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(Cover photograph) Resistance against virus infection in transgenic plants expressing a viral coat protein gene. Plants
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protein subunit are shown in red and green. Three molecules of this subunit are located around each three-fold symmetry
axis. (Photograph, courtesy of J. E. Johnson, Purdue University, West Lafayette, Indiana, is a version of a figure from
Chen er al.,1989.) (Bottom inset) Structure of a helical virus. Computer graphics representation of about one twentieth
of a particle of tobacco mosaic Tobamovirus. Protein subunits are colored yellow; RNA is brown. The RNA is shown
extending from the protein helix to indicate its spatial arrangement within the helix. Protrusions on the RNA chain (one
pointing out, two pointing up) represent the three nucleotides bound to each protein subunit. (Photograph, courtesy of G.
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PREFACE

This book summarizes knowledge of all aspects of plant virology. It has
been written for students of plant virology, plant pathology, or micro-
biology who have no previous knowledge of plant viruses, or virology in
general. An elementary knowledge of molecular biology is assumed in
covering the basic structures of DNAs, RNAs, and proteins; the genetic
code; and the processes involved in protein synthesis. It is also expected
that students will have a basic knowledge of structure and function in
plants, including the main subcellular structures found in typical plant
cells. The conventions used in naming viruses, virus groups, and virus
families are given in the Appendix.

In Chapter 1, the basic properties of cells and viruses are compared
to give students an appreciation of the place of viruses in the living
world. Over the past 10 years, gene manipulation technology has played
a key role in developing our understanding of the structure, functions,
and replication of plant viral genomes. In Chapter 2, I have briefly out-
lined the principles of the more important techniques involved, to assist
those who have no previous knowledge in this field. In recent years,
serological techniques have become increasingly important in many
aspects of plant virology. For this reason, Chapter 3 is devoted to a dis-
cussion of the basis for the various techniques currently in use, includ-
ing monoclonal antibodies.

Chapters 4—16 follow fairly closely the content of the third edition
of Plant Virology (Matthews, 1991), but have been substantially con-
densed. References to the literature are given only where they are es-
sential, mainly in acknowledging sources of illustrations, for the addi-
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tional reading lists given at the end of each chapter, or for very recent
publications. Original references to the material discussed in Chapters
4-16 can be found in the corresponding sections of the third edition of
Plant Virology.

In general, the subject matter is not dealt with on an historical
basis. Chapter 17, however, gives a very brief historical summary. This
final chapter concludes with some views on the prospects for research
in plant virology in the coming decade.

I wish to thank my colleague R. C. Gardner for his expert advice on
the content of Chapter 2. [ thank my many colleagues who have pro-
vided illustrations, especially those for the cover. Figures are acknowl-
edged individually in the text. [ especially thank Jean Parrott for pre-
paring the manuscript.

R. E. F Matthews



WHAT ARE VIRUSES?

1 Viruses and Cells Compared
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1.4 Increase in Population Size
1.5 Biochemistry
1.6 Summary

2 Definition of a Virus

Further Reading

About 50 years ago the first viruses were being isolated, and character-
ized chemically. They were viruses infecting plants. At the time there
were many arguments about whether these agents belonged in the
living or the nonliving world. This was because, on the one hand, they
could be crystallized in the test tube, and on the other, they could orga-
nize their own increase in number, when they were present in a suit-
able host organism. With the application of the techniques and ideas of
molecular biology over the past 30 years, it has become quite clear that
viruses are part of the living world. In essence, they are very small obli-
gate parasites that contain between one and several hundred genes of
their own, which can mutate and evolve as do cellular genes.



2 1 WHAT ARE VIRUSES?

1 VIRUSES AND CELLS COMPARED

In this section, it will be useful to consider some properties of viruses
infecting other host groups, as well as those of viruses infecting plants.

1.1 SIZE

Most viruses are very much smaller than most cells, and require elec-
tron microscopy for their particles to be visualized. Only the pox vi-
ruses, which infect animals, can be seen as tiny dots in the light micro-
scope. Relative sizes can be compared using various properties.

1.1.1 Dimensions

Figure 5.1 provides outline drawings of the different kinds of plant vi-
ruses. They vary widely in size and shape, but all are very small in rela-
tion to the size of the cells they infect. Thin sections of infected cells
(e.g., Fig. 8.3) give some indication of relative sizes, but they are rather
misleading. Such illustrations are two dimensional, whereas cells and
viruses exist in three dimensions; thus, a more realistic procedure is to
compare volumes. A typical tobacco mesophyll cell has a volume of
about 2 X 10 nm?3; a large plant virus, about 6 x 105 nm?; and a small
plant virus, about 2 x 10* nm?. Thus in a typical plant cell containing
10 million particles of a small virus, only about 1% of the volume of the
cell would be occupied by virus.

1.1.2 Size and Complexity of Genome

In making comparisons between different kinds of organisms, the most
fundamental single character is the size of the genome. Figure 1.1
shows that the genomes of viruses infecting all kinds of hosts span a
range of almost three orders of magnitude. The smallest are about the
size of a cellular messenger RNA (mRNA). The largest viral genomes
are about the same size as those of the simplest cells; thus, there is a
very wide range of size and complexity.

A biologically more meaningful way of comparing genome sizes is



1 VIRUSES AND CELLS COMPARED

MANY PLANTS,

SOME ANIMALS .
‘ MOST ANIMALS,

FUN?" SOME PLANTS
VIRUSES ’
BACTERIA

-~

] 1 1 | 1 ! ]
10* 10° 10° 107 108 10° 10
NUCLEOTIDES OR NUCLEOTIDE PAIRS

Figure 1.1 The range of genome sizes for viruses, prokaryotes, and eukaryotes. The ver-
tical axis gives an approximate indication of the relative number of species within the size
range of each group. From Matthews (1981); modified from Hinegardner (1976).

to consider their information content, that is to say, the number of genes
they contain or the number of proteins they code for. Some examples
are given in Table 1.1.

From this section we can conclude that (1) by several criteria, vi-
ruses in general span a very wide range of sizes; (2) viruses infecting
angiosperms are confined to the small end of the size spectrum; and
(3) plant viruses are indeed very small and genetically simple com-
pared to the cells they infect.

1.2 COMPOSITION

1.2.1 Macromolecules and Structural Components

In cells, the most important molecules are those containing the genetic
information—DNA—and the functional molecules synthesized using
that information—RNA and proteins. A lipoprotein plasma membrane
defines the boundary of the cells. In addition, in eukaryotes, many cell
organelles are bounded by, or composed of, lipoprotein membranes,
for example, the nucleus, mitochondria, chloroplasts, endoplasmic re-
ticulum, Golgi apparatus, etc. Most plant cells have an outer wall made
up largely of cellulose.
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Table 1.1 Relative Sizes of Genomes Measured by the Number of Proteins Coded for

Number
Type of organism Example of proteins
Higher plant Average (approximate 50-100,000
estimate)
Eubacteria Escherichia coli =4100
Mycoplasma — =820
Chlamydiae Psittacosis =660
Large virus infecting vertebrates Vaccinia =260
Virus infecting a chlorella-like PBCV1 =200-250
alga
Large virus infecting angio- Wound-tumor virus 12
sperms
Small virus infecting angio- Tobacco mosaic virus 4
sperms
Smallest known virus Satellite virus of tobacco 1

necrosis virus

All viruses have their genetic information in the form of nucleic
acid. Some use double-stranded DNA (dsDNA), as do cells. Others use
single-stranded DNA (ssDNA), dsRNA, or ssRNA. Most known plant vi-
ruses uses ssRNA. As well as genomic DNA, all cells competent to divide
contain RNAs of various kinds and functions, mainly ribosomal (rRNA),
mRNA, and transfer (tRNA). Most virus particles contain only their
genomic nucleic acid, which is either DNA or RNA. However, a few DNA
viruses contain small amounts of RNA, either host or viral coded, with
specific functions. During the replication of most viruses, mRNAs are
transcribed from the viral genomic nucleic acid.

The genetic material of viruses is almost always protected by a
covering or coat of protein molecules coded for by the virus. Some vi-
ruses, especially the larger ones, have an outer lipoprotein membrane
as well. Larger viruses may also contain viral-coded enzymes involved
in nucleic acid synthesis.

The DNAs and RNAs found in viruses are made up of the same four
nucleotides that are found in the corresponding cellular nucleic acids.
Viral proteins contain a selection of the same 20 amino acids that are
found in cells. The proportions of different amino acids in a typical viral
protein are usually quite similar to those found in typical soluble cel-
lular proteins. In viruses with a lipoprotein envelope, the proteins in
the membrane are coded for by the virus and may be glycoproteins con-
taining carbohydrate. The lipid is usually borrowed from some cellular
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source. No viruses contain cellulose or other components found in
plant cell walls.

1.2.2 Low-Molecular-Yveight Materials

Besides water, cells contain a very large number and variety of low-
molecular-weight substances. These are involved in such processes as
intermediary metabolism, the production of the amino acids, nucleic
acid bases, sugars, fatty acids, etc., used in the synthesis of macromole-
cules, and in the building of cellular structures. Many cells also contain
low-molecular-weight substances involved in specialized processes. By
contrast, viruses contain a very limited range of low-molecular-weight
materials. Viruses with a lipoprotein envelope contain the same pro-
portion of water as do cells (about 3—4g/g dry mass). Viruses without
such an envelope usually have associated with them about the same
proportion of water as soluble cellular proteins (0.7—-1.5g/g dry mass).
Several plant viruses contain divalent metal ions, usually CaZ?*, at spe-
cific sites in their structure; these are important for the stability of the
viral protein coat or shell surrounding the nucleic acids. Some plant
viruses have a specific domain (a zinc finger) in a protein involved in
nucleic acid binding, which specifically binds an atom of zinc. A few vir-
uses contain polyamines, which help to stabilize the RNA within the
virus particle.

In summary, viruses have the following characteristics compared
with cells: (1) apart from water, viruses consist primarily of nucleic acid
and protein, built from the same nucleotides and amino acids as are
found in cells; (2) some viruses have a lipoprotein envelope with the
lipid usually derived from a host membrane; (3) the amount of water
associated with viruses having a lipoprotein envelope is like that of
cells; for others, it is like that of soluble cellular proteins; (4) compared
with cells, viruses contain hardly any low-molecular-weight materials,
other than water. The small amounts of metal ions and polyamines that
may be present have a structural rather than a metabolic function.

1.3 STRUCTURE
1.3.1 Cell Walls

Most prokaryotic cells except mycoplasmas have cell walls. All viruses
lack such a wall.
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1.3.2 Variability in Structure

Cells, even those from an apparently uniform tissue such as the palisade
mesophyll cells of a leaf, vary in structure. For example, they change
shape as they expand in the growing leaf. Mature cells contain differing
numbers of organelles, such as chloroplasts and mitochondria. By con-
trast, viruses, especially those without a lipoprotein envelope, have a
very uniform structure dictated by the geometrical arrangement of the
major components of the particle.

1.4 INCREASE IN POPULATION SIZE

There are many single-celled organisms that, like the viruses, are obli-
gate intracellular parasites. The smallest and simplest of these belong
to a group called the Chlamydiae. They have cell walls but lack an
energy-generating system. They have two phases in their life cycle.
Outside the host cell, they exist as infectious elementary bodies about
300 nm in diameter. These have dense contents and are specialized for
survival outside the host cell. They have two wall layers and a plasma
membrane. They contain the genomic DNA, RNA, and lipid. An infect-
ing elementary body enters the host cell, and within 8 hr is converted
into a much larger, noninfectious reticulate body. This is bounded by a
bilayer membrane provided by the host cell. The reticulate body divides
by binary fission within this membrane, giving thousands of progeny
within 40 to 60 hr. The reticulate bodies are converted to elementary
bodies, which are released when the host cell lyses (Fig. 1.2).

Thus the Chlamydiae, and other single-celled parasitic organisms,
increase in number by a process of binary fission in which single cells

Figure 1.2 Schematic life cycle of the Chlamydiae.
E, elementary body; R, reticulate body; I, host cell.
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enlarge and then divide to give two daughter cells. During this process,
the cytoplasm of the parasite is always separated from that of the host
by at least the bilayer membrane of the parasitic cell itself.

By contrast, virus increase involves the synthesis in the host cell
of pools of the required macromolecular components—proteins and
copies of the viral genome. Virus particles are assembled from these
pools of components in the absence of a membrane separating the site
of synthesis and assembly from the rest of the host cell’s cytoplasm or
nucleoplasm.

1.5 BIOCHEMISTRY

Most cells have their own energy-producing systems to fuel their meta-
bolic processes. Such a system is lacking in viruses and also in the
Chlamydiae. Most prokaryotic cells can synthesize the amino acids and
nucleotides they require. Viruses have no such synthetic abilities. Cer-
tain bacteria also require all of these compounds in the medium.

1.6 SUMMARY

From this discussion, we can conclude that three characteristics distin-
guish all viruses from the Chlamydiae and all other prokaryotic cells.

1. Increase in population size Even the simplest cells increase in
number by binary fission. All viruses increase in number by a process
involving the synthesis of a pool of the required components, and the
assembly of virus particles from this pool. For this reason, it is appropri-
ate to apply two different terms for the process of increase: I shall use
multiplication for cells, in which the population increases step-wise (by
a factor of two at each step under ideal conditions); and replication for
viruses, in which the process involves the more or less simultaneous
production of many replicas of the original infecting particle from a
pool of viral components. (Note: Some authors use binary fission for
cells, multiplication for viruses, and reserve replication for nucleic
acids.)

2. Protein-synthesis machinery All cells contain their own protein-
synthesizing system—ribosomes, mRNAs, tRNAs, and accessory en-
zymes and factors. No viruses contain such a system, although a few
may contain some tRNAs or host ribosomes.
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3. Presence of a membrane during multiplication or replication All
cellular parasites multiplying inside a host cell maintain a lipoprotein
bilayer membrane that separates the cytoplasm of parasite and host. No
such membrane exists during virus replication. The absence of such a
membrane makes binary fission impossible, and allows a virus to use
the protein-synthesizing machinery in the host cell cytoplasm.

2 DEFINITION OF A VIRUS

The original Roman meaning of virus was a poison, and the word was
used in this sense for many centuries. The first property to be discov-
ered about the agents we now know as viruses was their small size. The
infectious agent could pass through filters whose pore size was so small
that they held back all known cellular parasites from the filtrate. Thus
these agents were called the filterable viruses for some decades after
the first examples were discovered at the end of last century.

About 25 years ago, it came to be realized that some kinds of plant
disease that were caused by infectious filterable agents were not at-
tributable to viruses. The cellular parasites known as mycoplasmas and
spiroplasmas are small enough to pass through bacteria-proof filters,
and to be invisible under the light microscope. Electron microscopy of
infected cells, together with other evidence, revealed that many plant
diseases, particularly of the yellows and witches-broom type, are in fact
caused by these small cellular parasites. At the other end of the size
scale for filterable agents are infectious entities consisting only of a
very small, circular RNA. These cause several important virus-like dis-
eases, and are known as viroids. They are widely considered to belong
to a class of infectious agents distinct from the viruses.

With modern knowledge we can now give a fairly precise definition
of a virus:

A virus is a set of one or more genomic nucleic acid molecules, nor-
mally encased in a protective coat or coats of protein or lipoprotein,
which is able to mediate its own replication only within suitable host
cells. Within such cells, virus replication is (1) dependent on the host’s
protein-synthesizing machinery; (2) derived from pools of the re-
quired materials rather than from binary fission; and (3) located at
sites not separated from the host cell contents by a lipoprotein bilayer
membrane.
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The properties of viruses can be clarified further by considering some
features in more detail. These features are important but are not appli-
cable to all plant viruses.

2.1.1 Transmission and Disease Induction

To be identified positively as a virus, an agent must normally be shown
to be transmissible, and to cause disease in at least one host spe-
cies. The Cryptovirus group of plant viruses, however, is an exception.
These viruses rarely cause detectable disease, and are not transmis-
sible by any mechanism except through the seed or pollen.

2.1.2 Properties of the Genomic Nucleic Acid

Chemical nature The nucleic acid of a viral genome may be DNA
or RNA, and single- or double-stranded. If the nucleic acid is single-
stranded, it may be of positive or negative sense. For viruses, positive
sense is defined as the sequence that actually codes for a protein, that is,
acts as an mRNA. Negative sense is the complementary sequence. The
single-stranded nucleic acid of a few viruses is ambisense. In other
words, it is positive sense in coding for one protein and negative sense,
for another.

Information content In relation to viruses infecting other host
groups, plant viral genomes are at the small end of the virus spectrum,
coding for 1 to 12 proteins.

Segmented genomes Some plant viruses have segmented genomes.
Each nucleic acid segment may be housed in a separate virus particle
or all may be housed in one.

Mized nucleic acids A few viruses with DNA genomes also contain
small amounts of RNA.

Genetic change Point mutations occur, especially in sSRNA viruses,
with high frequency, owing to nucleotide changes brought about by
errors in the copying process during genome replication. Other kinds of
genetic change may be the result of recombination, reassortment of
pieces in viruses with segmented genomes, loss of genetic material,
or acquisition of nucleotide sequences from unrelated viruses or the
host genome.

Integration A few viruses share with certain nonviral nucleic acids
the ability to be integrated into the host cell genome. No plant viruses of
this sort are known so far.
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2.1.3 Functions of Viral Proteins

Almost all viruses code for a protein or proteins necessary for replica-
tion of the viral genome. In some viruses, these enzymes are present in
the virus particle. One or more viral-coded proteins provide a protec-
tive coat for the genomic nucleic acid. Viruses may also code for pro-
teins with other functions, for example: (1) movement, facilitating virus
movement from cell to cell; (2) transmission, enabling transmission by
invertebrate or fungal vectors; or (3) protein processing, a protease
activity specifically cleaving a large viral polyprotein into functional
products.

2.1.4 Viroplasms

Replication of many kinds of viruses takes place in distinctive virus-
induced regions of the cell cytoplasm known as viroplasms.

2.1.5 Dependence on Another Virus

A few viruses require the presence of another virus for their replication.
These are known as satlellite viruses. Some other viruses require a

helper virus to be present in the tissue to allow transmission by inverte-
brates to take place.

FURTHER READING

Matthews, R. E. F. (1991). “Plant Virology,” 3rd ed. Academic Press, New York.
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PRINCIPAL TECHNIQUES
FOR THE STUDY OF
VIRUS PARTICLE AND
GENOME STRUCTURE

Structure of Virus Particles

1.1 X-ray Crystallographic Analysis

1.2 Electron Microscopy

The Structure of Viral Genomes

2.1 Classical Procedures

2.2 Gene-Manipulation Technology

Amino Acid Sequences of Viral Proteins

mRNAs

4.1 Isolation

4.2 In Vitro Translation

4.3 Hybrid Arrest and Hybrid Selection Procedures
Introduction of a DNA Step into the Life Cycle

of RNA Plant Viruses

5.1 RNA Genomes with Uniform Sequences

5.2 Reverse Genetics

5.3 Recombinant Viruses

Transgenic Plants

6.1 The Agrobacterium tumefaciens Vector System
6.2 Direct Gene Transfer to Plant Cells

The Polymerase Chain Reaction

Further Reading

The study of a plant virus usually begins with investigation of two as-
pects, the structure of the virus particle and the organization of the viral

11
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genome. The most important methods used in such studies are outlined
briefly in this chapter.

1 STRUCTURE OF VIRUS PARTICLES

The two major techniques for studying virus structure are X-ray crys-
tallography and electron microscopy using various kinds of specimen
preparation.

1.1 X-RAY CRYSTALLOGRAPHIC ANALYSIS

When X-rays pass through a crystal, the rays are scattered in a regular
manner. The scattered radiation can be recorded photographically.
What is recorded is, however, not a picture of the virus particle, but a
very abstract-appearing collection of dots from which the structure of
the virus particle is deduced by complex mathematical analysis. Induc-
ing virus particles to form crystals suitable for X-ray crystallography is
more of an art than a science, and generally requires many trials of salt
and alcohol solutions and other precipitating conditions to obtain crys-
tals of sufficient size and stability. lsometric particles will form true
crystals. Rod-shaped, rigid virus particles often will form liquid crystals
in which the rods are regularly arrayed in two dimensions. X-ray analy-
sis can be applied to such crystals, but not to rod-shaped viruses with
flexuous particles or to large virus particles with lipoprotein envelopes.

Where they can be applied, X-ray techniques provide the most
powerful means of obtaining information about virus structure. Over
the past 10 years, significant advances have allowed the application of
X-ray crystallographic analysis to more viruses and at higher resolu-
tions. With the definition of structures at atomic level, it has been pos-
sible to define interactions between the viral genome and the protect-
ing protein coat, and to establish the positions of water molecules and
divalent cations in the structure.

In summary, the major technical advances responsible for this
progress have been (1) high-intensity, coherent X-ray sources that al-
low data to be recovered in a short time from delicate crystals; (2) an
increase in the speed and capacity of computers, together with a re-
duced cost of computing; (3) noncrystallographic symmetry averaging,
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a process involving successive approximations that remove noise and
enhance detail in the density map; and (4) the development of com-
puter graphics, replacing the laborious manual model building that was
required previously to refine structures.

There is a significant limitation for the study of small isometric vi-
ruses that can be crystallized. Such viruses crystallize because of regu-
lar symmetries in the protein shell. However, most of the nucleic acid
inside the virus is not arranged in a regular manner with respect to
these symmetries. Thus, very little information can usually be obtained
about the conformation of the genome within the virus. Such informa-
tion can be obtained for the rigid rod-shaped viruses, in which the RNA
is arranged in a regular helix within a cylinder of protein.

1.2 ELECTRON MICROSCOPY

Development of images using electron microscopy depends on differ-
ences in electron scattering in different parts of the specimen. Virus
particles themselves have very little contrast with respect to the scat-
tering of electrons, compared with the carbon film on which they are
usually mounted. For this reason, various specimen-preparation tech-
niques have been used to enhance contrast. In early work, shadowing
of the specimen at an angle with a vaporized heavy metal, such as gold,
was employed. This procedure, however, obscured much detail. It was
subsequently shown that various osmium, lead and uranyl compounds,
and phosphotungstic acid (under certain conditions) react chemically
with, and are bound to the virus. This procedure was called positive
staining, but it was found to cause alteration in or disintegration of the
virus structure. Today negative staining is the most widely used proce-
dure for visualization of viruses in the electron microscope.

1.2.1 Negative Staining

Negative staining uses potassium phosphotungstate at pH 7.0, or uranyl
acetate or formate near pH 5.0. The electron-dense material does not
react chemically with the virus, but penetrates available spaces on the
surface and within the virus particle. The virus structure stands out
against the electron-dense background (Fig. 5.2). However, even in the
best electron micrographs, fine details of structure tend to be obscured,
first, by noise due to minor irregularities in the virus particle image and
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in the stain, and second, by the fact that contrast due to the stain is often
developed on both sides of the virus particle to a varying extent. Thus
electron micrographs of very high quality are essential in order to dis-
tinguish particles of small isometric viruses belonging to different virus
groups. More detailed structural information may be obtained from a
number of images of single negatively stained particles, by processing
the image in one of several ways (e.g., Fig. 5.9).

1.2.2 Thin Sections

The diameter of small isometric viruses (20—30 nm) is much less than
the thickness of a typical thin section (=40-100 nm) used to study
tissues by electron microscopy. Thus, no detailed structural informa-
tion is revealed. However, some aspects of the structure of the larger
viruses with lipoprotein envelopes can be studied using thin sections of
infected cells (Fig. 5.16) or of a pellet containing the virus.

1.2.3 Cryoelectron Microscopy

Cryoelectron microscopy is a recently developed technique. The speci-
men is frozen extremely rapidly in an aqueous medium. The virus is
suspended in a very thin film of liquid stretching across holes in a car-
bon grid, which is plunged into liquid ethane that contains some ethane
ice (183°C). The freezing is so rapid that water molecules do not have
time to form micro ice crystals; thus, the specimen is frozen in vitreous
ice with no damage caused by crystallization of water. The method is
being usefully applied to the study of virus structures or substructures
that may be altered by other specimen-preparation techniques.

2 THE STRUCTURE OF VIRAL GENOMES

2.1 CLASSICAL PROCEDURES

The nature of a viral nucleic acid, whether it is DNA or RNA, and
whether it is single-stranded or double-stranded, circular or linear, can
be established by various standard physical, chemical and enzymatic
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methods. Chemical and enzymatic procedures allow known special
structures at the 5'- or 3’-end of linear genomic nucleic acid to be iden-
tified. Electrophoresis of purified nucleic acid from virus particles usu-
ally will give good estimates of the RNA or DNA molecular weight and
the number of different size classes of genomic nucleic acid for those
viruses with split genomes. The application of gene-manipulating tech-
nology is also rapidly increasing our understanding of the structure of
viral genomes and how they replicate.

2.2 GENE-MANIPULATION TECHNOLOGY

2.2.1 Importance

There are two situations in which viral genome sequence information is
of greatuse. Each of these situations hastheoretical and practical aspects.

The Virus in the Plant

Theoretical A knowledge of the viral genes and the products they
code for is beginning to lead to an understanding of how viruses cause
disease.

Practical The ability to identify and isolate particular viral genes
and integrate them into the host-plant genome is providing novel meth-
ods for understanding virus gene function and, in some instances, for
the control of virus diseases.

The Virus in Relation to Other Viruses

Theoretical A knowledge of the nucleotide sequences of many
viral genomes is of very great assistance in virus classification. The
nucleotide sequences are revealing unexpected relationships between
viruses, and this information is beginning to give us an understanding
of how viruses might have originated and how they evolved. Computer-
aided comparison of a viral nucleotide sequence with those of other vi-
ruses, and sequences encoding cellular proteins can sometimes indi-
cate possible viral protein functions.

Practical 1tis essential to be able to identify the virus, and often
the strain of virus, before effective control measures can be developed
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for a virus-causing disease in a particular crop and location. Identifica-
tion requires both an effective framework of classification for the rele-
vant viruses and strains, and methods for identifying the virus being
studied. Nucleotide sequences are proving to be of great use in both
these aspects of disease control.

2.2.2 Nucleic Acid Hybridization

In a double-stranded (ds) nucleic acid, the two strands are held to-
gether by hydrogen bonding between the complementary base pairs:
G:C and A:T for DNA, and G:C and A:U for RNA. When a ds nucleic
acid is heated in solution, the secondary bonds between the bases are
broken, and the strands separate. This process is known as melling
or denaturation. If the mixture of strands is then incubated at a lower
temperature, the ds structure is reformed; that is, the nucleic acid re-
natures. The temperature at which 50% of the sequences are denatured
is called the melting temperature or T,. The denaturation of nucleic
acid secondary structure leads to a rise in the absorbance of the solu-
tion at 260 nm. This can be used to follow the denaturation and estab-
lish the T,,.

The T,, is affected mainly by the following factors: (1) base composi-
tion, a high G + C content giving a higher T,,; (2) salt concentration.
Raising the salt concentration raises the T,,; and (3) the presence of a
hydrogen bond-breaking agent such as formamide will lower the T,,.
For most ds plant viral RNAs, the Ty, in 0.3 M NaCl lies between 88 and
93° C. For hybridization tests, temperature conditions are usually chosen
to maximize the rate of association between complementary strands.
This is about 65° C for most plant viral RNAs, i.e., 23-28° C below the T,,.

Hybridization will take place only between nucleic acids that have
sequence complementarity. The degree of complementarity required
before two sequences can hybridize depends on the temperature of the
reaction. A rule of thumb is that the T,, is reduced by 1° C for each 1% of
sequence mismatch. At the commonly used temperature of 65°C, se-
quences with =72-77% similarity will reanneal. Thus, reassociation
experiments can be used to obtain an estimate of the extent of sequence
similarity between two single-stranded (ss) nucleic acids. Over a range
of conditions, association between strands reaches a dynamic steady
state with strands associating and dissociating. More or less stringent
conditions in solution can be used, which allow less or more hybridiza-
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tion to occur. Hybridization can occur when both nucleic acids are in
solution or when one of the strands is immobilized on a solid matrix
such as nitrocellulose paper.

2.2.3 Gel Electrophoresis

Electrophoresis in gels is an important technique for the separation
and size determination of fragments of DNA. (See Fig. 2.3B) In this tech-
nique, an electrical field is applied along the gel, and charged mole-
cules will migrate in the fluid in the pores of the gel. The rate of migra-
tion of DNA molecules will depend very much on their size (length).
Shorter molecules are retarded less by the gel matrix and, hence, will
move faster than longer ones. Marker molecules of known length (base
pairs) can be run in one channel of the gel. The separated and purified
fragments of DNA can be recovered undamaged from the gel.

This technique has many applications in the study of viral genomes
and nucleic acids generally. Different types of gels containing agarose
or polyacrylamide resolve nucleic acid fragments of different sizes. For
example, gel conditions have been devised whereby 300—500 ssDNA
fragments, each differing in length by only a single nucleotide, can be
separated. This step is vital to the DNA-sequencing process.

2.2.4 Restriction Maps

Restriction endonucleases are enzymes found in a number of bacterial
species. Their function in these cells is to cleave and thus inactivate for-
eign DNA, such as that from infecting viruses. Their important bio-
chemical feature is that they cleave the DNA only at very specific nu-
cleotide sequences, usually four to eight nucleotides long, known as
recognition sequences (Fig. 2.1). The bacterium protects its own DNA
by adding methyl groups to bases in potential cleavage sites. Over 100
restriction enzymes have been characterized, allowing for the possi-
bility of cutting dsDNA specifically at many different sites. Using differ-
ent restriction enzymes to cut a viral genome in DNA form, several
distinct size classes are produced, which can be separated by gel elec-
trophoresis. It is then possible to construct a restriction map of the ge-
nome showing the location of each cutting site in relation to the others.
Such a map will be characteristic for a particular virus and can be used
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to give an approximate estimate of similarity to the genomes of related
viruses. These enzymes also have other important uses, discussed in
the following sections.

2.2.5 DNA Polymerase 1

The availability of this enzyme (Pol I) and a knowledge of its mode of
action has been crucial to the development of several molecular tech-
niques, including the labeling of probes and DNA sequencing. Pol I was
found in Escherichia coli and is involved in DNA replication. From the
point of view of the study of viral genomes, its main properties are as
follows: it can polymerize only deoxynucleoside triphosphates (dNTPs),
and can do so only when copying a template DNA. To start replication, a
primer is necessary. A primer is an oligonucleotide hydrogen-bonded
by base-pairing to the template strand. The primer’s terminal 3' OH
group must be available to react with an incoming dNTP. Nucleotides
are not added to a free 5' OH group. That is to say, growth of the new
strand proceeds in the direction 5’ to 3'.

Besides its polymerase function, Pol I has two other functions: a
3’'—5' exonuclease activity involved in eliminating incorrect bases dur-
ing strand growth, and a 5’ -3’ exonuclease activity, which functions in
the cell to remove RNA primers from the DNA. This 5'-3’ exonuclease
activity at a single-stranded break (or nick) involves removal of a 5’ nu-
cleotide. As a nucleotide is removed, it can be replaced by the polymer-
ase activity of the enzyme. The nick moves 5’ to 3’ along the direction of
strand synthesis. This process is known as nick translation. In expe-
rimental systems, nicks in the dsDNA substrate are produced using
DNase in the incubation medium. Nick translation is not to be confused
with translation, the process by which ribosomes and other factors syn-
thesize proteins in a cell under the guidance of mRNA.

2.2.6 Labeled Nucleic Acid Probes

Sequences of radioactively labeled nucleic acids known as probes are
used in a variety of ways in the study of viral genomes and viral repli-
cation. The radioactive nucleic acid may be DNA or RNA. The nucleic
acid can be labeled in several ways. The following methods are com-
monly used.
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End-Labeling

Polynucleotide kinase is an enzyme found in many kinds of cells,
which catalyses the transfer of the y phosphorus from adenosine tri-
phosphate (ATP) to the 5'-OH at the 5’ end of DNA and RNA molecules
of all sizes. If the ATP is labeled with 32P in the y position, this will be
transferred to the 5'-OH of the polynucleotide, thus labeling the 5’ end
of the molecule. If a 5’ phosphate is already present, this is readily re-
moved before the labeling step using the enzyme alkaline phosphatase,
to expose a free 5'-OH.

Nick Translation

A common method of labeling probes is by a process known as nick
translation (Section 5). Radioactive dNTPs added to the incubation mix-
ture are incorporated into the growing strand by DNA Pol I to provide a
radioactive probe.

Random Priming

This method involves the use of a mixture of random nucleotide
primers on ssDNA or ssRNA. The DNA is then copied in vitro with a
DNA polymerase or reverse transcriptase using radioactive dNTPs.

Strand-Specific Probes

This method also uses in vitro synthesis of nucleic acid from la-
beled dNTPs. For most purposes, a DNA-dependent RNA polymerase is
involved (e.g., from T7 or SP6 bacteriophages). The enzyme is used to
synthesize a labeled RNA copy of a DNA segment that has been cloned
adjacent to a specific T7 or SP6 promoter. In this way it is possible to
synthesize and label only one strand of nucleic acid.

2.2.7 Using Labeled Probes

Labeled probes are used in many different ways in the study of nucleic
acids and in the manipulation of genes. Their usefulness depends on
the ability of a probe to hybridize specifically with a complementary
nucleotide sequence in another piece of DNA or RNA, as discussed in
Section 2.2.2.



20 2 TECHNIQUES FOR THE STUDY OF VIRUS PARTICLE AND GENOME STRUCTURE

Southern Blotting

Southern blotting is named after E. M. Southern, who developed the
procedure. DNA molecules in an agarose gel are separated into discrete
bands by electrophoresis. The gel is then laid on a membrane of porous
nitrocellulose or nylon. A flow of an appropriate buffer is then set up
perpendicular to the direction of electrophoresis and toward the mem-
brane. The flow or blotting procedure causes the DNA to be transferred
by capillary action to the membrane where it is bound, forming a rep-
lica of the DNA bands in the gel. A labeled probe can then be exposed
to the filter under renaturing conditions. DNA with complementary se-
quences will bind the labeled probe. Autoradiography of the membrane
will then reveal which DNA bands, if any, have sequences complemen-
tary to those of the probe. With appropriate marker DNAs in the gel, the
sizes of DNA in hybridizing bands can be estimated.

Northern Blotting

A technique analogous to Southern blotting has been developed for
RNA and has been called Northern blotting, to confuse people who are
not molecular biologists. A mixture of RNAs, viral or cellular or both,
are separated on the basis of size by agarose gel electrophoresis usually
under strongly denaturing conditions, which prevent the formation of
intrastrand base pairing and thus the formation of loops in the RNA. As
with DNA, the gel is then blotted onto nylon or nitrocellulose, which
traps the RNA. The membrane is then exposed to a solution containing
a labeled probe under renaturing conditions. Autoradiography will
then reveal any bands of RNA that have sequences complementary to
the probe, and their sizes can be estimated with respect to markers in
the gel.

In Situ Hybridization

Viruses usually replicate and accumulate at particular sites within
infected cells. Under appropriate circumstances, labeled cDNA or RNA
probes can be used to hybridize with viral genomic nucleic acid or
mRNAs present in thin sections of infected cells. If the probe is radio-
actively labeled, the sites of hybridization are located by radioautogra-
phy. If they are labeled with fluorescent dyes, a fluorescence micro-
scope is used.
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2.2.8 Manipulation and Amplification of DNA Sequences

A knowledge of the nucleotide sequence of a viral genome is basic
to our understanding of the structure and replication strategy of that
genome, and of its relationships to other viruses.

Restriction Endonucleases

An important feature of the previously discussed restriction endo-
nucleases is that some of them do not make a straight cut, but make
staggered cuts in each strand at sites a few nucleotides apart (Fig. 2.1).
These staggered cuts leave short single-stranded ends on both sides of
the cut. These are called cohesive ends because they can hybridize to
form complementary base pairs with the ends of any other DNA mole-
cule that has been cut by the same restriction nuclease.

DNA Ligase

When two ends of DNA molecules that have been cut by the same
restriction nuclease have joined together by complementary base pair-
ing, the ends can be sealed by an enzyme called DNA ligase, which forms
a covalent phosphodiester bond between the ends of the two DNAs.

DNA Cloning

In order to determine nucleotide sequences, or carry out other
operations on the fragments of DNA produced by restriction nucleases,
it is necessary to be able to amplify very substantially the amounts of
these fragments. This can be done by inserting the DNA into a plasmid

5 GAATTC a
3 CTTAAG 5 EcoRl

Figure 2.1 Recognition sequences for three restriction nucleases.

In these examples, the sites are six base pairs long, and the nu-

5 .

3 8; gg?g : Pstl  cleotide sequences 5’ — 3’ are the same in each strand. Three dif-
ferent kinds of termination can be generated: EcoRI gives a 5’ over-
hang; Pstl gives a 3’ overhang; Smal gives a blunt-ended cut.

5 CCCIGGG 3 S EcoRl is from E. coli; Pstl, from Providencia stuarti; and Smal,

3 GGGlcce s mal  from Serratia marcescens. The names of the enzymes are abbrevi-
ated from the names of their host bacteria.
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or a bacterial virus (bacteriophage) and then growing these in bacterial
or yeast cells. Plasmids are small circular dsDNA molecules, found
naturally in bacteria and yeast, that replicate in the host cell. Plasmid
DNA is much smaller than the bacterial DNA and can therefore be
easily separated from it. When plasmids are used as cloning vectors,
fragments of viral DNA are inserted into the plasmid DNA.

The hybrid plasmid DNA molecules are then reintroduced into the
host bacterium, and bacterial colonies allowed to grow on a culture
plate. Only some of the cultures will contain the viral DNA of interest.
Those containing inserted DNA are selected in the following manner.
The plasmid used for cloning has had inserted into its DNA a gene for
resistance to an antibiotic (often ampicillin). The plasmid also contains
a gene allowing for the fermentation of lactose. The restriction enzyme
site for insertion of the DNA of interest is in this gene. When the plas-
mid DNA molecules have been introduced into a bacterial culture, the
bacteria are plated out on a medium containing the antibiotic and an
analog of lactose that gives a blue color when it is fermented. Only cells
that are resistant to the antibiotic and therefore contain the plasmid
will grow to form colonies. Most of these will not contain the DNA
of interest and will therefore give blue colonies. Any white colonies
present will be those that have had the lactose enzyme gene inactivated
by the insertion of the DNA of interest.

The well-known vector plasmid pBR322 contains an ampicillin and
a tetracycline resistance gene. Several sites for different restriction nu-
cleases lie within these genes. When a piece of foreign DNA is inserted
into one of these genes by the process outlined in Fig. 2.2, that gene is
inactivated. When the plasmid is introduced into the host bacterium,
colonies resistant to one antibiotic and susceptible to the other are
readily identified. Colonies containing the desired foreign DNA are
multiplied up in bulk culture. The plasmid replicates along with the
bacterial host cells. The plasmid DNA is then purified. Copies of the
original inserted DNA may then be excised from the plasmid by a sec-
ond treatment with the same restriction nuclease used to insert the
molecule.

Certain bacteriophages can be used instead of a plasmid to carry a
piece of foreign DNA into a bacterial cell. Phage M13 infecting E. coli is
particularly useful for cloning DNA to be used for Sanger dideoxy se-
quencing (see Section 2.2.9). This is because the phage provides a
single-stranded DNA template. The site at which the foreign DNA is in-
serted into M13 DNA is precisely known. A 10—-20 nucleotide sequence
complementary to this site can be synthesized chemically, and can be
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Plasmid DNA
containing
viral DNA insert

Cleavage with EcoRl
restriction endonuclease DNA
ligase
7, ST gy
vy‘ » M 7>
e ‘xP}‘ 77‘44

Linearized plasmid anneal
with cohesive ends

AATT o
TS TTAA

A viral genomic DNA fragment
produced by EcoRi cleavage

Figure 2.2 Incorporation of a fragment of viral DNA into a bacterial plasmid. The same
restriction nuclease is used to cleave both DNAs. The fragments are annealed, and treated
with DNA ligase to produce covalently closed hybrid plasmid DNA (a so-called recombi-
nant DNA molecule).

used as a primer for the dideoxy sequencing of any foreign DNA se-
quence inserted adjacent to the primer site.

