits in
a high-speed centrifuge. These sedimentation properties
(abbrevialed “S” for Svedberg units) are determined by the
size, density, and shape of the subunit. As a result ot this
analysis, bacteria contain a ribosome that is made up of
one 505 and one 308 subunit. The 305 and 505 subunits
exist separately in the bacterial cell and come together to
form a 70S particle only when they combine with a mol-
ecule of mRNA. Translation of the genetic code takes place
on this ribosomne—mRNA complex.

The 708 ribosome provides the structural framework
that supports and aligns not only the mRNA but also the
tRNAs and the many proteins required for translation.
Distortion of ribosomal structure, therefore, can prevent
proper functioning of this entire translational complex.
Certain types of antibiotics appear to alter the structure of
ribosomal subunits. For example, streplomycin,
neomycin, tetracycline, and spectinomycin alter the
struclure of the 305 subunit of bacteria and therefore are
specific in their action against prokaryotes. Similarly,
puromycin, chloramphenicol, crythromycin, and cyclo
heximide appear to alter the 505 prokaryotic subunits.
Note, however, that this is not the only mode of action of
these antibiotics. Most also affect other steps in protein
synthesis.

THE GENETIC CODE

The information conlained in the nucleotide sequence of
the bacterial cell’s chromosome (DNA) is ultimately trans-
lated into the sequence of amino acids that make up each
protein. Thus, the genetic code is contained in the DNA.
However, this code is transcribed from the DNA molecule to
mRINA, and it is actually the mRINA that serves as a lemplale
for the assembly of amino acids during protein synthesis.
Therelore, il is customary to speak of the genetic code in
terms of nucleotide sequence of the mRNA molecules.

All RNAs contain four different nucleotide bases: ade-
nine (A), guanine (G), cytosine (C), and uracil (U). Within
the mRNA, three sequential nucleotide bases (triplets like
CUA) are used to code for the positioning ol an amino
acid during translation. Fach of the triplet nucleotide se-
quences on the mRNA strand is called a codon. Becausc
there are four nucleotide bases and three bases in each
codon, 64 different triplets (codons) are possible. How-
ever, there are only 20 different amino acids in nature.
Therefore, many more codons are possible than are
needed for translating genetic information [rom the
mRNA to the developing protein. This is what is meant by
the slatement that the genetic code is redundant. There
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binds to inttiate transcription, and a structural region,
encoding the sequence necessary to ultimately be
translated into a polypeptide. Beyond the basic
structure, located between the promaoter and the
structural region are additional regulatory regions, such
as the operator and leader regions. Realize that these
are only some of the regulatory regions assuialed
with prokaryotic genes.
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are several codons coding tor insertion of the same amino
acid into the developing protein during protein synthesis.
For example, UUA, UUG, CUU, CUC, CUA, and CUG all
code for lencine insertion

A few codons do not code for any amino acids (such as
UGA, UAG, and UAA); these are called stop codons, as
they serve as a signal to stop protein synthesis when the
molecule 1s fully formed. Some evidence suggests that a
few codons represent only starting points for new protein
synithesis, such as AUG. These are called initiating codons.
A distinct starting point is essential, so that translation be-
gins at the proper location. Withoul a specilic starting

Anticodon Loop

a specific function. The two ends of this single strand form
the stem of the molecule that will bind one type of amino
acid. mRNA, messenger RNA.

point, the whole reading frame might be shifted and a
completely different protein (or no protecin at all) would
be made, depending upon the extent of the reading frame
shift. Interestingly, in bacteria, the AUG start allows the
incorporation of a specially modified amino acid, N-
formyl-methionine. Any other AUG within the polypep-
tide will have incorporated a methionine, but the first is
always the N-formyl- form.

Errors in translating the message on mRNA arc proba-
bly rare under normal circumstances. However, those an-
tibiotics that act on the 30S or 508 ribosome subunits are
thought to increase translation errors to such an extent
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that the newly tormed protein is abnormal and the cell
can no longer function properly. Drastic shifts from opti-
mum pH, temperature, and cation concentration also ap-
pear to cause translation errors during protein synthesis.

Mechanism of Protein Synthesis
(Expression of the Genetic Code)

Protein synthesis (translation of the genetic code from
mRNA) is a continuous process that may be thought of as
occurring in four steps: initiation, elongation, termina-
tion, and polypeptide folding.

Initiation (Fig. 4.8) requires the formation of a complex
that contains mRNA, the 30S ribosome subunit, tRNA, Lhe
50S subunit, and several proteins (called initiation fac-
tors). In bacleria, IRNA binds to the 308 subunit, and the
508 subunit binds to the 30S particle, forming the 70S ri-
bosome. The anticodon on an activated tRNA recognizes
and binds to the initiating codon on the mRINA strand,
and the TyC loop of this same tRNA also binds to the 505
subunit of the ribosome. Streptomycin interleres with ini-
tiation, probably because of its effect on the 308 subunit.

In bacteria, the firsl (initialion) codon on the mRNA
strand is typically AUG or GUG. Just preceding the initia-
tion codon arc three to nine nucleotides that bind the
mRNA to the 305 ribosome subunit. This region on the
mRNA is known as the Shine-Delgarno sequence, or sim-
ply the ribosome binding site. It is able to hydrogen bond

with the 165 rTRINA portion of the 303 suburiit and, i this
manner, orient the mRNA for translation.

Elongalion, the next step in protein synthesis, is actually
a repeated series of events called recognition, transfer, and
translocation (Tig. 4.8). To achicve clongation, there must
be a continual supply ot activated amino acid—tRNA com-
plexes. However, only those with anticodons capable of
forming hydrogen bonds with the codon on the mRINA will
be recognized and will bind to the mRNA af that position.
(The antibiotics streplomycin, neomycin, and tetracycline
appear to adversely affect this codon recognition.) Once the
two amino acids are adjacent to one another, a peptide
bond is formed between the amino group of the second
amino acid and the carboxyl group of the first amino acid.
This reaction is performed by a catalytic RNA called pep-
tidyl transferase that is part of the 50S ribosomal subunit.
As a result of the peplide bond formation between the
amino acids, the first tRNA is no longer covalently bound
to the activated amino acid. Next, the empty tRNA on the
first codon is released from the mRKNA (and the ribosome)
and the tRNA molecule, with its attached polypeptide
chain, is moved along the ribosomie (translocated) to the
next position. (The antibiotics cycloheximide and spectin-
omycin appear to interfere with ribosome translocation.)
This series of events is repeated over and over again, result-
ing in the elongation of the polypeptide chain.

Note in Fig. 4.8 that each event in the elongation
process, including initiation and amino acid activation,

ATP PP \ e AMINO ACID
. \_._} ACTIVATION
Al — =" AA-AMP ﬁ. c:‘l \E:.
Activated A2 Anticodnn
Amino Acid AMP
FIGURE 4.8  Translation of the genetic code
> k . Adg AR
from messenger ribonucleic acid (mRNA) molecule to the [ Ribosome
order _uf amineo acids I:f"'-.ﬂE.} on a protein molecule during 508 GDF,+ = J & i
synthesis. Once synthesis is initiated such thal e mRNA— (U) sz~ Godon
ribosome—AA. complex is formed, the addition of each "mANA S T 2/ 4
additional amino acid (e.g., AA,, AA , etc ) requires four | /”f INITIATION GTF aoe P ¥
evenls. amino acid activation, recognition, transfer, and | {20s ?
' 5 |
translocation. These four events are continuously repeated TRANSFER
in the elongation step of protein synthesis. ATF, adenosine RoeoCNITIoON
triphophate; GTR, guanosine triphosphate; GDF, guanosine [___] AR
diphosphate; Pi, inorganic phosphate, (‘—' L,) Cg AAg
GDF
.PI.F"'I -_a r E\? + J[ |) I
_M.I.E..'_H ,: Fi GTF' 5 LII i 24 |
\ E ..-_" 1 o 3 4
| < JE] e g
' T

e

TRANSLOCATION

1

e
¥

I
4

REPETITIVE ADDITIONS




reguires meolecules that have high-energy phosphate
nonds (ATP and GTP). For example, formation of the ini-
tiation complex (the initiation step) requires energy, and
this is provided by the hvdrolvsis of one GTP molecule.
High-energy compounds like GTP are supplied by catabo-
lism of the cell’s exogenous energy source. Catabolism
‘and anabolism too) is accomplished by enzymes (catalyt-
ically active proteins) that are made in the manner being
described. Thus, cataholism of the energy sonrce and syn-
thesis ol proleins are insepatrably linked by the supply and
demand for ATP and GTP.

Termination, the third step in protein synthesis, occurs
when a mKNA codon 1s reached that does not code tor the
attachment of any AA-tRNA. These are called termination
codons or stop codons. There are three termination codons
that stop polypeptide synthesis in all cell types: UGA, UAG,
and UAA. As a result, termination factors bind, stimulaling
dissociation of the ribosomal subunits and release of the
polypeptide chain into the cytoplasm. In addition to their
other activities, the tetracvcline antibiotics also seem to in-
terfere with the termination of protein synthesis.

Once released [rom the ribosome-mRNA complex, the
polypeptide chain is free to fold into an active, three-di-
mensional protein structure that is held in this form by
weak disulfide bridges and hydrogen bonding. This is the
iast step in protein synthesis, known as polypeptide fold-
ing. If everything has gone correctly, the result is a func-
tionally active protein.

