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SUMMARY

1. Two cucumoviruses, the M (white mutant) strain of cucumber mosaic virus

(MCMV) and the V strain of tomato aspermy virus were selected for studies on mixed

infections of RNA plant viruses. MCMV differs from the other cucumoviruses by its

characteristic systemic yellow mosaic symptoms and aphid non-transmissibility. The choice

of CMV and TAV was based on the need to use two viruses close enough to enable molecular

interactions, but sufficiently distant not to cross-protect against each other.

2. Antisera made against MCMV and VTAV fixed virus preparations showed no cross

reaction in either gel immunodiffusion or ELISA tests. Molecular hybridization analysis

using cDNA probes to total viral RNA showed there was less than 17o seeuence homology

between the two viruses. It was thus possible to independently detect the presencs of each

virus in coinfections by ELISA, while hybridization analysis provided a means of

determining the genomic composition of mixed infections and variant isolates.

3. MCMV and VTAV were shown to readily coinfect a wide range of plant species

systemically. Both viruses were also detected in the same local lesions on hypersensitive

hosts. The symptoms induced in systemically infected plants were characteristic of, and

dependent on the dominant component of mixed inocula, or which virus was inoculated first.

There was no cross-protection between the two viruses, and the coinfections were found to

persist to varying extents during passaging in a range of plant species tested.

4. The standard method used for cucumovirus purifrcation was satisfactory for VTAV

but not for MCMV. However, MCMV could be purifred by an altemative merhod which was

unsuitable for VTAV. V/hen virus was purifred from mixedly infected leaves by the VTAV

method, no virus encapsidated in MCMV coat protein was recovered. However, when

similar material was purified by the MCMV method, small amounts of VTAV were

recovered. Virus preparations from mixedly infected leaves purified by the VTAV method

were inoculated to Beta vulgaris, a local lesion host of both MCMV and VTAV, in an
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endeavour to isolate virus variants. Four of the variants isolated were shown to be MCMV-

like indicating ttrat they were transcapsidants of MCMV RNAs in VTAV coat protein. A fifrh

variant, however was shown to consist of VTAV RNAs 1 and 2 and MCMV RNA 3. This

indicates that it arose from MCMV RNA 3 encapsidated in VTAV coat protein which

associated subsequentþ with VTAV RNAs I and2.

Most isolates from Beta vulgaris inoculated with virus recovered by the MCMV

purification method were MCMV-like. However, a few were obtained which induced

VTAV-like symptoms but contained mostly MCMV RNA sequences. After passaging

through Cucumis sativus which is immune to VTAV, these isolates lost their VTAV-like

character. This indicatss that they contained the complete genome of MCMV and at least

some genome segments containig VTAV RNA sequences.

5. Attempts were also made to isolate variants by inoculating hypersensitive hosts with

inocula from leaf tissues infected by both MCMV and VTAV. From these experiments, a

variant isolate was obtained which consisted of VTAV RNAs 1 and 2 and an RNA 3

encoding both the MCMV coat and 3a proteins but which migrated slower during agarose gel

electrophoresis than did the MCMV RNA 3. The mechanism by which this variant arose

remains obscure.

6. The third method devised utilised the transmissibitity by aphids of VTAV but nor

MCMV in attempts to isolate variants from coinfected plants. Most of the isolates were

indistinguishable from VTAV. A few contained both MCMV and VTAV RNA sequences but

the symptoms induced, and antigens detected were VTAV-like. However, the MCMV RNA

sequences were lost during passaging in Nicotíana clevelandii. Nevertheless, two isolates

were obtained which were MCMV-like and could not be transmitted further by aphids,

indicating that they were transmitted in VTAV coat protein. Two other MCMV-like isolates

in which VTAV RNA sequences were detected by dot-blot hybridization analysis were,

however, found to be aphid transmissible. It was unclear whether this property was due to

mutation, orhad been conferred on them by the VTAV RNA sequences detected.
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CHAPTER ONE

INTRODUCTION

"I suspect that many plant diseases are influenced by associated organisms to a much

more profound degree than we have yet realized, not only as to inhibition, but as to

acceleration of the processes. It may be that a number of diseases may require an

association of organisms for their (rccurrence and cannot be produced by infection of
one organism alone. These considerations appear to indicate an inviting field for much

morc extended research. "

H.S. FAWCETT (1930)

1.0. Mixed infections of plant viruses.

Since Fawcett (1930) made these comments, studies of mixed virus infections have

played an important role in the development of plant virology. Identification of diseases

caused by more than one virus, interactions among related viruses resulting in cross-

protection, and studies of interactions among unrelated viruses have all contributed to current

concepts in plant virology. Rochow (L972) gave several reasons for the importance of

mixed infections in virus epidemiology. First, research on the role of mixed infections is a

useful approach to understanding some basic relationships between viruses and their aphid

vectors. Secondly, certain mixed infections represent a place where cwrent interest in

heterogeneity in the assembly of viral protein and nucleic acids can focus on a practical or

functional role in the plant virus evolution and transmission processes. Best (1961),

Thompson (1961), and Watson (1960) were among the earliest exponents of the possibility

of recombination arising from coinfections. The discovery of multiple genetic components

in virus populations (Bancroft,l9Tl; Lane and Kaesberg, l97l; [.ot et al.,1974; Peden and

Symons, L973; van Kammen,1967 and 1968) underscores the importance of heterogeneity

of plant virus populations even in singly infected plants @omingo et al., 1985; Domingo and

Holland, 1988) while offering potential sources of va¡iability through pseudorecombination.

A third reason a¡ises from relationships such as those in which one component of a mixed

infection requires the presence of another for its transmission.
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1.1. Types of Mixed Infections

It has been known for a long time that plants infected with one virus often retain

susceptibility to infection by a second, related or unrelated virus. McKinney (1929) first

described mixed infections of two strains of tobacco mosaic virus (TMV) in tobacco plants.

Thung (1931) and Salaman (1933) subsequentþ confrmed these observaúons in otherplant-

virus systems. Thus, under field conditions, a plant may, and often does, carry more than

one virus. Each virus may multiply and invade the plant according to its own peculiar

pattern and produce its own characteristic effects. The multþle infections may result in the

formation of "dependent" relationships in which one virus depends on another for its

multiplication (Kassanis and Nixon, 1960) or transmission (Kassanis, 1962; Kassanis and

Govier, 1971). Alternatively "independent" virus complexes representing various

equilibrium concentrations of the components modulated by environmental conditions may

be formed. With successive passaging through the same or different host plants, the

complex may assume a distinct and unique set of biological and physical properties. Thus,

the disease known as carrot motley dwarf and originally attributed to a single virus by

Stubbs (1948) was shown by Watson et a1., (1964) to be caused by a complex of two

viruses. Upon separation, the components of the complex may exhibit symptomatology,

host range, mode of transmission and other properties quite different from those associated

wittr the complex.

Benneû(1953) pointed out that under field conditions, beets are often simultaneously

infected with beet curly top, beet mosaic, beet yellow net and dodder latent mosaic viruses.

Multiple virus infections have also been found in barley (Rochow and Jedlinski, 1970),

parsnip (Murant and Goold,1968), potatoes (Badami and Kassanis, 1959; Bagnall, 1956)

and many other crops.

The common (rccunence of mixed infections in the field provides both the source of

most doubly infected systems studied, as well as a focus for experimental work. Bennet

(1953) described two types of interactions arising from multþle infections of plant viruses;

those between related viruses, and those between unrelated viruses. Interactions between
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unrelated viruses may be either antagonistic or synergistic Interactions between related

viruses, however, were almost invariably antagonisúc.

1. 1. 1. Antagonistíc I nteractions B etween U nrelated Virus es.

Antagonistic interactions between apparently unrelated viruses vary in the degree of

interference, and possibly also in the type of interference involved. McKinney (1941)

attempted superinfection of Nicotiana sylvesrrr,s plants previously inoculated with cucumber

mosaic virus, celery mosaic virus, potato vein banding virus or potato virus Y with

Nicortana virus 6. He showed that the numbers of lesions produced were reduced, and their

appearance delayed in the æst plants compared to controls inoculated withNicotia¿¿ virus 6

alone. He also showed that previous infections with tobacco ringspot vi¡us resulted in a

reduction in the numbers of lesions produced by a yellow mutant of tobacco mosaic virus but

did not delay their appearance.

Mc'Whorter (1938) segregated two viruses from tulips showing flower "breaking".

One of these, tulip virus I was identified as a "colour removing virus", and the other, tulip

virus tr as a "colour adding virus". When present together they caused breaks in tulip

blossoms. Virus I when present in the higher concentration caused severe injury, but as the

concentrations shifted in favour of virus II, the plants become more vigorous and showed

various colour patterns determined largely by the proportions of the two vinrses in the planr

Bawden and Kassanis (1945) showed that previous inoculation of tobacco plants with

severe potato etch virus (PEV) prevented the multiplication of potato vims Y (PVY) and

Hyoscyanus virus 3. In some plants PEV was so dominant the other viruses werÞ no longer

detectable. They considered this interaction to be different from the antagonistic interactions

between related viruses and concluded that PEV was having an effect on cell metabolism

resulting in the suppression of some material or enzyme system necessary for the

multiplication of the challenge viruses.

1.1.2. Sy ner gistic interactio ns betwee n unrelated virus es.

The first reported case of this type of interaction was found in tomato plants infected

by double streak disease, caused by a dual infection of TMV and potato virus X (PVX)



4

(Bennet, 1953). TMV alone may cause only mottling and a certain amount of dwarfing of

tomato plants, while PVX alone induces only mild mottling. Double infection, however,

results in increased injury characterized by the production of extensive necrosis of the leaves

and stems. Further, the severity of streak disease symptoms is influenced by the virulence

of the strain of PVX that is present in the mixture.

Bennett (L949) described the production of necrotic and deformed leaves in tomato

plants following inoculation with dodder latent mosaic virus. The necrotic phase was

followed by recovery and increase in the virus concentration of recovered tissues.

Superinfection by tobacco etch virus (TEV) or TMV, however, resulted in the reappearance

of symptoms of dodder latent virus in addition to those of TEV or TMV. Ross (1950) and

Rochow and Ross (1954) described a simila¡ relationship between potato viruses X and Y,

where leaf extracts of mixedly infected plants contained much grcater aÍiounts of PVX than

do extracts fromplants infected with PVX alone.

Ya¡wood (1951) reported thatdual infection of bean leaves by bean rust andTMV may

result in virus concentrations as much as 50 times that present in rust-free plants. Pound and

V/alker (1945) showed that cabbage virus A and blackring virus occur in higher

concentrations in cabbage plants at 28'C than at 16"C. No entirely satisfactory explanation

was provided for these observations, and thus the findings that certain environmental

influences and even parasitic organisms affect virus concentrations in a signif,rcant manner

cannot be overlooked. These observations, however, suggest that virus concentrations may

be influenced by any one of a number of factors including factors of the environment, and

perhaps that any factor that alters the normal physiological processes of the plant may be

capable of influencing virus concentrations @ennet, 1953).

1. 1.3. I nteractions between Related virtnes.

McKinney (1929) was the first to report the ability of one virus strain toprotect against

infection and invasion by a second, related strain. In experiments with TMV, he showed

that plants infected with a strain which induced light "green mosaic" showed no change in

symptoms after inoculations with a strain causing "yellow mosaic". Thung (1931)

subsequently demonstrated that tobacco plants infected with TMV showed no additional
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symptoms following inoculation with a variant that induced "white mosaic" symptoms when

present alone. Salaman (1933) extended these studies to strains of PVX and showed that

tobacco plants previously infected with a mild strain were protected from infection by

challenge inoculations of other, more virulent strains. These observations led to the

suggestion of the possible economic significance of this tlpe of antagonistic interaction in the

protection of freld crops with mild virus strains against infection by virulent strains

(Salaman, 1937).

This antagonistic interaction between related viruses has been variously described as

cross-protection, acquired immunity, antagonism, cross-immunization, prophylactic

inoculation, dominance, interference, pr€munity, and protective inoculation. Fulton (1986)

considered the term cross-protection as the most appropriate because of its common usage,

as well as being descriptive of the phenomenon of most concern in disease control:

prevention of the deleterious effects of other, more severþ strains. This and other definitions

do not address the question of whether the challenge vinrs accumulates in the protected plant

without being able to express its symptoms @odds et al., 1985).

Since these early observations, the phenomenon has been developed into a strategy

which has been used in the protection of field crops. Protection of tomato plants from

infecúon by tomato mosaic virus (ToMV) was conferred by prior inoculation with a mild

mutant of ToMV produced by nirous acid (Rast, L972). The protection was however

incomplete, with the appearance of mild to more conspicuous symptoms as the infection

progressed (Flercher and Rowe, 1975). Accumulation of challenge ToMV in tomato plants

showing no symptoms or delayed symptoms of the challenge virus has also been described

(Cassells and Herrick,1977), providing a hidden reservoir of the virus strain targeted for

control (Broadbent, L97 6)

Mild strains of citrus tristeza virus found in Brazil (Grant and Costa, 1951) were used

in large scale cross-protection programmes of citrus crops. However, Costa and Muller

(1980) and Bar-Joseph (1978) showed that the protection was incomplete, wittr signifrcant

numbers of trees showing mild to fairly severe symptoms.

In Ghana, mild "snains" of cacao swollen shoot virus were used in attempts to cross

protect against the virulent strain 1A (Crowdy and Posnette, 1947; Posnette and Todd,
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1951). However, no significant cross-protection was found (Anonymous, 1951).

Nevertheless, since the virus isolates used had not been characterised and their selection had

been based on host range and symptomatology, this was not surprising (Bennet, 1953).

Using mild strains of passionfruit woodiness virus, passion fruit trees have been

protected from "woodiness disease" (Simmons, 1959). Also, primary inoculations of mild

nitrous acid mutans have been used in cross-protecting papaya plants from papaya ringspot

virus (Yeh and Gonsalves, 1984).

Using two strains of cucumber mosaic virus (CMV), Dodds et al., (1985)

demonstrated cross-protection in tomato (Lycopersicon esculentum cv Rutgers) and

Nicotiana tabacurn cvs Xanthium nc. and Turkish Samsun. The only sign of breakdown

was the production of pathogenicity related ds-RNA and, to a lesser extent, virions of the

challenge strain when infectious viraf RNA was used as the inoculum.

As a tool in plant virus control, cross-protection has not achieved the eminence that

immunization has achieved in the control of human and animal diseases (De Zoeten and

Fulton, 1975). The reason for this may be due to the absence of ln¡moral and cellular

immune responses simila¡ to those in vertebrates and to a lesser extent, a lack of

understanding of the mechanism of cross-protection . Indeed, several different theories have

been advanced to explain the phenomenon.

Köhler and Hauschild (1947) suggested that the protecting virus monopolised a

metabolite essential for the challenge virus. This presumes a different metabolite for each

virus. Gibbs (1969) and Ross (1974) suggested that replicase recognition might be the basis

of specificity, and that the host component of the replicase complex might be the limiting

metaboliæ. Kavanau (L949) suggesæd that particles of the challenge virus were adsorbed by

aggrÞgates of the protecting virions, thus immobilizing them. De Zoeten and Fulton (1975)

hypothesized that free coat protein of the protecting virus might coat the challenge virus and

prevent its uncoating. Subsequently, the specific involvement of coat protein in TMV cross-

protection was demonstrated by Sherwood and Fulton (1982). Alternatively, Palukaitis and

Taithn, (1984) proposed that plus sense transcripts of the primary viral RNA may bind to the

newly made minus sense transcripts of the challenge strain RNA before it can replicate.
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Most of the theories advanced involve assumptions unsupported by experimental

evidence (Nelson et al., 1987; Sherwood and Fulton, 1982). Over 35 years ago, Bennet

(1953) concluded that "the diversity of the va¡ious theories advanced to account for cross-

protection between virus strains reflects the uncertain state of knowledge regarding the basic

natur€ of the factors underlying this phenomenon. Each theory appears logical when applied

to selecæd instances of protection. It does not seem possible, however, to correlate all of the

observed facts with the requirements of any one of the theories on the basis of the available

inforrration. There is no compelling reason, moreover, for assuming that all cross-

protection must rcsult from the operation of the same factors; it is possible that more than one

kind of defense mechanism is involved". Nelson et al., (1987) came to the same conclusion,

that cross-protection could be the result of several mechanisms working sequentially or

simultaneously.

L.1.4. R e s ís t anc e G e ne s and Tr ansforme d P I ants..

Although the mechanism of cross-protection remains elusive, several workers (Beachy

et al., 1985; Hanilton, 1980; Palukaitis and Zaitlin, 1984; Sanford and Johnston, 1985;

Sequira, 1984) have suggested that introducing a part or all of a viral genome into plants may

result in resistant planß. The ability to supplement plant genomes with alien genetic material

by the Agrobacterium Ti plasmid system developed by Bevan and Chilton (1982) and

Hoekema et al (1983) presented a suitable system for such developments in plant disease

control efforts.

Three different types of genes have since been used to confer cross-protection in

plants:

(1) Genes coding for the viral coat protein (Bevan et al., 1985; Hemenway et al.,

1988; Loesch-Fries et al., 1987; Powell-Abel et al., 1986; Tumer et al., 1987).

(2) Genes coding for antisense RNA (Cuozzo et al., 1988; Hemenway et al., 1988,

Gees et al, 1988).

(3) Genes whose transcripts correspond to a precursor of viral satellite RNA

(Bauldcombe et a1., 1986; Gerlach et al., t987; Harison et al., L987; Jacquemond et a1.,

1988).
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These approaches differ both in terrns of the mechanisms of resistance or tolerance

involved, as well as in terms of how resistance is expressed.

Introduction of the viral coat protein gene of TMV (Powell-Abel et al., 1986; and

others cited) and alfalfa mosaic virus (Tumer et al., 1987; and othen cited) into plants and its

subsequent expression prevented or delayed the development of the disease induced by the

challenge virus. Although the mechanism(s) by which coat protein induces this protection

remains elusive, ín vito experiments suggest that the coat protein might inhibit either viral

RNA synthesis (Houwing and Jaspars, 1986; Horikoshi et al., 1987) or cotranslational

disassembly (Wilson and Watkins, 1986) during the early stages of infection.

Genes encoaing coat protein or antisense RNA confer resistance whose effectiveness

depends on the level of expression of the genes int¡oduced and the concentration of the virus

used as challenge. In many cases these types of resistance are overcome by high levels of

inoculum. Except for the protection confered by the capsid protein of PVX (Hemenway et

al., 1988), coat protein induced resistance can also be overcome by an inoculum of purified

viral RNA (Cuozzo et al., 1988).

V/hen genes based on satellite RNA are used, tolerance is observed regardless of the

strain of virus, the form (virus particles or RNA), the concentration or the level of satellite

RNA gene expression (tlarrison et aI., L987; Gerlach et al., 1987). This resistance persists

regardless of the method of transmission of challenge inoculum; i.e., mechanical inoculation

or vector (aphid) transmission (Jacquemond et al., 1988). However, the method has the

disadvantage that the saællite may be transmitted along with any compatible virus that infects

the plant (Cuozzo et a1., 1988) in which new host-pathogen interaction the effect is not
necessarily innocuous (Kurath, G. personal communication and in paper presented to 1988
Robertson Symposium, AustralianNational University, Canberra, eCf, Óecember 1983).

1.2. Sites of virus replication.

The occurrence in nature and in experimental systems of multiple infections of plant

viruses resulting in a variety of virus-virus interactions suggest that the interacting viruses

use cornmon sites for their replication.

At the cellular level, infection by many plant viruses results in the appearance of

numerous small vesicles in the infected cells (reviewed by Francki et al., 1985; Marælli and

Russo, 1984). In comovirus and nepovirus infected cells, which show simila¡ cytopathic
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effects, the vesicles usually aggregate together in the cytoplasm with ribosomes and the

endoplasmic reticulum into large vesicular inclusions. These are usually located between,

but separate from the nucleus, chloroplasts and mitochondria, and are not membrane-bound.

Many of the vesicles contain fibrils which in the case of broad bean true mosaic virus have

been shown, by enzyme cytopathological studies, to consist of ds-RNA (Hatta and Francki,

1978). The most convincing evidence that the vesicular inclusions are involved in virus

synthesis comes from the work with cowpea mosaic virus. Results of organelle fractiona-

tion and autoradiographic experiments showed that the inclusions contained virus-specific

ds-RNA and replicase bound to its endogenous template (Assink et al., 1973; De Zoeten et

al., L974; van Kammen, 1984; Zabel et al., 1974). Similar cytoplasmic vesicles have also

been observed in cells infected by some closteroviruses, potyviruses and dianthoviruses

(reviewed by Francki et al., 1985).

Vesicles with fine frbrils have been seen both in the perinuclear spaces and cytoplasm

of cells infected by some luteoviruses, bromoviruses and pea enation mosaic virus (PEMV)

(Francki et al., 1985; Martelli and Russo, 1984; Martelli and Russo, 1985). In PEMV-

infected cells, the vesicles a¡e located predominantly in the perinuclear spaces, having

apparently developed from the inner nuclear membrane @e Zoeten et a1., 1972). Auto-

radiographic and biochemical analysis support the conclusion that the specific ds-RNA and

RNA dependent RNA polymerase are associated with the nuclei of the infected cells @e

Zneten et al., 1976: Powell and De Tneten,1977).

The development of vesicles.in chloroplasts has been observed in cells of plants

infected with turnip yellow mosaic virus (TYMV) (reviewed by Francki et a1., l9S5).

Simila¡ structural changes have also been observed in cells infected with all other

tymoviruses which have been examined Qlatta and Matthews, 1974; Lesemann, L977;

Ushiyama and Matthews, 1970). Detailed studies have established that the TYMV-induced

chloroplast vesicles appeü at an early stage of infection (Hatta and Matthews, 1974;

Ushiyama and Matthews, 1970), and are formed as small invaginations of both chloroplast

membranes with their necks remaining open to the cytoplasm (Hatta et al., 1973). Within

the vesicles, fibrillar material with the expected appearance of nucleic acid is often observed

(Ushiyama and Matthews 1970). The vesicles are scattered singly or in groups over the
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surfaces of the chloroplasts. At the early stages of infection, the endoplasmic reticulum can

usually be seen near the vesicles but disappears to be replaced with what appear to be coat

protein subunits. Later still, numerous virus particles can be observed between the

chloroplasts which arc by now swollen and clustered together (Hatta and Matthews, 1974;

Hatta and Matthews, 1976). This sequence of events suggests that the chloroplast vesicles

are the sites of viral RNA replication and that the RNA is released into the cytoplasm to be

encapsidated by viral coat protein synthesized in the c¡oplasm.

Large multivesicular bodies appear to be characteristic of infections by most

tombusviruses (Francki et al., 1985; Martelli and Russo, 1984). It was at f,rrst thought that

these multivesicular bodies are derived from membranes of the endoplasmic reticulum and

dictyosomes (Russo and Martelli, 1972), and later that they originated from, or were

associated with the chloroplasts (Appiano et al., 1978). However, there is reliable evidence

that multivesicular bodies in tombusvirus-infected cells develop from peroxisomes (Francki

et al., 1985; Ma¡tetli and Russo, 1984). It has been demonstrated by cytochemical studies,

ttrat in cells infecæd by several tombusviruses, the multivesicular bodies contain catalase and

glycolate oxidase, two enzymes usually associated with peroxisomes (Russo et al., 1983;

Martelli et al., 1984).

Plants infected by several viruses belonging to a number of different taxonomic groups

develop mulúvesicular bodies resembling those induced by tombusviruses, which, however,

develop in the mitochondria @rancki et a1., 1985; Martelli and Russo, 1984). The

mitochondria arc usually enlarged and misshapen, containing numerous vesicles about 50 to

70nm in diameter which a¡e located in spaces between the outer and inner membranes of the

mitochondria, including the intercristal spaces. Many vesicles contain fibrils with the

appearance of nucleic acid (Hatta et al., l97L; Hatta and Ushiyama, 1973; Sugimura and

Ushiyama, 1975).

Small tonoplast-associated vesicles have been observed in cells infected by all three

cucumoviruses (Francki et al., 1985; Hatta and Francki, 1981; Martelli and Russo, 1984).

About 50 to 90nm in diameter, the vesicles protrude into the vacuole. Each vesicle is bound

by a membrane which in some electron micrographs, can be seen to be continous with the

tonoplast membrane, and with its contents in contact with the cytoplasm through a nano\¡/
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neck. Some of the vesicles contain elecuon-dense fibrils which were digested with

ribonuclease in low but not high salt buffers, indicating they were ds-RNA (Hatta and

Francki, 1931). Similar tonoplast vesiculation has also been seen in cells infected with

tobacco necrosis virus, some potexviruses, and a number of tobamoviruses (Francki et al.,

1985), as well as in cells infected with carrot mottle, lettuce speckle and bean yellow vein

viruses (Cockbain and Jones, 1981; Falk et al., 1979b; Murant et al., t973).

Fujisawa et al., (1967) investigated interactions between two serologically unrelated

viruses, TMV and TEV, in leaves of Nicotiana tabacum. Analysis of thin sections of

mixedly inoculated leaves by electron microscopy revealed two types of interaction

depending on the time between, and sequence of both inoculations. In the first, the

challenge virus failed to develop in cells when the primary virus was already fully

established. On the other hand, the challenge virus occurred within the same cells when the

f,rst vims infection had not been fully established. Both viruses, however, occured in the

same cells when the plants were inoculated simultaneously with them. Further, when TEV

and TMV occurred together in the same cells, most masses of the two viruses were entangled

with each other within the cytoplasm.

It would seem that not only do viruses from the same group fonn simila¡ vesicles

located in simila¡ regions of plant cells, but there is evidence of viruses from different

taxonomic groups occurring in similar vesicles. Together with the evidence of different

viruses occurring not only in the same cells but also in physical contact, mixed infections

would seem to rcpresent a "gene soup" from which variability in genome composition and

gene function could possibly be derived.

1.3. Consequences of Mixed Infections.

Given the widespread occurrence of multiple infections, and the cornmon sites and

structures associated with virus replication, a wide range of interactions beyond the

antagonistic and synergistic types previously described are possible. These interactions

include recombination, pseudorecombination (or reassortment), and transcapsidation (or

phenotypic mixing). These "macromolecular" interactions represent possible sources of

variation in RNA viruses and supplement mutation as mechanisms of RNA virus evolution.
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King (1988) dehned genetic recombination in RNA viruses as any process involving

an exchange of information between genomic RNA molecules. In so doing, he

distinguished between recombination and the analogous process of reassortment

(pseudorecombination) which occurs between segmented RNA viruses, as well as the

intemal rearrangements seen in the genomes of defective interfering particles. King (1988)

further defined two types of recombinational processes: homologous and non-homologous.

In the former, the parental RNAs are related to each other and the location of the genetic

cross-over point is the same in both sequences, thus preserving any open reading frames and

producing potentially functional recombinant RNA molecules. In non-homologous

recombination, neither of these restrictions apply. Of these two processes, homologous

recombination has been the most studied (King, 1988).

1.3.1. Recombination ín RNA viruses.

The possibility of genetic recombination in RNA viruses was first suggested by Hirst

(L962) and Ledinko (1963). Independently, they showed that infection of cells with a

mixture of inhibitor-sensitive variants of poliovirus resulted in production of genetically

stable resistant progeny. Simila¡ observations were made with foot and mouth disease virus

(Pringle, 1965).

Genetic recombination of DNA is one of the fundamental mechanisms underlying the

evolution of DNA viruses and higher organisms, and results in their diversity and

adaptability. The importance of recombination is fa¡ less evident with RNA viruses

(Bujarski and Kaesberg, 1986). Recombination has been detected in several groups of

animal RNA viruses: picornaviruses, coronaviruses, and retroviruses (reviewed by King,

1988) and has been shown to promote the evolutionary va¡iation of picornaviruses (Cooper,

1968; Emini et a1., 1983 King et al., L9821' Tolskaya et al., 1983). It is involved in the

creation of defective interfering (DI) RNA of positive and negative strand viruses (Lai et al,

1985; Lazzarrni et a1., 1981; Jennings et al., 1983; Monroe and Schlesinger, 1984; Stark and

Kennedy, 1978). Until recently, the lack of DI RNAs and the inability to demonstrate

recombination in mixedly infected plants was taken as evidence that plants do not support

recombination of viral RNAs (Bujarski and Kaesberg, 1986).
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The characteristics of RNA picornaviruses recombination, according to King (1988),

are that it is

(1) homologous: there are never any insertions or deletions.

