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Preface

The science of Agricultural Microbiology envisages the
utilization of modern biological and biochemical tools towards
amelioration of the degrading eco-health and conservation of
natural resources related to the field of agriculture. A student being
exposed for the first time to this interesting subject needs to be
given an idea about it. The present volume has tried to do this
precisely. All kinds of micro-organisms from viruses to nematodes
through bacteria, fungi, cyanobacteria have been touched to create
an impression about the diversity. The scope and practices of using
different micro-organisms have been shown which may attract
future generations. The enormous prospect of application of
microbiology in profitably using agricultural wastes and produces
have been indicated. It also delineates strategies and protocols
for utilization of microbes in solving problems of environment.

I have greatly aided by the advice and assistance given to me
by my colleagues, friends and authorities on the subject and
without their cooperation and contribution, it would not have been
possible for me to complete this work.

As it is my firm conviction that any form of presentation of
any matter can always be improved ypon. | will gratefully accept
all suggestions, comments or criticism, which can be effectively
used to improve the book.

—P. K. Biswas
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VIRUSES

A virus is a genetic clement containing either DNA or RNA that can
alternate between two distinct states, intracellular and extracellular.
In the extracellular state, a virus is a submicroscopic particle containing
nucleic acid surrounded by protein and occasionally containing other
components. In this extracellular state, the virus particle, also called
the virion, is metabolically inert and does not carry out respiratory
or biosynthetic functions. The virion is the structure by which the
virus genome is carried from the cell in which the virion has been
produced to another cell where the viral nucleic acid can be introduced
and the intracellular state initiated. In the intracellular state, virus
reproduction occurs: the virus genome is produced and the components
which make up the virus coat are synthesized. When a virus genome
is introduced into a cell and reproduces, the process is called infection.
The cell that a virus can infect and in which it can replicate is called
a host. The virus redirects preexisting host machinery and metabolic
functions necessary for virus replication.

Viruses may thus be considered in two ways: as agents of disease
and as agents of herediry. As agents of disease, viruses can enter cells
and cause harmful changes in these cells, leading to disrupted function
or death. As agents of heredity, viruses can enter cells and initiate
permanent, genetic changes that are usually not harmful and may even
be beneficial. In many cases, whether a virus causes disease or
hereditary change depends upon the host cell and on tle environmental

conditions.
|
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Viruses are smaller than cells, ranging in size from 0.02 pm to
0.3 um. A common unit of measure for viruses is the nanometer
(abbreviated nm), which is 1000 times smaller than a pm and one
million times smaller than a millimeter.

Viruses are classified initially on the bacis of the hosts they infect.
Thus we have animal viruses, plant viruses, and bacterial viruses.
Bacterial viruses, sometimes called bacteriophages (or phage for sho_rl,
from the Greek phago meaning o eat), have been studied primarily
as convenient model systems for research on the molecular biology.
and genetics of virus reproduction. Many of the basic concepts of

virus particle

l infection

cell (host)
disease | heredity
cell harmed cell altered
(disease or ?ﬁnellcally
arm or
. benefit)

Fig. 1.1 Virus infection: the two-fold path.
virology were first worked out w

: n the present chapter, we discuss the
» replication, and genetics of viruses infect

: ard d
warm-blooded animas. In a nutshel]: v hanea o

1. T.he Virus genome consists
1S surro

5 2. Viruses ljclck independent metabolism, They multiply only inside
tving cells, using the host ceyy metabolic machineryp ySornz virus
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particles do contain enzymes, however, that are under the genetic
control of the virus genome. Such enzymes are only produced during
the infection cycle.

smallpox, 200 nm

rabies, 100 x 200 nm

influenza, 100 nm

adenovirus, 70 nm

polio, 28 nm
Fig. 1.2 Relative sizes of some common viruses infecting humans.
DNA viruses are green, RNA viruses are red.

3. When a virus multiplies, the genome becomes released from
the coat. This process occurs during the infection process. The present
chapter is divided into three parts. The first part deals with basic
concepts of virus structure and function. The second part deals with
the nature and manner of multiplication of the bacterial viruses
(bacteriophages). In this part we introduce the basic molecular biology
of virus multiplication. The third part deals with important groups of
animal viruses, with emphasis on molecular aspects of animal virus
multiplication.

THE NATURE OF THE VIRUS PARTICLE

Virus particles vary widely in size and shape. As we have stated,
some viruses contain RNA, others DNA. We have discussed nucleic
acids in previous chapters and have noted that the DNA of the cell
genome is in the double-stranded form. Some viruses have double-
stranded DNA whereas others have single-stranded DNA (Figure 6.3).

We have also noted in Section 5.8 that the RNA of the cell is
generally in the single—strandcdEonﬁgura[ion. Interestingly, although
single-stranded RNA viruses are more common, viruses are known
in which the RNA is in the double-stranded form.



Agricultural Microbiology

The structures of virions (virus parli.clcs) are quite dwc%i; \;i:l?lscii
vary widely in size, shape, and cheml'cal. composm.orlll el
acid of the virion is always Ioc;a[ed within the paru’c ; :md s
by a protein coat called the capsid. The terms coat, shell, "‘rhe e
are often used interchangeably to refer to !h.ls.outcr layer.. s
coat is always formed of a number of individual protein m}(])iCh -
called protein subunits, (sometimes (.:z%lled capsomeres}d :xl/] ke
arranged in a precise and highly repclmve. pattern aroun ‘ e T
acid. A few viruses have only a single kind of protein aL}bunlb. -
most viruses have several chemically distinct kinds of protein su uner
which are themselves associated in specific ways 1o rornll larg .
assemblies called morphological units. 1t is the morphologlca'l unS
which is seen with the electron microscope. Genetic cco‘nomydlclales
that the variety of virus proteins be kept small, since virus genome

o : . - r
do not have sufficient genetic information to code for a large numbe
of different kinds of proteins.

bacleria
fungi,
protozoa,
elc.