In bacteria, because there is no nucleus, the processes
of franscription and translation are said to he coupled. Es-
sentially, once RNA polymerase initiates transcription to
the point where the ribosome-binding site has been tran-
scribed and there is physically enough room, a ribosome
will be able to initiate translation before transcription is
even complete. Furthermore, once that ribosome binding
site IS once again exposed as the first ribosome begins
trranslating product, a second ribosome can begin transla-
ton befoure the first ribosome has completed Lranslating
the peptide. As a result, in electron microscopy one can
often see a message covered with several ribosomes, all at
difterent stages of translation of the mRNA; these are re-
ferred to as polyribosomes or simply polysomes.

Gene Regulation

Some gene products are always being made hy the cell, so
they are always present in relatively high concentration,
and these are called constitutive genes. Others are only
produced under certain conditions, and these are called
inducible BENECS.

Three mechanisms of gene regulation will be briefly
discussed here: lhe induclion-repression mechanismi,
catabolite repression, and attenuation. Fach of these con-
rol mechanisms acts at the transcription level, that is, on

the gene (DNA), as its message is being transcribed to a
new mENA molecule. And each of these mechanisms

munctions to turn off gene expression (ultimately, protein
sinthesis) when the gene product is no longer needed for
cellular metabolism. The [unclion of repressing protein
svnthesis seems obvious, as it would be pointless for a cell
0 waste cnergy on making unneeded proteins.
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The ability to repress protein synthesis is a valuable
and widespread mechanism for energy conservation hy
all types of microorganisms. Regulating genetic expres-
sion in bacteria (prokaryotes), however, appears simpler
than regulating cxpression in cukaryotic microorgan-
isms. 1he tollowing section deals only with genetic con-
trol mechanisms in prokaryotic cells.

INDUCTION AND REPRESSION. Control of profein synthe-
sis by induction or repression usually involves nol one, but
a set of adjacent genes on the bacterial cell’s chromosome.
These structural genes are responsible for the synthesis of
several enzymes that usually accomplish all or part of the
catabolism of a specific energy source. This set of adjacent
genes forms a functional genetic unit called an operon.
The operon is located next to other parts of the DNA that
regulate the expression ol the structural genes and Lhal in-
clude promoters, operators, and regulatory genes. The
operon that has been most closely studied is the lactose
(lac) operon from E. coli. The lac operon is responsible tor
the initial stages of lactose catabolism in this bacterium,
and it contains three structural genes (Fig. 4.9): (1) the “Z2”
gene, which codes for production of an enzyme called [3-
galactosidase. This enzyme breaks apart disaccharide sugars
that contain a galactoside molecule covalently joined by a
B-glycosidic bond to another sugar; (2) the “Y” gene, which
codes for galactoside permease production, an enzyme
within the plasma membrane that transports galactoside
molecules inside so that they can be cleaved into separate
maonaosaccharide sugars by R-galactosidase; and (3) the “A”
gene, which codes for production of galactoside acetylase,
an enzyme whose function is not clearly understood.

Repression of the lac operon comes about in the fol-
lowing way. Transcription begins when ENA polymerase
binds to the promoter region. The regulatory gene is the
first part of the DINA sense strand transcribed. The func-
tion of the regulatory gene is to code for continuous pro-
duction of repressor proleins (see Fig. 4.9).

It lactose (or another B-galactoside) is not present in
the medium, then the repressor proteins are free to bind
with the operator region of the DNA. In 50 doing, they
also prevent the RNA polymerase from binding to the pro-
moter and progressing to transcribe the structural genes of
the lac operon. This alteration of the operator stops fur-
ther transcription and effectively inhibits synthesis of the
enzymes required for lactose use. Note that these enzymes
are not needed in the absence of lactose, so this may be
thought of as an energy-conservation mechanism.

For induction, a p-galactoside (such as lactosc) must be
present in the medium, and the p-galactoside itself serves
as the inducer (Fig. 4.9). Cells probably always have a
sinall nummber of galactoside transport proteins (perine-
ases) in the membrane, even it transcription of the Jac
operon is repressed. Therelore, il laclose is added Lo Lhe
medium, a small amount of lactose is initially transported
into the cell. The regulatory gene continues to code for
synthesis of repressor proteins; however, lactose (the in-
ducer) binds with these repressor proteins, so that the re-
pressor proteins will no longer recognize and bind the
operator region. Because the repressor proteins are now
inactivated, transcription of the structural genes by RNA
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polymerase can proceed. Thus, induction and repression
both have the same underlving mechanism: control of
the operator, Since induction actually interferes with the
action of the repressor proteins, some microbiologists pre-
fer to call the induction process derepression.

CATABOLITE REPRESSION. Another mechanism for con-
trol of protein synthesis is called catabolite repression. To
understand this mechanism, it is important to know that
bacteria are often capable of growing on a variety of nu-
trient energy sources, but that some of these energy
sources are used preferentially. For example, E. coli can ca-
labolize either glucose or laclose lo oblain energy l[on
growth. If both are present, however, these bacteria will
first use glucose until the supply is exhausted and then
shift to lactose. As previously described, the enzymes re-
sponsible for lactose utilization are inducible, but the syn-
thesis of these enzymes (transcription of the lac operon) is
alen cuthject tn cataholite represciomn When ghicose is pref-
erentially used in the presence of lactose, glucose is the
catabolite (substrate for catabolism) that acts as a repres-
sor on the lac operon. Once the glucose supply in the
medium is exhausted, there is no catabolite to serve as the
repressor, and catabolite repression is abolished. Lactose
can then induce the [ac operon, and lactose catabolism
can begin after a short lag time.

The mechanism in which glucose acts as a catabolite re-
pressor has been described, but 1t 1s first necessary to de-
scribe more fully how RNA polymerase binds to the sense
strand of the DNA. In the previous sectiornn, it was slaled
that transcription (mRNA synthesis) begins when RNA
polymerase binds at the promoter. [lowever, with catabo-
lite-repressible enzymes, binding appears to occur only if a
catabolitc-activator protecin (CAP) has already bound to
the promoter. When bound to the promoter, CAP facili-
tates RNA polymerase recognition of the promoter region.
In order for CAP to bind, it mnust be in the proper three-di-
mensional structure, and this requires a molecule called
cyclic AMP (cAMP) be bound to it. It appears that glucose
either inhibits the synthesis of cCAMP or causes CAMYP to be
broken down. Regardless of the reason, intracellular cAMP
concentrations are low in the presence of glucose. The lack
of sufficient cAMP prevents CAP binding to the promoter;
thus, RNA polymerase dues nol bind, and transcription
does not occur. Therefore, catabolite repression is really
the result of a glucosc-stimulated cAMP deficiency.

There is some evidence that glucose-controlled cAMP
concentrations regulate enzyme synthesis for a number of
other catabolic pathways in E. coli. This suggests that en-
zymes responsible for catabolism of energy sources other
than glucose are not made in the presence of glucose (a
preferred energy source for E. coli). This is because the en-



zvines associated with glycolysis are constitutively made
and, therefore, always present in the cell. Thus, once
again, the cell conserves energy by slopping synthesis of
unneeded enzymes. Alternatively, when the preferred en-
ergy source (glucose) is depleted, the cell starts synthesis
of other enzymes used for catabolism of other substrates.
Perhaps cells capable of such feats are more adaptable to
changing environments and thus more likely to survive
than those that lack such regulation mechanisms.

ATTENUATION. A third mechanism of regulation occurs
in operons controlling synthesis of amino acids. The best
studied of these is the tryptophan operon. This operon
contains structural genes for the five enzymes required Lo
convert catabolic intermediates to tryptophan. The adja-
cent rcgulatory sequence includes three major regions:
the promoter, the operator, and a region that seems char-
acteristic of attenuation-controlled regulatory sequences,
called the leader sequence. Within the leader sequence is
a region called the attenuator that codes for synthesis of a
peptide (small-molecular weight protein) that is rich in
tryptophan. If tryptophan is abundant in the medium
and in the cell, then thec lcader can be assembled during
translation of this region of the mRNA. With assembly of
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the attenuator, translation halts, as banslational lermina-
tion signals are present. However, if intracellular trypto-
phan concentrations are low or absent, the ribosomes
stall, waiting for charged tryptophan tRNAs for incorpo-
ration into the growing peptide. As a result, the attenua-
tor does not form, and translation of the message of the
structural genes progresses (Fig. 4.10).

The critical feature of this mechanism is that synthesis
of the leader peptide causes transcription of the trypto-
phan structural genes to stop. However, if a tryptophan
deficiency stops tformation ot the leader peptide, then
transcription of the structural genes will take place, and
tryptophan synthesis will occur inside the cell.

SUMMARY. Although it may appear that much is known
about how protein synthesis is regulated, there is much
more detail to learn. For example, it is not known for sure
whether anabolic and catabolic pathways are regulated in
the same way. AL this lme, however, il appears thal cdata-
bolic (energy yielding, degradative) pathways are con-
trolled using either induction-repression or catabolite
repression. Note that both of these mechanisms use the
presence of the initial substrate (energy source) to “turn
on” the synthesis of these catabolic enzymes. Alternatively,
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The attenuator regulatory region comprises [our basic regions. Under conditions of high product

concentration (such as tryptophan}, there is no slow down in translation, facilitating the formation of a stem-loop structure in the
mRMA. As region 4 is followed by eight Us, resembling a prokaryotic termination signal, causing the termination of translation of
this message. In contrast, under low product concentrations, the ribosome stalls because of low amounts of tryptophan-charged
tRNA molecules. This allows the formation of a stem-loop between regions £ and 3. As this is not followed by a series of eight Us,
translation of the message continues. The attenuation regulatory mechanism is unigue to prokaryotes.
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the attenuation mechanism appears to regulate anabolic
(energy requiring, biosynthetic) pathways, and this mech-
anisin uses the presence of the end product to “turn off”
synthesis.

