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7.1 Introduction

Viruses are very small obligate parasites that are so simply constructed that they
do not consist of cells, but of particles. The particles of a simple virus consist of a
protein coat surrounding a genome of either ribonucleic acid (RNA) or deoxyribo-
nucleic acid (DNA). They have been recognised as agents of disease in plants and
other living organisms since the late 1880s. However, their main characteristics
have been understood for less than 50 years. Virus diseases were first recognised
when they caused a number of spectacular epidemics in humans (e.g. small pox),
animals (e.g. foot and mouth disease) and plants (e.9. citrus tristeza). Some plant
diseases formerly thought to be caused by viruses, but for which Koch's
postulates had not been satisfied, were found in the I96Os to be caused by either
phytoplasmas (e.g. aster yellows, tomato big bud, see Chapter 6) or viroids (e.g.
potato spindle tuber, citrus exocortis and coconut cadang cadang diseases).
Phytoplasmas are wall-less bacteria, whereas viroids are small, infectious, naked
circular RNA molecules.

Viroid- and virus-like sy.rnptoms have been recognised in plants for a very long
time. Viroid-like symptoms were described in citrus fruit about 600 BC while a
yellow leaf disease was recorded in Eupatorium sp. about 752 and tulip flowers
with virus-like colour breaking (variegation or stripingi) appeared in paintings by
Dutch artists about t6OO.

In 1886, Adolf Mayer, a German agricultural chemist working at Wageningen
in the Netherlands, found that a mosaic disease of tobacco could be transmitted
to healthy plants by rubbing them with sap extracted from plants showing
disease symptoms. In 1892, the Russian botanist, Dmitrii Ivanowski. showed thai
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sap from diseased plants retained its infectivity after passing through a filter that
eliminated bacteria. Six years later, the Dutch botanist, Martinus Beijerinck,
confirmed Ivanowski's results and used the term virus (Latin for venom or
poisonous fluid) to describe the causal agent of the disease and to distinguish it
from bacteria. The transmission of viruses by mechanical sap inoculation, by
grafting and by insects provided additional evidence that viruses are infective.

A new era in virus research commenced in the middle 1930s when Wendell M.
Stanley, an American biochemist, and Rupert J. Best, an Australian biochemist,
independently purified tobacco mosaic virus (TMV) and showed that the high
molecular weight crystalline 'protein' that they recovered was infectious. The
following year, Frederick C. Bawden and N.W. Pirie in the United Kingdom
showed that TMV particles contained protein and nucleic acid. Preparations of
TL{V were shown to contain rod-shaped particles in electron micrographs
produced in 1939. In 1956, RNA was shown to be the infectious component of
TNIV.

7.2 Characteristics of viruses

Most plant viruses have very simple particles with a 'core' of nucleic acid enclosed
in a protein coat or shell called a capsid. The capsid is made up of many protein
subunits of one or more types called capsomeres and protects the nucleic acid
from enz5rmatic degradation. in most cases, infectivity is retained for only short
periods (seconds or minutes) once the coat protein has been removed. In some
cases, the virus particle has a lipid rich outer coat or envelope. The viral nucleic
acid surrounded by protein subunits is called a nucleocapsid while the term
virion is used to describe the complete infectious virus particle. A virion may be
either a nucleocapsid alone or a nucleocapsid with additional components such
as a lipid envelope, an en4rrne or other structural proteins.

The nucleic acid component of the virus makes up its genome. Genomes vary
both in the type of nucleic acid with which they are composed and in the size and
complexity of the nucleic acid enclosed in a single particle. The genome may
consist of one or more separate molecules of nucleic acid which may be
encapsidated in one or more types of par[icle. Tobraviruses and comoviruses each
have two component particles, hordeiviruses and cucumoviruses have three
components (Fig. 7.1) while the genome of the phytoreoviruses is in twelve parts.

Virus genomes are composed of either RNA or DNA. Most plant viruses contain
single stranded RNA (ssRNA). Some however, contain double stranded DNA
(dsDNA) with the same helical structure as in host plant cells. Others contain
single stranded DNA (ssDNA) or double stranded RNA (dsRNA) which occur either
in linear strands or in rings (circular nucleic acids). If the ssRNA of the virus
contains a sequence of nucleotides that directly codes for a protein, it acts in a
similar fashion to messenger RNA (mRNA) and the virus is said to have a positive
sense genome. If it has a nucleotide sequence complementary to that of the virus
mRNA it is said to have a negative sense genome. A few virus RNAs code for
some proteins in the positive sense and others in the negative sense and are
described as having ambisense genomes.

Viruses, especially the ssRNA viruses, continually produce mutations by
various changes in their nucleic acids. These mutations may either be
spontaneous or may be induced by chemical or physical mutagens. Alterations to
the genetic code may result from errors in copying the base sequences during
nucleic acid replication, recombination or reassortment of pieces of nucleic acid
in viruses with segmented genomes. Mutations can lead to changes in
pathogenicity, host range or transmissibility.
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Most viruses encode at least four, and often more, proteins. These are the virus
capsid protein(s), some proteins (usually two) involved in virus replication and a
protein(s) involved in movement of the virus from one cell to the next (Fig. 7.2).
Other vira-l proteins may include a helper protein that facilitates transmission by
a vector and proteins of unknown function. Because viruses can be purified and
sometimes crystallised, they have provided excellent models for studying
interactions between proteins as well as contributing generally to studies of the
structure of biological molecules. Recent work has also shown the interplay
between mutations in the genome of vimses and changes on the surface of the
particle. These in turn affect the ability of the virus to induce and bind to a
unique diagnostic antibody, to be picked up by a vector and to infect an
inoculated plant cell.
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Figure 7.2 A diagram showing the genome of tobacco mosaic virus. The genome is a
9ingl9 linear strand of RNA. The genes are shown as open reading frames
(nucleic acid sequences which can be potentially 

-translated 
into a

polypeptide sequence) which are translated into the enzymes associated
with replication of ttre virus (molecular mass of 126,000 and 183,0O0), the
movement protein which assists in the passage of the virus through the
plasmodesmata into cells adjacent to tl-e infected cells and the capsid or
coat protein. (From Murphy et al, 199b.)

Viruses induce disease by multiplyrng in their host. They use amino acids and
nucleotides synthesised in the cells of their hosts to build viral nucleic acids and
proteins. The energy required for this process is supplied by the host and the
virus uses its mRNA to direct the host ceil 's protein-synthesising system to
manufacture viral proteins. A few viruses are 'defective' 

in the senJe ihat tfrey
require another virus (a helper virus) to supply the en4rmes required for their
replication. Such dependent viruses are known as satellite viruses. Some
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viruses also have satellite RNAS which depend on the helper virus for repiication
and which are also encapsidated into particles using the coat protein of the
helper virus. The genomes of both tlpes of satellite are unrelated to those of the
helper virus. However, they frequently modiff the severity of the symptoms
induced by the helper virus.