@ G o m

Ss ds retro- ss ss ds S5 ds
viruses

Fig. 1.3 Diversity of viruses. ss: single stranded; ds: double stranded.
The information for

Proper aggregation of the protein subunits
into the morphological units is contained within the structure of the
subunits themselves, and the overall process of assembly is thus called
self-assembly. A single virion generally has a large number of
morphological units.

The complete comp

lex of nucleic acid and
the virus particle, is call

ed the virus nuc]
d is frequently {

protein, packaged in
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protein
subunits

virus RNA (capsomeres)

N %

Fig. 1.4 Structure and manner of assembly of a simple virus, tobacco mosaic virus.

(a) Electron micrograph at high resolution of a portion of the virus particle. (b) Assembly

of the tobacco mosaic virion. The RNA assumes a helical configuration surrounded by

the protein capsomeres. The center of the particle is hollow.

membranes are often virus-specific proteins. Inside the virion are often
one or more virus-specific enzymes. Such enzymes usually play roles
during the infection and replication process.

Virus symmetry The nucleocapsids of viruses are constructed in
highly symmetrical ways. Symmetry refers to the way in which the
protein morphological units are arranged in the virus shell. When a
symmetrical structure is rotated around an axis, the same form is
seen again after a certain number of degrees of rotation. Two kinds
of symmetry are recognized in viruses which correspond to the two
primary shapes, rod and spherical. Rod-shaped viruses have helical
symmetry and spherical viruses have icosahedral symmetry.

A typical virus with helical symmetry is the tobacco mosaic virus
(TMV). This is an RNA virus in which the 2130 identical protein
subunits (each 158 amino acids in length) are arranged in a helix. In
TMV, the helix has 16 1/2 subunits per turn and the overall dimensions
of the virus particle are 18 x 300 nm. The lengths of helical viruses
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c envelope
capsomere nucleocapsid
! capsomere
nucleic )
acid nucleic
N acid
Oo J-capsid
naked virus

enveloped virus

Fig. 1.5 Comparison of naked and enveloped virus,
wo basic types of virus particles.

are determined by the length of the nucleic acid, but the width of the

helical virus particle is determined b

y the size and packing of the
protein subunits.

An icosahedron is a symmetrical structure roughly spherical in
shape which has 20 faces. Icosahedral symmetry is the most efficient
arrangement for subunits in a closed shell because it uses the smallest
number of units to build a shell. The simplest arrangement of
morphological units is 3 per face, for a total of 60 units per virus

particle. The three units at each face can be either identical or
different. Most viruses have more nucleic acid than can be packed
into a shell made of just 60 morpho

logical units. The next possible

structure which permits close packing contains 180 units and many

viruses have shells with this configuration. Other known configurations
involve 240 units and 420 units.

When discussing symmetry, one speaks of axes of rotation. A

fllat triangle shape, for instance, has one three-fold axis of symmetry,

since there are three possible rotations that will lead to the exact

s of symmetry, two-fold, three-fold,
placed through the two-fold axis of
symmetry (one of the edges) i

_ n the model, the model can be turned
once around this axis (1/2 way or 18

if the rod is placed thro

ugh one of the five-fold
(one of the vertices) the

model can be turned five
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nucleic acid

Fig. 1.6 A simple icosahedral virus. Each face has three subunits. A single subunit
consists of one or more proteins. (a) Whole virus particle. (b) Virus particle opened
up; nucleic acid released.

In all cases, the characteristic structure of the virus is determined
by the structure of the protein subunits of which it is constructed.
Self-assembly leads to the final virus particle.

Enveloped viruses Many viruses have complex membranous
structures surrounding the nucleocapsid. Enveloped viruses are common
in the animal world (for example, influenza virus), but some enveloped
bacterial viruses are also known. The virus envelope consists of a
lipid bilayer with proteins, usually glycoproteins, embedded in it.
Although the glycoproteins of the virus membrane are encoded by
the virus, the lipids are derived from the membranes of the host cell.
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. o . S Cf Lhe
The symmetry of enveloped viruses is expressed not in term

i inside the
virion as a whole but in terms of the nucleocapsid present
virus membrane.

Fig. 1.7 Demonstration of icosahedral Syrunetry.
What is the function of

will discuss this in detail late
the virion, the membrane is
particle that interacts first w

; ; icle? We
the membrane in a virus particle’ \in
r but note that because of its locauol_lms
the structural component of the vi

, s irus
ith the cell. The specificity of "m;n
infection, and some aspects of virus penetration, are controlled
part by characteristics of virus membranes,

Complex viruses Some v

irions are even more complex, being
composed of severa| separa

'€ parts, with separate -shapes and
symmetries. The most complicated viruses in terms of structure ar€
some of the bacterial viruses, which Dossess not only icosahedral heads
but helical tails. Ip some bacterial viruses, such as the T4 virus of
Escherichiq coli. If is a complex structure. For instance,
T4 has almost 20 Separate proteins in the tail, and the T4 head has

the tail itse
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several more proteins. In such complex 'viruses, assembly is also
complex. For instance, in T4 the complete tail is formed as a
subassembly, and then the tail is added to the DNA-containing head.
Finally, tail fibers formed from another protein are added to make
the mature, infectious virus particle.

