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XII
SUMMARY

The morphology of Sonchus yellow net virus (SYNV) has been
studied by electron microscopy in both negative stained and ultrathin
sectioned samples. Depending on the stain, bullet-shaped or
bacilliform particles could be observed. However, the incubation of L
grids containing ‘the samples - with anti-SYNV antiserum prior to
.hegative Staining preserved the integral bacilliform morphology of the
virus particles. ,

The yield of the virus during the purification-steps was
estimated by enzyme-~linked immunosorbent assay (ELISA). The loss of
the virus, using the standard procedure for purification was about
24%. ‘

Systemic movement of SYNV to leaves and roots was fifst
detected by protein immunoblotting and ELISA 24 h after mechanical
inoculation. Virus levels rose to a maximum ten days after
inoculation: the highest levels, between 4.0 and 7.3 pg/g tissue, were
in leaves which were not yet fully expanded. Electron microscopy of
tissue sections revealed that when the virus content of tissues was
greatest, virtually all leaf and root cells were infected. Most of
the virions were in the perinuclear space, with only a few scattered
particles in the cytoplasm. Nuclei contained 1large viroplasms
associated with viral nubleocaPSids, the matrix of these viroplasms
reacted strongly to anti-SYNV antiserum in immunogold 1labelling
experiments. Between 10 and 20 days after inoculation, levels of
virus antigen and viral RFA fell to about 20% of their maximum. By 20
days after.inoculation. no more than 10% of cells contained virus
particles and almost all the virions were within the cytoplasm.
Virions were almost never observed in most tissues of plants ihfected
for longer than 60 days. These results suggest that SYNV spreads
systemically until most or all cells are infected. The plants them -

undergo a recovery phase during which virions disappear from the

- nuclei of infected cells and vesiculate into the cytoplasm. -

The effects of SYNV on the nucleus, chloroplasts,

mitochondria, endoplasmic reticulum, plasma membranes and the cell
valls in mechanically inoculated N. edwardsonii vere studied at
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varioue times after inoculation. Immunogold labelling was used to
localize the viral protein(s) in infected cells.

Dﬁring the acute phase of the virus infection, nuclei showed
obvious abnormalities, most strikingly, the development of nuclear
viroplasms containing viral nucleocapsids and granular or fibrillar
matrix. The association of the nucleocapsids with viroplasms and the
st;ong reaction, in immunogold 1labelling experiments, of gold
particles to these viroplasms suggestbthat viroplasms are the sites of
nucléocapsid assembly. ‘

Chloroplasts of infected <cells exhibited a number of
ultrastructural abnormalities. | In immunogold labelling experiments,
antiserum to purified SYRV bound extensively to the thylakoids and
stroma of chloroplasts from infected cells at all stages of infectionm,
- but not to the vesicles or inclusion bodies. Mitochondria of infected
cells also exhibited a number of ultrastructural abnormalities.
Neither nucleocapsids nor virus particles were dbserved in association
with diseased mitochondria and in immunogold labelling experiments, no
label was bound to mitochondria. Changes in the endoplasmic reticulum
(ER) network were observed. Nucleocapsids and virus particle were
associated with this ER.

Infected cells showed alteration in the plasma membranes
'including the formation of plasmalemmasones, multivesiculated
plasmalemmasomes and plasmalemmasome-like structures. Tubular
channels interconnecting adjacent cells and often containing virions
developed. 'Similar channels containing nucleocapsids were observed
within the nucleus and interconnecting the nucleus and the cell wall.
Immunogold labelling indicated the presence of viral proteins
assoclated with the cell wall or associated structures. These
channels may be involved in movement of virus from cell to cell.

Virus particles were not detectable by electron microscopy in-
chrdnically infected plants. However, virus proteins G & N plus a
novel immunologically cross-reacting polypeptide of 41 KD <(p4l) were
detectable in immunoblots. Immunogold labelling experiments revealed
the‘presengé of considerable quantities of free virus protein in the
nucleusAahd cytoplasm. In leaf discs labelled with 25S-methionine,
synthesis, In wvivg, of all four virus structural proteins was
detectable. Proteins N, Ml & M2 were deteoted in the In vitro
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translation products of poly(A)*mRNA from these plants. Thus proteins
G & N accumulate 1in leaves but ‘M1 & M2 fail to do so, presumably as a
result of rapid turnover or specific degradation. The origin of
pfotein p4l is not clear. It may be an additional non-structural
viral protein, a modified form of one of the other structural
proteins or a cross-reacting host protein induced by chronic
infection. B

Plants were examined by electron microscopy 5 months after
inoculation with SYNV. No virions were observed 1n‘ leaf or root
cells, but cells in sections of calyx contained large numbers of
virus particles. Mast particles were only 73-86% of the length of
standard  SYNV but reacted with anti-SYNV antiserum in immunogold
labelling. Plants inoculated with éap extracted from calyx became
systemically infected but: exhibited chlorotic mottling, instead of
the normal vein-clearing éymptoms. Most virus particles in these
plants were short, and when purified, sedimented more slowly than
standard SYNV. Purified short particles were nof infecti&e, but
plants inoculated with a mixture of short and standard particles
developed nmttling‘symﬁﬁoﬁéand'yielded predominantly short particles.
Proteins from short ﬁarticles were electrophoretically and
antigenically identical to those from standard virus. RKA from short
particles was about 77% the size of RNA from standard SYNV and
hybridized to cloned SYNV cDNA. These short particles have all the
characteristics of defectivé—interfering particles. _

Vhen plants were 1nfected using inocula derived from
chronically infected plants,v nucleocapsids were - observed within
chloroplasts. Vestern blots of protein from chloroplasts isolated
from these plants revealed tﬁe presence of the virus nucleocapsid

protein N and pdssibly protein L.
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1.1 THE VIRUS, HISTORY, DEFINITION, AND CLASSIFICATION:

Historically, the earliest kndwn pictorial records of virus-
infected plants are the broken tulips, often depicted in paintings
from the 17th century Dutch school of arf (Stevens,V1983). However,
the science of plant virology may be thought to have originated in
1886 when Adolf Mayer described a mosaic disease of tobacco and
demonstrated that thé mosaic symptoms — could be transferred to
healthy tobacco by rubbing with sap from the mosaic plants. Ivanowsky
(1892) showed that the disease producing agent retained activity
even after passing through a bacteria proof filter; he identified the
pathogen as a "toxin-producing entity” Beijerinck (1898 ) repeated
and expanded the work of Ivanowsky by showing that the mosaic agent
ﬁmltiplied in plant tissue and could not therfore be a toxin; he
named the agent a "contagium vivum fluidum". For more details on the
history of viruses see Matthews (1981) and Gibbs and Harrison (1976).

As more information has accumulated concerning the chemical
and physical oharaoteris?ics as well as replicative features of
ﬁiruses, so changes have taken place in the definition of a virus.
rBawden‘i1964i defined a virus as an obligate parasitic pathogen with
dimensions of less than 200nm. Matthews (1981) defined a virus as
follaows: a virus is a set of one or more nucleic acid template
molecules”ﬁbfﬁéilj’éﬁéapé%aaféa%a profective coat or coats of protein
or lipoprotein, which is able to organize its own replication onlf
within a suitable host cell. Vithin such cells virus productions is
(1) dependent on the host's protein synthesizing machimery, (2)
: organized from pools of the required materials rather than by binary
fission and (3) 1located at sites which are not separated from the

host cell content by a lipoprotein bilayer membrane. Stevens (1983)
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defined the viruses as submicroscopic particles made of one or more
pieces of a single species of nucleic acid (RNA or DNA), surrounded
by proteins, these particlés replicate alone or in the prese;noe of
similar structures, but only in living cells, using at least some of
the bhost cell enzymes.

Vith increasing numbers of = viruses, virologists <found
themselves in need | of" ‘system of nomenclafure apd classification.
Early workers generally gave a virus a name derived from the host
plant in which 1t was found and the "most conspicuous disease symptoms.
However, by the early 1930s virologists faced the fact that different
strains of virusés caﬁ exist, each of which may cause very different
symptoms in the same: host plant. | Diffefent' viruses may cause very
similar symptomé on the same host plant and some diseases may be
caused by a mixture of two unrelated viruses. Several systems have
been used in the past to c1assify viruses (Johanson, 1827; Johanson &
Hoggan, 1935; Smith, 1937; Holmes, 1939; Lwoff et al., 1962).
However, at the Internati’onal Congress for Microbiology (1966), aﬁ |
organization was sét up for developing an internationally agreed
taxonomy and nomenclature for all viruses. The organization is now
known as the International Comjpittee for ‘Taxdnomy of Viroses (I.C.T.V)
and meets at eaCh International Congress For Virology to vote on new
taxonomic proposals, <(see reports by Wildy, 1971; Fenner, 1976;
Matthews ,1979, 1082). In addition several other attempts have been
made to overcome classifi'cation problems ( Bellett, 1967a, b; Gibbs,
| 1068, 1969; Gibbs & Rarrison, 1968).

Grouping is sf,ill mainly based on particle morphology and size, but
\ further criteria are whether the nucleocapsids are naked or enveloped,

. the number of virion types and of genome fragments (multipartite
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viruses or viruses with ‘Split genome), and type (RNA or DNA) and
strandedness of nucleic acid (single or double stranded). On this
basis plant viruses are, at present, classified into‘ 28 groups
(Hatthewé, 1982),1 (table 1-1), For 'further‘ details on virus
classification see Lwoff & Tournier (1971), Gibbs & Harrison (1976),
Edwarcison & Christie (1978), Kurstak (1981), Hamilton et al.