At the cellular level, when a virus infects a plant, its first point of contact is
with the outer cell membrane or plasmalemma. The protein coat may be removed
from the genome here or inside the ceil (Fig. 7.3). If the genome is RNA, it acts as
a mRNA, using the ribosomes from the cl.toplasm, cellular transfer RNAs and
amino acids to translate the first of the virus-encoded genes into the replication
associated protein(s). It appears that the host's nucleus or membranes are
associated with the synthesis of new virus RNA by the virus replicase enzyme.
The newly slmthesised RNA includes the gene for the virus coat protein which is
also translated in the host cell. DNA genomes of viruses are transcribed to mRNA
before virus replication commences. Assembly of the genome and the coat protein
to produce new virus particles then completes the replication cycle. Replication of
many kinds of viruses takes place in distinctive virus-induced regions of the host
cell's cytoplasm called viroplasms. These sites often contain virus particles or
become enriched with virus components which are described as inclusion bodies
(Fig. 7.4). Some types of inclusion body are specific for the type of virus. For
example, pinwheel shaped or laminate inclusion bodies as well as virus particles
are often visible in cells infected with the elongated potyviruses. Viruses which
are enclosed in a lipid envelope acquire it by passing through specific sites on cell
membranes. As well as producing new virus particles, replication induces a
number of cytopathic changes in the cells of the host plant including the
presence of intracellular inclusions or virus particles, alterations to cellular
organelles and phloem necrosis.

Viruses cannot penetrate plant surfaces on their own. They either avoid the
need to invade the plant's surface by being transmitted in seed or during
vegetative propagation or they enter the plant by some method that involves
penetration through a wound in the surface layers of the plant and introductio-n
of the virus into the cytoplasm of cells in new host plants. Wounds could be made
during mechanical inoculation or by vectors (see Chapter 15).

Some viruses are confined to one cell or a few cells at the point of inoculation.
Others spread through the plant systemically. Virus particles have no means of
moving themselves and are dependent on their hosts for movement within and
between cells and for long distance transport within the plant. Either virus
particles or the genome are chaperoned through plasmodesmata by processes
involving the virus movement protein. When the virus reaches the vascular
tissue, it is distributed rapidly through the plant via the phloem and becomes
systemic. Viruses generally move first to the roots and top leaves before infecting
the remaining leaves from the top of the plants downwards (Fig 7.5).

Viruses vary widely in the number of hosts they can infect. Cucumber mosaic
virus has a wide host range infecting 476 species of plants in 67 families while
lettuce necrotic yellows has a relatively narrow host range infecting specles in
only three families.

7.3 Structure and architecture
Virus particles are too small to be seen with a light microscope but their shape
and size can be readily determined using a transmission electron microscope.
They vary greatly in size and shape and may be rod-shaped, isometric or
bacil l i form (Fig. 7.6).The way in which part icles are constructed (their
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Figure 7.3 Diagrammatic representation of the replication of a small spherical single-
stranded positive-sense RNA virus. 1, The virus particle enters though a
wound in the cell wall. 2, The protein coat is removed releasing the viral
RNA. 3, The infecting RNA becomes associated with host ribosomes and a
viral-specific, RNA dependent RNA polymerase is synthesised. 4, The
poll'rnerase slmthesises negative sense genomic-length strands of RNA. 5,
The polymerase then synthesises genomic-sized RNA copies and coat
protein mRNAs using an internal initiation site on the genomic negative
sense RNA. 6, Host cell ribosomes synthesise large numbers of coat protein
molecules using the coat mRNAs. 7, Coat protein is assembled around
genomic RNA molecules to produce progeny virus particles which
accumulate in the cell. 8, Particles migrate to neighbouring cells through
the plasmodesmata. (From Matthews, 1992.)

Rod-shaped viruses

The length and flexibility of particles are important characters for classifying rod-
shaped viruses (Figs. 7.I, 7.68 and 7.6C). They vary in diameter from 3-25 nm
and in length from 15O-2,OOO nm. The modal (most common) length of particles
is determined from measurements of many particles in an electron micrograph
which will also show whether the parlicles are straight or flexuous (bent or
curved).

Tl/tV is the best characterised of the rod-shaped viruses and it is thought that
other rod-shaped viruses have the same general structure. TIrI\/ has a helical
symmetry in which both the RNA and protein subunits are arranged in a helk
(Fig. 7.7). The coat protein is intimately associated with the RNA so that it
actuaily encloses the RNA in a groove created when the subunits assemble
together in the particle. This RNA protein interaction is extremely regular so that
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one protein subunit in the capsid is associated with each 3 nucleotides of the
RNA. The 3 nucleotides each interact by hydrogen bonding',^rith specific amino
acids in the subunit. There are 49 subunits for each 3 turns of the helix. Because
the RNA has about 6,400 nucleotides, each particle will have about 2,130
subunits. The helix will have 130 turns and, as the pitch of each turn is 2.3 nm,
each particie has a length of 3OO nm. The particle has a central hollow which can
be seen under the electron microscope when stain penetrates it. All the known
rod-shaped viruses contain ssRNA and have helical symmetry but they vary in
the packaging of subunits, pitch of the helix, length, diameter and flexibility of
the particle. The length of the particle is determined by the length of the RNA.
Particles can fragment or aggregate end-to-end and a range of parLicle lengths is
normally seen in virus preparations. Parlicle stability varies between viruses, with
TiWV probably the most stable and the virus causing citrus tristeza disease being
qrnnnd the least stable.

A C

Figure 7.4 Cellular inclusions associated with virus infections. (A) Pinwheels formed
by the papaya ringspot virus. (B) Spokewheels formed by a small
rhabdovirus in a dendrobium orchid. (C) Particles of a small rhabdovirus in
the nucleus of a dendrobium orchid. The bar represents IOO nm. (Courtesy
of D.H. Gowanlock, University of Queensland.)

Isometric viruses

Isometric or spherical plant viruses (Fig. 7.6A) occur singly or in pairs and vary
in diameter from 2O-7O nm. They are constructed with the RNA held internally
and the protein subunits arranged so that they provide a protective external coat.
Virions of many of the simplest and smallest isometric viruses appear under the
electron microscope to have a regular geometric structure with icosahedral
symmetry. Icosahedra have 12 vertices and 2O triangular faces (Fig. 7.1). The
smallest isometric viruses have a capsid with 60 protein subunits so they have 3
subunits associated with each of the 20 faces and electron micrographs show a
distinctly angular structure. The arrangement of the RNA or DNA within the
icosahedra is not known in detail, but a close nucleic acid-protein subunit
interaction as with the rod-shaped viruses probably occurs. Some particles have
a central space. If there are pores through the capsid, the RNA may be degraded
by the action of nuclease en4lrnes which can enter the particle.