The virus genome We have stated that the virus genome consists
of either DNA or RNA, never both. Viruses differ in size, amount,
and character of their nucleic acid. Both single-stranded and
doublestranded nucleic acid is found in viruses, and the amount of
nucleic acid per virion may vary greatly from one virus type to
another. In general, in enveloped viruses the nucleic acid constitutes
only a small part of the mass of the virus particle (1-2 percent),
whereas in nonenveloped: viruses the percent of the particle which is
nucleic acid is much larger, often 25-50 percent.

Interestingly. the nucleic acid in some viruses is not present in a
single molecule, the genome being segmenied into several or many
molecules. For instance, retroviruses-causal agents of some cancers
and AIDS, among other diseases-have two identical RNA molecules,
influenza virus has 8 RNA molecules of sizes varying over about
three-fold, and some other animal viruses have even more RNA
molecules. The manner in which these various pieces of nucleic acid
are replicated in the cell and then assembled into mature virions is
of considerable interest-how do all these nucleic acid pieces end up
together in one particle?

Enzymes in viruses We have stated that virus particles do not
carry out metabolic processes. Outside of a host cell, a virus particle
is metabolically inert. However, some viruses do contain enzymes
which play roles in the infectious process. For instance, many viruses
contain their own nucleic acid polymerases which transcribe the viral
nucleic acid into messenger RNA once the infection process has begun.
The retroviruses are RNA viruses which replicate inside the cell as
DNA intermediates. These viruses possess an enzyme, an RNA-
dependent DNA popo called reverse transcriptase, which transcribes
the information in the incoming RNA into a DNA intermediate. It
should be noted that reverse transcriptase is unique to the retroviruses
and is not found in any other viruses or in cells.

A number of viruses contain enzymes which aid in release of
the virus from the host cells in the final stages of the infectious
process. One group of such enzymes, called neuraminadases, break
down glycosidic bonds of glycoproteins and glycolipids of the
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i . s 13 ion of the
connective tissue of animal cells, thus aiding in the Ilbera;lc;myme '
virus. Virions infecting some bacteria possess an enaymlt]:.; ce‘ll acid
which hydrolyzes the cell wall, causing lysis of the ho

" . . Y enz meS
release of the virus particles. We will discuss some of these enzy
in more detail later,

THE CLASSIFICATION OF VIRUSES -

As we have noted, viruses can be classified into ‘broad gfl?mgﬂ
depending on their hosts. For instance, there are plam‘ v1ru§es. ?asects
viruses, and bacterial viruses. A number of viruses 1nfcc_un8 mozoa»
are also known and although viruses are known for fungi, Plf‘f)f o
and algae, these viruses have been so little studied that no classi ;(; :
has been developed. In the present chapter, we discuss onl)f the here
(primarily mammalian) and bacterial viruses, and we discuss
briefly how these two groups of viruses are classified. ' .

Classification of bacterial viruses In the bacterial VATLISES -
formal classification scheme is rarely used. Rather, each bacterial VI p
is designated in terms of its principal bacterial host, followed b_yb’. 2
arbitrary alphanumeric. Thus, we speak of T4 virus of Escheric o
coli or P22 virus of Salmonella typhimurium. An overview of SO N
of the major types of bacterial viruses is given later. We should ﬂoc‘;
however, that although a bacierial virus may be designated in fefer‘j;r
to its principal host, the actual host range of the virus may be brpa al so.
Thus, bacteriophage Mu, generally studied with Eschericbia coll,
infects Citrobacter and Salmonella. t

Classification of animal viruses We should note first th?n
classification of anima] viruses presents some major differences from
the classification of organisms. The conventional approach 5
classification of organisms, involving hierarchical categories 59011 e
species, genera, families, etc., has been applied only to animal viruses-

- i t
Even here, the higher levels of classification are not used. The highe$
level of animal virus classific

ation is the virus family. Virus families
are designated by terms ending in -viridge. Thus, the group ©
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Except in a few cases, virus species have not been formally
designated, but would refer to specific virus entities that have been
recognized. At present, virus species are only designated by common
names, such as mumps virus, poliovirus 1, and smallpox virus. For
instance, in the virus genus Orthopoxvirus two virus species currently
recognized are vaccinia and smallpox, but are not given Latin names.
At present, it does not appear useful to use Latin names for virus
species.

When contemplating the problem of virus classification, we can
be truly impressed with the enormous diversity of viruses.
Undoubtedly, many new viruses are awaiting discovery, although most
undiscovered viruses will probably be considered members of existing
virus families.

Tue Virus Host

Because viruses only replicate inside living cells, research on
viruses requires use of appropriate hosts. For the study of bacterial
viruses, pure cultures are used either in liquid or on semi-solid (agar)
medium. Because bacteria are so easy to culture, it is quite easy to
study bacterial viruses and this is why such detailed knowledge of
bacterial virus reproduction is available.

With animal viruses, the initial host may be a whole animal which
is susceptible to the virus, but for research purposes it is desirable to
have a more convenient host. Many animal viruses can be cultivated
in tissue or cell cultures, and the use of such cultures has enormously
facilitated research on animal viruses.