(2) effrcient: a large proportion of genomes undergo recombination during each growth

cycle.

(3) general : it occurs anywhere in the genome.

To achieve recombination some mechanism for aligning the parental RNA sequences is

required. However, no cellular process resembling this description has been described.

Since DI particles have been isolated from nearly every animal RNA virus in which it has

been sought, it seems reasonable to expect that most RNA viruses, if not all, should

occasionally undergo intermolecula¡rearrangements of a non homologous nature. Goldbach

(1986) has suggested that the absence of reports of such events may simply reflect the

difficulties in the design of suitable experiments under which the products of such an event

will have a seleætive advantage and thus be detecæd.

Notwithstanding the wealth of evidence supporting recombination of animal RNA

viruses, there is only one reported case of recombination in a plant RNA virus. Using

brome mosaic virus (BMV), a plus stranded, tripartite RNA virus, Bujarski and Kaesberg

(1986) showed that a genetically engineered deletion in the 3' terminal region of a single

BMV RNA genomic component can be repaired during infection by recombination with the

homologous region of either of the remaining wild type RNA components. Indirect evidence

supponing possible recombination has also come from the studies of Robinson et al (1987),

and Hillman et al (1987). Robinson et al., (1987) showed that the RNA 2 species of two

tobravirus isolates, 16 and N5 contained sequences t)?ical of both tobacco rattle virus (TRV)

and pea early browning virus (PEBV). As a result, the two viruses had the pathogenicity of

TRV while possessing the serological properties of PEBV. They concluded that 16 and N5

were recombinant viruses. Nucleotide sequencing of a symptom modulating RNA

associated with tomato bushy stunt virus CIBSV) showed that it was derived from 5', 3'and

internal segments of the TBSV genome (Hillman et al., 1987). The identification of this

symptom modulating RNA as a deletion mutant of the helper virus established it as the fust
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definitive defective interfering particle (DI) RNA to be identified in association with a plant

virus. These results clearly showed that plant RNA viruses can recombine in plants.

1.3.2. P seudorecombiratío n (reas sortment).

Even though pseudorecombination has often been invoked as a probable mechanism of

plant virus diversifrcation and adaptability, only indirect evidence, from i¿ virro constructed

pseudorecombinants, has been provided to support this assertion (van Vloten-Doting, 1983).

Pseudorecombination is confined to multipartite genomic RNA viruses, and appears to be

confined to the exchange of genomic RNA segments between related viruses. Pseudo-

recombinants have been constructed from strains of cowpea mosaic virus @e Jaeger and van

Kammen, 1970); alfafa mosaic virus @ingjan-Verstegh et al., L972); tobacco rattle virus

(Sanger, 1968; Lister, 1968); and cucumber mosaic virus (Habili and Francki, 1976;

Mossop and Francki,1977; Rao and Francki, 1981). Pseudorecombinants between most of

the tripatite viruses studied involved exchanges limited to the RNA 3, but some involved all

three genomic RNA segments.

Bancroft (1972) constructed pseudorecombinants involving an exchange of RNAs 3

between brome mosaic vinrs @MV) and cowpea chlorotic mottle virus (CCMV). These two

viruses are members of the bromovirus group and share many physical properties (Harrison

et al., l97L), but are considered serologically distinct (Bancroft et al., 1968) and have few

host plants in common. Invitro pseudorecombination has demonstrated that only the RNAs

3 of CMV and TAV, two cucumoviruses, can be exchanged to produce viable, infectious

virus (Rao and Francki, 1981).

Allison et al., (1988) using infectious invitro transcripts from CCMV and BMV cDNA

clones, showed that exchange of RNAs 3 between the two viruses leads to pseudo-

recombinants. These replicated and spread sufficiently from cell-to-cell to form macroscopic

lesions n C. hybridiwn, but were unable to systemically infect either cowpea or barley, both

natural hosts of the parental viruses. They concluded that appropriate adaptation of some

factor or factors encoded by RNA 3 must be required for successful systemic infection.

However, since RNA 3 substitution is not sufficient to produce changes in the host ranges of

the two viruses, systemic infection must also require proper adaptation of factors encoded by
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RNA 1 and,/or RNA 2, either for direct compatibility with the host or for functional

compatibility with the RNA 3 genes.

Preliminary attempts by Hanada and Tochihara, (1975) to construct pseudo-

recombinants between peanut stunt virus (PSV) and two other cucumoviruses, CMV and

chrysanthemum mild mottle virus (probably closely related to TAV) were unsuccessful.

It has been shown that monocistronic RNAs 1 and 2 of BMV encode genes which are

both required and, together, sufficient to induce viral RNA synthesis (French et al., 1986;

Kiberstis et al., 1981). This functional compatibility requirement may explain the non-

viabitity of some pseudorecombinants involving exchanges of RNAs I or 2. It would seem

therefore that in addition to similarity and proximity of replicating sites, in vivo pseudo-

recombination would also require compatibility of the genomic RNAs.

1.3.3. T rans c ap s idarton.

Smith (1945) reported a type of interaction between two unrelated viruses which

induced a rosette disease of tobacco. The virus complex consisæd of two viruses designaæd

respectively as "vein distorting" virus and "mottle" virus. The vein distorting virus is

dependent on an insect vector for its transmission, but the mottle vims is transmissible by

sap inoculation. The aphid, Myzw persicce, sometimes transmitted only the vein distorting

virus, sometimes the mottle virus and sometimes both viruses. However, aphids from

plants infected only with the mottle virus did not transmit any disease. It was subsequently

shown that aphid transmission of the mottle virus was dependent on the presence of the vein

distorting virus in the infected plants (Smith, 1946). He fu¡ther suggested that a synergistic

effect leading to an increase in the concentration of the vein distorting virus to the point that it

is readily picked up by the aphid was responsible for this behaviour.

Kassanis (1961) suggested that nucleic acid of one virus may be encapsidated into

particles of another virus, and the phenomenon was referred to as transcapsidation

þhenotypic mixing). Hull and Adams (1968) suggested that a dependent virus might rely

on its helper virus coat protein for transmission by aphids. This mechanism was proposed

to account for the dependence of groundnut rosette virus on its assistor virus for

transmission by aphids.
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Rochow (1970) presented serological evidence that transcapsidation occurred in mixed

infections of the barley yellow dwarf virus (BYDV) isolates, RPV and MAV. Although

both a¡e referred to as BYDV, they are serologically unrtlated. The aphid Rhopalosiphurn

padí nansmitted the RPV isolate of BYDV but not the MAV isolate, which in turn was

transmitted specifically by another aphid, Macrosiphurn avenae. From leaves mixedly

infected by both viruses, M. avenae transmitted only MAV. R. padi, however, often

transmitted virus which was subsequently shown to be transmitted by both aphid species.

Further tests by serology and symptoms on infected plants showed that both MAV and RPV

had been transmitted. Using serological cross-absorption tests, Rochow (1970) showed that

MAV nucleic acids had been encapsidated in RPV coat protein thus enabling R. padi to

transmit MAV. There was no evidence that MAV coat protein encapsidated RPV RNAs.

Serological evidence for transcapsidation also exists for the beet western yellows virus

(BWYv)/lettuce speckles mottle virus (LSMV) complex @alk et al., 1979a) and the carrot

red leaf virus (CRlV)/carrot mottle virus (CMotV) complex (Waterhouse and Murant,

1983). These however, differ from the RPVA4AV model in that one component relies

entirely on the other for its aphid ransmissibility. TTre virus complex consisting of CRLV

and CMotV is transmitæd in a persisænt manner by the aphid Cavariella aegopodü (Stubbs,

1948; Watson et a1., 1964). Aphid transmission of CMotV occurs only from plants which

also contain CRLV; aphids that are allowed to feed first on a pure source of CRLV and then

a ptuþ source of CMotV do not acquire and transmit the latter though they transmit CRLV

(Watson et al., L964; Elnagar and Murant, 1978). Vy'aterhouse and Murant (1983)

subsequently showed that it is the encapsidation of CMotV RNA with CRLV protein that

confers the aphid transmis sibility.

The BV/YV/LSMV and CRLV/CMoIV complexes, togetherwith tobacco mottle virus

(Smith, 1945), tobacco yellow vein virus (Adams and Hull, 1972) and bean yellow vein

banding virus (Cockbain, 1978) constitute a collection of apparently similar entities that

spread in association with luteoviruses (Waterhouse and Murant, 1983).

Mossop and Francki (L977) constructed pseudorecombinants involving the in vitro

exchange of RNAs 3 of aphid transmissible (QCMV) and aphid non-transmissible (MCMV)

strains. Subsequent aphid transmission from plants inoculated with these pseudorecom-
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binants alone showed that aphid transmissibility of QCMV had been confered on the

pseudorecombinant by the exchange of their RNAs 3.

Transcapsidation is thus not only a mechanism for aphid transmission of one virus

dependent on the presence of another in a source plant (Waterhouse and Murant, 1983;

Kassanis, 1963), but may also be a means of isolating the products of pseudorecombination

leading to the appearance of new viruses or virus strains.

In contrast with transcapsidation, aphid transmission of potyviruses and

caulimoviruses is dependent on a virus encoded non-capsid viral protein (Pirone, 1977;

Harrison, 1987). Purified virus particles of either group are not aphid transmissible (Pirone

and Megahed,1966: Govier and Kassanis,1974; Govier et al., 1977). The protein has been

described as a helper component (HC) for potyviruses (Harrison and Murant, 1934) and as

the aphid transmission factor (ATF) for caulimoviruses (Lung and Pirone,1974). A similar

transmission strategy has been suggested for anthriscus yellows and parsnip fleck viruses

@lnager and Murant,I976; Harison, 1987).

1.4. Evolution of RNA viruses.

The evolution of RNA viruses has received a geat deal of auention in the past several

years. The subject is based on information very different from that considered in discussing

the evolution of other organisms. This is because as extremely smalt obligate intracellular

parasites, viruses leave no fossil records.

Until recently, viruses were grouped and classifred by such parameters as the structure

of the virion, host range, transmitting vector, and for closely related viruses antigenic cross-

reaction and symptom induction (Bennet, 1953). Viral taxonomy has more tecently been

refined to include such features as genome composition, protein structure and differential

stability in the presence of various chemical and physical agents (Francki, 1981; Gibbs,

L969; Matthews, 1982). By such methods most known viruses have been grouped into

families, genera or groups.

Recent comparisons at the level of nucleotide sequences have led to suggested "super

groupings" containing more than one family which were thought to reflect ancestral

relationships among seemingly divergent groups (Gibbs, 1987; Goldbach, 1986; Goldbach
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and Wellink, 1988; Strauss and Strauss, 1988). These comparisons have led to insights into

RNA virus evolution, including the beginning of taxonomy based on the relatedness of the

primary structure of their genomes and gene function (Goldbach, 1986; Goldbach and

V/ellink, 1988; Strauss and Strauss, 1988). These comparisons may also lead to a better

understanding of the diversion of viruses to different hosts (Goldbach, 1986).

With the available complete nucleotide sequences of different viruses, it has become

clear that there a¡e long stretches of amino acid sequence simila¡ities in the replicase proteins

of certain groups of both plant and animal viruses (Ahlquist et al., 1985; Cornellisen and

Bo1, 1984; Franssen et a1., 1984; Haseloff et al., 1985). Further evidence has come from

X-ray diffraction studies at high resolution which has revealed that many icosahedral viruses

previously considered totally unrelated have capsid proteins whose folding in three

dimensions is very similar despite the absence of sequence similarities in the proteins

(Rossman and Ruecket, 1987). On the basis of sequence and gene function simila¡ities it

has been speculated that all the positive-strand RNA viruses may have originated from a

common ancestor (Goldbach, 1986; Goldbach and Wellink, 1988; Strauss and Strauss,

1988). Mutation, recombination and selection may have produced the present members of

this group which infect many different hosts (plants, insects and higher animals) and have a

variety of different morphologies.

Three different pathways have been proposed to account for the inter-viral

relationships (Goldbach, 1986); corrìmon ancestry, convergent evolution and transduction of

host genes. The homologies observed between diverse gïoups of viruses support the

concept of common ancestry, and imply that plant and animal viruses, though at present

separated ecologically by different host ranges, diverged from a common ancestor, with

insect hosts as the most likely "bridge" between them (Goldbach, 1986).

On the other hand, viruses of very different origin may encode proteins with similar

functions (eg. replicase enzyme) and interact with the same highly conserved host proteins.

Therefore, it may be solely for this reason they may have evolved simila¡ tertiary and hence

primary structures.

The third proposed pathway suggests that similar viruses may have evolved indepen-

dently from their host cells by adopting the same conserved genes from their host's
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chromosomes to use for their own replication. The observed homologies in protein

sequences would then be the result of a common gene transfer mechanism and a strong

conservation of the genes so "captured".

Convergent evolution and transduction of host genes however do not explain the

colinearities in the genetic maps of the various viruses considered (Goldbach, 1986;

Goldbach and V/ellink, 1988; Strauss and Strauss, 1988).

L.4.L. Mutations and Evolution of RNA genomes

Many early and more recent observations suggest that RNA genome populations

consist of complex distributions of variants (Domingo et al., 1985). The evidence for this

includes:-

(1) the presence of mutants in preparations of viruses, and of revertants in mutant

stocks.

(2) the frequent occrurence of antigenic variants, detected with monoclonal antibodies.

(3) the genetic variations seen among independent natural isolates of one virus.

Genetic heterogeneity appears to be attained rapidly as a result of high mutability and

large population sizes. The evolutionary consequences of these facts have been emphasized

by Reanney (1982).

1.4.2. Recombinatíons in Evolution of RNA virus genomes

It has been suggested that recombination may be an important force in RNA virus

evolution (Goldbach, 1986; Strauss and Strauss, 1988). RNA genome recombination and

reassortment can greatly add to the potential variability of rapidly mutating genomes, not

only by generating new variants but by bringing together mutations in one segment with

sequences (and mutations) in another @omingo and Holland, 1988). This should allow an

otherwise unfit mutation to survive and even dominate in a competiúve quasis-species

population @omingo et al., 1985).

The most common form of "recombination" among RNA viruses is the independent

reassortment (or pseudorecombination) of different viral genome segments during a mixed

infection to produce progeny with characteristics from both parents (Strauss and Strauss,
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1988). Such reassortment has been demonstrated for most segmented RNA viruses of

vertebrates. The best studied case of reassor[nent in nature, is influenza virus. It has been

shown that new epidemic strains arise when the genes allowing the virus to replicate in

humans (ie. replicase genes) a¡e combined with genes from another host that encode new

surface antigens. The recombinants (reassortants) can replicate in humans, but the human

population has no immunological resistance to them @esselberger et al., 1978; Webster et

al., 1982). There is to date no documented evidence of plant virus reassortrnent or pseudo-

recombination in the wild, even though in vito pseudorecombinants have been constructed

for many years(Van Vloten-Doting, 1983).

Recombination may occur within a segment of a non-segmented or segmented virus.

In either case the progeny virus consists of covalently linked polynucleotides that were

derived from more than one parent. This type of recombination is more difficult to

demonstrate ín vivo for RNA viruses (Strauss and Strauss, 1988). Recombination has

occurred in cell cultures of picornaviruses (Cooper, 1977), coronaviruses (Makino et a1.,

1986) and by "forced selection" in brome mosaic vinrs (Bujarski and Kaesberg, 1986). In

addition to cell cultures, recombination in poliovinrs has also been demonstrated in humans

(Kew and Nottay, 1984) who received simultaneous high doses of three different vaccine

strains each of which had been impaired to some extenl

The importance of such recombination as a general mechanism for generating new

successful virus strains has not been proven (Strauss and Strauss, 1988), although a clear

cut case in FMDV has been described (tlahn et al., 1988).

1.5. Cucumoviruses.

The choice of two cucumoviruses as a model for this study was primarily based on the

wide host range, variability and geographic distribution of members of the group. The

cucumoviruses are named after the type and best known member of the group, cucumber

mosaic virus (CMV). CMV causes numerous diseases in a wide variety of plants. Its

extremely wide host range, numbering some 775 dicotyledon and monocotyledon plant

species in 365 genera and 85 families (Douine et al., 1979) is probably responsible for it

being considered as one of the most cosmopolitan viruses-
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Other members of the group include tomato aspermy virus, (TAV), (Hollings and

Stone, I97l) and peanut stunt virus, (PSV), (Mink, 1972), while cowpea ringspot virus,

(CPRSV), (Phatak et al., 1976) is considered to be a possible member of the group

(Matthews, 1979).In addition, robinia mosaic virus (SchmetzÊr, L97I) and clover blotch

virus (Musil et al., 1975) previously described as distinct viruses were later considered as

strains of PSV (Richter et al., L979).

The research described in this thesis initially involved mixed infections of two strains

of CMV, the M strain and the K strain. The choice was based on differences in symptoms

induced as well as results of in vitro pseudorecombination showing that all three genomic

RNAs can be exchanged to produce viable, infectious viruses (Rao and Francki, 1982a).

The analysis of these infections soon proved to be very complex due to the absence of clear

serological and nucleotide sequence differences between the two viruses.

Subsequently the study was changed to involve CMV and TAV. The two viruses have

tripartite genomes consisting of three single strand, positive sense RNAs (designated RNAs

1,2 and 3; Habili and Francki,1974b) encapsidated in icosahedral particles of about 30nm

diameær. The RNAs t and2 are individually encapsidate{ while the RNA 3 is encapsidated

together with a fourth subgenomic RNA, which is transcribed from the 3' terminus of RNA

3 and functions as the mRNA for coat protein (Schwinghanìmer and Symons, 1977). The

RNAs 1 and 2 encode the genes for the viral replicase (Schwinghammer and Symons,1977;

Nitta et al., 1988). The 5' ærminal gene of RNA 3 encodes a non-structural protein of

molecular weight of approximately 30 kilodaltons to which a role in cell-to-cell movement of

virus has been tentatively assigned, by analogy to a similar protein coded for by TMV

(Atabekov and Dorokov, 1984). This protein is translated dircctþ from the RNA 3.

The capsids consist of 180 identical protein sub-units (Finch et al., t967: Habili and

Francki, 1974a). The three particles are indistinguishable in sucrose density or isopycnic

gradients, CMV cannot be distinguished fromTAV by this methd.

CMV is only remotely related, serologically, to TAV (Devergne and Cardin,1975;

Habili and Francki, 1975; Rao et al., 1982). The nature of this relationship has been the

subject of some controversy only resolved by recognising the roles of the antiserum titre and

the animal in which the antiserum is raised, as well as the particular strains used (Rao et al.,
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1982). The RNAs of the two viruses have no significant base sequence homology as

measured by molecular hybridization analysis (Gonda and Symons, 1978). MCMV, a

"Golden" mosaic mutant derived from Price's No 6 strain of CMV, was selected because of

its distinct chlorotic mosaic symptoms and aphid non-transmissibility by Myzus persicae

(Mossop and Francki, L977). VTAV on the other hand is transmitted by M. persíca¿ . The

two viruses must be purified by different methods.

To study the in yiyo molecular interactions between two viruses, it is essential to find a

pair which can replicate simultaneously without one "dominating" the other, and in similar

sites and structures within the cell. It would seem that such interactions as transcapsidation,

genomic masking , pseudorecombination and recombination are less likely to'óccur be¡veen

widely different viruses. This may be due to incompatibilities between genomes and gene

function of, for example, the type described by French and Ahlquist, (1987), French et al.,

(1986) and Kiberstis et al., (1981) for BMV. On the other hand, inoculation with two

closely related viruses may result in the suppression or elimination of one virus by the other

(Fulton, 1986; Palukaitis and Zaitlin, 1984). MCMV and VTAV r€presented a possible pair

with which the two extremes, cross-protection or non-interaction, could be avoided.

1.6. Scope of this thesis.

The scope of this thesis was to

(1) Establish a mixed infection of two viruses sufficiently related as to enable

molecular interactions of the types described, but not close enough to cross-protect against

each other.

(2) Develop assay methods for the independent detection of either virus in coinfections

of the two.

(3) Develop methds of identifying, isolating and characterising variants incorporating

genetic material from both parental viruses.

(4) As far as possible, determine the genomic composition of any variants, and the

effect of the genetic changes on biological properties.

Addendum : In an extensive review, Dodds and Hamilton (1976) have described the

conditions required for, and the range of structural interactions between viruses in vítro

and in vivo , as a result of mixed infections (Adv. Vi¡us Res. 20 , 34-86).



23

CHAPTER TWO

MATERIALS AND METHODS

2.1. Virus Culture, Propagation and Storage.

All viruses werc routinely propagated in Nicotiana glwinosa, orN. clevelandii. in the

glasshouse. Plants were lightly dusted with caborundum and either extracts from infected

leaves or puriflred viruswer¿ rubbed on to the leaves. Excess inoculum was washed off by

overhead watering of the plants immediately afær inoculation. 'When required for extraction

and purifrcation, Nicotíana clevelandü was the more suitable host because of its higher virus

yields.

To maintain virus cultures, leaves from infected plants were stored over long periods

by shredding infected leaves and drying them over calcium chloride in vacuo, and keeping

them in McCartney bottles over calcium chloride at 4"C.

2.2 Virus Extraction and Purification.

2.2.1. MCMV Extractíon and Purification.

MCMV was extracted as described by Mossop et al., (1976). Systemically infectedN.

clevelandii leaves were harvested 14 days after inoculation and extracted in two volumes

(Vv) of 0.1M phosphate buffer, pH 8.0, containing 0.l%o thioglycollic acid and O.l%o

sodium diethyldithiocatbamate (DIECA). The extract was strained through cheese cloth, and

then clarif,red by centrifuging at 10,000 g for 15 min. Triton X-100 was added to the

recovered supernatent to a final concentration of 2Vo (wlv) and stired for 15 min at 4'C.

Virus was then pelleted by centrifugation at 78,000 gfor 2 hr. The pellets were resuspended

in 1/10 the original volume of extraction buffer, and clarifred by centrifugation at 5,000 g for

5 min. The supernatent containing the virus was then layered over a 107o sucrose (w/v in 50

mM phosphate buffer, pH 7.6) cushion and centrifuged for 60 min at 144,000 g. The

pellets were resuspended in 0.lM phosphate buffer, pH 7.6, and again clarified by low

speed centrifugation. Such preparations are henceforth referred to as "purified".
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2.2.2. WAV extractio n and puriftcatíon.

VTAV was extracted and purified by a modifrcation of the method described by Peden

and Symons (1973) for the purification of the Q strain of CMV. Systemically infected N.

clevelandíí leaves harvesæd 14 days after inoculation were extracted in two volumes (Vv) of

0.5M citrate buffer, pH 6.5, containing 0.57o (v/v) thioglycollic acid. The extract was

emulsified with an equal volume of chloroform, and the emulsion broken by centrifugation at

15,000 g for 15 min. Polyethylene glycol (PEG) 6000 was added to the recovered buffer

phase to a final concentration of l07o (wlv) and stirred for one hour at 4"C. The precipitaæd

virus was sedimented by centrifugation at 15,000 g for 15 min, resusp"ld"d in 5mM sodium

borate buffer, pH 9.0, and Triton X 100 was added to a final concentration of 27o (vlv).

After stirring for 30 min at 4'C, the preparation was subjected to two cycles of high

(144,000 g for 90 min) and low speed centrifugation (5,000 g for 5 min). The pellets from

the second high speed centrifugation were resuspended in 5mM borate buffer, pH 9. Such

preparations are henceforth referred to as "purifred".

2.2.3. Virus Yields.

Virus yields were estimated using Ezoonm, lomm = 5.0. MCMV and VTAV infected

N. clevelandii yielded 350-500mglkg and 500-700mglkg leaves of purified virus,

respectively.

2.2.4. Sucrose Densiry-Gradient Purifrcatíon of Virw.

Purified virus preparations required to be used for antiserum production, or for

preparing RNAs as templates for cDNA synthesis were further purifred by sucrose density-

gradient centrifugation. Virus (0.5-3.0mg per gradient, depending on rotor used) was

layered on 5-257o (w/v) sucrose gradients (in 2OmM phosphate buffer, pH 7.6) and

centrifuged at 25,000 rpm for 150 min in a Beckman SV/28 rotor or at 37,000 rpm for 90

min in a Beckman SV/ 41 rotor. The virus bands detected with an ISCO model UA-5

absorbance monitor were recovered with the aid of an ISCO model 640 density gradient

fractionator. The virus was concentrated by centrifugation at 144,000 g for 90 min, and the
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referred to henceforth as "highly purified".
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Such preparations are

2.3. Serology.

2.3.I. Glutaraldehyde Fixation of Virus.

Highly purified virus required for use as immunogen was glutaraldehyde-frxed by a

modification of the methd described by Francki and Habiti, (1972). Glutaraldehyde was

added, to a final concentration of O.27o (wlv), to preparations containing 2.0-5.0mg/ml of

vi¡us. The preparations were dialysed overnight against 20mM phosphate buffer, pH 7.6,

containing 0.27o glutaraldehyde. Excess glutaraldehyde was removed by dialysis for a

further 24 hr against buffer alone. The fixed virus was then adjusted to a concentration of

l.Orng/ml and stored at 4"C until required.

2.3.2. Immunízatio n of rabbits..

Rabbits were each given an iniúal intravenous injection of 1.0mg of f,rxed virus after

bleeding for pre-immune sera. Two weeks later, a first test bleed was taken, and the rabbits

given a subcutaneous booster injection of 1.0mg of virus in an equal volume of Freund's

incomplete adjuvant. At weekly intervals after this, the rabbits were bled and if required,

after two weeks, a second intravenous booster injection of 1.0 mg vims was given.

Blood samples were left at room temperatue for 2 hr, and then overnight at 4'C for the

serum to separate from the other blood components. The serum collecæd was then clarified

by low speed cenrifugation at 3,000 g for 10 min and stored at -20'C in 5-10m1 aliquots.

Alternatively, the senrm was mixed with an equal volume of glycerol and stored at -20'C.

2.3.3. Antisentm T ítre and Speciftcity.

The titres and specif,rcity of the antisera were deærmined by Ouchterlony tests in

0.757o agar in 20mM phosphate buffer, pH 7.5, containing O.2Vo sodium azide (w/v)

(Habili and Francki, I97 5).
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2.3.4. Puriftcation of Garnrna Globullin (Ig-G).

Ig-G from selected antisera were prepared as described by Clark and Adams (1977).

An equal volume of saturated ammonium sulphate was added to a 1:10 dilution of antiserum

in distilled water and left at room temperature for 30-60 minutes. After centrifugation at

6,000 g for 15 min the pellets were dissolved in a small volume (0.5-1.0m1) of 5X PBS (1

litre of 10X PBS contained 80gm NaCl, 2gm KHzPO+,14.4gm NazHPO¿, 2gm KCl, and

2gm NaNr,pIJ7.4) and dialysed with three buffer changes against lX PBS for 24 hr. The

Ig-G was purified by celluloseDB22 column chromatography. The crude Ig-G (1.0m1) was

layered over a 5ml DE 22 column in 5X PBS and eluted with the same buffer. Twenty

1.0m1 fractions were collected and the 3 to 4 peak fractions with absorbance at 280nm

greater than 1.5 were pooled and adjusted to a concentration of 1.0m9/ml using an

Ezsonm,ro'nm of 1.8=1.0mg/ml. The Ig-G thus prepared was stored at 4"C, or glycerol

added and stored at-2O"C, and used at one in one thousand dilution in coating buffer.