(1981), ¥atthews (1981), Bos (1983) & Stevens (1983).



Table 1-1 shows plant virus classification with some properties

Group name - Type member Particle shape - Hucleic acid
Type
Tobravirus tobacco rattle virus E “sR
Tobamovirus - tobacco mosaic virus E sR
Hordeivirus barley stripe virus E sR
Potexvirus potato virus X E sR
Carlavirus carnation latent virus E sR
Potyvirus potato virus Y E sR
Closterovirus beet yellows virus E sR
Maize chlorotic dwarf virus I sR
Tymovirus ‘ turnip yellow mosaic 1 sR
Tombusvirus tomato bushy stunt I sR
Sobemovirus southern bean mosaic 1 SR
Tobacco necrotic virus I sR
Luteovirus barley yellow dwarf I sR
Comovirus cowpea mosaic virus 1 sR
Nepovirus tobacco ringspot virus I sR
Pea enation mosaic virus I sR
Dianthovirus carnation ringspot virus I sk
Cucumovirus cucumber mosaic virus I sR
Bromovirus brome mosaic virus I sR
Ilarvirus tobacco streak virus 1 sR
Alfalfa mosaic virus ‘ B SR
Plant rhabdoviruses lettuce necrotic yellows ~ BEd sk
(Rhabdoviridae family ) :
Phytobunyaviruses** tomato spotted wilt virus PEd sR
Plant reovirus, (Reoviridae family ) ’
# phytoreovirus wound tumor virus I dR
genus
¥ fijivirus genus fiji disease virus I dR
Geminivirus maize streak virus I sD
Caulimovirus cauliflower mosaic I db
Furovirus - s0il born wheat mosaic E sR
E : elongate B : bacilliform R : REA D : DNA
I : isometric Ed: enveloped P : pleiomorphic
s : single stranded :
d : double stranded. ¥ : subfamily ** : Haan & Peters (1987).

SN



1.2 RHABDOVIRIODAE FAMILY:

1.2.1  Introduction:

This family of bacilliform, enveloped viruses is of particular
interest because: members infect both animals and plants and are
generaliy transmitted by arthrofods, (Hummeler, 1971; Vagner, 1975;
Brown et al., 1979; Matthews, 1981).  Assignment of viruses to the
taxon of rhabdoviruses was originally basgd entirely on particle
morphology. However, this classification is supported by up-to-date
biochemical studies which reveal remarkable uniformity among these
structurally similar viruses isolated from extremely diverse hosts.
Vagner (19795) stated six important characteristics of rhabdoviruses:

1 - Rhabdoviruses are rod-shaped particles which vary
considerably in length (60 - 400 nm) but are of fairly
uniform width (60‘- 85 nm).
2 - Animal rhabdoviruses tend to be bullet-shaped in
appearance, f}at at one end and a tapered sphere at the
other (but see seotion 1.2.2.2). Plant rhabdoviruses are
usualy’bacilliform in shape, quite elongated and with two
round ends. v
3 - All rhabdoviruses appear to be surrounded by a
membranous -envelope with protruding spikes. All these
~viruses contain lipids and are, therefore, susoeptible to
disru?tion'by ether and detergent.
4 - The nucleocapsid inside the envelope of rhabdoviruses
»1s a ribonucleocprotein (RNP) «core which gives the
appearance 0f striations when viewed = by | electron

microscopy. All rhabdoviruses examined contain one
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molecule of single—stranded RNA which is not by itself
infectious and does not serve as Vak messenger. Therefore,
rhabdoviruses are generally claésified‘ along wifh ‘the
myxoviruses, paramyxoviruses and bunyaviruses as negative-
strand viruses.

% - Many, if not all, rbhabdoviruses contain an RNA-
dependent-RNA polymerase (transcriptase) as part of the
nucleocapsid, which renders 1t infectious in the absence
of the envelope.

6 - A’ COommon charactéristic -of animal rhabdoviruses,
conceivably also of piant rhabdoviruses, is the frequent
occurence of defective interfering particles (DI) which
are noninfectious because a considefable segﬁent (one
third to two-thirds) of the RNA genome is deleted. This
will be discussed later (section 1.7).

So far, twd genera in ‘the family have been’ defined;
vesiculovirus and lyssavirus, ﬁith vesicular stomatitis virus (VSV)
and rabies virus as their'respéctive type species; none of the plant
infecting members has been assigned to either genus (Matthews, 1979),
although Peters (1977) subdivided the plant rhabdoviruses into two
groups on thé basis of site of assembly. Rhabdoviruses can be divided
into two groups on the basis of their host range. Those that infect
animals and those that infect plants. The two groups share many
morphological, physical and biochemical properties (Hummeler, 1971;
Francki, 1973; Vagner, 1975; Francki & Randles, 1980; Francki et al.,
S 1981).

Table 1-2 summarizee and compares the basic morphological

properties of the mcsl extensively studied of two animal and two plant
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- rhabdoviruses (VSV and rabies; lettuce necrotic yellows (LHYV) and |,

potato yellow dwarf (PYDV) viruses respectively).

Table 1-2 Morphological properties of rhabdoviruses .

Property vsy Rabies PYDV LEYV Reference

Morphology Bullet* Bullet Bacilli- Bacilli- a/b/c/d
form form.

‘Dimensions 175x%68 180x75 290x75 ts 227x66 ts asb/c/d/e

(nm) : 179x73 ns 360x52 ns.

Ribonucleo- 47 40 40 35 f/b/g/h

capsid width C

( nm )

Cross-stria- 4,5 4,5 5,5 4,5 bsgrds.

tion perio-

dicity.

Surface 10 6-7 + 6 a/b/el/g.

projection

length (nm

Present . ns = Negative stains ts = thin section.
Howatson & Whitmore, (1962) . e Chambers et al., (1965)

¥ 0 oD +

o onoionon

Hummeler et al., (1967) . f = Howatson, (1970).
Maclead et al., (1966) . g = MacLeod, (1968).
Harrison & Crowley, (1965). h =

0'Loughlin & Chambers, (1967)
but see section (1.2.2.2). : ‘

Although, there 'seem to be éignificant differences in fhe
length of the virions, Knudson (1973) justified this discrepancy by
the fact that the plant rhabdoviruses are Dbacilliform, However, if
the bullet-shaped virions that are occasionally seen in preparations
of PYDV are measured, the dimensions obtained are compatible with
. these generally quoted for VSV. Perhaps cross-striation periodicity,
nucleocapsid width and surface projection length are not points of

particular significance, but +they reinforce +the notion /%hat,
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morpholngicélly, these viruses are very similar. It should be
mentioned here that, vesicular stomatitis virus also has true
bacilliform partiéles (Ornstein et al., 1976) and that bullet-shaped
particles seen in purified preparation are most likely the result of
artefacts induced by fixation procedure.

Table 1-3 ‘summarizes and compares some physical properties of
plant and animal rhabdoviruses. The sedimentation coefficients
suggest that the plaht rhabdoviruses are about one-third 1larger,
whereas the molecular weight of»the virions imply that they are twice
as large. Thé buoyant densities of the viruses are the first
indication that they may be chemically similar. Plant rhabddvifuses
(e.g. LNYV and broccoli mnecrotic yéllow virus (BNYV)) share with
animal rbabdoviruses (e.g. VSV) the presence of an RNA-dependent—-RNA
polymerase internal fo the virus envelope.

Table 1-4 summarizes and compares some chemical properties of
animal and plant rhabdoviruses. Rhabdoviruses, as complex viruses
contain 1lipid and carpohydrate as well as the wusual wviral
constituents, nucleic acid and protein. The 1ipid composition for VSV
and PYDV has been reported, and for VSV its composition is host-
dependent  reflecting the plasma membrane of the host <(McSharry &
Vanger; 1971). The nucleic acid of rhabdoviruses is single stranded
RRA and comprises less than 3% of the mass of the animal rhabddvirus,
but this ratio is about 1% for plant rhabdoviruses (Peters, 1981).
'Wégnerbet al. (1972) tried to standardize the nomenclature for the
structural pfpteinsh4of‘ rhabdoviruses, (their recommendation is
followed in table 1-4). The molecular weight of the structural

proteins as assessed by sodium dodecyl sulphate-polyacrylamide gei
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electrophoresis (SDS-PAGE) for VSV, rabies, PYDV, and LNYV are shown

(Table 1-4 )

Table 1-3 Physical properties of animal and plant

rhabdoviruses. oo
Property VSV/a,b. Rabies/a,b. PYDV/c, d. LRYV/e,f,g.
VIRIONS | .
Sedimentation 625 600 880 945
coefficient(s)
Buoyant density 1.18 - 1.20 1.17 1.20
(gm/cm=) :
NUCLEQOCAPSIDS ‘
Sedimentation 140 200 - 250 260
coefficient(s) ,
Infectivity. Yes Yes Yes Yes
RIBORUCLEIC ACID. ,
Sedimentation 36-45 45 45 43
coefficient.
Infectivity. No Fo = No No
Molecular 3.6-4.5 4.6 4.6 4.2
weight (x10%
dalton )
a = Francki, (1973). e = Francki & Randles, (1870)
b = Wagner, (1975). f = Chambers et al., (1965).
¢ = Black, (1970). g = Francki & Randles, (1973)
4 =

Reeder et al., {1972).