The virions of larger isometric viruses have more complex structures (Fig. 7. t).
For example, cauliflower mosaic virus is a very stable icosahedron about 5O nm
in diameter with coat protein subunits of one type and a single encapsidated

B
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dsDNA genome. Some isometric vimses have subunits of two or more types in the
capsid. Complex isometric viruses, such as the non-enveloped phyloreoviruses
and the enveloped tospovirus, have 7 and 4 structural proteins respectively, and
multiple genome components. Some have spikes on the exterior which are formed
from clusters of a specific virus-encoded structural protein.
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Figure 7.5 DiagrammaUc representation of the spread of cyrnbidium mosaic virus in a
dendrobium orchid plant. The inoculated leaf is shaded and systemically
infected tissue is shown in black. (From Hu et al, 1994.)

Bacilliform viruses

Bacilliform viruses have proporlions resembling those of bacteria in the genus
Bacillus (Fig. 7.6D). They may or may not be surrounded by an envelope. The
non-enveloped bacilliform viruses include alfalfa mosaic virus, which also has an
isometric particle, and the badnaviruses (Fig 7.1). Rhabdoviruses are enveloped
bacilliform viruses with 5 proteins associated with the parlicle structure and the
plant and animal infecting rhabdoviruses have closely similar structures
although their internal organisation is incompletely understood.

7.4 Symptoms of virus infection
Diseases caused by viruses have been detected in almost all cultivated crops. The
symptoms induced by viruses are related to their effects on cells and cellular
organelles during replication, and consequent effects on tissues and organs.
Effects vary from virus to virus, but the presence of virus is ofteri indicated by
poor plant performance or by the appearance of symptoms on the plant which
may lead to death. Symptoms may be either constantly visible or transient. Some
viruses produce latent infections with no apparent symptoms in their hosts,
and may only be" iecognised after they have been transferred to another more
sensitive host or detected by a non-biological diagnostic procedure (Chapter 1I).
They can cause significant losses without producing detectable symptoms and,
because they are symptomless, become widespread before they are detected.
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When a virus is first inoculated into a susceptible plant, it replicates in the
cells to which it has been introduced. Local chlorotic (yellow) or necrotic (brown
to black) lesions or ringspots may develop at or near the site of infection. Such
local lesions may result from a hypersensitive reaction at the zone of inoculation
and may prevent spread of the virus from the site of the lesion. The local lesion
response is used experimentally in some plant virus bioassay systems.
Sometimes, even when no local lesion is visible, a 'starch lesion' representing a
local infection-induced metabolic change in starch synthesis may be detected by
staining with iodine. In most cases, however, no local reaction is observed at the
inoculation site.

c

Ftgure 7.6 Shapes of virus particles. (A) Isometric particles of banana bunchy top
virus. (Courtesy of J. E. Thomas, Department of Primary Industries,
Queensland.) (B) Stiff, rod-shaped particles of odontoglossum ringspot
virus. (C) Flexuous, rod-shaped particles of papaya ringspot virus. (D)
Bacilliform particles of a small rhabdovirus from a dendrobium orchid. The
bar represents 5O nm. (Courtesy of D. H. Gowanlock, University of
Queensland.)

Following local infection, viruses move into adjacent cells and reach the
phloem. lnng distance movement to the meristems occurs followed by invasion of
neighbouring parenchyma cells. Virus induced changes follow and lead to the
production of systemic symptoms which appear first in leaves growing near the
apical meristem at the time of systemic translocation of virus from the inoculated
leaves. A range of other symptoms may develop, depending on the host species
and the virus and may be used to distinguish virus infection

One of the more obvious effects of viruses is their influence on the structure
and pigmentation of chloroplasts. This occurs even though the replication of the
virus occurs principally in the cytoplasm of the cell. The types of effects observed
include the production of vesicles, reduction of the number of grana, reduction in
the number of chloroplast ribosomes, reduction in ribulose bisphosphate
carboxylase which is involved in the conversion of carbon dioxide to organic
carbon, reduction of starch accumulation and transport, modification of the
photosynthetic pathway, aggregation or fragmentation of chloroplasts and
changes in the chlorophyll and carotene content. The results of these changes to
the chloroplasts become obvious first in the upper leaves of the plant. A typical
sequence of symptoms in affected leaves is vein clearing, vein yellowing, vein
banding and the development of a persistent mosaic (patchy variation in colour).

Changes in other organelles are not as obvious, although mitochondria may
develop vesicles and degenerate and the nucleolus may disintegrate. As the virus
spreads systemically through the plant these changes occur in the infected cells
so that there are major changes in the whole plant. Overall, the main metabolic

DBA
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changes detected in infected plants are an increase in respiration, a decline in
photosynthetic carbon fixation and a resultant decline in net assimilation rate.
Growth substances vary in amount and their levels may be correlated with
changes in growth rate.

1 1 3
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Figure 7.7 A model of the arrangement of RNA and coat protein subunits in the
tobacco mosaic virus particle. Note that the RNA helix fits into a groove
within the structure formed by the assembled coat protein molecules.
(From Klug and Casper, 1960.)

Changes at the cellular level may lead to changes in tissues. In general, these
changes may be classified as either necrosis (tissue death), hypoplasia (reduced
growth as shown by smaller leaf areas, thinner laminae or stunting) or
hyperplasia (distortion or production of outgrowths such as galls or enations). On
leaves, symptoms may include yellowing, reddening, chlorotic striations, mottling,
ringspots, interveinal chlorosis, rolli.ng or distortion of the lamina, hypoplasia and
the production of galls or enations. Floral symptoms include colour 'break' in the
corolla and reduction in flower size. In trunks or stems, stem-pitting, stem-
grooving, bark-peeling, inhibition of lignification or gall formation may occur.
Fn.it dappling (mottling), discolouration, size reduction or distortion may reduce
fruit quality.

Some viruses are confined to specific tissues, but may induce general poor
performance or gall-formation, yellowing or leafrolling in other parts of the plant.
For example, the luteoviruses (so named because some viruses in the group
induce leaf-yellowing symptoms) replicate specifically in the parenchyma cells
and companion cells associated with the phloem. These viruses induce changes
in the phloem such as necrosis of sieve tubes, thickening of the cell wails and
accumulation of carbohvdrate.
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The productivity of virus-infected plants may be reduced by virus-induced
hormonal changes, reduced availability of photoslmthates, direct effects on the
chloroplasts, reduced translocation of starch, reduced stomatal opening, less
effective leaf posture, reduced leaf initiation, reduced fixation of nitrogen in
legumes, reduced nutrient uptake, epinasty (downward bending of the petiole)
and leaf rolling, increased senescence and premature abscission of leaves, or
tumour, gall or enation production. In addition to lost productivity, there are
adverse effects on the quality of produce, the competitive ability of the plant in a
community such as a pasture or crop and the longevity of the plant.