Cell cultures A cell culture is obtained by enabling growth of
cells taken from an organ of the experimental animal. Cell cultures
are generally obtained by aseptically removing pieces of the tissue in
question, dissociating the cells by treatment with an enzyme which
breaks apart the intercellular cement, and spreading the resulting
suspension out on the bottom of a flat surface, such as a bottle or
petri dish. The cells generally produce glycoprotein-like materials that
permit them to adhere to glass surfaces. The thin layer of cells
adhering to the glass or plastic dish, called a monolayer, is then
overiayed with a suitable culture medium and the culture incubated.
The culture media used for cell cultures are generally quite complex,
employing a number of amino acids and vitamins, salts, glucose, and
a bicarbonate buffer system. To obtain best growth, addition of a
small amount of blood serum is usually necessary, and several
antibiotics are generally added to prevent bacterial contamination.
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i i itely,
Some cell cultures prepared in this way will grov;;l I.I:flifufizs !
and can be established as permanent cell lines. $uch ce (; e
most convenient for virus research because continuously dmer e
material can be available for research purposes. In Omn .
indefinite growth does not occur but the cult_ure may rcmm‘res &
a number of days. Such cultures, called primary cell cu Cl';][ures
still be useful for virus research, although of course newime.
will have to be prepared from fresh sources from time to t

wth

Cancer Cancer is a cellular phenomenon of uncontro_llcd ﬁ::mre

that is sometimes induced by virus infection. Most cells l-'1l abecause

animal, although alive, do not divide extensive.ly. 3Ppammt_gem from
of the presence of growth-inhibiting factors which prevent

) : nditions,
initiatiug cell division. Under a variety of pathological co

. s inhibition
among which is included infection by certain viruses, growth in
is overcome and the cells be

e
gin to divide uncontrollably. Under siom

conditions, this extensive cellular growth is so excessive tat the ‘Z‘érous
body is virtually consumed by cancer cells: the animal dies. Cﬂ"lwow .
growth is thus due to a derangement in the control of cellular g
and is of great medical as well as theoretical interest. -
The tumorigenic or cancer-causing ability of viruses can olle d
be detected by observing the induction in cell cultures of uncon.ll":l o
growth. In cell cultures, the general arrangement of the cells is s
monolayer, arising because growth generally ceases when the ceé “;
as a result of growth, come in contact with each other. Can.cel‘ o s
have altered growth requirements and continue to grow, piling up h
form a smal) Jocus of growth. By observing for the induction of 1€

L ; : : £ & ; the
foci of growth from virus infection, it is possible to observe
tumorigenic properties of viruses.

In some cases, cel] culture monolayers can not be obtained but
whole organs, or pieces of organs, can be cultured. Such orga”
Cultures may still pe useful in virug research, since they permit growth
of viruses under more or |

¢ss controlled laboratory conditions.
QUANTIFICATION OF VIRUSES

tain any significant understanding of the naturc_of
replication, it is Necessary to be able to quantify
irus particles, Virus particles are almost always t00

U microscope, Although virus particles
electron microscope, the use of this

I routine study. In general, viruses are
heir effects on the host cells which they

the
instrument is cumbersome fo

quantified by measuring t
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infect. It is common to speak of a virus infectious unit, which is the
smallest unit that causes a detectable effect when placed with a
susceptible host. By determining the number of infectious units per
volume of fluid, a measure of virus quantity can be obtained. We
discuss here several approaches to assessment of the virus infectious
unit. .

Plaque assay When a virus particle initiates an infection upon a
layer or lawn of host cells which is growing spread out on a flat
surface, a zone of lysis or growth inhibition may occur which results
in a clearing of the cell growth. This clearing is called a plaque, and
it is assumed that each plaque has originated from one virus particle.

Plaques are essentially “windows™ in the lawn of confluent cell
growth. With bacterial viruses, plaques may be obtained when virus
particles are mixed into a thin layer of host bacteria which is spread
out as an agar overlay on the surface of an agar medium. During
incubation of the culture, the bacteria grow and form a turbid layer
which is visible

to the naked eye. However, wherever a successful virus infection
has been initiated, lysis of the cells occurs, resulting in the formation
of a clear zone, called a plaque.

The plaque procedure also permits the isolation of pure virus
strains, since if a plaque has arisen from one virus particle, all the
virus particles in this plaque are probably genetically identical. Some
of the particles from this plaque can be picked and inoculated into a
fresh bacterial culture to establish a pure virus line. The development
of the plaque assay technique was as important for the advance of
virology as was Koch’s development of solid media for bacteriology.

Plaques may be obtained for animal viruses by using animal cell-
culture systems as hosts. A monolayer of cultured animals cells is
prepared on a plate or flat bottle and the virus suspension overlayed.
Plaques are revealed by zones of destruction of the animal cells.

In some cases, the virus may not actually destroy the cells, but
cause changes in morphology or growth rate which can be recognized.
For instance, tumor viruses may not destroy cells but cause the cells
to grow faster than uninfected cells, a phenomenon called
transformation. As we have noted, in a tissue culture monolayer, these
transformed cells gradually develop into a recognizable cluster of cells
called a focus of infection. By counting foci of infection, a quantitative
measure of virus may be obtained.

Efficiency of plating One important concept in quantitative
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virology involves the idea of efficiency of plating. Counts made by
plaque assay are always lower than counts made with the electron
microscope. The efficiency with which virus particles infect host cells
is almost never 100 percent and may often be considerably less. This
does not mean that the virus particles which have not caused infection
are inactive. It may merely mean that under the conditions used,
successful infection with these particles has not occurred. Although
with bacterial viruses, efficiency of plating is often higher than 50
percent, with many animal viruses it may be very low, 0.1 or |
percent. Why virus particles vary in infectivity is not well understood.
It is possible that the conditions used for quantification are not optimal.
Because it is technically difficult to count virus particles with the
electron microscope, it is difficult to assess the actual efficiency of
plating, but the concept is important in both research and medical
practice. Because the efficiency of plating is rarely close to 100
percent, when the plaque meihod is used to quantify virus, it is
accurate to express the titer of the virus suspension not as the number
of virion units, but as the number of plaque forming units.