2.3.5. Conjugatíon of Ig-G with All<aline Plwsplntase.

Conjugation of Ig-G to alkaline phosphatase was done as described by Clark and

Adams (1977). Two mg of alkaline phosphatase was pelleæd by centrifugation at 5,000 rpm

for 5 min, and the pellet directly dissolved in 5 rnl of purified Ig-G solution at a

concentration of 1.0m9/ml. The solution was dialysed overnight against lX PBS. Fresh

glutaraldehyde was added to O.06Vo (v/v), and left at room temperature for 3 hr. Excess

glutaraldehyde was then removed by overnight dialysis against lX PBS with three changes

of buffer. Bovine serum albumin (BSA) was added to a final concentration of Smg/ml and

the preparation stored at 4"C. Conjugate thus prepared was used at one in one thousand

dilution in conjugate buffer [lX PBS containing O.SVo (wlv) polyvinyl pyrollidone (PVP)

40,000 andl%o (w/v) BSA).

2.3.6. Enzyme Línked lrwnunosorbent Assay (EUSA).

The procedure used was the double antibody sandwich method (DAS-ELISA)

described by Clark and Adams (1977). Ig-G (1.0m9/ml) was diluted l/1000 in coating
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buffer (1.59gm NazCO¡, 2.93gm NaHCO¡, 0.2gm NaNl, in 1 litre, pH 9.6). Into each

well of a microtitre plate, 200 ¡tl of the diluted Ig-G was placed and incubated for 3 hr at

25C. The plates were then washed 3 times, each time for 3 min, with wash buffer (l)(PBS,

O.ffiS%o (v/v) Tween 20). Test antigens in appropriate buffers were then applied in duplicate

or triplicate (200pl per well) and incubated overnight at 4"C. Unbound antigen was removed

by three washes of the plate with wash buffer, each time for 3 min, and Ig-G- enzyme

conjugate diluted 1/1000 in conjugate buffer [IXPBS, O.S%oPYP (dv), 17oBSA (w/v)],

was added to each well. After incubating for 3 hr at rq)m temperature, the plates were

washed 3 times with wash buffer to rcmove any unbound conjugate. The plates were dried

and 200 ¡rl enzyme substrate [l.0mg/ml of p-nitrophenyl phosphate disodium hexahydrate in

substrate buffer, containing lOVo (w/v) diethanolamine,0.OlTo (w/v) NaNrl placed in each

well. The virus antigen present was expressed by the concentraúon of the substrate

breakdownproducs as measured at 405nm in a BIO-RAD EIA reader.

2.3.7 . P rep aratio n of I nfected Tis sue for S erolo gical Analy sis.

Leaf samples, from 40-50pg to about 0.5 gm depending on the experiment, were

placed in small plastic bags and 1.0 ml of antigen buffer UX PBS-Tween 20 containing

O.lVo (wlv) PVPI added. The sample was gently pounded, and a small piece of cheese cloth

placed in the bag as an in sítu strainer. Vy'here leaves were sampled repeatedly, a pasteur

pipette tip was used as a borer to take lmm diameter discs. Otherwise, 0.1-0.5 gm of leaf

tissue was used. Successive sampling of leaves was done as shown in Figure 2.1.

2.4. Extraction and Purification of Viral RNA.

2.4.1. Extraction of RNAfrom PurifiedVirus..

Vfual RNA was extracted by the phenol-SDS method described by Peden and Symons

(1973). About 5mg of virus at 1.0-2.0m9,/ml was emulsified with equal volumes of water-

saturated phenol containing O.lVo (w/v) 8-hydroxyquinolline, and RNA buffer t0.6M

sodium acetate containing 0.6Vo (wlv) SDS, and 20mM EDTA, pH 8.0). After shaking for

10-15 min, the buffer and phenolic phases werc separated by centrifugation at 7,000 g for 10

min and the buffer phase transferred into a fresh sterile tube. One half the original volume of
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Procedure for non-destructive sampling of leaf tissue for ELISA.

Pasteur pipette tips were used as borers to remove two small leaf discs (a-d) from

systemic leaves (A-D). Sampling commenced with leaf A, with leaf discs (a) taken

from both ends of the leaf. Sample (b) of leaf A was taken on the same day as the

first sample (b) on leaf B, and so on.
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phenol was added, and the extraction repeated. Traces of phenol were removed by washing

the buffer phase with two volumes of ether, and the nucleic acid was precipitated by adding

2.5-3.0 volumes of re-distilled ethanol. After at least t hr at -70"C or 3 hr at -20'C, the

RNA was pelleted by centrifugation at 5,000 g for 10 min. The pellet was washed once with

80Vo ethanol, dried in vacuo, resuspended in sterile double distilled water (SDD\W) and

stored at -20"C.

2.4.2. Extraction of RNA Directly from Leaf Tissue..

The procedure described by Palukaitis et al., (198+) was used for obtaining nucleic

acid from small leaf samples for dot blot hybridization analysis. Each tissue sample (0.2gm

or less) and 0.3m1 of AMESS buffer [0.5M sodium acetate, pH 6.0, containing 10mM

MgClz, 2OVo (vlv) ethanol, 37o (wlv) SDS, 1.0M NaCl and0.O5%o (w/v) bromophenol bluel

were mixed in a 1.5m1 Eppendorf centrifuge tube with a trace of acid washed sand and

ground lor l-2 min with a stainless steel device designed to fit into the tube. The slurry was

vortexed for 30 sec and incubated at 37"C for 5 min. After addition of two volumes of

chloroform (v/v) and vortexing for 30 sec the samples were left on ice while other samples

were being prepared, and were then centrifuged for 5 min at 15,000 g at 4"C. The upper

bluish aqueous phase was used for spotting onto nitrocellulose, or kept frozen until required.

When groups of cxperimental plants were being individually sampled for analysis,

three leaf discs of diameter 0.5mm were taken using the wide end of a 1.0m1 disposable

pipette tip as a borer, giving uniform amounts of tissue.

Alternatively, a modification of the method described by Loening and Ingle (1967) was

used. lVhole leaves of 0.5-1.5gm were extracted, at 1.0m1per gm of tissue, with lX TBE

(10X TBE contained 108gm Tris-HCl, 55gm boric acid, and 9.3gm EDTA in 1 litre of

distilled water, pH 8.3) containing 0.1 M NaCl. SDS was added to a final concentration of

2Vo (wlv), and the mixture was extracted fust with an equal volume of phenol-chloroforrn

(1:1), and then half volume of water-saturated phenol. The buffer and phenol phases were

separated by centrifugation at 7,000 g for 10 min. Sodium acetate (3M) was added to the

buffer phase to a final concentration of 0.3M, and the RNA was precipitated with 2-3
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volumes of redistilled ethanol. The RNA pellets were obtained by centrifugation at 5,000

rpm for 10 min and resuspended in 200 pl of SDDW per gm of leaf tissue.

2.5. Ãgarose Gel Electrophoresis.

2.5.I. Analytical Gel Electrophoresís.

Routinely, viral RNAs were analysed on 1.5-2.0Vo agarose gels prepared in TAE

buffer [4.84gm Tris-HCl, 1.64gm anhydrous sodium acetate, 0.745gm EDTA and 1.35m1

(v/v) glacial acetic acid per litre, usually prepared as a 10X stock solutionl. The autoclaved

agarose (50m1) was dispensed into a slab tray of 1lcm (width) by 14cm (length) of a BRL

submerged gel apparatus. Aliquots of one to 3pg of RNA in up to 5pl of SDDV/ were

added to 10pl of sample buffer [507o (v/v) glycerol in 0.1X TAE containing 0.057o (wlv)

Bromophenol bluel and heated for 3-5 min at 55'C. Samples were loaded into the wells,

relying on the higher density of the sample buffer to keep the RNA submerged in the gel

below the surface of the running buffer which also contained 0.0002m9/ml of ethidium

bromide stain. Electrophoresis was at 100V for 2 hr and the gel was examined in UV light.

If required, RNAs were also denatured, with glyoxal, for electrophoresis. To 9pl of

glyoxal stock mix U.llM glyoxal, 77.87o (v/v) formamide, 11.lmM sodium phosphate in

SDDW, pH 7.0) was added 1.0p1 (2-6pg) of RNA. The mixture was heated at 55'C for 15

min and then placed on ice. One to 2¡tlof tracking buffer [20Vo (wlv) Ficoll, andl%o (wlv)

Orange G, in 5mM EDTA, pH 8.0) was added and the samples loaded as before on to

agarose slab gels and electrophoresed for 2 hr at 100V. If gels were to be photographed,

they were stained for a further 15 min in 0.005pg/ml ethidium bromide, washed in distilled

water and viewed in UV lighr

2.5.2. Preparative Agarose Gel Electrophoresís.

V/hen segments of vi¡al RNA were required for constructing pseudorecombinants or

as templates for cDNA synthesis, they were purifred by electrophoresis in27o agarose gels.

Gels were poured into sterile glass tubes, 100mm long and 10mm in diameter, and sealed at

one end with dialysis tubing. A flat loading surface of the gel was ensured by trimming with

a sterile razot blade, and the tubes were placed in the apparatus as shown in Figure 2.2. An
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An apparatus for preparative agarose or polyacrylamide gel electrophoresis.
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equal volume of sample buffer Í5OVo (w/v) glycerol, and0.O2%o (w/v) bromophenol blue in

0.1X TAEI was added to the RNA sample (20-100 pg RNA in 20-50¡tl of sample buffer per

tube), heated at 90'C for 10 min, and then chilled on ice for 10 min. The samples were p¡e-

electrophoresed at 2.4mA per tube until they had entered the gel, and then at 12mA per tube

for 4-5 hr. The gels were stained for about I min with 0.057o (w/v) toluidine blue in 20mM

sodium acetate, and then repeatedly washed with sterile distilled water.

2.5.3. Recovery of Nucleic Acids.

The lightly stained RNA bands were cut out and placed in glass digesters adapted for

use with an MSE mini atomix overhead d¡iven blender, and a small volume of RNA

extraction buffer added. An equal volume of water-saturated phenol was added and after mixing

the buffer and phenolic phases were separated by centrifugation at 6,000 g for 10 min. The

RNA was then precipitated with ethanol as previously described.

2.6. Polyacrylamide Gel Electrophoresis.

2.6.L. Electrophoresis of Viral Coat Proteins.

The electrophoretic mobilities of virus coat proteins were compared in polyacrylamide

gels as described by Laemli, (1970). Twelve per cent polyacrylamide gels were prepared by

mixing while stirring, 13.9m1 of SDDW, 10ml of "lower" Tris buffer [18.17gm Tris-HCl,

2.5m16N HCl, and 4.0m1 of lOTo (w/v) SDS in a total volume of lO0mll, and 16ml of

acrylamide/bis-acrylamide Í307o (w/v) acrylamide and0.8%o (dv) bis-acrylamidel. Freshly

prepared 707o (wlv) ammonium persulphate (l20pl) and 20pl of N,N,N'N'- tetramethyl

ethylenediamine (TEMED) were added, stirred briefly, and poured between the plates of a

Biorad model 220 vetlcal slab elecrophoresis apparatus, leaving room for the stacking gel

and comb. One ml of water-saturated butanol was layered over the gel to ensure a level

surface, and the gel was allowed to polymerize. After polymerization, the butanol layer was

washed off with SDDW. The stacking (upper) gel was prepared by mixing, while stiring,

3.85m1 SDDV/, 1.7m1 of "upper" Tris buffer [6.06gm Tris HCl, 6N HCI to pH 6.8, and

4.0m1 of LÙVo (Vv) SDS in 100mll, 1.15m1 of acrylamide/bis-acrylamide. Fresh
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ammonium per sulphate (40p1) and 10pl of TEMED were added, stirred briefly, and the gel

poured. The comb was then inserted, and the stacking gel allowed to polymerize.

2.6.2. Sample Preparation and I'oadíng.

A small volume of highly purified virus (1-2p1, containing 0.5-2.0pg of virus), was

placed in an Eppendorf tube, and an equal volume of SDS-PAGE sample buffer [consisting

of 10ml of glycerol, 5ml of 2-mercaptoethanol, 30ml of l07o (wlv) SDS, 12.5m1 of 4 X

'upper' Tris buffer, made up to 100m1 with sterile distilled waterl was added, thoroughly

mixed and heated at 90'C for 5-10 min. Bromophenol blue [0.17o (dv) in 0.1 X TAE] was

added to 1/10 volume, and the sample loaded into the gel. The samples were pre-

electrophoresed for 5-10 min at 80 mA to pass through the stacking gel, and then at 180m4

until the marker dye ran out of the gel. The plates were removed, and the gel placed in a

container for silver staining.

2.6.3. Silver Staining of Polyacrylamíde Gels.

This was done by the method described by Wray et al., (1981). Immediately

following electrophoresis, the gel was washed in three changes of about 200m1 of 5OVo (vlv)

methanol overnight on a rocking plaform. Silver staining solution was prepared by mixing

21.0m1 of 0.36Vo (Øv) NaOH and 1.4m1 of freshly prepared 14.8M ammonium hydroxide.

To this was added, with vigorous stirring, drops of 0.8gm of silver nitrate dissolved in 4ml

of SDDV/. The volume was made up to 100m1 with SDDW and the solution used

immediately. The gel was quickly washed for I-2 min in deionised water. After decanting

the water, the silver staining solution was added and staining allowed to take place at room

temperature with gentle agitation for 15 minutes. Excess stain was washed off twice with

distilled water, gently agitating each time for 5 min. Freshly prepared developing solution

t2.5ml of l.ÙVo (w/v) citric acid solution, 0.25m1 of 38Vo formaldehyde made up to 500m1

with distilled waterl was added and gently rocked for 5-15 min until the bands appeared.

The gel was then washed several times with distilled water, incubated with Kodak Rapid Fix

to remove background staining anüor to reduce over stained bands, and was then washed

with several changes of water while agitating. After incubating in a Kodak hypoclearing
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agent for 30 min with agitation, the gel was further rinsed with distilled water and left in

lOTo (vlv) methanol containing S%o(wlv) glycerol till photognphed.

2.7 . Hybridization Analysis.

2.7.I. Synthesis of a-3zP-Inbeled Complementary DNA (cDNA).

This was done by the method described by Gould and Symons (1977) involving

random priming. Two to 3¡rg viral RNA purified as previously described was used as

æmplaæ in a reaction mixture as follows:

5pt S-2 buffer (200mM Tris-HCl, pH 8.3, containing 700mM KCl, and 100mM

MgClz)

5¡rl of Primer, P'

5pl of reducing agent, R (200mM dithiothreitol)

3pl of unlabelled triphosphates (TTP+ATP+GTP, 8.3 mM each)

2-3¡tlreverse transcriptase, (200units/pl).

2-3 ¡tl ør2P-hbeled dCTP (1-1.5mM)

5pl 4OmIvI pyrophosphate (added last)

SDDW was added to give a final reaction volume of 50p1.

The mixture was incubated at 42"Cfor I.5-2hr. To stop the reaction, 5pl eachof SVo

(lv/v) SDS and 0.4M EDTA, 15pl of 4M NaOH, and 125¡tl of SDDV/ were added,

and the mixture was left overnight to undergo hydrolysis.

The cDNA thus synthesized was purifred under sterile conditions by column filtration.

Autoclaved Sephadex G50 in lOmMTris-HCl, pH 8.0, containing ImMEDTA, was packed

into a 5ml pipette, and washed repeatedly with freshly prepared 0.1M ammonium

bicarbonate. The cDNA was loaded on to the column, and eluted with the bicarbonate

solution. Twenty fractions were collected, the fnst void volume of 1.0 ml, and subsequent ftctions

of 0.5m1 . The fractions were counted by Cerenkov counting in a Packard model3320TrL-

Carb Liquid Scintillating Spectrometer. The cDNA peak fractions (coming immediately afær

the void volume) were retained. To each retained fraction, triethylamine was added to l07o

(v/v), then frozen and freeze dried in a Dynavac model CDI Centrifugal Freeze Drying Unit.
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The dried cDNA fractions werc resuspended in SDDW, pooled to a total vol of 500-1000¡tl

and stored at -zO"C.

2.7 .2. B lotting P roc edure.

Nitrocellulose membranes of 0.2pm pore from Schleicher and Schuell werc used for

dot and Northern blots. The membranes were soaked first in SDDV/ and then in 20X SSC

(175.3gm NaCl, 93.3gm ni-sodium citrate, and 200p1 of 0.2N HCl, per litre). For dot-

blots, a Schleicher and Schuell minifold was used, utilizing vacuum pressure to draw the

RNA samples into the nitrocellulose membrane.

RNA from agarose gels were transferred to nitrocellulose as described by Palukaitis et

al., (1985). The gels were trimmed to the right size after examination under ultraviolet light

and placed between the sheets of nitrocellulose. Three sheets each of 'Whatman 3MM

chromatography paper also presoaked in 20X SSC were placed below and above the

sandwiched gel. This sandwich was then placed between a stack of paper towels and two

glass sheets with a weight on top. Transfer of the RNAs into the nitrocellulose \{ras allowed

to take place overnight.

2.7.3. Baking, Prehybridization and Hybridizatíon of Blots.

Nitrocellulose membranes prepared as described above were baked at 80"C for 2hr in a

vacuum oven. The blots were then placed in plastic bags and hybridization buffer added to

500pVcm2 of nitrocellulose. The buffer used was as described by Maule et al., (1983) and

consisted of 3 X SSC, containing 0.087o (Vv) BSA, 0.087o (w/v) Ficoll, 0.08Vo (w/v)

PVP 40,000, lmM EDTA and 250p9/ml phenol extracted yeast RNA. After ensuring

complete evacuation of air bubbles, the membranes were sealed and prehybridised for 24 hr on a

shaking waterbath at 60'C.

After pre-hybridization, the cDNA probe was added at the rate of 50,000-200,000

cpm/ml of buffer using up to 1X 106 cpm per blot, and hybridization was allowed to proceed

at 60"C for 24 hr in a shaking water bath.
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2.7 .4.Washing and Autoradíography of Membranes.

After hybridization, the membranes were washed as follows:

(l) 2 times in 2X SSC containing 0.5Vo (wlv) SDS, 5 min per wash at room

temperature.

(2) 2 times in2X SSC containing0.S%o (w/v) SDS, 5 min per wash at 55"C.

(3) 2 times in 0.1X SSC containing0.S%o (dv) SDS, 15 min per wash at 55"C.

The membranes were placed between two sheets of Gladwrap, and excess liquid and

bubbles removed, and then exposed to X-ray film, placed in cassettes with X-ray inænsifrer

scrÞens at -70"C. The films were deveþed, after an appropriate eiposure time, as specified

by the manufacturer.

2.7 .5. Liquid Hybrídizarton Analysís.

Liquid hybridization was done as described by Gonda and Symons, (1978). The

hybridization was performed in 1.5m1Eppendorf tubes. Reaction mixtures, total volume

40¡rl, consisted of 100cpm/pl of 32P-labeled probe in hybridization buffer [10mM Tris-HCl,

pH 7.0, containing lmM EDTA, 0.O5Vo (Vv) SDS and 0.18M or 0.54M NaCll and

dilutions of test viral RNA ranging from 320p9/ml to Z1¡tglml, in duplicate. Stringency of

hybridization conditions was determined by the NaCl concentration; the lower concentration

being more stringent. After overlaying each sample with a drop of sterile liquid paraffin, they were

first pre-heated at 100"C for 3 min, and hybridization allowed to proceed at 65'C for 18 hr.

For each cDNA probe, there was a blank reaction mixture, also in duplicaæ, in which there

was no test RNA.

2.7.6. SI Nuclease Assøy for Extent of Hybrid Formation.

To each reaction mixture was added 400p1 of 51 nuclease buffer [30mM sodium

acetate, pH 4.6, containing 50mM NaCl, l.Omlvl ZnSO¿, and SVo (v/v) glyceroll containing

aùpg/rnl of denatured calf thymus DNA. After gently mixing to avoid emulsifying with the

paraffin, two aliquots of 200 ¡rl were taken from each rcaction mixture and transferred into

culture tubes. To one of each pair, 10pl of S1 nuclease buffer containing 2 units of S1
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nuclease was added. All tubes were incubated for a further 45 min at 45"C. The 51

nuclease reactions were terminated by the addition of 1.0 ml of IÙVo (wlv) trichloroacetic

acid (TCA) and 75pl of 1.O¡rg/rnl BSA. The reaction mixtures were chilled for 20 min, and

the TCA-insoluble RNA/DNA hybrids precipitated were collected on 'Whatman GF/A glass

microfilters. The filters were washed with 5Vo (wlv) TCA followed by 80Vo (vlv) ethanol,

d¡ied, and the radiation determined in the prcsence of scintillant (toluene containing 0.47o

PPO).

The fraction of each hybrid resistant to 51 nuclease was determined by dividing the

cpm obtained from the 51 nuclease trreated sample, by the cpm of the untreated sample. It

was necessary to correct for hybridization percentages, using the relationship:

corre¡ted Vo hybndrzation=Ll00dX-J)

100-Y

where X = calculated Tohybridrzatron

Y =7o 51 nuclease resistance of cDNA of the blanks.

The log of Rot, given by the relationship

Rot= conc of RNA (pg/ml x hybridization time (sec),

320,000

was plotted against the percentage hybridization of the pnobe to the test nucleic acid.

2.8. CHEMICALS AND REAGENTS.

Chemicals and reagents used were laboratory or analytical grade, as required, and

obtainedfrom Sigma, BDH, M&B, AJAX oTUNIVAR as the case may be.

øJ2P-labeled dCTP or dATP was obtained from Bresatec, Adelaide University, or

Amersham.

Reverse transcriptase was obtained from Bethesda Research Laboratories.

Unlabeled deoxy nucleotides were from Boehringer Mannheim GmbH.

The choice of chemicals used was based entirely on their availability as general

laboratory requkements of the Department of Plant Pathology, V/aite Institute.
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CHAPTER THREE

COMPARATIVE STUDIES OF MCMV AND VTAV.

3.0. Introduction

Even though it is generally accepted that CMV and TAV are distinct viruses in the

cucumovirus group, there has been some controversy about their relationship. In particular,

there has been a lack of agfeement on whether they are serologically related. Both viruses

also appear to be distantly related to the thi¡d member of the group, peanut stunt virus (PSV)

@evergne and Cardin, L975). Contradictory results have been obtained in attempts to

determine serological relationships between CMV and TAV @evergne and Cardin, L975;

Francki and Habili 1975). Rao et al., (1982), however, showed that the relationships

deduced depend on the antiserum titre as well as the vertebrate host in which the antiserum

was raised.

Gonda and Symons (1978) showed that there is no significant RNA sequence

homology (less than S%o)bewtenn the RNAs of CMV and TAV. In this section, biophysical

and biological comparisons of MCMV and VTAV are made in some detail. The purpose of

this was to determine whether there are any physical and biological properties in which the

two viruses differ and which can be used to distinguish between themroutinely.

3.1. Symptomatology and Host Range.

The results of inoculation of MCMV and VTAV to a range of plant species is presented

in Table 3.1. All the fourteen species tested v/ere susceptible to MCMV, and all but two,

Gomphrena globosa andCucumís sativus, were also infected by VTAV. However, the

symptoms produced on all the common hosts were quite different (Fig 3.1), with MCMV

inducing severe yellow mosaic symptoms in most hosts compa¡ed to the relatively mild

mosaic symptoms and leaf distortion associated with VTAV infection. A search for plant

species susceptible to VTAV but not to MCMV, was unsuccessful. Of particular interest,

however, werethe morphologically different lesions induced in B. vulgaris by the two



Fig 3.1

Comparison of symptoms induced by MCMV and VTAV in (a) Nicotiana

tabacum cv White Burley , (b) N. glutirnsa, (c) Zinnia elegans cv. Golden Queen

(d) Gomphrern globosa, (e) Petunia hybrida cv.Dazzler
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viruses (Fig 3.2), which suggested that this species could be used to biologically separate

them.

Table 3.1
Hostrange and symptomatology of MCMV and VTAV.

Þlqnt facfed ì/fllIVÍV

Nicotíana
glutirnsa

Nicotiana
tabacwn
cv. White Burley

Nicotiana
edwardsonü

Nicotiana
clevelandíi

Nícotíana
funtlnmiatn

Gomphrena
globosa

Solarutrn
rnelongena

Cucwnís
satívus
cv. Polaris

Spiracea
lrybrid
cv. English

Zinniaelegans
cv. Golden Queen

Petunia
hybrída
cv .Dazzler

Plrysalis
floridanø

Sysæmic yellow mosaic
and leaf distortion.

Systemic yellow mosaic.

Systemic yellow mosaic.

Sysæmic yellow mosaic
and leaf distortion.

Sysæmic yellow
mosaic and leaf
distortion.

Chlorotic local lesions,
systemic yellow mosaic and
severe leaf distortion.

Chlorotic local lesions
and sysæmic yellow
mos¿rlc.

Chlorotic local lesions
and systemic mosaic.

Chlorotic local lesions,
systemic yellow mosaic
and leaf distortion.

Chlorotic local lesions,
systemic yellow mosaic
and leaf distortion.

Systemic yellow mosaic.

Chlorotic local lesions and
severe systemic yellow
mos¿uc.

Purple lesions with
chlorotic rings, 2-5mm in
diameter, no systemic spread.

Sysæmic mosaic and
severe leaf distortion.

Systemic mosaic.

Sysæmic mosaic.

Systemic mosaic and
leaf distortion.

Sysæmic mosaic.

Not infected.l

Mild systemic mosaic.

Not infecædl.

Mild systemic mosaic.

Mild systemic mosaic.

Mild systemic mosaic.

Chlorotic local lesions
and systemic mosaic.

Purple local lesions,
1-3mm in diameter,
no systemic spread.

Betavulgaris
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Lycopersicon
esculentwn cv
Rutgers.

Chenopodiwn
ønarantícobr

Chenopodíwn
quirna

Sysæmic yellow
mosarc.

Chlorotic local
lesions,no systemic spread.

Chlorotic local
lesions, no systemic

Sysæmic mosaic.

Chlorotic local
lesions, no systemic spread.

Chlorotic local
lesions, no systemic

ves wele pfesence vlrus anugen none
was detected

3.2. Serological Analysis.

Antisera to glutaraldehyde-fixed MCMV and VTAV had titres ranging from 1/64 to

L1256. ForuseinELISA,earlybleedingantiseraof tiues lll28 forbothMCMVandVTAV

were selected- Gel diffusion tests revealed that the antisera were specific in their roaction to

their respective antigens, with no cross-reaction (Frg 3.3). flowever, as in a previous study

(Habiti and Francki, 1975), VTAV produced two precipitin lines in the homologous

reaction. In this study the absence of serological cross-reactivity was a desirable

characteristic of the antisera.

Virus concentrations well below O.lpg/mt were detected in double antibody sandwich

ELISA @g 3.4a and b). There was no cross-reaction even when heterologous antigen at

concentration of 50pg per ml was applied. It was thus concluded that the methods were

suitable for the independent deæction of the two viruses.

The sensitivity and specificity of detecting virus by ELISA in the presonce of leaf

extracts from uninfected plants, or equal amounts of heterologous antigen wete tested. As

shown in Fig 3.5a, the sensitivity of detection of MCMV was reduced in the presence of

dilute leaf extracts from uninfected plants. However, the presence of equal amounts of

heterologous antigen did not affect the sensitivity of the reaction (Fig 3.5a). Similarly, the

presence of heterologous antigen did not affect the sensitivity of VTAV detection, nor did the

presence of leaf extracts from uninfected plants, using the VTAV antiserum @ig 3.5b).

Unlike the anti-MCMV serum, however, there was some reaction with extracts from

uninfecæd plant leaves. However, it was concluded that the antibody and conjugate systems

used were satisfactory for the detection of the two viruses in single or mixed infections

directly from leaf extracts.



Fig3.2

Differences in appearance of local lesions induced by MCMV and VTAV inBeta

vulgaris plants.
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Fig 3.3

Serological properties of MCMV and VTAV.