Some viruses are lethal. One example of a lethal virus disease is 'quick decline'
of citrus trees propagated on sour orange rootstocks, in which cytopathic effects
of the citrus tristeza virus on the rootstock cause rapid death of the scion.
Another is coconut foliar decay virus infection of certain coconut varieties in
Vanuatu which is associated with damage to the phloem, frond necrosis and
death of palms.

Mixed virus infections are common in vegetatively propagated plants, and
historically the 'rrnning out' of potato varieties and the decline in productivity of
strawberrSr crops, are good examples of the effect of cumulative infections with a
number of viruses on plant performance. Mixed infections may result in only an
additive effect of the combined viruses, but there are many examples of
slmergism, where mixed infections produce a more severe disease than expected
from the additive effects. Co-infection of tobacco with potato virus Y caused up to
a lo-fold increase in the amount of potato virus X and this was correlated with
the development of very severe symptoms. However, interference with virus
multiplication typically occurs between strains of the same virus and this 'cross

protection' response forms the basis of one means of reducing the severity of
losses due to virus infection.

Factors affecti ng symptom expression
The environment affects the susceptibility of plants to infection and the
expression of s1'rnptoms in plants. For example, shading plants before inoculation
can significantly increase their susceptibility to mechanical inoculation. The time
of day when inoculation is carried out can also affect the number of successful
inoculations obtained. Sometimes high light intensity and long days may favour
virus replication, but high light intensity may also lead to the induction of miider
symptoms than at low light intensity. Drought reduces replication and symptom
severity, but this effect has been little studied. Nutritional conditions favourable
for plant growth generally also favour virus replication. Temperature has a major
effect on virus replication. Up to about 32'C the speed of virus replication
generally increases with increasing temperature and the time between inoculation
and producilon of first symptoms decreases correspondingly. Temperatures above
about 33'C inhibit replication. As plants age they become less susceptible to
virus infection. The developmental stage is also important as susceptibility of
experimental hosts has been found to be low or nil after flowering has
commenced.

7.5 Transmission of viruses
The virus life-cycle includes a phase within the protoplast of the host, during
which replication, maturation of virions and translocation takes place, and a
phase outside the host when the intact virion moves to a new host. The
transmission of viruses to new hosts is an essential part of the cycle of disease,
and usually involves a vector (see Chapter l5), or carrier, of the virion to a new
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host (Fig. 7.8). Unlike fungi and bacteria, viruses are not transmitted by wind and
water. The need for a vector complicates the ecology of plant viruses and the
study of the movement of plant viruses between plants involves a knowiedge of
the web of interactions which exist between the plant. the virus. the vector and
the environment.
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Figure 7.8 Virus movement from plant to plant by direct transmission in pollen, seed,
vegetative propagating material or grafting, by mechanical transmission
involving wounds or by vectors. Note that the vector may have only a
transient association with the virus, or the virus may circulate and even
replicate within the vector. (Based on Randles, 1993.)

Direct transmission in living higher plant material includes the transmission
of viruses in seeds, pollen and vegetative propagation material (See Chapter l2).
When viruses are transferred from one generation of plants to another only by
vegetative or sexual propagation, the virrs is retained \Mithin a cultivar or species.
This mode of spread is shown in Figure 7.8 as a circle indicating the limited
ability of such viruses to move outside the species. Nevertheless, it is known that
pollen containing infecilous virus particles can be transferred to other species
and inoculated mechanically to leaves sometimes via insect feeding damage. A
number of seed-borne viruses are also transmissible by specific nematode species
and insects. Direct transmission is used experimentally by virologists to transfer
viruses from one plant to another. It can be achieved in several ways. Grafting
(including budding) is the most effective way to demonstrate that a transmissible
agent is the cause of a disease, and many viruses and virus-like endoparasites
can be transmitted in this way even if they are not mechanically transmissible
using a sap extract. Approach grafting in which two independent self-sustaining
plants are grafted together has been used to transfer viruses between different
species. Under nursery and field conditions, graft propagation and rootgrafting
are both known to spread viruses of dicotyledonous plants. Graft propagation is
not possible with monocot5rledonous plants, so experimental derrionstration of
transmissibility depends on other methods. The parasitic plant, dodder (Cuscuta
spp.) will transfer a number of viruses when haustoria are allowed to develop on
adjacent plants.

Mechanical transmission is a common method for transferring viruses
between plants experimentally. It normally involves rubbing the leaf epidermis
with infective sap, virus particles or virus nucleic acid and a fine abrasive powder
such as carborundum to create wounds through which the virus may enter the
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leaf. Not all viruses are mechanically transmissible, particularly those that are
limited to the phloem or other specific tissues. Despite the ease of mechanical
transmission under experimental conditions, transfer of virus from one host to
another without the intervention of a vector is not common in nature. It is only
known to be important for very stable vimses such as tobacco mosaic virus and
potato virrs X. These viruses can contaminate structures, tools and soil debris,
and wounding of a host plant allowing contact of the tissue with a source of virus
can lead to infection.

Vectors (see Chapter 15) can transmit viruses across plant species barriers,
and their activity and type of association with the virus determines the range,
rate, timing and pattern of spread of the viruses they transmit. Figure 7.8
indicates that the vector may have a transient association with the virus so that it
acquires the virus during feeding on infected plants and is able to transmit it
immediately. This mode of transmission is described as non-persistent, and is
typical of transmission of many viruses by aphid vectors. The virus is associated
with ducts within the vector's stylet and most viruses transmitted in this way
have a number of different vector species. Vectors remain infective for up to about
4 hours. A variant of this type of transmission is the semi-persistent
transmission found in some leafhopper-virus and aphid-virus systems in which
infectivity is retained for up to about 1OO hours. Alternatively, the vector may
have a much longer feeding time followed by a period during which it is unable to
infect plants on which it feeds. This is described as persistent transmission
because the vectors typically retain the ability to transmit virus for the rest of
their lives.