Animal infectivity methods Some viruses do not cause recogn-
izable effects in cell cultures but cause death in the whole animal. In
such cases, quantification can only be done by some sort of titration
in infected animals. The general procedure is to carry out a serial
dilution of the unknown sample, generally at ten-fold dilutions, and
samples of each dilution are injected into numbers of sensitive animals.
After a suitable incubation period, the fraction of dead and live animals
at each dilution is tabulated and an end point dilution is calculated.
This is the dilution at which, for example, half of the injected animals
die. Although such serial dilution methods are much more cumbersome
and much less accurate than cell culture methods, they may be essential
for the study of certain types of viruses.

GeNERAL FEATURES OF VIRUS REPRODUCTION

The basic problem of virus replication can be simply put; the
virus must somehow induce a living host cell to synthesize all of the
essential components needed to make more virus particles. These
components must then be assembled into the proper structure and the
new virus particles must escape from the cell and infect other cells.
The various phases of this replication process in a bacteriophage can
be categorized in seven steps:

1. Attachment (adsorption) of the virion to a susceptible host

cell;
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Penetration (injection) into the cell by the virion or by its
nucleic acid;

Early steps in replication of the virus nucleic acid, in which
the host cell biosynthetic machinery is altered as a prelude
to virus nucleic acid synthesis. Virus-specific enzymes may
be made;

Replication of the virus nucleic acid;

Synthesis of protein subunits of the virus coat;

Assembly of nucleic acid and protein subunits (and membrane
components in enveloped viruses) into new virus particles;
Release of mature virus particles from the cell (lysis).

These stages in virus replication are recognized when virus
particles infect cells in culture and are illustrated in Figure 6.13, which
exhibits what is called a one-step growth curve. In the first few
minutes after infection, a period called the eclipse occurs, in which
the virus nucleic acid has become separated from its protein coat so
that the virus particle no longer exists as an infectious entity. Although
virus nucleic acid may be infectious, the infectivity of virus nucleic
acid is many times lower than that of whole virus particles because
the machinery for bringing the virus genome into the cell is lacking.
Also, outside the virion the nucleic acid is no longer protected from
deleterious activities of the environment as it was when it was inside
the protein coat.

[ ]  ecliose [ maturation |

| .

adsorption period

rotein
relative early — goats
virus count U géi‘ﬂe'e
(plaque- ‘ | l
forming units) e i ) P S |
|
virus assembly and
added release

l latent period

0 30 60

time

Fig. 1.10 The one-step growth curve of virus replication. This graph displays the
results of a single rourd of viral multiplication in a population of cells.
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Attachment There is a high specificity in the interaction between
virus and host. The most common basis for host specificity involves
the attachment process. The virus particle itself has one or more
proteins on the outside which interact with specific cell surface
components called receptors. The receptors on the cell surface are
normal surface components of the host, such as proteins,
polysaccharides, or lipoprotein-polysaccharide complexes, to which the
virus particle attaches. In the absence of the receptor site, the virus
cannot adsorb, and hence cannot infect. If the receptor site is aliered,
the host may become resistant to virus infection. However, mutants
of the virus can also arise which are able to adsorb to resistant hosts.

In general, virus receptors carry out normal functions in the cell.
For example, in bacteria some phage receptors are pili or flagella,
others are cell-envelope components, and others are transport binding
proteins. The receptor for influenza virus is a glycoprotein found on
red blood cells and on cells of the mucous membrane of susceptible
animals, whereas the receptor site of poliovirus is a lipoprotein.
However, many animal and plant viruses do not have specific
attachment sites at all and the virus enters passively as a result of
phagocytosis or some other endocytotic process.

Penetration The means by which the virus penetrates into the
cell depends on the nature of the host cell, especially on its surface
structures. Cells with cell wails, such as bacteria, are infected in a
different manner from animal cells, which lack a cell wall. The most
complicated penetration mechanisms have been found in viruses that
infect bacteria. The bacteriophage T4, which infects E. coli, can be
used as an example. ‘

The particle has a head, within which the viral DNA is folded,
and a long, fairly complex tail, at the end of which is a series of tail
fibers. During the attachment process, the virus particles first attach
to the cells by means of the tail fibers. These tail fibers then contract,
and the core of the tail makes contact with the cell envelope of the
bacterium. The action of a lysozyme-like enzyme results in the
formation of a small hole. The tail sheath contracts and the DNA of
the virus passes into the cell through a hole in the tip of the tail, the
majority of the coat protein remaining outside. The DNA of T4 has
a total length of about 50 pm, whereas the dimensions of the head of
the T4 particle are 0.095 Am by 0.065 um. This means that the
DNA must be highly folded and packed very tightly within the head.

With animal cells, the whole virus particle penetrates the cell,
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being carried inside by endocytosis (phagocytosis or pinocylt_)slS). a’l‘
active cellular process. We describe some of these processes in detal
later in this chapter.