2.2.9 Determination of Nucleotide Sequences
Sequencing Viral DNA Genomes

Two major methods have been developed and used for sequencing
DNA. The method of Maxam and Gilbert involves radioactively labeling
a preparation of DNA at the 5' end, and dividing the preparation into
four samples. Each sample is then treated very gently with a chemical
that specifically destroys one kind of base, for example G, or two kinds
of bases, C and T, but only at one or a few locations of that base in any
given molecule. The mixture of DNA molecules, each molecule with a
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specific kind of base destroyed at only one site, is chemically cleaved
where the base has been removed. For the G cleavage reaction, for ex-
ample, the resulting 5'-end-labeled fragments will form a set corre-
sponding to all possible chain lengths from the labeled end to the site of
a G nucleotide. The radioactive fragments are then separated by gel
electrophoresis. From the pattern of bands, a nucleotide sequence can
be deduced.

The second method was devised by Fred Sanger, and is known
as the dideoxy chain termination procedure. Since it is now the pre-
ferred method for sequencing viral nucleic acids, it will be considered
in a little more detail. Dideoxy nucleotide sequencing is based on the
fact that a nucleoside triphosphate containing a pentose residue lack-
ing an hydroxyl group at the both the 2’ and 3’ positions (a dideoxy nu-
cleotide) cannot form a phosphodiester bond with a nucleotide adding
on to a growing chain in the 3' direction. Thus, incorporation of a
dideoxy nucleotide into a growing chain terminates extension of that
chain. Sanger’s procedure is illustrated in Fig. 2.3. Various modifi-

Single-stranded DNA to be sequenced

5-AGGTCATTCGGATCGCCC-3
Labeled primer 3-C G G G-%-5'

Incubation with DNA polymerase |
+4 dNTPs
+ 1 ddNTP, say ddTTP

PST AGCGGG#
"TAAGCCTAGCGG G-
"WTCCAGTAAGCCTAGCGGG#

Figure 2.3A Principle of the Sanger dideoxy sequencing procedure. The DNA fragment
to be sequenced is annealed with a short, radioactively labeled primer at the 3’ terminus.
The DNA is mixed with the enzyme DNA polymerase | from £. coli. This enzyme can in-
corporate both normal deoxynucleotide triphosphates (dNTPs) and dideoxynucleotide
triphosphates (ddNTPs) into the copy of the DNA being synthesized. Wherever a ddNTP is
incorporated, elongation of that strand will cease. Thus, in this example, wherever an A
occurs in the original strand, some copies will terminate in the dideoxy form of T.



2 THE STRUCTURE OF VIRAL GENOMES 25

Figure 2.3B The DNA strand to be sequenced, with its radioactively la-
beled primer, is split into four DNA polymerase reaction mixtures, each
containing one of the four ddNTPs in an appropriate ratio with all four
dNTPs. The labeled fragments formed after incubation are separated from
the template DNA by boiling. They are then fractionated according to
length on a polyacrylamide gel under conditions that do not allow re-
hybridization of the ssDDNA (a denaturing gel). A radioautograph of the gel
is made. The nucleotide sequence can be deduced directly from the pattern
of fragments (the sequencing ladder). Photograph courtesy of G. Albertson.

cations have been made to Sanger’s original procedure. For example,
DNA-dependent DNA polymerases obtained from T7 bacteriophage and
the bacterium Thermus aquaticus (Taq polymerase) have proved more
efficient than the DNA Pol I enzyme used originally. In an important ad-
vance toward automated sequencing, in each of the four reactions, the
products are labeled with a different-colored fluorescent tag, for ex-
ample red, G; blue, C; etc. In this situation, the sequence can be read by
an automated laser detector from a single lane on a gel (Fig. 2.3C).

CTCACAATTCCAC/}CAACA TAC(;:.AGCC
t N
1 |
f Figure 2.3C Determination of a viral nucleotide se-
; quence using a different-colored fluorescent tag for
i cach of the four reaction mixes. The sequence is read
; from a single lane in the gel using automated laser fluo-
rescence. In this diagram the four colors have been
converted to black and white signals by computer. G,
dashed line; A, dotted line; C, solid line; and T, dash-dot
line, Courtesy of M. Gibbs,

IIirisree




26 2 TECHNIQUES FOR THE STUDY OF VIRUS PARTICLE AND GENOME STRUCTURE

Sequencing Viral RNA Genomes

In the early 1980s the first plant viral genomes were completely
sequenced. These were viruses belonging to the Caulimovirus group,
which have dsDNA genomes. Thus the sequencing methods developed
for cellular DNAs could be applied to them. Most plant viruses have
RNA genomes, however, to which the methods could not be directly ap-
plied. A very important development for plant virology was the isolation
and characterization of an enzyme known as reverse transcriptase from
the retroviruses that infect vertebrates. This enzyme catalyzes the syn-
thesis of a complementary DNA chain on an RNA template. The RNA
template can then be selectively destroyed by RNase H treatment. The
single-stranded copy DNA (cDNA) molecules synthesized by the re-
verse transcriptase can then be converted into ds cDNA molecules
using a DNA-dependent DNA polymerase. These can be inserted into
plasmids, cloned, and sequenced as outlined above. The main steps in
the process are summarized in Fig. 2.4. This procedure has been ap-
plied to other RNAs, such as cellular mRNAs that might be of interest in
relation to plant viruses.

Strategies for Sequencing

The number of nucleotides that can be sequenced on a single gel is
limited to about 300 to 500. Even small plant viral genomes are much
longer than this; thus, a strategy must be developed for sequencing sec-
tions of the genome and then piecing these together in the correct
order. Various strategies have been developed, only some of which can
be briefly mentioned here:

1. The full-length genome can be sequenced from both ends, to give
the 5’ and 3' terminal sequences of the molecule. The genomic
or cloned cDNA then can be cut into fragments with a restriction
endonuclease and inserted into a plasmid vector to generate a
set of random subclones. These are sequenced to obtain an over-
lapping set of sequences from which the full-length sequence
can be deduced.

2. In another strategy, a restriction map of genomic DNA or cDNA
from an RNA virus is prepared. Specific fragments at known posi-
tions can then be cloned or otherwise purified and sequenced.

3. The enzyme exonuclease Ill from E. coli can be used to remove
nucleotides sequentically from the 3" end of a DNA molecule at



2 THE STRUCTURE OF VIRAL GENOMES

27

dT (12-18) 5'  ssviral RNA primed
7 (A)p 3 with poly-T sequence

5'cap

4 dNTPs + reverse transcriptase

A\

3' I T (12-18) 5'  Viral RNA/cDNA hybrid

5'cap

R (A)n 3

4 dNTPs + RNAase H+
E. coli DNA polymerase |

Y

3' I T(12-18) 5
5 cap—EENE—~ I~ FEE—-ETER 3

second-strand DNA synthesis continues

until only phosphodiester gaps remain
4

3 I T (12-18) 5
5' I D . A (12-18) 3

T4 DNA ligase

A

3 I T (12-18) 5 ds viral cDNA
5' I A (12-18) 3'

Figure 2.4 Steps in the preparation of a ds cDNA copy of a ss viral RNA. Reverse tran-
scriptase synthesizes the first DNA strand. This strand is then used as the template in a
nick translation reaction using RNase H. This produces gaps in the RNA strand, which are
filled by DNA polymerase 1. A DNA ligase then completes second-strand DNA synthesis.

the rate of about 200 nucleotides/min. By carefully timing the
length of incubation, a nested set of DNA molecules with dele-
tions from both ends of the molecule (which are shorter by steps
of about 200 nucleotides) can be generated. These can be cloned
and sequenced, thus building up the complete sequence in a sys-
tematic fashion.

4. Recently it has become possible to derive overlapping sequence
data by synthesizing oligonucleotides that will prime at predeter-
mined points. For example, it is possible to get 500 bp of se-
quence information at the end of a subclone, synthesize over-
night an oligonucleotide that will prime the sequencing reaction
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starting at the end of this sequence, and then derive the next 500
bp of sequence with this primer the next day. This method of
walking along the clone has become possible with the advent of
rapid automated oligonucleotide-synthesizing machines.

3 AMINO ACID SEQUENCES OF VIRAL PROTEINS

The amino acid sequences of some viral structural proteins were estab-
lished by laborious direct methods many years before sequencing of the
nucleotides in the DNA was possible. Automated machines using these
chemical procedures are now available, and can sequence many amino
acids in a day from very small amounts of protein. Today however, in
most circumstances, it is much easier to sequence the viral genome and
deduce the amino acid sequences of the protein products of the genome
using the genetic code.

4 mRNAs

Plant viruses with DNA genomes give rise to mRNAs during replica-
tion in the cell; these are translated to produce viral-coded proteins.
The viruses with ss positive sense RNA genomes can themselves act as
mRNAs, but many also give rise to smaller subgenomic mRNAs during
replication. In addition, cellular mRNAs stimulated or inhibited by virus
infection may be of interest.

4.1 ISOLATION

There are two general methods by which mRNAs can be isolated from
cells. In the first, the polyribosome fraction of the cell contents is iso-
lated. This should contain all the mRNAs actually serving as mes-
sengers at the time of extraction. In the second method, advantage is
taken of the fact that most mRNAs have a tract of A residues perhaps
30-200 long at their 3’ terminus. These can be selectively retained on a
fractionating column that has oligo d('T) sequences attached. The oligo
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d(T) residues anneal with the poly(A), and RNAs without such se-
quences are washed through the column.

4.2 IN VITRO TRANSLATION

Three systems have found wide application for the translation of eu-
karyotic mRNAs in vitro, or at least under conditions in which most or
all of the protein synthesis is directed by the mRNA of interest. The gen-
eral procedures for applying these systems are as follows:

1. The RNA or RNAs of interest are purified in high degree, using
density-gradient centrifugation of the virus, where appropriate,
and/or polyacrylamide gel electrophoresis of mRNAs.

2. The RNAs are then added to the protein-synthesizing system in
the presence of amino acids, one or more of which is radio-
actively labeled.

3. After the reaction is terminated, the polypeptide products are
fractionated by electrophoresis on sodium dodecyl sulfate (SDS)
polyacrylamide gels, together with markers of known size.

4. The products are located on the gels by means of the incorpo-
rated radioactivity.

The three systems are

1. The rabbit reticulocyte system The cells from blood of rabbits
that have been made anemic are lysed in water and centrifuged. The
supernatant fluid is then used. This is a useful system because of the
virtual absence of RNase activity. Figure 2.5 illustrates the use of this
system, which is the most frequently used.

2. Toad oocytes, which strictly do not constitute an in vitro system.
Intact live egg cells of Xenopus or Bufo are injected with the viral mRNA
and incubated in a labeled medium.

3. The wheat germ system In this system, the viral RNA is added,
in the presence of an appropriate label, to a supernatant fraction from
extracted wheat embryos from which the mitochondria have been re-
moved.

Not infrequently, when purified viral genomic RNAs are translated in
cell-free systems, several viral-specific polypeptides may be produced
in minor amounts in addition to those expected from the open reading
frames (ORFs) in the genomic RNA. It is unlikely that such polypeptides
have any functional role in vivo.



30 2 TECHNIQUES FOR THE STUDY OF VIRUS PARTICLE AND GENOME STRUCTURE

Figure 2.5 Translation of plant viral RNAs in the rabbit reticulocyte system. The poly-
peptide products were fractionated by electrophoresis in a polyacrylamide gel and lo-
cated by radioautography of the gel. (A) Products using TMV RNA as message. (B) Control
with no added RNA. (C) Products using TYMV RNA. The unmarked smaller polypeptides
may be incomplete transcripts of the viral message, or the result of endogenous mRNA.
From Briand (1978).

4.3 HYBRID ARREST AND HYBRID SELECTION PROCEDURES

Hybrid arrest and hybrid selection procedures can be used to demon-
strate that a particular cDNA clone contains the gene for a particular
protein. The presence or absence of the protein after these procedures
is usually established using some form of recognition by specific anti-
bodies (see Chapter 3), or by its location in a gel after electrophoresis.

4.3.1 Hybrid Arrest

The cloned cDNA, complementary to a small region of the viral genome,
is hybridized to mRNAs, and the mRNAs are translated in an in vitro
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system. The hybrid will not be translated because of its ds nature. Iden-
tification of the missing polypeptide defines the gene on the cDNA.

4.3.2 Hybrid Selection
The cDNA-mRNA hybrid is isolated from the unhybridized mRNAs, and

is then dissociated. The mRNA is translated in vitro, and the protein
coded for is identified.

5 INTRODUCTION OF A DNA STEP INTO
THE LIFE CYCLE OF RNA PLANT VIRUSES

Until 1984, various workers had made cDNA from RNA genomes of plant
viruses and introduced these into plasmids that replicated in E. coli.
Then they transcribed the DNA back into RNA in vitro, but the prod-
ucts were not infectious when inoculated into plants. One reason was
that the RNA strands did not start and terminate at the correct sites.
Ahlquist et al. (1984) made a major technical advance in this field. They
constructed a plasmid with special DNA sequences on either side of the
restriction endonuclease site that was to be used for inserting the viral
cDNA into the plasmid. These sequences allowed transcription of the
viral cDNA sequence to begin precisely at the correct 5’ nucleotide, and
to terminate very close to the correct 3’ nucleotides. In vitro RNA tran-
scripts from their system were infectious. This introduction of an ar-
tificial DNA step into the life cycle of an RNA virus allowed manipula-
tions that can be made only with DNA to be applied to RNA genomes,
and for the effects of such specific manipulations on infectivity and
other biological functions to be tested. Some examples of the kinds of
experiments that can be carried out are given in the following sections.

5.1 RNA GENOMES WITH UNIFORM SEQUENCES

In nature, all cultures of RNA viruses consist of a mixture of particles
containing nucleotide sequences that differ at one or more sites. In
vitro transcription of infectious RNA from a single cDNA clone provides
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a source with a uniform sequence. This can be used in various ways, for
example, to gain some estimate of the rate of mutation following rep-
lication in the natural host under various conditions.

5.2 REVERSE GENETICS

An important application of the technique introduced by Ahlquist et al.
(1984) is the introduction of defined changes in individual RNA viral
genes in order to study the biological effects of such changes, and thus
to define gene functions. This approach is commonly known as reverse
genetics.

The changes in sequence may consist of a change in a base at a de-
fined site, an insertion or deletion of a base, or the insertion or deletion
of short or long sequences of nucleotides. These changes can be brought
about by a variety of in vitro procedures followed by replication of the
altered cDNA in an E. coli plasmid. The cDNA is then isolated and tran-
scribed in vitro to give a supply of the altered viral RNA genome.

One particularly useful procedure is known as site-directed multa-
genesis. The steps in this procedure are outlined in Fig. 2.6. This proce-
dure is highly versatile for producing point mutations in DNAs or viral
cDNAs. These mutations can be used to establish gene function. For ex-
ample, if a mutation in a particular viral gene gave rise to a virus un-
able to move from the initially infected cell, we could infer that the pro-
tein encoded by that gene was involved in virus movement from cell to
cell. By studying the effects of sets of point mutations in a systematic
way, it may be possible to define functional regions within the protein
encoded by the gene. Similarly noncoding-controling elements within a
viral genome may be delineated.

5.3 RECOMBINANT VIRUSES

Recombinant DNA technology can be used to construct a viable virus
from segments of related virus strains that have different properties. By
inoculating the hybrid virus into appropriate hosts, it is then possible to
associate a particular part of the viral genome with the property being
observed. It may even be possible to construct viable hybrids between
unrelated viruses in the same virus family or group.
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Figure 2.6 Site-directed mutagenesis. A short (= 15-nucleotide) synthetic oligonucleo-
lide primer is made with a sequence complementary to a sequence in one viral cDNA
strand, except for a base change in the desired position, which should be near the middle
of the sequence. This sequence is incubated with viral cDNA under conditions in which
annealing can occur in spite of the mismatched base. The oligonucleotide then acts as a
primer for DNA polymerase 1, which completes the complementary strand. When the re-
sulting ds molecule is replicated in F£. coli, both the wild-type and mutant sequences are
replicated. The mutated DNA can be distinguished from wild-type, by hybridization with
32P-labeled synthetic oligonucleotide, under stringent conditions, that is, close to the T,,,
under which the probe hybridizes only with the mutant DNA.
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6 TRANSGENIC PLANTS

Several methods have been developed in recent years whereby any new
gene or piece of DNA can be introduced into the plant cell, and stably
integrated into the cellular genome, where the gene can often be ex-
pressed, and also inherited in a Mendelian fashion. Plants that have re-
ceived a new gene in this way are called transgenic; however, not all
inserted sequences are compatible with a surviving plant.

The ability to transform plants stably with viral genes has opened
up several important avenues of research on plant viruses. It provides
another means for studying the roles of viral genes in vivo. More im-
portant, it has opened up new possibilities for the control of some virus
diseases (Chapter 15).

6.1 THE AGROBACTERIUM TUMEFACIENS
VECTOR SYSTEM

By far the most commonly used system for transferring genes into the
host-plant genome is the one based on A. tumefaciens. This phytophatho-
genic bacterium contains a large plasmid, the Ti or tumor-inducing
plasmid. When A. tumefaciens infects a plant, a segment of the Ti plas-
mid, the T DNA (for Transferred DNA), is integrated into a host cell
chromosome. Gene products of the T DNA stimulate the formation of
tumors, and of compounds that can be used as a source of carbon and
nitrogen by the bacterium. By appropriate manipulations of the plasmid
DNA, it has been possible to (1) disarm the plasmid so that no tumor
cells are produced; (2) create sites in the plasmid where any foreign
DNA could be readily inserted; and (3) insert promoter sequences and
other controlling elements that allow efficient expression of the intro-
duced genes in plant cells. The resulting constructs are able to be inte-
grated into the host cell DNA, usually with high frequency. The foreign
DNA can be expressed in the transformed cell and its progeny.

In order to distinguish transformed cells from untransformed, it is
usual to insert DNA for a selectable marker gene into the T DNA as well
as the viral DNA of interest. These marker genes are normally antibiotic
resistance genes derived from bacteria. A commonly used selectable
dominant marker gene contains the coding sequence for neomycin
phosphotransferase 1l. Expression of this gene confers resistance to
kanamycin. Many plant species are susceptible to this antibiotic.
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The following procedure is commonly used to introduce a disarmed
Ti plasmid containing the viral DNA of interest together with a kana-
mycin resistance gene into plant cells: The A. tumefaciens cells are
cocultivated with excised leaf disks. Cells near the cut edges are sus-
ceptible to infection. The disks are then grown on a selective medium
containing kanamycin as well as hormones to induce shoot formation.
Resistant shoots are then cultivated on a medium containing kana-
mycin, which allows root formation. The rooted transgenic plants are
transferred to growth chambers and grown to maturity.

6.2 DIRECT GENE TRANSFER TO PLANT CELLS

Direct transfer of DNA into plant protoplasts can be brought about by
incubation in a medium containing polyethylene glycol or by short elec-
tric pulses (electroporation). Alternatively the DNA is microinjected di-
rectly into the nucleus or cytoplasm of a cell. In a third procedure, the
DNA is coated onto the surface of 1-2 um diameter gold or tungsten
micro-projectiles that are then bombarded onto plant cells and some
cells are penetrated by the DNA. In all three of these procedures, plants
are then regenerated from the transformed cells.

7 THE POLYMERASE CHAIN REACTION

The polymerase chain reaction (PCR) is a major development in DNA
technology. A limitation of cloning techniques using restriction endo-
nucleases has been the difficulty in detecting DNA sequences occurring
as a very low proportion of the DNA sample, for example, single copy
genes, or nucleic acid associated with a low level of virus infection or
integration. The PCR overcomes this difficulty by allowing a DNA se-
quence of interest to be amplified several million times in vitro, so that
the target DNA can be visualized in a gel after electrophoresis.

To apply the technique, the nucleotide sequence of the DNA of in-
terest, or sequences near it must be known. The PCR is a mechanism
for amplifying the DNA between two oligonucleotide primers. Two pri-
mers are synthesized to be complementary to known sequences in the
target DNA on opposite strands, usually about 150—500 base pairs apart.
Design of the primers is a very important aspect of the process. The
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dsDNA is first heated to separate the strands in the presence of the
primers. When the temperature is reduced, the primers anneal. At a
selected temperature, a thermophilic DNA polymerase extends the
primers to copy the DNA. Successive cycles of denaturation and syn-
thesis achieve logarithmic amplification of the DNA. In principle, each
new cycle doubles the amounts of product DNA; however, the precise
conditions in the incubation medium can have a marked effect on yield
of product. A major technical problem is the possibility that nontarget
DNA may be amplified.
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When plant viruses are injected into various species of vertebrates, they
elicit the production of specific antibody proteins, which circulate in
the blood stream. The reaction of such specific antibodies with intact
viruses or dissociated viral components has been very important for
various aspects of plant virology, including assay and detection of vi-
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ruses, diagnosis of virus diseases, studies of virus structure, and the
classification of viruses.

1 THE BASIS FOR SEROLOGICAL TESTS

1.1 ANTIGENS

Antigens are usually fairly large molecules or particles consisting of, or
containing, proteins or polysaccharides that are foreign to the verte-
brate species into which they are introduced. Most have a molecular
weight greater than 10,000. There are two aspects to the activity of an
antigen. First, the antigen can stimulate the animal to produce antibody
proteins that will react specifically with the antigen. This aspect is
known as the immunogenicity of the antigen. Second, the antigen must
be able to combine with the specific antibody produced. This is gener-
ally referred to as the antigenicity of the molecule.

Large molecules are usually more effective immunogens than small
ones; thus, plant viruses, being macromolecules containing protein, are
often very effective in stimulating specific antibody production. The
subunits of a viral protein coat are much less efficient. About 15 or fewer
amino acids at the surface of a protein may be involved in an antigenic
site. There are difficulties, however, in defining such sites precisely.

1.2 ANTIBODIES

One response of a vertebrate animal to the presence of a foreign anti-
gen is the production of antibody proteins, an important type being im-
munoglobulin G (IgG). These circulate in the body and are capable of
binding specifically to the antigen. The structure of an IgG molecule is
shown schematically in Fig. 3.1. It consists of two light chains and two
heavy chains joined together by disulphide bridges. The two identical
antigen-binding sites are made from the variable regions of the light
and heavy chains.

These variable regions consist of a framework of relatively con-
served amino acid sequence interrupted by several regions of highly
variable sequence. These hypervariable regions interact to form the
two highly specific antigen-binding sites. These variable amino acid se-
quences arise in the first place through multiple combinational re-
arrangements of the DNA of the genes coding for the light and heavy
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Figure 3.1 (A) IgG antibody molecule. Arrows indicate specific sites where the molecule
is cleaved by the enzymes papain and pepsin to give the Fab, Fc, and (Fab'), fragments. L,
light chains; I, heavy chains. The four polypeptide molecules are joined by disulphide
bridges. The two antigen-combining sites are made up from the variable regions VH and
VL of the H and 1. chains. From van Regenmortel (1982). (B) Antibody-virus complexes.
Electron micrographs showing individual particles of the satellite virus of tobacco necrosis
virus linked together by virus-specific IgG antibody molecules. Courtesy of S. Hoglund.

chains within the cells of the B-lymphocyte lineage. These are the cells
that secrete antibodies in response to the presence of an antigen. There
are two general stages in the differentiation of B-cell lineages. The first
stage, which is independent of the presence of antigen, begins in the
fetus and is maintained continuously in the bone marrow of the adult.
Each new B cell, as it is generated, expresses on its surface the IgG
molecule of its particular structure and therefore antigen-binding po-
tential. All its progeny express the same IgG. The B cells then migrate
to other organs of the immune system such as spleen and lymph nodes,
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where they remain as resting cells in the absence of an appropriate
antigen. The second stage of B-cell differentiation occurs when cir-
culating antigen combines with the surface-receptor IgG molecule.
This stimulates the B cells to proliferate and differentiate into plasma
cells, which secrete into the blood stream large amounts of the IgG
molecule of exactly the same specificity as that present on the surface
of the progenitor B cell. During this proliferation, large numbers of
point mutations occur in the variable region DNA. These mutants are
under selection pressure from the antigen, and thus the fit between
antibody and antigenic site is refined.

An antigenic protein molecule will have several, and perhaps many
different structural sites, or antigenic determinants, on its surface that
can be recognized by the surface-receptor IgG molecule of some B-cell
lineage. Thus, for any given antigen, there may be many different B
lymphocytes with differing binding sites that will be stimulated by the
antigen. The resulting antiserum is polyclonal, because it contains
many different antibodies combining with the antigen, each arising
from a different clone of B lymphocytes.

Another important feature of IgG molecules of many species is the
ability of the Fc region (Fig. 3.1) to bind protein A with very high affinity.
Protein A is a molecule isolated from the cell wall of Staphylococcus au-
reus. This binding of protein A is used in several serological procedures.

B lymphocytes cannot be cultured in vitro. To overcome this prob-
lem, K6hler and Milstein (1975) took B lymphocytes from an immunized
mouse and fused these in vitro with an immortal mouse myeloma cell
line. Selection of appropriate single fused cells gave hybridomas pro-
ducing only a single kind of antibody—a monoclonal antibody (MAb)
derived from only a single B lymphocyte. The uses of monoclonal anti-
sera in plant virology are discussed in Section III.

It has been assumed for a long time that plants could not produce
antibodies. Although plants do not respond to immunogens in any way
that is similar to the response of vertebrates, mouse light chain and
heavy chain genes have been introduced into tobacco plants by trans-
formation, and the resulting transgenic tobacco plants have produced
the corresponding antibody in good yield.

1.3 PRODUCTION OF POLYCLONAL ANTISERA

Antisera have been produced against plant viruses in a variety of ani-
mals. Rabbits have been used most often, since they respond well to



2 METHODS FOR DETECTING ANTIBODY-VIRUS COMBINATION 41

plant virus antigens, are easy to handle, and produce useful volumes of
serum.

2 METHODS FOR DETECTING ANTIBODY-VIRUS COMBINATION

A wide variety of methods have been developed for demonstrating and
estimating combination between antibodies and antigens. Most tradi-
tional methods for using antisera with plant viruses involved direct ob-
servation of specific precipitates of virus and antibody, either in liquid
mediaorinagar gels. During about the past 10 years, most of these meth-
ods have been progressively superseded by the use of enzyme-linked
immunoabsorbent assay (ELISA), immunoabsorbent electron micros-
copy, and dot blots employing either polyclonal or monoclonal anti-
bodies. Immunodiffusion reactions in gels are still used for some pur-
poses, especially to discriminate rapidly between different virus strains.

2.1 IMMUNODIFFUSION REACTIONS IN GELS

Plant viruses are polyvaleni, i.e., each particle can combine with many
antibody protein molecules. The actual number that can combine de-
pends on the size of the virus antigen. Polyvalent antigen combines
with divalent antibody to form a lattice-structured precipitate. Such
precipitates can be observed in liquids or in gels.

The great advantages of gel diffusion tests, carried out on plates are
(1) mixtures of antigenic molecules and their corresponding antibodies
may be physically separated, either because of differing rates of diffu-
sion in the gel, or because of differing rates of migration in an electric
field (in immunoelectrophoresis), or by a combination of these factors;
and (2) direct comparisons can be made of two antigens by placing
them in neighboring wells on the same plate. It is usual to have the anti-
serum in a central well and the antigen solutions being tested in a se-
ries of wells surrounding the central well. Antigen and antibody diffuse
toward each other in the agar, and after a time a zone will form where
the two reagents are in suitable proportions to form a precipitating
complex. Both reactants become insoluble at this point, and more anti-
gen and antibody diffuse in to build up a visible line of precipitation,
which traps related antigen and antibody.
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2.2 ENZYME-LINKED IMMUNOSORBENT ASSAY (ELISA)

The microplate method of ELISA can be very effectively applied to the
detection and assay of plant viruses. The method has come to be more
and more widely used. Many variations of the basic procedure have
been described, with the objective of optimizing the tests for particular
purposes. The method is very economical in the use of reactants, and
readily adapted to quantitative measurement. ELISA can be applied to
viruses of various morphological types, both in purified preparations
and crude extracts. The procedure is particularly convenient when
large number of tests are needed, and it is very sensitive, detecting con-
centrations as low as 1 to 10 ng/ml.

Two general kinds of procedures have been developed: direct and
indirect double-antibody sandwich methods. The steps in the direct
procedure are summarized in Fig. 3.2. Figure 3.3 gives an example of
the kinds of data obtained in an ELISA test. The direct procedure has
been widely used, but suffers two limitations: (1) it may be very strain
specific. For discrimination between virus strains, this can be a useful
feature. For routine diagnostic tests, however, it means that different
viral serotypes may escape detection. This high specificity is almost
certainly owing to the fact that the coupling of the enzyme to the anti-
body interferes with weaker combining reactions with strains that are
not closely related; (2) it requires a different antivirus enzyme—antibody
complex to be prepared for each virus to be tested.

In the indirect procedure, the enzyme used in the final detection
and assay step is conjugated to an antiglobulin antibody. For example,

Figure 3.2 Principle of the ELISA technique for plant viruses. (1) The gamma globulin
fraction of an antiserum is allowed to coat the surface of wells in a polystyrene microtiter
plate. The plates are then washed. (2) The test sample containing virus is added and com-
bination with the fixed antibody is allowed to occur. (3) After washing again, enzyme-
labeled specific antibody is allowed to combine with any virus attached to the fixed anti-
body. (Alkaline phosphatase is linked to the antibody with gluteraldehyde.) (4) The plate
is again washed and enzyme substrate, added. The colorless substrate, p-nitrophenyl
phosphate (O) gives rise to a yellow product (@), which can be observed visually or mea-
sured spectrophotometrically at 405 nm. Modified from Clark and Adams (1977), with
permission from Cambridge University Press.
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Figure 3.3 Example of data obtained in an ELISA test. Detection of lettuce necrotic
yellow rhabdovirus (LNYV) in Nicotiana glutinosa plants, systemically infected for
various periods. Uninoculated plants ®—e; and plants infected for 7 days (no systemic
symptoms) A—aA; 15 days (prominent systemic symptoms) B—m; 19 days (prominent sys-
temic symptoms) 0—o; and 30 days (severe chlorosis and stunting) A—A. From Chu and
Francki (1982).
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if the virus antibodies were raised in a rabbit, a chicken antirabbit
globulin might be used for conjugation to the enzyme; thus, one conju-
gated globulin preparation can be used to assay bound rabbit antibody
for a range of viruses. Furthermore, indirect methods detect a broader
range of related viruses with a single antiserum. Many variations of
these procedures are possible.

2.3 DOT-BLOT IMMUNOBINDING ASSAYS

An important variation of the ELISA technique is known as dot-blot im-
munobinding. In these tests a nitrocellulose membrane or even plain
paper is used as the solid substrate for ELISA tests. In one procedure,
the virus in a plant extract is dot-blotted onto the membrane as the first
step. For the final color development, a substrate is added, which the
IgG-linked enzyme converts to an insoluble colored material. Intensity
of the colored spot can be assessed by eye or by using a reflectance den-
sitometer. An example of a dot-blot assay is shown in Fig. 3.4. The main
advantages of the procedures are (1) speed, (2) low cost, and (3) small
amounts of reagent that are needed. They are particularly useful for
laboratories where an inexpensive and simple test is needed.

Figure 3.4 The sensitivity of a dot immunobinding assay. V, purified strawberry pseudo
mild yellow edge Carlavirus; 1, crude sap from infected leaves; and Il, crude sap from
healthy leaves. The conjugated enzyme was alkaline phosphatase, and the substrate for
color development was Fast Red TR salt. From Yoshikawa et al. (1986).



2 METIODS FOR DETECTING ANTIBODY-VIRUS COMBINATION

45

2.4 ELECTROPHORESIS FOLLOWED
BY ELECTROBLOT IMMUNOASSAY

The protein-fractionating power of electrophoresis in gels can be used
together with the sensitivity and specificity of solid-phase immunoassay
to identify and assay viral proteins. The main stages in the technique,
which is often called Western blotting, are as follows: (1) fractiona-
tion of the proteins in infected plant sap by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE); (2) electrophoretic
transfer of the protein bands from the gel to activated paper (usually
nitrocellulose); (3) blocking of remaining free binding sites on the
paper with protein, usually serum albumin; and (5) detection of the
antibody—antigen complex using an ELISA procedure or by some other
detection system. A great advantage of this technique is that it identifies
the virus by two independent properties of its coat protein—molecular
weight and serological specificity.

2.5 SEROLOGICALLY SPECIFIC
ELECTRON MICROSCOPY (SSEM)

This kind of procedure provides a diagnosis based on two poperties of
the virus—serological reactivity with the antiserum used and particle
morphology. The support film of an electron microscope (EM) speci-
men grid is coated with specific antibody for the virus being studied.
Grids are then floated on a solution of the virus. Many virus particles
that react with the antiserum will be trapped on the grid. The particles
can then be observed in the electron microscope, after metal shadow-
ing or negative staining.

In a modification of the general procedure known as the decoration
technique, virus particles, after being adsorbed onto the EM grid, are
coated with virus-specific antibody. This produces around the virus
particles a halo of IgG molecules that can be readily visualized in nega-
tively stained preparations. This procedure probably offers the most
convincing demonstration by electron microscopy of specific combina-
tions between virus and IgG. For a critical test, a second serologically
unrelated virus of similar morphology should be added to the prepara-
tion (Fig. 3.5).

The main advantages of the methods are (1) the result is usually
clear, in the form of virus particles of a particular morphology, and thus
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Figure 3.5 Serologically specific electron microscopy (SSEM). (A) A natural mixture
of two potyviruses from a perennial cucurbit, Bryonia cretica. The antiserum used has
decorated particles of only one of the viruses in the mixture. One particle near the center
(arrow) is longer than normal and decorated for only part of its length. This particle
probably arose by end-to-end aggregation between a particle of each of the two viruses.
(B) Mixture of purified tobacco necrosis Necrovirus (TNV) and tomato bushy stunt Tom-
busvirus (TBSV) adsorbed to the grid, and then treated with saturating levels of antibodies
to TBSV. TBSV particles are decorated. TNV particles remain clean, with sharp outlines.
Antibody molecules appear in the background. From Milne (1991).
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false-positive results are rare; (2) sensitivity may be of the same order
as that of ELISA procedures and may be 1000 times more sensitive for
the detection of some viruses than conventional electron microscopy;
(3) when the support film is coated with antibody, much less host back-
ground material is bound to the grid; (4) antisera can be used without
fractionation or conjugation, low-titer sera can be satisfactory, and only
small volumes are required; (5) very small volumes (= 1 ul) of virus
extract may be sufficient; (6) antibodies against host components are
not a problem inasmuch as they do not bind to virus; (7) one antiserum
may detect a range of serological variants. On the other hand, the use of
monoclonal antibodies may greatly increase the specificity of the test;
(8) results may be obtained within 30 min; (9) when decoration is used,
unrelated, undecorated virus particles on the grid are readily detected;
and (10) prepared grids may be sent to a distant laboratory for applica-
tion of virus extracts and returned to a base laboratory for further steps
and EM examination.

Some disadvantages of the procedure are as follows: (1) it will not
detect virus structures too small to be resolved in the EM (e.g., coat pro-
tein monomers); (2) sometimes the method works inconsistently or not
at all for reasons that are not well understood; (3) it involves the use of
expensive EM equipment, requires skilled technical work, and is labor
intensive. For this reason it cannot compete with ELISA for large-scale,
routine testing; and (4) when quantitative results are required, particle
counting is laborious, variability of particle numbers per grid square
may be high, and control grids are required.

In summary, SSEM cannot replace ELISA tests where large num-
bers of samples have to be tested. Its main uses are (1) in the identifica-
tion of an unknown virus; (2) in situations where only a few diagnostic
tests are needed; and (3) when ELISA tests are equivocal and need di-
rect confirmation.

3 MONOCLONAL ANTIBODIES

During the 1980s there was an explosive growth of interest in the use
of monoclonal antibodies (MAbs) for many aspects of plant virus re-
search, and particularly for detection and diagnosis.
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3.1 THE NATURE OF ANTIBODY SPECIFICITY
IN RELATION TO MAbs

The binding site of an MAb, or any individual antibody in a polyclonal
serum, is able to bind to many different antigenic determinants with
varying degrees of affinity. That is, an individual binding site on an anti-
body is polyfunctional. Furthermore, antibodies against a single anti-
genic determinant (or epitope) may vary in their affinity from those that
are scarcely measurable with standard techniques to those that are bind-
ing with an affinity that is 100,000-fold higher. Thus it is quite possible
for an antibody to bind more strongly to an antigenic determinant dif-
fering from the one that stimulated its production. Such a phenomenon
may well be obscured by the many different antibodies in a polyclonal
antiserum, but with MAbs it will show up clearly. For example, some
MAbs produced following immunization of a mouse with one strain of a
virus may react more strongly with strains of the virus other than with
the one used for immunization. This has important implications for the
use of MADbs in the delineation of virus strains (Chapter 12).

Another aspect of the specificity of MAbs must be borne in mind.
A particular protein antigen may have only one site for binding a
particular MAb. If this single site is shared with another protein, a
significant cross-reaction could occur even in the absence of general
structural similarity between the two proteins. This is probably a very
uncommon phenomenon. Nevertheless, cross-reactions detected with
MAbs cannot be taken to indicate significant structural or functional
similarity between two proteins without other supporting evidence.

3.2 THE PRODUCTION OF MAbs

An outline for the production of MAbs using mice is shown in Fig. 3.6.

3.3 TESTS USING MAbs

For detection and diagnosis, MAbs have been most commonly used in
conjunction with ELISA tests. Again, exact conditions with respect to
pH, etc., may be vitally important. For many applications it may be best
to use the same ELISA protocol that was used to screen for MAbs during
the isolation procedure, because quite different MAbs may be selected,
depending on the ELISA procedure used. The reactivity of an MAb with
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Figure 3.6 Steps in the production of monoclonal antibodies.

Note: The ability of fused cells to survive in hypoxanthine, aminopterin, thymidine
(HAT) medium derives from the spleen cells, whereas the ability to multiply in culture
derives from the myeloma cells. The kind of screening test used in step Il to detect anti-
body is of critical importance. Most workers use some form of ELISA.
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a given antigen may differ greatly depending on the kind of ELISA pro-
cedure used.

3.4 ADVANTAGES OF MAbs

1. Requirements for immunization Mice and rats can be immu-
nized with small amounts of antigen (= 100 ug or less). If the virus
preparation used is contaminated with host material or other viruses,
it is still possible to select for MAbs that react only with the virus of
interest.

2. Standardization MAbs provide a uniform reagent that can be
distributed to different laboratories, eliminating much of the confusion
that has arisen in the past from the use of variable polyclonal antisera.
Furthermore, MAbs can be obtained in almost unlimited quantities in
suitable circumstances.

3. Specificity MAbs combine with only one antigenic site on the
antigen. Thus, they may have very high specificity, and can therefore
provide a refined tool for distinguishing between virus strains (Chapter
12). MAbs can also be used to investigate aspects of virus architecture
(Chapter 5) and transmission by vectors (Chapter 13).

4. High affinity The screening procedure for detecting MAbs per-
mits selection of antibodies with very high affinity for the antigen.
High-affinity antibodies may be used at very high dilutions, minimizing
problems of background in the assays. They can also be used for virus
purification by affinity chromatography.

5. Storage of cells Hybridomas can be stored in liquid nitrogen to
provide a source of MAb-producing cells over a long period.

3.5 DISADVANTAGES OF MAbs

1. Preparation Polyclonal antisera are relatively easy to prepare.
The isolation of new MAbs is labor intensive, time consuming, and rela-
tively expensive. For any particular project, these realities must be
weighed against the substantial advantages previously discussed.

2. Specificity MAbs may be too specific for some applications,
especially in diagnosis; however, they may be mixed to give broader
reactivity.

3. Sensitivity to conformational changes Because of their high
specificity, MAbs may be very sensitive to conformational changes in
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the antigen, brought about by binding to the solid phase or by other
conditions in the assay. Thus, while MAbs provide an excellent tool for
many aspects of plant-virus research, it is unlikely that they will replace
the use of polyclonal antisera in all applications.

4 SEROLOGICAL METHODS IN THE STUDY OF VIRUS STRUCTURE

The reaction of specific antibodies with intact viruses or dissociated
viral coat proteins has been used to obtain information relevant to virus
structure. Monoclonal antibodies are proving to be particularly useful
for this kind of investigation, although there are significant limitations.

Some workers distinguish two types of antigenic determinant in
proteins. A continuous determinant is a continuous sequence of amino
acids that is exposed at the surface of a protein, and that possesses a
distinctive conformation. A discontinuous determinant is made up of
amino residues that are close together on the protein surface, but are
located at distant positions in the primary structure.

Three methods have been used to localize antigenic determinants:
(1) peptides obtained from the protein by chemical or enzymatic cleav-
age are screened for their reactivity with antibodies; (2) short synthetic
peptides representing known amino acid sequences in the protein can
be similarly screened; and (3) immunological cross-reactivity is as-
sayed between closely related proteins having one or a few amino acid
substitutions at known sites.