MUTATION

Introduction to Microbial Mutations

We previously examined the structure of the bacterial
chromosome and how its genetic information is ex-
pressed and regulated under normal circumstances. Let us
now shift attention to how infrequent but important
changes occur in the nucleotide sequence of bacterial
chromosomes.

A microbial strain (also called a clone) 15 a population
of cells that are genetically identical. Pure culture tech-

niques are extremely important for isolation and mainte-
nance of microbial strains. The genotype of a strain refers
to the genetic characteristics of the cell regardless of
whether these genes are being expressed (transcribed and
translated) at any given time. The phenotype of a strain is
that set ot genetic characteristics that can be seen or mea-
sured; in other words, phenotypic characteristics result
from those genes that are expressed in that environment.
If the environment is changed, genetic regulation may (by
induction or repression) change genetic expression, and
thereby also change the phenotype of that strain.

Microbiologists commonly reter to a strain isolated
from the environment as the wild type. In the broadest
senise of the term, mutation is defined as a sudden and in
heritable change in the cell's chromosome (genotype).
With microorganisms, however, it is often convenient to
dilferentiate between Llwo Lypes ol sudden and inheritable
change in the DNA: recombination, in which the change
is caused by the introduction of new genes from outside
the cell, and mutation, in which changes occur that are
not the result of introducing new genetic material from
outside the cell.

SPONTANEOUS MUTATIONS. A spontaneous mutation is
one that occurs without known cause. Spontaneous mu
tations result most commonly from errors made while
copyving the DNA during chromosome replication.

The accuracy with which DNA is copied during chro-
mosome replication is very high (errors estimated at fewer
than one in every 500,000 bases copied). Therefore, the
rate of error in anv one gene 1s very small, and the fre-
quency of spontaneous mutation is rare. But microorgan
1sms reproduce very quickly in the laboratory, so there are
many chances for errors to occur, and therefore, microbes
make excellent tools for studying mutation.

For any given gene, spontaneous mutation will occur
at the frequency of only about one in every 10° to 10°
cells. For example, an auxotroph (nutritionally deficient)
mutant may arise spontaneously in a bacterial population
in one out of every 107 cells; therefore, only 10 of these
mutants could be found in every 10® cells examined. From

these numbers, it should be apparent that detection ot
spontaneous mutation in the laboratory is difficult unless

selection techniques are used.

Spontaneous mutation is one mechanism associated
with antibiotic resistance. For example, exposure to an an-
tibiotic such as streptomvcin would result in only the
growth of thosc cells with the spontancous mutation that
allowed only their growth. Such a mutation could arise as
a result of modification of genes coding for ribosome syn-
thesis. Because the ribosome is the target of streptomycin
activity, a structurally modified ribosome would render
the antibiotic ineffective.

Whether streptomycin-resistant mutants remain at the
spontancous level depends on the presence or absence of
streptomycin. Continual prophylactic or therapeutic use
of any single antibiotic encourages the selection of spon-
taneous mutants that are resistant to that antibiotic. The
predominance of these mutants in the environment dras-
tically decreases the effectiveness of this antibiotic in
combating future infections.

Spontancous mutation frequencices vary for different
genes and also for the same gene in different microbial
species. It is also important to realize that the frequency of
spontaneous mutation for each gene is independent of all
others. Thus, if the frequency of spontaneous mutation to
streplomycin resistance in a bacterial strain is one in every
107, and the frequency of spontaneous mutation to peni-
cillin resistance in that same strain is one in every 10°
cells, then the frequency of mutation of two genes in the
same cell (allowing both streptomycin and penicillin re-
sistance) 1s the product of the two, or one in every 10!2
cells. This is the reason that combined antibiotic therapy
is often preferred.

INDUCED MUTATIONS. Induced mutations are the result
of exposure to a chemical or physical agents, called muta-
gens. The most noticeable factor associated with induced
mutations is that the frequency of mutation is consider-
ably higher than the spontaneous mutation rate for that
particular strain of microorganisms.

Molecular Mechanisms of Mutagenesis

Mutations result from alteration in the nucleotide basce sc-
quences of the cell's genes (DINA). There are two mecha-
nisms that describe many (if not most) mutations: point
mutations and insertion/deletion mutations.

POINT MUTATIONS. Point mutations result when one de-
oxyribonucleotide is substituted for another during DINA
replication. For example, a deoxyadenosine may be in-
serted instead of a deoxyguanosine, and this means that
adenine would replace guanine in the sequence of bases
on the new DNA strand. Therefore, point mutations are
alterations of only one bhase in the sequence of bases that
make up a single structural or regulatory gene.

Whether or not a point mutation is phenotypically ex-
pressed depends on which base is substituted and where
that substitution takes place on the gene. To explain this,
let us consider a point mutation occurring in the DNA



triplet that codes tor the amino acid serine during frans-
lation. You may recall that the genetic code is redundant;
for example, more than one triplet codes for the insertion
of leucine during protein svnthesis. If the point mutation
causes a substitution thal alters the DNA triplet such that
the resulting mRNA codon will still code for leucine, then
there will be no alteration in the amino acid sequence of
the protein made by this gene. Because the same protein
is made, it will function the same, and there will be no
phenotypic expression of this point mutation. This is
called a silent mutation, because the protein produced hy
thial gene is idenltical to that made before the mutation.

Alternativelv, the DNA-base substitution resulting from
point mutation can alter the triplet such that the mRNA
(produced during transcription) will code for the insertion
of another amino acid during protein synthesis (transla-
tion). If this different amino acid is in a critical location,
suich as part of an enzyme’s active site, then the function
of that protein could be allered or even destroyed, result-
ing in a phenotypic change. If that protein were critical to
the ccll’s survival, this point mutation could be lethal.
However, if the substitution altered the amino acid se-
quence at a point on the protein not critical for its cat-
alytic activity, then this mutation would not be
phenotypically expressed. Note that this latter mutation is
nol silent because the amino acid sequence of the protein
produced by that gene is altered.

Finally, such a substitution could occur anywhere
within the protein, but the change results in a termina-
tion or stop codon, resulting in a truncated protein. This
1S kKnown as a nonsense mutation. Nonsense mutations
are frequently lethal to the cell.

INSERTION/DELETION MUTANTS. A deletion mutant is
one in which a portion of one strand of the DNA is re-
moved, and an insertion mutant is one in which nu-
cleotides have been added. Anywhere from one to several
hundred deoxvribonucleotides (bases) may be deleted or
inserted. Deletion or insertion of a single base in a struc-
tural gene will probably result in a reading frame shill,
known as a frameshift mutation. Deletion of large seg-
ments of the DNA can result in complete loss of genes.

REVERSIONS. A revertant is a strain in which a wild type
phenotypic characteristic, originally lost because of muta-
tion, is restored regardless of the mechanism. Reversions
are often called back mutations because a second muta-
tion is required to restore the original characteristic. Many
mulalions are revertible, and the reversion may occur in
one of several ways. For example, a back mutation may
sccur at the same site (or close to the same site) of the
original mutation, such that a reading frame shift, origi-
nally caused by a small deletion, is corrected. Chemical or
physical agents that increase the frequency of mutation
mutagens) also stimulate the frequency of reversion.
The ability to stimulate back mutation caused by mu-
tagens has a very practical application in the use of the
“mes test for determining the carcinogenic potential of
chemical mutagens. The Ames test uses histidine aux-
stroph strains of Salmonella typhimuriim that are very sen-
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sitive to reversion when subjected to chemical mutagens.
This test is much more economical and takes far less time
than using laboratory animals [or inilial screening of sus-
pected carcinogens.

Mutagenesis and Carcinogenesis

It is now well known that a wide variety of chemical and
phvsical agents induce (increase the frequency of) muta-
tion by reacting directly with Lhe cell’s DNA. For examnple,
some chemicals may cross-link adjacent DNA strands and
cause either point mutations or deletions. Other chemi-
cals, such as the dyes acridine orange and ethidium bro-
mide, may insert between two base pairs during DNA
replication and cause reading frameshift mutations. Phys-
ical agents (like nonionizing or ionizing radiation) may
cause pyrimidine dimer formation or actually break the
DNA strands. When the cell tries to repair these DINA al-
terations, errors may be introduced or actual deletions in
the DNA strands may occur. These chemical or physical
agents may increase the frequency of mutation from 10 to
100 times above the rate found with spontaneous muta-
tion. Therefore, mutagens are frequently used in the labo-
ralory to increase thie possibility that certain mutants will
be isolated.

There is good evidence that large numbers of animal
cancers are caused by svnthetic chemicals added to the
environment. The variety of these chemicals that animals
come in contact with each dayv is enormous. It 1s also im-
portant to note that good correlation exists between the
mutagenic capability of a chemical and its carcinogenic
ability. Therefore, laboratory procedures, like the Ames
lesl, thal assess mutagenic potential are helpful tools for
screening large numbers of suspected chemical mutagens
in a short period of time. It is not always true that muta-
gens are also carcinogens, but the correlation is quite
high, and the knowledge that a chemical is mutagenic
warns of a possible carcinogen. Also, if a chemical is not
mutagenic for bacteria, this does not mean that it will not
be carcinogenic for animals. Therefore, procedures like
the Ames test should be used in conjunction with other
tests for screening chemicals, and further confirmation of
carcinogenic potential must be made with animal tests
once the screening tests warn of the chemical’s carcino-
genic possibilities.