7.6 ldentification of viruses

Disease symptoms caused by viruses are frequently similar to the symptoms
associated with nutrient deficiencies or excesses, or to chemical toxicities
associated with agricultural chemicals such as herbicides. Plant pathologists
have two ways to implicate a virus as the probable cause of a disorder. The first
way is to map the distribution of the affected plants. Viruses which are vector-
borne frequently show patterns either with distinct foci, or random distributions,
depending on how far the vector has travelled or how much plant to plant spread
has occurred within the crop (see Chapter 12 for more detail on interpreting
patterns of disease distribution). Rarely are all plants affected in a site. In
contrast, abiotic nutrient or chemically induced diseases generally show a pattern
associated with soil type or the application of chemicals where all plants show
symptoms. It is only when the incidence of a virus disease approaches 1OO0/o that
it is difficult to determine whether a virus is the cause of a disease. For example,
severe cucumber mosaic virus epidemics in narrow leafed lupin crops cause
almost all plants to be stunted and infertile as might be expected after a herbicide
application. The second method is to demonstrate transmissibility of .the
s1'rnptom either by graft or mechanical sap inoculation to plants of the same and
related species under experimental conditions. This is the first step in applying
Koch's postulates for establishing the cause of disease.

Virologists rely on good insect-free greenhouse and associated facilities for
diagnosis by infectivity assays, host range studies, vector studies and the
propagation of plants so that virus concentrations reach sufficiently high levels
for either purification or component analysis. Herbaceous indicator plants which
express different symptoms when inoculated with different viruses assist virus
identification (Table 7.I). In the laboratory, routine diagnostic methods based on
serology and electron microscopy are now being supplemented by component
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analysis in which nucleic acids unique to an infected plant may be isolated and
sequenced for use as a probe and for placing the virus in a taxonomic group (see
Chapter 11).

Table 7.1 The reactions of five indicator hosts to infection bv tobacco mosaic virus and ootato
virus X .
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Indicator plant Tobacco mosaic virus Potato virus X

Che nop o dium amar anttc olor
Datura stramonium

Gomplvena gLobosa
Nicottana gtutinosa

Nicottana tabacum

local necrotic lesions
local necrotic lesions

nil
local necrotic lesions

systemic mosaic

local necrotic lesions
local necrotic lesions.

systemic mosaic and
necrosis

local necrotic lesions
systemic mosaic and

necrosis
local ringspot lesions,

systemic ringspot and
necrosis

7.7 Classif ication and nomenclature

The International Committee on Taxonomy of Viruses (ICTV) controls virus
classification and nomenclature under the auspices of the Virologg Division of the
International Union of Microbiological Societies. The ICTV recognises about 3,600
virus species in plants, animals and bacteria and it has been estimated that
about 9OO of these are plant viruses. A database on plant viruses MIDE: Virus
Identification Data Exchange) is now available on the Internet at the Australian
National University address (http:/ /biologr.anu.edu.aulGroups/MES-/vide). The
ICTV aims to set up a universal virus database.

The properties used to classiff viruses are the morphology of the virion, its
chemical and physical properties including the characteristics of its nucleic acids,
proteins, lipids and carbohydrates, its overall pattern for transcribing and
translating information on the genome into viral proteins, its antigenic properties
and its biological characterist ics such as host range and methods of
transmission.

A number of earlier systems used to classi$r viruses are now obsolete. Viruses
are currently classified in a hierarchical system in which each taxonomic
grouping possesses a majority of a set of characters. The levels (and their
suffixes) adopted in the hierarchy are

order (-virales)
family (-viridae)
subfamily (-virinae)
genus (-virus)
species (synonymous with the term'virus')

Species can be distinguished by genome properties, structure, physico-
chemical and serological properties. Biological properties are usually not
sufficiently stable for them to be used for defining a species. The names given to
species of plant viruses are verrracular and are usually based on the host first
reported with the disease and the type of symptom observed e.g. cucumber
mosaic, lettuce necrotic yellows and tomato spotted wilt viruses. The acronyms
(CMV, LNYV and TSWV, respectively) of these viruses have been standardised and
each is unique within the plant viruses. Stable variants of a species with distinct
biological properties such as type of vector, symptoms induced in plants or host
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range are referred to as strains of the virus and are distinguished by a letter or
number after the species name (e.g. cucumber mosaic virus strain Q is a distinct
strain originating from Sueensland).

Vimses resembling each other in genome properlies and virion morpholory are
grouped into genera and given genus names. Genus names are often, but not
always, derived from the name of the type genus. For example, the genus
Ctrcumouittts includes ail the viruses closely related to cucumber mosaic virus
including the serologically and biologically distinct tomato asperrny virus which
has essentially the same genome organisation and virion morphology. The family
level of classification is used to group similar genera. Viruses i.n the genera
Ctrcumouirus, Bromouints,Ilaruirus and ALfamouirus all have positive sense ssRNA
that occurs in three segments and are placed in the family Bromouirtdae (Table
7.2). The hierarchical structure above the level of family or genus is not yet well
developed. Only one order, the Mononegavirales, which includes the family
Rhabdoviridae, is recognised.

Viruses may be referred to by their full generic name e.g. potato Y potyrrirus,
tobacco necrosis necrovirus, cucumber mosaic cucumovirus (see Chapter 30),
but the name of the genus is generally omitted e.g. potato Y virus, tobacco
necrosis virus, cucumber mosaic virus, respectively.

Table7.2 Classification of plant viruses. Families and genera mentioned in this book are listed
with the derivation of their names, some examples of viruses within each genus and
their acronvms.

Family, genus and derivation Examples (Acronym)

1. GENERAASSIGNED TO FAIVIILIES

RNA VIRUSES

Bromoviridae
AlJamouins (Alfalfa mosaic uirus

Bromouints (Brome mosaic uinrs)

Cucumouins (Crcumber mosaic uinrc)

Ilaruints (fsometric labile ringspot uirus)

Buryaviridae (Brrnyamwera, Uganda,
where the type virus was isolated)

Tospourus (Tomato spotted wilt uinrs)

Comoviridae
Comouints (Cowpea mosaic uirus)

Fabautns |Faba (= broad bean) uinrsl

Alfalfa mosaic virus (AMU

Broad bean mottle virus (BBIVI\4
Brome mosaic virus (BMV)
Cowpea chlorotic mottle virus (CCMV)

Cucumber mosaic virus (CMV)
Peanut stunt virus (PSV)
Tomato asperrny virus (TAVJ

Citrus leaf rugose virus (CiLRVJ
Citrus variegation virus (CVV
Prunus necrotic ringspot virus (PNRSVJ
Tobacco streak virus (TSU

Tomato spotted wilt virus (TSWV)

Bean pod mottle virus (BPMVJ
Cowpea mosaic virus (CPMV)

Broad bean wilt virus (BBWU
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Table 7.2 (Continued)

Family, genus and derivation Examples (Acronym)

Nepournrs (Nernatode-bome polyhedral
uirus)

Potyvlridae
Bgmouirus (Barley yellow mosaic uirus)

(transmitted by fungi)

Potguirus (Potato Y uinrs)
(transmitted by aphids)

Rymourms (Rgegrass mosaic uirus
{transmitted by eriophyid mites)

Reoviridae (Respiratory enteric orphan
virus)