There are substantial limitations for all these procedures. Peptides
derived by cleavage or synthesis may not maintain the conformation in
solution that the sequence possessed in the intact molecule. Further-
more, such peptides will only rarely represent all the amino acids in the
original antigenic determinant. For these reasons, reactivity of peptides
with antibodies to the intact protein is usually very low.

Structural interpretation of the results of cross-reactions between
closely related proteins can be confused by the fact that the conforma-
tion of any antigenic determinant may be changed by an amino acid
substitution occurring elsewhere in the protein. Furthermore, the abil-
ity of different MAbs to detect residue exchanges may be extremely
variable. Nevertheless, serological techniques have produced some
structural information, especially with viruses, for which the detailed
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protein structure has not been determined by X-ray crystallography.
The location of the N-terminal and C-terminal regions of the coat pro-
teins of several viruses at the surface of the virus was indicated by
serological studies. Nevertheless, caution must be used in interpreting
the results of ELISA tests in structural terms when the whole virus is
the antigen.
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The ability to assay viruses is essential for many kinds of virological
study. In particular, it would be very difficult or impossible to isolate a
new virus of unknown properties unless we had some means of assay-
ing for the virus. Assay methods are of four kinds depending on the

properties of the virus being used.
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1 ASSAY

1.1 METHODS USING INFECTIVITY

For many purposes, the infectivity of a virus preparation for a host plant
is the most important property to use as an assay. On the other hand,
infectivity assays, even under the best of conditions, are usually less
precise than methods based on other properties of the virus, and they
are more time consuming. Most infectivity assays involve mechanical
inoculation to leaves, a process described in Chapter 10. A few involve
the use of insect vectors.

1.1.1 Local-Lesion Assays

When leaves are rubbed with an infectious preparation of the virus, a
process known as mechanical inoculation, some host plants will, in a
few days’ time, develop recognizable local lesions around points where
successful virus infection has occurred. Wherever possible, such local-
lesion hosts are used to assay the infectivity in samples containing a
plant virus. Local lesions suitable for such assays are illustrated in
Chapter 11 (Fig. 11.1). In setting up local-lesion assays, several impor-
tant features must be considered.

Variation between Leaves

Many environmental and intrinsic factors affect the number of local
lesions that will be produced on a set of leaves. There is much less
variation between opposite halves of the same leaf than between differ-
ent leaves. For this reason, two samples to be compared are inoculated
to opposite half-leaves. To obtain reasonable accuracy in the assay,
batches of leaves are inoculated with pairs of samples. For most experi-
ments, 5—20 half-leaf comparisons would be sufficient. When several
samples have to be compared, a standard virus dilution can be inocu-
lated to half of every leaf, and different test samples, to sets of the op-
posite half-leaves.

Relation between Dilution of Inoculum and Lesion Number

When serial dilutions are made of a single concentrated prepara-
tion of virus, and inoculated to sets of leaves, the numbers of local le-
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sions produced will fall with increasing dilution. A curve relating these
two factors can be drawn (Fig. 4.1). The relationship, however, is not
a simple one. For most host—virus combinations, the curve can be di-
vided into three parts if a sufficient range of dilutions has been assayed:
(1) a section at high concentrations where a change in concentration is
accompanied by very little change in local-lesion number; (2) a section
in the middle of the curve where a change in concentration is accom-
panied by a more or less proportional change in local-lesion number;
and (3) a section at low virus concentrations where change in con-
centration has little effect on number of local lesions. Thus valid com-
parisons of infectivity can be made only in the region where lesion
number is responding more or less proportionally to dilution.
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Figure 4.1 Effect of dilution of inoculum on number of local lesions produced by TBSV
in N. glutinosa. Data from Kleczkowski (1950).
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Variability in the Slope of the Dilution Curve

The slope of the dilution curve in its middle region is variable,
being affected by many factors. Furthermore, the exact slope is unpre-
dictable from experiment to experiment. This means that two samples
should be compared at several dilutions (usually two-, five-, or tenfold).

Statistical Analysis of Results

For certain experiments, it may be desirable to apply a statistical
analysis to comparisons of local-lesion numbers. However, neither the
lesion numbers nor the logarithms of these numbers are normally dis-
tributed. The following transformation is satisfactory as a preliminary
step in the analysis when mean local-lesion number is greater than
about 10: Y = log,, (X + C), where X = number of local lesions, and C =
a constant. Any value of C between about 5 and 20 is usually satisfactory.

Practical Consequences

The simplest way to minimize the problems noted above is as fol-
lows. The useful range where lesion number is most responsive to dilu-
tion should be determined in a preliminary experiment. The useful
range often lies between 10 and 100 lesions per half-leaf for leaves with
a size like those of Nicotiana gluiinosa. The dilutions to be assayed are
then arranged so that samples to be compared give nearly equal num-
bers of local lesions somewhere in the useful range.

It is important that the size and complexity of an assay should be
appropriate to the needs of the experiment. It is a waste of labor to set
up a very elaborate assay design when a very approximate estimate of
relative infectivities will give the required answer. A more common
failing is to draw conclusions from inadequately designed and analyzed
experiments.

1.1.2 Assay in Insect-Vector Cell Monolayers

A few plant viruses that replicate in their insect vectors (Chapter 13)
can be assayed by their infectivity on monolayers of insect-vector cells.
The monolayers are usually grown on microscope coverslips, and the
foci of infection located by light microscopy, using a fluorescent anti-
body technique. A focus is the equivalent of a local lesion on a plant
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leaf. The technique is sensitive, and the relationship between numbers
of foci and dilution is linear over a wide range.

1.1.3 Quantal Assays Based on Number of Individuals Infected

When a virus has no known local lesion host or when it can be trans-
mitted only by insect vectors, quantal assays may have to be used. This
involves inoculating groups of plants with various dilutions of the virus
preparation and observing the proportion of plants in each group that
become systemically infected. With insect transmission, insects might
feed on solutions of the virus through a membrane or be injected with
such solutions. These kinds of procedures take longer, are usually less
precise, and use many more plants than local-lesion assays.

1.2 METHODS DEPENDING ON PHYSICAL
PROPERTIES OF THE VIRUS PARTICLE

Because of their nucleic acid content, viruses absorb quite strongly in
ultraviolet (UV) light near 260 nm. UV absorption provides a useful as-
say for purified or semipurified virus preparations, provided that other
criteria have eliminated the possibility of significant contamination
with nonviral nucleic acids or proteins.

Density-gradient centrifugation can provide a sensitive assay for
many viruses, even in crude plant tissue extracts. A centrifuge tube is
partially filled with a solution having decreasing density from bottom to
top of the tube. Sucrose solutions are often used to form the gradient.
The liquid containing the virus is layered on top of the gradient. Follow-
ing centrifugation under appropriate conditions, the contents are re-
moved from the tube, usually by upward displacement with a more
dense solution. The absorbance at 260 nm of the liquid column leaving
the tube can be measured and recorded (Fig. 4.2).

TMV

Figure 4.2 Density gradient centrifugation for the assay of viruses
in crude extracts. An extract of 30 mg of epidermis (A) or the under-
lying tissue (B) from a tobacco leaf infected with TMV was sedi-
mented in a 10-40% sucrose gradient at 35,000 rpm for 2 hr. Ab-
sorbancy at 254 nm through the gradient was measured with an
automatic scanning device. Note absence of detectable 68 S ribo-
somes in the epidermal extracts. P. H. Atkinson and R. E. F. Matthews,
unpublished.
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1.3 METHODS DEPENDING ON PROPERTIES
OF VIRAL PROTEINS

1.3.1 Serological Procedures

Serological tests provide a rapid and convenient method for the estima-
tion of plant viruses. The main advantages are (1) the specificity of the
reaction allows virus to be measured in the presence of host materials
or other impurities, although these may sometimes interfere with the
assay; (2) results can be obtained in a few minutes or hours compared
with days for infectivity assays; (3) the methods give an answer that is
directly proportional to virus concentration over a wide range of con-
centrations; (4) serological tests are particularly useful with viruses
that have no good local-lesion hosts or that are not sap transmissible;
and (5) antisera can be stored and comparable tests made over a period
of years.

Most serological procedures summarized in Chapter 3 can be
adapted for the assay of plant viruses. ELISA tests providing the kind of
data illustrated in Fig. 3.3 are currently one of the most popular forms
of serological assay. The dot immunobinding assay (Fig. 3.4) provides a
rapid, sensitive, and convenient assay that is less precise than ELISA.

1.3.2 Electrophoretic Procedures

During electrophoresis in a suitable substrate, such as a polyacrylamide
gel, proteins migrate according to their size and net charge at the pH
used. The position and relative amounts of protein can then be visu-
alized and assayed approximately, either by a nonspecific procedure
such as staining with Coomassie brilliant blue, or with a specific proce-
dure such as electroblot immunoassay as described in Chapter 3, Sec-
tion 2.4.

1.4 METHODS DEPENDING ON PROPERTIES
OF THE VIRAL NUCLEIC ACID

Hybridization of a labeled nucleic acid probe (prepared as outlined in
Chapter 2, Section 2.2.6) to the virus nucleic acid provides a specific
and convenient method of assay. It can be used on crude extracts from
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insects or plants. The main steps are as follows: (1) small amounts of
extract are prepared; (2) the viral nucleic acid is denatured by heating
if it is double stranded (ds); (3) a series of dilutions of the extracts to
be compared may be made; (4) spots of the extracts and dilutions are
applied to a nitrocellulose sheet or a nylon-based membrane; (5) the
nitrocellulose is baked to bind the nucleic acid firmly to it; (6) non-
specific binding sites on the membrane are blocked by incubation in
a solution containing a protein, usually serum albumin together with
small fragments of an unrelated RNA or DNA; (7) hybridization of a la-
beled probe nucleic acid to the test nucleic acid bound to the substrate;
(8) washing off unhybridized probe; and (9) estimation of the amount of
probe bound by a method appropriate to the kind of label in the probe.
Electrophoretic procedures can be used to separate RNAs and DNAs on
the basis of their molecular weights (MWs). Staining then allows the
separated components to be identified.

1.5 SUMMARY

The choice of assay method will depend on the kind of experiment
being carried out, the kind of property to be measured, and the sen-
sitivity and accuracy required. Infectivity using local-lesion assays and
serological tests, particularly some form of enzyme-linked immuno-
sorbent assay (ELISA), will be appropriate in many circumstances. The
facts that different kinds of assay may vary widely in sensitivity, and that
different detailed protocols for the same kind of test may markedly
affect sensitivity must always be taken into account when interpreting
results.

2 PURIFICATION

To study the structure and other basic properties of a virus, it is essen-
tial to be able to obtain purified preparations that retain infectivity. Dif-
ferent plant viruses vary over a 10,000-fold range in the amount of virus
that can be extracted from infected tissue (from about 0.4 to 4000 g/
gm fresh wt). They also vary widely in their stability with various physi-
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cal and chemical agents and enzymes that may be encountered dur-
ing isolation and storage. For these reasons there are no generally
applicable rules for devising an isolation procedure. A procedure that
works well for one virus may not be effective for an apparently simi-
lar virus. In this section we shall survey briefly the kinds of factors
influencing virus isolation, and the main procedures that are used
in various combinations. Wherever possible, a local-lesion assay host
should be available to test the suitability of the infected tissue to be
used as starting material, and then to monitor progress of the isolating
procedure.

2.1 STARTING MATERIAL

The choice of host plant for propagating a virus is often of crucial im-
portance for its successful isolation.

2.1.1 Interfering Substances

A very important property of the host species is that it should not con-
tain high concentrations of substances that inactivate or irreversibly
precipitate the virus. These substances include phenolic materials (as
in many members of the Rosaceae), organic acids, mucilages and gums,
and enzymes such as nucleases. A relatively small group of host plants
have been used successfully to isolate a wide range of viruses. These
include members of the Cucurbitaceae, the Nicotiana genus, Petunia
hybrida (Vilm), cowpea (Vigna sinensis (Endl), Chenopodium amaran-
ticolor (Coste and Reyn) and C. quinoa (Willd).

2.1.2 Starting Concentration

The other important factor is to maximize the concentration of virus in
the starting material by (1) choice of host species; (2) time of harvesting
after inoculation; (3) conditions of growth; and (4) choice of tissue. This
is usually leaf, but it may be useful to discard large midribs, which often
contain very low virus concentrations. With a few viruses that occur in
special locations such as in tumors, dissection of starting material may
be essential.
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2.2 EXTRACTION MEDIUM

It is often necessary to design an extraction medium that will (1) pre-
serve the virus particles in an infectious, intact, and unaggregated state
during the various stages of isolation and storage; (2) disrupt or adsorb
host organelles and proteins; and (3) release virus from particulate
matter. Important factors in such a medium may be

1. pH and choice of buffer system Many viruses are stable only
over a fairly narrow pH range;

2. Divalent metal ions Some viruses require the presence of di-
valent ions such as Ca?*, whereas others are aggregated by them;

3. Reducing agents, such as sodium sulphite may protect some vi-
ruses against oxidation;

4. Protection against phenolic compounds has been achieved by the
addition of a variety of substances such as various soluble proteins to
the extraction medium;

5. Removal of plant proteins and ribosomes For some stable vi-
ruses, removal of host components can be achieved by heating the ini-
tial extract to 65°C or by extracting tissue in a low-pH buffer such as
0.1M sodium acetate, pH 5.0. For others, emulsification with an organic
solvent such as chloroform can be very effective. Ethylenediaminet-
etracetic acid (EDTA) can dissociate ribosomes that otherwise might
copurify with the virus;

6. Release of virus from host components Enzymes such as pec-
tinase and cellulase may release virus bound in fibrous material. De-
tergents such as Triton X100 may also assist in the release of virus par-
ticles from insoluble cell components.

2.3 EXTRACTION PROCEDURE

The method used to crush the starting tissue and to ensure rapid con-
tact of cell contents with the extraction medium will usually depend on
the scale of the preparation: (1) for small-scale preparations, a pestle
and mortar with some added sand may be useful; (2) on an intermedi-
ate scale, various types of domestic food blenders or extractors may be
suitable; (3) where many kilograms of tissue are involved, commercial
meat mincers or colloid mills may be needed. The liquid from the
crushed tissue is usually expressed through muslin to remove most of
the fiber.
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2.4 ISOLATION OF THE VIRUS
2.4.1 Clarification of the Extract

The crude extract is usually subjected to low-speed centrifugation to
remove host components that may have been coagulated or precipi-
tated by one of the procedures noted previously.

2.4.2 Subsequent Purification

The steps in isolation of the virus from the clarified extract will be de-
signed to concentrate the virus and to remove low-molecular-weight
and any larger host components. The choice of procedures will depend
primarily on (1) the inherent stability of the virus; (2) its initial con-
centration; and (3) the degree of purity required. The following are the
most commonly employed procedures, which may be used in various
combinations.

High-Speed Sedimentation

Provided the virus is not denatured or irreversibly aggregated by
the process, sedimentation in a high-speed centrifuge is a very useful
step. It both concentrates the virus and removes the host materials that
are left behind in the supernatant fluid.

Precipitation with Polyethylene Glycol (PEG)

Viruses can be preferentially precipitated in a single-phase PEG
system. Precipitation with PEG, usually at a final concentration of 2 to
8%, has become one of the commonest procedures used in the isolation
of plant viruses. The method is widely applicable, even to rather fragile
viruses. Its application to the isolation of any particular virus is empiri-
cal. Exact conditions for precipitation will depend on pH, ionic strength,
and concentration of macromolecules.

Density-Gradient Centrifugation

This process features in the isolation procedure for many viruses.
Gradients are usually made with sucrose solutions, with a wide choice
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of tube sizes available. The process can be used both to concentrate the
virus and to remove host constituents without the pelleting and poten-
tial damage involved in high-speed sedimentation. A gradient made
with cesium chloride may be useful as a late step in purification.

Salt Precipitation or Crystallization

This is a valuable step for viruses that are stable in strong salt solu-
tions. Ammonium sulphate at a concentration of one third of saturation
is most commonly used (Fig. 4.3), although many other salts will pre-
cipitate viruses or allow them to form crystals. After standing for some
hours or days, the crystals are sedimented at low speed, redissolved in a
small volume, and dialyzed to remove remaining salt.

2.5 STORAGE OF PURIFIED VIRUSES

Unless appropriate conditions are provided, many viruses are inacti-
vated and denature quite rapidly on storage at 4° C. Many viruses can be
stored effectively in a solution of 50% glycerol as a liquid at —20° C. Al-
ternatively, with appropriate additions of protective substances such as
ethylene glycol, a protein, sugar, or polysaccharide, it may be possible
to store a virus for quite long periods in a frozen solution or as a freeze-
dried powder.

Figure 4.3 Crystals of TYMV formed in ammonium sulfate solutions. Bar = 25 um.
Courtesy of T. Hatta.
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2.6 IDENTIFICATION OF THE INFECTIOUS VIRUS PARTICLE

With a newly discovered virus, the main objective of purification is to
identify the virus particle causing the disease, and to characterize it at
least in a preliminary way. The most suitable way positively to identify
the infectious particle (or combination of particles in a multiparticle
virus) is to subject a sample of the preparation to sucrose density-
gradient fractionation. Fractions from the gradient can be assayed for
infectivity singly, and in various combinations if a multiparticle virus is
involved. UV-absorption spectra can be obtained on the fractions. This
procedure is illustrated in Fig. 4.4. Samples can also be examined for
characteristic particles by electron microscopy.

For the reasons noted earlier, viruses are frequently propagated for
isolation purposes in hosts other than the one in which they originally
occurred. The virus finally isolated should be checked for the follow-
ing: (1) that it reproduces the disease in the original host, since a mix-
ture of virus strains may have been present, and an atypical strain iso-
lated, or the disease may have been caused by two viruses, only one of
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Figure 4.4 Use of sucrose density-gradient fractionation to identify the infectious vi-
rus particle in a partially purified virus preparation. Infectivity, number of local lesions/
half-leaf. This preparation contained a slowly sedimenting, UV-absorbing, noninfectious
component.
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which was isolated; (2) that the virus of interest has not become contami-
nated with an extraneous virus, since contamination of greenhouse-
grown plants with unwanted viruses is not uncommon. They are usu-
ally rather stable ones such as tobacco mosaic virus (TMV), potato virus
X (PVX), and tobacco necrosis virus (TNV).

2.7 THE PURITY OF ISOLATED VIRUS PREPARATIONS

In a chemical sense, there is no such thing as a pure virus preparation,
even though the virus may be present in a beautifully crystalline form.
There are many reasons for this, for example: (1) many virus prepara-
tions contain particles that have an incomplete complement of nucleic
acid; (2) almost all virus isolates consist of mixtures of closely related
strains; and (3) the inorganic and small organic cations found associ-
ated with the virus will vary with the medium and method of extraction.

Thus purity and homogeneity are operational terms defined by the
virus and the methods used. A virus preparation is pure for a particular
purpose if the impurities or variations in the particles present do not
affect the particular properties being studied, or can be taken account
of in the experiment.
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A knowledge of the detailed structure of viruses is essential for under-
standing many other aspects of plant virology, for example, how viruses
infect and begin replication in cells, how they survive outside cells, and
how different viruses are related to one another. The methods used to

elucidate virus structures were outlined in Chapter 2.

The term capsid has been used for the closed shell or tube of pro-
tein in a virus, and the term capsomere, for clusters of subunits as seen
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in electron micrographs. The mature virus has been termed the virion.
In viruses with an outer membrane, the inner nucleoprotein core has
been called the nucleocapsid. These names seem to be unnecessary
and at times confusing. For example, what is the capsid or the virion in
a virus whose genome is divided between several particles? Which is
the capsomere in a virus in which different parts of the same protein
subunit are clustered in different ways? The term encapsidation, how-
ever, is now widely used to refer to the process whereby a viral genome
becomes encased in a coat of protein. This term serves a useful pur-
pose. I shall use the term protein subunit or structural subunit to refer
to the covalently linked polypeptide chain in a viral protein shell. The
term morphological subunit will refer to the clusters of subunits re-
vealed by electron microscopy or X-ray crystallography.

1 PHYSICAL PRINCIPLES IN THE
ARCHITECTURE OF SMALL VIRUSES

1.1 REGULAR ARRAYS OF PROTEIN SUBUNITS
IN ROD-SHAPED AND ISOMETRIC VIRUSES

Crick and Watson (1956) put forward a hypothesis concerning the
structure of small viruses that has since been generally confirmed.
Using the knowledge then available for turnip yellow mosaic virus
(TYMV) and TMV, namely, that the viral RNA is enclosed in a coat of pro-
tein and (for TMV only, at that stage) that the naked RNA is infectious,
they assumed that the basic structural requirement for a small virus is
the provision of a shell of protein to protect its ribonucleic acid. They
considered that the relatively large protein coat might be made most
efficiently if the virus directed synthesis of a large number of identical
small protein molecules, rather than one or a few very large ones. Crick
and Watson pointed out that, if the same bonding arrangement is to be
used repeatedly in the particle, the small protein molecules would then
aggregate around the RNA in a regular manner. On this basis, there are
only a limited number of ways in which the subunits can be arranged.
All the viruses with coat protein subunits packed in regular arrays are
either rods or isometric particles.

There is no theoretical restriction on the number of protein sub-
units that can pack into a helical array in rod-shaped viruses. From
crystallographic considerations, Crick and Watson concluded that the
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protein shell of a small isometric virus could be constructed from iden-
tical protein subunits arranged with cubic symmetry, for which case,
the number of subunits would be a multiple of 12. In such isometric vi-
ruses, the protein shell provides an internal space that contains the
viral nucleic acid. In viruses with helical symmetry (rods), the nucleic
acid is embedded in the helical array of subunits. Figure 5.1 illustrates
the fact that most plant viruses have rod-shaped or small isometric par-
ticles. A few are larger, with lipoprotein envelopes.

1.2 HELICAL SYMMETRIES IN ROD-SHAPED VIRUSES

There are two kinds of rod-shaped plant viruses, those with rigid rods,
such as those of the Tobamovirus group and those with flexuous rods,
such as members of the Closterovirus and Potexvirus groups. Figure 5.2
illustrates an example of each of these types. Figure 5.3 illustrates, in
outline, the structure of TMV, which is the most studied rod-shaped
virus. The structure of TMV is discussed in more detail later in Section
2.1.1. All the rod-shaped viruses have a helical structure of the same
general sort as that of TMV; that is, a helical array of protein subunits in
which the single-strand RNA (ssRNA) is embedded, in the helix formed
by the protein subunits. Thus the RNA is protected from the environ-
ment by the protein helix both on the outside of the particle and on the
inner surface of the axial hole. The diameter of the rod and the parame-
ters of the helix vary with different viruses and depend on the proper-
ties of the coat protein subunit.

It is not known for certain, on a molecular basis, why some helical
rods are rigid and others are flexuous, or why some flexuous rods are
more flexible than others. However, flexibility probably depends on the
extent of bonding interactions between protein subunits in successive
layers of the helix (that is, in an axial direction). In rods such as TMYV,
there are strong interactions for some distance in a radial direction
(Fig. 5.8); these impart stiffness to the rod. In flexuous rods, there is
probably a gradient in the strength of subunit interactions, with the
highest density of interactions occurring at a low radius. At higher ra-
dius there is probably an increasingly spongy quaternary structure with
sparse axial subunit contacts and water-filled cavities, allowing for
overall flexibility.

Most of the polypeptide chain making up the TMV protein subunit is
in the form of four a-helices, which lie more or less radially as the sub-
units are stacked in the rod. It is probable that the polypeptides in other
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Figure 52 Electron micrographs of negatively stained rod-shaped plant viruses. (A) A
rigid rod, tobacco mosaic Tobamovirus. The axial hole filled with stain can be seen
clearly. A few protein disks showing the central hole are also present. Bar = 0.1 um. (B) A
flexuous rod. Lilac chlorotoc leafspot Closterovirus. Bar = 0.1 um. Photos courtesy of
R. W. Horne.
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Figure 5.3 Helical arrangement of the subunits in relation to
the RNA in a TMV rod. Each protein subunit is shaped roughly
like a shoe. In successive turns of the helix, the subunits form
a groove in which the RNA is situated. The helix has a pitch of
2.3 nm (pitch, the axial distance traveled for 1 turn of the he-
lix). Bar = 10 nm. The repeat distance in the helix is three
turns. There are three nucleotides per protein subunit or 49
per turn of the protein helix. Thus, there are 16} protein sub-
units per turn of the helix. There is an axial hole down the
center of the rod. The nucleotide chain shown as a string of
beads at the top of the diagram is to illustrate the conforma-
tion of the RNA inside the rod. Free RNA could not maintain
such a defined configuration. From Klug and Caspar (1960),

based mainly on the work of R. E. Franklin.

rod-shaped viruses have a similar overall conformation. In the rods that
have been studied sufficiently, both the N- and C-termini of the poly-
peptide chain are exposed at the surface of the virus particle.

1.3 POSSIBLE ICOSAHEDRA

Crick and Watson (1956) postulated that cubic symmetry is the most
likely form to lead to an isometric virus particle. There are three types
of cubic symmetry: tetrahedral (2:3); octahedral (4:3:2); and ico-
sahedral (5:3:2). Thus, an icosahedron has fivefold, threefold, and two-
fold rotational symmetry. For a virus particle, these three types of cubic
symmetry would imply 12, 24, or 60 identical subunits arranged on the
surface of a sphere. These subunits could be of any shape.

Figure 5.4 shows a regular icosahedron (20 faces). With three units
in identical positions on each face, this icosahedron gives 60 identical
subunits. This is the largest number of subunits that can be located in
identical positions in an isometric shell. Some viruses have this struc-
ture, but many have much larger numbers of subunits, so that all sub-
units cannot be in identical environments.

Caspar and Klug (1962) enumerated all the possible icosahedral
surface lattices, and the number of structural subunits involved. The
basic icosahedron (Fig. 5.4) with 20 X 3 = 60 structural subunits, can be
subtriangulated according to the formula:

T = Pf?

where T is called the triangulation number.
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Figure 5.4 The regular icosahedron. This solid has 12 ver-
tices with fivefold rotational symmetry; the center of each
triangular face is on a threefold symmetry axis; and the mid-
point of each edge is on a twofold symmetry axis. There are
20 identical triangular faces. Three structural units of any
shape can be placed in identical positions on each face, giv-
ing 60 structural units. Some of the smallest viruses have 60
subunits arranged in this way.

1.53.1 The Meaning of Parameter f

The basic triangular face can be divided by lines joining equally spaced
divisions on each side:

_ Division of side intotwo  Division of side into
Basic face gives four triangles  three gives nine triangles

/\ /@\ /@\/\/

Thus fis the number of subdivisions of each side, and f? is the number
of smaller triangles formed.

1.3.2 The Meaning of Parameter P

There is another way in which subtriangulation can be made, and this
is represented by P lt is easier to consider a plane network of equi-
lateral triangles:
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Such a sheet can be folded down to give the basic icosahedron by cut-
ting out one triangle from a hexagon (e.g., cross-hatching) and then
joining the cut edges to give a vertex with fivefold symmetry.

However, if each vertex is joined to another by a line not passing
through the nearest vertex, other triangulations of the surface are ob-
tained. In the simplest case, the next but one vertices are joined:

>

This gives a new array of equilateral triangles. This plane net can be
folded to give the solid in Fig. 5.5C by removing one triangle from each
of the original vertices (e.g., the shaded triangle), and then folding in to
give a vertex with fivefold symmetry. It can be shown by simple trig-
onometry that each of the small triangles has one third the area of the
original faces. This can be seen by inspection, by noting that there are
six new half-triangles within one original face (dotted lines C.B.D.). In
this example P = 3. In general

P=nr+hk+¥~
where h and k are any integers having no common factor.

Forh=1,k=0,P =1
Forh=1,k=1,P=3
Forh=2k=1,P=7
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Figure 5.3 Ways of subtriangulation of the basic icosahedron shown in Fig. 5.2, to give a
series of deltahedra with icosahedral symmetry (icosadeltahedra): (A) The basic ico-
sahedron, with 7=1(P=1,f=1). (B) With T'=4 (P = 1,{ = 2). (C) With T =3 (P = 3,
f=1). (D) With 7= 12 (P = 3, f = 2). From Caspar and Klug (1962).

Since each of the triangles formed with the P parameter can be further
subdivided in f? smaller triangles, 7" gives the total number of subdivi-
sions of the original faces, and 207 the total number of triangles. Figure
5.5 gives some examples. Thus the number of structural subunits in an
icosahedral shell = 20 X 3 X T"'= 607. Where P = 7, the icosahedra
are skew, and right-handed and left-handed versions are possible. Most
of the groups of plant viruses with small isometric particles have their
subunits arranged in an icosahedral shell with P = 3, f = 1, and there-
fore 7' = 3 (Fig. 5.5C). Thus the number of protein subunits in these
shells is 60 X 3 = 180.

1.4 SURFACE FEATURES IN SMALL PLANT VIRUSES
WITH ICOSAHDEDRAL SYMMETRY

The actual detailed structure of the surface of an icosahedral virus will
depend on how the protein subunits are packed together.

1.4.1 Clustering of Subunits

In several groups of plant viruses, the protein subunits in the shell
are clustered around the five- and sixfold symmetry axis. These clus-
ters form morphological subunits that can be visualized in electron
micrographs of negatively stained particles. Since there are always 12
vertices with fivefold symmetry in icosahedra, we can calculate the
number of morphological subunits (M) (assuming clustering into pen-
tamers and hexamers) as follows:
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(60T — 60) 60 pentamers
M= —-——-6—hexamers + ?

= 10 (T — 1) hexamers + 12 pentamers

The smallest known virus, the satellite virus of tobacco necrosis
virus (§STNV) has icosahedral symmetry with 7 = 1, giving 60 subunits.
These are arranged in five clusters of 12 around the 12 fivefold symme-
try axes (Fig. 5.6). In several virus groups, such as the tymoviruses with
180 subunits, these are clustered in 12 groups of five around the fivefold
symmetry axes, and 20 groups of six around the threefold symmetry
axes (Fig. 5.9).

1.4.2 Nonequivalence of Different Positions in Icosahedral Shells

In the basic icosahedron (Fig. 5.4), a feature located halfway along any
edge of a triangular face is positioned on an axis of rotation for the
whole solid. Thus this point is on a true or icosahedral symmetry axis.
This is a true dyad. In more complex icosahedrons where 7 > 1 more
than one kind of twofold symmetry exists. For example,inaP=3,7=3
shell (Fig. 5.5C), the center of one edge on each of the 60 triangular
faces is on a true dyad axis relating to the solid as a whole. The center
positions of the other two edges of a face have only local twofold sym-
metry. These are called guasi dyads.

The fact that all the positions in an icosahedral shell are not in
equivalent symmetry positions could mean that the chemical bonding
between subunits was not always the same. For a time it was believed
that the bonds between subunits might be deformed in slightly different
ways in different nonsymmetry-related environments. This led to the
idea of quasi equivalence in the bonding between subunits, but later
work has shown that the relatively undistortable nature of protein do-
mains will not permit the angular shifts required. However, many vi-
ruses have evolved ways of overcoming this problem. For example, vi-
ruses such as tomato bushy stunt Tombusvirus (TBSV) have evolved
multidomain subunits that, to a large extent, adjust to the different

Figure 5.6 STNV. Electron micrographs of two virus par-
ticles oriented close to the twofold axis, and a model of 12
morphological subunits shaped to approximate to the same
pattern. Courtesy of J. T. Finch.
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symmetry-related positions in the shell by means other than distortion
of intersubunit bonds (Fig. 5.11). Other viruses have evolved different
variations on the icosahedral theme. For example, members of the
Comovirus group and Reoviridae have different polypeptides in differ-
ent symmetry environments within the shell (Fig. 5.13). The surfaces of
such viruses may appear relatively smooth in negatively stained prepa-
rations, or may reveal smaller or larger protuberances, depending on
the detailed conformation of the proteins involved.

2 EXAMPLES OF PLANT VIRUSES WITH
DIFFERENT KINDS OF ARCHITECTURE

2.1 SMALL REGULAR VIRUSES WITH ssRNA GENOMES
2.1.1 TMV—A Rod-Shaped Virus

TMYV has an extremely stable structure, having been reported to retain
infectivity in nonsterile extracts at room temperature for at least 50
years. The stability of naked TMV RNA is no greater than that of any
other ssRNA. Thus, stability of the virus with respect to infectivity is a
consequence of the interactions between neighboring protein subunits
and between the protein and the RNA.

The structure of TMV was illustrated in outline in Fig. 5.3. The rod
is 19 nm in diameter and 300 nm long. The RNA of the common strain
has 6395 nucleotides. The coat protein subunit has 158 amino acids,
which form a somewhat elongated molecule. There are about 2130 of
these subunits in a virus particle. Studies using negatively stained par-
ticles have shown that the TMV rod at the 3’ end of the RNA is slightly
convex, and is concave at the 5’ end. The central canal has a radius of
about 2 nm. Although the length of infectious rods is 300 nm, nearly all
TMV preparations contain a proportion of shorter rods. Most of these
are of no special significance, except that rods of all lengths tend to ag-
gregate end-to-end to give a wide distribution of rod lengths.

The Double Disk

The protein subunit monomer of TMV can aggregate in solution in
various ways, depending on pH, ionic strength, and temperature. There
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are two important forms: (1) A protein, which exists in solution at pH
values > 7.5. A protein is mainly a mixture of monomers, trimers, and
pentamers; and (2) the double disk. This contains two rings of 17 pro-
tein subunits. These double disks have been very important for study-
ing TMV structure, because they can form true three-dimensional crys-
tals, which can be used for X-ray crystallographic analysis. Such studies
using the double disk and also virus preparations have provided the
structure of TMV to a resolution of 2.9 A. Such a structure generates a
great deal of information down to atomic level. Here only some of the
main features can be mentioned.

Much of the polypeptide chain is in four « helices known as the
right radial (RR), left radial (LR), right slewed (RS) and left slewed (LS).
The arrangement of subunit polypeptides in a section through a double
disk is illustrated in Fig. 5.7.

The Virus Rod

As is shown in Fig. 5.7, when TMV protein subunits are in the form
of the double disk, the innermost part of the polypeptide chain is in a
flexible state with no ordered structure. The RNA-binding site lies at a
somewhat higher radius (4 nm), marked in Fig. 5.7. Subunits in the

80, © DISK AXIS

Figure 5.7 Structure of the double disk of TMV protein. Side view through the disk
showing the relative disposition of subunits in the two rings and the regions of contact
between them. Three regions of contact are indicated by a solid line for the hydrophobic
contact of Pro 54 with Ala 74 and Val 75, by dashed lines for the hydrogen bonds between
Thr 59 and Ser 147 and 148, and further dashed lines for the extended salt-bridge system.
The low-radius region of the chain, which has no ordered structure in the absence of
RNA, is shown schematically. At high radius, both the N- and C-termini of the polypeptide
chain are exposed. Courtesy of A. Klug and A. C. Bloomer.
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Figure 5.8 Structure of TMV. Schematic outline of the arrangement of the RNA and pro-
tein in the virus as seen in the side view of two subunits. V, the vertical helix not seen in
the double disk (Fig. 5.7). The bases of the RNA are shown as black ovals. Three are asso-
ciated with each protein subunit. The three negatively charged phosphate groups have
been thought to form salt bridges with three arginine residues as indicated. However,
more recent high-resolution studies suggest that the electrostatic interactions between
the protein and RNA are best considered as complementarity between two electrostatic
surfaces rather than as simple ion pairs. Photo courtesy K. C. Holmes.

double disk can be looked on as jaws ready to close on the RNA as the
virus is being assembled (Chapter 7, Section 3.9). When this closure
happens, several changes occur. The subunits, which lie more or less at
right angles to the axis of the double disk, become significantly tilted
with respect to the axis in the virus rod (Fig. 5.8). At the same time,
much of the polypeptide, which is unordered at low radius, assumes a
helical form with an orientation parallel to the axis of the rod (Fig. 5.8).
These vertical helices form a wall lining the inside of the axial hole in
the virus, which protects the RNA from the medium. High-resolution
data show that water molecules are distributed throughout the surface
of the protein subunit, on both the inner and outer surfaces of the virus,
and in the subunit interfaces.
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The Stability of TMV

The bonds of various sorts between all the surfaces of adjacent pro-
tein subunits, together with the interactions between the RNA bases
and the protein subunits, give rise to a very stable macro-molecular
structure. Nevertheless, it must be possible for the structure to dis-
assemble in vivo to expose the viral RNA and allow virus replication to
begin. Similarly, there must be molecular mechanisms for self-assem-
bly of the virus from protein and RNA. It is probable that these pro-
cesses are controlled by negative charges on neighboring groups,
which can create an electrostatic potential that can trigger disassembly.
These sites are probably carboxyl-carboxylate, or carboxyl-phosphate
pairs that can bind a Ca?* or H" ion.

The Specificity of Binding between RNA and Protein

TMYV RNA has an origin-of-assembly sequence that interacts specif-
ically with a double disk of protein subunits (Chapter 7, Section 3.9.1).
However, there is no specificity as to which bases bind in the three sites
associated with each subunit in the virus rod. This must be so, since
every combination of bases must occur along the 6500 nucleotides of
the viral RNA. Indeed, under appropriate conditions in vitro, TMV
protein will form rods with almost any RNA, but it will not form rods
with DNA.

2.1.2 Small Icosahedral Viruses

At present, we can distinguish four kinds of structures among the pro-
tein shells of small icosahedral plant viruses whose architecture has
been studied in sufficient detail. However, high-resolution structures
are available only for the second cluster of viruses. When more detailed
information is available for the other groups, the arrangement sug-
gested here may change:

1. Banana-shaped subunits Tymoviruses, bromoviruses, and cu-
cumoviruses have 180 somewhat banana-shaped protein subunits clus-
tered into pentamers and hexamers to form a 7' = 3 protein shell.

2. B-barrels Tombusviruses and sobemoviruses have 180 subunits
in a 7 = 3 lattice, whereas STNV has 60 subunits in a basic 7 = 1 ico-
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sahedron. Different domains can be distinguished in the protein sub-
units of these viruses.

3. Bacilliform particles Alfalfa mosaic virus has several particles
of differing lengths.

4. Two different coat proteins Comoviruses have two different pro-
teins in the shell occupying different symmetry-related positions. The
following sections give an example of each of these four types.

Banana-Shaped Subunits

TYMV is a well-studied example of this type. The basic icosahedral
structure is shown in negatively stained particles and a model from X-
ray crystallographic data (Fig. 5.9). The polypeptide chain of the Euro-
pean strain of TYMV consists of 189 amino acid residues. The arrange-
ment of this polypeptide within the coat protein is not known precisely,
but it appears to have =10% «—helix, =40% B-sheet, and about 50% ina
disordered conformation. However, X-ray studies at higher resolution
may change this picture. The diameter of the particle is =28 nm. The
space inside the protein shell has a diameter of =20 nm. The ssRNA of
the virus, which consists of 6318 nucleotides in the European strain,
lies within this interior space. There is very little interpenetration be-

Figure 5.9 Surface features revealed by negative staining in an icosahedral virus (turnip
yellow mosaic Tymovirus) with 180 subunits clustered into 12 groups of 5 and 20 groups
of 6. The clarity of the images was enhanced by modeling the density distribution on
stacks of photographic plates, and by displaying only the top three quarters of the model.
The views illustrate the three symmetry axes of a 7' = 3 icosahedron: (a) view approxi-
mately down a twofold axis; (b) a threefold axis; and (c) a fivefold axis. The central mor-
phological unit in (b) is clearly a hexamer, and in (c), it is a pentamer. At the periphery of
the particles, the clusters of subunits can be seen projecting from the surface with their
bases forming connections to neighboring clusters. From Mellema and Amos (1972).
(d) Drawing of the outside of the particle showing clustering of protein subunits into
groups of five and six. Orientation approximately as in (a). From Finch and Klug (1966).
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tween protein and RNA. Studies using various physical techniques sug-
gest that about 60 to 70% of the RNA could be in an internally based-
paired configuration inside the virus.

About one third to one fifth of the particles found in a TYMV prepa-
ration are empty protein shells containing no nucleic acid. These are
known as the T or top component because they sediment more slowly
than the virus (B, or bottom component). The T-component protein
shells are identical in structure to those of the virus. They are not ar-
tefacts of the isolation procedure, but the reason for their formation in
vivo has not been established. Their existence as stable particles dem-
onstrates that in TYMV, much of the virus stability is owing to strong
interactions between the protein subunits.