R
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Table 1 4 Chemical properties of animal and plant

rhabdoviruses .

Property vsv Rabies”  PYDV LYV Reference
CARBOHYDRATE 13% + +¥ * a/b/c.
LIPID. ' 20% . + 20%% +* a/dsersfrg:
PROTEIN. ' '

Percentage. : 64 nr nr¥ nr¥’ a
Structural L 161 + + 171 - hs/hsise.
: G 64 ~ B58.5 78 71

N 52 50.5 56 - 56

NS 42 - 38

M 24 19

M1 : 33 33

M2 23 22
HUCLEOCAPSID '
Type. : REA RNA RNA RNA J/k/1/m.
Strandedness Single Single Single  Single

= Plant rhabdoviruses contain 70% protein, ( Peters, 1981 )
25% lipid, ' L
4% carbohydrate,
1% single stranded RHNA.
Present. - = Not present. nr = Not reported .
McSharry & Vanger, (1971). Vagner, (1975) .
Sokol et al., (1971) . Francki & Randles, (1981)}
Knudson & Macleod, (1972) Huang & Vanger, (1966).
Kuwert et al., (1968) . Sokol et al., (1969).
Sokol et al., (1972) . Reeder et al., (1972).
Abhmmed et al., (1964) . Francki & Randles, (1972).
Harrison & Crowley, (1865).
protein mol. wts. based on sequencing data (Tordo et al., 1986).
=Large protein, may not be an aggregate or precursor of the other
proteins and possibly associated with nucleocapsid .
’ = Glycosylated protein, probably the spike protein .
R’ = Nucleoprotein, binds to the RNA and thus represents the major
structural protein of the nucleocapsid .
NS = Minor nucleocapsid protein, originally thought to be non-
structural protein associated with VSV infections, but evidence now
suggests that it is a constituent of the nucleocapsid.
¥ = Matrix, or membrane protein, either represents a protein that
helps to bind the ribonucleocapsid to the envelope or functions as a
constituent of membrane.

[ L L I N § A [ O N |

o000 A0 oD 4
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Rhabdoviruses may be subgrouped as plant and animal
rhabdoviruse  However, Peters (197?) outlined a system for
rhabdoviruse classification based on a number of genetically inherited
stable characters which cannot be influenced by the host such as the
presence of proteins L and NS, the presence of one or two matrix
proteins (M or M1+M2), the involvment. of the nucleus in the
replication of virus, and the occurrence of a deféctable trénscriptase
activity. On this basis the family may be divided into two
subgroups. Those viruses which contain two M proteine (M1 + ¥2), no
detectable defined minor proteins (Lb+ KS) or +transcriptase activity,
and which involve the nucleus 1n the replication constitute one
subfamilj with rables virus as the type member. The plant viruses
PYDV, sowthistle yellows vein (SYVV), Sonchus yellow net (SYNV), and
eggplant mottle dwarf (EMDV) may be members of this group . The other
group is formed by VSV as type nmmbér with LNYV, BNYV and sonchus
viruses (SV) being virus members infecting plants. This group has
one M protein and a L and NS proteins, contains transcriptase
activity, and the nuclei Seem not to be involved in their replication.
Recent studies (Tordo et al., 1986) have indicated that the rabies Ml
protein 1s phosphorylated and appears to be analogous to the NS
protein of VSV in function and gene location. This may be true for

the other virus within the subgroup.
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fhe number of known plant rhabdoviruses has increased from 16
confirmed and 3 possible members of the group listed by Francki
(1973) to 38 confirmed rhabdoviruses plus 30 possiblek members listed
by Peters‘i(lgsl) and 43 members by Jackson et al. (1987). Because of
the scénty data available, there can be no assurance that the same
virus has not been entered under different names just because it has
been observed in cells of a different host plant. It is true that in
meny descriptions of plant rhabdoviruses, differences in reported
particle dimensions are given as evidence that two viruses are
distinct. However, because an individual measurement of rhabdovirus
particles can be misleading. Francki and Randles (1980) Considered
that the morphology of +two rhabdoviruses in negatively stained
preparations can be taken as distinct only when éignificant :
differences are evident in a mixture of the viruses.

Plant rhabdoviruses and rbabdovirus-like viruses havé been
reported from most parts of the world including tropical, subtropical
and temperate regions Peters (1981). Some viruses such as maize
mosaic (MMV), raspberry vein chlorosis (RVCV) and strawberry crinkle
(SCV) are'vfairly widespread. Many individual rhabdovirus, such as
Sonohusﬁ yellqyf ngt virus (SYNV) seem to have restricted distribution;
this probably reflect the distributions of their vectors.

The host range of most individual members are narrow. Howex)er

rhabdoviruses, in general, infect a wide of plants including both
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monocotyledons and dicotyledons (Ffancki, 1973; Peters, 1981; Jackson,
1981; Jackson et al., 1987). There. is’direct evidence that some
plant rhabdoviruses multiply in theirbﬁeotors. This is probably a
characteristic of all members of the-group.

!

1.2.2.2 Morphological Properties and Structure :

Although two morphélogicallj distinct types of particles,
bacilliform and bullet-shaped are normally found, both in thin
sectioned and negatively stained preparations, it is generally agreed
th@t the true morphology of the mature._forms are Dbacilliform
- (Howatson, 1970; Hummeler, 1971; Knudson, 1973; Francki, 1973;
Martelli & Russo, 1977a; Francki & Randles, 1980; Francki et al.,
| 1681; Jackson et al., 1987). Hence bullét-shéped elements are either
immature variants in various stages of development, or they originaté
from the bacilliform ones as a consequénce of preparative artifacts
(Martelli & Russo, 1977a). RTYV represents a noteworthy exception, for
its particles are reported to be dominantly bullet-shaped both in the
host cells and in free preparations. Only occasional bacilliform
virions can be observed (Chen & Shikata, 1971). In this respect;
-~ RTYV éomes close to animal rhabdovirus whdse particle shape was
thought to be bullet-like (Vanger, 1975). However, evidence has_beeﬁ
obtained that animal rhaﬁdoviruses e.g."VSeraléo have true
bacilliform particles (Ornstein et al.; 1976) It should be mentioned
that particle morphology may easily be altered during manipulation, in
particular in negative stain mounts for electron microscopy. Striking
examples of particle variability due to preparative artefacts have
been repbrted fq? LNYV, and the explanation of their possible origin

have been given .(VWolanski & Fracki, 1969; Fracki, 1973). Preparative
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methods designed to preserve‘ particle integrity have been used to
study the real nmrphdlogy of plant viruses (MclLeod, 1968; Peters &
Kitajima, 1970; Ahmed et al., 1970; Lin & Campbell, - 1972; Russo &
Martelli, 1973).

The size of the particles varies a great deal not only among
different members of the group bﬁt_also for the saﬁe virus, depending
on methods of measurement and sample preparation for electron
micrscopy. However, rhabdovirus particles appear smaller in secfions
of infected cells than ip negatively stained preparations, presumably
due to shriﬁkage during fixation and embedding, and flattening during
air drying; 'Sinoe there appear to be a number of gq?npqy?iactoré able
to affect particle size during various preparative procedures, it is
difficult to make valid comparisons between publishéd morphometric
data (Francki, 1973). Despite this, Francki. and Randles (1980)
reported larger particles in thin éeotion for LNYV, VSMV and BﬁYV
reflecting the difficulty in detérmining absolute sizes. However,
particles are normally between 200 and 350 nm long and betwwen 70 and
95 nm in diameter and sedigent at 1000 to 1200S (Peters, 1981).

Structurally, a typicalvrhabdovirus particle consists of an
outer envelope enclosing a long strand of nucleoprotein, the
nucleocapsid, wound into a helix of iow pitch (fig. 1-1a). The
envelope is a membrane ﬁith projections. Electron microscopy of
negatively stained, or sectioned rhabdoviruses reveals that the

surface projections 1line the particle contour and protrude 6-10 nm

from the envelope (Martelli & Russo, 1977a; Francki et al., 1981).

There is evidence for VSV that the projections are not superficial
structures but are associated with the nuc¢leacapsid, thus penetrating

the whole thickness of the enveloping membrane (Brown et al., 1974).
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PLANT RHABDOVIRUS PARTICLE
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(a) Model of plant rhabdovirus particle cut open to show the various

\internal structural cdmponents.