Veterinary Significance of Mutation

Lven though spontaneous mutations are rare events, they
may alter phenotyvpic characteristics that cause ditficulties
in identifving pathogenic microorganisms. The clinical mi
crobiologist is very familiar with the isolation of strains
that have all of the typical characteristics of a pathogen,
vdarying perhaps in one or two. Indeed, clinical isolates
commonly vary in one or more phenotvpic characteristics
from those described for a pathogen. It is assumed that
these phenotypic variations between pathogenic strains are
the result of altered environments that have allowed onec or
more mutants to overgrow the parental strain. A mutation
may affect a wide variety of phenotypic characteristics.
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Omne type of mutation commonly seen by the clinical
microbiologist is the smooth-to-rough colony alteration.
The smooth appearance of the colony is usually caused by
the presence of an extracellular capsule that accumulates
in the developing colony to such an cxtent that it makes
the colony appear smooth and glistening. Smooth strains
are often the more virulent strains because the presence of
a capsule helps the cell resist phagocytosis; thus, it will be
more evasive. Repeated cultivation on artificial media will
often select for mutants thal lack capsules and that appear
dry and granular or rough. These rough strains are usually
less virulent (pathogenic) than the smooth strains. Iow-
ever, when rough strains are placed back into the animal,
the nonencapsulated cells are engulfed by phagocytes,
and only the encapsulated mutants survive if present.
Hence, animal passage selects for growth of encapsulated
inutants, and this may result in the apparent restoration

of a smooth strain. Some torms ot antibiotic resistance oc-
cur in a similar fashion.

GLOSSARY

cytosol Fluid portion of cytoplasm that contains the organelles
of a eukarvotic cell.

introns Portion of a gene that docs not encodc any part of the
final gene and is removed by the process of splicing.

kilobase (kb) Measure of the length of a nucleic acid strand
equal to 1000 nucleotides.

megabase (Mb) One million nucleolide bases.

primer Short, single-stranded oligonucleotide that anneals to a
specific region on a RNA or DNA strand and that is emploved
by a polymerase as the location to begin synthesis of a com-
plementary nucleotide strand.



Genetic Transfer,
Recombination, and
Genetic Engineering

In this chapter, we examine the events associated with the
movement of genetic information between microorgan-
isms. If the genetic information is moved from parent
cells to daughter cells, it is known as vertical gene transfer.
This occurs during the process of binary fission in mi-
croorganisms. However, if organisms are able to move ge-
neltic infonmation from one cell o anolher (nol an
offspring), this is known as horizontal gene transfer. An
example would be the transfer of a plasmid from one bac-
terial cell to another bacterial cell that did not previously
contain the plasmid. These events are far-reaching with
regard to our society, including human and veterinary
medicine. They account for the transfer of antibiotic re-
sistanice genes and toxin genes and are exploited prefer-
entially to “engineer” the manufacture of desired
products or processes.

BASIC MECHANISMS OF GENE TRANSFER

There are Lhree basic mechanisms of gene transfer be-
tween microorganisms: transformation, transduction, and
conjugation. When the result of this genctic transfer is the
integration ot the DNA from two ditferent cells, the re-
sulting DNA is referred to as recombinant DNA and the re-
sulting organism a recombinant. Recombination in
bacteria involves the insertion of a genetically different
piece ol DNA [rom a donor cell into a recipient cell. Often,
but not always, this foreign piece of DNA is inserted into
the chromosome of the recipient cell and replicated along
with the recipient’s own chromosome, and the foreign
genes are phenotypically expressed.

Transformation

(Ot the three known recombination mechanisms, trans-
formation is the only one that appears to have evolved
solely for the purpose of exchanging chromosomal DINA
between bacterial cells. The other two accomplish an ex-
change of chromosomal DINA only as a consequence of er-
rors in phage replication (transduction) or plasmid
transfcr (conjugation).

For transtormation to take place, two things are essen-
tial: an appropriate source of free DNA (from a donor
strain) and competent recipient cells. The long, continu-

ously closed, supercoiled, helix of double-stranded DNA
(dsDNA) that scrves as the chromosome within the bacte-
rial cell does not stay in that form when the cell is lysed.
Even with gentle lysis under laboratory conditions, the
chromosome easily will break into 100 or more pieces. A
competent cell will usually incorporate only a few of these
DNA [ragments, so Llhal only a small portion of genes
from a donor cell can be transferred to another cell by
transformation. Competence in a cell is assessed by the re-
cipient cell’s ability to bind the DNA, translocate the DNA
across the cell wall and plasma membrane, and ultimately
integrate the DINA into its own chromosome.

NATURAL COMPETENCE AND TRANSFORMATION. Unal-
tered cells (recipients) that can take up free DNA frag-
ments and be genetically altered (transformed) are said to
be naturally competent. As will be discussed later, it is pos-
sible to force some cells to be competent by treating them
with high concentrations of calcium ions and subjecting
them to temperature shocks to increase the permeability
of their wall and plasma membrane. This latter situation
is part of a laboratory technique referred to as artificial
transformation.

Natural transformation has been described with some
gram-pasitive bacteria, including Slreptococcus preurno-
riae, Streptococcus sanguis, Bacillus subtilis, Bacillus cereus,
and Bacillus stearothermophilus, as well as several gram-
ncgative genera including Neisseria, Acinetobacter,
Moraxella, Haemophilus, and Pseudomonas. The discovery
of transformation involved the bacterium S. preumoniae
and was described in 1928 by Frederick Griffiths. One
strain of this species was encapsulated (smooth) and viru-
lent, and the other strain of the same species lacked the
genetic information needed to produce a capsule (rough)
and was avirulent. When heat-killed cells ot the smooth
strain were mixed with live rough cells and 1njected into
mice, the mice died of pneumonia. When the bacteria
were isolated from the dead mice, they were found to be
of the smooth phenotype. We now know that DNA con-
taining genes for capsule production were released [rom
the heat-killed cells and that this DNA transformed com-
pectent cells in the live rough culture, changing the phe-
notype ot the strain from rough to smooth and also
increasing the virulence of the strain by its ability to pro-
duce a capsule.

47
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Natural competence is affected bv the physiolagic state
of the cells and the composition of the growth medium.
For example, in the laboratory, the proportion of compe-
tent cells in a population of S. prneurmoniae riscs dramati-

cally during the middle of exponential growth, then falls
just as dramatically shortly thereafter. During the brief pe-

riod when a large number of cells are competent, each
competent cell produces and excretes a few molecules of a
soluble protein called a compelence [aclor, inducing cells
to make about eight to 10 new proteins. During this pe-
riod, the outer surface of the competent cells scems to
change, so that dsI?)NA can bind at specific sites. When
this excreted protein is added to noncompetent cells (of
the same strain), these cells, too, become competent.
These soluble protein competence factors have only been
shiowil in gram-positive bacteria to date.

UPTAKE OF DONOR DNA BY COMPETENT CELLS. The ds-
DNA first binds to spccific proteins on the surface of com-
petent cells. In the case of the gram-positive bacterium 5.
prieumoniae, there are about 30-80 sites per cell, and only
dsDINA will bind to these sites. Shortly atter binding, one
of the dsDNA strands is degraded by a cell-surface bound
enzyme. The resulling single-stranded DNA (ssDNA) s
then coated by a single, small-molecular weight polvpep-
tide, and this complex enters the cell by an unknown
mechanism.

In the case of the gram-negative Haermophilus and Neis-
seria species studied, dsDNA is not degraded to ssDINA be-
fore it enters the cell.

INTEGRATION OF DONOR ssDNA INTO THE CHROMO-
SOME. Once inside the cell, the donor ssDNA from S§.
prewmoniae tries to form base pairs with a homologous re-
gion on the host cell’'s chromosome. Unce found, one
strand of the host’s dsDNA is opened up with an enzyme
cdlled an endonuclease, the dsDINA is unwound for a
short distance, the opposite end of the host DNA (corre-
sponding to the opposile end ol the new donor DINA) is
also cut with an endonuclease, the new donor strand is in-
scrted, and enzymes called DINA ligases fuse both ends of
the donor ssDNA with the adjacent host chromosomal
DNA strand. As you might expect, many things can go
wrong with this process, and thus the efficiency of natural
transfarmation is usually quite low (from 0 1% to 1 0% of
all cells present).

In the case of the gram-negative Haemophilus and Neis-
seria specics studied, the dsDNA that enters the cell is
closely associated with the host cell’s chromosome betore
one strand is degraded. No free ssDNA intermediates seem
to exist within the cell before incorporation of the donor
DNA into the host chromosome. Once again, no single
general mechanism appears to account for the way in
which the transformed DNA is incorporated into the host
chromosomec in all bactcria. Intcrestingly, in the casc of
Haemophilus, only dsDNA of another Haemophilus species
will be integrated into the genome.

ARTIFICIAL TRANSFORMATIONS. Many bacteria (includ-
ing Escherichia coli) appear not to have evolved natural
mechanisms for transtormation, and attempts to emulate

true transformation of open strands of ssDNA or dsDNA
into the potential recipient cell’s chromosome have gen-
erally failed. There seems to be no trouble in getting the
lincar picces of ssDNA or dsDNA into the cell, but once in-
side, these DNA strands seem to be quickly destroyed by
the host cell’s own nucleases betore they can he integrated
into the chromosorne.

In contrast, free, self-replicating forms of covalently
closed strands of DNA (like plasmids and viral genomes)
can be forced inside normally incompetent cells (e.g., by
subjecting the cells to abnormally high concentrations of
calcium ions at low temperatures, by electroporation,
or with the use of gene guns), and the frequency of
transformants in the survivors is high (aboul 20%). Ap-
parently, these covalently closed circular forms of DNA
are nol atlacked by the recipient cell’s intracellular nucle-
ases. The calcium and cold-shock treatment or electropo-
ration arc the most common methods for getting DNA
into cells, but a freeze-thaw technique and treatment of
protoplasts with polyethylene glycol also have been suc-
cessfully used with some bacteria. Essenlially, all of these
techniques work by temporarily compromising the in-
legrily of the cell wall and cell membrane in such a man-
ner that transient pores are formed, allowing entry of the
DNA into the host cell.