Although the protein shells of members of the Bromovirus and
Cucumovirus groups have a similar arrangement of 180 subunits and
are about the same size as TMV, they are much less stable. This must
reflect the strength of the bonding between protein subunits, and per-
haps the arrangement of the RNA within the virus.

B-Barrels

The shell or S domains of tomato bushy stunt 7Tombusvirus (TBSV)
Southern bean mosaic, Sobemovirus (SBMV) and the satellite virus of
tobacco necrosis virus (STNV) have all been revealed at high resolution
by X-ray crystallography. These protein subunits have in common a 8-
barrel structure. These are more or less wedge-shaped configurations
of the polypeptide chain whose sides are made up of 8-strands. A 8-
strand is a maximally stretched polypeptide chain. We can envisage
side-by-side positioning of the B-strands to generate a B-sheet, stabi-
lized by noncovalent forces. Bending the sheet into the wedge-like
structure produces a 8-barrel.

The S domain of TBSV can be described as an eight-stranded, anti-
parallel B-barrel consisting of two back-to-back four-stranded shells
(Fig. 5.10). The domain is narrower at one end, making it wedge-
shaped, thus allowing close approach of the subunits in the shell. In the
virus shell, the wedge-shaped end of the S domain in all three viruses is
close to the five- or sixfold vertices.

The structure of TBSV has been determined crystallographically to
2.9 A resolution. It contains 180 protein subunits of M, = 43,000 ar-
ranged to form a 7 = 3 icosahedral surface lattice, with prominent
dimer clustering at the outside of the particle, the clusters extending to
a radius of about 17 nm.
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Figure 5.10 Structure of the 3-barrel in TBSV coat protein. Diagrammatic representa-
tion of folding of the polypeptide backbone. From Rossmann et al. (1983).

The essential features of the structure are summarized in Fig. 5.11.
The protein subunit is made up of two distinct globular parts (domains
P and S) connected by a flexible hinge involving five amino acids (Fig.
11B). Each P domain forms one half of the dimer-clustered protrusions
on the surface of the particle. The S domain forms part of the ico-
sahedral shell. Each P domain occupies approximately one third of one
icosahedral triangular face. The shell is about 3 nm thick, and from it
protrude the 90 dimer clusters formed by the P domain pairs.

In addition to domains P and S, each protein subunit has a flexibly
linked N-terminal arm containing 102 amino acid residues. This has
two parts, the R domain and the connecting arm called a (Fig. 5.11B).

The coat protein assumes two different large-scale conformational
states in the shell that differ in the angle between domains P and S by
about 20° (Fig. 5.11D). The conformation taken up depends on whether
the subunit is near a quasi dyad or a true dyad in the T = 3 surface lat-
tice. The state of the flexible N-terminal arm also depends on the sym-
metry position.
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Figure 5.11 Architecture of TBSV particle. (A) Order of domains in polypeptide chain
from N-terminus to C-terminus. The number of residues in each segment is indicated be-
low the line. The letters indicate R domain (possible RNA-binding region), arm a (the con-
nector that forms the g-annulus and extended arm structure on C subunits and that re-
mains disordered on A and B), S domain, hinge, and P domain. (B) Schematic view of
folded polypeptide chain, showing P, S, and R domains. (C) Arrangement of subunits in
particle. A, B, and C denote distinct packing environments for the subunit. S domains of A
subunits pack around fivefold axes; S domains of B and C alternate around threefold axes.
The differences in local curvature can be seen at the two places where the shell has been
cut away to reveal S domain packing near strict (top) and quasi (bottom) dyads. (D) The
two states of the TBSV subunit found in this structure, viewed as dimers about the strict
(s2) and local (q2) twofold axes. Subunits in C positions have the interdomain hinge up
and a cleft between twofold-related S domains into which fold parts of the N-terminal
arms. Subunits in the quasi-twofold-related A and B positions have hinge down, S do-
mains abutting, and a disordered arm. (A), (B), and (C) from Olson et al. (1983); (D) from
Harrison et al. (1978); (D) reprinted by permission from Nature (London) 276, 370.
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The N-terminal arms originating near a strict dyad follow along in
the cleft between two adjacent S domains. On reaching a threefold axis,
such an arm winds around the axis in an anticlockwise fashion (viewed
from outside the particle). Two other N-terminal arms originating at
neighboring strict dyads will be at each threefold axis. The three poly-
peptides overlap with each other to form a circular structure, called the
B-annulus, around the threefold axis. Thus, 60 of the 180 N-terminal
arms form an interlocking network that, in principle, could form an
open T = 1 structure without the other 120 subunits. The annulus is
made up of 19 amino acids from each arm. The R and a domains arising
from the 120 subunits at quasi-dyad positions hang down into the inte-
rior of the particle in an irregular way, so that their detailed position
cannot be derived by X-ray analysis. The RNA of TBSV is tightly packed
within the particle, and these N-terminal polypeptide arms very proba-
bly interact with the RNA (see Section 3).

Bacilliform Particles

Purified preparations of alfalfa mosaic virus (AMV) contain four
major classes of particle as illustrated in outline in Fig. 5.12. The struc-
ture of AMV coat protein is not yet known at atomic resolution. It be-
haves as a water-soluble dimer stabilized by hydrophobic interactions
between the two molecules. This dimer is the morphological unit out of
which the viral shells are constructed. The Ta particle is assumed to be
made up of 120 protein subunits in which 60 dimers form a 7 = 1 ico-
sahedron. In the cylindrical sections of the bacilliform particles, the
protein dimers may be arranged with threefold symmetry, whereas the
curved ends have 7 = 1 symmetry.

The genomic RNA is in three pieces, which are housed in the Th, M,
and B particles. The Ta particles contain a subgenomic mRNA derived
from part of the Th RNA sequence. A low-resolution model for the dis-
tribution of RNA and protein in these particles is given in Fig. 5.12.

The virus particles are unstable and are readily dissociated into
protein and RNA at high salt concentrations. The viral components are
held together in the virus particle mainly by protein-RNA interactions.

Two Different Coat Proteins

Cowpea mosaic Comovirus (CPMV) has a diameter of about 28 nm
and an icosahedral structure made up of two different coat protein sub-
units located in different symmetry environments. There are 60 mole-
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Figure 5.12 AMYV particles. (A) Outlines for the four major classes of particle found in
AMV preparations. Dimensions in nm. (B) A schematic representation of the distribution
of protein and RNA in AMV B component. RNA is indicated by the hatched area; the pro-
tein molecules are represented by ellipsoids. The model is derived from an analysis by
small-angle neutron scattering. (B) redrawn from Cusack et al. (1981).

cules of the larger protein (MW = 42 X 10%) clustered at the 12 positions
with fivefold symmetry. Sixty smaller proteins (MW = 22 X 103) form 20
clusters of three around the positions with threefold symmetry (see
cover photograph insert).

Although the particle of CPMYV is clearly a T' = 1 icosahedral struc-
ture, the fact that it has two proteins in different symmetry environ-
ments gives it some overall resemblance to a 7' = 3 structure. The struc-
ture of CPMV at 3.5 A shows that the two coat proteins produce three
distinct B8-barrel domains in the icosahedral asymmetric unit, although
two of the B8-barrels are covalently linked.

Purified preparations of CPMV contain three classes of particle,
known as T, M, and B, with identical protein shells that can be sepa-
rated by centrifugation. The T particle is an empty protein shell. The M
and B particles contain the two pieces of genomic RNA found in viruses
of this group.
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2.2 VIRUSES WITH dsRNA GENOMES

Different members of the Reoviridae family, all of which have dsRNA
genomes, infect vertebrates, invertebrates, and plants. They all have a
similar general structure. Particles are isometric and about 70 nm in
diameter, as observed in negatively stained preparations.

Two genera have been established for the plant reoviruses; Phy-
toreovirus for those with 12 pieces of dsRNA, no spikes on the outer
coat, type member wound tumor virus (WTV); and Fijivirus for those
with 10 pieces of RNA, spikes present on the outer coat, type member
Fiji disease virus (FDV).

Almost all the information on structure of plant reovirus particles
has been derived from electron microscope observations on individual
negatively stained particles and on subviral structures produced by
partial breakdown of the intact virus. Reoviruses contain an RNA-
dependent RNA polymerase as part of the particle. This enzyme activ-
ity has not yet been identified with any of the polypeptides revealed by
gel electrophoresis for the plant reoviruses. However, it is located in
the subviral particle, not in the outer envelope.

2.2.1 Phytoreovirus

There are seven different proteins in the particle of WTV. The particles
consist of an outer shell of protein and an inner core containing protein
and the 12 pieces of dsRNA. However, there is no protein in close asso-
ciation with the RNA. The particles are readily disrupted during isola-
tion, by various agents. Under suitable conditions, subviral particles
can be produced that lack the outer envelope and reveal the presence of
12 projections at the five-fold vertices of an icosahedron.

2.2.2 Fijivirus

A model of the structure of FDV based on electron microscope observa-
tions of intact and partly degraded particles is shown in Fig. 5.153.

2.3 VIRUSES WITH DNA GENOMES

Two groups of plant DNA viruses have been studied structurally. They
differ markedly in the architecture of their particles.
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and Francki (1977).

2.3.1 The Caulimovirus Group

The type member of this group, cauliflower mosaic virus (CaMV), has a
very stable isometric protein shell about 50 nm in diameter, containing
a single molecule of dsDNA within it. Electron microscopy reveals a
relatively smooth protein shell with no structural features. 1t probably
has a T = 7 icosahedral structure.

2.3.2 The Geminivirus Group

These viruses contain ssDNA and one type of coat polypeptide. Particles
in purified preparations consist of twinned or geminate icosahedra
(Fig. 5.14). From a study of negatively stained preparations, together
with models of possible structures, these particles probably consist of
two T'= 1icosahedra joined together at a site where one morphological
subunit is missing from each, giving a total of 22 morphological units in
the geminate particles.

2.4 VIRUSES WITH LIPOPROTEIN ENVELOPES
2.4.1 Rhabdoviridae

This is another family of viruses whose members infect vertebrates, in-
vertebrates, and plants. They have a complex structure. Rhabdoviruses
from widely differing organisms are constructed on the basic plan
shown in Fig. 5.15.

Some animal rhabdoviruses may be bullet-shaped, but most and
perhaps all plant members are rounded at both ends to give a bacilliform
shape. Electron microscopy on thin sections and negatively stained par-

Figure 5.13 Structure of Fiji disease virus. A scale model of the par-
ticle. (A), A spike; (B), B spike. Part of the outer shell (O) of the
particle and one of the A spikes have been removed to expose the
core (C) and the structure and arrangement of the B and A spikes.
The arrangement of distinct morphological subunits within the A
spikes, outer shell, and core has not been established. From Hatta
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Figure 5.14 Purified Geminivirus from Digitaria negatively stained in 2% aqueous ura-
nyl acetate. Bar marker represents 50 nm. From Dollet et al. (1986).

ticles has been used to determine size and details of morphology. The
proteins present in plant rhabdoviruses are discussed Chapter 8, Sec-
tion 4.2.

2.4.2 Bunyaviridae

Tomato spotted wilt Tospovirus (TSWYV) is the only plant member of the
Bunyaviridae family. This is a very large family of viruses, most of
which infect vertebrates. TSWYV is very unstable and difficult to purify.
Its structure has been studied in thin sections of infected cells, and in
partially purified preparations. Isolated preparations contain many de-
formed and damaged particles. As seen in thin sections, particles are
about 100 nm in diameter (Fig. 5.16). By analogy with an enveloped ani-
mal virus of similar size, they are probably much larger in the living
cell in the hydrated state. The central core of the particle contains the
RNA. Outside the core is a layer of dense material, surrounded by a typi-
cal lipoprotein bilayer membrane. The RNAs and structural proteins of
TSWYV are discussed in Chapter 8, Section 5.
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10 nm

Figure 5.15 Generalized diagram for the structure of rhabdoviruses. From Francki and
Randles (1980), reprinted with permission.

Figure 5.16 Tomato spotted wilt Tospovirus in a thin sec-
tion of tomato. Courtesy of R. G. Milne.
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3 INTERACTION BETWEEN RNA AND
PROTEIN IN SMALL ISOMETRIC VIRUSES

Negatively charged phosphate groups on the RNA inside a small iso-
metric virus would tend to destabilize the particle unless a substantial
proportion of the charges were neutralized in some way. Current
knowledge suggests that two types of interaction can overcome this
problem.

3.1 VIRUSES IN WHICH BASIC AMINO
ACIDS BIND RNA PHOSPHATES

In TBSV coat protein, 21 lysine and arginine residues are available to
bind phosphates. Since there are about 26 nucleotides in the RNA for
each protein subunit, most of the RNA charges can be neutralized by
these amino acids. The flexible connection to the R arm allows it to con-
form to irregularities in RNA packing. Similar arrangements are known
or proposed for representatives of several other groups of small iso-
metric viruses, for example SBMV, brome mosaic virus (BMV), and AMYV.

3.2 POLYAMINES

There is little interpenetration of RNA and protein in TYMV; however,
there are sufficient amounts of the polyamines spermine and sper-
midine in the particles of this virus, together with divalent cations, to
neutralize a significant proportion of the charged RNA. Comoviruses
such as CPMV also contain polyamines that probably serve a similar
function.
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Further Reading

Our understanding of the ways in which plant viruses replicate has in-
creased remarkably over the past few years. This is mainly because
new techniques have allowed the complete nucleotide sequences of
many plant viral genomes to be established. This in turn has allowed
the number, size, and amino acid sequences of putative gene products
to be determined. We now have this information for representatives of
many plant virus groups and families. Developments in gene-manipu-
lation technology have permitted an artificial DNA step to be intro-
duced into the life cycle of RNA viruses. Thus, infectious genomic RNA
transcripts with a uniform nucleotide sequence can be produced in
vitro. In turn, this has allowed the application of site-directed muta-
genesis in experiments to determine functional regions in the noncod-
ing regions of genomic nucleic acid, and the functions of gene products
and putative gene products. Determination of the functions and proper-
ties of gene products has also been greatly assisted by the use of well-
established in vitro translation systems.

Studies on virus replication in vivo using isolated protoplast prepa-
rations have provided new information on many aspects of virus rep-
lication. The ability to produce transgenic plants in which every cell
contains a functional DNA copy of a single viral gene or genome seg-
ment is opening up new possibilities for the study of virus replication in
vivo. In this chapter I shall discuss, in general outline, the methods
used to establish viral genome structure, expression, strategy, and the
details of in vivo replication. Most attention will be given to viruses with
single-stranded (ss)-positive sense RNA genomes, as 29 of the 35 recog-
nized groups and families of plant viruses have genomes of this type. In
Chapters 7 and 8, details concerning the replication of representative
virus groups and families are discussed.
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1 GENERAL PROPERTIES OF PLANT VIRAL GENOMES

1.1 INFECTIVITY OF VIRAL NUCLEIC ACIDS

A viral genome contains all the information necessary for the replica-
tion in vivo of complete virus particles. Whether or not a viral nucleic
acid preparation will be infectious depends on two factors, physical in-
tegrity and the kind of nucleic acid.

1.1.1 Physical Integrity

The genomic nucleic acid must be intact, with no phosphodiester bonds
broken by physical, chemical, or enzymatic means.

1.2.2 The Kind of Nucleic Acid
ss-Positive Sense RNAs

This type of genome is ready to function as a messenger RNA
{(mRNA) on entry into a suitable host cell, and is therefore usually infec-
tious. However, infectivity is usually much lower than with intact virus,
probably because nucleases can rapidly destroy much of the RNA. A few
viruses have a small protein covalently linked to the 5’ end of the RNA.
For some of these, the protein is essential for infectivity. A few other ss-
positive sense viruses such as alfalfa mosaic virus (AMV) require the
presence of coat protein or a coat protein mRNA to initiate infection.

Negative Sense ssSRNA Viruses

A negative sense genome has to be copied into positive sense
mRNAs before it can function. This copying is carried out by a viral-
coded enzyme found in the virus particle. If this is absent, the genomic
RNA is noninfectious.

dsRNA Viruses

Viruses with double-stranded RNA (dsRNA) genomes also contain
a viral-coded enzyme, which copies the genomic RNAs into mRNAs.
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When the enzyme is removed during RNA isolation, the RNA becomes
unable to initiate infection.

DNA Viruses

Plant viruses with ds- or ssDNA genomes use host enzymes in the
initial events that give rise to functional mRNAs. These DNAs are there-
fore able to initiate infection in the absence of virus-coded proteins.

1.2 INFORMATION CONTENT

In theory, a single nucleotide sequence in a viral genome could code for
up to 12 polypeptides. There could be an open reading frame (ORF) in
each of the three reading frames of both the positive and negative sense
strands, giving six polypeptides. If each of these had a leaky termina-
tion signal, they could give rise to a second read-through polypeptide.
In principle, many more permutations exist, if we consider the possibil-
ity of translational frameshift mechanisms for generating additional
proteins. In nature, however, there must be severe evolutionary con-
straints on such high multiple use of a nucleotide sequence, because
even a single base change could have consequences for several gene
products. Two overlapping genes in different reading frames do occa-
sionally occur, as do genes on both positive and negative sense strands.
Read-through proteins are quite common, and some examples of trans-
lational frameshift exist. Thus viruses do have considerable potential
for flexibility in expression of their genomes.

The number of genes found in plant viruses ranges from one for the
satellite virus, satellite tobacco necrosis virus (STNV), to 12 for some
reoviruses. Most of the ss positive sense RNA genomes encode four to
seven proteins. In addition to coding regions for proteins, genomic nu-
cleic acids contain cis-acting nucleotide sequence elements with rec-
ognition and control functions important for virus replication. These
control and recognition functions are mainly found in the 5’ and 3’ non-
coding sequences of the ssRNA viruses, but they may also occur inter-
nally, even in coding sequences.

1.3 THE STRATEGIES OF PLANT VIRAL GENOMES

Genome strategy is a useful but ill-defined term. Central to the concept
is the overall pattern whereby information in the viral genome is tran-
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scribed and translated into viral proteins, and the general aspects of
the mechanisms whereby the viral genome is replicated. The nature of
these processes depends very much on the physical structure of the
genome. In this section, I shall discuss the strategies found in viruses
with ss-positive sense RNA genomes. The strategies for five families
and groups of plant viruses that have other kinds of genomic nucleic
acid are discussed in Chapter 8. Several factors have probably been
involved in the evolution of genome strategies among the ss-positive
sense RNA viruses.

1.3.1 The Eukaryotic Protein-Synthesising System

In eukaryote protein-synthesizing systems, in most circumstances,
mRNAs are monocistronic. Thus, 80 S ribosomes are adapted to trans-
late primarily an ORF immediately downstream from the 5’ region of an
mRNA. ORFs beyond (3’ to) the first in a viral mRNA normally remain
untranslated. Much of the variation in the way gene products are trans-
lated from RNA genomes of viruses infecting eukaryotes appears to
have evolved to meet this constraint.

On current knowledge, there are five main strategies by which RNA
viral genomes ensure that all their genes are accessible to the eu-
karyotic protein synthesis system:

1. Subgenomic RNAs The synthesis of one or more subgenomic
mRNAs enables the 5 ORF on each such RNA to be translated.

2. Polyproteins Here the coding capacity of the RNA for more than
one protein, and sometimes for the whole genome is translated from a
single ORF. The polyprotein is then cleaved at specific sites by a viral-
coded protease, or proteases, to give the final gene products.

3. Multipartite genomes, in which the 5’ gene on each RNA segment
can be translated.

4. Read-through proteins The termination codon of the 5° ORF
may be leaky, allowing a proportion of ribosomes to carry on transla-
tion to another stop codon downstream from the first, giving rise to a
second longer functional polypeptide.

5. Transframe proteins Another mechanism by which two pro-
teins may commence at the same 5’ AUG is by a switch of reading frame
near the termination codon of the 5" ORF to give a second longer trans-
Jrame protein. Another possible mechanism of this sort is premature
termination of translation in the absence of a termination codon. In two
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Figure 6.1 Five strategies used by plant viruses to allow protein synthesis in a eu-
karyotic system from a positive sense RNA genome containing more than one gene.
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plant virus groups, it has been suggested that an internal ORF may be
translated by internal initiation even though the system is a eukaryo-
tic one. These are the Luteovirus and Comovirus groups, but the idea
has not been substantiated. In TYMV, two polypeptides initiate at two
closely spaced 5’ AUGs in different reading frames.

The five main strategies are illustrated in Fig. 6.1. A few plant virus
groups and families have made use of only one of these devices to de-
velop a successful genome strategy, but most viruses use two or three
different strategies in combination. The strategies used by the virus
groups with well-studied representatives are summarized in Table 7.1.

All these various combinations of translation strategies must have
survival value. It is easy to recognize the value of some features. Thus
all these small viruses require much more of the coat protein than any
other gene product. Most of them use a coat-protein mRNA originating
from the 3’ region of the genomic RNA. These small monocistronic
RNAs are highly efficient messengers for coat protein. Furthermore,
transcription of the mRNA from a minus-strand template is an addi-
tional mechanism for increasing the production of coat protein relative
to other gene products.

On the other hand, it is difficult to visualize how the polyprotein
strategy of the potyviruses can be efficient. The coat-protein gene is at
the 3’ end of the genome (Fig. 7.1). Thus, for every molecule of the 20
K coat protein produced by tobacco etch virus (TEV), a molecule of all
the other gene products has to be made, totaling about 320 K. Since
about 2000 molecules of coat protein are needed for each virus particle,
this appears to be a very inefficient procedure. Indeed, large quantities
of several gene products, apparently in a nonfunctional state, accu-
mulate in infected cells (Chapter 7, Section 1). Nevertheless, the poty-
viruses are very successful, as judged by the large number of viruses in
the group.

1.3.2 Other Selection Pressures

Besides the eukaryotic protein-synthesizing system, there must have
been other factors at work in the evolution of genome strategies. Multi-
partite genomes have other selective advantages, such as: (1) genetic
flexibility. In viruses with several pieces of RNA in one particle, genetic
reassortment can take place during virus replication. In addition to re-
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assortment at this stage, the existence of the RNA in several separate
particles allows for the possibility of selection and reassortment at
other stages as well, for example, during transmission, entry into the
cell, and movement through the plant; (2) separation of early and late
gene functions; (3) separation of functions that are required to be car-
ried out in different parts of the host cell; (4) separation of genes func-
tioning only in the plant or insect hosts of a virus; (5) facilitation of en-
capsidation of the genome by keeping particles, especially icosahedral
ones, relatively small; and (6) multiplicity reactivation. Genome sub-
division might be an adaptive response to the high error rates in RNA
virus replication, resulting mainly from the lack of error-correcting
mechanisms.

Subgenomic RNAs might facilitate production of gene products at
different sites or stages during virus replication. Read-through and
transframe proteins give more gene products from a small genome.

1.4 ECONOMY IN THE USE OF GENOMIC NUCLEIC ACIDS

Plant viruses share with viruses of other host groups a number of fea-
tures that indicate very efficient use of their genomic nucleic acids: (1)
coding sequences are usually very closely packed, with a rather small
number of noncoding nucleotides between genes; (2) coding regions
for two different genes may overlap in different reading frames, or one
gene may be contained entirely within another in a different reading
frame; (3) read-through of a leaky termination codon may give rise to
a second, longer read-through polypeptide that is coterminal at the
amino end with the shorter protein. This is quite common among the
virus groups with ss positive sense RNA genomes. In a few viruses there
may be a second read-through protein giving rise to a set of three pro-
teins coterminal at the amino end. Transframe proteins, in which the
ribosome avoids a stop codon by switching to another reading frame,
have a result that is similar to a leaky termination signal; (5) A func-
tional viral enzyme may use a host-coded protein in combination with a
viral-coded polypeptide; (6) regulatory functions in the nucleotide se-
quence may overlap with coding sequences; (7) in the 5’ and 3’ noncod-
ing sequences of the ssRNA viruses, a given sequence of nucleotides
may be involved in more than one function. Examples of these various
features will be found in Chapters 7 and 8.
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1.5 THE FUNCTIONS OF VIRAL GENE PRODUCTS

The known functions of plant viral gene products may be classified as
follows.

1.5.1 Structural Proteins

These are the coat proteins of the small viruses; the matrix or core pro-
teins of the reoviruses and those viruses with a lipoprotein membrane;
and proteins found within such membranes.

1.5.2 Enzymes
Proteases

These are present in those virus groups in which the whole genome
or a segment of the genome is first translated into a single polyprotein,
which then has to be cleaved at specific sites.

Enzymes Involved in Nucleic Acid Synthesis

It is now highly probable that all plant viruses, except satellite vi-
ruses, code for one or more proteins that have an enzymatic function in
nucleic acid synthesis, either genomic nucleic acid or mRNAs or both.
The general term for these enzymes is polymerase. There is some in-
consistency in the literature in relation to the terms used for different
polymerases. I shall use the various terms with the following meanings.
Polymerases that transcribe RNA from an RNA template have the gen-
eral name RNA-dependent RNA polymerase. If such an enzyme makes
copies of an entire RNA genome, it is called a replicase. Replicase en-
zymes may also be involved in the synthesis of subgenomic mRNAs. If
an RNA-dependent RNA polymerase is found as a functional part of the
virus particle as in the Rhabdoviridae and Reoviridae, it is called a tran-
scriptase. The enzyme coded by caulimoviruses that copies a full-length
viral RNA into genomic DNA, is called an RNA-dependent DNA poly-
merase or reverse transcriptase.

Two features have made the viral-coded RNA-dependent RNA poly-
merase enzymes difficult to study. First, they are usually associated with
membrane structures in the cell, and on isolation, the enzymes usually
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become unstable. They are, therefore, difficult to purify sufficiently for
positive identification of any viral-coded polypeptides. Second, tissues
of healthy plants may contain low amounts of enzyme with similar ac-
tivities in the soluble fraction of the cell. The amounts of such enzyme
activity may be stimulated by virus infection.

Conserved amino acid sequence motifs have now been identified
in the RNA polymerase genes of many ssRNA plant viruses. Indeed the
presence of such a motif is used to identify putative polymerase genes
in newly sequenced viral genomes. Recently, the discovery of another
series of amino acid motifs from a wide range of organisms has led to
the definition of a large group of proteins, the nucleic acid helicases.
Their functions are believed to include nucleic acid unwinding, and
acting in the replication, recombination, repair, and expression of DNA
and RNA genomes. These helicase sequence motifs have been identi-
fied in a wide range of ssRNA plant viral genomes and can be assumed
to function in plant viral RNA replication. In some viruses, the poly-
merase and helicase motifs appear to be in the same protein, but in
others they are separate. These variations are discussed in relation to
virus classification and evolution in Chapter 16, Section 5.

Two kinds of RNA structures have been isolated from viral RNA-syn-
thesizing systems. One, known as replicative form (RF), is a fully base-
paired ds structure, whose role is not certain. For example, RF struc-
tures may represent RNA molecules that have ceased replicating. The
other, called replicative intermediate (RI) is only partly ds, and contains
several ss tails (nascent product strands) (Fig. 6.2). This structure is

N

Figure 6.2 Forms of association between positive and negative sense strand viral RNA.
(A) Replicative form (RF). A base-paired structure with full-length positive and negative
sense strands. (B) Replicative intermediate (RI). A partially base-paired structure with
polymerase molecules () and ss tails of nascent progeny positive sense strands. (C) Prob-
able true state of the Rl in vivo. The progeny positive sense strands and the template
negative sense strand are almost entirely ss.
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closely related to the one actually replicating the viral RNA. It is thought
that the Rl as isolated may be derived from a structure like that in Fig-
ure 6.2C by annealing of parts of the progeny strands to the template.

1.5.3 Virus Movement and Transmission

For several groups of viruses, a specific viral-coded protein has been
identified as an essential requirement for cell-to-cell movement and for
systemic movement within the host plant. Other gene products called
acquisition factors are essential for successful transmission by inverte-
brate vectors. Viral gene products may also be involved in transmission
by fungi.

1.5.4 Nonenzymatic Role in RNA Synthesis

The 5’ VPg (virus protein, genome linked) found in some virus groups
is thought to act as a primer in RNA synthesis.

1.5.5 Coat Protein of AMV

The coat protein of AMV and the corresponding protein in ilarviruses
have an essential role in the initiation of infection by the viral RNA.

1.5.6 Protein-Recognizing Host Cells

To identify markers on the surface of appropriate host cells, most vi-
ruses infecting bacteria and animals have recognition proteins on their
surface. Such recognition proteins are lacking for most plant viruses.
This is probably related to two properties of the host organism. A recog-
nition protein would be no use to a plant virus for recognizing the sur-
face of a suitable host plant because the virus cannot penetrate the sur-
face layers unaided. Furthermore, a plant virus, once it infects a host
cell, say in a leaf, can move from cell to cell via plasmodesmata and vas-
cular tissue throughout almost the entire plant. Plant viruses therefore
have no need for a special recognition protein on the surface of the host
cell, but it is possible that specific recognition proteins exist inside
cells. Possible exceptions among the plant viruses are those with a
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lipoprotein envelope, which can replicate in their insect vectors, and
which may have surface proteins that recognize suitable insect host
cells.

1.5.7 Summary

On present knowledge, only two functions appear to be common to all
plant viruses except satellite viruses. These are the coat proteins and
the enzymes involved in genome replication. Increasing numbers of
viruses are being shown to require a protein with a cell-to-cell move-
ment function. This may turn out to be another universal requirement
for viruses that can move freely through various plant tissues, replac-
ing, in a sense, the surface recognition proteins of bacterial and animal
viruses noted above.

1.6 END-GROUP STRUCTURES IN
ss-POSITIVE SENSE RNA VIRUSES

Many plant viral ssRNA genomes contain specialized structures at their
5 and 3’ termini. This section summarizes the nature of these struc-
tures, whereas their biological functions are discussed in Section 5.1.
Other viruses simply have free sugar hydroxyl or phosphate groups at
their 5’ and 3' termini.

1.6.1 The 5' Cap

Many mammalian cellular messenger RNAs and animal virus mes-
senger RNAs have a methylated blocked 5'-terminal group of the form:

m7G ppp’ X™pY'™p....

where X™ and Y™ are two methylated bases.

Some plant viral RNAs have this type of 5’ end, known as a cap, but
in the known plant viral RNAs bases, X and Y are not methylated. Vi-
rus groups with 5’ capped RNAs are the tobamoviruses, tobraviruses,
tymoviruses, bromoviruses (also cucumoviruses and AMYV), carmo-
viruses, furoviruses, potexviruses, and hordeviruses.



2 HOST FUNCTIONS USED BY PLANT VIRUSES

103

1.6.2 5’ Linked Protein

Members of several plant virus groups have a viral-coded protein of
relatively small size (=3500-24,000 MW) covalently linked to the 5’ end
of the genome RNA. These are known as VPgs (short for virus protein,
genome linked). If a multipartite RNA genomes possesses a VPg, all the
RNAs will have the same protein attached. VPgs have been found in vi-
ruses belonging to the following groups: potyviruses, comoviruses,
nepoviruses, sobemoviruses, and luteoviruses.

1.6.3 3’ Poly(A) Tracts

Polyadenylate sequences have been identified at the 3’ terminus of the
mRNAs of a variety of eukaryotes. Such sequences have been found at
the 3’ terminus of plant plant viral RNAs that can act as messengers.
Members of the following groups have 3’ terminal poly(A) sequences
varying in length between about 25 and 400 residues: potyviruses, po-
texviruses, capilloviruses, comoviruses, nepoviruses, and furoviruses.
The length of the poly(A) tract may vary for different RNA molecules in
the same preparation.

1.6.4 3’ tRNA-like Structures

The 3’ terminal nucleotide sequences in the genomes of tobamoviruses,
tymoviruses, hordeiviruses, bromoviruses, and cucumoviruses can fold
into transfer RNA (tRNA)-like structures, which can accept specific
amino acids. For example TYMV RNA accepts valine, whereas TMV RNA
accepts histidine. Various tRNA-like secondary and tertiary structures
have been proposed for these 3’ terminal sequences, but all are to some
extent speculative.

2 HOST FUNCTIONS USED BY PLANT VIRUSES

Like all other viruses, plant viruses are intimately dependent on the ac-
tivities of the host cell for many aspects of replication.
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2.1 COMPONENTS FOR VIRAL SYNTHESIS

Viruses use amino acids and nucleotides synthesized by host cell me-
tabolism to build viral proteins and nucleic acids. Certain other more
specialized components found in some viruses, for example poly-
amines, are also synthesized by the host.

2.2 ENERGY

The energy required for the polymerization involved in viral protein
and RNA synthesis is provided by the host cell, mainly in the form of
nucleoside triphosphates.

2.3 PROTEIN SYNTHESIS

Viruses use the ribosomes, tRNAs, and associated enzymes and factors
of the host cell’s protein-synthesizing system for the synthesis of viral
proteins using viral mRNAs. All plant viruses appear to use the 80 S
cytoplasmic ribosome system. Most viruses also depend on host en-
zymes for any posttranslational modification of their proteins—for ex-
ample, glycosylation.

2.4 NUCLEIC ACID SYNTHESIS

Almost all viruses code for an enzyme or enzymes involved in the syn-
thesis of their nucleic acids. However, they may not contribute all of the
polypeptides involved in genome replication. For example, in the first
phase of the replication of caulimoviruses, the viral DNA enters the host
cell nucleus and is transcribed into RNA form by the host’s DNA-depen-
dent RNA polymerase II.

2.5 STRUCTURAL COMPONENTS OF THE CELL

Structural components of the cell, particularly membranes, are in-
volved in virus replication.
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2.6 MOVEMENT WITHIN THE PLANT

There is no doubt that many viruses encode a specific protein that is
necessary for cell-to-cell movement. Nevertheless, since viruses lack
any form of independent motility, they must depend on host mecha-
nisms for movement within infected cells and for long-distance trans-
port in the phloem. Simple diffusion would be quite inadequate to ac-
count for observed rates of movement.

3 GENERALIZED OUTLINE FOR THE REPLICATION
OF A SMALL ss-POSITIVE SENSE RNA VIRUS

Figure 6.3 illustrates schematically the main steps in the replication of
a small ss-positive sense RNA virus. Only the two most essential gene
products—polymerase and coat protein—are considered.

4 METHODS FOR DETERMINING GENOME
STRUCTURE AND STRATEGY

4.1 STRUCTURE OF THE GENOME

The first step is to establish the physical and chemical nature of the
genome (DNA or RNA; ss or ds; linear or circular; in one piece or more
than one piece) and the nature of any special terminal structures. The
final step in determining structure is knowledge of the full nucleotide
sequence, which is essential for understanding genome structure and
strategy. The methods used were outlined in Chapter 2. With the help of
an appropriate computer program, the nucleotide sequence is searched
for ORF's in each of the three reading frames of both positive and nega-
tive sense strands. All ORFs are tabulated, as is illustrated in Fig. 6.4 for
a Tymovirus.

As shown in Fig. 6.4, a large number of ORFs may be revealed.
Those ORFs, which could code for polypeptides of MW less than 7 to 10
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Figure 6.3 Generalized outline for the replication of a small ss positive sense RNA virus.

1.
2.
3.

8.

The virus particle enters a cell through a wound made in the cell wall.

The RNA escapes from the protein coat.

The infecting RNA becomes associated with host ribosomes and a viral-specific, RNA-
dependent RNA polymerase is synthesized.

. The polymerase synthesizes negative sense genomic-length strands of RNA.
. The polymerase then synthesizes genomic-size RNA copies and coat protein mRNAs

using an internal initiation site on the genomic negative sense RNA.

. Host cell ribosomes synthesize large numbers of coat protein molecules using the coat

mRNAs.

. Coat protein is assembled around genomic RNA molecules to produce progeny virus

particles, which accumulate in the cell.
A few particles migrate to neighboring celis throngh plasmodesmata.

Note: (a) The features in the diagram are not drawn to scale. (b) There are many varia-
tions in detail in the stages illustrated. (¢) Not shown in this diagram is the fact that the
processes illustrated often take place in specialized parts of the cytoplasm.
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Figure 6.4 Diagram of the three triplet codon phases of the plus- and minus-strand
RNAs of ononis yellow mosaic Tymovirus genomic RNA, showing as white boxes all ORFs
that begin with an AUG and terminate with UGA, UAG, or UAA. There are three significant
ORFs labeled OP, overlapping protein; RP, replicase protein; and VP, coat protein. From
Ding et al. (1989).

K, are usually not given consideration. The amino acid sequence and
MW of the potential polypeptide for each ORF of interest can then be
determined from the nucleotide sequence and the genetic code. ORF's
that would give rise to proteins of highly improbable amino acid com-
position are usually ignored. Various parts of the genome, and particu-
larly the 5’ and 3’ noncoding sequences, are also searched for relevant
regulatory and recognition signals, as discussed in Section 5.

4.2 DEFINING FUNCTIONAL ORF's

Some of the ORFs revealed by the nucleotide sequence will code for
proteins in vivo. Others may not. The functional ORFs can be unequivo-
cally identified only by in vitro translation studies using viral mRNAs,
and by finding the relevant protein in infected cells. Functional ORFs
have not been found in the negative sense strand of ss-positive sense
RNA viruses. However, such ORFs have been found in some of the vi-
ruses discussed in Chapter 8.
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4.2.1 Identification of Functional mRNAs

The genomes of DNA viruses must be transcribed into one or more
mRNAs. These must be identified in nucleic acids isolated from infected
tissue and matched for sequence with the genomic DNA (e.g., cauli-
flower mosaic virus (CaMV), Chapter 8, Section 1). Many plant viruses
with ss-positive sense RNA genomes have some ORFs that are trans-
lated only from a subgenomic RNA. These RNAs must also be identified
in order to establish the strategy of the genome.

Isolation from Virus Preparations

Not infrequently, genuine viral subgenomic mRNAs are encapsi-
dated. These can then be isolated from purified virus preparations and
characterized. When the sequence of the genomic nucleic acid is
known, there are two techniques available to locate precisely the 5' ter-
minus of a presumed subgenomic RNA. In the S1 nuclease protection
procedure, the mRNA is hybridized with a complementary DNA se-
quence that covers the 5’ region of the subgenomic RNA. The ss regions
of the hybridized molecule are removed with S1 nuclease. The DNA
that has been protected by the mRNA is then sequenced. In the second
method, primer extension, a suitable ss primer molecule is annealed
to the mRNA. Reverse transcriptase is then used to extend the primer
as far as the 5' terminus of the mRNA. The DNA produced is then
sequenced.

Isolation from Infected Host Material

Possible viral-specific mRNAs can be isolated from infected host
material and characterized by the methods described in Chapter 2,
Section 4.

4.2.2 Identification of Proteins Found in Vivo
with Particular Viral ORFs

Viral-coded proteins, other than those found in virus particles, may be
difficult to detect in vivo, especially if they occur in very low amounts,
and only transiently during a particular phase of the virus-replication
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cycle. However, a battery of methods is now available for detecting
viral-coded proteins in vivo and matching these with the ORFs in a se-
quenced viral genome. In particular, the nucleotide sequence informa-
tion gives a precise estimate of the size and amino acid composition of
the expected protein; knowledge of the expected amino acid sequence
can be used to identify the in vivo product either from a partial amino
acid sequence of that product, or by reaction with antibodies raised
against a synthetic polypeptide that matches part of the expected amino
acid sequence.

Proteins Found in the Virus

Coat proteins are readily allocated to a particular ORF by several
criteria: (1) Amino acid composition compared with that calculated for
the ORF; (2) amino acid sequence of part or all of the coat protein;
(3) serological reaction of an in vitro translation product with an anti-
serum raised against the virus; (4) for a few viruses such as TMYV, as-
sembly of an in vitro translation product into virus particles when
mixed with authentic coat protein. The rhabdoviruses may be excep-
tional in that five of the six gene products, corresponding to five of the
ORFs in the genome, are found in purified virus preparations (Chapter
8, Section 4).

Direct Isolation from Infected Tissue or Protoplasts

Healthy and virus-infected cell extracts are fractionated by appro-
priate procedures, and proteins are separated by gel electrophoresis.
Protein bands appearing in the samples from infected cells and not
from healthy cells may be identified with the expected product of a par-
ticular ORF by comparing their mobility and pattern of tryptic peptides
with those of an in vitro translation product of the ORF. With appropri-
ate in vivo labeling, partial amino acid sequencing of the isolated pro-
tein may allow the precise location of its coding sequence in the ge-
nome to be established.

Serological Reactions

Antisera provide a powerful set of methods for recognizing viral-
coded proteins produced in vivo, and identifying them with the appro-
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priate ORF in the genome. Experimental use of antisera often involves
blotting procedures, such as those described in Chapter 3, Section 2.