Determination of the specificity of MCMV and VTAV antisera by gel immuno-

diffusion analysis. VTAV antiserum produced two precipitin bands with unfixed

VTAV preparation.
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Fig 3.4 Specificity and sensitivity of ELISA for detection of MCMV
and VTAV antigens.
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3.3. Effect of Purifîcation Procedures on Recovery of MCMV and VTAV

MCMV and VTAV have to be purifred by different methods (Mossop et al., L976).

The effect of each extraction and purification method on the other virus was investigated to

determine if this v/as a suitable means of isolating one from the other when the two viruses

are present in the same tissue. Two groups of N. clevelandii plants were infected, each with

one of the two viruses. Fourteen days after inoculation, infected leaves from each group of

plants werr harvested. The leaves infected with MCMV were divided into two batches; one

was extracted and purified by the method described for the purification of MCMV (method

M), and the other by the method for VTAV (method V). Similarly, leaves from plants

infected by VTAV we¡e divided into two portions and virus extracæd and purifred by the two

methods.

Sucrose density-gradient (5 to 257o, w/v) sedimentation profiles of the preparations

presented in Fig 3.6 show that the VTAV purification method completely disrupts the

MCMV particles (Fig 3.6a).The MCMV purifrcation method also disrupts some but not all

VTAV particles (Fig 3.6b). When Nicotiana glurtnosa, N. tabacum cv. White Burley, N.

clarclandü and lV. edwardsonii plants were inoculated with the four virus preparations, all

except the MCMV preparation purified by method V were infectious. Even though most of

the VTAV particles were disrupted by method M (Frg 3.6b), there was enough intact virus

recovered to infect ttre host plants tesæd.

In conclusion, method V was totally unsuitable for purifying MCMV. In conEast,

even though much of the virus was lost, some intact and infectious VTAV was recovered

when method M was used to purify virus from plants infected with VTAV.

3.4. Polyacrylamide Gel Electrophoretic Analysis of MCMV and VTAV

Coat Proteins.

Fig 3.7 shows comparative electrophoretic mobilities of MCMV and VTAV coat

protein subunits. When applied in the same well, (Fig 3.7) there was no detectable

difference in the migration of the two coat proteins.
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Fig 3.6 Differential effects of virus purification methods on recovery of MCMV

and VTAV from sucrose density-gradients.



Fig3.7

Comparison of MCMV and VTAV coat protein subunits by polyacrylamide gel

electrophoresis under denaturing conditions.

Protein markers and their molecular weights were (a) phosphorylase b, Mr,

94,000; (b) BSA, 67,000; (c) ovalbumin, 43,000; (d) carbonic anhydrase,

30,000;

(e) soybean trypsin inhibitor, 20,000 and (Ð ðlactalbumin, 14,000.

Fig 3.8

Comparison of MCMV and VTAV RNAs by 27o agarose gel electrophoresis

under non-denaturing condition s.

The RNAs 1, 3 and 4 of MCMV and VTAV were resolved in these conditions

but not the RNA 2 (lane MCMV+WAV).
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3.5. RNA Composition of MCMV and VTAV-

The RNAs extracted from highly purifred preparations of MCMV and VTAV were

compared by"electrophoresis in a27o horizontal agarose slab gel. Results presented in Fig.

3.8 show ttrat the RNAs 1,3 and 4 of MCMV and VTAV have readily distinguishable

mobiliúes, whereas the RNAs 2 could not be resolved.

The extent of base sequence homology between MCMV and VTAV RNAs were

compared by dot blot, Northern blot and tiquid hybridization analysis using 32P-labeled

cDNA probes synthesized from the total RNAs of the two viruses as templates. The results

of the Northern blot hybridization analysis presented in Fig 3.9a and b show that there was

no cross-hybridization with the cDNA probes of the two viruses. However, in both dot-

blot hybridization analysis (Fig 3.10 a and b) and liquid hybridization analysis (Fig 3.Lta

and b) there was some cross-hybridization, indicating less than 57o homology berween the

RNA sequences of the two viruses. These results are consistent with those obtained in

comparisons of homology between VTAV and other CMV strains including MCMV (Gonda

and Symons 1978). It was concluded that differences in the RNA sequences of the two

viruses can be used to distinguish between them.

3.6. Pseudorecombinants of MCMV and VTAV.

Genomic RNAs of MCMV and VTAV were isolated by two cycles of preparative

agarose gel electrophoresis. The second cycle was designed to reduce any contamination of

RNAs 1 and 2 by aggegates of RNA 3. Rao and Francki (1981) showed that viable

pseudorecombinants between MCMV and VTAV could be constructed involving only the

exchange of their RNAs 3. Consequently, only the pseudorecombinant resulting from

combining MCMV RNAs 1 and 2 with VTAV RNA 3 (M1M2T:) and that from VTAV

RNAs I and? wittr MCMV RNA 3 (TIT2M3) were constructed for use in these studies.

The pseudorecombinants were tested for their authenticity by examining their

serological specificity to indicate the source of the RNA 3 present, and by Northern blot

hybridization analysis for their RNA composition. Ouchterlony test results presented in Fig

3.12a and b show MCMV and T1T2M3 both reacted with anti-MCMV serum but not with

anti-VTAV serum. Similarly, VTAV and M1M2T3 reacted with anti-VTAV serum but not



Fig 3.9

Comparison of MCMV and VTAV RNAs for sequence homology by Northern

blot hybridization analysis.

Fig 3.10

Comparison of MCMV and VTAV RNAs for sequence homology by dot-blot

hybridization analysis.

Vfual RNAs were used at the amounts indicated in the central panel, ie, 50ng,

20ng,5ng, 0.5ng and 0.05ng. Uninfected leaf total RNA extract was used as a

negative control and were at twice the amounts of viral RNA applied per spot.
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MCMV and VTAV by liquid hybridization analysis.



Fig3.I2

Authenticity of the RNA composition of pseudorecombinants M1M2T3 and

T1T2M3.

Determination of the sources of coat protein (hence RNAs 3) by serological

analysis using MCMV (M) and VTAV (V) antisera. MCMV (m) and TlTzM3 G)

purif,red virus preparations formed immunoprecipitin lines with MCMV þanel a)

but not VTAV (panel b) antiserum . VTAV (V) and M1M2T3 (a) formed

immunoprecipitin lines with VTAV þanel b) but notMCMV þanel a) antiserum.

Fig 3.13

Determination of RNA composition of pseudorecombinants M1M2T3 and

TrTzMs by northern hybridization analysis using MCMV (panel a) and VTAV

(panel b) cDNA probes.
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with anti-MCMV serum. Thus, TrT2M3 had MCMV coat protein (hence RNA 3), and

MrMfü had VTAV coat protein (hence RNA 3).

Results of Nonhern hybridization analysis presented in Fig 3.13a and b confrrmed the

RNA composition of the two pseudorecombinants.

3.7. Symptomatology and Host Range of Pseudorecombinants M1M2T3

and T1T2M3.

The infectivity and host range of the pseudorecombinants, compared with the pa¡ental

viruses MCMV and VTAV, are presented in Table 3.2. In general, M1M2T3 andT1T2M3

infected most of the plants susceptible to MCMV and VTAV. Their effects in most cases

were milder than those of the parcntal viruses, T1T2M3 more so than M1M2T3. However,

whereas M1M2T3 induced VTAV-like symptoms in most hosts tested, TtT2M3 was

cha¡acterized by yellow vein banding and mosaic symptoms and patchy yellow chlorosis,

particularly inNicotiana species. These symptoms were quite different from those induced

by both parental viruses. The effects of the two pseudorecombinants \n G. globosa andC.

sativus were of the most interest. Neither of these plants a¡e infected by WAV. M1M2T3

induced local lesions on inoculaæd leaves of C. sativus but without systemic movement. In

contrast, T1T2M3 induced neither local lesions nor systemic infection of C. sativtu. In G.

globosa, however, T1T2M3 induces only local lesion on the inoculated leaves, whilst

M'M2T3 was not infectious. These properties of the two pseudorecombinants made them

useful for studying the roles of, and interactions between,'the genomic RNAs of MCMV and

VTAV.

3.8. CONCLUSIONS.

MCMV and VTAV have a wide range of common hosts. In the species tested, the

common symptom produced by the viruses was systemic mosaic with varying degrees of

severity from species to species. MCMV was characterized by severe bright yellow mosaic

symptoms in systemically infected leaves, and could thus be readily distinguished from

VTAV. The immunity of Cucumis sativus and Gomphrena globosa to VTAV was

particularly useful for distinguishing bet'ween the two viruses. Unfortunately, I was unable
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Table 3.2

Host range and symptomatology of pseudorecombinants M1M2!3 and T1T2M3

Plant tested

Symptoms induced byl

MrMfi T1T2lVlq

Nícotiana glutirøsa

Nicotianatabannn
cv.'White Burley

Nicotiana
clevelandií.

Nicotiana
benthnrninn

Gomphrenn globosa

Cucumis satívus

Spirucea lrybrid
cv.English

Zinniaelegars
cv.Golden Queen

Petuníalrybrída
cv.Dazzler(=VTAÐ

Plrysalßfloridann

Chenopodiunt
atnaranticolor

Chenopodiunt
quinoa

Systemic mosaic
(=VTAV,less severe)

Systemic mosaic
(=VTAV,less severe

leaf distortion)

Systemic mosaic
(=VTAÐ

Systemic mosaic
(=VTAV)

Not infected (=Ya491
on inoculated leaves
(*MCMV,*VTAV)

Chlorotic local lesions
on inoculated leaves

Mild sysæmic mosaic
(=VTAÐ

Mild systemic mosaic
(=VTAÐ

Mild sysæmic mosaic
mosaic (=MCMV,mild)

Chlorotic local lesions
on inoculaæd leaves
andsysæmicmosaic

(=VTAV)

Chlorotic local lesions
no systemic spread
(=MCMV=VTAÐ

Chlorotic local lesions
no systemic spread.

Sysæmic mosaic
and yellow vein banding

(+MCMV,*VTAV).

Systemic mosaic with
patchy chlorosis

(+MCMV,+VTAV)

Systemic mosaic
and yellow vein banding

(*MCMV,+VTAV)

Systemic mosaic
(=VTAÐ

Chlorotic local lesions
with no systemic sprcad

Not infected (=VTAV)l
(+MCMV,+VTAV).

Mild sysæmic mosaic
(=VTAÐ

Mild sysæmic yellow
mosaic (=MCMV, mild)

Mild sysæmic yellow

Chlorotic local lesions
on inoculated leaves
andsysæmic yellow

mosaic(=lv[cMv,mild)

Chlorotic local lesions
no systemic spread
(=MCMV=VTAÐ.

Chlorotic local lesions
no systemic spread.
(=MCMV,=VTAÐ(=MCMV

I (=) Indicates similar to and (*) indicates different from the parental virus symptoms.
2 Both systemic and inoculated leaves were tested for the presence of antigens and none was
found.
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to fînd a host which was susceptible to VTAV but not MCMV. The distinct lesions

produced by B. vulgaris inoculated with the two viruses was another useful host property

particularly for obtaining local lesion isolates of the viruses. Of some interest, also, was the

observation that B .vulgaris was less sensitivc to VTAV than to MCMV as suggested by the

fact that the former induced significantly fewer lesions than the latær.

The ELISA system developed was shown to be capable of detecting the presence of

either virus in mixed infections. Even though leaf extracts from uninfected plants lowered

the sensitivity, it did not affect the specifrcity of detection. The presence of the second virus,

however, affected neither the sensitivity, nor the specificity of the assays.

MCMV and VTAV have similar physical properties, as previously reporæd by Mossop

and Francki, (1976). However, they also have significant differences in a number of other

features. These include the absence of serological-cross reactivity, differences in the

electrophoretic mobilities of their RNA compononts, particularly of their RNAs 3 and 4, as

well as lack of homology between the nucleotide sequences of their RNAs. While VTAV is

aphid transmissible, MCMV is not (Mossop and Francki, 1977). Together with the

immunity of C. sativus and G. globosa to VTAV, this provides two biological methods for

distinguishing berween, and possibly separating them. The conclusion by Rao and Francki

(1981) that production of viable, infectious pseudorecombinants between CMV and TAV

was limited to an exchange of their genomic RNAs 3 made MCMV and VTAV a suitable

model for studying virus-virus and virus-host inæractions in which the range of exchange of

genetic material was presumed to be limited by their genetic compatibility.

Pseudorecombinants from the two viruses infected most of the host plants infected by

the parental viruses. The differences observed provide further tools for characterizing the

gene functions of the RNAs of MCMV and VTAV, as well as any recombinants,

pseudorecombinants and transcapsidants arising from mixed infections of the two viruses.
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CHAPTER FOUR

MrxED TNFECTIONS OF MCMV AND VTAV, AND THErR TWO

PSEUDORECOMBINANTS.

4.0. Introduction

In order to study the interaction of two viruses in plants it is necessary to find a pair of

viruses which can multiply simultaneously. In this chapter, the conditions required for

coinfecting a number of plant species by MCMV and VTAV, and their pseudorecombinants

were investigated- The responses of the hosts to such infections were examined, as were the

RNA composition of the infecting species.

4.1. Symptom Induction And Antigen Detection in Nícotiana glutinosa

Inoculated With MCMV and VTAV.

In preliminary experiments, one N. glutirwsaleaf infected with MCMV only, and one

leaf infected with VTAV only, were extracted together in \rrater. The extract was used to

inoculate 20 N. glutinosa plants. Twelve days after inoculation the plants were examined

for symptoms, and leaf samples were extracted and analysed by ELISA to deærmine which

antigens were present Results prcsented in Fig 4.1 (and frontispiece) show the spectnrm of

symptoms ranging from MCMV-like to VTAV-like induced in the plants. Twelve of the 20

plants showed MCMV-like symptoms, three plants showed some chlorotic patches in a

green mosaic, and five plants showed WAV-like symptoms. When individually tested by

FLISA, 13 of the plants contained both MCMV and VTAV antigens, five contained only

MCMV antigens, and two contained only VTAV antigens.

4.2. Effect of Varying Relative Concentrations of MCMV and VTAV in

Mixed Inoculum on Virus Multiplication and Symptomatology.

Purified preparations of MCMV and VTAV each containing 100p9/ml of virus were

mixed in the following ratios of MCMV to VTAV (v:v): 100:0; 80:20; 60:40; 50:50; 40:60;



Fig 4.1 (and Frontispiece)

A "Spectrum" of symptoms induced in N. glutinosa plants coinoculated with

MCMV andWAV.

Most of the plants were shown by ELISA to contain both MCMV and VTAV

antigens while a few contained only MCMV or VTAV antigens.
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20:80 and 0: 100. Each inoculum was used to infect fourN. glutinosa plants at the 4-5 leaf

stage. Four days after inoculation, sampling commenced at daily intervals starting with the

leaves immediately above those inoculated as described in Fig 2.1. Four leaves from each

plant were sampled at daily intervals for five days giving 20 samples for each plant. The leaf

samples werc extracted and analysed by ELISA.

Table 4.1 shows that regardless of the relative amounts of the two viruses in the

inoculum (except for l00%o), both (antigens) were detected although at different times after

inoculation. Generally, the antigen of that virus present in the higher concentration in the

inoculum was detected first. MCMV-like symptoms were the most frequently expressed,

even in treatments in which VTAV was the major component of the inoculum.

4.3. Test for Cross-protection Between MCMV and VTAV in Nicotíana

glutínosø.

Results of symptoms and antigens detected in plants after primary and challenge

inoculations of the two viruses are presented in Table 4.2. Four N.glutinosa plants were

used for each treatrnenL The challenge inoculations were applied 24, 48, and72 hr after the

primary inoculations. Leaf samples were taken as previously described from day five after

the primary inoculation, cornmencing with the leaves immediately above those inoculated.

Four leaves were sampled per plant" and each leaf was sampled four times at daily intervals,

and the extracts analysed by ELISA.

Both antigens were deæcted in all the plants inoculated with both viruses except those

inoculated with VTAY 72 hr before MCMV (Table 4.2, treatment d). In general, the

symptom expressed was that for the virus used in the primary inoculation. However, when

\/TAV was inoculatd24 hr before MCMV (Table 4.2, heatment b) not only was MCMV

antigen detected first, but the symptoms expressed were MCMV-like.

Together with the results presented in the preceding sections, it appears that the

chlorosis associated with MCMV infection was mor€ likely to be expressed than the VTAV-

like symptoms in coinfections of the two viruses. However, some plants containing both

antigens exhibited VTAV-like symptoms.
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Table 4.1.

The effect of varying relative amounts of MCMV and VTAV in mixed inocula on antigen

detection and symptoms on N. glutinosa.

Antigenfint detecædl

(daysafter inoculation)

MCIVIV VIAV

Symptoms

induced2

100

80

60

50

40

20

0

20

40

50

60

80

100

5

5

MCMV-lilc

MCIv[V-like

MCMV-like

MCMV-like

MCMV-likeI

7

6

6

7

I

8

0

L2-14

12-T3

10-11

WAV-like

VTAV-like

lAntigens present were detected by analysis of leaf extracts from infectedplants by ELISA

2The symptoms recorded were those prevailing in the test plants 21 days after inoculation.
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Tabte 4.2

Test for cross protection benveen MCMV and VTAV ln N.glutinosa .

Primary

inoculum2

Challenge

inoculum2

Challenge

time (days)

Antigen detected (days

after primaryinoculation) t

MC]W VTAV

Symptom

Induced3

(a)buffer+

o)wAV
(c)VTAV

(d)wAV

VTAV

MCTvtV

MG/[V

MCUI/

none

10-15

t2-t5

none after

t9

6-7

6-8

6-7

6-7

none

10-14

t2-t4

15-16

1

2

3

MCÏW/

VTAV

VTAV

VTAV

1

2

3

5-6

5-6

5-6

5-6

1 Antigens prcsent in leaf extracts detected by ELISA.

2Primary and challenge inoculations were applied to the same leaves.

3 Symptoms inducedwere recorded 19 days afterprimary inoculations

a Phosphate buffer (50mM, pH 7.6) as a control inoculum \ryas also used for diluting

purifred virus preparations to concentration of 100pg/m1.
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4.4. Time Course of Virus Muttiptication in Single And Mixed Infections

of MCMV and VTAV in Nicotíana glutínosa.

The rate of virus multiplication and systemic transport in single and mixed infections of

MCMV and VTAV werc compared in N. glutinosa. Equal volumes of each purified virus at

100pg,/ml were mixed and used to inoculate the two largest leaves of each of hve plants at

the 4-5 leaf stage. As controls, MCMV and VTAV at concentration of 50pg/ml were each

similarly inoculated to groups of test plants. The three leaves emerging above those

inoculated were sampled at daily intervals starting from day four after inoculation. Each leaf ' '

was sampled five times. Data presented in Fig 4.2, are those obtained for the leaf in each

treatment in which antigen was first detected. The results show that there was a significant

delay in the detection of both viruses when they occur in mixed infections compared to single

infections. This delay was more pronounced with VTAV than with MCMV.

4.5. Persistence of Mixed Infections of MCMV and VTAV.

The persistence of mixed infections of the two viruses in a number of common host

species was tested. Plants were inoculated with a mixture of equal volumes of MCMV and

VTAV at 100pg/ml. Twelve to 18 days after inoculation depending on the species used,leaf

samples werc taken from each plant and analysed by ELISA. Extr¿cts from plants in which

both antigens were detected was used as inoculum to infect further plants. Inoculum was

taken 14-20 days after inoculation of the æst plants.

Results presented in Table 4.3 show that through at least two passages except for P.

floridana (Table 4.3, treatment c), antigens of both viruses were present in most of the test

plants. V/ith successive passages however more and more plants contained only MCMV

antigen, and eventually, VTAV antigens were no longer detected in them. ln N. glutinosa,

however, both antigens were still present in all seven plants inoculated after four passages

(fable 4.3, treatment f).
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Table 4.3

Persistence of mixed infections of MCMV and VTAV in a variety of common plant species.

ANTIGENS DETECTED AFTER EACH PASSAGE1

Petunin
hybrida

Nicotinna
benthamiarn

Physalis
floridnnn

HOST PLANT PASSAGE 12

MVM+V

0/5 0/5 5/s3

3/4 0/4 t/4

rls 0/s 4/s

019 619 319

PASSAGE 2

MVM+V

4/6 0t6 2t6

u6 0/6 st6

6t6 0/6 0t6

Ùts Ùls sls

PASSAGE 3

MVM+V

3/s 0/s 2ls

4/6 0t6 2t6

PASSAGE 4

MVM+V

6/6 0/6 0/6

Nicotíana
clevelandü 4lt4 0lr4 t0lr4 0n 0n 7n 4le orc 216

Nicotiana
glutínosa 2126 U26 2U26 2lt2 0lr2 t0lt2 3110 0110 7/r0 0n 0n 7n

Lycopersicon
esculentum cv.
Rutgers

ols 0/s sls 7lr2 0/12 sl12

1 Leaf discs from test plants were taken for analysis by ELISA.
2 Extracts from leaf samples from plants testing positive for the presence of both MCMV and VTAV antigens were used as inoculum for infecting further
plants. ELISA tests were done 12- 18 days, and inoculum 14 to 20 days after inoculation.
3 Numerator denotes numbers of plants containing the anúgen, and denominator the numbers of plants tested. 
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4.6. Beta vulgaris and Datura stramoniurn as Local Lesion Hosts.

To determine whether the interactions between the two viruses in systemic hosts also

occnr in their common local lesion hosts, B. vulgaris plants were coinoculated with the two

viruses as detailed in Table 4.4. The lesions produced were excised and extracts tested by

ELISA to deærmine their antigenic content. The results presented in Table 4.4 show that the

two viruses multiply in close enough proximity as to occur together in some of the lesions.

However, MCMV antigen alone was detected more often than VTAV alone. Similar results

were obtained when lesions produced by D. stramonium inoculated with the two viruses

were similarly analysed (table 4.4b).

4.7. Survival of Heterotogous RNAs 3 in Plants coinfected with MCMV

or VTAV and Their Pseudorecombinants.

Purified virus preparations of MCMV, VTAV and the two pseudorecombinants,

MrMfü and T1T2M3, oach at concentrations of 100pg/ml, were used to coinfectNÍcotiana

glutinosa, N. clevelandii,andN. edwardsoníí plants. MCMV was coinoculated with

M1Mil3, and VTAV with T1T2M3, using equal amounts of each virus. Leaf extracts were

analysed by ELISA, 12 and 14 days afær inoculation. Results presented in Table 4.5 show

ttrat in all three species of plants used, the MCMV coat protein gene (and presumably,

MCMV RNA 3) survived in all plants inoculated with the VTAVÆ1T2M3 mixture.

Moreover, it appears to have displaced the VTAV coat protein gene in about one third of the

plants. In contrast, only MCMV antigens were detected in plants inoculated with the

MCMV¡I\ttTMfü mixture in all three species of plants. These results indicate that whereas

MCMV RNA 3 survived and sometimes replaced the VTAV RNA 3 (Table 4.5a), the RNA 3

of VTAV is unable to survive in the presence of only MCMV RNAs 1 and 2.

The effect of varying the relative amounts of the components of the mixed inocula was

tested to determine if there were any conditions under which the VTAV RNA 3 could

survive. In other treaünents the inoculations were staggered, with one virus being inoculated

24 hr before the other.
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Table 4.4.

Occurence of mixedly infected lesions inBetavulgarís andDatura stramoniutn co-inoculated

with MCMV and WAV.

ANTIGENS DETECTED2

Inoculuml MCMValone VTAValone MCMVandWAV

a)B.vulgaris

l)Mixnrre of equal volumes

of MCMVandVTAVpruifred

virus, each at 100pg/ml.

2)Aqueous extract from Nicotiana

clevelandii co-infected with MCMV

andYTAV.

3)Aqueous extract ftom coinfection

of MCMVand VTAY passaged once

ln N. clevelandii

b)D. stramoniutn

mixture of equal volumes of

MCMVandVTAVpurifred

vinrs each at 100ue/ml

L7140 14140 10140

rllls 0lr5 4l15

28132 0132 4132

r0lr3 0lr3 3lL3

l Extracts from plants used as inoculum was pre-tested by ELISA for presence of both

MCMV and VTAV antigens.

2 Lesions were excised from test plants 8-10 days after inoculation, and the extracts tested

by ELISA. Numerator denotes numbers of lesions containing the antigen, and denominator

ttre total number of lesions tested.



Table 4.5 Penistence of MCMV and VTAV RNAs 3 in mixed infections of pseudorecombinants and parental viruses tnNicotiana glutinosa N

clevelandä. and N. edwardsoníi.

Antigens detected in plantsl

MCMVonly WAVonly MCMV+WAVInoculum2

(a)TrTzM¡+WAV

Host plant

N.glutinosa

N. clevelandü

N. edwardsonü

N.glutinosa

N. clevelandii

N. edwardsonü

s/8

sn

1/6

0/8

0/8

0/s

0/8

0n

1,16

0/8

0/8

0/s

3184

2n

2t6

8/8

8/8

sls

Symptoms Induced3

TtT2Nd3-like (3/8)
WAV-like(5/8)
TrT2lvtz-hke(217)
wAV-tike (5/7)

T1T2lvÍ:-like(2/6)
VTAV-like(2/6)

(b)MrMil¡+MCIüV

lAntigens present in leaf extracts were detennined by ELISA.
2Purified virus diluted in 0.1 M phosphate buffer p}l7.6 to 100p9/ml were used. Equal amounts of the two viruses were mixed and used to
inoculate the test plants.
3Figures in parenthesis represent numbers of plant testing positive for that antigen out of total number tested.
4Numerator indicates number of plants in which the antigen(s) detected were present, and the denominator indicates the number of plants
inoculated
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Results presented in Table 4.6 show that when inocula contained equal amounts of

MCMV and M1M2T3, all the infected plants contained MCMV antigen only. However, as

the proportion of MCMV to M1M2T3 decreased in the inoculum, some plants still contained

only MCMV antigen but others contained VTAV antigen only, and one plant contained both

antigens (Table 4.6, treatment b). All the plants containing MCMV antigen alone, or both

MCMV and VTAV antigens, showed MCMV-like symptoms. The plant in which only

VTAV antigen was detected showedMlM2T3-like symptoms.

V/hen equal amounts of VTAV and T1T2M3 were used to inoculate N. glutinosa

plants, however, two of the three plants contained both antigens, and one plant contained

only MCMV antigen (Table 4.6 t¡eatnent d). As the relative amount of VTAV in the inocula

decreased, only MCMV antigen was detected in all the plants (fable 4.6 treatments e and f).

Those plants containing both antigens, however, showed VTAV-like symptoms.

When the inoculations were staggered, MCMV-like symptoms were expressed by

those plants inoculated with MtM2T324 hr before MCMV, and no VTAV antigens were

deæcæd (fable 4.6, treatment g). In contrast, T1T2M3-like symptoms were expressed when

that virus was inoculated first, and no VTAV antigens were detected (table 4.6 tr,eatment h).

When VTAV was inoculated 24 hr before T1T2M3, all the plants expressed VTAV-like

symptoms. However, two of the three plants contained both MCMV and VTAV antigens

(Table 4.6, treatment i)

It was concluded that the MCMV RNA 3 was more competitive than the VTAV RNA

3. This property appears to be independent of the genomic composition of the mixed

infecúon, ie whether or not other MCMV RNAs were present.

4.8. Does MCMV or VTAV coat protein present with mixture of MCMV

and VTAV RNAs I And 2 Preferentially Encapsidate some RNA

species?