VIRAL LIFE CYCLES

To properly look at transduction, one must look at the life
cycles of viruses in general. All viral life cycles, including
that of bacteriophage, have four primary phases.

The first phase is attachment. The virus must interact
with receptors on the surface of a target cell to gain entry.
If these receptors are not present or are mutated in some
[orm, then allachment, and ultimately infection, of that
cell does not occur.

The second phase is penetration. This typically refers to
the penetration of the virus genome into the target cell
once attachment is complete. This allows entry of the virus
genome into the cytoplasm of the target (now host) cell.

The phase tollowing penetration is that of viral protein
manufacture and assembly. Essentially, the viral genome
allows for the host cell to become a virus “parts factory,”
dedicating the host cell specifically to this task. The tim-
ing of the third phase is dependent upon the life cycle of
the individual virus.

The final phase of the life cycle is that of lysis. This is
lvsis of the host cell to allow release of the newly synthe-
sized virus particles Lo infecl new cells.

The portion of the life cvcle that varies is what happens
to the viral genetic information once penetration is com
plete. If the material remains in the cytoplasm of the host
cell and is used very soon following entry to the cell, the
life cycle is called the lytic cycle. Conversely, if the viral
genome is integrated into the host cell gemome and “acti-
valed” Lo a lylic cycle alter a prolonged period of time, the
life cycle is referred to as lysogeny. This is typically ac-
complished by lysogenic or tempcerate phages.
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Transduction

Transduction is defined as the transfer of host genes be-
rween bacterial strains by bacterial viruses (called bacte-
riophages or simply phages). In the transfer of genetic
material, transduction accomplishes the same function as
sransformation. Transduction appears to result from errors
that occur during the replication of the virus. Although
most commonly studied in E. coli, transduction has been
demonstrated in a wide variety of bacteria, and it proba-
bly occurs widely in nature. In addilion, some of these
viruses contain bacterial genes, along with viral genes, re-
sulting in new phenotypes expressed by infected cells.
During the assembly step in phage development, an
occasional phage particle becomes filled with host chro-
mosomal DNA or a mixture of both host and phage DNA
rather than being filled only with phage DNA (Fig. 5.1).
The resulting aberrant phage is oflen called a transducing
phage or a transducing particle. It is a defective phage be-

cause it never seems to cause subsequenl lysis of the
newly infected host. After the transducing particle is ab-
sorbed to a new host, the phage DNA or donor host DNA
(or both) penetrate the cell wall and plasma membrane.
The addition of donor host DNA to the newly infected
host’s chromosome and the phenotypic expression of
these new genes constitute completion of the transdie-
tion evernl.

Two tvpes of errors in phage development lead to two
types of transduction. The ditference between these two
types apparently depends on the site at which the phage
genome is integrated into the chromosome of the host.
The two types of transduction are specialized transduction
and generalized transduction

SPECIALIZED TRANSDUCTION. With specialized trans-
duction, only a few host genes are transterred, and they
are the same gencs cach time. Specialized transduction of-
ten occurs with a defective temperate phage (one
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whose DNA is integrated into the host genome), specifi-
cally, those phages whose genomes always integrate into
the host cell’s chromosome at onc specific site (Tig. 5.1).

The error occurs when something triggers (induces) the
defective prophage to complete its replication cycle.
Normally when this happens, only the prophage is cut
from the chromosome and replicated. However, during
specialized transduction, an error occurs during excision
such that part of the adjacent bacterial chromosome is re-
moved, along with part or all of the prophagc.

GENERALIZED TRANSDUCTION. With generalized trans-
duction, alimost any gene on the chromosome may be
transferred from donor to recipient, but the frequency of
transfer is often very low. For example, generalized trans-
duction of genes from Salmonella typhimurium infected by
phage P22 are usually about onc in cvery 10° to 107 in-
fected cells.

Unlike specialized transduction, generalized transduc-
tion seems to occur with either temperate or Iytic
phages. When a population of sensitive bacteria is in-
fected with phage and the complele replication cycle
takes place, the host DNA often breaks down into phage-
genome sized pieces. lf some of these chromosomal DNA
pieces contain host DNA, then a piece of this host DNA
may be incorporated inside a capsid during phage as-
sembly. These defective particles are released along with
the normal phage during lvsis of the host. When this
lysale is used Lo infect another population of similar
cells, most of this population is infected with normal
phage. A few cells, however, may be infected with these
detective (transducing) particles. When that happens, the
donor DNA will penetrate the recipient host, and donor
DNA may then be inserted into the recipient cell’s chro-
mosome. The reason for the low transduction frequencies
that occur with generalized transducing phage is probably
the low numbers of phage containing host DNA.

VETERINARY SIGNIFICANCE OF TRANSDUCTION. From a
veterinary standpoint, perhaps the greatest significancc of
transduction is the ability of bacteriophages to transfer
genes that allow for the bacterium to become more viru-
lent or more invasive within the infected tissue. Examples
of genes transterred from virulent to nonvirulent strains
by transducing phage are those coding for botulinum
toxin by Clostridivm botulinum (types C and D), those cod-
ing for production of alpha hemolysin or endotoxin by
Staphylococcus aureus, and those coding for hvaluronidase
in Streplococcus equi. At present, it appears that antibiotic-
resistance genes are only rarely transferred to antibiotic-
sensitive cells by transduction.

FLASMIDS AND CONJUGATION

As described earlier, plasmids are extrachromosoinal
pieces of DNA that store genetic information that may he
phenotypically expressed. However, plasmids do not typ-
ically carry genes for essential metabolic activities; in-

stead, the plasmid genes are for other, more specialized
features. For example, plasmids may carry genes for the
ability to male and serve as a donor for genetic exchange;
to be resistant to chemicals, such as heavy metals, that are
normally toxic to microorganisms; and to degrade com-
plex organic chemicals, such as aromatic hydrocarbons
found in petroleum. Plasmids have vecterinary signifi-

cance, because some pathogens can transfer genes that
code for virulence to normally nonpathogenic strains.

Plasmid Biology

Plasmids are typically covalently closed, circular, double-
stranded molecules of DNA that probably exist inside the
cell in a supercoiled state and seem to be present in al-
most all bacteria examined. However, the plasinids of
some groups, such as Borrelia species, are linear DNA. Plas-
mids arc usually less than one two-hundredth the size of
the bacterial chromosome, although wide variation in
plasmid sizes exists even within a single bacterial cell.
Plasmid DINA replicates in the same way as chromosomal
DNA; this involves initiation at a single point and bidi-
reclional replicalion of each separate strand around the
circle. However, plasmid and chromosomal DNA replicate
independently of one another, and plasmid DNA replica-
tion is probably under a different type of control. Fur-
thermore, there are often multiple copies of cach plasmid
in a bacterial cell, although the copy number seems to de-
pend on the type of cell and the environment in which it
Is growing.

Plasmid Transfer by Conjugation

Conjugation between similar bacteria is a mating process
that requires cell-to-cell contact and that results in trans-
ler of genetic material from one cell (the donor) to an-
other cell (the recipient), as illustrated in rig. 5.2 ‘The
genetic material transferred may be a plasinid or part of
the donor’s chromosome that has been mobilized by a
plasmid. Most of what is currently known about conjuga-
tion comes from studies of gram-negative bacteria, so the
following applies only to this type of bacterial cell.

Cells capable of donating DNA via conjugation carry a
plasmid that (in part) codes for the ability to be a donor,
and this is called a conjugative plasmid. In gram-negalive
bacteria, the conjugative plasmid codes for production of
a “sex” pilus and for some other protecins nceded for DNA
transfer. Although it is not clearly understood, it appears
that the distal end of the sex pilus on the donor makes
contacl willl an appropriate recipient cell. The pilus then
retracts, pulling the two cells together until a conjugation
bridge is formed, through which the DNA can pass be-
tween the donor and recipient cells.

For DNA transfer to occur, DNA synthesis must also oc
cur. Current evidence indicates that this synthesis occurs
at or near the conjugation bridge and that one of the DNA
strands inserted into the recipient cell is from the donor
and the other is newly made (Fig. 5.2). The “rolling circle”
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model seems to best explain how this is accomplished.
Initiation of plasmid DNA synthesis may be triggered by
cell-to-cell contact, and this may open one strand on the
donor’s plasmid. As this opened strand (the 5' end) passes
through the conjugation bridge, DNA synthesis simulta-
nenusly accurs at two places: along the newly unraveled
sitand, and along the closed complementary strand of the
original plasmid. Once the new plasmid is made and fully
transferred into the recipient cell, it is covalently closed
circularized) and supercoiled. With this mechanism, the
donor cell duplicates its plasmid at the same time transfer
occurs, so both the donor and recipient eventually have a
complete copy of this plasmid.

Conjugative plasmids may contain not only gencs that
allow for conjugation to take place but other types of ge-
netic information as well. Thus, each cell that receives a
conjugative plasmid during conjugation not only be-
comes capable of donating genetic material but may also
receive other genes (such as those that code for antibiotic
resistance). This process is so efficient that almost every
cell that forms a conjugating pair will acquire new genctic
information, and this (along with indiscriminate use ot
antibiotics) helps to explain how bacterial populations
can become resistant to antibiotics with such speed. Un-
der proper conditions, the rate of spread of a conjugative

plasmid through bacterial culture can be exponential and
resemble a bacterial growth curve.