Antisera against Synthetic Peptides A synthetic peptide can be
prepared corresponding to part of the amino acid sequence predicted
from an ORF. An antiserum is raised against the synthetic peptide and
used to search for the expected protein in extracts of healthy and in-
fected tissue or protoplasts.

Antisera against in Vitro Translation Products 1f an mRNA is
available that is translated in vitro to give a polypeptide product clearly
identified with a particular ORF or genome segment, antisera raised
against the in vitro product can be used to search for the same protein
in extracts of infected cells or tissue.

Antisera against Proteins Derived from Cloned Genes
Antibodies can be raised against protein derived in vitro from a cloned
gene, and used to search for the corresponding protein in extracts of
infected plants.

Immunogold Labeling Antibodies produced against a synthetic
peptide, corresponding to part of a particular ORF in the genomic nu-
cleic acid and labeled with gold, can be used to probe infected cells for
the presence of the putative gene product.

4.2.3 Comparison with Genes Known
To Be Functional in Other Viruses

Size, location in the genome, and nucleotide-sequence similarities with

known functional genes may give a strong indication that a particular
ORF codes for a functional protein in vivo.

4.2.4 Presence of Appropriate Regulatory Signals in the RNA

AUG triplets that are used to initiate protein synthesis may have a char-
acteristic sequence of nucleotides nearby (Section 5.1.2). Upstream of
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the AUG triplet, there may be identifiable ribosome recognition signals.
Presence of these sequences would indicate that the ORF is functional.

4.2.5 Reoviruses

The reoviruses are a special case with respect to establishing func-
tional ORFs. Each ds genome segment is transcribed in vitro to give an
mRNA that codes for a single protein product.

4.3 RECOGNIZING ACTIVITIES OF VIRAL GENES

4.3.1 Gene Products Found in the Virus

Fraenkel-Conrat and Singer (1957) reconstituted the RNA of one strain
of TMYV in the protein of another strain that was recognizably different.
The progeny virus produced in vivo by this in vitro “hybrid” had the
coat protein corresponding to the strain that provided the RNA. Since
this classical experiment, it has been universally assumed that viral
genomes code for coat proteins. Likewise, it has usually been assumed
that other proteins found as part of the virus particle are also virus-
coded—for example, those found in reoviruses and rhabdoviruses.

4.3.2 Classical Viral Genetics

Two kinds of classical genetics studies have identified many biological
activities of viral genomes, and both these procedures are still useful in
appropriate circumstances.

Allocation of Functions in Multiparticle Viruses

With ss positive sense RNA viruses that have been shown to have
their genome in two or three separate pieces of nucleic acid, it is pos-
sible to carry out reassortment experiments. The nucleic acid compo-
nents of two strains of a virus with a difference in some observable
property are physically separated, and then mixed in vitro in different
combinations. These mixtures are then inoculated into a suitable host
plant. Appearance of the property, following inoculation with a particu-
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lar mixture or mixtures, can identify the genome segment that contains
the relevant gene. This kind of procedure has been useful in allocating
the coat-protein gene and activities responsible for symptoms in a
given host to a particular genome segment.

Virus Mutants

The study of naturally occurring or artificially induced mutants of a
virus has allowed various virus activities to be identified. Again, many
of the activities involve biological properties of the virus. Mutants that
grow at a normal (permissive) temperature but that replicate abnor-
mally or not at all at the nonpermissive (usually higher) temperature
are particularly useful. Such temperature-sensitive (fs) mutants are
easy to score and manipulate, and most genes seem to be potentially
susceptible to such mutations. They arise when a base change (or
changes) in the viral nucleic acid gives rise to an amino acid substitu-
tion (or substitutions) in a protein, which results in defective function at
the nonpermissive temperature. Alternatively, the base change might
affect the function of a nontranslated part of the genome—a control ele-
ment, for example. The experimental objective is to collect and study a
series of ts mutants of a particular virus.

To be useful for studies on replication, s mutants must possess cer-
tain characteristics: (1) they must not be significantly leaky at the non-
permissive temperature, and (2) the rate of reversion to wild type must
be low enough to allow extended culture of the mutant at both the per-
missive and nonpermissive temperatures.

4.3.3 Use of Recombinant DNA Technology
Many of the techniques that use some aspect of recombinant DNA tech-

nology to match a gene activity with a functional ORF may at the same
time lead to recognition of a new function for that gene (Section 4.4.2).

4.4 MATCHING GENE ACTIVITIES WITH FUNCTIONAL ORFs

4.4.1 Direct Testing of Protein Function

Some viral-coded proteins besides coat proteins, such as viral pro-
teases, can be identified directly in in vitro tests. The tests can be made
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on a protein isolated from infected cells or on the in vitro translation
product of a particular segment of viral RNA.

4.4.2 Approaches Depending on Recombinant DNA Technology

Reverse Genetics

As discussed in Chapter 2, Section 5, the introduction of a DNA
stage in an RNA virus life cycle allows the application of recombinant
DNA technology to study the replication and biological properties of
RNA viruses. Furthermore, it allows the production of genetically well-
defined virus isolates. One important application of this technique is
the introduction of defined changes in particular RNA viral genes in
order to study their biological effects, and thus to define gene functions.
The changes that can be introduced at defined sites include point muta-
tions and small or large deletions, or insertion of known nucleotide
sequences.

Location of Spontaneous Point Mutations

Knowledge of nucleotide sequences in natural virus variants allows
a point mutation to be located in a particular gene even if the protein
product has not been isolated. In this way the changed or defective
function can be allocated to a particular gene.

Expression of the Gene in a Transgenic Plant

By introducing a single viral gene into the host-plant genome, it is
possible to study the gene’s function in the absence of the expression of
other viral genes and of other elements of the viral genomic RNA. Such
transformed plants provide a new method for physical dissection of the
viral genome and assignment of functions to the ORFs identified by
computer.

Becombinant Viruses

Recombinant DNA technology can be used to construct viable vi-
ruses from segments of related virus strains that have differing proper-
ties, and thus to associate that property with a particular viral gene. In
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some circumstances, it is also possible to construct viable recombinant
hybrids between different viruses.

Hybrid Arrest and Hybrid Selection Procedures

Hybrid arrest and hybrid selection procedures (Chapter 2, Section
4.3) can be used to demonstrate that a particular cDNA clone contains
the gene for a particular protein. In appropriate circumstances, these
procedures can be used to identify gene function.

Sequence Comparison with Genes of Known Function

As noted (Section 4.2), sequence comparisons can be used to obtain
evidence that a particular ORF may be functional. The same informa-
tion may also give strong indications as to the actual function. For
example, the gene for an RNA-dependent RNA polymerase has been
positively identified in poliovirus. There are amino acid sequence simi-
larities between this poliovirus protein and proteins coded for by sev-
eral plant viruses. This similarity implies quite strongly that these plant
viral-coded proteins also have a polymerase function. The conserved
amino acid sequence is GXXXTXXXN(X),,_4,GDD, where X represents
any amino acid. The sequence is found in the proposed RNA-dependent
RNA polymerase of all plant and most animal ss positive sense RNA
viruses.

Functional Regions within a Gene

Spontaneous mutations and deletions can be used to identify im-
portant functional regions within a gene. Mutants obtained by site-
directed mutagenesis and deletions constructed in vitro can give simi-
lar information in a more systematic and controlled manner.

5 THE REGULATION OF VIRUS PRODUCTION

There is ample evidence for many plant viruses that overall virus pro-
duction is usually under some form of control. Host cell factors must
interact with viral regulatory processes to modulate virus replication.
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However, we have almost no knowledge of the host factors involved.
This section summarizes knowledge about viral regulatory processes.

5.1 REGULATORY AND RECOGNITION SIGNALS
IN RNA VIRAL GENOMES

5.1.1 The Role of Terminal Structures

The 5’ and 3’ terminal structures described in Section 1.6 probably
have regulatory or recognition functions, but the evidence is not con-
clusive. A major question is why small RNA viruses that have many
otherwise similar properties differ in their 5’ or 3’ terminal features.

The 5’ Cap

The role of the cap structure can be considered in relation to three
properties:

1. Infectivity For some viruses, the cap is essential for infectivity.
With others its removal merely lowers infectivity.

2. Stability The cap protects RNAs in vitro from exonuclease ac-
tivity, and may have this role in vivo.

3. Efficiency of translation The cap has little effect on in vitro
translation of most viral mRNAs; however, it may have a role in dif-
ferential translation of the RNAs of some viruses with multipartite
genomes.

The VPg

Removal of the VPg abolishes the infectivity of some viruses but not
others. Although proof is lacking, the VPg may play a role in the initia-
tion of RNA synthesis.

The 3' Poly(A) Sequence

For one plant virus, the 3’ poly(A) sequence appears to be coded for
in the genome by a poly(U) sequence at the 5’ terminus of the negative
sense strand. For most, however, it is added after RNA synthesis, proba-
bly by a host poly(A) polymerase. Some viruses of this sort have a nu-
cleotide sequence that serves as a signal for polyadenylation near the 3’
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terminus. This is (AUAAA), which precedes the 3’ terminus by about
10 to 15 nucleotides. Poly(A) sequences have been shown to promote
translational stability in in vitro protein-synthesizing systems, and they
may have this role in vivo.

3" tRNA-like Structures

A variety of functions have been proposed for the tRNA-like struc-
tures at the 3’ termini of some viral RNAs. The following four possible
functions and origins are not necessarily mutually exclusive: (1) ac-
cepting and donating an amino acid in some aspect of protein synthe-
sis; (2) facilitating translation; (3) acting as the replicase recognition
site; and (4) representing molecular fossils from a very early stage of
evolution.

Some viruses have been shown to have their 3' tRNA-like termini
charged with an amino acid in vivo. Other experiments involving site-
directed mutagenesis in the relevant nucleotide sequence showed that
aminoacylation was not essential for infectivity. The 3’ sequence in all
the ssRNA viruses must be involved in the recognition site used by the
viral replicases to initiate minus-strand RNA synthesis. This aspect is
discussed in Section 5.1.2.

5.1.2 The Role of Nucleotide Sequences

Specific nucleotide sequences play regulatory and recognition roles in
both protein and nucleic acid synthesis.

In Protein Synthesis

Both coding and noncoding nucleotide sequences may have recog-
nition and regulatory roles in the translation of viral RNAs.

Ribosome Recognition Sequences As discussed in Section 1.3,
plant virus RNAs, with rare exceptions, behave like eukaryotic mRNAs
in that they are translated only from an AUG near the 5’ terminus and
not from internal initiation sites, as happens in prokaryotes. Therefore
we expect to find one or more ribosome recognition sites between the
5’ terminus and the first functional AUG. The 5’ untranslated region of
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viral RNAs usually has a low G + C content, suggesting a low degree of
secondary structure. A number of plant viruses have been shown to
bind two or three ribosomes along this sequence, forming disome or
trisome initiation complexes.

Selection of AUG Initiation Codons Since there are usually AUG
triplets in an mRNA other than the one used for initiation of translation,
there must be a mechanism whereby the correct AUG is recognized by
the ribosome and/or associated factors. The recognition lies in the nu-
cleotides immediately surrounding the correct AUG triplet, with an A
in position —3 and a G in position +4 perhaps being particularly
important.

Sequences Enhancing Translation Rate Sequences from the 5'
leaders of several plant viruses will act in cis to enhance the translation
of foreign RNAs both in vitro and in vivo, and in prokaryote or eu-
karyote systems. Mutational analysis has suggested that the enhance-
ment of translation by such sequences may be owing to reduced sec-
ondary structure, either within the leader sequence or between this
sequence and downstream coding regions. Such secondary structure
could inhibit or delay translation initiation by interfering with the bind-
ing of ribosome subunits or other protein factors.

Read-Through Termination Signals In several ss positive sense
RNA plant viruses, the first ORF from the 5’ terminus of the genome, or
genome segment, may terminate in a stop codon that is sometimes sup-
pressed. This suppression allows the ribosome to read to the next stop
codon, giving rise to a read-through protein of greater length (Fig. 6.1).
The synthesis of a read-through protein depends primarily on the pres-
ence of appropriate suppressor tRNAs. The proportion of read-through
protein produced may be modulated by nucleotide sequences around
the suppressed termination codon. A sequence containing two or three
A residues immediately 5’ to a UAG stop codon has been found in sev-
eral viruses, for example, 5’ —CAAAUAG—3'.

Sequences Controlling Transframe Proteins 1t has been pro-
posed that the nucleotide sequence involved in the translational frame-
shift of a plant viral RNA is UU immediately 5’ to the UAG stop codon
(Fig. 6.1).
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In RNA Synthesis

Promoter Sequences The term promoter was first used to desig-
nate nucleotide sequences in cellular DNA, just upstream of a gene, that
were recognized by a DNA-dependent RNA polymerase as the initial
event in transcription of mRNA for the gene. With RNA viruses, the term
promoter is used to indicate nucleotide sequences recognized by the
viral RNA-dependent RNA polymerase for the synthesis of both genomic
RNAs and subgenomic mRNAs.

Experiments in which expressible cDNA clones were used to con-
struct partial deletions throughout a viral RNA showed that the cod-
ing region could be changed or deleted without affecting replica-
tion. However, the 5’ and 3’ untranslated regions are essential for RNA
replication.

Minus Strand Promoters These are most likely to be near the 3’
end of the plus-strand genomic RNA. In viruses with segmented ge-
nomes, the 3’ terminal region usually shows a high degree of sequence
homology. In addition, the 3’ sequences of related viruses usually show
more sequence homology than the genome as a whole. This marked
conservation of sequence undoubtedly reflects an important function
or functions. One function must be the viral replicase recognition se-
quence. Mutational analysis of the tRNA-like structures at the 3’ termini
of some viruses indicates that much of the three-dimensional structure
may be important in promoter activity.

Promoters Near 5’ Termini If the same viral replicase initiates
minus-strand synthesis and plus-strand synthesis using the same recog-
nition sequence, then we would expect the replicase recognition se-
quences at the 5" and 3’ ends of the genomic RNA to be complementary.
For most RNAs, there does not appear to be any such significant comple-
mentary relationship.

Since far more plus-strand than minus-strand RNA is synthesized
during virus replication, the replicase must use the minus-strand 3’
promoter much more frequently than the plus-strand 3’ promoter. It is
not known how this imbalance is maintained, but there are several pos-
sibilities: (1) two different viral-coded replicases might contain differ-
ent recognition sites. However, only one region with amino acid se-
quence similarity to RNA-dependent RNA polymerases is present, at
least in some ssRNA virus polymerases; (2) one viral RNA polymerase



5 THE REGULATION OF VIRUS PRODUCTION

119

may recognize both 3’ minus-strand and 3’ plus-strand promoter se-
quences either with the same or with different active sites; (3) some
host or viral-coded protein factor may affect the specificity of a single
recognition site in the replicase; and (4) the promoter specificity of the
polymerase may be altered by different subunit associations.

For viruses with multipartite genomes, roughly equal amounts of
genomic RNA segments are usually synthesized. ssRNA viruses with
such genomes show some sequence homology near the 5’ terminus,
but it is usually less extensive than at the 3’ end.

Internal Promoters The subgenomic mRNAs used by many RNA
plant viruses for coat-protein synthesis are not necessary for infectivity.
Therefore, the subgenomic RNA must be transcribed from a genomic
RNA. Those that have been studied arise by internal initiation on a
negative sense genomic strand. Figure 6.5 illustrates one internal pro-
moter that has been precisely defined.

In Virus Assembly

There are two general mechanisms whereby viral coat proteins
could package only viral nucleic acids into particles: (1) if synthesis and
assembly of virus particles takes place in a cell compartment that does
not contain free host nucleic acids, or (2) if virus assembly is initiated

5’...UCUGAGUUAUUAUUAAAAAAAAAAAAAAAAAAGAUCUAUGUCCUAAUUCAGC GUAUUAAUAAUGUCGAC...3"

L,

RNA4:  m7GpppGUAUUAAUAAUGUCGAC...3’

Figure 6.5 Nucleotide sequence of an internal promoter. The genome of brome mosaic
Bromovirus (BMV) consists of RNAs 1, 2, and 3. RNA3 contains two genes. The gene for
the coat protein is located to the 3’ end of the RNA3. Synthesis of plus-strand coat protein
mRNA (RNA4) is initiated by an internal promoter sequence in the genomic RNA3 minus
strand. The sequences above illustrate the relationship of the promoter region to the 5
sequence of RNA4. The positive sense sequence packaged into virus particles is shown.
The actual promoter sequence for RNA4 plus-strand synthesis is complementary to the
sequence shown. The upper sequence is the promoter that lies mainly 5’ to the beginning
of the RNA4 sequence indicated by the arrow, but extends some way into the untranslated
sequence of RNA4. The lower sequence is the 5’ region of RNA4 with its AUG initiation
codon underlined. From French and Ahlquist (1988).
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by a specific recognition process between coat protein and viral RNA.
The second process is known to operate for some viruses and is proba-
bly widespread. For example, the initiation of TMV rod assembly in-
volves a specific internal nucleotide sequence in the RNA (Chapter 7,
Section 3.1).

5.2 REGULATORY AND RECOGNITION
ROLES FOR VIRAL PROTEINS

It seems certain that viral-coded proteins must have roles concerning
regulation and recognition in relation to the virus life cycle and to the
effects of infection on the host cell. These functions will involve inter-
actions between viral-coded proteins, between such proteins and viral
nucleic acids, and between viral proteins or nucleic acids and host com-
ponents. At present this is an important area where little meaningful
information is available.

6 EXPERIMENTAL SYSTEMS FOR STUDYING
VIRAL REPLICATION IN V11O

6.1 INTACT LEAVES

Inoculated leaves or systemically infected leaves have both advantages
and disadvantages. The main advantages are ease of preparation and
the fact that virus is replicating in a natural system. The major disad-
vantage is the marked asynchrony in the times at which cells become
infected in the tissue sampled. The synchrony of infection in the young,
systemically infected leaf can be greatly improved by manipulating the
temperature. The lower inoculated leaves of an intact plant are main-
tained at normal temperatures (=25-30° C), while the upper leaves are
kept at 5 to 12°C. Under these conditions, systemic infection of the
young leaves occurs, but replication does not. When the upper leaves
are shifted to a higher temperature, replication begins in a fairly syn-
chronous fashion. The main requirement is for a systemic host with a
habit of growth that makes it possible for upper and lower leaves to be
kept at different temperatures.



6 EXPERIMENTAL SYSTEMS FOR STUDYING VIRAL REPLICATION IN V1VO

121

6.2 PROTOPLASTS

Protoplasts are isolated plant cells that lack the rigid cellulose wall
found in intact tissue. They are prepared by treating leaf tissue from
which the lower epidermis has been stripped with a fungal pectinase,
which gives rise to separated cells. These are then treated with a fungal
cellulase to remove the cell wall (Fig. 6.6).

Protoplasts can be infected with intact virus or viral RNAs. Besides
greatly improved synchrony of infection compared with intact leaves,
protoplasts have several other advantages: (1) close control of experi-
mental conditions; (2) uniform sampling can be carried out by pipet-
ting; (3) the high proportion of infected cells (often 60—90%); (5) the
relatively high efficiency of infection; (6) organelles, such as chlo-
roplasts and nuclei, can be isolated in much better condition from pro-
toplasts than from intact leaves.

However, a number of actual or potential limitations and difficulties
must be borne in mind. (1) Protoplasts are very fragile—both mechani-
cally and biochemically. Their fragility may vary markedly, depending
on the growing conditions of the plants, season of the year, time of day,
and the particular age of leaf chosen. (2) Under culture conditions that
favor virus replication, protoplasts survive only for 2 to 3 days, and then

Figure 6.6 lsolation of protoplasts from chinese cabbage leaves. (A) A separated spongy
mesophyll cell and (B) a separated palisade cell, following pectinase treatment. The cells
still retain the cellulose wall. Following treatment of isolated cells with cellulase, spher-
ical protoplasts are produced (C). Bar = 10 um. Courtesy of Y. Sugimura.
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decline and die. (3) To prevent growth of microorganisms during in-
cubation, antibiotics may be added to the medium. These may have
unexpected effects on virus replication. (4) Compared to intact tissue,
relatively small quantities of cells are made available. (5) Cytological
effects observed in thin sections of infected leaf tissue may not be re-
produced in protoplasts, probably because of the effects of changed os-
motic conditions on cell membranes. (6) The isolation procedure and
the medium in which they are maintained may drastically affect the
physiological state of the cells.

6.3 SITES OF SYNTHESIS AND ASSEMBLY

Two general kinds of procedures have been used in attempts to define
the intracellular sites of virus synthesis and assembly: (1) fractionation
of cell components from tissue extracts followed by assay for virus or
virus components in the various fractions, and (2) light and electron
microscopy.

We have learned the most about sites of synthesis and assembly
where both kinds of technique have been applied. Immunocytochemical
methods are being used increasingly to locate viral-coded proteins
within cells and tissues.

7 ERRORS IN VIRUS REPLICATION

The process of virus replication gives rise to a proportion of progeny
particles that are not identical to the infecting virus. We can distinguish
three kinds of differences: (1) mutations, etc., that give rise to new
viable strains of the virus, discussed in Chapter 12; (2) defective inter-
fering virus particles, discussed in Chapter 9; and (3) mixed virus as-
sembly, discussed here.

Mixed virus assembly can be shown to take place in vitro between
the RNA of one strain of a virus and the coat protein of another; between
RNA and protein from unrelated viruses; and between one kind of RNA
and two different coat proteins. Mixed virus particles are also formed in
vivo. When two viruses multiply together in the same tissue, some
progeny particles may be formed that consist of the genome of one vi-
rus housed in a particle made partially or completely from the struc-
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tural components of the other virus. Barley yellow dwarf Luteovirus
(BYDV) provides an interesting example.

Strains of BYDV show aphid vector specificity (Chapter 13, Section
3.2.4). When a strain of the virus normally transmitted in a particular
vector was grown in oats in a double infection with a serologically un-
related strain not normally transmitted by the aphid, this latter strain
was transmitted. This transmission was the result of the fact that some
of the RNA of the second strain had been assembled into protein shells
of the normally transmitted strain. Such phenotypic mixing can occur
between two unrelated helical viruses with different dimensions. It has
even been found between a helical virus (barley stripe mosaic Hordei-
virus) and an icosahedral one, brome mosaic Bromovirus (BMV). With
some viruses, significant amounts of host RNA may be incorporated into
virus-like particles.
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As discussed in Chapter 6, the plant viruses with ss positive sense
RNA genomes have developed five major strategies for efficient transla-
tion in a eukaryotic protein-synthesizing system. For the purposes of
this chapter, I shall include translational frameshifting with the read-
through mechanism, as they have essentially the same result. Table 7.1
summarizes the strategies used by 18 groups of viruses. These can be
arranged in seven categories as indicated in Table 7.1. In this chapter I
shall consider one example from each category. The other groups are
described by Matthews (1991). The arrangement shown in Table 7.1 is
used for convenience, and should not be regarded as the basis for a pro-
posed classification.

Organization and expression of the genome is summarized in a
map for each virus considered. The conventions used in these maps are
summarized in Table 7.2. There is no doubt that further work will lead
to changes in particular aspects for most of these genome maps. As-
pects of the replication of different viruses have been studied to widely
differing extents, partly for technical reasons, and partly by chance.
This situation is reflected in the very uneven coverage of topics for dif-
ferent viruses in this chapter and in Chapter 8.

1 THE POTYVIRUS GROUP

The potyviruses are a large and economically very important group of
viruses infecting a wide range of species. They are transmitted me-
chanically, but insect vectors, especially aphids, are most important in
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Table 7.1 Summary of Genome Strategies Adopted by 18 ss-Positive Sense RNA Plant
Virus Groups

No. of
No. of proteins

Number Strategy (see Fig. 6.2) Virus group ORFs coded
| One strategy. Polyprotein Potyvirus 1 8
11 One strategy. Subgenomic RNA Potexvirus 5 4-5
Tombusvirus =3 =3
11| Two strategies. Subgenomic Tobamovirus 5 4-5
RNA plus read-through or Luteovirus 6 6
frameshift protein Carmovirus 5 7
0% Two strategies. Subgenomic Tymovirus 3 3-4
RNAs and polyprotein Sobemovirus 4 4-5
\’ Two strategies. Multipartite Comovirus 2 9
genome and polyprotein Nepovirus 2 5
Vi Two strategies. Subgenomic Bromovirus 4 4
RNAs and multipartite Cucumovirus 4 4

genome Alfalfa
mosaic virus 4 4
Harvirus 4 4
Hordeivirus 7 7
vl Three strategies. Subgenomic Tobravirus 5 5-6
RNAs, multipartite genome Furovirus 9 6-9
and readthrough protein (or Dianthovirus 4

frameshift)

the field. In contrast to most other plant viruses, some stable, nonstruc-
tural gene products may accumulate in substantial amounts in infected
cells, greatly facilitating their study. This group of viruses is the only
known plant group in which the polyprotein strategy is the only one in-
volved. Figure 7.1 illustrates this strategy for tobacco etch virus (TEV),
the virus about which most is known.

Figure 7.1 shows a proposed scheme for the proteolytic processing
of the initial long polyprotein. It is not certain whether any complete
polyprotein molecules are synthesized or whether all are cleaved at
least once before synthesis is complete. Two proteinase activities have
been assigned to the 87-K and 49-K products and a third proteinase ac-
tivity has been detected. Five sites that are cleaved by the 49-K protein
have the following sequence.

Glu-Xaa-Xaa-Tyr-Xaa-Gln ! Ser (or Gly)
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Table 7.2 Conventions Used in the Genome Maps for RNA Viruses

L 1 1 — Scale for genome length in 1000s of nucleotides
0 1 2 3k

Genomic RNA
2200 nt

Genome or subgenomic RNAs with length indicated in nucleotides

End groups, and structures near termini
5' cap = me’ Gppp
VPg = covalently bonded protein
5' = no special structure
7 = not known
poly(A) 3' = a run of As usually of variable length (not included in quoted genome length)
RNAY'3 = 3 terminal nuclectides can fold to give a tRNA like structure accepting the amino acid indicated

3 OH = no special structure at 3' termini

AUG UAA

3495 4917

| ORF1_54K ] = open reading frame 1, with a coding potential of Mr ~ 54000
position of initiation and termination codons indicated by number of nucleotides from 5' terminus of
the genomic RNA

ORFs are numbered in one series for the whole genome

[ ORF1 50K i _ORF2 80K ] ! indicates a leaky termination codon giving rise to a read-through protein of 80K
—riamet [_oRF ] Where more than one reading frame is involved they are arranged as indicated

P R T
Frame3

NNV = Protein producl
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Genomic
RNA
9496 nt
AUG UGA
|145 9306
5' VPg ORF1_346K_ L polya) 3
GG Qs l QS QG QG Qs
87 50 70 6 49 58 30
31 56 ¢
?
’ Qs l
50 70 49K
[AVaAVAVAVAV,AVAV,Y
. l . Qs
56 Cl§ processing events K 58 30
V\f\n/r./vm/v\/vuv ‘ rn
.. .a;_ e oo
50K Irans processing events 58K
AVaV VaVs AVaVaVaVaVaVaVa Vol FaVaVaVaVaVaVoVoVavs
31K
56K 70K 30K
[aVaVaVaVaVo VoWVl NNANANNNNNNNN AVaVaVaVaul
L 1 1 J
0 1 2 3kb

Proteinase cleavage sites QS = gIn-ser ; QG = gin-gly ; GG = gly-gly

Protein functions : 87K, proteinase ; 31K , cell-to-cell movement ; 56K , insect transmission ; 50K , proteinase ;
70K, replication ; 6K, 7 ; 49K , proteinase ; 50K polymerase ; 30K , coat protein.

"""""" indicates cis or trans processing

Figure 7.1 Organization and Expression of a Potyvirus genome (TEV).

Xaa = any amino acid. Arrow indicates the bond that is cleaved. As
shown in Fig. 7.1, some proteolytic cleavage occurs while the enzyme is
still part of the polyprotein (cis cleavage). Other cuts are made inter-
molecularly by the free enzyme (trans cleavage).

About 2000 molecules of the 20-K coat protein are needed to make
one rod-shaped virus particle. Since the coat protein gene is at the 3’
end of the genome, a complete polyprotein must be translated for each
coat protein molecule. This may account for the fact that several other
viral-coded proteins accumulate in large quantities in infected cells.
These are (1) the cytoplasmic pinwheel inclusion protein of M, = 70 K,
probably involved in RNA replication. It aggregates to form pinwheel
inclusion bodies that are characteristic of the Potyvirus group; (2) the
cytoplasmic amorphous inclusion body protein, which is probably a
viral-coded protein necessary for insect transmission of the virus; (3)
nuclear inclusion proteins of M, = 58 K (polymerase) and 49 K (pro-
teinase), which form the nuclear inclusions found in some Potyvirus
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infections. Only full-length genomic RNA and its negative sense coun-
terpart have been found in infected tissues.

2 THE POTEXVIRUS GROUP

Individual viruses in this group have rather limited host ranges, but as a
group, members infect a wide range of species, and are geographically
very widespread. They are stable and transmitted by mechanical means.
The group provides an example of viruses that use only subgenomic
RNAs in order to have their genes translated in a eukaryotic system.
Various Potexvirus genomes have been fully sequenced. All show
the same genome organization, with five open reading frames (ORF's),
as illustrated in Fig. 7.2 for white clover mosaic virus (WCMYV) (data

Genomic RNA
5835 nt
AUG UGA AUG UAG
I108 3990] 4683 ORF3 5030
, ORF1 147K 13K v(a) 3
5 CAP IORF2 26K]  OREA polya
AUG UAA (K[ ORF5 J21K
3995  4702auG  AUG  UGA
4956 5164 5733
AV VaVaVa VWAV oV oV o VoV VoW VoV Va VoV VoV VaVaVaVa VaVaVa VaVa Vol UGA
5154
sub genomic RNA (found in CYMV and PVX) 5 poly(a) ¥
subgenomic mRNA (coat protein)  5'cap ngi poly(a) 3'
vv£v\
L 1 1 —
0 1 2 3kb

Protein functions : 147K , polymerase ; 26K , cellto-cell movement ? ;13K , 7;
7K , fungal transmission ? ; 21K , coat protein.

Figure 7.2 Organization and expression of a Potexvirus genome (white clover mosaic
virus).
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from Beck et al. 1991). The protein encoded by the 147-K ORF has do-
mains of sequence similarity with the presumed polymerase genes of
other RNA viruses. ORFs 2, 3, and 4, which are all involved in cell-to-cell
movement, are known as the triple gene block. Such an arrangement
has been found for some other ssRNA plant viruses. There is a poly-
adenylation signal (AAUAAA) at various distances from the 3’ terminus
in different potexviruses.

Subgenomic RNAs for coat protein synthesis have been found in vivo,
sometimes in association with polyribosomes. A larger subgenomic
RNA has also been isolated. Genomic RNA has also been found in the
polyribosome fraction, indicating active translation in vivo. Genome-
sized double-stranded RNAs (dsRNAs) have been found in vivo, prob-
ably representing a replicative form (RF) of the RNA.

Among the plant viruses with flexuous rod-shaped particles, most is
known about the assembly in vitro of potexviruses, particularly papaya
mosaic virus (PapMV). The process shows both similarities to and dif-
ferences from the assembly of tobacco mosaic virus (TMV), but much
less detail is understood. The site for nucleation of coat protein on the
RNA is at the 5’ end. Coat protein forms aggregates of various sorts. In
particular, at pH 7.0, a double disk is formed containing two layers of
nine subunits. This double disk probably initiates virus assembly. Five
nucleotides are associated with each protein subunit in the virus rod
(compared with three for TMV).

3 THE TOBAMOVIRUS GROUP

TMYV, the type member of this group, was the first virus to be isolated,
and it remains one of the most studied among the plant viruses. Most
tobamoviruses have wide host ranges among the angiosperms, and
they are found wherever their crop and weed hosts grow. The replica-
tion of TMV has been studied more than any other plant virus. For this
reason it is discussed in more detail than are the other groups. In par-
ticular, a great deal of experimental work has been carried out on the
assembly of the virus in vitro from its components. Tobamoviruses
combine two genome strategies—subgenomic RNAs, together with a
read-through protein.
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3.1 GENOME STRUCTURE

The nucleotide sequence of TMV revealed several closely packed ORFs.
A m’ Gppp cap is attached to the first nucleotide (guanylic acid). This is
followed by an untranslated leader sequence of 69 nucleotides. The 5’
ORF codes for a 126-K protein. Experiments described below show that
the termination codon for this protein (UAG) is leaky, and that a second,
larger read-through protein is possible. This read-through protein has
a MW of 183 K. The terminal five codons of this read-through protein
overlap a third ORF coding for a protein of 30 K. This ORF terminates
two nucleotides before the initiation codon of the fourth ORF that is
closest to the 3' terminus. It codes for a 17.6-K coat protein. As dis-
cussed below, the two smaller ORFs at the 3’ end of the genome are
translated from subgenomic RNAs. A third subgenomic RNA termed I,
RNA, representing approximately the 3' half of the genome, has been
isolated from TMV-infected tissue. S1 mapping showed that this RNA
species had a distinct 5’ terminus. The 3’ untranslated sequences of
these RNAs fold in the terminal region to give a transfer RNA (tRNA)-
like structure accepting histidine. These relationships are summarized
in Fig. 7.3. This genome structure is probably common to all members
of the Tobamovirus group.

3.2 PROTEINS SYNTHESIZED IN VITRO

TMV genomic RNA has been translated in several cell-free systems.
Two large polypeptides are produced, but no coat protein is made.
The synthesis of the two larger proteins is initiated at the same AUG.
The larger protein is generated by partial read-through of a termi-
nation codon. The two proteins are read in the same phase, so the
amino acid sequence of the smaller protein is also contained within
the larger one. The I, subgenomic RNA isolated from infected tissue
is translated in vitro in the rabbit reticulocyte system to produce a
polypeptide of M, 54 K, but this product has not been detected in in-
fected tissue.

The I, RNA isolated from infected tissue is translated to produce a
protein of M, 30 K. The I, RNA also contains the smaller 3’ coat protein
gene (Fig. 7.3), but this is not translated in in vitro systems. The small-
est TMV gene, (the 3’ coat protein gene) is translated in vitro only from
the monocistronic subgenomic RNA (Fig. 7.3). This gene can also be
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Genomic
RNA
6395 nt
AUG UAG UAA
69 17 4917 AUG UGA
© cap b ORF1 126K ! ORF2 183K ] 5712 6191 s,
S ORFS A3
ORF4 30K 17.6K
UAG UAA
AWNNNNNANNNANNNNNANN NN NN NN VY 4903 5709
NNNNANNNANNNY NN NNANNNNNNANNNN NN N NNNNANNN VNN NNNNNNY
AUG UAA
I; subgenomic ANA 2495 SRR 4917 e
2091 nt ppp 5 e tRNA 3
ORF4 30K | 17.6K
ANNNNNANNANANN NN
I, subgenomic RNA Nis
1500 nt pPP 5 == ANA 3
F4 30K_] 17.6K
AVAVAVAVAVAV VoV
! L ! ! Coat protein subgenomic RNA s
0 1 2 3kb . .
892nt  5'cap =T tRNA 3
Protein functions : 126K and 183K , polymerase ; 54K ,? ; 17.6K
30K, cell-to-cell movement ; 17.6K coat protein.

wvwwvwn
( note : ORF3 is in same reading frame as ORF's 1 and 2)

Figure 7.3 Organization and expression of a Tobamovirus genome (TMV, vulgare
strain).

translated efficiently in vitro by prokaryotic protein-synthesizing ma-
chinery from Escherichia coli.

3.3 PROTEINS SYNTHESIZED IN VIO

Proteins corresponding in size to the 183-K, 126-K, and 30-K pro-
teins, and of course the 17.5-K coat protein, have been detected in in-
fected cells and tissues. Their identity was confirmed in the following
ways: determination of the nucleotide sequence in the 3’ region of the
TMV genome readily located the gene for coat protein, since its full
amino acid sequence was already known. Peptide analysis on a large
protein found in vivo showed it to be the same as an in vitro product of
similar size. For the 30-K protein, a synthetic peptide was made with
the sequence for the 16 C-terminal amino acids predicted from the
nucleotide sequence. Antibodies raised against this peptide precipi-
tated the 30-K protein, positively identifying it as the I, RNA product.
No protein has yet been detected in vivo that corresponds to the 54-K
in vitro translation product of the I, subgenomic RNA; thus, the TMV
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genome codes for four gene products, with a probable fifth yet to be
established.

3.4 FUNCTIONS OF THE VIRAL-CODED PROTEINS
3.4.1 Coat Protein

Besides its structural function in the virus particle, the coat protein can
influence disease in various ways. For example, some strains of TMV
can cause necrotic local lesions rather than systemic mosaic disease. It
has been shown that a substitution of a phenylalanine for a serine at
position 148 in the coat protein is responsible for the resistant necrotic
response in one tobacco host, but other hosts containing different resis-
tance genes are not affected by this mutation. In addition, some coat
protein mutants establish systemic infection less effectively than do
wild-type viruses.

34.2 The 126-K and 183-K Proteins

The following lines of evidence show that one or both of these proteins
are involved in viral RNA replication: (1) they have significant amino
acid sequence homology with known viral RNA-dependent RNA poly-
merases; (2) mutation in the 126-K gene caused a reduction in the syn-
thesis of the 30-K protein and its mRNA, suggesting that the 126-K (and/
or 183-K) proteins are involved in the synthesis of I, RNA; (3) The most
convincing evidence is the fact that a mutant in which both the 30-K
and the coat-protein genes were deleted, replicated, in infected proto-
plasts to yield a shortened viral RNA; (4) in vitro mutagenesis at or near
the leaky termination codon of the 126-K gene indicates that both pro-
teins are necessary for normal TMV replication in tobacco leaves; (5)
although the TMYV replicase has not yet been characterized, a replica-
tion complex containing the 126-K and 183-K polypeptides has been
solubilized from infected cells.

3.4.3 The 30-K Protein

The following evidence shows that the 30-K protein of TMV is required
for cell-to-cell movement: (1) studies on the four proteins encoded by a
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TMV mutant s for cell-to-cell movement (Lsl) showed that the mutant
differed from normal virus only in the 30-K protein. The mutation lead-
ing to the s state was shown to change a serine to a proline in the 30-K
protein; (2) transgenic tobacco seedlings expressing the normal 30-K
protein complemented the Lsl mutant, allowing it to spread from cell
to cell and move systemically; (3) in a reverse genetics approach, the
point mutation found in the Lsl mutant was introduced into the paren-
tal virus. The resultant virus had the Lsl phenotype; (4) various frame-
shift mutations in the 30-K gene yielded a defective phenotype. These
mutations could replicate in protoplasts, but none showed infectivity
for tobacco, i.e., local lesions or systemic infection. The 30-K protein
has been shown to bind strongly to ssRNA in a nonsequence-specific
manner. Such binding might be involved in moving viral RNA to the
plasmodesmata.

3.5 CONTROLLING ELEMENTS IN THE VIRAL GENOME

Several controlling elements have been recognized or inferred in TMV
RNA: (1) the nucleotide sequence involved in initiating assembly of
virus rods. This is discussed in Section 3.9.1; (2) the replicase recogni-
tion site in the 3’ noncoding region (Chapter 6, Section 5.1); (3) the start
codon sequence context may be one form of translational regulation.
The context differs for each of the four known gene products. For ex-
ample in strain U;, the contexts are as follows:

126 K: ACAAUGG 54 K: GAUAUGC
30 K: UAGAUGG coat protein: AAUAUGU.

The reasons for these differences are not known; (4) RNA promoters
presumably have a role in regulating the amounts of subgenomic RNAs
produced, but the exact sequences for these subgenomic promoters
have not been identified. That for the coat protein lies within 100 nu-
cleotides upstream of the ORF.

3.6 VIRAL RNA SYNTHESIS IN VITRO

In vitro RNA synthesis has been detected only in crude fractions from
infected cells. A virus-specific, ANA-dependent RNA polymerase associ-
ated with the membrane fraction can catalyze the synthesis of both
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positive and negative sense strands. The major products labeled with
radioactive nucleotides had the expected properties for TMV replicative
form (RF) and replicative intermediate (RI) (Fig. 6.2). Much more label
was incorporated into plus strands than into minus strands in the RF
fraction. In the Rl fraction, only labeled plus strands could be detected.
The system has a number of limitations. Synthetic activity is short-lived.
The system does not respond to added template RNA, and little or no
free progeny viral RNA molecules are formed. RF of genomic size but
not of coat protein subgenomic size has been detected. Furthermore,
no minus-strand RNA of this size has been found. Thus, the subgenomic
coat protein RNA is probably synthesized by internal initiation on the
full-length negative-strand RNA rather than by transcription from a
subgenomic negative sense strand.