In the preceding sections, it was observed that even though MCMV and VTAV coinfected a

variety of plants, a larger proportion of the plants developed MCMV-like symptoms and in

many cases no VTAV antigen could be detected. It was unclear whether this was due to

suppression of replication of all the VTAV RNAs (1, 2 and 3), or only the exclusion of the
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Table 4.6

Effect of varying conditions of inoculation on survival of pseudorecombinants in mixed infection¡

with parental viruses tnNicotiana glutinosa

Inoculum
composition

Antigens detected in plantsl Symptoms
InducedMCMVonlv VTAVonty MCMV+WAV

(Ð MCMV plus M1M2T3

(c) toopg/ml 100ps/rnl 3/32

(b) lOpg/ml 100¡tg/ml l/3

(a) 5pdml 100p9,/rnl lß

(iÐ VTAV plus T1T2M3

(a) 100pg/ml 100pg/ml l/3

0/3

r/3

0t3

0/3

r/3

213

MCMV-like (313)3

M'M2T3-like(1/3)

MCMV-like(2/3)

M'M2T3-like(2/3)

MCMV-like(1/3)

T1T2M3-like(U3tz

y14y_¡¡s(2/3)

T1T2M3-like

T1T2N'I3-like

T1T2M3-like

VTAV-like

(b) lO¡tg/ml

(c) spglrnl

100pg/rnl 3/3

100pg/ml 3/3

2/3

0/3

0/3

0/3

2/3

0/3

0ß

0/3

0/3

o/3

1ß

0/3

(iü) Staggered inoculations4

(a)r1r2u3 ?AhrbeforevTAv 3/3

(b)VTAV v4 htbeforeTlT2M3 0/3

(c)vt1vr2rq 24hrbefore MCMV 3/3 MCMV-like

1 Antigens in leaf extracts were detected by ELISA I2-I4 days after inoculation
2 Numerator denotes numbers of plants containing the antigen(s) and denominator numbers ol
plants tested.
3 Figures in brackets represent numbers of plants showing that symptom out of total numbers ol

plants inoculated.

aVirus used was at 100¡tg/rnl and primary and challenge inoculations were applied to the

same leaves.
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RNA 3 and the expression of its coat protein gene. The latter possibility would suggest that

VTAV RNAs may be encapsidaæd by MCMV coat protein. Consequently, even though the

antigens werc not detected, the VTAV RNAs L and2 may be present in the infection together

with the RNAs l, 2 and 3 of MCMV. Similarly, MCMV RNAs 1 and 2 may be present in

infections consisting of VTAV RNAs L,2 and 3, but not MCMV RNA 3. Indeed, Dodds et

al., (1985) pointed out that some definitions of cross-protection do not address the question

of whether the challenge virus accumulates in the "protected" plant without being able to

express its ability to cause symptoms.

To test these possibilities, mixed inocula of MCMV and T1T2M3, ând of VTAV and

M1M2T3 were prepared with the two viruses in each pair present in different relative

concentrations. N. glutínosa test plants were inoculated with each mixture. In other

treatments, the inoculation of the two vinrses was staggered at time intervals ranging from 6-

72 hr.

Total RNA extracts were prepared from small leaf samples of the test plants as

previously described, and analysed by dot-blot hybridization with MCMV and VTAV cDNA

probes. The remaining leaf material from the plants of each treaünent was harvested, pooled

and the virus purified. Virus was purifred from the plants inoculated with the MCMV and

TrTzM: mixtures by method M, and from the VTAVM1Mil3 mixtures by method V. RNA

extracts from the purified virus preparaúons were analysed by agarose gel electrophoresis

and Northern blot hybridization.

Results of the MCMVÆrTzMs experiment presented in Table 4.1 and Fig 4.3 show

that in all but one treatment (Table 4.7, Eeatment a), both MCMV and VTAV RNA

sequences were detected. In treatment 4.7a, however, only MCMV RNA sequences were

detected (Fig 4.3 hne 1) and the symptoms induced in all the plants were MCMV-like. This

shows that the VTAV RNAs 1 and 2 had been excluded from the infection. In two

treatments (Table 4.7 , teatments c and e), 2 of the 3 plants showed T1T2M3-like symptoms,

suggesting that the MCMV RNAs 1 and 2 were excluded from those infections. This is

because in most of the infected plants, even those in which both MCMV and VTAV RNA

sequences were detected, the symptoms induced were MCMV-like. This is consistent with

the observations that MCMV is the more aggressive of the two viruses. These conclusions
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were conflrmed by Northern hybridization analysis. As shown in Fig 4.3a and b, lane'

5, the MCMV RNAs 1 and 2 appear to be absent. In treatments e, f and g in Table 4.7,

involving staggered primary and challenge inoculations, it appears that increasing the time

between inoculations from 24 to72 hr did not result in exclusion of MCMV RNAs t and2

(Fig 4.3 lanes 6 and 7). However, the inoculation of T1T2M3 4 hr earlier than MCMV

resulted in the exclusion of MCMV RNAs 1 and 2 from two of the three plants (Table 4.7

treaûnent e, and Fig 4.3 lane 5). When the two viruses were inoculated on adjacent leaves,

both MCMV and VTAV RNAs I and 2 species survived (fable 4.7, treatnent d andFig 4.3

lane 4)

In the mixed infections of VTAV and M1M2T3, results similar to those above were

obtained. Dot-blot hybridization results summarized in Table 4.8 and Northem hybridization

results show that in one treatment, (Table 4.8, treatment c and Fig 4.4a and b lane 3), only

VTAV RNA sequences were detected. Even though MCMV RNAs had been detected by

dot-blot hybridization analysis as shown in Table 4.8, treatrnent d, none were detected by

Northern blot hybridization analysis (Fig 4.4a and b lane 4). In all the other t¡eatnents, both

MCMV and VTAV sequences were detected in most of the plants by dot-blot hybridization

analysis, and subsequently confirmed by Northern blot hybridization analysis (Fig 4.4a and

b lanes I,2,.5,6 and 7) Unlike the mixed infections of MCMV, however, there is no

significant difference between the symptoms induced in N. glutinosa by VTAV and

M1M2T3, and therefore it was not possible to determine by symptomatology or dot-blot

analysis the numbers of plants in these treatments in which the VTAV RNAs 1 and 2 may

have been excluded from the infection. Northern hybridization analysis showed that plants

in treatments a, b, e, f and g contained MCMV RNAs 1 and 2 (Fig 4.5 lanes t,2,5,6 and

7). In plants in Table 4.8 treatments a and b the VTAV RNAs 1 and 2 werc also detected by

Northern hybridization analysis, indicating that those infections consisted of MCMV RNAs

1 and 2 and VTAV RNAs I,2 and3.
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Table 4.7

Replication and encapsidation of MCMV and VTAV RNAs L and? in the presence of
MCMV coatprotein in Mixedinfections of MCMV andT1T2M3.

Inoculum compositionl Symptoms expressed2 RNA Sequences detected3

(a) MCMV(1):T1T2M3(1) 3/3 MCMV-like MClvtV only

(b)MCMV(1):T1T2M3(10) 3/3MCMV-like 1/3 M+v
2ß M only

(c) MCMV( 1) :T1T2lv[ (20) 2ßT[2tv\-hke
1/3 MCMV-like

2ßM+Y
1Æ M only

(d) MCMV adjacentTrTzÀ¡f¡ 3/3 MCMV-like 2l3M+Y

1/3 M only

(e) MCMV 4hr afterTrTzltÁ¡ 2/3 T1T2l\rþ-like

1/3 MCMV-like

3/3 M+V

(Ð MCMV 24br after TrTz\Á¡ 3/3 MCMV-like 1/3 M+V

2ßÌv,[only

G) MCMV 72hafær TrTzMs 313 MCMV-like 1ß M+V

2ßlv'donly

l Purified virus at 100 pglml was used in all inoculations. Mixtures (ratios of relative
amounts given in brackets) were such as to ensure the lowest final concentration of any
component was higher than the dilution end point. When inoculations were staggered, the
second virus was applied to the same leaves on to which the fint virus had been inoculated.
In adjacent inoculations, two adjacent leaves were inoculated, one with each virus.
2 Symptoms expressed in N. glutinosa were recorded 14 days after inoculations. The
numerator in the figures given denotes the numbers of plants showing that symptom, and
denominator numbers of plants inoculaæd
3 Viral RNA sequences present were detected by dot-blot hybridization analysis. The
numerator in the figures given denotes numbers of samples (plants) containing those RNA
sequences, and the denominator the numbers of samples æsted.



Fig 4.3

Persistence of VTAV RNAs 1 and 2 in mixed infections of MCMV and the

pseudorecombinant T1T2M3 in N. glutinosa.

Infected leaves of plants inoculated as follows were pooled: (1) equal vol of

MCMV and T1T2Mú (2) 10 vol of T1T2M3 to L vol of MCMV; (3) 20 vol of

T1T2M3 to 1 vol of MCMV; (a) MCMV and T1T2M3 on adjacent leaves; (5)

MCMV inoculated 4 hr after T1T2N/L; (6) MCMV inoculated 24lv after T1T2M3i

and (7) MCMV inoculated 72 hr after T1T2M3. From each pool of infected

leaves purified virus preparations 1-7 were obtained, and RNA extracts from

these (RNA preparations 1-7) were analysed by Northern hybridization analysis

with MCMV þanel a) and VTAV (panel b) cDNA probes.

Fig 4.4

Persistence of MCMV RNAs 1 and 2 in mixed infections of VTAV and the

pseudorecombinant M1M2T3 n N. glutirnsa plants.

Infected leaves from plants inoculated as follows were pooled: (1) one vol of

VTAV to 20 vol of M1M2T3; Q) I vol of VTAV to L0 vol of M1M2T3; (3) equal

volumes of VTAV and M1M2T3; (a) VTAV and M1M2T3 on adjacent leaves; (5)

VTAV 24br after M1M2T3; (6) VTAV 48 hr after MrMfi; and (7) VTAV 72 hr

after M1M2T3. From each pool of infected leaves purif,red virus preparations L-7

were obtained, and RNA extracts from these (RNA preparations 1-7) were

analysed by Northem hybridization analysis with MCMV (panel a) and VTAV

(panel b) cDNA probes.
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Table 4.8

Replication and encapsidation of MCMV and VTAV RNAs I and2 in the prcsence of VTAV
coatprotein in Mixedlnfections of VTAV andM1Mfl3,

Inoculum 1 S RNA detected3

(a)VTAV(1):M1M2T3(20) 3/3 WAV-like4 3/3 M+V

(b)VTAV(1):M1M2T3(10) 3/3 WAV-like 1/3M+V

2ßY oríy

(c) VTAV(1):M1M2T3(1) 3/3 WAV-like 3/3 V only

(d)VTAV adjacentMrMfi 3/3 VTAV-like 2f3M+Y

1ß V only

(e) \ITAV Ahalter MrMfü 3ß WAV-like 3/3 M+V

(Ð VTAV 48 h after MrMfü 3/3 WAV-like 3/3 M+V

(g) \/TAV T2hafter M1M2Tq 3/3 VTAV-like 3Æ M+V

l Purifred virus at 100 ¡tglml was used in all inoculations. Mixtures (ratios of relative
amounts given in brackets) were such as to ensure the lowest final concentration of any
component was higher than the dilution end point. When inoculations were staggered, the
second virus was applied to the same leaves on to which the first vinrs had been inoculated.
In adjacent inoculations, two adjacent leayes were inoculated, one with each virus.
2 Symptoms expressed in N. glutinoia were recorded 14 days after inoculations. The
numerator in the figures given denotes the numbers of plants showing that symptom, and
denominator numbers of plants inoculaæd
3 Viral RNA sequences present were detected by dot-blot hybridization analysis. The
numerator in the figures given denotes numbers of samples (plants) containing those RNA
sequences, and the denominator the numbers of samples tested.
5 There were no significant differences between symptoms induced by VTAV and the
pseudorecombinant M1M2T3 rn N. glutinosa.
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4.9. Test For Cross Protection Against MCMV Infection ln Gomphrena

globosa and Cucumís sativus Using VTAV and Pseudorecombinants as

Protecting Strains

As determined previously, MCMV infects both C. sativus and G. globosa, but VTAV

does not. The pseudorecombinant TIT2M3 induces necrotic lesions on the inoculated leaves

of G. globos¿ but does not infect C. sativus, while MrMzT¡ induces chlorotic local lesions

on C. sativus but does not infect G. globosa. These two plant hosts therefore represented a

system for testing the roles of either the RNAs 3 alone on the one hand, or the RNAs 1 and 2

on the other, in the infection of C. sativus and G. globosa, and possibly in cross-protection

from MCMV infection.

Purifred preparations of MCMV, VTAV, and the two pseudorecombinants at concen-

trations of 100pg/ml were used. Ten G. globosa plants and 20 C. satívus plants were used

for each treatment. VTAV, T1T2M3 and M1M2T3 woro used to inoculate the plants, and

three days after the primary inoculation, MCMV was inoculated on to the leaves to which the

primary inocula had been applied. As controls, each virus alone was used to inoculate

simila¡ numbers of each species of plants.

Results presented in Table 4.9 show that C. sativtn plants were not protected from

MCMV infection by prior inoculation with VTAV, T1T2M3 or M1M2T3. Only MCMV

antigen was detected in all the systemically infected tissues, and no signifrcant differences

were observed in the numbers of plants infected with the MCMV controls as compared to the

"protected plants".

Similar results were obtained using G. globosø as shown in Table 4.10. All the

systemically infected plants contained only MCMV antigens. VTAV and the two pseudo-

recombinants failed to infect any plants systemically. However, TrTzM: infected the

inoculated leaves to produce chlorotic local lesions. Thus, none of the viruses used

protected Cucwnis sativus or Gomphrena globosa from infection by MCMV.



Table 4.9.

Test for protection of C. sativus from MCMV infection by primary inoculation of VTAV,
M1M2T3 or T1T2M3.

Primary
inoculuml

Secondary
inoculum2

No of Plants
systemically infected

Symptoms induced

60

Antigens
(systemic)3

(a)M1M2T3

(b)T1T2IVI3

(c)VTAV

(d) M1M2T3

(e) T1T2M3

(ÐVTAV

(g)Buffer

MCIVIV

MCMV

MCTVTV

L6/2U MCMVonly

MClvtVonly

MCMV only

None

None

None

r5l19

MCIVTV r3lt7

0120

Chlorotic lesions
and systemic
mosarc.

Chlorotic lesions
and sysæmic
mos¿uc.

Chlorotic lesions
and sysæmic
mosarc.

Chlorotic local
lesions only.

Chlorotic lesions
and systemic
mos¿uc.

0120 Notinfected

Not infected

17120

0/18

MCIVIV

l Purifred virus preparations adjusted to concentration of 100 ttglml were used in all
inoculations.
2 Secondary inoculations were applied 3 days later,to the same leaves previously inoculated.
3 Extracts from systemically infected leaves were analysed by ELISA to d.etermine the
antigens present.
a The numerator denotes numbers of plants systemically infected and denominator the total
numberinfected
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Table 4.10.

Test for protection of G. globos¿ from MCMV infection by primary inoculation of VTAV,

M1M2T3 or T1T2M3.

Symptoms induced Antigens
(systemic)a

Primary
inoculuml

Secondary
inoculum2

Infection
ratc

(a)M1M2T3 MCMV 8/104

(b)TrT2M3 MClvtV 10/10

(c)VTAV 10/10

Necrotic lesions
systemic yellow
mosaic and severe
leaf distortion.

Necrotic lesions
systemic yellow
mosaic and severe
leaf distortion.

Necrotic lesions
systemic yellow
mosaic and severe
leaf distortion

Not infected.

Necrotic local
lesions.

Not infected.

Necrotic lesions
systemic yellow
mosaic and severe
leaf distortion.

MCI\,[\/

MCT\{V

MCTvIV

none

none

none

MCTW

(d)M1Mil3

(e)T1T2M3

(ÐVTAV

(e)

MCMV

MOvtV

0/10

0/10

0/10

10/10

l Purified virus preparations adjusted to concentration of 100 pglmt were used in all
inoculations.
2 Secondary inoculations were applied 3 days later,to the same leaves previously inoculated.
3 Extracts from systemically infected leaves were analysed by ELISA to determine the
antigens present.
a The numerator denotes numbers of plants systemically infected and denominator the total
number infected

4.10. Mixed Infections of Pseudorecombinants M1M2T3 and T1T2M3 in

¡/. glutínosa and C. satívus.

Results of the experiments in sections 4.7 and 4.8 suggested that two types of RNA

interaction occur in mixed infections of MCMV and VTAV. The first was ttrat the RNA 3 of
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MCMV is more aggressive than the VTAV RNA 3, irrespective of whether it was replicating

in the presence of MCMV or VTAV RNAs I and 2. The second was that MCMV and VTAV

RNAs L and2 were capable of replicating together, and in the presence of a single species of

coat protein (ie MCMV or VTAV coat protein) were both encapsidated. The exclusion of

either species from the infection, for example in Fig 4.3 lane 3 depended on the relative

amounts in the inocula or the timing of the application inocula. These comparisons were

thought to have an added signif,rcance in host determinance, particularly in the infections of

C. sativus and G. globosa. While M1M2T3 induces local lesion but no systemic infection in

C. sativus, it does not infect G. globosa: conversely, T1T2M3 induces local lesions in G.

globosa but does not infect C. satívus.. Neither species of plants is infected by VTAV.

Based on these observations, an attempt was made in this section to further

characterize the roles of the RNAs 1 and 2 on one hand, and the RNAs 3 on the other, in the

infection of the two plant species, N. glutínos¿ and C. satívus, using mixtures of the two

pseudorecombinants. Both pseudorecombinants infect N. glutinosd, systemically, but

neither infects C. satívus systemically.

Results presenæd in Table 4.11 show that in N. glutinosø, MCMV antigens werc morc

frequently detected. In Table 4.11, ueatment a which is simila¡ to a mixture of MCMV and

VTAV, all the plants showed MCMV-like symptoms. When analysed by ELISA, half the

plants were found to contain only MCMV antigens, and the other half contained both MCMV

and VTAV antigens. As the amount of T1T2M3 (and hence MCMV RNA 3) was decreased

(Table 4.LL, teatments a and b) in the inoculum, results similar to those in Table 4.11,

treatrnent c werc obtained. However, as the MCMV RNA 3 concentration increased relative

to VTAV RNA 3 (Table 4.11, t¡eatments d and e), the symptoms became T1T2M3-like, and

no VTAV antigens were detected. Thus, as MCMV RNAs I and2 concentrations decreased

relative to VTAV RNAs I and2, and MCMV RNA 3 increasedrelative to VTAV RNA 3, the

plants became T1T2lt43-like.
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Table 4.11

Interactions of the pseudorecombinants M1M2T3 and T1T2M3 ínN. glutínosa.

Inoculum compositionl
MrMzTr TrTzM¡

Symptoms Antigens
induced2 MCIVIV VTAV

Detected3
MCMV+VTAV

(a)

(b)

(c)

(d)

(e)

100

100

100

10

5

5

10

100

100

100

0/8

014

ol4

ol4

0/8

4/8

214

214

414

618

4/8

214

214

ol4

0/84

1 The two viruses were diluted with phosphate buffer pH 7.4 to concentrations of 100

Irglrnl, and these stock preparations used in the ratios (by volume) indicated.

2 Symptoms induced were recorded 14 to 16 days after inoculation.

3 Extracts from systemically infected leaves were analysed by ELISA for the antigens

present.

4 Two of the plants in this treatment showed no symptoms of infection and no viral antigens

were detected.

Results presented in Table 4.l2,teatments a to e show that C. satívus plants were

infected systemically by all the inocula used. Whereas both MCMV and VTAV antigens

were detected in lesions excised from the inoculaæd leaves, only MCMV antigens and RNA

sequences were detected in systemically infected leaves. When TrTzÀÂs was inoculated 6 hr

after M1M2T3, there was no systemic infection of the plants and only VTAV antigens werc

detected in extracts of the local lesions induced in the inoculated cotyledons (Table 4.12,

treatment Ð. This confirmed that MCMV RNA 3 is required for systemic infection.

However, when M1M2T3 was inoculated 6 hr after T1T2M3, both MCMV and VTAV

antigens were detected in local lesion extracts of some plants, and these became systemically

infected.



Table4.l2

Interactions of the pseudorecombinats M1M2T3 and T1T2M3 tn Cucurnis sativus.

(a)

(b)

(c)

(d)

(e)

100

100

100

10

5

5

10

100

100

r00

Inoculum compositionl

MrMcTa TrTcMa

Numbers of plants

svstemicallv infected

8lr2s

7n
t3l14

t4l14

4l12

0lts
4120

Antigens detected

in local lesions2

MCMV andVTAV

MCMVandVTAV

MCMVardVTAV

MCMVatdVTAV

MCMVandWAV

VTAVonly

MCMVaTdVTAV

Antigens in systemic

leaves3

MCMV only

MCMV only

MCMV only

MCMV only

MCMV only

none

MCMVonly

RNA Sequences detected

in systemic leaves4.

MCMV only

MCMVody

MCMV only

MCMV only

MCMV only

none

MCMV only

staggered inoculations6

(ÐMrMfü 6hr before MrMzT¡

(g)T'TcMa 6hr before M'MeTe

l Purified virus preparations of the two pseudorecombinants were diluted to concentrations of 100¡tg/ml in phosphate buffer p}J7 .4, and combined in

the ratios indicated

2Twenty local lesions \{rere excised from the inoculated cotyledons from each goup of plants and extracts from each lesion was analysed by ELISA.
3 Extracs of systemic leaves of each test plant were analysed by ELISA.

aTotal leaf RNA extracts from systemically infected leaves were analysed by dot-blot hybridization analysis using MCMV and VTAV oDNA probes.

5 The numbers of plants showing symptoms of infection after 7 -14 days in systemic leaves. The numerator denotes the numbers of plants infecæd,

and denominator the numbers of plants inoculated.

6Virus preparations at concentration of 100pg/ml were used in these experiments, with the primary and secondary inoculations applied on to same leaves.
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4.11. Conclusions.

It was domonstrated that MCMV and VTAV not only coinfected all their common host

species, but that the resulting mixed infections can persist with successive passaging in many

of the species tested. There was evidence that MCMV was very competitive in these mixed

infections. Not only were MCMV antigens detected first, and often alone, but the symptoms

induced were most often MCMV-like.

These "dominance" cha¡acteristics of MCMV were also expressed by the pseudo-

recombinant T1T2M3, which was found to be very competitive and persistent in mixed

infections with VTAV. In contrast, the VTAV RNA 3 in M1M2T3 was easily eliminated

from mixed infections by MCMV. There were, however, some conditions under which the

RNA 3 from M1M2T3 could survive, and occasionally exclude MCMV RNA 3 from the

infection.

Mixtu¡es of the two pseudorecombinants behaved differently from coinfections of the

parcntal viruses. While coinoculation of MCMV and VTAV resulæd in coinfection, similar

inoculations of the pseudorecombinants resulted in single infections of MCMV-like, or

T1TzM3-like character, with both MCMV and VTAV antigens detected in only a few of the

plants coinoculated with the two pseudorecombinants. It was concluded that whereas their

relative concentrations determined which of MCMV and VTAV RNAs 1 and 2 survived in

these mixed infections, the relatively more aggressive nature of the MCMV RNA 3 was the

major factor in determining which antigens were present.
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CHAPTER FIVE

ATTEMPTS TO ISOLATE VIRUS VARIANTS FROM MIXEDLY

INFECTED LEAF TISSUE USING THE DIFFERENTIAL EFFECTS OF'

THEIR PURIFICATION METHODS.

5.0. Introduction.

V/hen the MCMV method of virus purification (method M) was used to extract and

purify virus from leaf tissue from plants infected wittr VTAV, it was shown that even though

much of the virus was degraded, therewereenough intact particles to infect test plants, and

no changes were observed in their antigenic or sedimentation properties (Section 3.4). In

contrast, when virus was purified from MCMV infected leaves by the VTAV methd

(method V), there was complete degradation of the capsids. No MCMV was recovered from

sucrose density-gradients, and when used to inoculate N. glutinosø plants, the preparations

were found to be non-infectious.

In experiments reported in this section, attempts were made to utilize the differential

effects of the purifrcation methods as a means of isolating products of transcapsidation

arising from mixed infections of MCMV and WAV.

5.1. Virus purification from plants co-infected with MCMV and VTAV.

Each N. clevelandiÍ plant inoculated with both MCMV and VTAV was tested by

ELISA to determine their antigen content. Leaves from plants in which both antigens had

been detected were harvested and divided into two portions. One portion was extracted and

purifred by method M (and virus preparation designated preparation M) and the other portion

was purified by method V þreparation V). As controls, leaves from plants infected with

MCMV only, were harvested and divided into two portions. To each poftion, an equal

weight of leaves from plants infected with VTAV only was added. Virus was extracted and

purified from one mixture by method M, and from the other by method V. Virus

preparations obtained by the two methods were designated control preparation M and control

preparation V, respectively.



Table 5.1
Properties of Virus Preparations Recovered From Plana Coinfected \Vith MCMV and VTAV and purified by M and V Methods.

Leaf maærial Used Virus Preparation Method of Purification Antigens Detectedl
Properties of N. glutínosa plants inoculated with Virus Preparatì

Svmotoms Exoressed Antisens Detectedl

FromPlants Coinfected

WithMCMVandWAV

From equal weights

of leaves infected

withMCMV alone and

VTAV alone

(a) Mettrod M MCMV and VTAV

(b) Method M, including MCMV and VTAV

Density-Gradient step.

(c) MethodV VTAV

(d) Method V, including VTAV

Density-gradient Step

M

V

MCMVandWAV

MCMVandWAV

VTAYonly

VTAVonly

MCMVandWAV
MCMVandWAV

MCMVandWAV

VTAVonly

Contol M (e) Method M
(f) MethodM, including

Density-gradient Step

MCMVaTdVTAV

MCMVatdVTAV

MCMVandVTAV

VTAV-like

VTAV-like

MCMV-like

WAV-like

C-ontrol V (g) MethodV

(h) Method V, including VTAV

Density-gradient step

1 Antigens present in purified virus preparations and leaf extacts were detenrrined by ELISA.

2 Numerator indicates numbers of plants showing those symptoms, and denominator indicates total numbers of plants inoculated.
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5.1.1. Sucrose densíty-gradient sedimentatíonprofiles of virus preparatíorx.

The four virus preparations were each subjected to sucrose density-gradient centrifu-

gation and the gradients were scanned with an absorbance monitor (Fig 5.1 a, b, e and f),

and the 1.0m1 fractions collected were analysed for the anúgens prcsent by ELISA (Fig 5.1

c,d, g and h) afær ten fold dilution with sample buffer.

Results presented in Fig 5.la and b show that particles in virus preparations M and V

sedimented with profiles similar to those obtained for MCMV purified by method M

(presented in Fig 3.6a\, and VTAV purified by method V (presented in Fig 3.6b). Results

of analysis by ELISA presented in Fig 5.1c show ttrat both MCMV and VTAV antigens were

present in the peak fractions of preparation M, but with VTAV in a lower concentration than

MCMV. In contrast, as shown in Fig 5.1d, preparation V contained very few MCMV

particles (absorbance of 0.2 at the peak), with VTAV being the major component of that

preparation (absorbance of 2.0 of the peak fraction). Control preparaúon M also sedimenæd

like MCMV purified by method M (Frg 5.1e). Serological analysis of the gradient fractions

showed that both MCMV and VTAV werc prcsent but at significantly lower concentrations

(Fig 5.1g). The sedimentation profile of control preparation V presented in Fig 5.lf shows

two peaks, one at the top of the gradient, and the other in the region associated with intact

virus particles. When analysed by ELISA, the amounts of virus deæcted were significantly

lower than in the other treatments, and a correspondingly smaller amount of virus was

recovered. However, both MCMV and VTAV antigens were detected in the gradient

fractions.

5.1.2. I nfectiviry of Virus P reparations.

Portions of the purified virus preparations and virus recovered from sucrose density-

gradients were each diluted to concentrations of 100pg/ml and used in infectivity tests.

Results presented in Table 5.1 treatment a show that N. glutinosa plants inoculated

with preparation M induced MCMV-like symptoms, but both MCMV and VTAV antigens

were detected in leaf extracts. However, when virus recovered from the sucrose density-

gradient was used, all the infected plants induced VTAV-tike symptoms, though both
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Fig 5.1 Differcntial effects of vi¡us purification methods on composition of vinrs purified from leaf tissue coinfected by MCMV and VTAV



Table 5.2.

The Use of Specifrc Antiserum Precipitation As a Method of Separating MCMV and VTAV in Mixed Virus Preparations.