.Fy-.iurn-rs (I.iji, the country where the
uirus was first isolated)

Oryzauirtts loryza (= rice) uirusl

Phgtoreouirus lphgto (= plant) uinrsl

Rlrabdoviridae lrhabd.os (= 1e6;, referring
to the shape of the particlel

Cgtorhabdourus (virions in cytoplasm)

Nucleorhabdouirus {virions in nucleus)

Sequiviridae
Sequiurrus (segui = to accompany,

referring to the dependent aphid
transmission of PYFV, needs a helper
virus for transmission)

Grapevine fanleaf virus (GFLV
Peach rosette mosaic virus (PRMQ
Raspberry ringspot virus (RpRSV)
Tobacco ringspot virus (TRSVJ
Tomato ringspot virus (ToRSV

Barley yellow mosaic virus (BaYMU
Oat mosaic virus (OMV)
Wheat spindle streak virus IWSSMVI

Bean common mosaic virus (BCMV)
Bean yellow mosaic virus (BYMV
Johnsongrass mosaic virus (JGMU
kttuce mosaic virus (LMV)
Maize dwarf mosaic virus (MDMV)
Onion yellow dwarf virus (OYDV)
Papaya ringspot virus (PRSV)
Pea seed-borne mosaic virus (Psbl\,[\/l
Peanut motfle virus (PeMoV)
Plum pox virus (PPVJ
Potato virus A (PVA)
Potato virus Y (PVY)
Sorghum mosaic virus (SrMVl
Soybean mosaic virus (SMV)
Sugarcane mosaic virus (SCMV)

Ryegrass mosaic virus (RGMV)
Wheat streak mosaic virus (WSMV)

Maize rough dwarf virus (MRDV)
Pangola stunt virus (PaSV
Fiji disease virus (FDV

Rice ragged stunt virus (RRSV)

Wound tumour virus [WTV)

Lettuce necrotic yellows virus (LNYV)
Strawberr5r crinkle virus (SCVJ

Maize mosaic virus (MMVJ
Potato yellow dwarf virus (PYDV)
Sowthisfle yellowvein virus (SYW)

Parsnip yellow fleck virus (PVnYl
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Family, genus and derivation Examples (Acronym)

Watkauirus (Japanese word for Maize chlorotic dwarf virus (MCD\'I
symptoms induced in rice by infection Rice tungro spherical virus (RTSVJ
with RTSV alone, i.e. without rice
tungro bacilliform badnavirus)

Tombusviridae
Tombusuints (Tomato bushy stunt Cymbidium ringspot virus (CymRSVJ

uirus) Tomato bushy stunt virus (TBSVI

DNA VIRUSES

Geminiviridae [gemini (= twins), referring African cassava mosaic virus (ACMVI
to the paired virus particlesl Chloris striate mosaic virus (CSMVJ

Maize streak virus (MSV
Tobacco leaf curl virus (TLCV)
Tomato yellow leaf curl virus (TYLCV)

2. GENERA NOT YET ASSIGNED TO FAMILIES

RNA VIRUSES
Isometric particles
Dianthouirus [Dianthus (= carnation) Carnation ringspot virus (CRSV)

uirusl
Enamouints (Pea enation mosaic uirus) Pea enation mosaic virus (PEMV)

Luteouirts fluteus (= yellow), referring to Barley yellow dwarf virus (BVO$
the yellow leaves often associated with Potato leafroll virus (PLRV)
infection by this virusl Soybean dwarf virus (SbDV)

Sugarcane yellow leaf luteovirus

Necrourrus lnekros (= dead body) uirus] Tobacco necrosis virus (TNVJ

Sobemouirus (Southern bean mosaic) Southern bean mosaic virus (SBlrI\4
uinrs Subterranean clover mottle virus (SCMoVl

Tgmouirus (T\rrnip gellow mosaic uirus) Turnip yellow mosaic virus (TYMV)

Umbrauints[umbra (= shadow), an Goundnut rosette virus (GRV)
univited guest that comes with an
invited one, referring to its need for a
helper virus for transmissionl

Rod-shaped particles
Capi\ouirus [capillus (= hair) uinrs] Apple stem grooving virus (ASGVI

Carlnuin:s (Ccrrnation tcrtent uinrs) Carnation latentvirus (CLVJ
Potato virus S (PVS)

Closterouutts lkloster (= spindle, Beet yellows virus (BYV)
referring to very long, thread-like Citrus tristeza virus (CTV)
parlicles) uinrsl

F-i.rourlrs [fungus-borne, rod-shaped Potato mop-top virus (PMTVJ
uittts) Soil-borne wheat mosaic virus (SBWMVI
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Table 7.2 (Continued)

Family, genus and derivation Examples (Acronym)

Hordeiuints lHordeum (= barley) uirus)l Barley stripe mosaic virus (BSMVI

Potexuints (Potato X uirus) Papaya mosaic virus (PapMU
Potato virus X (PVX
White clover mosaic virus IWCIMV)

Tenuiuirus ltenui (= thin), fine, weakl Marze stripe virus (MSpV)
virus)

Tobamouirus (?lobacco mosaic uinrs) Cucumber green mottle mosaic virus
(CGMI\,M

Odontoglossum ringspot virus (ORS\'I
Tobacco mosaic virus (TMVJ
Tomato mosaic virus (ToMVJ

Tobrauints (Tobacco rattle uirus) Pea early-browningvirus (PEBV
Tobacco rattle virus (TRV)

Varicosauints Lettuce big vein virus (LBVU

DNA VTRUSES

Badnadrus (Bacilliform-shaped DJYA Banana streak virus (BSU
uirus) Cacao swollen shoot virus (CSS\4

Rice tungro bacilliform virus (RTBU
Sugarcane bacilliform virus (SCBV

Caulimouirus (Cauliflower mosaic uinrs) Cauliflower mosaic virus (CaMV)

3. VIRUSES NOT ASSIGNED TO GENERA

Banana bunchy top virus (BBTI'I
Cereal chlorotic mottle rhabdovirus

(CerCMV)
Cereal flame chlorosis virus (CFCVJ
Citrus enation-woody gall virus
Coconut foliar decay virus (CFDV)
Maize sterile stunt rhabdovirus (MSSV)
Strawberry mottle virus
Tobacco stunt virus (TSIV)

7.8 Viroids as agents of disease
A group of diseases resembling those caused by viruses are now known to be
caused by agents called viroids. The first to be recognised was potato spindle
tuber viroid which was found because the infective particle associated with it
sedimented much more slowly than expected for a virus and was therefore much
smaller than a virus particle. All viroids are small, ci.rcular, single-stranded,
naked, infectious RNAs, which do not act as mRNAs, but which nevertheless
induce diseases ranging from stunting to distortion and death. They have been
found only in plants. They range in size from 246 to about 380 nucleotides.
Figure 7.9 gives an example of the structure of a typical viroid, in which the
molecule is shown in its expected native conformation as a circle with partial
internal basepairing, giving it a rod shape. This partial double-strandedness is
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thought to make the molecule more resistant to degradation than if the molecule
existed in uiuo as a single-stranded RNA molecule. Viroids are isolated from
plants as either circles or broken circles (linear molecules) both of which are
infectious. They are most readily recognised in plants by separating the nucleic
acid components using polyacrylamide gel electrophoresis and observing the
viroids as specific bands in the region between the transfer RNA and the smallest
of the ribosomal RNAs of the host plant. Sensitive stains such as siiver are
routinely used for these gels, but a number of variations of these methods are
available.