Virus restriction and modification by the host We have alrfzad)’
seen that one form of host resistance to virus arises when there is no
receptor site on the cell surface to which the virus can attach. Another
and more specific kind of host resistance involves destruction of the
viral nucleic acid after it has been injected. This destruction is brought
about by host enzymes that cleave the viral DNA at one or several
places, thus preventing its replication. This phenomenon is called
restriction, and is part of a general host mechanism to prevent the
invasion of foreign nucleic acid. :

Restriction enzymes are highly specific, attacking only cerla_!ﬂ
sequences (generally four or six base pairs). The host protects .llS
own DNA from the action of restriction enzymes by modifying its

Fig. I.11 Attachmen; of T4 bacterio

phage particle 1o ; .
of DNA: (@) Unatached particle. ¢ cell wall of E. coli and i

(5} Abeach njection
ftachment to the wayy p the long tail fibers. (c)
Contact of cell wall by the tail pi . Y the long rail fibers.

e DNA.f Y the tail pin. (d) Contraction of the 1ail sheath and injection of
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DNA at the sites where the restriction enzymes will act. Modification
of host DNA is brought about by methylation of purine or pyrimidine
bases.

Viruses can overcome host restriction mechanisms by modifications
of their nucleic acids so that they are no longer subject to enzymatic
attack. Two kinds of chemical modifications of viral DNA have been
recognized, glucosylation and methylation. The bacteriophages T2, T4,
and T6 have their DNA glucosylated to varying degrees, and the
glucosylation prevents or greatly reduces nuclease attack. In
bacteriophage lambda the amino groups of adenine and cytosine bases
are methylated by an enzyme that uses S-adenosylmethionine as methyl
donor. Many other viral nucleic acids have been found tc be modified
by methylation but glucosylatior: has been found only in the T-even
bacteriophages (bacteriophages T2, T4, and Té6). It should be
emphasized that modification of viral nucleic acid occurs after replication
has occurred and the modifiad bases are not copied directly. The
enzymes for methylation are actually present in the host before infection,
and hence are not virusinduced functions. These host modification
enzymes probably have as their main role the modificaticn of host
DNA so that it can be transferred without inactivation into other cells
during genetic recombination.

The ability to modify nucleic acid is not found in all strains that
support the growth of a given virus. Thus, when bacteriophagelambda
is grown on E. coii strain C it is not modified (E. coli strain C lacks
both the lambda modification and restriction enzymes), and nucleic
acid of virus grown on strain C is destroyed when it enters E. coli
strain K- 12, which does have the restriction enzyme. However, strain
K12 also has the modification enzyme, and, if lambda is grown on
K- 12, its nucleic acid is modified and it will infect both strains K-
12 and C equally well. However, if lambda is grown on a K-12 strain
made methionine deficient, methylation cannot occur and the phage
particles released are unable to replicate in K12. In the case of the
T-even phages, glucosylation requires uridine diphosphoglucose
(UDPG), and if a T-even phage is grown on a host deficieni in UDPG
its nucleic acid is not glucosylated and it is unable to replicate in
susceptible cells. :

A knowledge of modification and restriction systems is of
considerable practical utility in studying DNA chemistry. So far, no
evidence exists that either modification or restriction occurs in eucaryotic
organisms.
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Virus messenger RNA In order for the new virus-specific proteins
to be made from the virus genome, it is necessary for new virus-
specific RNA molecules to be made. Exactly how the virus brings
about new mRNA synthesis depends upon the type of virus, and
especially upon whether its genetic material is RNA or DNA, and
whether it is single-stranded or doutle-stranded. Which copy is read
into mRNA depends upon the location of the appropriate promoter,
since the promoter points the direction that the RNA polymerase will

follow. In cells (uninfected with virus) all mRNA is made on the -

DNA template, but with RNA viruses the situation is obviously
different.

A virus-specific RNA RNA polymerase is needed, since the cell
RNA polymerase will generally not copy double-stranded RNA (and
ribosomes are not able to translate double-stranded RNA either). A
Wide variety of modes of viral mRNA synthesis are outlined in Figure
By convention, the chemical sense of the mRNA is considered to be
of the plus (+) configuration. The sense of the viral genome nucleic
acid is then indicated by q Plus if it is the same as the mRNA and 2
minus if it is of oppposite sense. If the virus has double-stranded
DNA (ds DNA), then mRNA synthesis can proceed directly as in
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the enzymes synthesized soon after infection, called the early enzymes,
which are necessary for the replication of virus nucleic acid, and the
proteins synthesized later, called the late proteins, which include the
proteins of the virus coat. Generally, both the time of appearance
and the amount of these two groups of virus proteins are regulated.
The early proteins are enzymes which, because they act catalytically,
are synthesized in smaller amounts and the late proteins, often
structural, are made in much larger amounts.

Virus infection obviously upsets the regulatory mechanisms of the
host, since there is a marked overproduction of nucleic acid and protein
in the infected cell. In some cases, virus infection causes a complete
shutdown of host macromolecular synthesis while in other cases host
synthesis proceeds concurrently with virus synthesis. In either case,
the regulation of virus synthesis is under the control of the virus rather
than the host. There are several elements of this control which are
similar to the host regulatory mechanisms, but there are also some
uniquely viral regulatory mechanisms. We discuss various regulatory
mechanisms when we consider the individual viruses later in this
chapter.

VIRAL GENETICS

Viruses exhibit genetic phenomena similar to those of cells. Studies
of viral genetics have played a significant role in understanding many
aspects of genetics at the molecular level. In addition, knowledge of
the basic phenomena of viral genetics has increased our understanding
of processes involved in virus replication. Understanding these
processes has also led to some practical developments, especially in
the isolation of viruses which are of use in immunization procedures.
Most of the detailed work on viral genetics has been carried out with
bacteriophages, because of the convenience of working with these
viruses. We mention here briefly some of the types of genetic
phenomena of viruses.

Mutations Much of our knowledge of viral reproduction and how
it is regulated has depended on the isolation and characterization of
virus mutants. Several kinds of mutants have been studied in viruses:
host-range mutants, plaque-type mutants, temperature-sensitive mutants,
nonsense mutants, transposons, and inversions.