Virus preparation
Used

Antigens detectedl Antiserum used in Antigens detected after

Preparation M

ControlPreparation M

Control Preparation V

Preparation V

rn vrrus

MCMVandVTAV

MCMVandVTAV

MCMVandVTAV

VTAVonly

(a) anti-MCMV

(b) anti-WAV

(c) anti-MCMV

(d) anti-WAV

(e) anti-MCMV

(f) anti-WAV

(g) anti-MCMV

VTAV only

MCMV only

VTAVonly

MCMV only

VTAV only

None

VTAVonly

None

detected3

None

MC\/IV

VTAV

MCMV

VTAV

None

VTAV

NoneANti-MCMV

l Antigens present were detected by ELISA.
2 Antiserum to MCMV and to VTAV with immunodiffussion titre of 1/128 were used-
3 Viral RNA purifred from supernatents and the RNA sequnces present were deterrnined by dot-blot hybridization analysis using MCMV and y1AV cDNA prober
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MCMV and VTAV antigens were detected (Table 5.1, treatment b). In Chapter 4.2,Table

4.1, it was shown that the symptoms induced by plants coinfected with MCMV and VTAV

depend on which virus is the major component of the inoculum. It appears that during

sucrose density-gradient centrifugation some MCMV was lost or inactivated. This

apparently leads to a change in the relative amounts of the two viruses, and hence the

symptoms induced when these preparations are used to inoculate plants.

When preparation V was used to inoculate N. glutínosa plants VTAV-like symptoms

were induced and only VTAV antigens were detected in leaf extracts (Table 5.1, tneatnent c).

Similar results were obtained when vi¡us recovered from sucrose density-gradient was used

as inoculum (fable 5.1, tr,eatment d).

When inoculated with control preparation M, all the plants showed MCMV-like

symptoms, but both MCMV and VTAV antigens were detected in infected leaf extracts

(fable 5.1, treatment e). When virus recovered from a sucrose density-gradient was used,

all the plants showed WAV-like symptoms, but again both MCMV and VTAV antigens

were detected in infected leaf extracts (fable 5.1, treatment f). These results are similar to

those obtained with virus preparation M, and indicate that method M was not suitable for

separating MCMV from WAV.

When control vims preparation V was used as inoculum (Table 5.1, treatment g), two

out of four plants showed MCMV-like symptoms, and two out of four showed WAV-like

symptoms. When leaf extracts were analysed by ELISA, each plant was found to contain

both MCMV and VTAV antigens Clable 5.1, treaünent g). However, when virus recovered

from the sucrose density-gradient was used, all the plants showed WAV-like symptoms,

and only VTAV antigens were detected (Table 5.1, treatment h). These results also

confirmed that during sucroso density-gradient centrifugation some MCMV was inactivated.

As MCMV was detecæd serologically in the gradient fractions (Fig 5.1h), it seemed that the

particles become non-infectious after sucrose density-gradient centrifugation.

5.1.3. RNA Sequences Present ínVírus Preparations.

RNA purified from the virus preparations M and V were analysed by Northern blot

hybridization using MCMV and VTAV cDNA probes. The results presented in Fig 5.2a



Fig 5.2

Differential effects of virus purification methods on nucleoproteins present in

recovered virus.

The composition of RNA extracts from virus pleparation M (lane 1), control

virus preparation M (lane 2), virus preparation V (lane 3) and control virus

prepararion V (lane 4) were determined by Northern hybridization using MCMV

(panel a) and VTAV (panel b) cDNA probes.

Fig 5.3

Effectiveness of specific antisera in separating MCMV and VTAV in virus

preparations from coinfected leaf tissues.

RNA extracts obtained from supernatents obtained after immunoprecipitation

were analysed by dot-blot hybridization analysis with MCMV and VTAV cDNA

probes. MCMV and VTAV RNA controls were at 50,20,5 and 0.5ng per spot.

RNA extracts were obtained from the supernatents of virus preparations as

follows: virus preparation M cross-absorbed with MCMV antiserum (a) and

VTAV antiserum (b); control preparation M cross-absorbed with MCMV

antiserum (c), and VTAV antiserum (d); conrol preparation V cross-absorbed

with MCMV antiserum (e) and VTAV antissrum (f¡; preparation V cÍoss-

absorbed with MCMV antiserum (g) and VTAV antiserum (h). The RNA

prepafations were each applied at approximately 20ng per spot, and analysed by

doçblot hybridization using MCMV and VTAV cDNA probes..
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show that the MCMV cDNA probe hybridized only with RNAs from preparation M, and

control preparation M (Fig 5.2a lanes 1 and 2) but not with those from preparation V and

control preparation V (Fig 5.2a lanes 3 and 4). The VTAV probe, however, hybridized with

RNA from all four virus prcparations (Fig 5.2b lanes 1 to 4).

5.2. Immunoprecipitation as a Method of Separating MCMV and VTAV

From Each Other in Virus Preparations Containing Both.

The results in section 5.1 showed that extraction and purification of virus from

coinfected tissue by method M was not suitable for separating puticles with MCMV coat

protein from those with VTAV coat protein. However, method V appears to be suitable for

separating particles with VTAV coat protein from those with MCMV coat protein although

the latter were not always completely removed. Consideration was therefore given to the

possibility of precipitation with specifrc antisera as a means of further purifying each of the

viruses. Two lots of 1.0mg of virus from each of the four virus preparations (fable 5.1, a,

c, e, and f) were taken, and to one of each pair, 1.0m1 of MCMV antiserum, (titre 1/128)

was added, and to the other a similar volume of VTAV antiserum, (titre 1/128) was added.

The volume of antisera used was based on what was determined to be required in

preliminary tests to precipitate 1.0mg of each virus.

The samples were incubated at25"C for 3 hr, and the tubes containing the reaction

mixtures were then centrifuged at 10,000 g for 10 min. The supernatants were recovered

and after taking 50pl aliquots for serological analysis, RNA was extracted from the

remainder with phenol and SDS. The RNA preparations were subsequently analysed by

doçblot hybridization with MCMV and VTAV cDNA probes.

The results presented in Fig 5.3 and in Table 5.2 show that when preparation M was

precipitated with anti-MCMV serum, only VTAV antigens were detected in the supernatant,

but no RNA sequences were detected in dot-blot hybridization analysis (Iable 5.2, treatment

a and Fig 5.3i and ii spots a). When VTAV antiserum was used for the precipitation, only

MCMV antigens and MCMV RNA sequences were detecæd (fable 5.2, tneatment b, and Fig

5.3i and ii spots b). V/hen the control preparation M was used (Table 5.2, treatments c and

d, and Fig 5.3i and ii spots c and d) only VTAV antigens and VTAV RNA sequences were
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detected after immunoprecipitation with MCMV antiserum, and only MCMV antigens and

MCMV RNA sequences werc detecæd afterimmunoprecipitation with VTAV antiserum. It

was therefore concluded that both MCMV and VTAV were present in preparation M and

control preparation M, and that either could be removed by prccipitation with the appropriate

antiserum.

When preparation V was similarly analysed, only VTAV antigens and VTAV RNA

sequences were detected when MCMV antiserum was used in the precipitation (Table 5.2,

treatment g, a¡¿ Fig 5.3i and ii spots g). However, when preparation V was precipitated

with the VTAV antiserum rio antigens or RNA were detecæd (Iable 5.2, treaûnent h and Fig

5.3i and ii spots h), suggesting that all the virus present was encapsidated in VTAV coat

protein and had been removed. When the control preparation V was precipitated with

MCMV antiserum, only VTAV antigens and VTAV RNA sequences were detected, and

similarly, only MCMV antigens and MCMV RNA sequences were detected when that

preparation was precipitated with VTAV antiserum (Table 5.2, treatments e and f and Fig

5.3i and ii spots e and Ð.

It was therefore possible by immunoprecipitation with specific antisera to separate

MCMV and VTAV from each other in preparations containing both viruses. However, RNA

extracts obtained from some of the treaünents were not infectious. Consequently, no further

attempts were made to characterize these immunepurified preparations.

5.3. Isolation of "Variants'r from Preparation M

Virus from preparation M (see Table 5.1, treatment a) was used to inocalate Beta

vulgarís. Local lesions which were morphologically different from those produced by

MCMV (see Fig 3.2) were excised and purified by three further local lesion passages.

Extracts from twelve lesions thus purif,red were each used to infect Nicotiana glutinosa.

Eight of the local lesion isolates induced MCMV-like symptoms and were designated

MVLA1-8. Four of the isolates induced VTAV-like symptoms and were designated

MWB1-4. Two isolates from each group (MVLAI and 2, and MVLBI and 2) were

selected for further study. In Fig 5.4, the symptoms induced by the four isolates wero

compared with those induced by MCMV and VTAV inN. glutínos¿. Isolates MVLAI and



Fig 5.4

Symptoms induced by virus isolates MVLAI, MYLAz, MVLBT and MVLBz in

N. glutinosø plants.

Isolates MVLAT and MVLAz induced MCMV-tike symptoms, while isolates

MVLBT and MVLBz induced VTAV-like symptoms.

Fig 5.5

Determination of RNA composition of virus isolates MVLAT MVLAz, MYLBT

and MVLBz by Northern hybridization analysis with MCMV and VTAV cDNA

probes.

All four isolates hybridized wittr MCMV cDNA probe þanel a) but only MVLBT

(lane LBl) and MVLBz (lane LB2> RNAs I or 2 appeared to hybridize with

VTAV cDNA probe (panel b). However, this hybridization was detected only at

long exposures of autoradiographs, at which stage the MCMV control (lane M)

also appeared to have hybridized with the VTAV cDNA probe.
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Az induced MCMV-like symptoms, MVLBT VTAV-like symptoms and MVLB2 symptoms

inærmediate between those induced by VTAV and the pseudorecombinant T1T2M3.

5.3. 1. Serological characterizatio n of isolates MVIAJ and 2 and MVLB I and 2.

The serological properties of the four virus isolates wero compared with MCMV and

VTAV by ELISA. Alt four isolates reacted with MCMV but not VTAV antiserum. On the

basis of these results it was concluded that method M can be used to purify all the four

isolates, but not method V.

5.3.2. RNA composítion of isolates.

Since MWBr and Bz induced VTAV-like symptoms, it was thought that the isolates

may contain RNA sequences of VTAV origin responsible for the VTAV-like symptoms.

Results of preliminary dot-blot hybridization analysis of RNA extracts from the isolates

showed that all the four isolates hybridized with the MCMV cDNA probe (data not shown).

flowever, isolates MVLBT and Bz hybridized with the VTAV probe as well as with the

MCMV probe.

Results of Northern hybridization analysis of RNA from purifed virus preparations

presented in Fig 5.5a show that the MCMV cDNA prob hybridized with all the RNAs of all

the four isolates. The VTAV probe, however, hybridized with only the RNA 1 of isolates

MVLBI and MVLB2 (Fig 5.5b lanes 3 and 4), but not with isolates MVLAT and MVLAz

@ig 5.5b lanes 1 and 2). Rather unexpectedly, the VTAV probe also hybridized with the

MCMV RNA (Fig 5 5b lane M). Not withstanding these latter results, two possible genome

sÍuctures were proposed for the two isolates inducing VTAV-like symptoms, MVLBT and

Bz:

(a) MCMV RNAs 2and 3 plus VTAV RNA 1

(b) MCMV RNAs 2 and 3, and a recombinant RNA 1 consisting of MCMV and VTAV

sequences.

To test the possibility that MVLBI and Bz consisted of a mixture consisting of MCMV

RNAs 1 and 2 plus VTAV RNAs 1 and/or 2, Cucumis satívus was used as a filter host to

remove VTAV RNA segments or sequences present. Results presented in Fig 5.6 show that



Fig 5.6

Symptoms induced by virus isolates MVLAT, MVLAz, MVLBT and MVLBz in

N. glutinosa after two successive passages through Cucumis sativus.

The frltration resulted in the loss of the VTAV-like symptoms induced by isolates

MVLBr and MVLBz which became MCMV-like.

Fig 5.7

Northern blot hybridization analysis to determine the RNA composition of virus

isolates MVLAT, MVLAz, MVLBT and MVLBa after two successive passages

through C. sativus.

All the RNAs of the four isolates hybridized with MCMV þanel a) but not VTAV

(panel b) cDNA probes.
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Fig 5.8

The use of MVLBT (a) and MWBz (b) RNAs as templates for cDNA probes to

determine origln of VTAV-like character in the isolates.

The probes were made from RNA obtained from virus preparations before

filtration through C. sativus, and used to analyse MCMV and VTAV RNAs, as

well as RNA preparations from all four isolates before and after the filtration.

VTAV RNAs failed to hybridize with either cDNA probe.
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after two passages through C. sativus the isolates MVLBT and Bz induced MCMV-like

symptoms i¡ N ic otiana g luti no s a.

Northern blot hybridization results presented in Fig 5.7a show that the MCMV

cDNA probe hybridized with all the four isolates as before. However, after they had been

passaged twice through Cucu.mís sativus, none of the isolates hybridized with the VIAV

cDNA probe (Fig 5.7b lanes 1-4). The RNA sequences originally present and responsible

for the VTAV-like symptoms induced were apparently eliminated by passaging through C.

satívus and no longer detected.

In fu¡ther attempts to determine which of the genomic RNAs were of VTAV origin,

total RNAs from purified preparations of MVLBT and MVLBz (before passaging through C.

sativtts) were used as templates for cDNA synthesis. These probes were used in Northern

hybridization analysis of the four isolates before and after passaging through C . sartvus, and

MCMV and VTAV. Results presented in Fig 5.8a show that when MVLBT cDNA was

used, it hybridized with all the four isolates, before (Fig 5.8a lanes 1 to 4) and after two

passages through C sativus (lanes 5 to 8), as well as MCMV (lane M) but not with VTAV

(lane V). Similarly, the MVLBz probe did not hybridize with the VTAV RNAs (Fig 5.8b

lane V), but hybridized with MCMV and the four isolates (Fig 5.8b lanes M, and 1-8).

The RNA sequences responsible for the VTAV-like symptoms induced by isolates

MVLBT and Bz could therefore not be determined by the methods used- The removal of the

WAV-like sequences by frltration through C. satívus left both isolates MVLBr and Bz with

MCMV-like characteristics, suggesting that the complete MCMV genome must have been

present in addition to whichever RNA segments or sequences were conferring the VTAV-

like character on those isolates.

5.4. Local Lesion Isolates lrom Beta vulgaris Inoculated With Virus in

Preparation V.

Purifred virus (100 pglml ) from preparation V (Table 5.1, treatment c) was used to

inoculate Beta vulgaris plants. Two types of lesions were formed, one chlorotic with a

purple ring (MCMV-like) and the other purple (VTAV-like). Both types of lesions were

regular and of about 1.5mm in diameter. Fifty of the MCMV-like lesions were excised and
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extracts from each used to inoculate N clevelandir plants. Five out of 50 plants inoculated

were found to be infected.

Four of the five infecæd plants showed MCMV-like symptonx, while the fifth showed

symptoms simila¡ to that induced by the pseudorecombinant TIT2M3. The four isolates

inducing MCMV-like symptoms were designated VMLAT+, and the one exhibiting T1T2M3-

like symptoms, VMLBI. When leaf extracts were analysed by ELISA all the isolates reacted

to MCMV but not VTAV antiserum.

Leaf extracts werc used to infect further N. clevelandii plants, from which virus was

purif,red by method M. RNA was purified from these virus preparations and used in the

characterization of the genomes of the five isolaæs.

5.4.1. RNA Composítion of Isolates VMLAL4, and VMLBI.

RNAs purifred from the virus preparations were analysed by dot-blot and Northern

blot hybridization. Dot-blot hybridization results presented in Fig 5.10a and b show that

isolates VMLAS, and Bt hybridized with both MCMV and VTAV cDNA probes (Fig 5.9a

and b, spots 3 and 5), but isolates VMLAT, Az and A+ hybridized with only the MCMV

cDNA probe @ig 5.9a and b, spots 1, 2 and4).

Northern blot hybridization results presented show that the RNAs 3 and 4 of all the

five isolaæs (Fig 5.10a,lanes 1-5) as well as the RNAs 1 and 2 of isolaæs VMLAI,42,43,

and A¿ (Fig 5.10a, lanes 1-4) hybridized with the MCMV cDNA probe. The VTAV probe

hybridized with RNA 1 of isolate VMLBT but only weakly to its RNA 2 (Fig 5.10b,lane 5),

which was also found to stain weakly in agarose gels. It is interesting to note that RNA

from isolate VMLA¡ which hybridized strongly with cDNA to VTAV in dot-blots (Fig 5.9b

spot 3) failed to do so in Northern hybridization analysis (Fig 10b,lane 3).

5.4.2. Host range and symptomatology of VMLAT¿ andVMLBt

The effects of the five isolates were tested on a variety of host plants. rWhen C. sativus

was inoculated with purified preparations of the 5 isolates, all except isolate VMLBT induced

both chlorotic local lesions and systemic infection. Isolate VMLBT did not infect C sativus

and was in this respect like the pseudorecombinant T1T2M3. lnN. clevelandii, isolate



Fig 5.9

Preliminary analysis of RNA composition of isolates VMLA1-4 and VMLB 1 by

dot-blot hybridization analysis.

20ng of viral RNA preparations of local lesion isolates VMLAT (spot 1), VMLAz

(spot 2) VMLA¡ (spot 3), VMLA¿ (spot 4) and VMLBI (spot 5) was used per

spot and hybridized with MCMV (panel a) and VTAV (panel b) cDNA probes.

MCMV and VTAV positive controls, a dilution series of 50 to.05ng of RNA was

applied as shown. Uninfected host total RNAs were used as negative controls at

twice the concentration of MCMV and VTAV RNAs.

Fig 5.10

RNA composition of virus isolates VMLAT-¿.andVMLBI by Northern

hybridization analysis.

RNAs 1 and 2 of isolates VMLAT (lane A1), VMLAz (lane A2), VMLA: (lane

A3) and VMLA¿ (lane A4) hybridized with only the MCMV cDNA probe (panel

a), while the RNAs I and2 of isolate VMLBT (lane B1) hybridized with only the

VTAV cDNA þanel b). Isolate VMLA: (lane A3) which hybridized strongly

with VTAV cDNA probe in dot-blot hybridization analysis failed to hybridize

with that probe in Northern blot analysis.
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Fig 5.11

Symptomatology of isolates VMLAT¿ andVMLBI.

The symptoms induced by MCMV and VTAV were compared with those induced

by isolates VMLAI, VMLAz, VMLAT, VMLA+ and VMLBT in (a) Nicotiana

glutinosa, (b) N. clevelandü, and (c) Gomphrena globosa.. Unlike VTAV and

TrT2IvI3, isolate VMLBT induced systemic infection of G. globosa.
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VMLBI induced symptoms similar to those induced by T1T2M3, but was poorly infectious

inN. glutínosainwhich symptoms which were VTAV-like appeared after about 2-3 weeks

(compared to a few days for the other isolates and the parcntal viruses). Symptoms induced

by isolates VMLAI to A¿ were MCMV-like \n G. globosa, N. glutinosa and N. clevelandü

(Fig 5.1la, b and c respectively). VMLBT induced TtT2M3-like symptoms inN. glutinosa

andN. clevelandü Unlike the pseudorecombinant T1T2M3, however, VIv[LBt induced mild

systemic symptoms of infection of G. globos¿ in addition to the local lesions induced on the

inoculated leaves. Systemic infection of G. globosd was confirmed by back inoculation to

N. clevelandíí..

5.4.3. Is thc RNA 2 of isolate VMLBT a "hybrid"?

Based on the observation that it was poorly represented in the genome com¡rosition, it

was thought the RNA 2 of isolate VMLBT may be a "hybrid" consisting of MCMV and

VTAV RNA sequences. The presence of the MCMV sequences, it was thought, may also

account for the ability of this isolate to systemically infect G. globosa. To test this

possibility, RNA extracts from purif,red virus preparation of isolate VMLBT was used as

template for cDNA synthesis. This probe was used in hybridization analysis of MCMV,

VTAV and the five isolates.

Results presented in Fig 5.12 show that the probe hybridized with the RNAs 3 and 4

of MCMV and isolates VMLAT¿, but not their RNAs 1 and 2 (Frg 5.12, lanes M, and 1-4).

It, however, hybridized with both VTAV RNAs I and 2 (Fig 5.L2,lane V), as well as with

the homologous RNA (Fig 5.12, lane 5). The isolate was characterized by a large amount of

degradation product which hybridized with the probe (Fig 5.12, lane 5); no similar

hybridization with RNAs from the other isolates was detected-

Isolate VMLBT was also compared with the pseudorecombinant T1T2M3 by Northern

hybridization analysis. Results presented in Fig 5.13a show that the RNAs 3 and 4 of both

VIvtLBt and T1T2Ir'1, hybridized with the MCMV cDNA probe (Fig 5.13a lanes T1T2M3 and

VIvtLBt). The VTAV probe hybridized with the RNAs I and2 of both VMLBT and T1T2M,

(Fig 5.13b). Further comparison showed that the representation of the RNAs I and2

differed in the two virus isolates. Isolate VMLB1 was poorly rcpresented in RNA 2 and this



Fig 5.12

Analysis of VMLBT to determine whether there were any MCMV RNA

sequences in its RNA 2.

VMLBT RNA was used as template for cDNA probe used in Northern

hybridization analysis of homologous RNA (lane 5), MCMV (lane M), VMLAT

(lane 1), VMLAz (lane 2), VMLAs (lane 3), VMLA¿ (lane 4) and VTAV (lane

V). The probe hybridized with only the RNAs 3 and 4 of MCMV, and the other

four isolates, and the RNAs L and 2 of VTAV. There was also substantial

hybridization with what may have been degradation products of its RNAs and

unique to that virus isolate

Fig 5.13

Comparison of T1T2M3 and VMLBT by Northern hybridization analysis with

MCMV and VTAV cDNA probes.

The two viruses appear to differ in the relative amounts of their RNAs I and2;

while VMLBT contains a relatively low concentration of RNA 2, compared with

its RNA 1, T1T2M3 is characterised by a relatively low concentration of RNA 1

compared with its RNA 2.
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was reflected in the hybridization with the VTAV cDNA probe (Fig 5.13 b) and stained

weakly in agarose gels (results not prcsented). In contrast, T1T2M3 was poorly represented

in its RNA 1 (Frg 5.13b) and also stained weakly with ethidium bromide (results not shown)

It was concluded that isolate VMLBT was T1T2Mr-like, but it remains obscure why

VMLBr was capable of infectin9G.globosa while T1T2M3 was not.

5.5. Conclusions.

The MCMV method of virus purification when used to purify tissue coinfected with

MCMV and VTAV resulted in a virus preparation containing both viruses. While the

purified virus induced MCMV-like symptoms, after sucrose density-gradient centrifugation

the virus induced VTAV-like symptoms. As deduced in Chapter 4, the symptoms expressed

are associated with the virus prcsent at a higher relative concentration in the mixed inoculum.

It appears therefore that some MCMV was lost or was inactivated during sucrose density-

gradient centrifugation. In contrast, the VTAV method appears to remove all particles with

MCMV coatprotein, as shown by both ELISA and infectivity æsts.

The use of specific antisera was effective in completing the separation of the two

viruses. Hybridization analysis of the virus preparations, however, failed to provide

evidence of transcapsidation. This may have been because the amounts of transcapsidated

nucleic acids were too low to be detected by the assay methods used.

Using preparation M as inoculum, four virus isolates were obtained which induced

VTAV-like symptoms, were serologicalty indistinguishable from MCMV, and also infected

C. satívus. and G globosa. Passage of isolates MVLBT and Bz through C. sativus resulted

in the virus isolates assuming symptomatological properties indistinguishable from those of

MCMV. Northern hybridization analysis of the isolates before and after passaging through

C. sativw with a variety of cDNA probes failed to provide an insight into any changes in the

genome composition.

When preparation V was used as inoculum, most of the lesions were VTAV-like.

Extracts from each of frfty local lesions which differed in morphology from the lesions

induced by the parental viruses were used to inoculate N. clevelandii plants, but only 5

caused infections. Four of the five infectious local lesion isolates were shown to be
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indistinguishable from MCMV. These isolates may have been transcapsidated in VTAV coat

protein and therefore protected from the effect of virus purifrcation methd V. A frfth

isolate, VMLBI, showed T1T2M3-like symptoms, was serologically indistinguishable from

MCMV, and Northern hybridization analysis showed that it consisted of VTAV RNA 1 and

MCMV RNA 3, and an RNA 2 which may have been a variant. This isolate differed from

TrTzM: by its abitity to infect G. globosa systemically, and a particularly slow rate of

multiplication and symptom induction inN. glutinosainwhich species symptoms were frst

deæcted 16-20 days after inoculation.
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CHAPTER SIX

ISOLATION AND CHARACTERISATION OF A VARIANT ISOLATE

CONSISTING OF MCMV AND VTAV RNAS FROM MIXED

INFECTIONS OF MCMV AND VTAY.

6.0. Introduction.

In Chapter frve, the differential methods of virus purihcation were combined with

differences in morphology of local lesions induced by MCMV and VTAV to isolate virus

va¡iants inducing host symptoms intermediate to those associated with the parental viruses.

The subject of this Chapter is the use of local lesions alone as a method of isolating

variants.

6.L. Beta vulgarís as a Local Lesion Host for Biological Purification.

Beta vulgans plants were inoculated with extracts from plants which had been tested

serologically and shown to contain both MCMV and VTAV antigens during three successive

passages inN. clevelandíi.. From these inoculations, lesions which were morphologically

different from those produced by either MCMV or VTAV were excised and passaged by

successive local lesion transfers. After four passages through B. vulgaris, the selected

lesions were inoculated on to N. glutinosa to test their effect on that host, and their vi¡al

antigen content was analysed by ELISA.

Most of the variants lesions proved non-infectious. Of those from which infectious virus

was recovered when inoculated to N. glutino.sa, most of the plants developed MCMV-like

symptoms, contained only MCMV antigens, and infected C. satívus systemically. From

these data it was concluded that these isolates were not significantly different from MCMV

and were therefore not retained for further study. However, two local lesion isolates

differed from the others. One contained MCMV and the other VTAV antigen only, and were

designated isolates Ra and Rb respectively. In N. glutinosa, both induced vein banding,

mosaic symptoms different from those induced by MCMV and VTAV (Frg 6.1) but neither



Fig 6.1

Comparison of symptoms induced inN. glutinosaby MCMV, VTAV, andlocal

lesion isolates Ra and Rb.

The two isolates induced systemic veinbanding symptoms uncharacteristic of

either MCMV or VTAV.
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isolate induced local lesions or systemic infection in C. sativus. These were selected for

further study.

6.2. Purification of virus variants Ra and Rb.

The differential effects of virus purification procedures demonstrated previously was

utilized as the first physical means of determining whether the isolates were homogeneous.

N. clevelandíi plants inoculated with Ra alone and Rb alone were each divided into two

groups. Virus from one of each group was purified by method M and the other by method

V. The pgrif,red virus preparaúons were analysed by sucrose density-gradient centrifugation,

and the virus recovered was used for infectivity tests in N. glutinosa-

Sucrose density-gradient profiles presented in Fig 6.2 show that when purified by

Method M, intact virus of Ra was recovered (Fig 6.2a). However, when purified by method

V, there was complete disruption of Ra capsid, and no virus was recovered (Fig 6.2b).

When isolate Rb was purified by either method, rwo peaks were produced, one at the top of

the gradient and containing no intact virus as determined by infectivity, and a second peak

from which virus was recovered (Fig 6.2c and d). Preparations of isolate Rb by either

method infectedN. gfurtnosa to produce symptoms indistinguishable from those induced by

VTAV. In view of these changes in infectivity and host response, Rb was considered

unsuitable for further study.

6.3. Serological Properties of Ra.

A highly purified preparation of isolate Ra was glutaraldehyde-fixed as described

previously and used for immunization of a rabbit. Antiserum with an immuno-diffusion titr,e

of lll28 was used in a comparative serological analysis with MCMV and VTAV.