About 30 viroid diseases are known and the associated viroids have been
sequenced for most of these. Despite their differences in sequences, certain
domains have been recognised as common to all of them. These are a-lso indicated
in Figure 7.9. The central conserved domain has been used as the basis for
grouping viroids, but their taxonomy is stiil under study.

c c  c c o G

G G  G G C

L o l t - h a n d  P a t h o g o n l c
te rmina l  domain
domain

Conserved
c  on l  ra l
domain

Vsr iab le  R igh t -hand
domain  le rmina l

d o m a i n

Figure 7.9 The general structure and organisation of viroids. The single stranded
circular RNA is shown with a rod-shaped internally base-paired structure.
Domains with structures apparently common to all viroids are shown as
the left terminus, the pathogenicity domain, a central conserved region, a
variable region and a right terminal region. (Based on Keese and Symons,
r985.)

The mode of replication of viroids seems to involve host coded poiymerase
enzyrnes. Replication by a rolling circle mechanism has been proposed and this is
based on the detection in infected t issue of l inear mult imers of the
complementary strand of the viroid RNA. The pathogenic changes leading to
symptoms are not understood. It is likely that viroids act as regulatory molecules
and exert their pathogenic effects by altering cell nucleic acid metabolism.
Pathogenicity can vary dramatically as a result of two or three nucleotide changes
(mutations) suggesting that disease induction involves specific recognition of the
viroid sequence by some host molecule. A simplistic distinction may be made
between viruses and viroids. Viruses can be defined as parasites of cellular
translation (a step in protein synthesis) systems whereas viroids are probably
parasites of cellular transcription (synthesis of RNA from a DNA template). No
viroids have been found outside the angiosperrns and they have no similarities to
the prions which are associated with animal diseases such as scrapie and
Creutzfeld-Jakob disease.

Examples of viroid diseases include potato spindle tuber, citrus exocortis,
avocado sunblotch, grapevine yellow speckle, tomato apical stunt, coconut
cadang-cadang and tinangaja, apple scar skin, hop stunt and chrysanthemum
stunt. The coconut diseases are the only lethal viroid diseases known. Viroids can
be latent in some hosts and only recognised when transferred to a sensitive
indicator plant. Hop latent viroid has a worldwide distribution but is
symptomless in hops. It is likely that many viroids are present in nature, but
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their detection will probably rely on the use of molecular diagnosis rather than
biological methods. These methods have already detected viroid complexes in
citrus and grapevine, for example, and sequence analysis has shown that
recombination between viroids occurring in the same host is the probable
explanation for the origin of some new viroids. Citrus exocortis viroid has been
proposed as a possible dwarfing agent for citrus, as it has no effect on the fruit of
sweet orange scion varieties, but it reduces growth of some rootstock varieties.

Cytopathic changes associated with viroid infection include alterations to the
cell wall, plasmalemma, chloroplasts and cellular proteins. The nucleus and
nucleolus accumulate viroid in some systems, whereas the chloroplast
accumulates it in others. Viroids are translocated in plants but the method is
thought to differ from that of viruses because no viroid coded movement protein
is likely to occur in the plant. Most viroids are spread via vegetative propagation
but they are also readily transmitted by mechanical inoculation and citrus
exocortis is reported to spread during hedging operations in citrus groves. Some
are pollen and seed-borne. Insect transmission is generally not thought to be
important. Coconut cadang-cadang viroid can be transmitted by a high pressure
injection procedure to young coconut seedlings, but this method does not work
for mature palms. The natural mode of spread of this important disease is not
known. No transmission has been demonstrated by the use of contaminated
tools.

Diagnostic procedures for viroids are based on detecting viroid-like molecules
in plants. The properties of size and circularity can be identified most readily by
gel electrophoretic procedures. Viroids change from structured partially base-
paired rods to open unstructured circles as a result of denaturation of the
internal hydrogen bonds. Procedures such as 'return' and '2-dimensional' gel
electrophoresis use this property to detect and isolate viroids. The unique
nucleotide sequences of viroids can be exploited for diagnosis by hybridisation
and polymerase chain reaction (PCR) based assays (Chapter I l).

7.9 Control of virus and viroid diseases
Annual losses due to viruses and viroids are thought to be of the order of US$60
billion per year worldwide. They are regarded as being second only to the fungi in
importance as plant pathogens. The types of losses vary. For example, in
perennial crops, each diseased plant can take years to replace. Where infection is
chronic, as in vegetatively propagated crops, mild non-apparent infections may
reach a high incidence and cause constant losses of about lO-2Oo/o a year. In
annual crops, losses vary from year to year, depending on how severely disease
develops. The most appropriate means of controlling viruses and viroids depend
on the type of loss, but the principles are the same for both groups of pathogens.

Accurate diagnosis is the key to the control of viruses and viroids because
control strategies depend on knowing the biology and epidemiology of the
pathogen. Symptoms are unreliable for diagnosis and specific diagnostic tests are
needed (Chapter 11). Control measures can be broadly defined as direct or
indirect. Direct control involves removal of infected material, 'cure' of infection or
host resistance to the disease while in indirect control measures, an attempt is
made to interfere with the disease cycle. Many of these control measures are
discussed in more detail in Chapters 22-28.

Di rect control measures
Disease will not develop if the crop is immune to virus infection or is free from
virus when planted and there is no source of infection in the field or near enough
to allow virus to spread to the crop.
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Resistant cultivars provide one of the cheapest and most effective solutions to
the problem of virus diseases. Resistant cultivars suppress or retard the
multiplication of a virus or the development of pathogenic symptoms so plants
show little or no sign of disease and virus replication within the plant is reduced
or negligible. Some plants prevent the virus from infecting. For example, some
lines of tobacco are not infected by cucumber mosaic, tobacco mosaic and
tobacco necrosis viruses. The underlying mechanism is not fully understood but
is thought to be related to the thickness of the leaf cuticle and the nature of the
epidermal hairs. Some host cultivars are readily infected by virus, but the virus
cannot replicate as readily as in other cultivars. In other cultivars, the systemic
spread of the virus may be limited. Maize breeders have used this property to
breed cultivars resistant to maize dwarf mosaic virus. The net effect is that the
plant is resistant to disease. Attempts have been made to develop cultivars
resistant to the major virus diseases.