Host-range mutations are those that change the range of hosts
that the virus can infect. Host resistance to phage infection can be
due to an alteration in receptor sites on the surface of the host cell,
so that the virus can no longer attach, and host-range mutations of
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the virus can then be recognized as virus strains able to attach to.
and infect these virus-resistant hosts. Other host-range mutants may

involve changes in the viral and host enzymes involved in replication,
or in the restriction and modification systems.

Plaque-morphology mutations are recognized as changes in 1h_e
characteristics of the plaques formed when a phage infects cells 1n
the conventional agarplate technique. Characteristics of the plaqu?-
such as whether it is clear or turbid. and its size, are under genetic
control. The underlying basis of plaque morphology lies in processes
taking place during the virus multiplication cycle, such as the rate of
replication and the rate of lysis. Under appropriate experlme‘m‘ﬂll
conditions plaque morphology can be a highly rf:procluclb?e
characteristic of the virus. The advantage of plaque mutants for genetic
studies is that they can be easily recognized on the agar plate, but a
disadvantage is that there is no convenient way of selecting for them
among the large background of normal particles.

Temperature-sensitive mutations are those which allow a virus
to replicate at one temperature and not at
alteration in a virus protein that rend
moderately high temperatures. For ing
mutants are known in which the
host at 43°C but will at 25°C

another, due to a mutational
ers the protein unstable at
tance, temperature-sensitive
phage will not be replicated in the
» although the host functions at both

' perature, but replicates
at the lower temperature,

Nonsense mutations change normal codons into nonsense codons

In viruses, nonsense mutations are recognized because hosts are
available that contain supp

. . fessors able to read nonsense codons. The
virus mutant will be able to grow in the host containing the suppressor,
but not in the normal host.

exchange between the two virug genomes during the replication
Proce_ss. If recombination does occur, the Progeny of such a mixed
infection should include not only the parenta) types, but recombinant
types as well. With appropriate mutants, j jg poss,ible to recognize
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both the parental types and the recombinants and to study the events
involved in the recombination process. Genetic recombination in viruses
is an extremely complex process to analyze because recombination
does not occur as a single discrete event during mixed infection, but
may occur over and over again during the replication cycle. It has
been calculated that the T-even bacteriophages undergo, on the
average, four or five rounds of recombination during a single infection
cycle. By detailed and careful analysis of a wide variety of virus
crosses, it has been possible to construct genetic maps of a number
of bacterial viruses. Such maps have provided important information
about the genetic structure of viruses. We present a few genetic maps
when discussing specific viruses later in this chapter.

Genetic recombination arises by exchange of homologous segments
of DNA between viral genomes, most often during the replication
process. The enzymes involved in recombination are DNA polymerases,
endonucleases, and ligases, which also play a role in DNA repair and
synthesis processes.

Phenotypic mixing During studies on genetic recombination
between viruses, another phenomenon was discovered which
superficially resembles recombination but has a quite different basis.
Phenotypic mixing occurs when the DNA of one virus is incorporated
inside the protein coat of a different virus. For phenotypic mixing to
pccur, the two viruses must be closeiy related, so that the protein coat
1s of proper construction of the packaging of either viral DNA. As an
example of phenotypic mixing, in phage 72 of E. coli there is a gene
called the h gene which controls host specificity through modification
of the tail fibers of the phage. If a mixed infection is set up with two
T2 phages, mutant T2k and wild-type T2h*, tail fibers of b specificity
rHay be incorporated onto the particles containing DNA of* specificity.
Slflce it is the A function of the tail fibers that affects attachment, these
guxed particles will show b specificity during the next round of
infection, even though they contain /* DNA, but the particles resulting
from this second round of infection will phenotypically become b+,
because the DNA has been unchanged.

GENERAL QVERVIEW OF BACTERIAL VIRUSES

Most of the bacterial viruses which have been studied in any detail .
infect bacteria of the enteric group, such as Escherichia coli and
Salmonella typhimurium. However, viruses are known that infect a
variety of praocaryotes, both eubacteria and archaebacteria. A few
bacterial viruses have lipid envelopes but most do not. However, many
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bacterial viruses are structurally complex, with head and comp!e";:ig
structures. The tail is involved in the injection of the nucleic
into the cell.

We now discuss some of the bacterial viruses for which mOICI:l_‘ll;zIe
details of the multiplication process are known. Although phe:
bacterial viruses were first studied as model systems for underslaﬂe 4
general features of virus multiplication many of them now Sf{r"n of
convenient tools for generic engineering. Thus, the intormguo P
bacterial viruses is not only valuable as background for the disc_US .
of animal viruses, but is essential for the material prCSt_‘:nICd_ s
next two chapters on microbial genetics and genetic engineering- »

It should already be clear from what has been stated lhfj“.a gihal
diversity of viruses exist. It should therefore not be surprising irus
there is also a great diversity in the manner by wt}lch v -t
multiplication occurs. Interestingly, many viruses have special featu "
of their nucleic acid and protein synthesis processes that are not fouo f
in cells. In the present chapter, we are only able to present SOme¢

; g Bndi : eo
the major types of virus replication patterns, and must skip som
the interesting exceptional cases.