(b) Disassembly of (a) with SDS and
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’Nonidet p40 detergents (from Francki et al., 1981).
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The spikes are hexagonally arranged and cover the whole surface of the -
virion (Francki,‘1973; Huil, 1976), they are composed of glycoproteins
(protein G), each projeétion possibly being made up by two
glycopolypeptides <(Hull, 1976). In VSV the projections seem to
repreéent the only source of glycosylated proteins (Wagner; 1975),
whereas this may not apply to SYVV, where L protein is also réported
to be glycosylated (Ziemiecki &,Peters,197§agb}ﬁ It is conceivable
that protein G is the primary source of glycopolypeptides in both
animal and plant rhabdoviruses ‘(Martelli & Russo, 1977a). The
‘ surfaée'projeotions in animal rhabdoviruses (eg. VSV) are involved in
the initiation of infection, G protein seems to be reQuired for
particfe attachment to the plasma membrane of the host cells (Wagner,
1975). A similar function was postulated for plant rhabdoviruses with
fegard to their attachment to the plasma membrane of insect vector
cells in which - they multiply (Francki, 1973; Gaedigk et al., 1986;
Adam & Gaedigk, 1986) but their function with regard to plant host is
unknown since in vitro enzymatic cleavage of spikes does not appear to
destroy infectivity towards plants (Adam & Gaedighk, 1986),

| The viral envelope of plant rhabdoviruses yaries depending on .
the siﬁe of maturation. Some of the viruses derive their.envelopes
from the inner membrane of the nuclear envelope, some from the
endoplasmic reticulum, and yet others from cytoplasmic viroplasms
'ipduced‘by infection (Francki & Randles, 1980; Francki et al., 1981).
The envelope constifutes a bilayered membrane about 10nm thick
_ (Martelli & Russo, 1977a) when viewed by electron microscopy in
section or negative stain. Virus'particle can be structurally studied
by stepwise disassembly with non-ionic detergents such as thidet—

P40, and ionic detergents such as sodium dodecyl sulphate (SDS) (Fig.
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1-1) foilowed by fractionation of the producfs on polyacrylamide
gel electrophoresis. Chemical analysis of PYDV, WSMV, MMV and SYNV
has indicated the lipid content to be about 20, 24, 40 and 18% of the
weight of the particle, respectiﬁely (Ahmed et al., 1964; Sinha &
Becki, 1972;,La5tra & Acosta, 1975; Sélstam & Jackson, 1983). The
viral-envelope protein consist of the matrix (M) protein (type D),
which may occur as two species Ml and M2 (type II) with different
molecular weighf. Recent studies indicate that in the case of rabies
virusA(tybe II) there is only one matrix protein (M2), and M1 is found
to be a phdsphoprotein analogous to NS (Tordo et al., 1986). This is
most likely the case for type II plant rhabdoviruses, since the
sequencing data of Heaton et al. (1987) and Heaton <(personal
comﬁunicatioh) on the genomic RNA of SYNV showed that the gene for
SYNV-M2 protein maps af the same position for phosphoproteins of the
animal rhabdoviruses VSV—NS and rabies—Hl. The matrix protein is
believed fo form a tubular structure, a hexamer layer surrounding the
nucleocapsid, on which it gxerts a stabilizing fuction (Knudson, 1973;
Hull, 1976) .

The nucleocapsid, a nucleoprotein helix forming a hollow
cylinder coﬁstitutes the internal component of rhabdoviruses.  The
nucleic acid is a molecule of single-stranded RﬁA with molecular
weight ranging from 4.0 to 4.6x10° Daltons (Francki & Randles, 1980;
Francki et al., 1981). It has been reported that the ss—RNA of VSMV
has molecular weight of only 2.2x10% Daltons (Sinha et al., 1976).
Francki and Randles (1980) state that this data needs confirmation
before it is accepted since it can be caiculated that in order to code
for the four VSMV proteins, an RNA with nmleculér weight of at least

2.8x10° Daltons would be required (Stevens & Lee, 1977).
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’

Estiﬁates of the percentage of RNA vary a great deal and were
reported to be 0.6% for PYDV (Knudéon, 1873), 5% for WSMV (Sinhé &
Becki, 1972) and 0.47% for‘ SYNV (Jackson & Christie, 1977). The
viral RNA is believed to be negative stranded and not infectious.by
itself, although’»its complementerity to mRNA bhas been directly
demonstrated only for SYNV (Milner & Jackson, 1979). The presehce of
an RNA-dependent RﬁA polymerase (transcriptase) assooiated‘with thé
virion - capable of transcribing the viral RNA in vitro has been |
characterized and shown to be an integral part of VSV (Vagnef; 1975;
Bishop_& Flamand, 1975). In the case of VSV an active transcriptase
'»9p@§}?ginvolves the nucleocapsid protein N,’the NS phosphoprotein and
the L transcriptase; 1ﬁ the case of rabies the M1 protein is
apparently fuifill an analogous function to NKS. Enzymatic activity
has been convincingly demonstrated in preparations of LNYV  (Randles &
Francki, 1972; Fraani & Randles, 1973; Tdriyamav& Peters, 1981) and
BNYV (Toriyama & Péters, 1981f. In the case of SYNV a type II plant
rhabdovirus, there have been reports of low 1e§els of tramnscriptase
activities, but they have not been independently confirmed (Peters et
al, 1978). Since both PYDV and SYNV have nanj characteristics in
common with LNYV, it would appear that either these viruses contain a
transcriptase activity which is difficult to detect in Qitro, or they
must depend for their replication on enzymes from their host plants
(Francki & Randles, 1980; Stevens, 1983). The detection of drviral
mRNA probably coding for L protein in SYKV-infected tobacco (Hilnef &
Jackson, 1983; Rezaian et al., 1983) supports the former supposition.

- Nucleocapsid protein ‘N is a-structural protein -tighty bound -

to the RNA filament.  If the envelope is removed in vitro, the
N ;

/
J
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conformation of the nucleocapsid changes to yield a ‘Darrower;
structure (Wolanski et al., 1967; Peters & Kitajima, 1970; Conti &
Plumb,'1977). A nmdél for this trahsition has been reported by
Francki (1973). The helical organisation of the nuc1eDcaps1d in the
intact partiéie,is responsible for fhé typical,ordss,striations seen
in rhabdovirus particles in negati&e stain or in sections which have
~ been appropriately stained. The precise arrangement of the
nucleocapsid strand and the structure of the envelope at the
hemispherical ends of rhabdovirus particles are not yet clear and
various possibilities have been suggested (Francki, 1973; Peters &
Schults, 1975; Hull, 1976). ‘

Electron micrographs of plant rhabdoviruses in cross section
show a series of concentric rings corresponding to‘the nucleocapsid
and envelope with its projections (Francki, 1973). A central
electron-dense spot is also usually seen. However, Francki (1973)
states that there 1is no evidence of"structure' internal to the
nucleocapsids, and that central darkly-staining region in cross-

sections are artefactual.

1.2.2.3  Purification of Plant Rhabdoviruses:

‘Kost purification procedures fpr plant viruses involve
blarification of crude plant extracts either by héating at 55°-60°C or
by treatment with organic solvents which coagulate cell membranes and
proteins (Francki, 1972). These procedures cannot be used for the
 purification of plant rhabdoviruses as they have thermal imactivation
temperatures around 50°C and have envelopes that are readily destroyed
by organic ‘solvents. The rapid loss of infectivity of rhabdozﬁruses

in vitro contributes to difficulties in their purification (Francki,
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1973; Jaokscm et 'al., 16875, Horeoverk, the concentration of plant
‘rhabdoviruses‘ in infected plants is usually lower than that of many
other plant viruses (}Hvatthewé,’ 1981; Jackson et al., 1987).

A variety of methods, f‘qr purification of plant rhabdoviruses,
have been used (Francki, A 1973; Jackson et al., 1987). These
procedures share several poiﬁts, heating and organic solvents are
avoided, all are carried out at temperature of 0 to 4°C, crude plant
extracts are clarified thi‘ough a; celite pad and sucrose gradients are
used as an extra purifica{:ory step.

The yield of purified virus varies from virus to virus, énd
from purification to purification of the same virus, Yield depends on
the host or cultivar, the age of the plants at the time of
indculation, the em;dronmental conditions and the time after
inoéﬁlation at which the leaves were harvested (Jackson & Chfistie,

1979).

1.2.2.4 GBerology of Plant Rhabdoviruses:

Antisera have been prepared against at least 17 members of the
group (Jackson »et al.,, 1987). These antisera have been used for
several purposes such as to study the relatlionship between plant
rha;bdoviruses, detection of the - virus in plants "jdr/\'reéfbfs'and_
identification of viruses in infected plants or vectors. Techniques
used have included gel-diffusion test, ri'ng‘ precipitin test and
enzyme-linked immunosofbent assay (ELISA).

Up—:to_-date“ information 4ga:1ned by serological tests have been
well discussed and documentéd (Jackson et arl., 1087), and the

sexﬂ\olog'y of plant rhabdoviruses has been discussed in a number of
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reviews {(Martelli & Russo, 1977&; Francki, 1973; Francki & Randles,
1980; Francki et.al.,‘1981; Peteré, 1981).

| Recently, - Adam et al. (1987) bhave used fwb different
serological techniques electro-blot-immunoassy and immunosorbent
electron microscopy to ‘compare three different isolates of fEHDY}
Serologicél tests of plant rhabdoviruses should be expanded to cover
all other members of the group 1in order to investigate the

relatidnships between them.

1.2.2.5 Replication of Plant Rbabdoviruses:
This topic will be discussed later in REPLICATION STRATEGY

section 1.4.2.
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1.3 SONCHUS YELLOV NET VIRUS:

Sonchus yellow net virus (SYNV) was originally found in central
and south Florida, USA infecting Sowthistle (Sbnébus oleraceous) and
Bidens pilosa (Christie et al., 1974). ©Symptoms were distortion and
general yellowing of leaves. » Subsequently SYNV-infected lettuce
(Lactuca Sativa) with bright yellow interveinal spotting of old leaves
has been found in Florida (Falk et al., 1986). SYNV has not been
reported elswhere. Strains of SYNV have not been reported.