3.7 EARLY EVENTS FOLLOWING INFECTION
3.7.1 Disassembly of the Virus in Vitro

To initiate infection, TMV RNA must be uncoated, at least to the extent
of allowing the first cistron to be translated. Wilson (1984) found that
treatment of TMV rods briefly at pH 8.0 allowed some polypeptide syn-
thesis to occur when the treated virus was incubated in an mRNA-
dependent rabbit reticulocyte lysate. He suggested that the alkali treat-
ment destabilizes the 5’ end of the rod sufficiently to allow a ribosome
to attach to the 5’ leader sequence and then to move down the RNA,
displacing coat-protein subunits as it moves. He termed the ribosome-—
partially stripped rod complexes striposomes, and suggested that a simi-
lar uncoating mechanism may occur in vivo. Probably because it con-
tains no G residues, the 5’ leader sequence interacts weakly with coat
protein subunits. Such microinstability may allow ribosomes to attach
to the leader sequence, initiating cotranslational disassembly (Mundry
et al, 1991).

3.7.2 Experiments with Protoplasts

Protoplasts have been used in various studies aimed at elucidating early
events in the infection process. However, in view of the abnormal state
of the cells and particularly the nature of the suspension medium, the
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relevance of studies in protoplasts to the infection process in leaves fol-
lowing mechanical inoculation is open to question.

3.7.3 Early Events in Intact Leaves

The uncoating process has been examined directly by applying to intact
leaves TMV radioactively labeled in the protein or the RNA or in both
components. There is a fundamental difficulty with all such experi-
ments. Concentrated inocula must be used to provide sufficient virus
for analysis, but this means that large numbers of virus particles enter
cells rapidly. It is impossible to know which among these particles actu-
ally establish an infection.

There is some evidence suggesting that TMV particles are uncoated
in vivo in epidermal cells as an 80 S ribosome moves along the RNA
from the 5' end in the manner suggested from in vitro studies (Section
3.7.1). Translation complexes with the expected properties of stripo-
somes have been isolated from the epidermis of tobacco leaves shortly
after inoculation; however, more definitive experiments are needed to
establish that this uncoating mechanism operates in vivo.

3.8 RNA AND PROTEIN SYNTHESIS IN V11O

Viral protein synthesis does not suppress total host cell protein syn-
thesis, but occurs in addition to normal synthesis. Two days after infec-
tion, viral coat-protein synthesis in leaves may account for about 7% of
total protein synthesis. Synthesis of the 126-K protein was about 1.4%,
and that of the 183-K protein about 0.3% as much as coat protein. Much
of the TMV-induced RNA polymerase in tobacco leaves is in bound
form. The TMV—-RNA replication complex is found in a membranous
complex bound in cytoplasmic ribosomes. The data in Fig. 7.4 illustrate
the use of protoplasts to study the timing of production of various viral-
coded products.

As might be expected, Rl and RF appear early in infection, as does
the 126-K protein (estimated as 140 K in Fig. 7.4). Coat-protein mRNA
and genomic RNA are early products. At a later stage, virus production
follows closely that of coat-protein synthesis. Thus, it appears that the
amount of coat protein available may limit the rate at which progeny
virus is produced.
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Figure 74 Time course of production of TMV-related RNAs, proteins, and progeny virus
particles in synchronously infected protoplasts. One half of a batch of protoplasts was in-
cubated with 1*C-uridine in the presence of actinomycin D from the time of inoculation.
The other half was incubated with *C-leucine under the same conditions. Samples were
taken for analysis at the times indicated. Data are expressed as the percentages of the
maximal values attained for each component during the time course studies. (0) Rl;
(&) RF; (8) TMV-BRNA; (m) coat protein mRNA; (+) 140-K protein; (A) coat protein; (0)
progeny virus particles. From Ogawa and Sakai (1984).

3.9 ASSEMBLY OF THE TMV ROD
3.9.1 Assembly in Vitro

In their classical experiments, Fraenkel-Conrat and Williams (1955)
showed that it was possible to prepare TMV coat protein and TMV RNA,
and to reassemble these into intact virus particles. TMV RNA alone had
an infectivity about 0.1% that of intact virus. Reconstitution of virus
rods gave greatly increased specific infectivity (about 10 to 80% that of
the native virus), and the infectivity was resistant to RNAase attack.
Since these early experiments, many workers have studied the mecha-
nism of assembly of the virus rod. The three-dimensional structure of
the coat protein is known in atomic detail (Fig. 5.7), and the complete
nucleotide sequence of several strains of the virus and related viruses is
known. The system therefore provides a useful model for studying in-
teractions during the formation of a macromolecular assembly from
protein and RNA.

There are four aspects of rod assembly to be considered: the site on
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the RNA where rod formation begins; the initial nucleating event that
begins rod formation; rod extension in the 5’ direction; and rod exten-
sion in the 3’ direction. There is a general consensus concerning most
of the details of the initiation site and the initial event, but the nature of
the elongation processes remains controversial. A central problem has
been the fact that the coat-protein monomer can exist in a variety of
aggregation states, the existence of which is closely dependent on con-
ditions in the medium. Equilibria exists between different aggregates,
so that whereas one species may dominate under a given set of experi-
mental conditions, others may be present in smaller amounts.

The Assembly Origin in the RNA

The experiments of many workers agree in showing that the origin
of assembly of TMV is at a specific internal sequence of nucleotides.
In the type virus, this sequence lies outside the coat-protein gene in
a 5' direction. The initiating sequence consists of three triplets—
AAGAAGUCG—in the form of a loop at the end of a base-paired stem
containing about 14 base pairs. The nine-base loop combines first with
a 20 S aggregate of coat. Binding is the result mainly of the regularly
spaced G residues, as shown by site-directed mutagenesis. The origin
of assembly is located elsewhere in some tobamoviruses.

The Initial Nucleating Event

The structure of the 20 S double disk is known to atomic resolution
(Fig. 5.7). For many years it has been assumed that this was the config-
uration that initiated assembly. Some recent work suggests that the
double disk may already be in protohelical form under reconstitution
conditions. However, on balance, the disk structure seems most prob-
able. It certainly makes possible the model for TMV assembly in which
the inner part of the two-layered disk acts as a pair of jaws (Fig. 5.7) to
bind specifically to the origin of assembly loop in the RNA, in the pro-
cess converting to a protohelix (Fig. 7.5).

Rod Extension in the 5’ Direction

All workers agree that following the initiation of rod assembly, rod
extension is faster in the 5’ direction than in the 3', but disagreement



Figure 7.5 Model for the assembly of TMV; A-~C, initiation; D—H, elongation. (A) The
hair-pin loop inserts into the central hole of the 20 S disk. This insertion is from the lower
side of the disk as viewed in Fig. 5.8. It is not yet apparent how the correct side for entry is
chosen. (B) The loop opens up as it intercalates between the two layers of subunits. (C)
This protein—RNA interaction causes the disk to switch to the helical lockwasher form (a
protohelix). Both RNA tails protrude from the same end. The lockwasher—RNA compiex is
the beginning of the helical rod. (D) A second double disk can add to the first on the side
away from the RNA tails. As it does so, it switches to helical form, and two more turns of
the RNA become entrapped. (E—H) Growth of the helical rod continues in the 5’ direction
as the loop of RNA receives successive disks, and the 5’ tail of the RNA is drawn through
the axial hole. In each drawing, the three-dimensional state of the RNA strand is indi-
cated. Courtesy of P. J. G. Butler, Copyright, Medical Research Council.
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remains as to other aspects. Butler’s group believed that the 20 S aggre-
gate is used in 5’ extension, with complete rods being formed in 5 to 7
min. Okada’s group claimed that 5' extension uses 4 S or A protein with
complete rods taking 40—60 min to form (A protein consists of aggre-
gates of up to about five coat-protein monomers). Some of the earlier
relevant experiments are discussed in detail by Butler (1984) and
Okada (1986).

Rod Extension in the 3' Direction

As with extension in the 5’ direction, there is disagreement be-
tween Butler’s and Okada’s groups as to whether A protein or the 20 S
aggregate is involved in extension of the rod in the 3’ direction.

3.9.2 Assembly in Vivo

The 20 S aggregate has not been definitively established as occurring in
vive. Nevertheless, the following evidence shows that the process in-
volved in the initiation of assembly outlined in the preceding sections is
-almost certainly used in vivo. (1) The conditions under which assembly
occurs most efficiently in vitro (pH 7.0, 0.1 M ionic strength, and 20°C)
can be regarded as reasonably physiological. (2) In some tobamoviruses,
the origin of assembly sequence lies within the coat-protein gene. In
these viruses, the coat-protein subgenomic RNA is assembled into a
short rod in vivo. (3) The TMV mutant Ni2519, which is #s for viral as-
sembly in vivo, has a single base change that weakens the secondary
structure near the origin of assembly loop. (4) Foreign genes that in-
clude the TMV origin of assembly have been introduced into the nu-
clear DNA to make transgenic plants. RNA transcripts of these genes
can be assembled into virus-like rods with the TMV coat protein when
the transgenic plants are systemically infected with TMV.

3.10 INTRACELLULAR LOCATION OF VIRUS
SYNTHESIS AND ACCUMULATION

Many years ago, light microscopy revealed the existence of amorphous
inclusions named X bodies in cells infected with TMV (Fig. 7.6). In to-
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Figure 7.6 Viroplasm induced by TMV in a tobacco cortical parenchyma cell. Light
microscope (X1500). N, nucleus; X, X-body. From Esau and Cronshaw (1967).

bacco cells, electron microscopy has shown that these structures con-
sist of an assemblage of endoplasmic reticulum, ribosomes, virus rods,
and wide filaments that may be bundles of tubules (Fig. 7.7). They occur
in all types of cells infected with TMV.

The weight of evidence suggests that TMV components are synthe-
sized and assembled into virus in or near these cytoplasmic viroplasms.
In particular, various studies using immunocytochemical labeling have
localized the large TMV-coded polypeptides in the viroplasms (Fig. 7.8).
This is strong indication that the viral RNA is synthesized at these sites.



Figure 7.7 Viroplasm induced by TMV in a tobacco parenchyma cell showing endo-
plasmic reticulum (ER), ribosomes (R), virus rods (V), and wide filaments (F); (x53,000).
The inclusion has no delimiting membrane. From Esau and Cronshaw (1967).

Figure 7.8 Immunocytochemical localization of the 130-K-180-K TMV proteins in a cell
from a young infected tobacco leaf. l.eaf sections were treated with an anti-130-K—
anti-180-K antiserum, and then with a protein A—gold complex. Gold label is strongly
localized in the viroplasm regions of the cytoplasm. CW, cell wall; Ve, vacuole; N, nucleus;
arrows indicate ER; Bar = 1 um. From Saito et al. (1987).
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4 THE TYMOVIRUS GROUP

Except for a few crops, members of the Tymovirus group are not of
major importance. They are transmitted mechanically and by beetles.

4.1 GENOME STRUCTURE

The genomic organization is very compact. For example, with the Eu-
ropean turnip yellow mosaic virus (TYMV), only 192 (3%) of the 6518
nucleotides are noncoding. The largest ORF initiates at position 95 and
ends at position 5627 with a UAG (to give a protein of 206 K, 1844 amino
acids). A second ORF runs from the first AUG on the RNA (beginning
nucleotide 88) and terminates with a UGA at 1972 (69 K; 628 amino
acids). This ORF overlaps the 206-K gene in a different reading frame,
but isinthe same reading frame as the coat-protein gene. The coat-pro-
tein gene is in reading frame —1 compared with the 206-K gene for the
virus, illustrated in Fig. 7.9. A 105-nucleotide noncoding 3’ region, which
can form a tRNA-like structure (Fig. 7.9), appears downstream of the
coat-protein cistron.

4.2 SUBGENOMIC RNA

A small subgenomic RNA, which is the mRNA for coat protein, is pack-
aged with the genomic RNA and in a series of partially filled particles.
No double-stranded RNA (dsRNA) corresponding in length to this sub-
genomic RNA appears to be present in vivo. The coat-protein mRNA is
synthesized in vivo by internal initiation on minus strands of genomic
length. Comparison of various Tymovirus nucleotide sequences around
the initiation site for the subgenomic mRNA revealed two conserved re-
gions, one at the initiation site, and the other, a 16-nucleotide sequence
on the 5’ side of it. This longer sequence has been called the tymobox
and may be an important component of the promoter for subgenomic
RNA synthesis.

4.3 IN VITRO TRANSLATION STUDIES

The coat-protein gene in the genomic RNA is not translated in vitro, but
the small subgenomic RNA is very efficiently translated in in vitro sys-
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Figure 7.9 Organization and expression of a Tymovirus genome (TYMV, European
strain).

tems to give coat protein. Both the large ORF's are expressed in in vitro
systems. The 206-K polypeptide is cleaved in vitro to give smaller
products, but the proteinase involved has not been identified. The
scheme for proteolysis shown in Fig. 7.9 may be modified by further
studies.

4.4 FUNCTIONS OF THE PROTEINS

The 206-K polypeptide contains sequences conserved in a number
of RNA viral gene products that are involved in nucleotide bind-
ing, and in replicase function. The latter sequence is located toward
the 3’ terminus of the 206-K structure in a 70-K cleavage product.
However, the TYMV replicase isolated from infected plants contains
a 115-K (=120 K) viral-coded polypeptide. This situation is not yet
resolved.
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Figure 7.10 Fine structure of TYMV-induced peripheral vesicles in the chloroplasts of
infected chinese cabbage cells. (a) Thin section showing continuity of inner chloroplast
and outer vesicle membranes and stranded material inside the vesicle with the staining
properties of ds nucleic acid (X235,000). Courtesy of S. Bullivant. (b) Fine structure of
vesicle membranes revealed by freeze fracturing of isolated chloroplasts (X92,000). From
Hatta et al. (1973).

4.5 RNA SYNTHESIS

Various lines of evidence have shown that the TYMV RNA polymer-
ase activity is associated with the small virus-induced vesicles formed
in large numbers at the periphery of chloroplasts in infected cells
(Fig. 7.10).

In vivo, the replicating form of the RNA is mainly in a single-
stranded (ss) state. TYMV infection stimulates nucleic acid synthesis in
the nucleus, but the significance of this observation is not established.
The subgenomic RNA containing the coat-protein gene becomes la-
beled in vivo with P more rapidly than does genomic RNA, presum-
ably reflecting more rapid synthesis of the coat-protein mRNA. How-
ever, the site of production of this mRNA is not yet established.

In spite of the close association of TYMV with the chloroplasts, the
presence of chlorophyll is not necessary for TYMV replication, since the
virus can multiply in chlorophyll-less protoplasts from etiolated Chi-
nese cabbage hypocotyls.

4.6 VIRAL PROTEINS SYNTHESIZED IN VIVO

Viral protein synthesis in Chinese cabbage protoplasts is inhibited by
cycloheximide but not by chloramphenicol, indicating that coat protein
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is synthesized on 80 S cytoplasmic ribosomes. The cytoplasmic site for
viral protein synthesis has been confirmed by cytological evidence (Sec-
tion 4.8, following), but viral protein also accumulates in the nucleus.

The 69-K protein has been detected in vivo. It is expressed at a
500 times lower level than coat protein, and appears to be an early
nonstructural protein. Other large polypeptides have been detected,
but their relationship to the scheme shown in Fig. 7.9 has not been
established.

4.7 EARLY EVENTS FOLLOWING INOCULATION WITH TYMV

Following mechanical inoculation of leaves, a significant proportion of
the RNA in the retained inoculum is uncoated within 45 sec, and the
process is complete within 2 min. At least 80-90% of this uncoating
takes place in the epidermis. With high inoculum concentrations, ap-
proximately 106 particles per epidermal cell can be uncoated. The pro-
cess gives rise to empty shells that have lost about five to six protein
subunits, and to low-MW protein. This uncoating process also occurs
with plant species not known to be hosts of TYMV.

4.8 A MODEL FOR TYMV SYNTHESIS AND ASSEMBLY

The small vesicles at the margins of the chloroplasts, illustrated in Fig.
7.10, are formed by invagination of the chloroplast membranes. They
are a consistent feature of all Tymovirus-infected species and all types
of infected cells and tissues that have been examined. These vesicles
are the first observable cytological change to be brought about by infec-
tion. A series of subsequent cytological effects has been established, in-
cluding the fact that, at an early stage, coat protein accumulates in the
cytoplasm over clusters of vesicles in the chloroplasts. From these vari-
ous observations, a model for the assembly of TYMV has been proposed
(Fig. 7.11). Tymovirus coat proteins in the form of empty virus shells
accumulate in large quantities in the nuclei of infected cells. The sig-
nificance of this phenomenon is not understood.
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Figure 7.11 A model for the assembly of TYMV. (1) Pentamer and hexamer clusters of
coat-protein subunits are synthesized by the ER and accumulate in the cytoplasm over-
lying clustered vesicles in the chloroplast. (2) These become inserted into the outer chlo-
roplast membrane in an oriented fashion, i.e., with the hydrophobic sides that are nor-
mally buried in the complete protein shell lying within the lipid bilayer, with the end of
the cluster that is normally inside the virus particle at the membrane surface. (3) An RNA
strand synthesized or being synthesized within a vesicle begins to emerge through the
vesicle neck. (4) At this site, a specific nucleotide sequence in the RNA recognizes and
binds a surface feature of a pentamer cluster lying in the outer chloroplast membrane
near the vesicle neck, thus initiating virus assembly. (5) Assembly proceeds by the addi-
tion of pentamers and hexamers from the uniformly oriented supply in the membrane.
(6) The completed virus particle is released into the cytoplasm. From Matthews (1981).

5 THE COMOVIRUS GROUP

Members of this group usually have rather narrow host ranges and re-
stricted distribution. Most are transmitted in the field by beetles, and
some, through the seed. They are not responsible for many diseases of
major significance.

Cowpea mosaic virus (CPMYV) is the type member of the Comovirus
group. The following discussion centers on this virus, since it has been
used for most experimental work. Structure and organization of the bi-
partite CPMV genome is remarkably similar to that of the animal picor-
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naviruses, which have a monopartite genome. This aspect is discussed
in Chapter 16, Section 5.

5.1 STRUCTURE OF THE GENOME

The genome of CPMV consists of two strands of positive sense ssRNA
called M- and B-RNAs, with M, of 1.22 x 10% and 2.04 X 10°%. Both RNAs
have a small VPg covalently linked at the 5’ end, and a poly(A) sequence
at the 3’ end. There is a single, long, ORF in both RNAs. In M-RNA there
are three AUGs, beginning at nucleotides 161, 512, and 524. Studies
using site-directed mutagenesis have shown that the AUG at position
161 is used in vitro to direct the synthesis of a 105-K product. Both the
105-K protein initiating at nucleotide 161, and a 95-K product initiating
at nucleotide 512 have been detected in infected protoplasts, as have
their cleavage products illustrated in Fig. 7.12.

Genomic Genomic
M-RNA B-RNA
3481 nt 5889 nt
AUG  AUG UAA AUG UAG
161 512/524 3298 207 _5&[
I RE 2 )
5'vPg QEEL 0SS PHAIT 5 Vg = S ()3
oM oG
105K Qs Qs oG
oM oG
- /\‘
VVU“VV‘“‘J‘V“‘NUVLV OSOM 0G
/\ 32K
[0 ¢] LYV, Ve
wAnA AN
48K 60K Qe cutatOM cutatQG
LV, V.V VVV,VN /\vavl.fv
37K 23K Qs [0 ¢] Qs oM
ANNNNNS WY 110K \vamfw\(m)\}vv\. 87K

58K 4K 24K 87K 58K 4K 24K
VVWVVVVVVVY L VYV VWUV VYV VUL ARGV VTV V VR VI VAVAY

i L I ]

0 1 2 3kb

Proteinase cleavage sites Q-S = gn-ser ; Q-G = gin-gly ; Q-M = gin-met

Protein functions : M encoded , 58K and 48K , cell-to-cell movement ; 37K and 23K , coat proteins
Bencoded , 32K , Modulation of protease ; 4K, VPg ; 24K , protease ; 58K , RNA replication complex ; 110K replicase.

Figure 7.12 Organization and expression of a Comovirus genome (CPMV).
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The first 44 nucleotides in the 5’ leader sequences of M- and B-RNA
show 86% homology. The last 65 nucleotides preceding the poly(A) se-
quence show 83% homology. The seven nucleotides before the poly(A)
sequence are the same in the two RNAs. This conservation suggests that
these sequences are involved in recognition signals for viral or host
proteins, and studies with artificial mutants confirm their importance.
Neither RNA has an AAUAAA polyadenylation signal preceding the 3’
poly(A) sequence. The presence of poly(U) stretches at the 5’ end of
negative sense strands in RF molecules indicates that the poly(A) se-
quences are transcribed in the RNA-replication process.

5.2 ROLES OF THE M- AND B-RNAs

Both the B and M virus particles, or the RNA they contain, are necessary
for an infection producing progeny virus particles. However, inocula-
tion of protoplasts with B component leads to production of B-encoded
polypeptides and to replication of B component RNA. M-RNA is not rep-
licated in the absence of B-RNA. Thus, B-RNA must code for proteins in-
volved in replication, while M-RNA codes for the structural proteins of
the virus. B-RNA inoculated into intact leaves cannot move to surround-
ing cells in the absence of M-RNA.

5.2.1 Proteins Coded by B-RNA

B-RNA is translated both ir vitro and in vivo into a 200-K polyprotein,
which is subsequently proteolytically cleaved at specific sites, in a se-
ries of steps, to give the functional proteins. The relations between the
various polypeptides synthesized in protoplasts have been established
by comparison of the proteolytic digestion patterns of the isolated pro-
teins and by immunological methods. More recently, radioactively la-
beled CPMYV proteins synthesized in infected protoplasts were isolated,
and partial amino acid sequences determined. This allowed precise lo-
cation of the coding sequence for each protein on the B-RNA, precise
determination of molecular weights, and determination of the cleav-
age sites at which they are released from the polyprotein precursor
(Fig. 7.12).
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5.2.2 Proteins Coded by M-RNA

A scheme for the translation of M-RNA is shown in Fig. 7.12. It is based
on in vitro translation and processing studies and the use of antisera
raised against synthetic peptides to detect the corresponding proteins
in vivo. However, not all the polypeptides shown in Fig. 7.12 have been
positively identified as occurring in vivo.

5.2.3 Functions of the Viral-Coded Proteins
Coat Proteins

In vitro studies demonstrated directly that the two-coat proteins are
coded on M-RNA. This virus can spread through the plant only if the
RNAs are in the form of virus particles.

Viral Protease

Various experiments, including studies with deletion mutants made
using copy DNA (cDNA), have shown that the 24-K protein is the pro-
tease responsible for all cleavages in both B- and M-polyproteins. For
efficient cleavage of the glutamine-methionine site in the M-RNA poly-
protein, a second B-encoded protein (32 K) is essential, although this
protein does not itself have proteolytic activity.

Replicase

Two lines of evidence indicate that the 110-K protein encoded by
B-RNA is involved in RNA replication. First, it is part of the replicase
complex isolated from infected leaves, and cosediments precisely with
RNA-polymerase activity. Second, the polypeptide shows significant se-
quence similarity with the replicase of picornaviruses (see Chapter 16,
Section 5).

Membrane Attachment

The B-RNA-encoded 58-K polypeptides may be involved in mem-
brane attachment in the membrane-bound replication complex.
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The VPg

Partial amino acid sequence of the VPg allowed it to be precisely
mapped on the B-RNA.

Transport Function

As noted in Section 5.1, B-RNA is dependent on a function of M-RNA
for cell-to-cell movement. Besides being a requirement for the coat pro-
teins, experiments using insertion and deletion mutants have shown
that both the 58-K and 48-K proteins encoded by M-RNA are needed for
cell-to-cell movement.

5.3 REPLICATION IN V1VO

A CPMV RNA replication complex, containing a 110-K viral-coded poly-
peptide, has been isolated from infected cowpea leaves. This replica-
tion complex is capable of elongating nascent viral RNA strands in vitro
to full-length RNA. The initiation of viral RNA replication may be linked
to processing of the polyprotein, and the VPg may play some role, but
further work is needed. The position of the 110-K polypeptide in the
polyprotein (Fig. 7.12) requires that for every molecule of this protein
produced, the other B-RNA-encoded polypeptides must also be formed,
if not fully cleaved. CPMV-infected cells develop quite large pathologi-
cal structures that contain the RF form of the viral RNA and virus par-
ticles. They are, therefore, probably viroplasms—the sites of virus syn-
thesis and assembly.

6 THE BROMOVIRUS GROUP

The Bromovirus group contains four definitive members. The type
member, brome mosaic virus (BMV), has a limited host range in the
Poaceae, whereas the others have hosts mainly in the Fabaceae. Appli-
cation of molecular biological techniques has led to a rapid develop-
ment in our understanding of the genome of BMV. Bromoviruses are
representative of several groups that combine two strategies: a tripar-
tite genome, and translation from a subgenomic RNA (Table 7.1).
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6.1 GENOME STRUCTURE

BMV has a tripartite genome totalling 8243 nucleotides. In addition, a
subgenomic RNA containing the coat-protein gene is found in infected
plants and in virus particles. This coat-protein mRNA is encoded in the
sequence toward the 3’ end of RNA3. Each of the four RNAs has a 5’ cap
and a highly conserved 3' terminal sequence of about 200 nucleotides.
The terminal 135 nucleotides of this sequence can be folded into a
three-dimensional tRNA-like structure that accepts tyrosine, in a reac-
tion similar to the aminoacylation of tRNAs.

RNAs 1 and 2 encode single proteins, as indicated in Fig. 7.13. RNA3
encodes a protein of predicted MW of 32,480. Between this ORF and the
coat-protein ORF an intercistronic noncoding region approximately 250
nucleotides long is present. An internal poly(A) sequence of heteroge-
neous length (16—22 nucleotides) occurs in this intercistronic region,
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Figure 7.13 Organization and expression of a Bromovirus genome (BMV).
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which ends 20 bases 5' to the start of the coat-protein gene. The first 9
bases of the subgenomic RNA (RNA4) consist of the last 9 bases of the
intercistronic region.

6.2 PROTEINS ENCODED AND THEIR FUNCTIONS

BMV RNAs are efficient mRNAs in in vitro systems, especially in the
wheat germ system, which is derived from a host plant of the virus. In
this system, RNA1 directs the synthesis of a single polypeptide of A,
110 K (109 K in Fig. 7.13), and RNAZ2, a single polypeptide of M, 150 K
(94 K in Fig. 7.13). RNA3 directs the synthesis of a 35 K protein (32 K in
Fig. 7.13). The coat protein ORF in RNA3 is not translated. Four new
proteins corresponding in size to the genome products indicated in
Fig. 7.13 have been found in protoplasts infected with BMV.

The gene products of RNAs 1 and 2 are involved in viral RNA rep-
lication because (1) these two RNAs can replicate in the absence of
RNA3; (2) they have amino acid sequence similarities with proteins of
other viruses known to function as RNA polymerases; (3) two proteins
isolated from an active replicase fraction from infected tissue had the
same tryptic peptide pattern as polypeptides translated in vitro from
RNAs 1 and 2; (4) antibodies raised against synthetic peptides corre-
sponding to the C-terminal regions of the gene products of RNAs 1 and 2
recognized the native proteins in replicase preparations; (5) defined
mutations introduced into RNA2 blocked RNA synthesis.

On the basis of amino acid sequence similarities, it has been sug-
gested thatthe protein translated from RNA3 may havearoleincell-to-cell
movement analogous to that of the 30-K protein of TMV (Section 3.4). This
possible function is supported by the fact that RNAs 1 and 2 will replicate
in protoplasts in the absence of RNA3, but this RNA isneeded for systemic
plant infection. Thus, a function has been assigned or tentatively indi-
cated for all four proteins known to be translated from the BMV genome.

6.3 ELEMENTS CONTROLLING RNA REPLICATION
IN THE BMV GENOME

In Chapter 6, the roles of 5', 3’, and internal nucleotide sequences in
regulating RNA replication were discussed. Many of the experiments on
which these ideas are based were carried out with BMV.
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6.4 REPLICATION OF BROMOVIRUSES

In vitro experiments with cowpea chlorotic mottle virus (CCMYV) indi-
cate that cotranslational disassembly may occur. In translational mixes
with CCMYV, up to four ribosomes were associated with each virus par-
ticle. However, cotranslational disassembly could not be demonstrated
to occur in vivo.

In young cowpea leaves in which infection with CCMV was syn-
chronized by differential temperature treatment, the three largest RNAs
were synthesized at relatively constant ratios throughout the infection,
but very little RNA4 was produced early in infection. As infection pro-
gressed, the proportion of RNA4 continued to increase. The RFs of com-
ponents 1, 2, and 3 were produced with kinetics similar to that for the
corresponding ssRNAs.

In vitro, CCMV coat protein can assemble with RNA under mild
conditions to produce infectious virus that cannot be distinguished
from native virus by physicochemical or structural means.

Various in vitro studies with BMV and CCMV indicate that the
highly basic N-terminal region of the coat protein is involved in reac-
tions with the viral RNA. Experiments with BMV variants containing
known deletions in the coat-protein gene confirmed this view. The first
seven amino acids are completely dispensible for packaging of the RNA
in vivo, but if 25 N-terminal amino acids are missing, no virus particles
are produced.

7 THE TOBRAVIRUS GROUP

This group contains three distinct viruses [tobacco rattle virus (TRV),
pea early browning virus, and pepper ringspot virus]. They have a bi-
partite genome. In addition, there is a read-through protein, and three
subgenomic RNAs are used.

7.1 GENOME STRUCTURE
7.1.1 RNA1

The RNA1 of TRV and other tobraviruses is about 6800 nucleotides long.
There are four ORFs arranged as shown in Fig. 7.14. There is a 1-base
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Figure 7.14 Organization and expression of a Tobravirus genome (TRV). (RNA1, strain
SYM; RNAZ2, strain PSG.)

intergenic region between the 194-K and 29-K ORFs in TRV. There is a
3’ noncoding region of 255 nucleotides. Although TRV RNA1 cannot be
aminoacylated, there is a tRNA-like feature in the 3’ terminal region.

7.1.2 RNA2

The RNA2 of tobraviruses has widely different lengths in the range of
1800 to 4000 nucleotides. Different strains of TRV show substantial di-
versity in the length and in sequences of their RNA2. This wide vari-
ability is owing to (1) a variation in the length of the 3'-terminal se-
quences that RNA2s have in common with RNA1, and (2) the presence
or absence of an additional RNA2-specific ORF (Fig. 12.2). No protein
product has yet been found for this ORF.

All the natural TRV isolates have a 3’ region of identical nucleo-
tide sequence in RNAs 1 and 2. However, experiments with pseudo-
recombinants showed that this perfect 3’ homology is not a prerequisite
for a stable genotype.
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7.2 PROTEINS ENCODED
7.2.1 RNA1

The RNA1 of the SYM strain of TRV encodes a protein of M, = 134 K,
together with a read-through protein of = 194 K. The 194 K protein
shows sequence similarities with the putative replicase genes of TMV,
AMY, BMV, and CMV. The similarities are particularly strong with TMV.
The 29-K protein shows some sequence similarity to the TMV 30-K pro-
tein and thus may be involved in virus movement from cell to cell. No
similarities were found between the 16-K ORF and proteins of other
viruses.

The gene products indicated for RNA1 and subgenomic RNAs 1A
and 1B have been synthesized in in vitro protein-synthesizing systems.
A 16-K protein has been found in infected chloroplasts.

7.2.2 RNA2

No messenger activity has been detected for TRV strain SYM RNA2 in in
vitro tests. However, a subgenomic mRNA derived from RNA2 was shown
to be the mRNA for coat protein. RNA2 has one known gene product—
the coat protein. However, if coat protein is the only gene product, it is
not clear why a subgenomic RNA should be required. Certain types of
disease symptoms are specified by the short rods, even when these give
rise to identical coat proteins. Thus there may be a second protein, as
yet unidentified, coded for by RNA2.

7.3 ASSEMBLY OF VIRUS RODS

Like TMV, TRV coat protein can form a series of stable aggregates. In
particular, there is a 40 S disk consisting of three layers of protein sub-
units arranged in a helix. Tobraviruses can be reassembled from pro-
tein and RNA in vitro under appropriate conditions. The binding site for
the disk on RNAZ2 is at or near the 5’ terminus.
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This chapter summarizes knowledge concerning five kinds of plant
viruses that do not have positive sense single-stranded RNA (ssRNA)
genomes. These are the Caulimovirus group with double-stranded
(dsDNA); the Geminivirus group with ssDNA; the Reoviridae family
with dsRNA; the Rhabdoviridae family with negative sense ssRNA; and
the Bunyaviridae family, represented by tomato spotted wilt virus
(TSWV) which is in the genus Tospovirus with ambisense ssRNA. A final
section deals with the use of plant viruses as gene vectors.

1 CAULIMOVIRUS GROUP

Some members of this group such as cauliflower mosaic virus (CaMV)
are very widespread, and are found wherever their host plants are
grown. Individual viruses have a limited host range. Apart from the
newly established commelina yellow mottle virus group, the caulimo-
viruses are the only plant viruses known to have a dsDNA genome. In
1979 very little was known about the replication of this group, but since
then progress has been very rapid. There have been two main motivat-
ing factors. First it was hoped that these viruses, because of their dsDNA
genomes, might be effective gene vectors in plants. This aspect is dis-
cussed in Section 6. Second, the realization that the DNA is replicated by
a process of reverse transcription, similar to that of the animal retro-
viruses, made their study a matter of wide interest. Most experimental
work has been carried out on CaMV. During virus replication, viro-
plasms, which have an appearance characteristic for the group, appear
in infected cells.
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1.1 STRUCTURE OF THE GENOME

The circular dsDNA of CaMV (about 8 kb) has a single gap in one strand
and two in the complementary strand. Gap 1, the single discontinuity in
the « strand, which is the strand used for transcription, corresponds to
the absence of only one or two nucleotides compared with the comple-
mentary strand. The two discontinuities in the complementary strand
have no missing nucleotides. They are regions of overlap where a short
sequence is displaced from the double helix by an identical sequence at
the other boundary of the discontinuity. In CaMV, the terminal 5’ deoxy-
ribonucleotide is at a fixed position and often has one or more ribo-
nucleotides attached. The DNA encodes six and possibly eight genes.
These genes are close-spaced, but have very little overlap except for
the possible gene VIII. The arrangement of the open reading frames
(ORFs) in relation to the dsDNA is shown in Fig. 8.1.

Ay
AATAAA
PBS
35S RNA Ty, o strand
195 RNA T
11K
A
B strand

Figure 8.1 Genetic organization of CaMV. The 8-kbp viral DNA features three single-
stranded interruptions, one (A1) in the a (or coding) strand, and two (A2 and A3) in the
noncoding strand, defining the 8 and y DNA species. The DNA encodes 8 potential ORFs.
The M, of the predicted proteins are indicated. The capped and polyadenylated 19 S and
35 S RNAs have different promoters, but share the same 3' termini. The two mRNAs are
translated from a fully ds form of the DNA and not from the gapped form shown here.
From Pfeiffer et al. (1987).
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1.2 PROTEINS CODED FOR AND THEIR FUNCTIONS

The eight ORFs illustrated in Fig. 8.1 have been cloned, enabling in
vitro transcription and translation experiments to be carried out. All
eight ORFs could be translated in vitro. However, not all the protein
products have been detected in vivo, and not all have had functions un-
equivocally assigned to them.

1.2.1 ORF1I

The gene product of ORF I has a close association with the cell wall ma-
trix associated with modified plasmodesmata, suggesting a role in cell-
to-cell movement. Such a role is supported by some degree of sequence
similarity between the ORF I protein and the 30K tobacco mosaic virus
(TMV) protein, which is involved in viral movement (Chapter 7, Section
3.4). Purified ORF I protein binds strongly to RNA with no nucleotide
sequence specificity. Since 35 S CaMV RNA is homologous to the entire
genome, Citovsky et al. (1991) proposed that CaMV might move through
plasmodesmata as a 35 S RNA—-ORF I protein complex.

1.2.2 ORF 11

Some naturally occurring strains of CaMV are transmitted by aphids;
others are not. Experiments in which various recombinant genotypes
were produced between various cloned CaMV strains showed that aphid
transmissibility mapped to gene II. These studies and molecular ge-
netic experiments have clearly demonstrated that the product of gene II
functions in aphid transmission. The gene II protein also appears to in-
crease the extent to which virus particles are held within the viroplasms.

1.2.3 ORF III

The gene III product is a non-sequence-specific DNA-binding protein
with a preference for dsDNA. It may be a structural protein within the
virus particle.
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1.2.4 ORF IV

The product of ORF 1V is a 57-K precursor of the 42-K protein subunit of
the icosahedral shell of the virus. The 42-K protein is assumed to be de-
rived from the 57-K molecule by proteolysis after formation of the virus
shell. The coat protein is phosphorylated at serine and threonine resi-
dues by a protein kinase that is firmly bound to the virus. The coat pro-
tein is also glycosylated to a limited extent.

1.2.5 ORFV

This is the largest ORF in the genome. The mRNA derived from cloned
DNA is translated in vitro to give a protein of the expected MW of the
viral reverse transcriptase gene: (1) a protein of the expected size is
present both in replication complexes and in virus particles. The 80-K
polypeptide associated with the replication complexes is recognized by
antibodies against a gene V in vitro translation product; (2) there are
regions of significant sequence similarity between gene V of CaMV and
the reverse transcriptase gene of retroviruses; (3) yeast expressing the
cloned gene V gene accumulated significant levels of reverse transcrip-
tase activity.

1.2.6 ORF VI

The product of gene VI (58 K) has been identified as the major protein
found in CaMYV viroplasms. An RNA transcribed from cloned DNA was
translated to give a polypeptide of appropriate size. The gene VI product
was detected immunologically in a cell fraction enriched for viroplasms.
Various studies show that the gene VI product plays a major role in dis-
ease induction, in symptom expression, and in controlling host range;
but that other genes may also play some part. Gene VI also functions in
trans to activate translation of other viral genes.

1.2.7 ORFs VII and VIII

The two smallest ORFs (VII and VIII) are not present in another cauli-
movirus (carnation etched ring virus), so their significance is doubtful.
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1.3 RNA AND DNA SYNTHESIS

By 1983 various aspects of CaMV nucleic acid replication led three
groups to propose that CaMV DNA is replicated by a process of reverse
transcription involving an RNA intermediate. Some of the observations
that led to the model were (1) the fact that a full-length RNA transcript
with terminal repeats is produced; (2) the fact that DNA in virus par-
ticles has discontinuities (Fig. 8.1), whereas that found in the nucleus
does not, but is supercoiled and is associated with histones as a mini-
chromosome; (3) the existence of dsDNA in knotted forms; (4) the exis-
tence of other forms of CaMV DNA in the cell that are not encapsidated,
such as an unusual ss molecule consisting of 625 nucleotides with the
same polarity as the a-strand, which is covalently linked to about 200
ribonucleotides. Since 1983, much further evidence has confirmed the
reverse transcription model, including the partial characterization of
the viral-coded reverse transcriptase discussed in the previous section.

There are two phases in the nucleic acid replication cycle of CaMV
(Fig. 8.2). In the first, the dsDNA of the infecting particle moves to the
cell nucleus, where the overlapping nucleotides at the gaps are removed,
and the gaps are covalently closed to form a circular dsDNA. These
minichromosomes form the template used by the host enzyme, RNA
polymerase II, to transcribe two RNAs of 19 S and 35 S. At 31 nucleotides
upstream from the initiation site of the 35 S RNA, there is a TATATAA
sequence, and a similar TATATAAA is upstream of the 19 S RNA initia-
tion site. The two promoters are very active, particularly that for the
35S RNA which is highly active when used in constructs to express
genes in a variety of plant cells (Section 6.2). An enhancer sequence of
338 base pairs has been identified in the region upstream from the 35 S
TATA sequence.

The two polyadenylated RNA species migrate to the cytoplasm for
the second phase of the replication cycle, which takes place in the viro-
plasms. The 19 S RNA is the mRNA for the viroplasm protein, which is
produced in large amounts. The 35 S RNA must be used to produce the
other gene products, since no functional smaller transcripts for most of
the ORFs have been found.