RNA BACTERIOPHAGES

A number of bacterial viruses have RNA genomes. The_bcf .
known bacterial RNA viruses have single-stranded RNA. Interesting 5(’; ;
the bacterial RNA viruses known in the enteric bacteria group mfe' g
only bacterial cells which behave ag gene donors (males) in gene“e
recombination. This restriction to male bacterial cells arises becfillse
these viruses infect bacteria by attaching to male-specific pili. Sll"c0
such pili are absent on female cells, these RNA viruses are unable
attach to the females, and hence do not initiate infection in femalesé

The bacterial RNA viruses are all of quite small size, about Zt
nm in size, and they are all icosahedral, with 180 copies of €02
protein per virus particle. The complete nucleotide sequence of sever

RNA phages are known. In the RNA phage MS2, which infects
Eschericbia coli, the vira]

RNA is 3,569 nucleotides long. The virus
RNA, although single str
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Fig. 1.12 Schematic representations of the main types of bacterial viruses.
Those discussed in detail are fd, M13, ¢X174, MS2, T4, lambda,
T 7, and Mu. Sizes are 1o approximate scale.
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process occurs. In this way, the amount of maturation protein needed
is limited. As the virus RNA- is made, it folds into a complex form
with extensive secondary and tertiary structure Of the four AUG start
sites, the most accessible to the translation process is that for the
coat protein. As coat protein molecules increase in number in the
cell, they combine with the RNA around the AUG start site for the
replicase protein, effectively turning off synthesis of replicase. Thus,
the major virus protein synthesized is coat protein, which is needed
in 180 copies per RNA molecule.

Another interesting feature of MS2 RNA virus is that the fourth
virus protein, the lysis protein, is coded by a gene which overlaps
with both the coat protein gene and the replicase gene. The start of
this lysis gene is not directly accessible to ribosomes. As the ribosome
passes over the coat protein gene, a frame shift occasionally occurs,
resulting in reading of the lysis gene. By restricting the efficiency of
translation in this way, premature lysis of the cell is probably avoided.
Only after sufficient coat protein is available for the assembly of
mature virus particles, does lysis commence. (In another RNA phage,
QB, the maturation protein itself also functions as a lysis protein,
and a separate lysis gene as such is not present.)

Ultimately, assembly occurs and release of virions from the cell
occurs as a result of cell lysis. The features of replication of these
simple RNA viruses are themselves fairly simple. The viral RNA
tself functions as an mRNA and regulation occurs primarily by way

% controlling access of ribosomes to the appropriate start sites on
the viral RNA.

SINGLE-STRANDED ICOSAHEDRAL
DNA BACTERIOPHAGES

_ A number of small bacterial viruses have genomes consisting of
Single-stranded DNA in circular configuration. These viruses are very
small, ab.out 25 nm in diameter, and the principle building block of
;hlfmf;le“; coat ‘is a sing!e protgin p?esem in 60 copies (the miniml.lm
- attaccll cll)rrotem subupus poss1bI§ in an icosahedral virus), to wh.1ch
il mai at the. ver‘uees of the icosahedron several other p-rotelﬂs
- the up Splke'-llke SII‘}ICIUI’CS. In contrast to the RNA viruscs,
e the enzymatic machinery for the replication of DNA a}re.ad()i/
—— - cell‘. "l?he:se small DNA viruses possess only a hm“e”
e genetic information in their genomes, and the host €€

replication machinery is used in the replication of Virus DNA.
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The most extensively studied virus n.l 1h|s. grnt:[_)MIl[:f ggecial
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conversion of viral DNA into RF consist of the enzyme RNA primase
and DNA polymerase, ligase, and gyrase. No virus-coded proteins
are involved in the conversion of single-stranded DNA to RF. The
RF is a closed, double-stranded, circular DNA which has extensive
supercoiling.

DNA replication differs between the leading strand and the lagging
strand of the DNA double helix. In cells, replication of the lagging
strand involves the formation of short RNA primers by action of an
enzyme called RNA primase (or primase for short). Such RNA primers
are made at intervals on the lagging strand and are then removed
and replaced with DNA by DNA polymerase.

In $X174, however, replication begins with a single stranded
closed circle, a rather atypical situation. First, primase brings about
the synthesis of a short RNA primer, beginning at one or more specific
initiation sites on the DINA.

Once priming of DNA synthesis has been carried out, the RNA
primer is replaced with DNA through action of DNA polymerase.
Continuation of DNA replication around the closed circle leads to
the formation of the complete double-stranded RF. Once the complete
second strand has been formed, its circle is closed with DNA ligase
and a DNA gyrase introduces twists that result in supercoiling. DNA
gyrase introduces supercoils by cutting one of the two strands of the
DNA double helix, holding the two ends apart without rotation, passing
a distant region of the circle through the cut, and resealing the ends.
The degree of supercoiling is determined by the number of twists
that have been introduced into the DNA. One result of supercoiling
is that it converts the DNA into a more compact form where it takes
up less room in the cell or virion.

Once the RF is formed, nucleic acid replicatidn occurs by
conventional semiconservative replication, resulting in the formation
of new RF molecules. As in general DNA synthesis, initiation of the
formation of a new strand begins at a unique site on the DNA, the
origin of replication. In $X174, the origin of replication is at-residue
4395. Formation of single-stranded viral progeny begins with 2 single-
slrar}ded cleavage of the viral (plus) strand of the RF at the origin of
repl;c.alion.. Cleavage is brought about by a protein called gene
iirlo;f:sn[;ralr}liclis Rrotein alsp mak.es a covalent bon.d Io.the 5 :; h(;f;xilsi}ni
results in th.e ijmr:}ell‘lcfl’epllcatlon uy e ralling Cerlewni}I pecome
s irie rmation o smgle-s[lrand?d molecules that it length

progeny. When the growing viral] strand reaches
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