Christie et al. (1974) were the first to transmit the virus,
both by an aphid (4phis coreopsidis), and nechanically,’to several
dicotyledonous hosts such as, Nicotiana edwardsonii (N. clevelandii‘X‘
N. glutinosa) which was shown to be most susceptible to infecfion
with sap, S. oleraceous, B. pilosa, N. glutinosa, N. clevelandii,
Zinnia elegans and L. sativa by triturating naturally infected leaf
with a reducing agent (0.5% Naz=SO=). Repéated attempts to transmit
SYRV +to Turkish ’Igbaccd (N. tabacum L.), Datura stramonium L.
Gomphrena globosa, Chenopodium quinoa,and C. amaranticolor failed.
Subgequently C.quinoa <(Jackson & Christie, 1977), C. amaranticolor
(Van Beek et al.,‘1985b) and N. benthamlana have been shown to be
hosts.. More recently cowpea protoplaéts have been shown to support
replication of SYNV when infected in the presence of polyethylene
glycol as a mediator (Van Beek et al., 1985a, 1985b, 1986). There is
no evidence thatvSYNV can infect the 1ntact}cquea plant.

SYNV was first purified by Jackson and Christie (1977) using
celite pad filtration and sucrose density gradient centrifugation.

The yield of purified virus was 200-445 pg/100g fresh weight of leaves /
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(Selstam & Jackson, 1983). However it was very dependent on plant age

at inoculation, light, temperature and time after inoculation. The

infectious préparation of SYNV particles sedimented at 10448 in
linear-log gradients, banded at 1.183g/ml in sucrose—equilibrium
density gradients, and the molecular weight of the virion estimated
from size and deﬁsity,‘ was about 9x10% (Jackson & Chrictie, 1977).

| The SYNV virion is a bacilliform particle measuring 94 x 248 nm
after fixation in glutaraldehyde and negative staining. The particle
itself has internal cross-striations with a periodicity of 4.1nm and
an outer envelope through which 6nm long surface prejections protrude
(Jackson & Christie,1977). SYNV consists of RNA, proteins, lipids and
is thought, like other'rhabdovifuses, to have carbohydrate associated
with G protein (Jackson,1978).

‘Following disruption of SYNV particles with SDS, the nucleic
acid sedimented in sucrose gradienfs at 44S and had a molecular
weight of 4.42 x 10 (13 kb) as estimated by polyacrylamide gel
electrophoresis (Jackson &'Christie, 1977)5 Several lines of evidence
have demonstrated thebsingle étrandedness and négative sense of SYNV
RNA

1) SYNV REA 1s‘susceptib1e to ribonuclease (RNase) under high

ionic strength oondifions, (Jackson & Christie, 1977).

(11) SYNV RNA can act as a template for cDNA synthesis (Rezain

et al..v1983) |

(11i)  SYRV RNA hybridiies to polyribosomal RNA from tobaocoy

infected‘with’SXRV.(Milner & Jackson, 1979; Milner & Jackson,

1083). | |

(iv) SYNV RNA is neither infectious nor translatable 1n vitro

(Milner et al., 1979).
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-The RNA ‘comprises only about 0.47% of the mass of the virion
assuming that virions of about 9 x 103’dalton5 contain a single copy
- of RNA (Jackson & Christie, 1977).

Purified SYNV virions contain four major and some minor
electrophoretically distinguishable polypeptides (Jackson, 1978). A
similar electrophoretic pattern was reported by Dale and Peters (1981)
using different electrophoretio con&itions, but with some small
differeﬁces in molecular weight. Recenf sequencing studies of the
SYNV genome by Zuidema et al. (1987) and Heaton et al. (1987) have
 demonstrated the true sizes of N protein and M2 protein to be 50.641
and 38.332 KD respectively. Tﬁe published sizes of SYNRV-proteins
reported by Jackson (1978), Dale and Peters (1981) and Van Beek et

al. (1986) are shown in table 1-5.

Table 1-5 Reported sizes of SYNV-proteins.

Proteins(a)
Reported by
HMY G .1 ) &} M2
Jackson . ; _
el + 76.8 63.8 45.5 39.5
(1978).
Dale & ,
Peters, + 82 59 34 231
(1981)
Van Beek " I '
et al. (19867 + 82 56 41 35
- from sequencing IR *#  53.6° ¢  38.3"
studies ' :

a= Nomenclature according to Vagner, et al., (1972).
HMV=High mole¢cular weight. ## = see section (1.4.2).
+= present. ' # = MV not determined. a = MW x 10—=,
‘= Zuidema et al. €1987). "= Heaton et al. (1987).
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A recent abstract (Heatoﬁ et al., 1987) reports the presence of
six open reading frames on the SYNV genome, the sixth possibly coding
for an additional non-structural polypeptide with no homologue in the
animal rhabdoviruses,

| SYﬁV particles héve been reported to contain in addi%ion to the
four nmjor’ structural proteins, several high molecular weight
proteins, of which one is presumably the L protein, and a protein with
an electrophoretic mobility slightly faster than that of N protein
(Jaqkson, 1978; Dale &‘Peters, 1681). The G protein is reported to
be glycosylated (Jackson, 1978; Dale & Peters, 1981; Van Beek et al.,
1986); and Hl‘protein is reported to be phosphorylated (Van Beek et
al., 1986).

A recent study of the lipid composition of SYNV (Selstam &
Jackson, 1983) showed that the 1ipid fraction represents about 18% of |
bthe virion. Table 1-6 shows the lipid composition of purified SYNV
particles, SYNV-lipids comprise ‘62% phospholipids, 3l%sterols and 7% |
triglycerides. Selstam and Jackson  (1983) reported thaf,k
phospholipids are the major constituenﬁs of the polar lipid fractiomn
consists of phosphatidyl, choline, ethanolamine,vserine, inositol and
glycerol, in molar ratios of approximately 13:5:3:3:1 respectively,
plus a small amount of an unidentified acyl lipid. The fatty acids
of SYNV were more unsaturated than those of animal rhabdoviruses such
as VSV, These differences probably reflect differences between the
plant and animalﬁi@ﬁbfé@éélfrom,which the viral envelopes are derived
(Selstam & Jaoksqn;‘1983ywﬂarwqu. 1980; Mﬁzliak,H1977;,Co#pansk&,

Klenk, 1979).
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The lipid composition
of SYNV particles.

Viral Veight Viral ¥ole
Lipid protein* percentage protein percentage
' (pg/ml) of total (amol/mg) of total
Total phospholipids  156%26" 62 186%31 47
Free sterols(a)and 68+14 27 173+41 43
esterified sterols
Sterol glycosidés** 1047 ’ 4 17%11 4
and esterified sterol
glycosides
Triglycerides 18% 7 22= 6

Values are mean of four analyses.
Standard error of the mean. :
Calculated as 1f the fraction were composed

entirely of free sterols.

i}

entirely of sterol glycosides.
= Mean of two determinations.

Calculated as if the fraction were composed
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1.4 REPLICATION STRATEGY:
1.4.1 Replication of Animal Rhabdoviruses:

The replication of VSV has Been the most extensively studied
of_al% rhabdoviruses and is discussed below as a model Df rhabd0virus
replication.
1.4.1.1 Replication and Transcription:

Virus entering the «cell is uncoated and releases its
nucleocapsid (NC) 1in the cytoplasﬁ. This anleocapsid contains a
negative polarity RNA strand which serves initially as a template for
transcription of five subgenomic‘nmnocistronic mRNAs, each of which
is  translated to give a different protein; Later in infection,
full-length positive RNA stirand is synthesized (Fig. 1-2).  Primafy
transcription of the incoming genome and translation of the resulting
nRNAs generates the proteins necessary for replication (N, NS, L).
Emerson (1982) has reported that the polymerase complex (L, NS) has a
single entry site at the 3' end of the genome.

In the replicatioh m0de, the polymerase proceeds fo the &'
. end, ignoring all 1nternai | termination, -~ polyadenylation and
reinitiation signél sites along the RNA strand (Dubois-Dalcq et al.,
1984). The resulting antigenome then; becomeé the template for
synthesis of full-length negative strand genomes which, in turnm, are
used to generaté more RNAs (secondary transcription). Repiication
requires protein sjnthesis (Hill et al;,~1981) and may be enbanced in
the presence of N protein which encapsidates genomic RNA (Blumberg et
al.,1983).

In th% transcripfion mode, the polymerase W11L first

synthesize the / leader RNA, terminate, and without dissociating from
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the template, reinitiate transcription at the start of the next gene.
~ This results in the sequential synthesis of five mRNAs (Roy & Bishop,
1973; Testa et al., 1980; Emerson, 1682). Transcription requires a

complete NC with its three proteins N, NS, and L .

leader N NS M G L

Message & I 4—i 4— 4— §— - 3®
Ay Ay AL Ay Ap
A A A A . A
o Transcription
| LN N Mo L I
Virion 31 i —t = 1O,
47h 1,333b 822b 838b 1,672b 6,380b  59p
| l Replication

Figure 1-2:

Diagrammatic representation of transcription and replication of the
animal rhabdovirus (e.g. VSV), (from Dubois-Dalcy et al., 1984). See
text for details. | o
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1.4.1.2 Jnimcﬁunlﬁ:_&niheﬁiﬁ_qf_linﬁ_cﬂmpgmis:

VSV has five functional proteins. The first pfotein,
following infection, to be detected by inmmnoiogical and biochemiéél
methods is the N protein, which is detectable about 30 minutes before
fhe other proteins. N protein forms scattered foci throughout the
cytoplasm, that are hot cloéely associated with the rdugh ER. Later
in infection,N protein is found on a large number of linear stfuctures
showing that N is synthesized on free ribosomes and is first found as
a cytoplasmic soluble protein before being incorporatéd into- the KC
(Knipe et al., 1977; Heu et al., 1979).