Ouchterlony test results presented in Fig 6.3 show that MCMV and Ra are serologically

indistinguishable, reacting without spur formation to both MCMV (FiS 6.3a) and Ra (Fig

6.3b) antisera. Neither MCMV nor isolate Ra reacted with VTAV antiserum (Fig 6.3c).

When tested by ELISA with MCMV antiserum and conjugate, however, Ra reacted less

srongly than MCMV (Fig 6.a)
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Fig 6.3

Serological properties of isolaæ Ra.

Gel diffusion analysis using þanel a) MCMV antiserum, M; (panel b) Ra

antiserum, R and (panel c) VTAV antiserum V against purifred virus preparations

of MCMV (m), Ra (r), VTAV (v).
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6.4. Host Range and Symptomatology of Isolate Ra

Resuls of comparisons of the effects of isolate Ra with those of MCMV and VTAV on

a range of host plants are prcsented in Table 6.1 and some of the differences are illustrated in

Fig 6.5. Isolate Ra did not infect C. sativus, thus differing from MCMV which induces both

local lesions and systemic infection. Ra was in this respect similar to T1T2M3,.which does

not infect C. sativus, but was different from M1M2T3, which induces local lesions but no

systemic infection. Ra induced local lesions on the inoculated leaves of G. globos¿ but the

virus did not move systemically. This host species is not infected by VTAV or M1M2t3, but

is infected by MCMV which induces local lesions and systemic ctrlorosis and leaf distortion

(Fig 6.5c). In this respect, Ra was like T1T2M3 which also induces local lesions but no

systemic infection. In general, the symptoms induced by Ra on the hosts tested tended to be

less severe than those induced by MCMV or VTAV, with the exception of Spinacea hybrida

(Fig 6.6b), Zinnía elegans arnd Petunia hybrída (Fig 6.5d) in which it produced visible

symptoms compared to the almost symptornless infection of those species by VTAV.

V/hen compared with the pseudorecombinant T1T2M3, there was no difference in the

range of host plants infected, even though isolate Ra ofæn appeared to be more vinrlent @g

6.6a and b). In general, isolate Ra infected the species tested more readily than did T1T2M3

with symptoms appearing 3 to 4 days earlier, though the final appearance of the infected

plants was similar.

6.5. RNA Composition of Isolate Ra Particles.

The RNA composition of Ra was compared to those of MCMV and VTAV by agarose

gel electrophoresis, dot-blot, and Nonhern blot hybridization analysis.

6.5. 1. Dot-blot hybridization analysis.

Vkal RNAs of MCMV, VTAV and Ra ranging from 0.05-50ng were used in dot blot

hybridization analysis using MCMV and VTAV cDNA probes. Results presented in Fig

6.7b show that the VTAV cDNA hybridized with the RNA of isolate Ra to nearly the same

extent as with that of homologous RNA. However, the RNA of Ra also hybridized

signifrcantly with the cDNA of MCMV (Fig 6.7a).
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Table 6.1.

Hostrange and symptomatology of isolaæ Ra

Plant æsted Symptoms inducedl

Nicotíarn
gfurtrnsa

Nícotianatabacwn
cv.'White Burley

Nicotiana
clevelandü

Nicotíarn
bentlnmian

Gomphrena globosa

Cucumis sativus

Spinøcea hybrid
cv. English

Zinnía elegans
cv. Golden Queen

Petunia hybrida
cv.Dazzler

Phrysalis floridann

Chenopodium
amaranticolor

Chenopodí
quírna

um

Systemic mosaic
and yellow vein banding

(+MCMV,+VTAV).

Sysæmic mosaic with
patchy chlorosis

(+MCMV,+VTAV)

Systemic mosaic
and yellow vein banding

(*MCMV,+VTAV)

Systemic mosaic
(=VTAV)

Chlorotic local lesions
on inoculated leaves

with no systemic spread
(+MCMV,+VTAV)

Notinfected (=Y1'4Y¡z

Mild systemic mosaic
(=VTAV)

Mild systemic yellow
mosaic (=MCMV, mild)

Mild systemic yellow
mosaic (=MCMV,mild)

Chlorotic local lesions
on inoculated leaves
and systemic yellow

mosaic (=MCMV,mild)

Chlorotic local lesions
no systemic spread
(=MCMV=VTAV).

Chlorotic local lesions
no

Symptoms induced were compared with those by MCMV and VTAV; = denotes , and+
denotes unlike
2Both systemic and inoculated leaves were tested for the presence of antigens and none was
found.Symptoms induced are compared with those by MCMV and VTAV' =(like), and +
(unlike).



Fig 6.5

Comparison of symptoms induced by MCMV, VTAV and isolate Ra in (a)

Nicotiana tabacum cv White Burley; (b) N. glutinosa; (c) Gomphrena globosa

and (d) Petunia hybrídacvDazzfer.
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Fig 6.6

Comparison of symptoms induced by MCMV, VTAV, isolate Ra, and

pseudorecombinants M1M2T3 and T1T2Ms in (a) Nicotiana tabacum cv.'White

Burley and (b)Spinaceahybnd cv. English.

Isolate Ra appeared to be more readily infectious and induced more severe

symptoms than T1T2Ivl3 in some of the plant hosts tested.
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6.5 .2. A garo s e g el e I ec tr op ln re sis and N o r the r n hybri di zat io n analy si s

The RNA composition of Ra was compared with that of MCMV and VTAV by

electrophoresis in 27o (wlv) agarose gels, and by Northern hybridization analysis. Results

presented in Fig 6.8a show that Ra consists of RNAs I and2 with electrophoretic mobilities

similar to those of RNAs 1 and 2 of VTAV (Fig 6.8a lane Ra). The RNA 3 of Ra had

elecuophoretic mobility more similar to that of VTAV than MCMV RNA 3, but the

subgenomic RNA 4 had a mobility similar to that of MCMV RNA 4 (Fig 6.8a and b).

Compared to the MCMV and VTAV, Ra RNAs 1 and 3, tended to fragment, leading to

multþle bands (Fig 6.8b).

In Fig 6.9a, b, and c, the northern blots were probed with MCMV, isolate Ra and

VTAV cDNA probes, respectively. The MCMV probe hybridized with its homologous

RNAs @g 6.9a, lane M) as well as the RNAs 3 and 4 of Ra, but not the RNAs I and 2 @ig

6.9, lane Ra). The Ra probe hybridized with MCMV RNAs 3 and a (Fig 6.9b, lane M),

VTAV RNAs L,2 and 3 (Fig 6.9b,lane V) as well as its homologous (Fig 6.9b, lane Ra).

The VTAV probe hybridized with the homologous RNAs (Fig 6.9c,lane V) as well as the

RNAs L,2 and 3 of Ra, (Fig 6.9c, lane Ra) but not RNA 4 (Fig 6.9c, lane Ra).

Isolate Ra was further analysed under denaturing conditions using glyoxal as the

denaturant. Hybridization results presented in Fig 6.10a and b with MCMV and VTAV

cDNA probes respectively werc similar to those obtained under non-denaturing conditions,

with the RNA 3 of Ra hybridizing with both cDNA probes. From the results presented in

Figs 6.9 and 6.10, it appeared that Ra consisted of RNAs 1 and 2 similar in sequence to

those of VTAV but not MCMV. The RNA 3 of isolate Ra was different in electrophoretic

migration (and presumably, size) from those of MCMV or VTAV, but appearcd to contain

sequences of both. The RNA 4 of Ra which was MCMV-like in electrophoretic migration

and hybridized with only the MCMV cDNA probe, was poorly represented and often not

detected by ethidium bromide staining.

It was considered that these results may be due to RNAs 3 of both MCMV and VTAV

being present in the isolate. However, if an intact VTAV RNA 3 was prcsent, nanscription

of its coat protein mRNA would have occurred and should have been detected by agarose gel



Fig 6.7

Preliminary analysis of RNA composition of isolate Ra by dot-blot hybridization.

Purified viral RNA preparations of Ra, MCMV and VTAV were used and the amounts

indicated in the central panel were applied per spot. Total uninfected leaf RNA extracts were

used at twice the amounts of the viral RNAs at each spot.

Fig 6.8

Agarose gel electrophoresis of isolate Ra RNA.

Two RNA preparations of Ra were compared in 27o agarose. In both preparations, the

RNAs 1 and 2 of Ra and VTAV on the one hand, and the RNAs 4 of Ra and MCMV on the

other, have similar electrophoretic migration. V/hilst intact Ra RNA 3 (panel a) is more

VTAV-like in its elfrophoretic migration, degradation (panel b) results in two or three RNA

segments which are clearly resolved in agarose.
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electrophoresis, and the coat proæin (antigen) encoded should have been detected by ELISA.

Indeed, the persistence of both antigens in mixed infections has been demonstrated in

coinfections of MCMV and VTAV and of TIT2M3 and VTAV (Chapter 4 ). However, no

VTAV antigens were deæcted in plants infected with isolate Ra"

6.5.3. Comparison of Ra andT[2M j RNAs.

From the results obtained above, the in vitro constructed pseudorrcombinant TrTzld:

appears to have an RNA composition closest to the proposed structure of Ra. This was

tested by comparing the RNAs from Ra with T1T2M3 by Northern hybridization analysis

under denaturing conditions. Results of hybridization analysis presented in Fig 6.1Ia show

ttrat the MCMV probe hybridized with the RNAs 3 and 4 of both Ra and T1T2M3 (Fig 6.11a

lanes Ra and T1T2M3), but not their RNAs 1 and 2. T}lre VTAV probe hybridized with the

RNAs 1 and 2 of Ra and T1T2M3 @g 6.11b, lanes Ra and T1T2M3) as well as their RNAs

3 though more stongly with the former than the latær.

On the basis of the results of hybridization analysis and the serological results, a

preliminary genomic composition of Ra, presented in Fig 6.12 was proposed, suggesting

that Ra RNA 3 consisted of the coat protein gene from MCMV and the 3a gene from VTAV,

although the exact point of ttreir cross-over could not be predicæd.

6.5.4. Use of purifíed RNAs 3 and,4 as templates for cDNA probes.

It was considered possible that the sequences in isolate Ra RNA 3 which hybridized

with the VTAV probe may be due to contaminating nucleotide sequences from RNAs 1

and/or 2 co-migrating with Ra RNA 3 during electrophoresis. Purified RNAs 3 and 4 of

MCMV and VTAV were therefore used as templates for the synthesis of cDNA probes.

Results presented in Fig 6.13 were similar to those obtained using total viral RNAs as

templates for the probes. The Ra RNA 4 hybridized with both the MCMV probes @g 6.13a

and b), but neither of the VTAV probes (Fig 6.13c and d). The Ra RNA 3 hybridized with

both MCMV and VTAV RNA 3 cDNA probes (Fig 6.13b and d). However, the extent of

hybridization of these probes with their respective RNAs 1 and 2 wete- inconsistent with the

estimated homology between the RNAs l,2 and 3 of these viruses located at their 3' leader



Fig 6.9

Determination of RNA composition of isolate Ra by Northern hybridization

analysis using cDNA probes to (a) MCMV (b) Ra and (c) VTAV.

Fig 6.10

Comparison by Northern blot hybridization analysis of two RNA preparations of

Ra spanning a 12 month period and more than 10 passages by mechanical

inoculation.

No changes were observed in the hybridization properties of the two RNA

preparations of the virus isolate when hybridized with MCMV (panel a) and

VTAV þanel b) cDNA probes.
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Fig 6.11

Comparison of isolate Ra and TrTzM¡ by Northern hybridization analysis under

denaturing conditions.

RNAs were denatured with glyoxal, and Northern blots hybridized with MCMV

(panel a) and VTAV (panel b) cDNA probes.

Fig 6.12

Proposed RNA composition of isolate Ra based on Northern hybridization and

serological properties of the virus.

Based on the hybridization results, the RNAs 1 and 2 were concluded to be

VTAV-like. The RNA 4hybidtzed with only the MCMV probe, and together

with the serological properties showed that the coat protein gene was of MCMV

origin. It was proposed that since there was no loss of cell to cell or systemic

movement of the isolate, then the VTAV sequences present may have been from

the 3a gene (5'terminus).
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Fig 6.13

Analysis of Ra RNAs 3 and 4 by Northern hybridization.

Purified RNAs 3 and 4 of MCMV and VTAV were used as templates for cDNA

synthesis for Northern blot hybridization analysis of isolate Ra RNA 3. High

background hybridization with the homologous RNAs 1 and 2, however,

suggested that these may have contaminated the RNAs 3 and 4 preparations.

Fig 6.14

Hybridization analysis of isolate Ra using RNA 3 preparations from TtT2Ir{3 and

MrMfü as templates for cDNA synthesis.

By using these as templates for RNAs 3 and 4 sequences, it was expected that

any contaminating RNAs 1 and 2 sequences would hybridize with the MCMV or

VTAV RNAs from which they originated and thus their presence be verified.

The results confirmed that the RNA 3 preparations were contaminated by RNAs

I and2. The failure of M1M2T3 RNA 3 cDNA to hybridize with Ra RNA 3

meant that there were no detectable amounts of VTAV RNA 3 (3a gene)

sequences present in that RNA segment as proposed.
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sequences (Rezaian et a1.,1985). It was concluded that fragmentation products from the

RNAs I and 2 may have contaminated the templates. Consequently, the possibility of Ra

RNA 3 being contaminated with VTAV RNAs 1 and 2 sequences during electrophoresis

could not be overlooked.

This conclusion was subsequently supported by experiments in which the RNAs 3

were derived from the pseudorecombinants, M1M2T3 and T1T2M3. Results of Northern

blot hybridization analysis using RNA 3 from M1M2T3 as template for the cDNA is

presented in Fig 6.14b. The probe hybridized with VTAV RNAs 3 and 4 (Fig 6.14b, lane

V), MCMV RNAs 1 and 2 (Fie6.l4b,lane M) but not with Ra (Fig 6.14b hne Ra). When

RNA 3 from T1T2M3 was used, it hybridized with MCMV RNAs 3 and 4 (Frg 6.14a, lane

M), VTAV RNAs I and2 @g 6.14a, lane V) and all the RNAs of Ra @g 6.14a,lane Ra).

The previous conclusion that Ra RNA 3 consisted of MCMV and VTAV RNAs 3

sequences and the proposed genomic structure could therefore not be validated. It was,

however, necessary to determine the origin of the additional sequences responsible for the

fact that under both denaturing and non-denaturing conditions Ra RNA 3 migraæd slower in

agarose gels than MCMV RNA 3.

6.6. RNA Protection Assay With Fny-CMV cDNA clones.

Owen and Palukaitis (1988), found extensive sequence homology benveen the RNAs

3 of several CMV isolates including Fny-CMV, but not with VTAV. These results

suggested that cDNA clones of Fny-CMV RNA 3 may be useful in further characterization

of Ra RNA 3, in particular, to deærmine the point of heterogeneity, if any. It was hoped that

the RNA protection assays may show the presence of any extra nubleotides sequences

responsible for that isolate's RNA 3 being slower migrating than that of MCMV. The

sequence structrues of the cDNA clones which were used are presented in Fig 6.15. Clone

JO 103 was 1,800 nucleotides long, starting from the 3' terminus and hence encode the coat

protein gene and all but 301 nucleotides of the 3a gene. Clone JO 104 was 1,600 long and

JO 108 was 1,200 nucleotides long, both from the 3'terminus.
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6.6.1. RNA Protection assay of Ra RNA -T

RNA protection assay was done as described by V/inter et al., (1985) and modified by

Owen and Palukaitis, (1988). Results presented in Fig 6.16 were obtained by Dr R.I.B

Francki and Dr Judith Owen and show a complex pattern of protected RNAs. Fig 6.16a

shows that minus sense transcripts of clone JO 103 hybridized with the homologous RNA of

Fny-CMV (Fig 6.16a lane 1), with MCMV (Fig 6.l6alane 2) and isolate Ra (Fig 6.16a lane

4) but not with VTAV (Fig 6.16a lane 3). Isolate Ra and Fny-CMV produced simila¡

protecæd fragments which differed significantly from those of MCMV. Similarresults were

obtained when minus sense transcript of clone JO 104 (Fig 6.16b) and JO 108 (Fig 6.16c)

were used. The MCMV culture used in these assays had been sent to the Dept of Plant

Pathology, Cornell University from our laboratory two years previously. It is conceivable

that this culture may have changed through mutation, and thus differ so significantly from

isolate Ra which was derived from it.

From these results it was deduced that the 1800 nucleotides from the 3' terminus of Ra

did not contain sequences homologous to VTAV and of signifrcant size to affect the

production of protected fragments simila¡ to those by the homologous Fny-CMV. It was

therefore concluded that both the MCMV coat protein gene and at least6OVo of the 3a gene

were encoded by the RNA 3 of isolate Ra.

6.7. CONCLUSION.

The variant Ra isolated by infecting B. vulgaris with extracts from plants coinfected

with MCMV and VTAV was shown to consist of VTAV RNAs I and 2, and an RNA 3

which was initially believed to be a recombinant consisting of the coat protein gene of

MCMV and the 3a gene of VTAV. Hybridization with a cDNA probe using the RNA 3 from

the pseudorecombinant M1M2T3 as template failed to conf,rm the earlier conclusion. The

electrophoretic mobility of the RNA 3, when compared to those of MCMV and VTAV,

however, suggests that it is of a higher molecular weight than MCMV. The RNA protection

assay was considered a suitable test for heterogeneity between MCMV, VTAV and the

isolate Ra. Using these tests, it was concluded that there were significant differences



Fig 6.16

Heterogeneity assay of Ra RNA 3.

RNA protection assay comparing homologous Fny-CMV RNA (lane 1), MCMV

RNA (lane'2), VTAV RNA (lane 3) and Ra RNA (lane 4) were done using ø-
32P-labeled transcripts of cDNA clones JO 103, 104 and 108 of Fny-CMV.

isolate Ra (lane 4) showed greater homology with Fny-CMV (lane 1) than with

MCMV (lane 2)
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between MCMV and Ra which cannot be accounted for by point mutations. The origin of

the extra nucleotide sequences responsible for the differences in size and electrophoretic

mobility can only be determined by sequencing the RNA to determine its primary structure.
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CHAPTER SEVEN

APHID TRANSMISSIBILITY AS A MECHANISM FOR ISOLATING

VARIANTS FROM MIXED INFECTIONS OF MCMV AND VTAV

7.0. Introduction.

In this section, the aphid transmissibility of VTAV but not MCMV was used as a

biological method of isolating variants based on their coat protein characteristics. The

method also tested the incidence of transcapsidation in mixed infections of the two viruses.

7.1. Preliminary Experiments on Aphid transmission from leaf tissues

coinfected with MCMV and VTAV.

VTAV was passaged over several generations by aphids to enhance its aphid

transmissibility by Mr B. Chen, Dept of Plant Pathology, Waite Agricultural Research

Institute. With due regard to the relative virulence of MCMV and VTAV described in

Chapter 4, two leaves fromN. clevelandü plants infected with VTAV were combined with

one similar sized leaf from a plant infected with MCMV. The leaves werc exEacted in water

and used to mechanically inoculaæ N. clevelandü plants. Twelve days afterinoculation leaf

samples were taken from the plants and analysed by ELISA for the antigens present. Three

of the six inoculated plants were found to contain both antigens, and each was used as a

source of virus for aphid transmission. N. clevelandií plants were inoculated, using five

aphids per plant, and eight plants were inoculated using aphids from each of three plants

infected by both viruses. Controls involved aphid transmissions from plants infected with

MCMV only, and with VTAV only.

Four out of the 24 plants inoculated by aphids allowed to probe mixedly infected plants

became infected and virus isolates from these were designated isolates MVapAt+. The

remaining plants showed no symptoms of infection after 16 days and were discarded. l*,af

samples from the four infected plants were analysed by ELISA for the antigens present.

Total RNA extracts from the leaf samples were prepared for analysis by dot-blot

hybridization. I-eaf extracts from the infected plants were used to inoculate further plants
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from which virus was purified by method V. RNA extracts from the purified virus

preparations were analysed by dot-blot and Northem hybridization.

Results presented in Table 7.1 show that all the four isolates contained only VTAV

antigens, and induced VTAV-like symptoms in N. clevelandii. Results of dot-blot

hybridization analysis presented in Fig 7.1 and summarized in Table T.L show that total

RNA preparations (F1) from two of the four infected plants, isolates A¡ and A+ (Fig 7.1a

and b, spots 3 and 4) hybridized with both MCMV and VTAV cDNA probes. After one

passage through N. clevelandii (F2), however, none of the isolates hybridized significantly

with the MCMV cDNA probe (Fig 7.1a, Fz ), but all four hybridized with the VTAV cDNA

probe (Fig 7.1b F2).

Results of Northern blot hybridization analysis presented in Fig 7.2 show that the

RNA 3 of one of the isolates, MVapAr, hybridized wittr both the MCMV and VTAV probes

(Ftg7.2a and b lane A:). It was observed that there was no RNA 4 present, and as no

MCMV antigen was present, the origin of the MCMV sequences i.e. whether from RNAI,

or 2 (degradation products) or RNA 3 remained obscure. Isolate MVapAr was also

characterised by poor infectivity and low virus yields. Isolates MVapAt, Az and A¿

hybridized with only the VTAV cDNA probe and were therefore concluded to be VTAV

isolates.

Of the 24 plants inoculaæd with aphids fromplants infected by VTAV alone,3 became

infected. However, none of the24 plants inoculated with aphids from plants infected with

MCMV alone were infected. To confirm that M persicae was unable to transmit MCMV, a

further56plantswereeachinoculatedwith 15 aphids. Noneof thembecameinfecæd.

In a second similar experiment also with 5 aphids per plant, three out of 100 inoculated

N. clevelandü became infected. Results presented in Table 7.2 show that when leaf extracts

from the three isolates designated MVap Bt, Bz and B¡ were analysed by ELISA, only

VTAV antigens were detected. All the three isolates induced VTAV-like symptoms.

Total leaf RNA extracts were analysed by dot-blot hybridization analysis. Results

presented in Fig 7.3a and b and summarized in Table 7.2 show that isolates MVapBt and Bz

hybridized with both MCMV and VTAV cDNA probes (Fig 7.3a and b, spots 1 and 2), but

that isolate MVapB: hybridized only with the VTAV cDNA probe (Fig 7.3a and b, spot 3).
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Table 7.1.
Aphid Transmission Experiment A: Biological Characterization of Isolaæs MVapAt, Az, Al
and A¿

Isolate
MVapA

Symptoms
induced

Antigens
detectedr

RNA sequences
deæcted2

VTAV-like WAVonly WAVonly

VTAV-like WAVonly WAVonly

VTAV-like WAVonly WAV+MCMV

VTAV-like WAVonly WAV+MCIvIV
lAntigens presentwere detected by ELISA
2RNA sequences present in total leaf RNAs were detecæd by dot-blot hybridization analysis.

Table7.2

Aphid transmission experiment B: biological characærization of isolates MVapBl, 2 and3.

1

2

3

4

Isolate
MVapB

Symptoms
induced

Antigens
detectedl

RNA sequences
detected2

1

2

VTAV-like WAVonly MO¿IV+VTAV

VTAV-like VTAV only MCTvIV+WAV

VTAV-like VTAVonly VTAVonly3
lAntigens present were detected by ELISA
2RNA sequences present were determined by dot blot hybridization analysis.



Fig 7.1

Virus-specifrc RNA composition of aphid transmitted isolaæs MVapAt+.

Total infected leaf RNA extracts (F1) and viral RNAs obtained after a single

passage by mechanical inoculation of N. clevelandü plants (F2) were analysed by

dot-blot hybridization. Total leaf RNA extracts were used at 50ng per spot and

RNA from purified virus was at 20ng per spot. MCMV and VTAV positive

controls were used at the concentrations shown in the central panel. Isolates

MVap A1 (spot 1) and A2 (spot 2) hybridized with only the VTAV probe.

Isolate MVapA3 and A4 (spots 3 and 4) hybridized with both MCMV(panel a)

and VTAV (panel b) probes when the total leaf RNAs were used (F1) but not

when the viral RNAs were used (F2).

Fig7.2

Northern hybridization analysis of aphid transmitted isolates MVapAl-4.

RNA extracts of virus purified from N. clevelandü plants inoculated with leaf

extracts from aphid transmitted plants were used. Isolates MVapAt, Az, and A+

(lanes Al, A2 and A4) hybridized with only the VTAV cDNA probe (panet b).

All the RNAs of isolate MVapAr (lane A3) hybridized with the VTAV cDNA

probe. Ilowever, the MCMV probe also hybridized with the RNA 3 of isolate

MVapA: (lane 43, panel a) The origin and possible significance of the

uncharacteristic hybridizaion between RNAs 3 and 4 remained uncertain.
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Leaf extracts from infected plants were used to inoculate further plants. Virus was

purified from these by method V, and RNA extracts from the purif,red virus preparations

were analysed by dot-blot and Northern hybridization.

Results of dot-blot hybridization analysis of RNA from purifred virus pre sented in Fig

7.3c show that the MCMV cDNA probe did not hybridize with any of the isolates. The three

isolates, however, hybridized with the VTAV probe (Fig 7.3d). Results of Northern

hybridization analysis of isolates MVapBt-t presented in Fig 7.4 also show that the MCMV

cDNA probe did not hybridize any of the three isolates (Fig7.a a lanes Br to Br). The

VTAV probe on the other hand, hybridized with all the RNAs of the three isolates (Fig 7.4b,

lanes Bt-Br).

It appears from the results that MCMV RNA sequences werc transcapsidated in VTAV

coat protein and thus transmitted by the aphids. However, after one passage by mechanical

inoculation, the MCMV sequences in all but one of the seven isolates (isolate MVapAr) were

lost. Further work on the MCMV RNA sequences apparently present in plants infected by

the aphids required RNA from purified virus preparations. This was, however, precluded

because the MCMV sequences were eliminated during a single passage of mechanical

transmission. This suggests that the aphids transmitted the complete VTAV genome in

addition to particles containing MCMV RNA segments or parts thereof.

7.2. Single aphid transmissions from Plants fnfected With MCMV and

VTAV.

Based on the above results, it was considered that the use of single aphids might

reduce the extent of heterogeneity of the virus populations transmitted. By using single

aphids and presumably reducing the number of particles initiating infection, it was expected

that more homogeneous virus isolates would be obtained.

The experimental procedure was as previously described, except that one aphid was

used to inoculate each plant. Three such independent experiments were done (experiments

MVapC, D and E). Method M was used to purify those isolates in which MCMV antigens

only, or both MCMV and VTAV antigens were detected, and Method V for those in which
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only VTAV antigens were detected" RNA extracted from purified virus was further analyzed

by Northem blot hybridization.

7.2.1. Characterízatíon of isolates MVap Ct-0.

In experiment MVap C, nine of the 100 plants inoculated became infected. Results of

analysis of leaf extracts of the nine isolates are presented in Table 7.3. Eight of the nine

isolates (designated virus isolates MVap Ct-a) showed VTAV-like symptoms, and only

VTAV antigens were detected when extracts of leaf tissues from these were analysed by

ELISA. One plant showed MCMV-tike symptoms, and only MCMV antigens were

deæcted.

Results of dot-blot hybridization analysis of total leaf RNA extracts presented in Fig

7.5a and b and summarized in Table 7.3 show that 4 of the nine isolates, MVApCz,C: Co

and Cs contained both MCMV and VTAV RNA sequences (Fig 7.5a and b spots 2, 3, 6

and.9). Five isolates, MVap C1, C4, Cs, Cz and Cs contained only VTAV RNA sequences.