There is an AUG at the beginning of every ORF, and the ORFs are
close together in the genome. These observations led to a relay race
model for the translation of the 35 S RNA. In this model, a ribosome
binds first to the 5’ end of the RNA, translates to the first termination
codon. At this point, it does not completely leave the RNA but reinitiates
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Figure 8.2 Outline of the replication cycle of CaMV, showing the initial uncoating phase
in the cytoplasm; the formation of minichromosomes of viral DNA and host protein in the
nucleus; and reverse transcription of viral RNA to give progeny DNA copies in the cyto-
plasm. For details see text.

protein synthesis at the nearest AUG, whether just downstream or up-
stream from the termination. Support for the model came from site-
directed mutagenesis studies in ORF VII and the region between ORF VII
and ORF I, regions which are not essential for infectivity under labo-
ratory conditions. Insertion of an AUG into either of these regions
rendered the viral DNA noninfectious, unless the inserted AUG was fol-
lowed by an in-frame termination codon.

Gene Vlis the only Caulimovirus gene to be transcribed as a sepa-
rate transcript from its own promoter, suggesting that it may have an
important role at an early stage following infection. Reporter genes in
various plasmid constructions have been used to show gene VI func-
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tions in trans in the posttranscriptional expression of the closely spaced
genes of the full-length RNA transcript. Mutagenesis of the coding part
of gene VI showed that the protein product rather than the mRNA is
responsible for transactivation. The mechanism by which this protein
product enhances substantially the translation of the other viral genes
on a polycistronic mRNA is not understood.

To commence viral DNA synthesis on the 35 S RNA template, a plant
methionyl tRNA molecule base pairs over 14 nucleotides at its 3’ end
with a site on the 35 S RNA corresponding to a position immediately
downstream from the A1 discontinuity in the « strand DNA. The viral
reverse transcriptase commences synthesis of a DNA minus strand and
continues until it reaches the 5’ end of the 35 S RNA. At this point, a
switch of the enzyme to the 3’ end of the 35 S RNA is needed to complete
the copying. The switch is made possible by the 180 nucleotide direct-
repeat sequence at each end of the 35 S RNA. When the template switch
is completed, reverse transcription of the 35 S RNA continues up to the
site of the tRNA primer, which is displaced and degraded. The A1 gap is
present in the newly synthesized DNA.

The used 35 S template is then removed by an RNase H activity. It is
not certain whether this activity is a function of the reverse transcrip-
tase or a host enzyme. In this process, two purine-rich tracts of the RNA
are left near the position of gaps A2 and A3 in the second DNA strand
(plus strand). Synthesis of the second (plus) strand of the DNA then oc-
curs, initiating at these two RNA primers. The growing plus strand has
to pass the A1 gap in the minus strand, which again involves a template
switch.

1.4 RECOMBINATION IN CaAMV DNA

The fact that CaMV DNA is converted to a covalently closed ds circle to
allow transcription shows that there must be an early involvement of
host-plant DNA-repair enzymes following infection. This idea is re-
inforced by the fact that cloned DNA, excised from the plasmid in linear
form, is infectious, and that the progeny DNA is circular. The following
evidence shows that recombination can occur in vivo. Coinfection of
plants with nonoverlapping defective deletion mutants usually leads to
the production of viable virus particles. Analysis of the progeny DNA
showed that the rescue was by recombination rather than complemen-
tation. Pairs of noninfectious recombinant full-length CaMV genomes,
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integrated with a plasmid at different sites, can regain infectivity on in-
oculation to an appropriate host. In the progeny virus DNA, all the plas-
mid DNA is eliminated, and the viral DNA has a normal structure.

1.5 REPLICATION IN V1VO

The characteristic viroplasms induced by caulimoviruses are the site
for progeny viral DNA synthesis and for the assembly of virus particles
(Fig. 8.3). Viral coat protein appears to be confined to them. Most virus
particles are retained within the viroplasms.

At an early stage in their development, the viroplasms appear as
very small patches of electron-dense matrix material in the cytoplasm,
surrounded by numerous ribosomes. Larger viroplasms are probably
formed by the growth and coalescence of the smaller bodies. The ma-
ture viroplasms vary quite widely in size from about 0.2 to 20 um in di-
ameter. They are usually spherical, and are not membrane bound. They
often have ribosomes at the periphery and consist of a fine granular
matrix with some electron-lucent areas not bounded by membranes.

Figure 8.3 Caulimovirus viroplasms. (A) A Brassica rapa cell with a CaMV viroplasm,
containing virus particles. Courtesy of G. P. Martelli. (B) Cell of infected Brassica perviri-
dis with a viroplasm (V) containing virus particles. From Martelli and Castellano (1971),
by permission from Cambridge University Press.



2  GEMINIVIRUS GROUP

167

Virus particles are present scattered or in irregular clusters in the lu-
cent areas and the matrix.

Little is known about the way CaMV particles are assembled. No
empty virus shells and very little unencapsidated DNA of the sort found
in virus particles are found in infected tissue. These observations sug-
gest that encapsidation may be closely linked to DNA synthesis. The
role of glycosylation and phosphorylation of the coat protein remains to
be determined.

2 GEMINIVIRUS GROUP

The geminiviruses are the only recognized group of plant viruses with
a genome consisting of ssDNA. They are responsible for a number of
important diseases, especially in the tropics. Like that of the caulimo-
viruses, interest in members of this group was stimulated by the possi-
bility that, because they contained DNA, they might be developed as
gene vectors for plants.

2.1 GENOME STRUCTURE

Three subgroups within the Geminivirus group have been approved by
the ICTYV as follows:

Sub- Type
group member Hosts Vectors Genome structure
I Maize streak Monocotyledons L.eafhoppers One circular ssDNA
virus (MSV)
Il Beet curly top Dicotyledons Leafhoppers One circular ssDNA

virus (BCTV)

11 Bean golden
mosaic virus
(BGMV) Dicotyledons Whiteflies Two circular ssDNAs

Thus subgroup Il combines some properties of subgroups I and III
All geminiviruses have a conserved genome sequence in common.
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There is a large (~200 base) noncoding intergenic region in the two-
component geminiviruses. This region has sequences capable of form-
ing a hairpin loop. Within this loop is a conserved sequence found in all
geminiviruses. Because it is so highly conserved, it has been consid-
ered to be involved in RNA transcription (see Section 2.4) and in DNA
replication. African cassava mosaic virus (ACMYV) will serve as an ex-
ample of the Geminivirus group (but see also recent work with this
virus, Etessami et al.,, 1991).

The genome of ACMV consists of two ssDNA circles of similar size,
both of which are needed for infectivity. The nucleotide sequences of
the two DNAs are very different except for a 200 nucleotide noncoding
region, called the common region, which is almost identical on each
DNA. The two DNAs have been arbitrarily labeled 1 and 2 (some work-
ers use the terminology A and B). The strands that are found in virus
particles are designated virus (or plus), and the complementary strands,
minus. For these viruses, this is an arbitrary distinction because both
plus and minus strands contain coding sequences. Comparison of the
sequences of ACMYV with other bipartite geminiviruses revealed that six
of these ORFs are in a conserved arrangement (Fig. 8.4).

2.2 FUNCTIONS OF THE ORF PRODUCTS
2.2.1 Coat Protein

The coat-protein gene has been mapped to the 30.2 K ORF of DNAL1. It
might be expected that the properties of the coat protein play a role in
insect vector specificity. This role was demonstrated by the following
experiment: DNA clones were constructed in which the coat-protein
gene in DNA1 of ACMV (whitefly transmitted) was replaced with the
coat-protein gene of beet curly top virus (BCTV) (leafhopper transmit-
ted). The BCTV gene was expressed in plants and gave rise to particles
containing the ACMV DNAs. These chimeric particles were transmitted
by the BCTV leafhopper vector when injected into the insects, whereas
normal ACMV was not.

2.2.2 ORFs Related to DNA Replication

In vitro mutagenesis has shown that the largest gene in the minus
strand of DNA1 (=40.3 K in Fig. 8.4) is required for DNA synthesis. This
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Figure 8.4 Genome organization of ACMV. Arrows indicate ORFs and direction of tran-
scription. Coding capacity of each ORF is indicated. The shaded ORFs are the six found in
other bipartite geminiviruses, and those for which RNA transcripts have been identified.
The boxed region to the right of the 0-kb position, showing reading frames 1, 2, and 3, is
the 200-base common intergenic region. A, possible promoter sequences (TATA boxes);
A, possible polyadenylation signals (AATAAA sequences). From Townsend et al. (1985).

is the only viral gene product that is absolutely required for ss and
dsDNA replication, but accumulation of ssDNA requires the 15.1-K ORF
in 1— DNA of Fig. 8.4. Maximal replication of both ss and dsDNA de-
pends on the presence of a functional gene product from the 15.8-K
ORF in 1— DNA of Fig. 8.4.
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2.2.3 Virus Movement

Since DNA1 of ACMV can replicate in protoplasts, but does not infect
plants, DNA2 must encode a function for cell-to-cell movement of the
virus.

2.2.4 Insect Transmission

Since DNAZ2 is found only with whitefly-transmitted geminiviruses,
products of this DNA may be involved in insect transmission. Insertion
and deletion mutagenesis experiments show that both coding regions
of ACMV DNA2 must have other functions in addition to a possible role
in insect transmission. The experiments described in Section 2.2.1
show that the coat protein, a product of a DNA1 gene, controls transmis-
sion by insect vectors.

2.3 MRNAs

Five virus-specific polyadenylated RNA transcripts found in ACMV-
infected plants were mapped to either the plus or minus DNA strands,
demonstrating that transcription is bidirectional in both DNAs. A sixth
transcript presumably exists, as has been found for tomato golden mo-
saic virus (TgMV). Recent experiments suggest, however, that the ge-
nome organization of geminiviruses may be more complex, and the
number of encoded proteins greater, than is indicated in Fig. 8.4. Wheat
dwarf Geminivirus contains a functional intron, an unusual feature for
a plant virus. The presence of an intron may be a feature of gemini-
viruses infecting the Poaceae.

2.4 CONTROL OF TRANSCRIPTION

The genome of ACMV has consensus promoter sequences (TATAA/
TAA/T) lying outside or just within the common untranslated region.

There is a 122-bp sequence upstream from the start site for tran-
scription of coat-protein mRNA, which enhances promoter activity. This
upstream activating sequence lies in the large intergenic region and in-
cludes a region common to all geminiviruses.
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2.5 DNA REPLICATION

The details of Geminivirus DNA replication are not well established.
Geminivirus particles usually accumulate in the nucleus, and with some,
such as maize streak virus (MSV), large amounts of virus accumulate
there. In some infections, fibrillar rings, which must be part of a spher-
ical structure, appear in the nucleus, but their composition and signifi-
cance are not known.

The presence of the same 200-nucleotide sequence in the intergenic
regions of both DNAs 1 and 2 of ACMV indicates that it plays an impor-
tant part in viral replication. A common region with the capacity to form
a stable loop containing a conserved nononucleotide (TAATATTAC)
sequence has been found in all geminiviruses. This loop structure is
necessary for DNA replication and has been proposed as a binding site
for the host enzymes responsible for priming complementary strand
synthesis.

Extracts of Nicotiana leaves infected with ACMV contain a variety
of viral DNA forms in addition to ssDNA. Three forms of unit-length
dsDNA have been found: closed circular supercoiled, relaxed circular,
and linear. Other high-MW species appeared to be concatamers con-
sisting of two or more unit-length genomes. The existence of these ds
forms and the concatamers indicates that the virus replicates via a cir-
cular ds replicative form, possibly by a rolling-circle mechanism. Sup-
port for this mechanism comes from the observation that there is strong
similarity between the highly conserved sequence TAATATTAC found in
the DNA components of all geminiviruses that have been sequenced,
and the cleavage site for the gene A protein of the ssDNA bacterial virus
®X174, which acts as an origin for rolling-circle replication of the DNA.

Recombination is known to occur during ACMV DNA replication.
Insertion or deletion mutagenesis of the two large ORFs of ACMV DNA2
destroyed infectivity, but infectivity was restored by coinoculation of
constructs that contained single mutations in different ORFs.

3 PLANT REOVIRIDAE

Plant members of the Reoviridae family are placed in two genera: Phy-
toreovirus with 12 dsRNA genome segments, the type member being
wound tumor virus (WTV); and Fijivirus, with 10 dsRNA genome seg-
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ments and Fiji disease virus (FDV) as the type member. Some members
are responsible for important diseases, especially in the humid tropics
and subtropics.

3.1 GENOME STRUCTURE

Nine of the 12 genome segments of WTV have been fully sequenced.
Each segment contains a single functional ORF and all have conserved
nucleotide sequences at their termini. Inverted terminal repeats also
occur just inside these conserved termini (Fig. 8.5).

3.2 RNA TRANSCRIPTION AND TRANSLATION

Particles of the plant reoviruses, like their counterparts infecting ver-
tebrates, contain a transcriptase, which can transcribe ssRNA using the
RNA in the particle as template. WTV has also been shown to contain
a methylase that catalyzes the incorporation of methyl groups from
S-adenosyl-L.-methionine into the RNA strands synthesized in vitro, giv-
ing the 5’ terminal structure “mG(5")ppp(5)Ap™——.

The transcriptase in purified WTV synthesizes in vitro 12 ssRNA
products corresponding to the 12 dsRNA segments of the genome. The
existence of this active transcriptase within the virus particles has facili-
tated the identification of the protein products of the 12 genes.

The proteins coded by segments 1, 3, and 6 are found in the nu-
cleoprotein core of the virus. Those coded by segments 2, 5, 8, and 9
form part of the protein shell, whereas those from segments 4, 7, 10, 11,
and 12 are nonstructural proteins. The products of segments 2 and 5 are
essential for insect transmission.

3.3 INTRACELLULAR SITE OF REPLICATION

Plant reoviruses replicate in the cytoplasm. Following infection, densely
staining viroplasms appear in the cytoplasm of infected plants and in
various tissues of infected leafhopper vectors. Detailed electron micro-
scopic studies support the view that the viroplasms caused by FDV in
sugarcane are the sites of virus-component synthesis and assembly.
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Figure 8.5 Organization of the WTV genome. The general organization of WTV genomic
segments is illustrated at the top of the figure. The terminal conserved hexanucleotide
and tetranucleotide sequences are indicated in large letters, whereas the positions of the
6~14 base pair (bp) segment-specific, terminal inverted repeats (IR) are indicated by the
large, open boxes. The solid black rectangle indicates the general position of the coding
region (534-2412 nt). The remainder of the figure illustrates specific information regard-
ing the size of individual genomic segments (bp) and their encoded polypeptides (aa) as
well as the coding assignments. There is no evidence for expression of the second small
coding region present in genomic segment $12. From Nuss and Dall (1990).

They are composed mostly of protein and dsRNA. Some areas contain
numerous isometric particles 50-60 nm in diameter. Some appear to
be empty shells, whereas others contain densely staining centers of
dsRNA. These particle types appear to be incomplete virus particles or
cores. Complete virus particles have been seen only in the cytoplasm.
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3.4 RNA SELECTION DURING VIRUS ASSEMBLY

Every WTV particle appears to contain one copy of each genome seg-
ment because (1) RNA isolated from virus has equimolar amounts of
each segment, and (2) an infection can be initiated by a single particle.
Thus, there is a significant problem with understanding the assembly of
this kind of virus. What are the macromolecular recognition signals
that allow one, and one only, of each of 10 or 12 genome segments to
appear in each particle during virus assembly? For example, the pack-
aging of the 12 segments of WTV presumably involves 12 different and
specific protein—RNA and/or RNA—-RNA interactions.

Various experiments indicate that the fully conserved hexanucleo-
tide sequence at the 5’ termini and a fully conserved tetranucleotide se-
quence at the 3’ termini of viral RNAs shown in Fig. 8.5 might form the
recognition signals for viral as opposed to host RNA. The segment-
specific inverted repeats of variable length located just inside the con-
served segments (Fig. 8.5) may represent the specific recognition se-
quence for each individual genome segment.

4 PLANT RHABDOVIRIDAE

Rhabdoviruses are very widespread, but individual viruses often have a
limited host range. The rhabdoviruses have the largest particles among
the plant viruses. They are one of only two families of plant viruses
whose particles are bounded by a lipoprotein membrane. They have
been placed in two groups depending on their site of maturation and
accumulation within the cell.

4.1 GENOME STRUCTURE

Plant rhabdoviruses, like those infecting vertebrates, possess a genome
consisting of a single piece of ss negative sense RNA, with a length in
the range of 11,000 to 13,000 nucleotides. Six viral-coded proteins are
known. A discrete mRNA is transcribed from the negative sense ge-
nome for each encoded protein. Gene-sequencing techniques have
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Figure 8.6 Structure and expression of a plant Rhabdovirus genome (SYNV).

only recently been applied to one plant member of the family—Sonchus
yellow net virus (SYNV). Current knowledge is summarized in Fig. 8.6.

Hybridization, using a library of cDNA clones, has established that
the order of the six genes in the SYNV genome is: 3'N-M2-sc4-M1-G-
L-5'. The intergenic and flanking sequences are highly conserved. The
transcription site for all of the SYNV mRNAs begins with the sequence
AACA or AACU (positive sense).

4.2 ENCODED PROTEINS

Five viral-coded proteins are found in SYNV virus particles. The pro-
teins coded by the first two mRNAs to be sequenced have been identi-
fied by raising antibodies against the product of the cloned gene and
showing that they react with a structural component of the purified
virus. On this basis, the first gene from the 3’ end of the genomic RNA
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codes for the nucleocapsid (N) protein, whereas the second gene en-
codes another structural protein, M,.

4.3 THE VIRAL TRANSCRIPTASE

Variable amounts of transcriptase activity have been found in different
plant rhabdoviruses, but the enzyme is not yet well characterized. Let-
tuce necrotic yellows virus (LNYV) transcriptase is located in the inter-
nal nucleoprotein core of the virus and uses the viral RNA as a template.

4.4 GENOME REPLICATION

Replication of the genome of plant rhabdoviruses is assumed to use a
full-length positive sense RNA as a template. The detailed mechanism
for genome replication has not been established for any plant rhabdo-
viruses. In particular the question remains as to how the RNA polymer-
ase enzyme in producing a complete positive sense strand, can ignore
the intergenic junctions that delineate the mRNAs.

4.5 MBRNA AND PROTEIN SYNTHESIS

From patterns of hybridization with cDNA clones, it has been established
that the SYNV genome is transcribed into a short 3’ terminal leader RNA
and six mRNAs. Four major proteins (G, N, M,, and M,) have been de-
tected by immunoprecipitation in protoplasts infected with SYNV.

4.6 CYTOLOGICAL OBSERVATIONS ON REPLICATION

Because of their large size and distinctive morphology, the rhabdovi-
ruses are particularly amenable to study in thin sections of infected
cells. They appear to fall into three groups: (1) those that accumulate in
the perinuclear space with some particles scattered in the cytoplasm.
With some viruses of this group, structures resembling the inner nu-
cleoprotein cores have been seen within the nucleus. The envelopes of
some particles in the perinuclear space can be seen to be continuous
with the inner lamella of the nuclear membrane. (2) In the second
group, for example LNYV, maturation of virus particles occurs in asso-
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Figure 8.7 Diagrammatic representation of morphogenesis and cellular distribution of
a rhabdovirus such as LNYV. From Francki et al. (1985).

ciation with the endoplasmic reticulum, and particles accumulate in
vesicles in the reticulum. Figure 8.7 gives a graphical representation
for this group.

Biochemical evidence suggests that the nucleus is involved in the
early stages of infection by members of this group. (3) In this group, ex-
emplified by barley yellow striate mosaic virus, infection leads to the
formation of large viroplasms in the cytoplasm of infected cells. These
consist of electron-dense granular or fibrous material. Mature virus
particles appeared in membrane-bound sacs within the viroplasm, par-
ticularly near its surface. There is probably not a nuclear phase associ-
ated with the replication of this group.

5 PLANT BUNYAVIRIDAE

The genome of tomato spotted wilt Tosposvirus (TSWV) consists of
three RNA segments: (L = 8200 nucleotides); M (= 5400); and S (=
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3000). TSWV is the only virus in this genus. It is widespread throughout
the subtropical and temperate zones, has a very wide host range, and is
the cause of some important diseases. There are four structural poly-
peptides. Two are glycosylated proteins (G1 and G2) and are at the sur-
face. The N protein binds to the RNA, and there is a large protein
present in minor amounts. On the basis of these and other properties
noted later, TSWV has been placed in a new genus, Tospovirus, in the
Bunyaviridae, a large family of viruses replicating in vertebrates and
invertebrates.

The M and S RNAs have been sequenced. Figure 8.8 summarizes
main features of these two genome segments. Both RNAs contain in-
verted complementary repeats at their termini. These are probably in-
volved in RNA replication and in the formation of the circular configu-
ration found in virus particles.

The M RNA is negative sense and has nine nucleotide complemen-
tary termini. The complementary strand of mRNA contains a long ORF
with a leaky UGA termination codon. Thus, a 35-K protein and a read-
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Figure 8.8 Organization and expression of TSWV genomic RNAs M and S.
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through protein of 185 K can be produced. The N-terminal part of these
polypeptides shows sequence similarity to the nonstructural protein
coded on the M RNA of Rift Valley Fever virus, a member of the Phle-
bovirus genus in the Bunyaviridae.

The S RNA has an ambisense coding strategy. In other words, one
gene is present in the positive sense, and the other occurs in the nega-
tive sense. The positive sense ORF encodes a protein with a predicted
size of 52 K. The ORF in the complementary sense encodes a 29-K pro-
tein. Both proteins are translated from subgenomic RNAs, which have
been identified in extracts from TSWV-infected cells. There is a stable
hairpin loop structure in the intergenic region of S RNA. The two sub-
genomic RNAs probably terminate at this loop.

Little is known about the replication of TSWV in vivo, except that it
almost certainly takes place in the cytoplasm.

6 POSSIBLE USES OF VIRUSES FOR GENE TRANSFER

In the early 1980s there was considerable interest in the possibility of
developing plant viruses as vectors for introducing foreign genes into
plants. At first, interest centered on the caulimoviruses, the only plant
viruses with dsDNA genomes, because cloned DNA of the viruses was
shown to be infectious. Interest later extended to the ssDNA gemini-
viruses, and then to RNA viruses when it became possible to reverse
transcribe these into dsDNA, which could produce infectious RNA
transcripts.

The main potential advantages of a plant virus as a gene vector
were seen to be (1) the virus or infectious nucleic acid could be applied
directly to leaves, thus avoiding the need to use protoplasts and the con-
sequent difficulties in plant regeneration; (2) it could replicate to high
copy number; and (3) the virus could move throughout the plant, thus
offering the potential to introduce a gene into an existing perennial
crop such as orchard trees.

Such a virus vector would have to be able to carry a nonviral gene
(or genes) in a way that did not interfere with replication or movement
of the genomic viral nucleic acid. Ideally, it would also have the follow-
ing properties: (1) inability to spread from plant to plant in the field,
providing a natural containment system; (2) induction of very mild or
no disease; (3) a broad host range; this would allow one vector to be
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used for many species, but would be a potential disadvantage in terms
of safety; and (4) maintenance of continuous infection for the lifetime of
the host plant.

The major general limitations in the use of plant viruses as gene
vectors are as follows: (1) they are not inherited in the DNA of the host
plant, and therefore genes introduced by viruses cannot be used in con-
ventional breeding programs; (2) annual crops would have to be inocu-
lated every season, unless there were a very high rate of seed transmis-
sion; (3) by recombination or other means, the foreign gene introduced
with the viral genome might be lost quite rapidly, with the virus revert-
ing to wild type; and (4) it would be necessary to use a virus that caused
minimal disease in the crop cultivar. The virus used as vector might
mutate to produce significant disease, or be transmitted to other sus-
ceptible crops.

In recent years technological advances in the use of the modified Ti
plasmid of Agrobacterium tumefaciens for gene transfer have made this
the method of choice for most dicotyledon plant systems. For monocoty-
ledons, methods involving DNA introduction into protoplasts, or direct
introduction of DNA into leaf cells by a particle gun have been devel-
oped. The present status of plant viruses as useful gene vectors can be
gauged from the fact that they are not mentioned in a recent review of
genetic engineering applied to crop improvement (Gasser and Fraley,
1989). However, plant viruses have been very useful in one respect.
They have acted as a source of control elements for use in other vector
systems,

6.1 TRANSIENT EXPRESSION VECTORS

In principle, viral DNA might be altered to provide plasmid type vectors
for high copy number, rapid expression of modified or foreign genes.

Transient expression systems allow for the rapid screening of DNA
constructs designed to study the activities of promoter sequences, RNA
processing signals, etc., in cells, and as a preliminary screen in the con-
struction of transgenic plants. TGMV DNA A contains the genes neces-
sary for viral DNA replication. Constructs have been made in which the
coat protein ORF of DNA A was replaced by the bacterial CAT or beta
glucuronidase (GUS) genes, under the control of the coat-protein pro-
moter. Following inoculation using Agrobacterium tumefaciens (see
Chapter 2, Section 6.1), these foreign genes were transiently expressed
in petunia leaf discs.
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6.2 PROMOTERS

The 19 S and 35 S promoters of CaMV are both strong constitutive pro-
moters that have found wide application for the expression of a range of
heterologous genes. The 35 S promoter has been found to be much
more effective than the 19 S in several systems. For example, expres-
sion of the @-subunit of 8-conglycinin in petunia plants under control of
the 35 S promoter was 10-50 times greater than from the 19 S pro-
moter. The 35 S promoter is also 10—30 times more effective than the
nopaline synthase promoter from Agrobacterium tumefaciens.

6.3 UNTRANSLATED LEADER SEQUENCES
AS ENHANCERS OF TRANSLATION

Untranslated leader sequences of several viruses have been shown to
act as very eflicient enhancers of mRNA translational efficiency, both in
vitro and in vivo and in prokaryotic and eukaryotic systems. AMV RNA4
is known to be a well-translated message for AMV coat protein. The
natural leader sequences of a barley and a human gene have been re-
placed with AMV RNA4 leader sequence. These constructs showed up
to a 35-fold increase in mRNA translational efficiency in the rabbit re-
ticulocyte and wheat germ systems. Similar results in a wide range of
systems have been obtained using constructs containing the untrans-
lated 5’ leader sequence of TMV RNA. These untranslated viral leader
sequences probably reduce RNA secondary structure, making the 5’
terminus more accessible to scanning by ribosomal subunits or to in-
teraction with initiation factors.
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Several different kinds of small nucleic acid molecules may be found in
plants showing viruslike disease symptoms. Some of these are actually
the cause of the disease, whereas others modify the disease produced
by a virus.

1. Viroids are very small circular ssRNAs that cause disease and
replicate independent of any virus. They do not code for any polypeptides.

2. Satellite viruses are very small viruses that encode their own
coat protein, but are otherwise dependent on a helper virus for replica-
tion. They usually have very little nucleotide sequence similarity with
the helper virus, but affect disease symptoms.

3. Satellite RNAs are small RNAs dependent on a helper virus both

183
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for replication and for packaging into virus particles made of helper
virus protein. Most have only limited sequence similarity with the helper
virus, but some exceptions exist. They modify disease symptoms.

4. Defective interfering (DI) RNAs and particles These molecules
are derived from a viral genome by substantial deletions of internal nu-
cleotide sequences. They depend on the presence of the intact virus for
replication and ameliorate disease symptoms.

j—

VIROIDS

A variety of viruslike diseases in plants have been shown to be caused
by pathogenic RNAs known as viroids. They are small circular ssRNA
molecules a few hundred nucleotides long, with a high degree of sec-
ondary structure. They do not code for any polypeptides, and replicate
independent of any associated plant virus. Indeed there is no evidence
to show that viroids are related to viruses in an evolutionary sense. Vi-
roids are of practical importance as the cause of several economically
significant diseases, and are of general biological interest as the small-
est known agents of infectious disease. The most-studied viroid is po-
tato spindle tuber viroid (PSTVd). Viroid names are abbreviated to the
initials with d added to distinguish viroid from abbreviations for virus
names (Appendix 1, Table 2).

1.1 STRUCTURE OF VIROIDS
1.1.1 Circular Nature of Viroid RNA

The circular nature of many viroids was first shown directly by electron
microscopy. Under nondenaturing conditions, the molecules appear as
small rods with an axial ratio of about 20:1, and for PSTVd, an average
length of about 37 nm. Spread under denaturing conditions, the mole-
cules can be seen to be covalently closed circles. All viroid preparations
also contain a variable proportion of linear molecules.

1.1.2 Nucleotide Sequences

The nucleotide sequences of about 50 viroids and viroid sequence vari-
ants are now known. These sequences have confirmed the circular na-
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ture of the molecules (Fig. 9.1). All viroids have some degree of sequence
similarity. On the basis of degree of overall sequence similarity, 16 dis-
tinct viroids have been recognized, and other distinct viroids continue
to be discovered. The use of copy DNA (cDNA) clones to sequence field
isolates of viroids has revealed that a single isolate may contain a range
of closely related sequence variants.

1.1.3 Secondary Structure

From the primary sequence, it is possible to predict a secondary struc-
ture that maximizes the number of base pairs. This gives rise to rod-like
molecules with base-paired regions interspersed with unpaired loops
(Fig. 9.1).
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Figure 9.1 Potato spindle tuber viroid. (A) Nucleotide sequence as determined by Gross
et al. (1978). (B) Proposed secondary structure in outline. (C) Three-dimensional repre-
sentation of the viroid molecule. Courtesy of H. Sanger.
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Figure 9.2 Model of the five viroid domains, based on nucleotide sequences of over 40
PSTVd-like viroids. The conserved central domain of about 95 nucleotides has a strictly
conserved bulged helix, flanked by inverted repeat sequences indicated by the arrows.
The pathogenic domain contains an adenine-dominated, purine-rich sequence in one
strand. This domain has been implicated in pathogenesis. The variable domain may
show less than 50% homology between closely related viroids. R, Y, delineate a short
oligopurine oligopyrimidine helix. The two terminal domains have been implicated in vi-
roid replication. The main sequence homologies between PSTVd-like viroids in these two
domains are indicated. From Keese and Symons (1985).

1.1.4 Structure Domains

Viroids in the PSTVd group have been the most studied, and a model of
secondary structure involving five structural domains has been devel-
oped (Fig. 9.2).

1.2 VIROID REPLICATION
1.2.1 A Model

It is now generally accepted that viroid RNAs do not code for any poly-
peptides. This being so, they must use preexisting host nucleic acid-
synthesizing enzymes. RNA strands with sequences complementary to
viroid RNA (defined for viroids as minus strands) have been found in
infected tissues. Minus-strand PSTVd RNA can exist as a tandem multi-
mer of several unit-length monomers. Monomeric PSTVd plus strands
have been found complexed with long multimeric minus strands. These
experiments and many others have demonstrated that viroids replicate
via an RNA template, and that replication almost certainly involves a
rolling-circle mechanism. Several models have been put forward. One
is shown in Fig. 9.3. None of the models can be taken as proven in every
detail, and different viroids may replicate in somewhat different ways.
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Figure 9.3 Asymmetric model of rolling-circle viroid replication. The model begins at
the top of the diagram, with an infecting circular plus strand (+), which becomes a tem-
plate for minus-strand (—) synthesis (steps 1 and 2). A multimeric linear minus strand is
then copied into a multimeric plus-strand precursor (step 3), and the plus-strand precur-
sor is cleaved (step 4) and circularized (step 3). From Branch et al. (1988).

1.2.2 Enzymes Involved

Enzymes are required for at least three steps in viroid replication.

Copying of Plus and Minus Strands

Four possible host enzymes are known: DNA-dependent RNA poly-
merases I, II, and III, and an RNA-dependent RNA polymerase. The en-
zyme (or enzymes) has not been identified beyond doubt, but present
evidence favors DNA polymerase II.

Cleavage of Multimers

Avocado Sunblotch Viroid (ASBVd) Dimers or multimers of
ASBVd plus- or minus-strand RNA can self-cleave in vitro at specific
sites, giving rise to plus- or minus-strand monomers. As with satellite
RNAs (Section 2.2) self-cleavage of ASBVd RNAs requires a divalent ion,
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and gives rise to 5° OH and 2'-3' cyclic phosphate 3’ termini. Single
or double hammerheadlike structures have been proposed for the seif-
cleavage of ASBVd RNAs (Fig. 9.4).

The sequences required to form the plus- and minus-strand seif-
cleavage structures are situated side by side in the middle of the mole-
cule, and about one third of the viroid sequence is involved.

PSTVd and Other Viroids Secondary structures such as those
illustrated in Fig. 9.4 have not been found in other viroids. All viroid
multimer RNAs except those of ASBVd are processed by a host nuclear
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Figure 9.4 llammerhead structures proposed for self-cleaving ASBVd RNA. (A) Single-
hammerhead structures proposed by Hutchins et al. (1986), which are similar to those
proposed for self-cleaving satellite RNAs (Fig. 9.10). (B) Double-hammerhead structure
proposed for ASBVd RNA by Forster et al. (1988). Sites of cleavage are indicated by arrows.
Nucleotides conserved between ASBVd, newt self-cleaving RNA, and plant satellite RNAs
are boxed. From Forster ef al. (1988).
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enzyme to give rise to monomers, but the enzyme has not yet been
identified. The central conserved domain plays an important role in the
generation of monomers from multimers.

Ligation of Linear Monomers

The last step in viroid replication is the ligation of linear monomers
to give the circular molecules. A host enzyme must be involved, and it
has been shown that an RNA ligase isolated from wheat germ will effi-
ciently convert PSTVd linear monomers to circular form.

1.3 CLASSIFICATION OF VIROIDS

Since viroids cause some economically important diseases, it is neces-
sary to be able to identify a viroid isolated from a particular crop, and
this requires some form of classification for viroids, but there are diffi-
culties in arriving at a satisfactory classification.

1.3.1 General Difficulties

The only structural data available for viroid classification are the nu-
cleotide sequences. Several classifications have been proposed, on the
basis of either overall sequence similarities, or the sequences of de-
fined areas in the molecule. Arbitrary decisions must be made. For ex-
ample, it has been proposed that an overall sequence similarity of 65%
or more would place two viroids in the same group, and that more than
90% sequence similarity would indicate strains of a single viroid. Such
arbitrary distinctions are not particularly satisfactory. One classifica-
tion is shown in Fig. 9.5.

1.3.2 Recombination between Viroids

The available nucleotide sequence data make it almost certain that re-
combination events have occurred quite frequently between different
viroids, presumably during replication in mixed infections. For ex-
ample, Australian grapevine viroid (AGVd) appears to have originated
from extensive recombination between several other viroids (Fig. 9.6).
Such events complicate the question of viroid classification.
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Figure 9.5 A proposed classification of viroids into three groups based on differences in
the conserved core sequences of PSTVd and apple scarskin viroid (ASSVd) and on the self-
cleavage site of ASBVd. Additional name abbreviations are CaSaVd, carnation stunt-
associated viroid; CEVd, citrus exocortis viroid; TASVd, tomato apical stunt viroid; TPMVd,
tomato planta macho viroid; CSVd, chrysanthemum stunt viroid; HLVd, hop latent viroid;
CCCVd, coconut cadang-cadang viroid; CTiVd, coconut tinangaja viroid; HSVd, hop stunt
viroid; GYSVd, grapevine yellow speckle viroid; GV1Bd, grapevine viroid 1B. From Kol-
tunow and Rezaian (1989).
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Figure 9.6 Evidence for the origin of Australian grapevine viroid (AGVd) by recombina-
tion events with three other viroids. AGVd has 369 nucleotides and has less than 50% se-
quence similarity with any known single viroid. Nevertheless, its sequence can be divided
into regions showing high sequence similarity with several other viroids. Boxes denote
these regions. Regions of high similarity are shown by shading and by numbers. From
Rezaian (1990).
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1.3.3 Circular Subviral RNA Pathogens

A circular RNA containing about 1700 nucleotides called the delta agent
is a satellite RNA of hepatitis B virus (HBV). It is the only agent with vi-
roidlike properties known to exist in mammals and to cause human dis-
ease. It replicates by a rolling-circle mechanism, and can carry out a
self-cleavage reaction like ASBVd and the plant viral satellite RNAs that
replicate by a rolling-circle mechanism. Branch et al. (1990) suggested
that because these are unique and distinctive features not found in
other agents, the viroids, the viral satellite RNAs that replicate by a
rolling-circle mechanism, and the delta agent should be placed in a
group called circular subviral RNA pathogens.

1.4 BIOLOGICAL ASPECTS OF VIROIDS

1.4.1 Macroscopic Disease Symptoms

As a group, there is nothing that distinguishes disease symptoms pro-
duced by viroids from those caused by viruses. These symptoms in-
clude stunting, mottling, leaf distortion, and necrosis. From an agricul-
tural crop point of view, symptoms cover a whole range from the slowly
developing lethal disease in coconut palms caused by coconut cadang-
cadang viroid (CCCVd) to the worldwide symptomless infection of hops
with hop latent viroid (HLVd). It is probable that many more symptom-
less viroid infections remain to be discovered.

1.4.2 Cytopathic Effects

Various effects of viroid infection on cellular structures have been re-
ported. For example, in some infections, changes have been observed
in membranous structures called plasmalemmasomes. Several workers
have described pronounced corrugations and irregular thickness in
cell walls of viroid-infected tissue. A variety of degenerative abnormali-
ties have been found in the chloroplasts of viroid-infected cells.

1.4.5 Biochemical Changes

Viroid infection appears to cause no gross changes in host nucleic acid
metabolism. By contrast, marked changes in the amounts of various
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host proteins have been described in infected tissue. Perhaps the most
dramatic effect is the increase in a 140-K host protein in tomatoes in-
fected with several different viroids. Induction of this protein was not
specific to viroid infection.

1.4.4 Movement in the Plant

Viruses that have coat proteins defective for virus assembly have naked
RNAs. Most of these move slowly through the plant by cell-to-cell move-
ment. By contrast, viroids move rapidly through a host plant at a rate
like that of competent viruses, almost certainly through the phloem.
The relative resistance of viroid RNA to nuclease attack probably facili-
tates their long-distance movement. It is also possible that viroid par-
ticles undergo translocation while bound to some host protein.

1.4.5 Transmission

Viroids are readily transmitted by mechanical means in most of their
hosts. Transmission in the field is probably mainly by contaminated
tools and similar means. This ease of transmission in the presence
of nucleases is probably owing to viroid secondary structure and to
the complexing of viroids to host components during the transmis-
sion process.

PSTVd is transmitted through the pollen and true seed of potato
plants and can survive in infected seed for long periods. However, this
route of transmission is not likely to be of great commercial importance
in potato.

1.4.6 Interference between Viroids

Inoculation of tomato plants with a very mild strain of PSTVd gives sub-
stantial protection against a second inoculation with a severe strain ap-
plied 2 weeks after the first. Cross-protection occurs not only between
strains of a particular viroid, but also between different viroids. Protec-
tion is usually only temporary. The molecular basis for this interference
is not understood.
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1.4.7 Epidemiology

The main methods by which viroids are spread through crops are vege-
tative propagation, mechanical contamination, and through pollen and
seed. The relative importance of these methods varies with different
viroids and hosts. For example, vegetative propagation is dominant for
PSTVd in potatoes and chrysanthemum stunt viroid (CSVd) in chrysan-
themums. Mechanical transmission is a significant factor for others
such as citrus exocortis viroid (CEVd) in citrus and HSVd in hops. Seed
and pollen transmission are factors in the spread of ASBVd in avocados.

For most viroid diseases, the reservoir of inoculum appears to be
within the crop itself, which raises the question as to where the viroid
diseases came from. Although the evolution of viroids has been the sub-
ject of much speculation, the sudden appearance and rapid spread of
most “new” viroid diseases can probably be accounted for by the fol-
lowing factors. Viroids are readily transmitted by mechanical means.
Many modern crops are grown as large-scale monocultures. Thus from
time to time, a viroid present in a natural host, and probably causing no
disease, might escape into a nearby susceptible commercial crop and
spread rapidly within it. If the viroid and crop plant had not evolved to-
gether, disease would be a likely outcome. There is direct evidence for
such a sequence of events with the tomato planta macho disease in
Mexico.

1.5 MOLECULAR BASIS FOR BIOLOGICAL ACTIVITY

Because of their very small size, their autonomous replication, the
known structure of many variants, and the lack of any viroid-specific
polypeptides, it has been a hope of many workers that viroids might
provide a simple model system that would provide insights as to how
variations in the structure of a pathogen modulate disease expression.
This hope has not yet been realized. Very small changes in nucleotide
sequence may give rise to dramatic changes in the kind of disease in-
duced by a viroid. Therefore, disease induction must involve specific
recognition of the viroid sequence by some host macromolecule. Until
the nature of this host macromolecule (or molecules) is known, the in-
terpretation of correlations between nucleotide sequence and biologi-
cal properties of viroids will remain speculative.