‘HS‘protein is also synthesized on the free ribosomes and is
abundant in the cytoplasm of infected cells. Most of the NS ahiigen
ié colécalized with N antigen. How and where NS is associated with
the -virus genome is unknown. Infected cells contain a 1érge soluble
pool of KS, whose function is obscure . 1

¥ protein is | synthesized on free polysomes (Knipe ef al.,
1977); it is found distri?uted diffusely throughout the cytoplasm of
infected cells, and does not colocalize with any other protein early
in infection. Later in infection N, NS and ¥ all show soﬁe
accumulatidn close to the membrane;thus it is likeiy that M’protein
interacts with NC only close to the assembly éite at the membrane.

G protein is synthesized on membrane-bound ribosomes ahd its
insertion in the rough ER. as well és co-and poét—translational

glycosylation and transport to the cell surface have been described in

‘detailr(Rothmanr& L°d18h5,1977?,Et°h15°n,& Summers,‘lgﬁoi Rothman et =

al., 1980; Lodish & Rothman, 1980; Morrison, 1980; Bergmann ef al.,
1981; Rose & Bergmann, 1982; Vehland et aﬁ., 1982).
/ .

Little is known about L protein synthesis.
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1.4.1.3 Assembly of Virus Components :

‘ Encapsidation, the association of virus ’prutein with the
: viral genome, is a stepwise process starting ﬁith the initial
céndensation of N proteih with viral RNA (Hsu et al., 1977).' The
nature of the interactions between N protein and viral RNA during
encapsidation of plus or minus RNA strand have been studied 1n vitro
(Blumberg & Kolakafsky, 1981; Blumberg et al., 1983).‘ It appears that
the aggregating property of the N protein is essential. for the
formation of a helical NC. Asseﬁbly of N protein with the genomic RNA
appears to be a highly cooperative process in which there is linear
addition of N protein starting at the leader RNA which prevents the
establishment of a secondary structure, which could hinder assembly
(Blumberg et al., 1983). In addition, the synthesis of RNA is
probably closely coordinated with N binding of the nascent product
molecule preventing the polymerase from moving very far ahead of the
assembling XC.

From in vitro studies on isolated NCs, it appears that at
least two factors, salt conceﬁtration and M protein, can influencé the
¥C helical organization and,perhaps, the transcription_process. In
the absence of K, NC can form a helix in the presence of 1M NaCl
(Heggeness et al., 1980), this helix has’half the diameter and twice
the peribdicity of that observed in the budding and complete virion.
De et al. (1982) reporfed that addition of X protein to purified NCs
1ﬁ vitro can increase NC compaction at low ionic strength. Moderate .
‘v;onicnstrengtﬁ (0.1 to 0.2X NaCl) dissociates K protein,bunfoldslthe
‘RC and' probably favours RNA chain elongation, reinitiation and
transcription in vitro. How the NCs move to their sife'of packaging

in the viral envelope and how budding works is poorly understood.
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Depending on the cell type, G protein may play a more or less

important role in attracting NCs to the infected cell membrane.
Lodish & Porter (1980) reported that the presenoé of G protein on the
surface of many cells is not a prerequisite for virion maturation, but
it may facilitate the extent of budding; Vhen VSV-infected cells are
treated with monensin, which blocks the transport of G protein to the
oe117surfacé, virus buds are not detected at: the cell surface (Johnson
& Schlesinger, 1980); Roth et al. (1979) and Roth and Compans (1981)
reported - that the'ipolarity of VSV budding 1is maintained after
tunicamycin treatment. indicating that glycosylation of G protein is
‘not a determinant of the virus budding site in this system. Rather,
the carboxyl-terminal region of G may‘ be the essential element
allowing selective incorporation of the virus glycoprotein in a
specific membréne site. |

The interactions between NC and envelope protein have been
propoéed. and ‘three asseﬁbly scenarios have been discussed (Dubois-
Dalcq et al., 1984):

1- M protein may first bind to NC forming a M-FC complex
vhich probably takes place in the nembrane and might
recégnise the carboxyl-terminal end of G protein, inducing
clustering of G molecules and the formation of spikes.
Thus, there would be two binding sites on M, one to NC and
one to G, but the latter binding site would be less
specific, since certain host membrane proteins can enter the
viral eﬁve}ope_when G is absent.

2- ¥ protein first forms a patch in the membrane by self
aggregation and binds to G molecules and/or cellular

membrane proteins. Subsequently, a NC recognizes this patch
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of associated ¥-G and induces further clustering (Jacobs &

 Penhoel, 1082). | |
3- NC recognizes and binds direbtly to the éarboxyl—ferminal
end of G, and ¥ only plays a role in ooiling of NC (Odenwald
et ai., 1984).

During these transmembrane assembly events,' an increasing
number of NC coils are incorporated into the bﬁd, ‘and the viru;
envelope is growing, tightly packed with virus protein molecules and
excluding most host cell protein. Changes in molecular conformation
‘might occur at that time. However, fhe,inner leaflet of the budding
virus ehvelbpe shows fine granular material 1nstead of the usual
intramembrane particles seen on the rest of the membrane (Brown &
Riedel, 1977; Dubois-Dalcq et al., 1979). Such morphological changes
probably reflect exclusion of host proteins in the virus bud (Dubois-
Dalcq et,al., 1984). Generally, the most frequent éite of rhabdovirus
budding are the plasma membrane, vifoplasm,inner nuclear ‘envelope and

ER.

1.4.1.4 Yirus Release:

Once the rhabdovirus bud has feached its final shape and
contains the entire coiled NC,‘it is feleased from the cells as a
bacilliform or  bullet-shaped particle} The NC 1eng£h, humber‘ of
turns, and the virus length and shape vary somewhat with the fype of

rhabdoﬁirus. However, the shorter the genome, the fewer turns and the

shorter the virus. Figure 1-3 illustrates the replication and assembly

of a rhabdovirus (modified from Dubois-Dalcq et al., 1984).

\
j
J
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Figure 1-3:
Diagrammatic representation of-the entry, replication and assembly of
a rhabdovirus that replicates in the cytoplasm of infected cell e.g.

VSV, LEYV (modified from Dubois-Dalcq et al., 1984). \
‘ /



...35_

1.4.2 Replication of Plant Rhabdoviruses:

Several plant rhabdoviruses haGe ~been studied in infected
cells using the electron microscope. The .information is given in
some detail in the reviews of Howatson (1970), Francki (1973); Knudson
(1973), Martelli and Russp (1977a), Francki and Randles (1980),
Francki et al. (1981), Peters (1981) and Jackson et al. (1987). There
appears to be much variafioﬂ in their sites of assembly and»
accumulation. Despite the number’of studies, 1ittle is known about
‘the sites and mechanism of replication in rhabdovirus-infected plants.

An attempt was made by Wolanski and Chambers (1971) to study
evéntévfollowing‘the infection of leaves with LNYV in the presence of
[SH]—ufidine. The results led them to suggest that the cell nucleus
is involved in the early events leading to replication of this virus,
although, at the later stages the cytoplasm also becomes involved.
They also reported that no nuoleocapsids were observed in the nucleus
nor any budding from the inner nuclear membrane up to about 6 days
after infection, but from the seventh day, complete virus particles
were observed in perinuclear and cytoplasmic vesicles. Some
membrane-free virus particles were also found associated with
electron-dense matefial.

It is not yet clear how the virus naturally enter its host
planf. However the G protein of the  SYDV serotype of PYDV is
reportéd to be necessary for infection of the.inseot cells, and might
play a role during either the adsorption or fusion processes or both
 (Geadigk et al., 1986; Adam & Geadigk, 1986). G protein may not be
necessary for infecting plants as the nuclebcapsid of LEYV is
infectious on its own (Randles & Francki, 19?2). immunological

7

- studies show that antigens of PYDV (Chiu et alf, 1970) . and SYVV
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(Peters & Black, >1970) are at first confined toy tﬁe ‘nucleus of
leafhopper and aphid cells in culture. P
The assembly of some plant rhabdoviruses may differ in plant
cells and in aphid cells. Working with SYVV Richardson and Sylvester
(1968) and Sylvester and’ Richardson (1970) reported thét in plants
this virus was associated with the hosﬁ céll nuclei, and was usually
~bullet-shaped, whereas in aphids smaller mostly bacilliforﬁ particles
vere found in the nuclei and cytoplasm suggesting that the virus
partiéles were first assemblied in nuclel and then moved into the
cyfoplasm. The virion of BNYV (Garrett & O‘Ldughlin, 1977) appeared
to be exclusively confined to the cytoplasm in cauliflower whereas in
its aphid vector they were observed largely in the nuélei.: One can
draw the conclusion that the attempts by Hull (1970) and Knudson
(1973) to group the plant rhabdoviruses according to their
morphogenesis may therefore be unjustified.
0f all rhabdoviruses infecting plants, the replication of
SYRV -has been most extensively studied. Investigations into the
replicative mechanism of the virus have centred on RNA's, which have
been isolated from polysomes of SYNV-infected tobacco, and which have
been found to contain sequences cqmplementary to SYNV RNA (Milner et
al., 1979).A The V1ral-complementary RNA (vcRNA) consists of several‘
subgenomic species complementary to more than 90% of the viral génome
(Milner & Jackson, 1979), and because it has séveral characteristics
of messanger RNA (mRNA) it is believed, in fact, to be mRFA. Four
eleCt.PDPhDrﬁtiCaliy ~distinguishable viral-complementary RNA species
have been found on polyribdsomes from SYNV—infeoted tobacco (Milner &
Jackson, 1983). Heaton (1987) h%s analysed cDNA‘cloneé derived from

poly(A)* mRNA's and viral RNA. These studies indicate that the four
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major electrophoretically distingushable vcRNA's comprise six distinct
species sci to sc6. The 'three smallest poly(A)*RNA's sc4, sc3, and
sc6 co-electrophoresis in an agarose gel. Antibodiés to fusion
protein, produced in FEschrichia coli were used to 'identify the
f,ranslation products of sc3 as N protein (Zuidéna et al., 1987) and
scb asJHZ protein (Heaton et al., 1987). On the basis of size scl énd
sc2 presumabiy code for L and G, respectively, while sc4 and scb code
for M1 and an additional protein. The Afuncticlm of the extra, non
struoturél. ‘polypeptide is unknown.