Conjugative lransfer of plasmids may occur between
two strains of the same species, such as between a chlor-
amphenicol-resistant strain of E. coli and a chloramphenicol-
sensitive strain. Plasmids may also be transferred among
diffcrent but related bacteria, such as those within the
family Enterobacteriaceae (from E. coli to strains of Shigella
or Salmonella).

Studies of conjugation in Enlervcoccus fuecalis suggest
that the mechanism of conjugation in gram-positive bacte-
tia is dilferent from that of the well-studicd gram-ncgative
bacteria. For example, conjugation between strains of E. fae-
calis does not require a sex pilus. Instead, potential recipient
cells release soluble molecules (called pheromomnes),
which stimulate plasmid-containing cells to produce a sub-
stance on their outer surface thal allows donor and recipi-
ent cells to aggregate. Tt appears that plasmids are
transferred [rom cell Lo cell within these aggregates.

There are various types of plasmids that may be trans-
ferred between cells, and these are often classified on the
basis of the genes that the plasmid possesses. For example,
the genes associated with the formation of a sex pilus are
contained on F (fertility) plasinids. Plasmids wilh genes
associated with heavy metal or antibiotic resistance are
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contained on R (resistance) plasmids. Last, geres dd>soci-
ated with enhanced virulence of a particular strain of hac-
teria can be located on a Vir (virulence) plasmid.

Veterinary Significance of Plasmids

ANTIBIOTIC RESISTANCE. The emergence uf Datlelia te-
sistant to several antibiotics is of considerable medical im-
portance and is correlated with the increasing use of
antibiotics for the treatment of infectious diseases. A va-
riety of R plasmids can carry multiple antibiotic resis-
tance genes un d single plasmid. Those most commonly
observed carry resistance to four antimicrobial agents
(chloramphenicol, streptomycin, the sulfonamides, and
tetracycline), but some have fewer or more resistance
genes on one plasmid. Plasmids are also known to trans-
mit resistance to Kanamvcin, penicillin, and neomyvcin.
Some plasmids also contain genes that allow the bac
terium to be resistant to metals such as mercury, nickel,
and cobalt, and these genes are frequently present on the
same plasmids that carry genes [or antibiotic resistance.

In some cases, antibiotic-resistant strains of bacteria
arise by continual exposure to antibiotics or sponta-
neously arise within a bacterial population. Typically, the
generation of antibiotic resistant strains in this manner is
the result of mutations within chromosomal DNA. These
mutations often result in the modification of the target of
antibiotic action, such as modifications in the cell wall or
ribosome that make the mutants resistant to antibiotic
attack.

However, the majority of drug-resistant strains isolated
from patients contain drug-resistant plasmids. Plasmid-
wmediated resistance is usually caused by the introduction
of new genes that code for the production of new enzymes
that inactivate the drug itsell. For exawuple, cells having re-
sistance to the aminoglycoside antibiotics (kanamycin,
neomycin, streptomycin, and spectinomycin) miake an
enzyme that chemically modifies the antibiotic (by acety-
lation, adenylation, or phosphorylation), and as a result,
the modified drug lacks antibiotic activity. In penicillin re-
sistance, the plasmid codes for the production of penicil-
linase (a P-lactamase), an enzyme that cleaves the
b-lactam ring of the penicillin molecule, thus rendering it
inactive. In the case of chloramphenicol resistance, a gene
on the plasmid codes for an enzyme that acetylates the
antibiotic, thereby destroying its antibacterial activity.

TOXINS AND OTHER VIRULENCE FACTORS. Research with
the gram-negalive, enteropathogenic E. coli indicates that
the ability of pathogenic bacteria to attach and grow at a
specific site in the host and to produce toxins may be cai-
ried by genes on a plasmid. Specific recognition and at-
tachment of E. coli to the epithelial lining of the intestine
require that this bacterium produce a protein on its sur-
face. In addition, the synthesis of two toxins (a hemolysin
and an enteroloxin) is coded for by plasmid genes. At pre-
sent, it is not clear why these virulence factors are plasmid
coded and why others reside on the chromosome, nor is il
understood how many other virulence factors are plas-
mid-related among the gram-negative bacteria.

The common gram-positive bacterium S. aureus pro-
duces a number of substances, such as coagulase, entero-
toxin, fibrinolysin, and hemolysin, that add to its
virulence. The genes that code for production of these
substances arc found on plasmids. Lach of these sub-
stances contributes to the evasiveness, invasiveness, and
survival, and therefore the pathogenicity, of §. aurcus.

BACTERIOCINS. Many bacteria produce substances
called bacteriocins that kill or inhibit growth of closely re-
lated bacteria, such as different strains of the same
species. This very limited spectrum of activity can be use-
ful to the clinical microbiologist. For example, il all of the
Proteus mirabilis strains isolated from surgical wounds of
patients in the samc ward have the same bacteriocin type,
this indicates that they probably originated from the
same source and may have had a common means of
transmission.

Bacteriocins are proteins and frequently have a high
molecular weight. Often, the terms used to refer to bacte-
riocins retlect the type of bacteria that produce them. For
example, bacteriocins produced by E. coli and other en-
teric bacteria are called colicins, and those produced by
staphylococci are called staphylococcins.

The ability to produce most, if not all, of the known
bacterickins is attributed to genes residing on plasmids.
However, bacteriocin-producing cells either lack the abil-
ity to conjugatively transfer these plasmids or they only
transfcr these plasmids at very low frequency. This helps
the clinical microbiologist, because the production and
susceptibility of bacteria to bacteriocins is very strain spe-
cific. Therefore, this stable characteristic can be used to
specifically identify bacterial strains and to study the ori-
ginn and bansiission of these virulent bacterial strains.

TRANSPOSONS. Originally described by Barbara McClin-
tock, transposons are mobile genelic elemnents that are ca-
pable of “moving” from one genetic location to another.
The basic structure of a transposon includes an insertion se-
quence; a gene encoding an enzyme known as transposase
to mediate the insertion of the element into either plasmid
ur chiromosomal DINA; and at either end of the transposon,
sections known as inverted repeats (9-41 nucleotides in
length). To move itself, the sequence of the genetic element
must copy itself using transposase and other host cellular
enzymes. This copy will inscrt itsclf to another location
within the genome in an essentially random manner. Note
that the original copy remains in its original location. Some
timmes, transposons include chromosomal genes in addition
to those associated with transposition. These can include
antibiotic resistance genes. Furthermore, viruses and plas-
mids are efficient vectors for the movement of transposons
from one cell to another. In this manncr, transposons can
integrate within genes, disrupting their tunction and creat-
ing mutation or moving new genetic material into a cell.

GENETIC ENGINEERING AND BIOTECHNOLOGY

Genetic engineering refers to the application of basic prin-
ciples of microbial genetics in the isolation, manipula-
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—on, and expression of genetic material. At present, ge-
m=nically engineered bacteria are used in two rather differ-
=it ways: Lo increase the quantity of microbial products,
and to express inserted genes of animal or plant origin
such that the bacterial cell produces a protein normally
oroduced only by an animal or plant cell.

Increasing the Quantity of Microbial Products

The first and oldest application of genetic engineering
uses genetic manipulation to increasc the yields of desir-
2ble microbial products. This may be done by increasing
the number of gene copies on the chromosome or by al-
rering the gene such that production of the gene product
is no longer tightly regulated by the cell.

Expressing Inserted Genes
of Animal or Plant Origin

The second use of genetic engineering is more recent and
has received more attention in the popular media. In that
application, animal or plant genes are first removed from
the chromosome. These genes are then inserted into a vec-
tor, such as a bacterial plasmid, and that genetically altered
vector is placed back into the same bacterial cell. This al-
rered bacterium will now produce a protein whose synthe-
sis is directed by the animal or plant genes. Molecules of
DNA that contain unrelated segments are referred to as “re-
combinant DNA.” Hence, the phrase “recombinant DNA
technology” is often used in place of “genctic engincering.”
What follows is a brief introduction to the second appli-
cation of genetic engineering and the ways in which genetic
engineering may affect the future practicing veterinariamn.

PLASMIDS AS CLONING VECTORS. The microbial geneti-
cist frequently uses the word “clone” to refer to a popula-
tion of identical bacteria having the same type of
recombinant DNA. The term “cloning vector” is used to
refer to the complete DNA molecule or virus that can
bring about rcplication of a foreign DNA fragment in the
cell. The “host” is the bacterium that contains the geneti-
cally reconstructed cloning vector.

A good cloning vector must have the following charac-
teristics: first, it will self-replicate in the host; second, its
DNA can be easily separated from the host and purified;
and third, it must contain regions of the DNA that are not
essential for vector replication and that can be removed
from the vector and replaced with the foreign DNA frag-
ment. In addition, it is very desirable that the cloning vec-
tor is a small piece of DINA that is able to enter the cell and
replicate to a high copy number (many capies per cell). It
is also desirable that the vector be stable in the host and
that it direct a high product yield from the foreign gene.
To date, the most uscful cloning vectors are certain bacte-
rial viruses and plasmids. However, the following discus-
sion will be limited to the use of plasmids as cloning
vectors.

The host for replication of the cloning vector must also
be chosen with care. A desirable host is fast growing, ge-

netically stable, not pathogenic, and able to grow in an In-
expensive culture medium. In addition, the desirable host
must be transformable: that is, onc must be able to make
the potential host artificially competent so that it will take
up the DNA used as the cloning vector. The methods used
to accomplish the insertion of this DINA are the same as
those discussed in the previous section on transformation.