Isolate MVapCe which hybridized with both MCMV and VTAV cDNA probes was

lost during the attempt to passage it for virus purification. Results of Northern hybridization

analysis of RNA from virus preparations obtained after one mechanical passage of the

remaining eight isolates are presented in Fig 7.6. The MCMV cDNA probe hybridized with

all the four RNAs of isolate MVapCl (Fig 7.6a lane Cs) but to none of the RNA segments of

the other isolates. When VTAV cDNA was used to analyse the isolates, the RNAs of all

except isolate MVapCe hybridized with that probe @g 7.6b,lanes Cr-s, CT and Cs). These

were thought to be VTAV isolates. However, it was concluded that isolate MVapCe was a

variant of MCMV which, unlike the parental strain, was aphid transmissible. The aphid

transmissibility of isolate MVapCl was confirmed by three subsequent aphid transmission

passages using single aphids, resulting in U20,ll20 and U25 infected out of total numbers

of plants inoculated.

7 .2.2. C hnrac terízatio n of I s o late s MV apD t -s.

In experiment MVapD, three of the 100 plants became infected. All three isolates,

designated MVapDt-r showed MCMV-like symptoms, and results of serological tests
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Table 7.3.
Aphid transmission experiment C: cha¡acterization of isolates MVapCt-e

Isolate
MVapC

Symptoms
induced

Antigens
detectedl

RNA sequences
detected2

1

2

3

4

5

6

VTAV-like

VTAV-like

VTAV-like

WAV-liko

VTAV-like

WAV-like

WAV-litG

VTAV-like

MCMV-like

VTAV only VTAV only

WAVonly MCMV+WAV

WAVonly MCMV+WAV

VTAVonly VTAVonly

VTAVonly VTAVonly

WAVonly MCMV+WAV

VTAVonly VTAVonly

VTAVonly VTAV only

MCMVonly MCMV+WAV

7

8

9

lAntigens prcsent were detected by ELISA.

2RNA sequences present were detected by dot blot hybridization analysis.



Fig 7.3

Virus specific RNA composition of aphid transmitted isolates MVapBl-3.

Total leaf RNA extracts (F1) and viral RNA extracts obtained after a single

passage by mechanical inoculation of N. clevelandií plants (F2) were analysed by

dot-blot hybridization using MCMV and VTAV cDNA probes. Isolates MVapBl

arñ82 total leaf extracts hybridized with both MCMV (a) and VTAV (b) cDNA

probes (spots B1 and 82 panels a and b) while MVapB: hybridized with only the

VTAV probe (spot B3 panel b). After a single passage through N. clevelandii,

all three isolates hybridized with VTAV (spots 81, B2 and 83 panel d) but not

the MCMV probe (panel c). MCMV and VTAV positive controls were at 20ng,

2ngO.2 ng and 0.02ng per spot as shown on central panel.

Fig7.4

RNA composition of isolates MVapBl-3

RNA extracts of virus purified from N. clevelandü plants inoculated with leaf extracts from

plants inoculated with virus transmitted by aphids were used in Northern blot hybridization

analysis. All three isolates (lanes BI,B2 and 83) hybridized with the VTAV

probe þanel b) but not the MCMV probe (panel a).
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presented in Table 7.4 show that only MCMV antigens were detected in plants infected by all

three isolaæs . Dot-blot hybridization results presented in Fig 7.7, and summarized in Table

7.4 show that isolate MVapDt hybridized with both MCMV and VTAV cDNA probes,

though more strongly with the former than the latter. Isolate MVapDz and D¡ hybridized

with only the MCMV cDNA probe. However, unlike isolate MVapCl, I was able to

transmit only one of these isolaæs (MVapDt) by aphids, as shown in Table 7.5.

Results of Northern hybridization analysis of RNA from virus preparations obtained

after one mechanical passage of the isolates presented in Fig 7.8a show that all the three

isolates hybridized with the MCMV cDNA probe (Fig 7.8a lanes Dt-D:), but not with the

VTAV probe (Fig 7.8b).

The symptoms induced by isolates MVapCs, Dt, Dz and D¡ were compared in

different host species. Results presented in Table 7.6 show that all the four isolates induced

MCMV-like symptoms in all the host species tested. They also infected Cucwnis satívus

systemically. Thus, the aphid transmissibilty of isolates MVapCr and Dt did not result in

changes in the biological properties tested.

7 .2.3. C harac terizati o n of is ol ate s MV ap E t - t o.

In experiment MVapE, 10 out of 119 plants inoculated, each with a single aphid,

became infected. Results presented in Table 7.7 show that nine of the isolates, designated

MVapEt-1, induced VTAV-like symptoms, and one (isolate MVapEto) induced MCMV-like

symptoms. Serological analysis of leaf extracts showed two isolates (MVapEz and Ero)

contained only MCMV antigens, and the rest, VTAV antigens. Results of dot-blot

hybridization analysis of total leaf RNA presented in Fig 7.9 and summa¡ized in Table 7.7

show seven isolates hybridized to only VTAV cDNA probe and 3 isolates (MVap Er, E8 and

Eto), hybridized with both MCMV and VTAV probes.

One of the aphid transmitted isolates in this experiment, isolate MVapEro was lost in

the attempt to passage it for virus purification. This isolate had only MCMV antigen and

induced MCMV-like symptoms inN. clevelandii. The other nine isolates were successfully

passaged and RNA obtained from purified virus preparations used for further analysis.



Fig 7.5

Virus specific RNA composition of aphid transmitted virus isolates MVapCt-1.

Total leaf RNA extracts were analysed by dot-blot hybridization. Isolates

MVapCz, C¡, Co and Cs (spots 2,3, 6, and 9) hybridised with both MCMV

(panel a) and VTAV (panel b) cDNA probes. Isolates MVapCt, C4, Cs, Cz and

Ca (spots L, 4, 5,7 and 8) hybridized with only the VTAV probe (panel b).

MCMV and VTAV positive controls were at the amounts indicated in the central

panel.

Fig7.6

RNA composition of aphid transmitted isolates MVapCt-s and Cz-s.

RNA extracts of virus purified from N. clevelandü plants inoculated with leaf extracts from

plants inoculated with virus transmitted by aphids were used in Northern blot hybridization

analysis. A1l the isolates MVapCt-s, Cz and Ct (lanes C1-5, C7 and C8)

hybridized with only the VTAV cDNA probe (panel b). Isolate MVapCr (lane

C9) hybridized with only the MCMV probe (panel b). Isolate MVapCo was lost

during the attempt to propagate it by mechanical inoculation of N. clevelandii.

The origin and possible significance of the uncharacteristic hybridizalon between

RNAs 3 and 4 of isolates MVapCLs, C7 and Cs, but not Cs remained uncertain.
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Table7.4.
Aphid Transmission Experiment D: Characærization of Isolaæs MVapDt-r.

Isolate
MVapD

Symptoms
induced

Antigens
detectedl

RNA sequences
detected2

1

2

3

MCMV-like

MCMV-like

MCMV-like

MCMV only MCMV+WAV

MCMV only MCMV+WAV

MCMV only MCIvÎV (+VTAV?)

lAntigens present were detected by ELISA
2RNA sequences prcsent were detected by dot blot hybrydization analysis using MCMV and
VTAV cDNA probes.

Table 7.5.
Aphid Transmission Cha¡acteristics of Isolates MVapDt, Dz and Dr.

Isolate
MVapD

Infection Ratel
Experiment 12 Experiment 23

0/10

0/10 0ls2

0/10 0ls4

llnfection rate defined as the number of plants infected (numerator) out of total inoculated
(denominator).

2In experiment 1, each plant was inoculated with 15 aphids.

3In experiment 2, each plant was inoculated with 4 aphids.

rls61

2

3



Fig7.7

Virus specifrc RNA composition of aphid transmitted isolates MVapDt-r.

Total leaf RNA extracts were analysed by dot-blot hybridization. Isolates

MVapDt (spot 1) hybridized with both MCMV (panel a) and VTAV (panel b)

cDNA probes. However, isolates MVapDz and D¡ (spots 2 and 3) hybridized

with only the MCMVprobe þanel a). MCMV andVTAVpositive controls were

at the amounts indicated per spot.

Fig 7.8

RNA composition of virus isolates MVapDt-:.

RNA extracts of virus purified from N. clevelandii plants inoculated with leaf extracts from

plants inoculated with virus transmitted by aphids were used in Northern blot hybridization

analysis. All three isolates (lanes DL, DZ and D3) consisted of RNAs with

electrophoretic migration similar to MCMV and hybridised with the MCMV

þanel a) butnotthe VTAV (panel b) cDNAprobe.
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Table 7.6.

Effect of isolates MVapCe, Dt, Dz and D¡ on a number of plant hosts

N. glutinosa Systemic yellow
mosalc

N. clevelandií Systemic yellow
mos¿uc

C. sativus Chlorotic local
lesions on

inoculated leaves
and systemic mosaic

G. globosa Chlorotic local
lesions on

inoculated leaves
and severe systemic

yellow mosaic

B.vulgarís Chlorotic local
no systemic

lnvas10n.

Symptoms inducedl by
VIAV

Systemic mosaic
and leaf distortion

Syatemic mosaic
and leaf distortion

Not infected2

Notinfected2

Purple local
no systemic

lnvaslon.

Plant species
tested MCMV MVapCt MVapDt MVapDz MVapDg

MCMV-like MCMV-like MCMV-like MCMV-like

MCMV-like MCMV-like MCMV-like MCMV-like

MCMV-like MCMV-like MCMV-like MCMV-like

MCMV-like MCMV-like MCMV-like MCMV-like

MCMV-like MCMV-like MCI¡tV-like MCMV-like

1 Symptoms induced were recordú,12-14 days after inoculation.
2 Systemic leaf extracts were analysed by ELISA to determine if there were any antigens present.

96
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Table7.7.

Aphid transmission experiment E: characterization of isolates MVapEl-9

Isolate
MVapE

Symptoms
induced

Antigens
detectedl

RNA sequences
detecæd2

VTAV-like WAVonly MCMV+WAV

VTAV-like VTAVonly WAVonly

WAV-like WAVonly WAVonly

VTAV-like WAVonly WAVonly

VTAV-like WAVonly WAVonly

WAV-like VTAV only VTAV only

WAV-like MCMV(+WAV?)r MClvtV+WAV

VTAV-like WAVonly WAVonly

VTAV-like WAVonly WAVonly

10 MClvtv-like MCMVonly MCMV+WAV

lAntigens present were detected by ELISA.

2RNA sequences present were detected by dot blot hybridization analysis using MCMV and
VTAV cDNA probes.

3Even though there was no VTAV antigen was detected in extracts of the plant infected by
the aphid, subsequent passaging revealed the presence of VTAV antigen. After a single
passage by mechanical inoculation, no MCMV antigen was detected, and when the RNA
extract was analysed, no MCMV RNA 3 was present even when method M was used to
purify the virus isolate.

1

2

3

4

5

6

7

8

9



Fig7.9

Virus specific RNA compositon of aphid transmitted isolaæs MVapEt-to.

Total leaf RNA exffacts were analysed by dot-blot hybridization. Isolates

MVapEt, Es and Eto (spots 1., 8 and 10) hybridized with both MCMV (panel a)

and VTAV (panel b) cDNA probes. The remaining seven isolates hybridized

with only the VTAV probe (spots 2;3, 4,5, 6,7 and 9, panel b). Uninfected leaf

total RNA extracts were at 100, 40, 10, 1 and 0.1 ng, while MCMV and VTAV

positive controls rlere at 50,20,5, 0.5 and 0.05ng per spot.

Fig 7.10

RNA composition of aphid transmitted virus isolates MVapEt-1.

RNA extracts of virus purified from N. clevelandü plants inoculated with leaf extracts from

plants inoculated with virus transmitted by aphids were used in Northern blot hybridization

analysis. Isolate MVapEto was lost during the attempt to propagate it in N.

clevelandií - after using all the available leaf material no infection of the inoculated

plants occured. The remaining nine isolates all hybridized with the VTAV þanel

b) but not the MCMV (panel a) probe.The origin and possible significance of the

uncharacteristic hybridi-zationbetween RNAs 3 and 4 remained unlinown.
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Results of Northern hybridization analysis presented in Fig 7.10a and b for MCMV

and VTAV cDNA probes respectively show that all the isolates hybridized with VTAV

cDNA probe, but not the MCMV probe. It was concluded that 9 of the 10 isolates obtained

in this experimentwere VTAV isolates.

7.4. Conclusions.

In the first two experiments described, four out of the seven infected plants contained

both MCMV and VTAV RNA sequences. The attempt to passage these isolates so that RNA

obtained from purified virus could be further characterized resulted in the loss of the MCMV

sequences in most of them. In one isolate, MVapAt, the MCMV RNA persisted but though

its migration was like that of the RNA 3 of MCMV, the absence of an RNA 4 made its

cha¡acterization inconclusive since it could very well have been fragmentation product of

MCMV RNA 1 or 2.

Thus, it seems that both MCMV and VTAV RNA sequences were transmitted by the

aphids. However, the MCMV RNAs were lost during passaging. It is possible that the dot-

btot hybridization analysis on which these conclusions are based may be less specific than

expected, and that some of the reactions may only have been high background acúvities. It

is worth noting, however, that neither of the cDNA probes hybridized with the total RNAs

from uninfected host plants, and that heterologous activity was only at the level of 50ng of

RNA per spot, if any. The confrrmed presence of MCMV RNA sequences by Northern blot

might suggest that the results of the dot-blots could very well be a true representation of the

viral RNAs present in the infected plants.

In the last th¡ee experiments, ten out of 22 isolates obtained contained both MCMV and

VTAV RNA sequences. In most of these isolates the MCMV RNAs were subsequently

eliminated during passaging by mechanical inoculation. Two isolates, MVapCs and

MVapDt appear to be mutant strains of MCMV which are aphid transmissible. The aphid

transmissibility of these two isolates did not appe¿ìr to have changed any of the other

biological or biophysical properties tested. Two other isolates, MVapDz and D¡ appear ro

have been the result of transcapsidation of the compleæ MCMV genome.
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CHAPTER EIGHT

GENERAL DISCUSSION AND CONCLUSIONS.

8.1. MCMV and VTAV as a Model for Studying Interactions Between

RNA Plant Viruses

The choice of MCMV and VTAV for studying mixed infections of RNA plant viruses

was based primarily on the differences in the symptoms induced by the two viruses and the

aphid transmission of VTAV but not MCMV. A third consideration was the finding by Rao

and Francki (1981) that only the RNA 3 of CMV and TAV can be exchanged to produce

viable pseudorecombinants. This limited compatibility, it was thought, would reduce the

number of different viable reassortants and recombinants, and allow for ease of

characæization.

Results of experiments reported in this thesis show that MCMV and VTAV do not

cross-protect against each other if the primary and challenge inoculations are within three

days. The two viruses not only coinfect a variety of common host species, but such

infections persist during passage by mechanical inoculation. These results thus represent the

filst report of coinfections of CMV and TAV. It was also shown that MCMV appeared to

replicate, multþly and migrate systemically slightly faster than VTAV. However, the

impression that MCMV also dominated symptom expression may be due to the more

dramatic natule of the yellow systemic mosaic symptoms induced by that virus.

My experiments also showed that in mixed infections of MCMV and VTAV and their

pseudorecombinants, i.e. MCMV + T1T2M3 and VTAV + MtMrT3, the heterologous RNAs

1 and 2 replicated, multiplied and wer€ encapsidated along with the homologous RNAs 1

and2. These results support the note of caution sounded by Dodds et al., (1985) that many

studies of cross-protection do not add¡ess the question of latent replication and multiplication

of the challenge virus.

The biophysical and biological differences between MCMV and VTAV were used as

the basis for methods developed for their independent detection and analysis in mixed
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infections. Specific antisera to the two viruses were used in ELISA to independently detect

each antigen in mixed infections. Differences in symptomatology were used in limited

characterization of virus isolates derived from mixed infections. The absence of significant

levels of nucleotide sequence homology together with the differences in electrophoretic

mobility of their RNA segments were utilised in dot-blot and Northern btot hybridization

analysis. By these methods, it was possible to determine the virus-specific RNA

compositon of mixed infections of the two viruses. During attempts to determine the finer

details of the RNA structure of various isolates it became obvious that these methods were

inadequate. It is possible that the use of cDNA clones of MCMV and VTAV RNAs as

templates for the synthesis of cDNA probes would have provided better tools for more

detailed analysis. Such probes with known sequences could have been used in RNA

protection assays which would not only have provided information on the extent of

homology but also the point of heterogeneity, if any. Some of the variants, however,

possessed characteristics which could only have been resolved conclusively by nucleotide

sequencing of their RNAs.

8.2. Isolation of variants.

Based on the observed differences between MCMV and VTAV, three methods were

developed fu use in attempts to isolate variants from mixed infections.

The fint method was based on the differential effects of the vinrs purification methods.

The VTAV method of purification was effective in removing practically all virus particles

encapsidated in MCMV coat protein. The MCMV method on the other hand was not

effective in removing all panicles encapsidaæd in VTAV coat protein. These methods were

therefore supplemented with precipitation with specific antisera which successfully removed

all traces of the contaminating virus.

In general, the method was considered to be of limited value. However, using virus

preparations from mixedly infected leaf tissue, a virus isolate was obtained which by its

RNA compositon provided evidence that transcapsidation may have occurred in these

infections.
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The second method devised for isolating variants u¡as based on the morphological

differences observed in the lesions induced by MCMV and VTAV in Beta vulgaris. The

main disadvantage of this method was that the plant species used was more susceptible to

infection by MCMV than by VTAV. Consequently, VTAV induced fewer local lesions and

infectious virus could not be recovered from most of them. Rao (1982) and Marchoux et

aI., (1974a, 1974b) showed that lesion types produced by cucumoviruses in several plants

were conrrolled by the RNA 3 alone or in combination with the RNA 2. It is possible that

the greaær susceptibility of this host plant to MCMV may have been responsible for the fact

that all the virus isolates obtained from local lesions lnB.vulgaris possessed MCMV RNA

3. However, the attempts to frnd host species equally susceptible to both viruses, or more

susceptible to VTAV than to MCMV werÞ unsuccessful.

The third methd developed was based on the the aphid transmissibility of VTAV but

not MCMV. Using the aphid M. persícac, attempts were made to selectively transmit virus

and virus variants encapsidated in VTAV coat protein from coinfected tissue. Of the three

methods devised, this was the one of most relevance to the behaviour of the viruses as in

natur€ their transmission is dependent on insect voctorl¡.

8.3. Variants obtained from coinfected leaf tissues.

Using a combination of the differential effects of virus purification methods and

differences in the appearance of lesions induced, five virus isolates were obtained, three of

which were characterised in some detail. Isolates MVLBT and Bz contained only MCMV

antigens, and atl of their RNAs hybridised with MCMV cDNA probe, and like MCMV,

systemically infected C. sativus. However, both isolates induced VTAV-like symptoms in

Nicotiana species. It was further shown that after two passages by mechanical inoculation

through C. sativus, both isolates became MCMV-tike in the symptoms induced inNicotiana

species, even though no such changes had occurred through more than three years of

mechanical passaging in that plant. Northern blot hybridization analysis using both

denatured and non-denatured RNAs, however, failed to detect any VTAV RNA segments in

the two isolates, and VTAV RNA sequences were detected only by dot-blot hybridization

analysis prior to passage through C. sativus. The results suggested that in addition to
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whichever sequences were rcsponsible for the VTAV-like symptoms induced, the complete

MCMV genome was present, and thatpassaging through C. satívw resulted in the filtering-

out of the "VTAV-like" RNA sequences and loss of the uncharacteristic symptoms in N.

glutinosa.. Alærnately, these isolates may represent mutants which when passaged through

C. sativus reverted to typical MCMV. Further analysis of these isolates by more refined

methods may show the location of the RNA sequences responsible for the severe yellow

chlorosis induced by MCMV \n Nicotiana species. RNA protection assays with cDNA

clones of MCMV and VTAV RNAs 1 and 2 will give information as to the location of the

site(s) of heterogeneity, the primary base sequence of which can then be determined

Another isolate obtained by these methods, isolate VMLBI, was shown to consist of

VTAV RNAs 1 and 2 and MCMV RNA 3. This isolate represents the f,ust report of an in

vivo pseudorecombinant between two members of a virus group which showed less than

5% RNA sequence homology (Gonda and Symons, 1978), and very remote serological

relationship (Rao et a1., 1982). It is suggested that isolate VMLBT arose from

transcapsidated MCMV RNA 3 present in such low concentration that it was not detected in

virus preparation V in the experiments described in Chapter 5. When B. vulgarís plants

were inoculated with this virus preparation, the MCMV RNA 3, more competitive that its

VTAV counterpart, replicated and multiplied and competitively encapsidaæd VTAV RNAs 1

and 2. The fact that the plant species used was more susceptible to MCMV than VTAV,

would have placed the MCMV RNA 3 at a further advantage. Isolate VMLBT was further

characterised by its ability to sysæmically infect Gomplvena globosa, a plant species which

is not susceptible to VTAV or the pseudorecombinant T1T2M3. Using more refined

methods including nucleotide sequencing, it may be possible to determine why VMLBT

RNA 2 is unstable, and whether this has any bearing on its ability to infect G. globosa.

One isolate , VMLA3, which hybridized strongly with VTAV cDNA probes in dot-blot

analysis, failed to hybridize with that probe in Northern blot analysis. Hybridization

artifacts such as this have been encountered by other workers (eg P. Palukaitis, personal

communication). It is suggested that such artifacts may be associated with terminal loop

structures of the test RNAs which by steric hindrance, prevent the probe from hybridizing

with them.
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Using the local lesion method alone, a virus isolate, Ra, was obtained whose genome

was composed of VTAV RNAs 1 and 2 and an RNA 3 which consisted of the coat protein

gene and at least 6O7o of the 3a gene of MCMV. Isolate Ra was of parricular interest not

only because it is a pseudorecombinant, but also because it possessed an RNA 3 which was

shown to be slower migrating in agarose gels than MCMV RNA 3 and yet faster than VTAV

RNA 3. It was at first thought that Ra RNA 3 was a recombinant consisting of VTAV 3a

gene and MCMV coat protein gene. However, rigorous tests failed to show the presence of

the expected VTAV RNA sequences. It was concluded that the VTAV sequences detected

were probably degradation products of its RNAs 1 and 2 comigrating with the RNA 3.

Indeed, Gould and Symons (1977) reported contamination of RNA 3 preparations by

degradation products of RNAs I and 2 comigrating with the RNA 3.

The RNA 3 of isolate Ra could also be a mutant MCMV RNA 3 present with other

RNA 3 populations in in a mixture analogous to the "extremely heterogeneous mixture"

described by Domingo et a1., (1985) and which may have been selected for in the local

lesion host Garcia-Arenal et al., (1984) described the presence of genetically heterogeneous

mutants in "pure" cultures of TMV. The presence of these mutants was thought to have

been due, among other considerations, to the high raæ of transcriptional infidelity known

to occur during RNA synthesis and which results in a heterogeneous viral RNA population

but with one predominant genotype. Whether Ra RNA 3 is a mutant or a recombinant, the

origin and/or natrre of the extra nucleotides accounting for its being larger than MCMV

RNA 3 will be of some interest. This can only be determined by nucleotide sequencing of

the RNA.

Using the selective transmission by M. persicae, 12 out of the 29 virus isolates

obtained appeared to have contained both MCMV and VTAV RNA sequences. Most of

these isolates were subsequently shown to consist of the complete VTAV genome together

with some MCMV RNA sequences, which were eliminated during a single mechanical

passage through N. clevelandii.

One isolate, MVapA3, (Fig 7.2) was obtained whose RNAs 1 to 4 hybridized with a

VTAV cDNA probe and its coat protein was identified as that of VTAV. Ilowever, its RNA

3 but not RNA 4, also hybridized with MCMV cDNA probe, but no MCMV antigen could
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be detected in leaf extracts or virus prcparations. It seems unlikely that the isolate contained

both MCMV and VTAV RNAs 3. This is because as shown in Chapter 4, MCMV RNA 3 is

very competitive and, alone, will not only survive but sometimes exclude the VTAV RNA 3

in mixed infections of VTAV and T1T2M3. Further characterization of this isolate would

require cDNA clones of MCMV RNAs 1,2 and 3, for use in RNA protection assays which

would determine the origin of the MCMV RNA sequences detected in Northern blot

analysis. Analysis with VTAV RNA 3 clones would show whether intact VTAV RNA 3

was present.

Two isolates, MVapD2 and D3, which were subsequently shown to be aphid non-

transmissible, provide evidence of üanscapsidation occurring in mixed infections of MCMV

and VTAV. These isolates which contained the complete genome of MCMV, must have

been encapsidated in VTAV coat protein which enabled their transmission by the aphids. In

contrast, isolates MVapCe and MVapDt were able to be further passaged by aphid

transmission. It was concluded that since these do not appear to contain any VTAV

sequences, their aphid transmissibility may have been due to mutation which conferred that

property on them. MCMV is a mutant isolate from Price's No 6 strain of CMV (Mossop et

aJ., L976). and consequently, there appears to have been a back-mutation leading to the vims

re-acquiring the previously lost aphid transmission property. Badami (1958) described the

loss of transmissibility by Myzus persicae, but not M. ascalonicus or Aphis gossypii, of an

isolate of CMV from spinach. The loss occurred during propagation in conditions in which

other snains remained aphid transmissible. It is therefore possible that such a mutation may

have occurred to produce isolates MVapCe and Dt.

Aphid transmissibility has been associated with the RNA 3 of the cucumoviruses

(Mossop and Francki, L977). B. Chen and R.I.B. Francki (personal communication) have

demonstrated by in vitro transcapsidation that when the coat protein of aphid transmissible

TAV was used to encapsidate MCMV or TMV RNAs, these could subsequently be

transmitted by the aphid Myzus persícae probing through a membrane. Isolates MVapCl

and Dt, which are aphid transmissible may therefore provide information on the location of

the amino acid sequences in the coat protein which may affect aphid transmissibility of the

cucumoviruses. Comparison of MCMV and the aphid non-transmissible isolates MVapDz
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and D3 with isolates MVapCs and Dt by RNA protection assay may locate the site of

heterogeneity, if any. The exact sequence changes responsible for the aphid transmisibility

can then be determined by direct RNA sequncing across the points of heterogeneity using

appropriate oligo-nucleotide primers.

8.4. The Changing World of Cucumber Mosaic Virus.

CMV has been described as being one of the most cosmopolitan of plant viruses

(Francki et al., 1979; Douine et al., 1979). The reason for this stems from the extremely

wide range of plant species susceptible to the many strains of CMV. Price (1940) repoted

that CMV had been detected in 200 plant species in 40 families. Thornberry (1966) drew up

alistof 307 susceptibleplantspecies inl74 genera andS2families. Douineetal., (1979)

found in a world wide survey that CMV infect 750 plant species in 365 genera and 85

families. More significang however, is the fact that every host range survey over the last 40

years has found increasing numbers of plant species susceptible to cucumovirus infection. It

would seem that CMV is being detected in plant species previously unknown, and in new

geographic locations. For example, CMV was extremely rare in South Australia twenty

years ago, and yet today the virus has assumed increasing economic importance in lupins

(Alberts et al., 1985) and appears to be moving into other crops as well (R.I.B. Francki,

personal communication).

These "increases" in host range, geographic distribution and variability of the virus

may be attributed to several reasons. Firstly, there has been an increasing interest in plant

virus research, involving more workers in different parts of the world than ever before. The

recognition of the economic inportance of plant virus diseases is the main reason for this

interest. Secondly, improved methods of diagnosis have made it possible to detect viruses in

small amounts of every type of plant tissue. These methods also make it possible to

characterize virus isolates and strains quickly and accurately. Thirdly, improved and rapid

means of travel has compounded disease spread, through the exchange of infected planting

stocks and seed, thereby introducing new, susceptible plant species and./or vi¡uses to new

geographic locations. Notwithstanding these factors, the question has been asked: Do

molecular interactions in mixed infections of plant viruses result in genomic variability , and
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therefore, host range? The cucumoviruses by their very description as one of the most

cosmopolitan RNA plant viruses, were a very suitable and relevant model for the study.

However, though pseudorecombination and transcapsidation have been demonstrated in

theser studies with these two cucumoviruses, the fundamental question remains: what is the

role of these mechanisms in the evolution of the virus?
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