Tobacco infected with SYNV contains 180—1444 b short
transcripts complementary to the 3' terminus of the SYNV-RNA ge’n‘ome
(Zuidema et al.,, 1986) which are similar to, but somewhat larger fhan,
leader RNA's associated with several animal rhabdoviruses.

The development of a system for infecting plant protoplasts
with rhabdoviruses (Van Beek et al ., 198%a, 1985b, 1985c, 1986) has
allowed Van Beek and others to study the in vivo morphogenesis and
protein synthesis of SYNV., The time course of SYNV%eplication has
been studied in infected c'ovipea pfotoplasts using electron microscopy
(Van Beek et al ., 1985b). The following replicative events have been
reported: ‘Polyso‘mes increased sharply in number by 8-9 hours after
inoculation indicating an acceleration of translational activity; the
first nucleocapsids were found in the nuclei at the edge of granular
matrix by 10 hours after inoculation; at the‘ same time the first virus
was observed budding from the inner nuclear envelope; by 12 hours
after inoculation virus particles were found accumulating in the
péx‘i'nucl_,eaf space and particles were found entering the lumen of the
endoplasmic reticulum; particl\es with a loosely fitting membréne were

/ -
found in the cytoplasm 12 tO0 20 hours after inoculation and by 24
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hours nucleocapsids were detected lying free iﬁ the cytoplasm, often
very close to the virus particles scattered throughout the rough
endoplasmic reticulum (RER).

Synthesis of SYNV—proteiﬁs-has been also studied in ’cowpea
prdtoplasts (Van Beek et al., 1986). Inféoted cowpea protoplasts
incorporated ®*%S-methionine into a variaty of host polypeptides, plus
the four major structural proteiné G, N, M1 and M2 with molecular
weights of 82, 56, 41 and 35 KD respectively. In addition to these
proteins, a minor protein with a molecular weight of 45 KD
occasionally, a protein withi a molecular weighf of 38 KD and a
protein with a molecular weight of about 12 XD, incorporated label
together with an additional five proteins in the lower molecular
weight range (22, 20, 16 and 12 KD). Proteinsipmmndp?§¢ipﬁﬁatedfroﬂ.'
in vivo synthesised proteins in SYNV-infected cowpea protoplasfs fVan
Beek et al., 1986) were similar to those above. In addition several
other proteins were consistently observed in the high molecular weight
region,as well as, a proﬁein with a molecular weight of 52 KD which
wés precipitated from both infected protoplasts and healthy controls,
and which most likely represent”a host protein which co-purified with

Vthe virus.
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1.5 YIRUS TRANOMISSION AND MOVEMERT:

'1.5.1 Yirus Tranemission:

Transmission of plahtbv1ruses has been extensively ' discussed in a
number of reviews (Gibbs & Harrison, 1976; Matthews, 1981; Stevens,
19083). The ways in which the plant rhabdoviruses spread from plant to
plant ' (field épread) is also discussed (Francki, 1973; Francki &
Randles, 1980; Francki et al., 1681; Peters, 1981) .
| Faturally, plant rhébdoviruses are 'spread by aphid or leafhopper
vectors (see the dbove references). The plant rhabdovirus—vecfor
relationships are.highly specific. Viruses seem to replicate in their.
vectors;itherefore, culture of insect cells can be used to study e.g.
the replication of plant rhabdoviruses (for review see Adam, 1984).

Experimentally, a few plant rbabdoviruses can be transmitted .
mechanically to plant hostg. Since most of the plant rhabdoviruses
are unstable iIn vitro (Francki,1973), a suitable buffer is essential

for each vifus (Francki, 1973; Peters, 1681).

1.5.2 Virus Movement in Infected Plant.

Immediafely after inoculation 6f’a plant, only a very small number
of cells become infected. The virus replicates in the primarily
infected cells and the progeny move to neighbouring healthy cells. It
1 universally believed that virus genome moves in infected plants
either aé mature virions, or possibly in the case of positive stranded
RNA viruses in form of free RNA, and as a nucleocapsids in the case

of pegative stranded RNA viruses.
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During the primary infection of the plant, virus particles
penetrate through microinjuriesr info the ceu’s_‘ of the epidermis and
probably into occasional cells of the mesophyll (Sulzinski & Zaitlin,
1982)., Further systemic spread of infection takes place in two ways
(Matthews, 1981; Atabekov & Dorokhov, 1984): (i) slow cell-to-cell
movement (short-distance tranéport) through the plasmodesmata, and (ii)
rapid migration over long distance via the vascular tissues (long-
distance transport). The transpor£ for short and long distance has
been extensively discussed in a number of reviews (Bennett, 1956; Esau,
1956; Schneider, 1965; Gibbs & Harrison, 1976; Matthews, 1981; Atabekov
& Dorokhov, 1984); It is widelj believed that the plasmodesmata play
the role of the transport‘channels’through which the infective agent is
transferred from cell to cell. The most direct evidence for suoh
movement of @ viruses through plasmodesmata comes from electron
microscope studies (Esau et al., 1967; Davison, 1969; Kitajima &
Lauritis, 1969; Gill & Chong, 1981;' Gibbs & Harrison, 1876). Virus
infection may lead to modification in the fine structure of the
plasmodesmata (Esau et al., 1967; Davison, 1969; Kitajima &_Lauritis,r
1969; Esau & Hoefert, 1972; Kimv& Fulton, 1973; Chamberlain et al.,
1977) opening the gates fdr ‘the migration of the virus genetic
materials to the healthy cells (Atabekov & Dorokhov, 1984).

The long distance movement in infected plants is normally much
more rapid than cell-to-cell movement. Defective viruses lacking a
functional coat protein gene such as the FX form of tobacco rattle

virus (TRV), as well as their normal Counterparts both appear to move

~in this manner (Matthews, 1981). The time at which infectious agent

-moves from inoculated leaf to the rest of the 'plant is highly
\ :

!
dependent on host species and virus, age of host, temperature and
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methdd‘of inoculation (Matthews, 1981). Such movement may occur after
weeks or after a period as short as 24 hours. It is genefally accepted
that phloem and xylem tissue are involved in long distance nmvéﬁent
(for review, see Gibbs & Harrison, 1976; Matthews, 1981). In the case
of plant rhabdoviruses, it has been reported that the infectivity bf
LNYV can be found associated with’xylem sap (Francki & Randles, 1970).
Ozel (1973) detected by electron microscopy SYVV éarticles iﬁ roots of
S, oleraceus within 48 hours of aphid-mediated inoculation of leaves.
He suggested that the virus moved initially into the roots through the
phloem and subseqdently, after multiplication, moved from‘ roots to
leaves through the xylem . |

There is recent evidence concerning the role of a vi;us—specifio'
transport protein. This transport rfactor ‘may be abler_to bind
specifically to virions in order +to help their 'transitv ﬁhrough
plasﬁodesmata ’(Langenberg, 1986). Another possibility ié that the
transport factor modifies the wall or plasmodesmata Betwéen adjacent
infected and non infected cell making them permeable to the infeétious
végen£vatuesi—Garaﬁd"ét;élf}‘1987)7:

Immunoelectron microscopy with gbld—labélled antibodies shbwed
that homologous capsid proteins or virioﬁs are associated with
cylindrical inclusions of Vheat streak mosaic  (VSHV) and of Vheat
spindle streak mosaic (WSSMV) viruses in vitro (Langenberg, 1986) and
such association is thought ‘to be in correlation with cell-to-cell
movement of virioﬁs through the plasmodesmata.

The majority of P3, a ndn-étructural pfotein of alfalfa mosaic
virus (AlMV),vhas been shown to accumulate in the cell ﬁaliiiraéﬁidh‘7
of K. tabacum following viral 1nfegtion'and replication (Godefroy-Colburn

al., 1986). The ultrastructuraf location of ~this protein was
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visualized immunocytochemically in the middle lamella of the valls of
either infected parenchymal or infected epidermal cells §§§g§§;j§§£§ggﬁg§m§gi
1987). These  findings support the concept that P3 protein is the
transport factor of AIMV and is involved in the movement of the viral
infection from cell-to-cell .