Optimum expression of the foreign DNA on the cloning
vector is extremely important. Therefore, the plasmid
cloning vector must not only contain the proper foreign
genes but should have adequate regulatory sequences, so
that expression of the foreign genes is controlled. It is ideal
to grow host cells to a high population density while the
cloned genes on the plasmid are repressed and then add an
inducer to allow maximum expression of the cloned for-
eign genes. For this reason, regulatory sequences are usu-
ally inserted along with and adjacent to the cloned genes.
For example, constructing plasmid vectors that contain the
rcgulatory components for the lac operon (promoter, regu-
lator, and operator) to control synthesis of the foreign
DNA is a common way to provide a suitable regulatory
switch. When this is done, cells are grown in the absence
of the inducer, which in this case is lactose (see Fig. 4.9), so
that the switch regulating the adjacent forcign gencs i5
turned off. When the cells reach maximum numbers, the
inducer (lactose) is added to start expression of the foreign
genes. Production of high levels of several mammalian
proteins (up to 15,000 molecules of human interferon per
E. coli cell) is achieved using Lthis lechnique.

STEPS IN CONSTRUCTING A PLASMID CLONING VECTOR.
The overall process of constructing a plasmid cloning vec-
tor is shown in Fig. 5.3. First, a plasmid (preferably one
that alreadv has a high copv number) 1s isolated from a
bacterium that will later serve as an acceptable host. Cells
are gently lysed, and the plasinid fraction is collected by
ultracentrifugation. After separation of the various plas-
wids by size (molecular weight) and purification of a sin-
gle plasmid type, this potential cloning vector is ready for
gene manipulation. Alternatively, cloning vectors can be
purchased commercially.

Second, the plasmid DNA is cut open using purified,
site-specific enzymes called restriction endonucleascs.
These too may be obtained commercially.

Third, the animal or plant gene is either obtained (as
shown in Fig. 5.3) or artificially constructed. If the gene is
removed from the chromosome, the same types of restric-
tion endonucleases are used, so that a similarly sized frag-
ment is cut, having ends complementary to those on the
cut plasmid. Alternatively, the eukaryotic gene may be ar-
tificially constructed in one of at least twn ways: either the
specific iInRNA [or Lthal prolein is isolated, and then an en-
zyme called reverse transcriptase is used to construct
a DNA molecule from the sequence of bases on the
mRNA; or with more ditficulty, the desired gene product
(protein) is purified, the amino acid sequence determined,
an mRNA molecule constructed that will code for synthe-
sis of this protein, and finally, reverse transcriptase used to
construct the complementary DNA sequence (gene). Re-
gardless of the method used, the foreign gene is now
ready to be inserted into the cut plasmid.
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Fourth, the broken ends of the foreign DNA are al-
tached to the homologous hroken ends of the plasmid
DNA with an enzyme called DNA ligase. This creates a re-
combinant plasmid that is part bacterial and part toreign
‘eukaryotic) DNA. Note that sometime during this
process, the regulatory switch, such as that obtained from
the lac operon, is also added to this recombinant plasmid.

Fifth, host bacteria are made artificially competent
(bv applving excessive calcinm ions, hy tem perature-shock
treatinent, or by electroporation), and the DNA is forced
into the cells. Unlike the transformation phenomenon,
however, it appcars that the entire double-stranded DNA
molecule is taken in, and there 15 no subsequent integra-
tion into the cell’s chromosome. This newly introduced,
genetically engineered vector remains as an extrtachiomo-
somal self-replicating unit and now constitutes part of the
host cell’s genomic material. The information is now in a
form that allows for vertical gene transter.

Sixth, the host is now grown in such a way that the ex-
pression of the eukaryotic gene is regulated for maximum
expression. Often, “fusion proteins” are made, either to
make the protein more stable inside Lhe cell, that is, to
make it more resistant to the protein-degrading enzymes
nornnally present inside the bacterial cell, or to allow the
protein to be exported to the outside, where 1t can be
morc casily isolated and purified. Fusion proteins contain
a short, prokaryotic, amino acid sequence at one end of
the protein fused to the desired eukaryotic amino acid se-
quence at the other. Sometimes the inliacellular accumus-
lation of excessive quantities of fusion proteins is toxic to
the cell, so additional genes must be added to the engi-
neered plasmid to assure that this eukarvotic gene product
can get out of the ccll and be released into the medium.
After the tusion protein is released from the cell, the
prokaryotic portion may be removed and the eukaryotic
part may be purified and readied for use.

Veterinary Significance of Genetically
Engineered Plasmids

The potential application of genetically engineered
prokaryotic cells for the production of animal proteius is
staggering. Not only are these processes much less expen-
sive and time-consurning than conventional methods of
production, but the bacterially produced proteins are also
easier to purify. Therefore, when administered to the ani
mal, they cause fewer side reactions than proteins isolated
from animal tissue. At present, genetically altered bacterial
cells are producing human, porcine, and bovine growlh
hormone (for treatment of growth defects); human insulin
(for the treatinent ol diabetes); human interferon (an an-
tiviral agent); human serum albumin (for transfusion ap-
plications); parathyroid hormone (for calcium regulation);
urokinase (for treating blood clotting disorders); and viral
protcins (such as coat proteins from cytomegalovirus, he-
patitis B virus, influenza virus, and foot-and-mouth disease
[FMD] virus for vaccine production).

One of the mosl useful veterinary applications of ge-
netically altered bacteria is the production of effective

vaccine proteins. Effective vaccines may be made to pro-
tect the animal against prokaryotic, eukarvotic, or viral
pathogens. For simplicity’s sake, only virus vaccines will
be discussed further.

Virus vaccines for animal use commonly contain either
Killed or live attenuated virus. With both types, there is a
danger that the vaccine may contain virulent virus parfi-
cles. This danger is the result of incompletely killed virus
in a “killed” vaccine preparation or the reversion of some
of the attenuated virus particles to a virulent state. In con-
trast, genetically engineered vaccines may contain only
viral coat (capsid) proteins that serve as antigens to stim-
ulate the immune response. Thus, it is desirable o pro-
duce the viral coat protein and use only this as the
vaccine, so that the potentially dangerous use of live or
killed suspensions mayv be avoided. Sate vaccines com-
posed only of viral coat protein can be made by geneti-
callv altered bacteria that have been “engineered” to
produce the viral coat protein. In general, viral DNA 1s 1so-
lated from purified viral suspensions and then fragmented
with endonucleases. The fragments are then inserted into
an appropriate vector (usually a plasmid) using DNA lig-
ases, and the recombinant plasmid is artificially trans-
ferred into the host bacterium. The purified protein
produced by these bacteria 1s then used as a vaccine.

In 1981, the U.S. Department of Agriculture an-
nounced the first vaccine produced by genelically altered
bacteria (E. coli); this was the capsid protein for the virus
causing FMD of cattle, sheep, hogs, and other animals. Al-
though strict vigilance has prevented an outbreak in the
U.S. since 1929, the discase is still a serious problem in
Asia, Africa, South America, and southern Europe. The
vaccines in use before the development of the E. coli-pro-
duced vaccine presented many problems. For example,
the older vaccines had to be refrigerated, which presented
problems with their use in developing countries. Also,
each older vaccine protected against only one type of
virus. Because the virus readily mutates, the usefulness of
any one vaccine was limited. Nevertheless, an estimated
500 million doses were administered annually, which
made it the most widely used antiviral vaccine.

From FMT data made available in 1981, it appears that
Lhe capsid protein was first made inside the genetically al-
tered bacterial cell as a fusion protein that contained
about cqual parts of viral and bacterial protein. This fu
sion protein could be physically removed from the bacte-
rial cell and cleaved by cyanogen bromide. This treatment
released a small-molecular weight polypeptide (capsid
protein) that protected steers from challenge with virulent
FMD wirus. The fusion protein was produced in large
quantity by the genetically altered E. coli (about 10° mol-
ecules per cell).

Because ot the economic advantages of using bacteria
to produce pure viral proteins and the safety value of
avoiding attenuated viral strains for vaccines, one might
logically expect that genetically altered bacterial strains
will svon be produding many vihier vaccines fur veleli-
nary use. It is also likely that proteins of animal origin will
soon be produced for therapeutic use in domestic animals,
as is now being done tor use with humans.
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TRANSGENIC ANIMALS. Similar technigues for the for-
mation and insertion of recombinant DNA into bacteria
can also be used in eukaryotic cclls. Current research is in-
vestigating the use of animals, such as pigs, to express hu-
man proteins. These animals, although correctly called
recombinanlts, have taken on the name transgenic. In
some cases, enkarvotic genes expressed in bacteria (such
as . coli) do not yield an aclive protein. The reason for
this is that some proteins need to undergo posttransla-
tional processing (phosphorylation, glycosylation, acety-
lation, etc.) before they are active. Bacteria are generally
unable to recognize the eukaryotic signals on the pro-
leins, indicating modification sites. As a result, an inactive
protein is made, even though the amino acid sequence of
the protein is correcl. To counter this problem, some eu-
karyotic genes, including some human genes, have been
introduced into farm animals. Typically, these proteins
are designed such that they are expressed in the mam-
mary glands of the animals, so that the properly modificd
protein can be isolated from milk and be used as a phar-
maceutical. For example, the genes for two different hu-
man blood clotling factors (VIII and IX) have been
inserted into sheep and swine and expressed in mammary
tissue, and the milk of these animals, containing vasl
quantities of human blood-clotting factors, has been pu-
rified and marketed.