One approach to the problem is to compare the nucleotide se-
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quences of naturally occurring variants of a viroid and relate this to dif-
ferences in the disease produced. For example, variants of PSTVd could
be placed in four classes with respect to disease severity in tomato:
mild, intermediate, severe, and lethal. With these variants, nucleotide
differences all lie within the P domain (Fig. 9.2). On the other hand,
pathogenicity of CEVd variants was associated with nucleotide changes
in both the P and variable domains.

Attempts to apply site-directed mutagenesis to study the effects of
single nucleotide changes on the disease produced have not been suc-
cessful. The mutants were either noninfectious or reverted rapidly to
wild type. Similarly, the construction of chimeric viroids has met with
little success.

Sequence similarities have been noted between domains in viroid
RNAs and certain host cell RNAs, but the significance of these simi-
larities remains to be established.

1.6 DIAGNOSTIC PROCEDURES FOR VIROIDS

Since viroids produce no specific proteins, the immunological methods
applied so successfully to viruses cannot be used for the diagnosis of
the diseases they cause. Similarly, because no characteristic particles
can be readily detected, electron microscopic techniques are inappro-
priate. For these reasons diagnostic procedures have been confined to
biological tests, gel electrophoresis, and more recently to nucleic acid
hybridization tests.

1.6.1 Biological Tests

Biological tests for viroid detection and diagnosis have been important
where suitable diagnostic test plants have been identified, and they re-
main important for some viroids, for example, where strains of differ-
ent severity exist. However, no suitable indicator hosts have been found
for some viroids such as CCCVd. Mild isolates of viroids may produce
barely detectable symptoms. Environmental conditions also may mark-
edly affect the disease produced by other isolates. For such reasons, in
vitro tests based on the properties of the viroid RNA have assumed con-
siderable importance.
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1.6.2 Gel Electrophoresis

Viroids generally occur in very low concentration in the infected host;
thus, partial purification and concentration must be used before the nu-
cleic acids are run in an appropriate polyacrylamide gel electrophore-
sis (PAGE) system. Various procedures have dramatically increased the
sensitivity of viroid detection by electrophoresis.

1.6.3 Nucleic Acid Hybridization

Methods for detection and diagnosis based on nucleic acid hybridiza-
tion are becoming increasingly important. For application in routine
testing, it was necessary to develop methods for the large-scale produc-
tion of cloned, highly labeled viroid cDNA, and to develop procedures
by which clarified tissue extracts could be used in the tests. The dot-
blot hybridization procedure is now being widely used.

1.6.4 General

With present procedures, it is relatively simple to verify a positive test
result for viroid infection. It is much more difficult to ensure that a
negative result means a viroid-free plant. This may be an important
practical issue where vegetatively propagated crops are concerned.

2 SATELLITE VIRUSES AND SATELLITE RNAs

Purified virus preparations isolated from infected plants may contain a
variety of RNAs other than the genomic RNAs. Some of these, such as
subgenomic RNAs, have already been discussed in Chapters 6 through
8. In addition, some isolates of certain plant viruses contain satellite
agents. Two classes of these agents can be distinguished according to
the source of the coat protein used to encapsidate the RNA. In satellite
viruses, the satellite RNA codes for its own coat protein. In satellite
RNAs, the RNA becomes packaged in protein shells made from coat pro-
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tein of the helper virus. Satellite viruses and satellite RNAs have the fol-
lowing properties in common:

1. Their genetic material is an ssRNA molecule of small size. The
RNA is not part of the helper virus genome, and usually has only
limited sequence similarity to the helper virus RNA.

2. Replication of the RNA is dependent on a specific helper virus.

. The agent affects disease symptoms, at least in some hosts.

4. Replication of the satellite interferes to some degree with repli-
cation of the helper.

5. Satellites are replicated in the cytoplasm on their own RNA
template.

QA

In recent years, several satellite RNAs associated with a particular group
of viruses have been shown to have viroidlike structural properties.
These agents have been termed virusoids, but this term is no longer
favored.

2.1 SATELLITE PLANT VIRUSES

Three definite satellite plant viruses have been described, together
with two probable examples. They are the smallest known viruses. Sat-
ellite tobacco necrosis virus (STNV) has been the most studied, and is
the example discussed here.

The helper virus, tobacco necrosis virus (TNV), is a typical small
icosahedral virus with a diameter of about 30 nm. It replicates indepen-
dent of other viruses, and normally infects plant roots in the field. Cer-
tain cultures of TNV contain substantial amounts of a smaller viruslike
particle with a diameter of about 18 nm, depending for its replication on
the larger virus. There is significant specificity in the relationship be-
tween satellite and helper. Strains of both viruses have been isolated.
Only certain strains of the helper virus will activate particular strains of
the satellite.

Both STNV and TNV are transmitted by the zoospores of the fungus
Olpidium brassicae (Chapter 10, Section 2.2). Transmission depends on
an appropriate combination of four factors: satellite and helper virus
strains, race of fungus, and species of host plant.

The complete nucleotide sequence of STNV RNA was one of the first
viral sequences to be determined. The amino acid sequence of the coat
protein was deduced from the nucleotide sequence and later confirmed
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by direct sequencing of the STNV coat protein. These results showed
that STNV codes for only one gene product—its coat protein.

STNV RNA has no significant sequence similarity with the TNV ge-
nome. STNV RNA is remarkably stable in vivo, having been shown to
survive in inoculated leaves for at least 10 days in the absence of helper
virus. This stability may have evolved to allow the satellite to survive a
period within a cell after uncoating, but before the celli becomes in-
fected with helper virus. Little is known about the replication of STNV
in vivo, but it is widely assumed that STNV RNA replication must be car-
ried out by an RNA-dependent RNA polymerase coded for, at least in
part, by the helper virus. Replication of STNV substantially suppresses
TNV replication, and it is possible that this may involve competition for
the replicase. The presence of STNV in the inoculum reduces the size
of the local lesions produced by the helper virus. This could be owing to
the reduction in TNV replication.

STNYV is readily translated in vitro in both prokaryotic and eukary-
otic systems, the only product being the coat protein. In the wheat germ
system, where both TNV and STNV RNAs were translated in a mixture,
STNV RNA was preferentially translated even in the presence of an ex-
cess of TNV RNA.

2.2 SATELLITE RNAs

Cucumbermosaic Cucumovirus (CMV) normally causes a fern—leaf-like
disease in tomatoes in the field. The first satellite RNA was isolated from
tomatoes infected with CMV but showing a lethal necrotic disease. It
was the presence of the satellite RNA known as CARNAS5 that increased
the severity of disease.

Satellite RNAs have since been found in preparations of various vi-
ruses belonging to the Cucumovirus, Nepovirus, Tombusvirus and So-
bemovirus groups. Thirty-three satellite RNAs have been found, asso-
ciated with 29 viruses (Francki et al, 1991). They do not always increase
severity of disease. Satellite RNAs differ from satellite viruses in that
they do not code for a coat protein. The RNA is encapsidated in particles
of the helper virus.

Satellite RNAs associated with four sobemoviruses discovered in
Australia occur in both circular and linear forms. In their biological
properties (dependence on the helper virus), they are undoubtedly sat-
ellite RNAs, but in some properties, particularly their small size (325—
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390 nucleotides), circularity, high degree of base pairing, and lack of
mRNA activity, they are like viroids. A sequence GAAAC is found in the
central region of viroids and also in a similar position in some of these
satellites.

Satellite RNAs can be divided into two groups: those that replicate
via a negative sense monomer template, as does the helper virus, and
those that have a rolling-circle method of replication.

2.2.1 Satellite RNAs Replicating via a Negative
Sense Monomer Template

This group is typified by the satellite RNAs of CMV and tomato black
ring virus (TBRV). Their properties with respect to replication may be
summarized as follows:

1. Terminal structures CMYV satellite RNAs have a 5’ cap structure
and a 3’ hydroxyl group, as does CMV. STBRV has a 5' VPg and 3’ poly-
adenylation, as does TBRV. These similarities to the corresponding
helper virus suggest a common method for replication of the satellite
and helper RNA.

2. The presence of ORFs Satellite RNAs in this group that have
been sequenced contain one or two ORFs. For example, five variants of
STBRV have been sequenced. All contained a single large ORF, coding
for a putative protein containing 419-424 amino acids with several re-
gions of identical amino acid sequence. These features strongly suggest
a functional role for the ORF.

3. Translation of the ORFs Translation of satellite RNAs of this
group in an in vitro protein-synthesizing system give rise to the ex-
pected polypeptide products. These have not been positively identified
in vivo and their role in replication is unknown.

4. RNA replication via a unit-length negative sense template The
following lines of evidence strongly suggest that CMV satellite RNAs
replicate via a unit-length negative sense template: (a) A dsRNA species
of MW 220 K corresponding to the double-stranded form of CARNA5
has been isolated from infected tobacco. (b) Kinetics of labeling of the
two strands with 2P fit with the production of an excess of positive
sense strands early in infection. (c) The ds forms of both CARNA5 and
genomic CMV RNA3 contain an unpaired guanosine at the 3’ end of the
minus strand. This is a feature of the RFs of some other viruses, and
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suggests that the viral and satellite RNAs share a common replicative
mechanism. (d) CARNA5 does not replicate in protoplasts unless the
helper virus is present. This result suggests that the satellite depends
on the helper for some replication function, rather than just for encap-
sidation or movement through the plant.

This evidence strongly suggests that replication of satellite RNAs of
this type depends on a replicase function of the helper virus. This raises
the question of the function of the polypeptide potentially coded for by
these satellites. This polypeptide might modulate the activity of the host
replicase so that it preferentially replicated the satellite RNA.

2.2.2 Satellite RNAs with a Viroidlike Replication

This group is typified by the satellite RNA of tobacco ringspot Nepovirus
(STRSV), the satellite RNA of arabis mosaic virus, and by the viroid-like
satellite RNAs.

STRSV has no detectable mRNA activity, nor do the nucleotide se-
quences indicate ORFs of significant length. There is no clear evidence
as to why satellite RNAs of this group are dependent for their replication
on a helper virus. However, there is quite strong evidence that they are
replicated by a viroidlike, rolling-circle mechanism involving inter-
mediates that are multimeric tandem repeats of the satellite RNA. Cir-
cular and multimer forms of STRSV RNA are found in infected tissue.
Large amounts of the circular monomer form may be present in nucleic
acids extracted from infected tissue, but only linear molecules are
packaged in virus particles.

In vitro, multimeric forms of STRSV plus sense RNA can be pro-
cessed autolytically in the presence of divalent ions to give biologically
active monomers. Under appropriate conditions, this reaction is revers-
ible, and ligation occurs to restore the original bonds. Similar processes
occur with multimeric minus sense STRSV RNAs.

2.2.3 The Development of Simple and Specific RNA Enzymes

The idea that enzymes always involve proteins as part or all of their
structure has been biochemical dogma for more than 60 years. The fact
that satellite RNAs can cleave phosphodiester bonds and religate them
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in the absence of any protein has aroused considerable interest among
biologists.

The self-cleavage activity of circular satellite RNAs is confined to
relatively short and conserved parts of the molecule. They lie at the 5’
and 3’ termini of the linear forms. Hammerhead structures, like those
proposed for ASBVd (Fig. 9.4), operate in the satellite RNA self-cleavage
and ligation process. Three essential minimal sequences have been de-
fined for the enzymatic activity of STRSV RNA (Fig. 9.7). The structure
labeled B and C in Fig. 9.7 is known as a ribozyme. Haseloff and Gerlach
(1989) proposed that the highly conserved B region in the ribozyme
may provide a metal ion-binding site which precisely positions such an
ion close to the 2' OH group next to the phosphodiester bond to be
cleaved.

The ability to synthesize tailor-made ribozymes with C sequences
complementary to the RNA site of interest makes it possible in principle
to cleave in vivo any RNA of known sequence, at a predetermined site.
This opens up many possibilities, including a novel approach to the
control of virus infection, It has long been assumed that proteins must
have been one of the earliest macromolecules to develop in the precellu-
lar stages of evolution. The fact that RNA alone can cleave and ligate
bonds lends support to the view that the macromolecules present in the
earliest stage of evolution of life on earth may have consisted only of RNA.

Substrate A l
5 XXXXXXX)*(XXXXX ; DOOOOEXXIXXXXXX 3
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CuU Ribozyme

Figure 9.7 Essential sequences in the self-cleaving domain derived from STRSV RNA.
(A) GUC triplet in the substrate RNA immediately 5’ to the bond to be cleaved; (B) Cata-
lytic region consisting of a highly conserved sequence with a base-paired stem and a
loop; (C) Flanking regions without necessary sequence conservation, but base-paired to
the substrate RNA and allowing precise positioning of the ribozyme relative to the cleav-
age site. From Haseloff and Gerlach (1989).
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Figure 9.8 Modulation of CMV symptoms by its satellite CARNA 5. Upper row of plants
was infected by virus alone; lower row of plants, by virus plus CARNA 5. In tabasco pepper
plants on the left, CARNA 5 attenuates disease symptoms; in tomato plants on the right,
CARNA 5 induces lethal necrosis. From Kaper and Collnaer (1988).

2.2.4 Symptom Modulation by Satellite RNAs

The biological effects of the presence of a satellite RNA along with the
helper virus may depend markedly on the host species. This is illus-
trated in Fig. 9.8 for CMV and its satellite CARNAS. Many such effects
are known.

Various experiments have shown that where satellite RNAs occur,
the disease outcome depends on interactions between (1) the strain of
helper virus; (2) the strain of satellite RNA; (3) the species and cultivar
of host plant; (4) environmental conditions; and (5) the presence of a
related satellite. The presence of a satellite causing only mild symptoms
may protect plants against a second inoculation with a satellite causing
severe disease.

The sequence domains in satellite RNAs that are responsible for
these effects on disease have been investigated using (1) comparisons
between naturally occurring variants of known sequence, (2) site-
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directed mutagenesis, and (3) recombinant RNA genomes constructed
via cDNAs.

An RNA of particular interest in relation to disease modulation, and
also to the origin and evolution of satellite RNAs, is the virulent satellite
RNA of turnip crinkle Carmovirus (TCV) shown in Fig. 9.9. Other re-
lated avirulent satellites lack the 3’ sequence derived from the helper
TCV genome.

Another interesting satellite RNA is involved in groundnut rosette,
which is an important disease of groundnuts in Africa. Groundnut ro-
sette virus (GRV) is transmitted by an aphid vector only in the presence
of groundnut rosette assistor Luteovirus, which on its own causes no
disease. Various forms of the rosette disease are known. Murant and
Kumar (1990) have shown that a satellite RNA of GRV is largely respon-
sible for the kind of disease that occurs. Different variants of the satel-
lite cause the different forms of the disease.

The only general conclusion to be drawn from these various studies
is that changes in disease induced by the presence of a satellite RNA de-
pend on changes in the nucleotide sequence in the RNA. There is no
convincing evidence that such changes are mediated by a polypep-
tide translated from the satellite RNA. Disease modulation is probably
brought about by specific macromolecular interactions between the
satellite RNA and (1) helper virus RNAs; (2) host RNAs; (3) host pro-
teins; (4) viral-coded proteins; or (5) any combination of 1 to 4. Until the
interactions involved have been established on a molecular basis, dif-
ferences in nucleotide sequence between related satellites will remain
largely uninterpretable with respect to disease modulation.

Domain of Satellite Homology ~ Domain of TCV Homology,
1l

f - 1
Region essential

. . for infectivity
Regions affecting monomer ———
accumulation and modulating 1
symptom expression Region determining virulence
} 1
51 [ 1 [ K
Fe—— 1000 ——

Figure 9.9 Domains in the virulent composite satellite RNA C of TCV. Modified from Si-
mon et al. (1988).



3 DEFECTIVE INTERFERING PARTICLES

203

3 DEFECTIVE INTERFERING PARTICLES

Defective interfering RNAs (DI RNAs) and DI particles are widespread
in animal virus infections. These DI particles have the following proper-
ties: (1) they are derived from the viral genome by deletion of nucleotide
sequences. Thus, they consist mainly or entirely of genomic nucleotide
sequences; (2) they reduce the yield of helper virus; and (3) their pres-
ence causes milder disease symptoms.

These kinds of RNAs or DNAs may be present in several plant virus
groups, including rhabdoviruses, reoviruses, tombusviruses, and gemi-
niviruses. A good example is the abnormal RNA found in a culture of
tomato bushy stunt virus (TBSV) that meets all the criteria noted above
for a DI RNA (Morris and Hillman, 1989). The RNA was about 396 nu-
cleotides long. It was derived from the genomic RNA by six internal de-
letions, the 5’ and 3’ sequences being conserved. Two of the deletions
were large (1180 nt and 3000 nt), whereas the others were much smaller
(Fig. 9.10). Coinoculation of the small RNA depressed virus synthesis in
whole plants and attenuated disease symptoms. Although the DI RNA
could represent 60% of viral-specific RNA in leaf extracts, only about 3

p43 (Coat) p20 UGA
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140 (396nt)
AUG UGA

Figure 9.10 Origin of a DI RNA (C) from TBSV genomic RNA. (B) shows the size (in nu-
cleotides) and the positions of the regions of genomic sequence deleted to produce the DI
RNA. From Morris and Hillman (1989).
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to 4% of the encapsidated RNA was DI RNA. The DI RNA probably repli-
cates by the same mechanism as the viral RNA.
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Being obligate parasites, viruses depend for survival on being able to
infect new individual host plants reasonably frequently in relation to
the life span of the host species. However, there is a barrier to infection,
because most plant surfaces are covered by layers of inert material,
which viruses cannot penetrate on their own (Fig. 10.1). Different vi-
ruses overcome this problem in one or more of the following ways: (1) by
avoiding the need to invade through the plant surface, as in transmission
through the seed or in vegetative propagation; or (2) by some method
that involves penetration through a wound in the surface layers, as in
mechanical transmission or transmission by invertebrates.

The study of virus transmission is important for several reasons:
(1) a knowledge of the way a virus is being transmitted in the field is an
essential prerequisite for developing methods to control the disease it
is causing; (2) the relationships between viruses and their invertebrate
and fungal vectors are of considerable general biological interest; and
(3) certain methods, particularly mechanical transmission, are very im-
portant for the study of viruses in the laboratory.

1 DIRECT PASSAGE IN LIVING HIGHER PLANT MATERIAL

1.1 THROUGH THE SEED

About one fifth of the known plant viruses are transmitted through the
seed of infected host plants. Seed transmission provides a very effective
means of introducing virus into a crop at an early stage, giving ran-
domized foci of infection throughout the planting. Thus, when some
other method of transmission can operate to spread the virus within the
growing crop, seed transmission may be of very considerable economic
importance. Viruses may persist in seed for long periods so that com-
mercial distribution of a seed-borne virus over long distances may
readily occur.

Two general types of seed transmission can be distinguished. With
tomato mosaic virus (ToMV) in tomato, seed transmission is largely the
result of contamination of the seed coat with virus, resulting in subse-
quent infection of the germinating seedling by mechanical means. This
type of transmission may occur with other tobamoviruses. The external
virus can be readily inactivated by certain treatment eliminating all, or
almost all seed-borne infection.
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Figure 10.1 The barrier to virus infection. Diagrammatic representation of the epicu-
ticle of the plant seen in cross section. The lines dividing the layers above the epidermal
cells indicate regions of major change in the construction of components rather than
sharp boundaries. Individual plant species may depart greatly from this general arrange-
ment. B. E. Juniper; from Eglinton and Hamilton (1967).

In the second and more common type of seed transmission, the
virus is found within the tissues of the embryo, for example with nepo-
viruses. The embryo may become infected through the ovary or via the
pollen.

1.1.1 Factors Affecting the Proportion of Seed Infected Internally

Various factors influence the proportion of seed in which the embryo is
infected:

1. Virus and virus strain For viruses in a particular group, the
proportion of infected seed may range from 0 to 100% for different vi-
ruses and virus strains.

2. Host plant Different host species, and cultivars within a single
species, may differ widely in the rate of seed transmission.

3. Time at which the seed-bearing plant is infected For most hosts
in which a virus is seed transmitted, the earlier the plant is infected,
the higher the percentage of seed that will subsequently transmit the
virus.

4. Age of seed when sown Some viruses are lost quite rapidly from
seed on storage, whereas others may persist for years.

5. Temperature Viruses may survive in seed stored at high tem-
peratures for longer periods than the ability of the seed to germinate.
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1.1.2 Transmission through Infected Pollen

Most seed-transmitted viruses are probably also transmitted through
pollen from infected plants. Conversely, there appears to be no ex-
ample of a pollen-transmitted virus that is not also seed transmitted.
Self-pollination of infected plants presumably can result in a higher
percentage of infected seed than when only one of the gametes comes
from an infected individual. With certain viruses, when a healthy plant
is pollinated with infected pollen, only the resulting seed may become
infected. With others, however, the plant itself may also become infected.

There are three mechanisms by which viruses may be transmitted
by pollen: (1) By virus within the sperm cell nucleus or cytoplasm.
(2) On the exine of the pollen grains. The germ tubes growing from
such pollen may then pick up virus particles and carry active virus to
the ovule. (3) By species of thrips that infect flowers and can transfer
pollen to a second plant and introduce a virus from the pollen while
feeding. The efliciency of pollen transmission varies widely. Members
of the Cryptovirus group are unusual in that they are transmitted with
high efliciency through pollen and seed, but not by mechanical trans-
mission, grafting, or invertebrate vectors.

1.2 BY VEGETATIVE PROPAGATION

Vegetative propagation is an important horticultural practice, but it
is unfortunately also a very effective method for perpetuating and
spreading viruses. Economically important viruses spread systemically
through most vegetative parts of the plant. A plant once systemically in-
fected with a virus usually remains infected for its lifetime. Thus, any
vegetative parts taken for propagation, such as tubers, bulbs, corms,
runners, and cuttings, will normally be infected. There are many in-
stances in which every individual of a particular cultivar tested has
been found infected with a particular virus, for example, some potato
cultivars infected with potato virus X (PVX).

1.3 BY GRAFTING

Grafting is essentially a form of vegetative propagation in which part of
one plant grows on the roots of another individual. Once organic union
has been established, the stock and scion become effectively a single
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plant. Where either the rootstock or the individual from which the
scion is taken is infected systemically with a virus, the grafted plant as a
whole will become infected if both partners in the graft are susceptible.
Since the early days of work with plant viruses, the demonstration that a
disease was transmissible by grafting, together with the absence of a
pathogen visible by light microscopy, has been taken as an indication
that the disease is attributable to a virus. Because these criteria were
inadequate, some diseases once thought to be caused by a virus are
now known to be caused by mycoplasmas or similar organisms.

Grafting transmission may lead to a different disease from that ap-
pearing after, say, mechanical inoculation. For example, Nicotiana glu-
tinosa normally gives necrotic local lesions with no systemic movement
of virus following mechanical inoculation with tobacco mosaic virus
(TMV). However, healthy plants grafted with tobacco plants infected
systemically with TMV die of a systemic necrotic disease. This effect of
grafting is probably owing to the introduction of virus into the vascular
elements of the hypersensitive host.

2 TRANSMISSION BY ORGANISMS OTHER THAN HIGHER PLANTS

2.1 INVERTEBRATES

Many plant viruses are transmitted from plant to plant in nature by in-
vertebrate vectors. This important topic is considered in Chapter 13 of
this volume.

2.2 FUNGI

Species in the chytrid genus Olpidium transmit four viruses with isomet-
ricparticles, whereas species intwo plasmodiophorus genera (Polymyza
and Spongospora) transmit about 11 rod-shaped or filamentous viruses.

The most-studied fungal vector is the chytrid Olpidium brassicae
(Wor.) Dang., which is a soilborne obligate parasite infecting the roots
of many plants. In root cells, the fungus forms resting spores, which are
released into the soil when the root disintegrates. The resting spores,
under appropriate conditions in the root or soil, release numerous zoo-
spores into the soil water. These can then infect fresh roots. In the first
phase of the infection process, the zoospore forms a cyst. In the second
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phase, the host cell wall is breached, and the cyst cytoplasm enters the
host cell, leaving behind it the ectoplast and the tonoplast. The fungal
cytoplasm becomes surrounded by a new tonoplast inside the host cell.
A virus may be carried to the root on the surface of the zoospore (e.g.,
tobacco necrosis virus (TNV), satellite TNV (STNV), cucumber necrosis
virus) or within the zoospores (e.g., lettuce big vein agent and tobacco
stunt virus).

2.3 EXPERIMENTAL TRANSMISSION
BY AGROBACTERIUM TUMEFACIENS

DNA copies of viral genomes can be inserted into the Ti plasmid car-
ried by A. tumefaciens. Infection of a plant by Agrobacterium carrying
such an engineered plasmid offers a novel experimental method for
transmission of plant viruses, some of which have proved impossible to
transmit by mechanical inoculation.

3 MECHANICAL TRANSMISSION

Mechanical inoculation involves the introduction of infective virus or
viral RNA into a wound made through the plant surface. When virus es-
tablishes itself successfully in the cell, infection occurs. This method of
transmission is of great importance for many aspects of experimental
plant virology, particularly for the assay of viruses (Chapter 4) and in
the study of the early events in the interaction between a virus and
susceptible cells (Chapter 7). Viral RNA as inoculum was discussed in
Chapter 6, Section 1.1. When intact virus is used as inoculum, the viral
nucleic acid must be partly or entirely uncoated at an early stage. This
process is discussed in Chapter 7, for TMV in Section 3.7 and for turnip
yellow mosaic virus (TYMV) in Section 4.7.

3.1 FACTORS AFFECTING EFFICIENCY
OF MECHANICAL TRANSMISSION

There are many factors affecting the efficiency of mechanical transmis-
sion. Factors affecting plant susceptibility are discussed in Chapter 11,
Section 6. Here factors in the inoculation process are considered.
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3.1.1 Method of Applying the Inoculum

Inmostcircumstances, gently rubbingthe leaf surface with some suitable
object wetted with the inoculum gives efficient transmission. The objec-
tive in mechanical inoculation is to make numerous small wounds in the
leaf surface without causing death of the cells. The pressure required to
do this depends on many factors such as plant species, age and condi-
tion of the leaf, and additives present in the inoculum. With a few vi-
ruses and hosts, severe abrasion or cutting with a knife is more effective.

3.1.2 Additives That Increase Efficiency

The efficiency of mechanical inoculation is greatly increased when
some abrasive material such as carborundum or celite is added to the
inoculum or sprinkled over the leaves before inoculation. The increase
in the number of local lesions obtained by the use of abrasives varies
with different hosts and viruses but may be 100-fold or more. Other
substances such as dipotassium phosphate, potassium sulfite, and di-
valent metal ions may also give substantial increases in inoculation effi-
ciency, depending on the virus, the host plant used as source of inocu-
lum, and the host species being inoculated.

3.1.3 Frozen and Freeze-Dried Inoculum

Frozen or freeze-dried leaf material ground with a pestle and mortar
may form an effective inoculum for some viruses and hosts.

3.1.4 Host Components in the Inoculum

When crude leaf extracts are used as inoculum, host components such
as polyphenols, polysaccharides, etc., may have an inhibitory effect on
infection. Additives to the inoculum may be used to counteract such
substances.

3.1.5 Washing Leaves

Washing leaves immediately after inoculation or dipping them in water
is a common practice. It may improve efficiency of the inoculation if in-
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hibitors are present in the inoculum. In other circumstances, it may re-
duce efficiency.

3.1.6 The Plant Part Inoculated

Sometimes a virus can be transmitted mechanically by inoculating
cotyledon leaves but not the first true leaves.

3.1.7 The Plant Part Used as Inoculum

Virus inhibitors are often present in highest concentration in leaves,
and may be present in low concentrations or absent in other organs,
e.g., petals. Thus, extracts from petals have been used successfully to
transmit several viruses mechanically.

3.1.8 Viral RNA as Inoculum

For any virus that has positive sense ssRNA as its genetic material, it
should be possible, in principle, to prepare an extract of total nucleic
acids from infected tissue with a phenol water system and use this to
inoculate healthy plants after removal of the phenol. This procedure
may allow mechanical transmission when whole-leaf extracts are in-
effective.

3.1.9 Plant Faclors

There are many plant factors, such as age and genotype, that affect the
efficiency of mechanical transmission. These are discussed in Chap-
ter 11, Section 6.

3.2 NATURE AND NUMBER OF INFECTIBLE SITES

The upper surface of leaves commonly used for mechanical inoculation
usually contains about 1 to 5 x 10° cells of various types. Most will be
epidermal cells, with a smaller number of stomatal guard cells. Many
leaves possess trichomes. There are numerous kinds of trichomes, and
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more than one kind may occur on the same leaf. It seems probable that
all the cell types making up the epidermis are potentially capable of
being infected by mechanical inoculation. The cuticle is probably the
major barrier to infection. Wounds that penetrate right through the cu-
ticle and the cell wall are probably effective in allowing virus to enter.
Experiments with several viruses indicate that, following mechanical
inoculation, some underlying mesophyll cells may be infected directly
with the inoculum.

Compared with the plague assays for bacterial viruses on lawns of
growing bacteria, or for animal viruses on cell monolayers, the me-
chanical inoculation of plant viruses is a highly inefficient process. As
usually carried out, about 10* to 107 virus particles may be applied to
the leaf for each local lesion produced. By using very small volumes of
concentrated inoculum, this number may be reduced to 10 to 100. The
reasons for this inefficiency have not been established, but it is likely
that a high proportion of virus particles in the applied inoculum never
reach an infectible wound. Experiments suggest that the infectibility of
wounds falls off very rapidly after they are made.

3.3 MECHANICAL TRANSMISSION IN THE FIELD

Compared to transmission by invertebrate vectors or vegetative propa-
gation, field spread by mechanical means is usually of minor impor-
tance. With some viruses, however, it is of considerable practical signifi-
cance. TMV can readily contaminate hands, clothing, and implements
and be spread by workers in tobacco and tomato crops. This is particu-
larly important during the early growth of the crop, for example, during
the setting out of plants. Plants infected early act as sources of infection
for further spread, either during cultural operations such as disbud-
ding, or by rubbing together of healthy and infected leaves by wind.
TMV may be spread mechanically by tobacco smokers, because the
virus is commonly present in cigarettes.

PVX can also be readily transmitted by contaminated implements
or machines and by workers or animals that have been in contact with
diseased plants. On some materials, the virus persists for several weeks.
Several viruses, such as tomato bushy stunt virus (TBSV) and Southern
bean mosaic virus (SBMV), may infect roots from virus-contaminated
soil, apparently without fungi or arthropods being involved. In glass-
houses, TMV can be transmitted by soil containing the virus coming
into contact with leaves.
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4 MOVEMENT AND FINAL DISTRIBUTION IN THE PLANT

Some viruses are confined to the inoculated leaf, whereas others may
move systematically through the plant. If a virus replicates in the ini-
tially infected cell but cannot move to neighboring cells, its replication
may remain undetected. This has implications in considering the host
range of viruses (Section 5). In many host—virus combinations, cell-to-
cell movement is limited, giving rise to a relatively small zone of in-
fected tissue that may be visible as a local lesion, often consisting of
dead cells (Fig. 11.1). In still others, movement within the inoculated
leaf is not limited, but systemic spread may not occur.

Viruses spread through the plant in two ways—a slow cell-to-cell
spread through the plasmodesmata from the site of inoculation, and
a much more rapid movement through the vascular tissues, usually
through the phloem. In these processes, there are three possible bar-
riers to movement: (1) movement from the first infected cell; (2) move-
ment out of parenchyma cells into vascular tissues; and (3) movement
out of vascular tissue into the parenchyma cells of an invaded leaf.

The final distribution of virus through tissues and organs may be
very uneven. Many factors, including host genes, viral genes, and en-
vironmental conditions, affect the rate and extent of virus movement
through the plant. The effects of viral genes are discussed in Sec-
tion 4.4; host genes, in Chapter 11, Section 6.2; and environmental fac-
tors, in Chapter 11, Section 6.2.

4.1 THE FORM IN WHICH VIRUS MOVES

Since both intact virus and isolated positive sense ssRNA can infect
cells, both of these structures may be involved in cell-to-cell spread.
Virus particles have been visualized in plasmodesmata and sieve pores.
Such observations by no means demonstrate, however, that intact virus
particles are the form, or the only form in which a virus moves from
cell to cell. There is clear evidence that viral RNA can move into and
infect neighboring cells. For example, defective mutant strains of cer-
tain viruses (e.g., TMV) are unable to produce complete virus particles.
Infective viral RNA and defective coat protein are produced, and yet the
infection moves from cell to cell.

Russian virologists have suggested that TMV and some other vi-
ruses move over long distances through the plant in complexes that
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they called virus-specific ribonucleoprotein (vRNP), containing viral
RNA, viral coat protein, and various other proteins. The evidence, in-
cluding binding of movement protein to nucleic acids, suggests, but by
no means proves, that vRNPs are the form in which TMV and other vi-
ruses move both from cell to cell and over long distances. The presence
of characteristic virus particles in sieve tubes or phloem exudate sug-
gests that, in some circumstances, the intact virus may be translocated.

4.2 THE ROLE OF PLASMODESMATA

Plasmodesmata consist of two concentric cylinders of plasma mem-
brane and endoplasmic reticulum that traverse the cellulose walls be-
tween adjacent plant cells. The annulus between the two membrane
cylinders gives continuity of the cytosol between cells. This continuity
is probably regulated and therefore, not permanent. Even small mole-
cules like sucrose are transported via the plasmodesmata. Virus par-
ticles have been observed by electron microscopy in the plasmodes-
mata of infected tissue. Thus, it is possible that this is the route by which
viruses move from cell to cell. However, it is known that ribosomes,
which are roughly the same size as small viruses, do not pass through
the plasmodesmata. Therefore we must conclude that viruses alter the
properties of plasmodesmata in a manner that allows their passage
through them. Evidence for such changes has recently been obtained
with TMV-infected plants, and with cells infected with caulimoviruses.
With TMYV, slightly enlarged plasmodesmata can be observed by elec-
tron microscopy. Movement of large dye particles is also facilitated in
TMV-infected tissue. In CaMV-infected cells, plasmodesmata become
greatly enlarged, and this may also facilitate virus movement. The rates
of virus movement from cell to cell through the plasmodesmata are of
course dependent on temperature. Movement of TMV out of the inocu-
lated epidermis takes about 4 hr at 27°C. Movement from cell to cell in
the mesophyll, as infection spreads, occurs at the rate of about one cell
every few hours.

4.3 LONG-DISTANCE MOVEMENT

Most viruses move longer distances through the plant in the phloem,
but viruses transmitted by beetles may move in the xylem. Once virus
enters the phloem, movement may be very rapid. A rate of 2.5 cm/min
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Figure 10.2 Diagram showing the spread of TMV through a medium young tomato
plant. The inoculated leaf is shaded, and systemically infected tissues are shown in black.
From Samuel (1934).

has been recorded for beet curly top Geminivirus. The pattern of move-
ment of TMV from an inoculated leaflet through a tomato plant is shown
in Fig. 10.2. This pattern of movement is fairly typical for viruses infect-
ing herbaceous plants, at least as far as stem and leaves are concerned.

4.4 THE ROLE OF VIRAL GENE PRODUCTS IN VIRUS
MOVEMENT WITHIN THE PLANT

Various lines of evidence indicate that the coat protein is not required
for cell-to-cell or long-distance systemic movement of some viruses. Ex-
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periments with designed mutations in the coat-protein gene show that
effective packaging of the RNA into virus particles is essential for sys-
temic infection with some viruses such as brome mosaic virus (BMV),
but others such as barley stripe mosaic virus (BSMV) are able to move
very efficiently when the entire coat-protein gene has been deleted.

Experiments involving the use of recombinant DNA technology,
discussed in Chapter 7, Section 3.4, have shown beyond doubt that
the 30-K protein coded for by TMYV is involved in localized cell-to-cell
movement of this virus. Genes with a cell-to-cell movement function
have now been identified positively or tentatively for many groups of
RNA viruses, and for cauliflower mosaic virus (CaMV). The cell-to-cell
movement proteins of several viruses have amino acid sequence simi-
larities. Cell-to-cell movement proteins may not be found in all virus
groups. Luteoviruses are almost entirely confined to the phloem, and
the nucleotide sequence of potato leafroll virus (PLRV) shows no open
reading frame (ORF) with a sequence related to the TMV movement
protein.

More than one gene product, other than coat protein, may be in-
volved in the movement of some viruses. For example, while the ORF1
product of CaMV is involved in cell-to-cell movement, gene VI is also
necessary for systemic spread. Viral-coded movement proteins may act
in one, or more than one way. The proteins encoded by different viruses
may act by different mechanisms; but the fact that there are amino acid
sequence similarities between proteins encoded by different viruses
would favor some similarity in mechanisms involved in movement.
These are most likely to involve structural and functional alterations to
the plasmodesmata, which allow virus particles to be transported, as
well as some molecular chaperone activity involving virus nucleic acid
transport from cell to cell.

4.5 FINAL DISTRIBUTION OF VIRUS IN THE PLANT

Some viruses in certain hosts are confined to the local lesions that form
in inoculated leaves (Fig. 11.1). However, even with viruses that move
systemically through the plant, the final distribution of virus is usually
far from uniform. There are several reasons for this:

1. Escaping infection Certain viruses move with difficulty into
particular leaves. With viruses infecting woody perennials, distribution
may be very uneven, even in plants that have been infected for several
years.
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2. Rise and fall of virus concentration with age The concentrations
of some viruses initially rise rapidly in infected leaves and then de-
crease as the infection progresses. Considering the plant as a whole,
this can lead to a very uneven distribution of virus in different leaves at
any given time during growth.

3. Uneven conceniration in different organs and tissues In a plant
infected for some time with a systemic virus, the concentration of virus
may not be uniform in different organs. With most mosaic-type viruses,
the virus reaches a much higher concentration in the leaf lamina than
in other parts of the plant.

4. Viruses confined to certain tissues Members of the Luteovirus
group, such as barley yellow dwarf virus (BYDV), are found in the
phloem parenchyma, companion cells, and sieve elements. A few other
viruses, such as the plant reoviruses, also appear to be confined to the
phloem.

5. Uneven distribution in leaves showing mosaic patterns Dark
green areas in the mosaic patterns of diseased leaves usually contain
very little virus compared with yellow or yellow-green areas. This has
been found for viruses that differ widely in structure, and among those
that infect mono- or dicotyledonous hosts. The phenomenon may, there-
fore, be a fairly general one for diseases of the mosaic type. This un-
even distribution of virus in mosaic diseases may also extend to the
petals of flowers showing color-breaking.

6. Distribution of viruses near apical meristems Electron micro-
scopic observations show that some viruses, for example tobacco rattle
virus (TRV), can invade the apical meristems of both shoots and roots.
However, with many virus—host combinations, there appears to be a
zone of variable length (usually about 100 um but up to 1000 wm) near
the shoot or root tip that is free of, or contains very little virus.

5 THE MOLECULAR BASIS FOR HOST RANGE

Since the early years of this century, plant virologists have used host
range as a criterion for attempting to identify and classify viruses. In a
typical experiment, the virus under study would be inoculated by me-
chanical means into a range of plant species. These plants would then
be observed for the development of viruslike disease symptoms. Back-
inoculation to a host known to develop disease might be used to check
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for symptomless infections. In retrospect, we can see that reliance on
such a procedure gives an oversimplified view of the problem of virus
host ranges. Over the past few years our ideas of what we might mean
by infection have been considerably refined, and some possible molecu-
lar mechanisms that might make a plant a host or a nonhost for a par-
ticular virus have emerged.

On the basis of present knowledge, there are four possible stages in
which a virus might be blocked from infecting a plant and causing sys-
temic disease: (1) during initial events—the uncoating stages; (2) during
attempted replication in the initially infected cell; (3) during movement
from the first cell in which the virus replicated; and (4) by stimulation of
the host’s cellular defences in the region of the initial infection. These
stages will be considered in turn.

5.1 INITIAL EVENTS
5.1.1 Recognition of a Suitable Host Cell or Organelle

Bacterial viruses and most of those infecting vertebrates have specific
proteins on their surface, which act to recognize a protein receptor on
the surface of a susceptible host cell. The surface proteins on plant
rhabdoviruses and reoviruses that replicate in their insect vectors may
have such a cell-recognition function in their animal hosts.

However, there is no evidence for such receptors on the surface of
any of the positive sense ssRNA plant viruses. For such viruses, coat
proteins appear to play little if any positive role in cell recognition. Spe-
cialized surface recog