The 30K protein, a non-structural protein of ?MY, has been
identified as a transport factor for viral infection <(Leonard &
Zaitlin,'1982; Ohno et al., 1983). There is evidence that this protein
binds to the cell wall of infected N. tabacum (Godefroy-Colburn et al.,
1987).

The fate of virus movement in the infected tissue appears to be
determined by the number bf plasmodesmata connecting ﬁeighbouring
cells (VWierimga-Brants, 1981). Atabekov and Dorokhov (1984) state
that, special virus-specific ribonucleoprotein particles (vRNP) were
found formed in TMV-infected plants. The vRNP's were different from
the wvirion in structure and contained of substantial amounts of
subgenbmic and ‘a relatively small quantity of genomic viral RNA's. In
addition, vRNP contains éirus—specific pfoteins (Dorokhov et al.,
1983). Evidence favours‘the idea that vRNP plays the part‘of the
transport form of viral infection (Dofokhov et al ., 1984) and contains
the subgenomic RNA coding for transport protein as well és probably the

“transport protein itself.

N
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1.6.1 Symptomology:
Among 68 definitive and tentative members of the plant rhabdovirus

group listed by Peters (1981), only a few are known to cause diseases
of ecchomic imp0rtance and these were usually distributed in limited
geographicél areas (Fraﬁcki et>al., 1981). 0f those diseases, the
most serious are those caused by beet leafcurl (BLCV), LNYV, PYDV and
SCV viruses. Also, eleven rhébdovirus diseases of Gramineae have been
listed by Jaékson et al. (1979). It shouldvbe mentioned that SYNV has
been reported recently to be of potential economic importance, causing
diseases of Florida lettuce (Falk et al., 1986).

External symptoms, which occur as a host plant response to the
virus infection, are very‘varied and the factors controlling the nature
and occurrence of symptoms include, type and strain of virus, type and
variety of host plant, physiology of the host, the presence of other
viruses and pathogens and environmental and climatic conditions
(Stevens, 1983). Lettuce plants infected with LNYV exhibit chlorosis
with varying dégrees of necrosis. In some cases the plants actually
die, with survivors producing useless hearts with a characteristic
sweet taste (Randles & Crowley, 1970). Most of the Gramineae infected
with plant rhabdoviruses become stunted and develop chlorotic épots and
str;ps or streaks on leaves; more susceptible host varieties sometimes

‘digt(Jéckson,‘1979),A“It can be said, that there are no unique or
characteristic symptoms on plants that can be considered as typical of
1nfection by rhabdoviruses (Peters, 1081). Therefore, symptomology has

no value in plant rhabdovirus identification (Jackson et al., 1987).



1.6.2

¥ost of our knowledge about cytopathological changes in plants

infected with rhabdoviruses has been gained from electron microscopy.

1.6.2.1 Nuclear changes:

‘In some cases of virus infection, the cell nuclei may stain less
readily, as with EMDV (Martelli & Russo, 1973). The appearance of clear
areas - around the nucleolus, and possible clumping of chromatin are the
first signs of degeﬁeration in the nucleus of N. glutinosa infected
with LNYV. Also, chromatin disappears and the nucleolus loses its
granular texture and becomes fibrous; the degenerate nucleus finaliy
resembles an empty, membrane-bound vesicle (Wolanski, 1869). Most pléﬁt
rhabdoviruses appear to replicate in the nucleus of the infected plant,
and virus particles often accumulate in the perinuclear space (for
reviews see Jackson et al., 1987; Francki et al., 1985; Peters, 19815.
It has béen found also, that the inner nuclear membrane is the site of
maturation of such virusés, e.g. ©SYNV, PYDV, EMDV, respectively
(Christie et al., 1974; Black, 1970; Martelli & Russo, 1973). Mature
virions cluster ih monomembranéus—inolusion bodies either in the
nucleus or in the cytoplasm, or often on both sides (Francki, 1973;
Martgllé;jigggggtalgszLL“m

Van Beek et al. (1985b) observed densely stained matrix in nuclei
of cowpea protoplasts infected with SYNV after being treated with

actinomycin D. Such materials were occasionally found associated with

viral nucleocapsids of SYNV. Macleod et al. (1966) foud that PYDV

particles accumulate in cytoplasmic invaginations 1located in the
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nuclei. These inclusions may contain cytoplasmic organelles such as

mitochondria or may appear full with virus partioles only.

1.6.2.2 Cytoplasmic Changes:
Chloraplasts: Electron micrographs of chloroplasts of N, glutinosa
infected with LNYV show displacement and disorganization of lamellar
membranes, the v‘appearanoe of vacuoles, osmophilic granules, and at a
late stége, the disappearance of chloroplast membrane and starch grains
(Woianski. 1969). Ramsey wheat (triticum durum leaves infected with
wheat striéfe mosaic virus (VSMV) showed dramatic changes in |
’chldroplasts of infected cells when the grana formed a concentric
pattern (Lee, 1967). |

Randles and Coleman (1970,1972), working on ¥N. glutinosa infected
.with LNYV, found that the chloroplast ribosomes declined in numbers,
within one day of s?mptoms appearance and were completely undetectable
one to three days later. They, also, found that there were parallel
" reductions in the ribosomal' RNA synthesis, concentration of fractiomn I
protein," and size of the chloroplast. To my knowledege mno such study
vhas been carried on ahy other plant rhabdovirus.
Mitochondria: Mitochondrial changes have been reported with BNYV
{Hill & Campbell, 1968). In BNYV-infected N. glutinosa cells,
mitochondria were swollen and contained few cristae. N. glutinosa
_ iﬁfected with Sonchus virus ’(SV) showed a large percentage of modified
mitochondria containing one or several clusters of an electron dense
‘inateria_l;, and very distorted mitochondria vwere_ ~observed containing
fibroid material (Vega et al., 1976). | It 1svgenerally reported that
normal mitochondria or degenerated onés may aggregate during virus

infection of cells (Stevens, 1983; Matthews, 1981). No particles of
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any plant rhabdovirus have been found either in mitochondria or in

chloroplasts (Peters, 1981).

Other cytoplasmic changes:  Cells infected with either barley yellow

striate mosaic virus (BYSHV). or northern cereal mosaic virus (NCHV)
devélop extensive membrane-bound viroplasms in the cytoplasm from which
virus particles bud and accumulate in the vacuole-like spaée, (Conti &
Appiano, 1973; Toriyama, 1976). | |

Plant rhabdoviruses vwhose maturation is associated with
endoplasmic reticulum, e.g. LﬁYV (Volanski & Chambers, 1971y,
accumulate almost exclusively in vesicles formed from this endoplasmic

reticulum.

1.6.2.3 Changes in the Cell Wall:

Ultrustructural changes in cell walls ofrvirus—infected cells have

been well reviewed (Matthews, 1980, 1981). |
In mechanically inoculated Fittosporum tobira (Thumb) but not

in plants naturally infected with pittosporum vein clearing virus
(PVCV), a plant rhabdovirus, some large particles were reported torbe
‘located in the centre of cell wall protrusions, and identical particles

were reported to be located in the cytoplasm (Di Franco et al., 1980).
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‘1.7 DEFECTIVE-IETERFERING PARTICLES:

1.7.1 Introduction:

Defective interfering (DI) particles were first recognized im
preparations of influenza vvirus, an orthomyxovirus, propagated ‘in
vivo. Von Magnus (1954) was the fi‘rst to state a clear definition of
DI-particles by showing thaf. homologous interference exerted by yieids
from serial undiluted passages of influenza virus in eggs was due to
the replication of "incomplete particles" which showed‘interfering
ability but not infectivity. In fact, Henle and Henle (1943) were
the first to report a "paradoxical behavior" in which ‘1at"e harvest
virus from eggs shoWed lower infectivity in mice when undiluted than
when diluted one thousandfold. They concluded that interference waé
due to "inactivated” infectious virus, as the agent. of inferference
had resistance to UV 1light and heat; their results were almost
certainly due to the presence of DI particles (Holland et al., 1980),

- DI particles have been reported’ in both positive- and
'negative-stranded animal viruses (see Holland et al.,1980). - It has
been known that repeated passage of such animal viruses results in
attenuvation of virulence. This attenuétion often follows the
generation of DI ‘particleé (Huang & Baltimore, 1977). DI particles
have the same protein components as the standard virus, reQuire the .
presenée‘ of standard virus for replication and interfere rw,ith the
replication of the standard virus (Huang, 1973). Defective viruses

can be generated natui‘ally during infection a:n'd have been implicated,
) J
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for example, 1n the aetiology of several slow virus diseases of animal
and man (Yougner & Preble, 1980). |

The generation of DI-particles of VSV has been well studied
V(Huang & Baltimore, 1977). Short particles accumulate following
repeated passage of the virus at high multiplicities of infection;
Their genomic RNA sequences differ froﬁ-those of the parental virué as .
a result of deletion and sequence rearrahgements. These rearrangements
involve the termini and‘ sometimes internal regions of the genome
(Faulkner & Lazzarini, 1980).

DI-particles are defective, in that thé genes for one or more
of the virus proteins are absent or functionally inactivé and they
rely, for replication, on complementation by standard particles which
mist bekpresent as helper. Thé presence of DI-particles interferes
with the feplication of standerd particles, reducing ylelds of latter
and in addition modulates the cytopathogeniéity of the standard
particles resulting. in persistent ra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>