POLYMERASE CHAIN REACTION

One of the most widely used DNA tools today is the poly-
merase chain reaction, or PCR. Discovered in 1985 by
Cary Mullis, this technique capitalizes on DNA replication
with a thermostable DNA polymerase that does not dena-
ture at 94°C., the temperature required to separate or melt
the DNA strands. Lssentially, large quanlilies of DNA are
sometimes required for various DNA-based test proce-
dures. Although cloning can increase the numbers of
copies, 1t 1s not always practical in a variety of situations,
such as when attempting to identify a corpse or a perpe-
tratur of a crime.

An exploitation of DNA replication, PCR is basically ar-
tificial replication. It requires a DNA lemplate (ur source),
deoxynucleotides, short pieces of DNA known as primers,
a thermostable DNA polymerase (such as the one isolated
from Thermus aquaticus, called lag polymerase), and a ma-
chine known as a thermocycler that can change tempera-
tures repeatedly. All the aforementioned ingredients are
mixed together and placed in the thermocvcler to un-
dergo temperature cycling.

‘I'he initial phase of the cycle is heating at 94°C, which
breaks the hydrogen bonds between the bases of the dsDNA
making ssDINA (strand melting). The second phase is the
decrease in temperature, typically to 60°C or less, which
allows for the primers to bind the template DINA. This is
known as annealing. The final phase of the cycle is an in-
crease to 72°C, which is the optimum lemperature for Tag
polymerase activity.

These three phases make up what is called a cycle.
When using PCR, the amplification (increase in numbers
of copies of DNA) typically requires 35-40 cycles. Theo-

retically, a single copy of original DINA could result in mil-
lions of copies using this procedure.

The power of the procedure is the selection of the
primers that one uses. For instance, in wanting specific
identification of Borrelia burgdorferi—the causative agent
of Lyme disease—one would want primers that annealed
(complementary binding) specifically with B. burgdorferi
and not other bacteria. Therefore, the primers would
need to he designed to target amplification of a gene
unique to B. burgdorferi Lo indicate its presence. In con-
trast, if vou wanted to amplify all mammoth DNA from
amber-bound mosquitoes, you would not want to target
a specific region but, rather, random regions tor amplifi-
cation. One could later perform other tasks, such as DNA
sequencing or even cloning, from these generated DNA
fragments,

The primers also “define” the length of DNA produced
by PCR, so scientists typically refer to, for example, a PCR
product of 500 nuclcotides in length. This means that
from 5' to 3', including the primer lengths, is 500 nu-
cleotides. As a fragment of this size becomes the greater in
nuniber with each successive cycle, when examined by gel
electrophoresis, this is typically the only band observed.
Figure 5.4 illustiales Lhe process of PCR and the genera-
tion of specific product. Also shown is an example of a
PCR product.

l'here are many variations of the “classical” PCR that
have been developed for use. One examplc is RT-I'CR (re-
verse transcriptase). This variation allows for the genera-
tion of DNA PCR products from RNA templates by using
the viral enzyme reverse transcriptase. A second variation
1s consensus-PCR. In consensus-PCR, primers are designed
to anneal at known regions thal are conserved within a
particular group of bacteria. The region amplified by PCR
between two consensus rcgions is sequenced and differ-
ences are determined.

A technique similar to consensus-PCR is representa-
tional dilferenice analysis, or RDA. RDA was described in
1993 and is used to detect differences between two com-
plex sets of genomes. Its basis is lo compare a baseline
gene with one that is believed to be altered and to look at
the DNA sequence differences between the two. Typically,
the two genomes are from “normal” and “diseased” indi-
viduals. For example, the sequence for the human her
pesvirus 8 was detected in Kaposi’s sarcoma individuals by
this technique. In addition, this technique can detect ge-
nctic changes associated with developmenl, deletions,
and rearrangements that may be associated with particu-
lar disorders.

PCR-based technologies are currently being designed
specifically for nse in the veterinary diagnostic laboratory.
Such methodology will allow praclitivuiers to identify dis-
eases, such as that caused by the feline immunodeficiency
virus (FIV), within 30 minutes.

DNA MICROARRAYS/DNA CHIPS

This technique involves the placement of oligonucleotide
sequences of the genome of a microorganism in an array
(typically 80 x 80) on a glass slide (other suppoil sub-
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stances can be used as well) or, alternatively, a silica chip. bridization are revealed by a laser and analyvzed by com-
This technique is typically used to identify genes that have putcr softwarc. The two major applications of the tech-
been induced or that are being produced at any time. nique are sequence identification and expression level

The basic principle of DNA microarrays is hybridiza- (number of copies of RNA) of a particular gene in a cell.
tion of complementary base pairs. Regions showing hy- Several companies distribute commercially available DINA
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microarrays for a variety of different purposes, including
novel gene identification and diagnostics.

Recently, a new microarray known as the protein array
or protein chips has become available. The applications
for protcin arrays arc thosc of the new area of proteomics.
Proteomics is the study of proteins produced by genes
identified in genomics. Protein arravs are designed for the
quantification of expressed proteins within a cell and the
functional study of many proteins simultaneously. At pre-
senl, prolein attays are being used to investigate protein-
licand interactions.

GLOSSARY

bacteriophage Virus capable of infecting bacterial cells.

capsid The protein coal thal suntounds the nudleic acid core of
a virus particle.

competent Cell able to take up DNA from its environment.

electroporation Technique for introducing DNA or RNA into a
cell, using a pulsed electric field, which creates temporary pores
in the cell membrane, allowing the DNA or RINA to enter the cell.

fusion protein rotein that is the result of two genes that have
been put together via recombinant techniques, transcribed
into mENA, and then translated.

gene gun Techmique that involves the coating of small metallic
beads with a gentically engineered plasmid. Once coated, the
beads are “shot” into living target cells. The apparatus looks
very similar to a gun.

Iysate Contents that are the result of lysis of a cell.

Ivtic (virulent) phage Dacteriophage that, upon entering a tar-
get cell, is replicated and results in the lysis and ultimate
death of the host cell.

phage Synonyvm of bacleriophage.

pheromone Chemical signal, for example, odor, that is omitted
by one animal and that affects the behavior of animals of the
same species. Pheromones are used by animals Lo allract mates.

prophage DNA of a lysogenic virus that has integrated into the
host chromosome.

restriction endonucleases (restriction enzyme) Bacterial
enzymes that cleave DNA at locations defined by a specific se-
quence of nucleotide bases.

reverse transcriptase Lnzyme made Dy retroviruses and used
to synthesize DNA from a ENA template. The enzvme is used
widely in molecular biclogy to make DNA clones from mes-
senger RMNA,

temperate phage Lvsogenic virus, the DNA of which is inte-
grated into the host chromosome constituting a prophage. As
part of the host chromosome, it is replicated with the chro-
mosome and transferred to each daughter cell.



Sources and Transmission
of Infectious Agents

The microorganisms causing diseases in animals (includ-
ing humans) are derived from the following sources: ani-
mals (including humans)—by far the most important
source—and inanimate nature—relatively less important
SOuIces.

The various organisms that can cause disease have nat-
ural habitats to which they are well adapted. Most organ-
ijsms that have the potential to cause disease in animals
are associated with those animals. Some organisms will
usually only grow and multiply in certain host species.
Some disease-causing organisms are transmissible from
animals to humans and vice versa.

There are a large number of microorganisms living in
water, soil, and decaying vegetation. The great majority of
these are incapable of causing disease in animals, but a
few have the capacity to grow and multiply in animal tis-
sue. Some only cause disease when the host’s defenses are
impaired. When disease is caused by organisms that ordi-
narily are considered nonpathogenic, the term oppor-
tunistic infection is frequently used.

ANIMAL SOURCES

Normal Flora

All animals have what is called a normal flora (micro-
biota). It consists of the bacteria, viruses, and fungi that
live in or upon the normal animal without producing dis-
ease. Included in this normal flora are a number of poten-
tial pathogens. The study of germ-free animals
contributed significantly to our understanding of the im-
portance of the normal flora.

When considering the normal flora, it should be keptin
mind that the kinds and numbers of bacteria and other or-
ganisms present in and on an animal species vary greatly
with different individuals and different circumstances. The
number of bacteria making up the normal flora of a hu-
man individual is estimated to be 10'%. The intestinal flora
of the adult animal differs significantly from that of the
young animal. The composition of the flora is influenced
by climate, age, and geographic location of the animal and
the pH, temperature, redox potential, availability of wa-
ter, nutrients, and secreted immunoglobulins at the site.

The technical methods employed to recover patho-
genic organisms may give a distorted idea of the kinds
and numbers of organisms present. The anaerobic, gram-

negative, non-spore-forming bacteria are the most popu-
lous in the large intestine, but this fact is often obscured
because the methods used in the clinical laboratory do
not necessarily support the growth of these bacteria.

The normal floras of the various domestic animal
species have not been studied as thoroughly as those of
humans and of the mouse. The little information available
and first-hand experience in the veterinary diagnostic lab-
oratory indicate a considerable similarity, in the broad
sense, between the normal flora of humans and mice and
that of domestic animals. However, it should be kept in
mind that there are significant differences in the flora of
the alimentary tract, depending on whether the animal is
predominantly herbivorous, omnivorous, or Carnivorous.

While considering the normal flora in general, it
should be kept in mind that it plays an important role in
the nutrition of animals, particularly in the herbivores. In
some animals and in humans, Escherichia coli and other
bacteria produce nutrients such as vitamin K, riboflavin,
and vitamin B,.

The normal microbial flora has a protective value in
that it tends to exclude other nonresident bacteria from
body surfaces, including those that are potentially patho-
genic. The waste products of the normal flora may inhibit
the growth of pathogens. The presence in the teat canal of
Corynebacterium bovis may help protect the udder from,
bacterial infection. Disturbances in the normal flora
caused by prolonged antibiotic administration may result
in overgrow