More recently, virus-derived genes such as the coat or movement protein genes
have been transformed into plants by genetic engineering procedures to inhibit
virus replication in infected plants, giving rise to what is termed transgenic
resistance.

Resistance should not be confused with tolerance. Some cultivars can be
infected by viruses, but show negligible or mild symptoms. Virus tolerance is
heritable and has been used to breed citrus cultivars that show few symptoms
even though infected with tristeza virus. Similarly, barley cultivars have been
developed that are tolerant of infection with barley yellow dwarf virus.

Crops can be kept free from virus by preventing the entry of material
containing virus. This is achieved by imposing quarantine restrictions which may
prevent the entry of infected material into a country, state, region or even an
individual farm. Planting material known to be infected by virus can be freed of
infection in a number of ways. Seeds free from infection can be obtained if a seed
crop can be grown in an area where the disease does not occur. Lettuce mosaic
virus has been controlled through the use of virus-free seed. If the virus is carried
on the outside of the seed as tomato mosaic virus is. the seed can be treated with
hydrochloric acid, trisodium phosphate or sodium hypochlorite to inactivate the
virus. Heat therapy can be used to remove viruses from infected tissues. Heat
therapy often reduces the amount of virus in infected tissues, but rarely totally
removes the virus infection. New growth produced while plants are grown at 35-
39'C for several weeks is sometimes virus-free and can be removed for separate
propagation. This technique works because replication of most, but not all,
viruses is inhibited above 33'C. Potato viruses A and Y and potato spindle tuber
viroid can be eliminated from infected potatoes by storage at 5-15'C followed by
meristem-tip culture, probably due to reduced replication.

Plants can also be freed from virus infection by interfering with virus
replication biochemically in a process often referred to as chemotherapy. Some
antibiotics inhibit either translation or transcription in virus-infected cells.
Analogues which replace nucleotides with spurious nucleotides can inhibit virus
replication. One of these, virazole, which blocks purine ring synthesis has been
used in association with meristem culture to obtain virus-free explants from
virus-infected plants. Generally, the phytotoxicity of inhibitory chemicals
precludes their use except in specialised applications.

Once plant material is free from viruses, it can be protected from reinfection by
maintenance in tissue culture or by culturing in insect-free glass or gauze
houses. Living hosts of the virus such as weeds or ornamental or crop plants
should be removed and plant remains that harbour the virus also should be
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destroyed to ensure that there is no source of inoculum to reinfect virus-free
plants.

I ndi rect eontrol measu res

Indirect control measures are directed at breaking the disease cycle so that
infection does not continue. It may be possible to avoid a disease by modiffing
cropping procedures. In tropical and subtropical climates, sequential planting of
crops to ensure continuous production also means that there is always a source
of inoculum for a growing crop. Overlapping onion and shallot crops often cause
outbreaks of onion yellow dwarf virus in New Zealand. The disease cycle can be
broken by introducing a crop-free period. This may be difficult to do where crops
such as taro (Colocasia escuLenta) are grown all year round. Alternatively, disease
can be avoided by growing the crop in areas where the disease does not occur.
Similarly, it may be possible to grow a crop in an area free from vectors that may
carry the disease from plant to plant. These practices are often used in the
production of disease-free planting material.

Airborne virus vectors may be avoided by changing the sowing or transplanting
time of the crop. Late planting will avoid early vector flights and vice versa.
However, the effects of changing planting date on yield must be taken into
consideration. For example, virus infection may be reduced by early planting, but
yields may become uneconomic. Changing plant density may also alter virus
infection, with less infection occurring at higher densities. However, competition
between plants may lower yields.

Vectors must also be controlled. This may involve the use of chemicals to
reduce the vector population below the level at which damage occurs or the use of
a variety of non-chemical barriers to limit spread by airborne vectors. In general,
insecticides are most effective against viruses that are carried in a persistent
manner in their vector. Vectors that transmit in a non-persistent manner will die
eventually after feeding on a plant sprayed with a systemic insecticide, but may
transmit the virus in the mean time. In fact, the spray may agitate the insect so
that it moves around and probes more plants than normal leading to a higher
transmission rate than expected. The costs and environmental effects of spraying
must also be considered. Vectors of non-persistent viruses can be prevented from
transmitting by spraying plants with paraffin or mineral oils. The oil does not
directly inactivate the virus, but may interfere with transmission as the vector's
stylet probes the leaf. However, the oils may be phytotodc and it may be difficult
to keep a continuous coverage on plants.

Soil may be treated by steaming, fumigation or solarisation to kill vectors and
keep the production system vims-free.

Barriers may be effective in preventing the spread of aphid-borne viruses. The
barriers may be other crops or they may be physical barriers. For example, tall-
growing rnaize crops protect lower-growing crops such as cucurbits. Sticlry yellow
polythene strips distributed around crops or on the windward side of crops
reduce the incidence of potato virus Y and cucumber mosaic virus in capsicums
because the aphids are attracted to the strips and get caught on the sticky
surf,ace. Coarse white nets suspended over crops will reduce infection by reducing
the chances of flying vectors detecting host plants.

Reflective mulches laid on the ground around crop plants are effective in
controlling aphid-borne viruses. The mulches are thought to act as a repellent by
reflecting LIV light which discourages the aphids from landing. Mulches tend to
be expensive and their effectiveness decreases as plants grow and cover the
mulch with their leaves. Straw mulches successfullv control the whiteflv
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transmitted tomato yellow leaf curl virus in tomato crops in Israel. It is believed
the yellow colour of the straw attracted the whiteflies which were killed by heat
reflected from the mulch. Straw eventually loses its effectiveness because its
colour fades, but yellow plastic mulches may be as effective and longer-lasting.

Plants can be protected from infection by a severe strain of a virus by
preinoculation with a mild strain of the same virus. The interference between
strains of the same virus is termed'cross'protection' and when the phenomenon
is used to control a virus disease, it is termed 'mild strain protection'. Satellite
RNAs can modi[r the symptoms induced by their helper virus by making the
disease either more severe or less severe. When disease amelioration is induced
by a satellite RNA, it is possible to introduce it by inoculation with a mild strain
of the virus containing the satellite or to transform the plant with the gene of the
satellite so that it will be activated when the plant is infected with the pathogenic
helper virus. This phenomenon has been demonstrated for cucumber mosaic and
tobacco ringspot viruses and the effectiveness of this type of protection has been
demonstrated with cucumber mosaic virus infection of tomatoes in Italv and the
United States.
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