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PROPOSITIONS

. The use of mechanically transmitted isolates of tomato spotted wilt virus for testing
resistance levels in breeding programs should be avoided.

The envelope-deficient isolate of tomato spotted wilt virus described by Verkleij and
Peters (1983) represents a double mutant of this virns.

Verkleij F. N. & Peters, D. (1983). Characterization of a defective form of tomato spotted wilt
virus, Joumal of General Virology 65, 677-686.

. For the classification of virus species and strains within the family Bunyaviridae the
same descriptors should be used.

. Breeders and virologists should standardize their terminology and definitions of the

different types of resistance.

. The world wide campaigns to prevent ATDS transmission will favour the selection of
mild strains of the human immuno-deficiency virus.

. Assembly of tomato spotted wilt virus particles involves a non-selective RNA
packaging process.

Kitajima, EW,, de Avita, A C., Resende, R. de O., Goldbach, RW. & Peters, D. (1992). Comparative
cytological and immunogold labelling studies on different isolates of tomato spotted wilt virus.
Journal of Submicroscopical Cytology and Pathology 24, 1-14.

Kormelink, R., de Haan, P., Peters, D). & Goldbach, R. (1992). Viral synthesis in tomato spotted wilt
virus-infected Nicotiana rustica plants. Joumnal of General Virology 73, 687-693.

Resende, R. de 0., de Haan, P., de Avila, A.C., Kitajima, B.W., Kormelink,R., Goldbach, R. & Peters,
D. (1991). Generation of envelope and defective interfering RNA mutants of tomato spotted wilt
virus by mechanical passage. Journal of General Virology 72, 2375-2383.




7. Review articles have to be read with caution, since authors of such articles frequently
misreport results by not consulting the publications referred to.

8. Taking into account the high population density, the richness of dialects in the
Netherlands reveals a low human mobility.
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CHAPTER 1 INTRODUCTION

Tomato spotted wilt virus (TSWV), a cosmopolitan plant virus which is spread in

nature exclusively by some thrips species. The virus has a wide host range and causes
diseases in economically important agricultural vegetable and ornamental crops,
predominantly in tropical regions (Peters et al., 1991). Recently, TSWV also became
prominent in temperate climate zones, a process which was preceded by the spread of
Frankliniella occidentalis Perg. over the Northern hemisphere.
TSWYV consists of roughly spherical, enveloped particles, ranging in diameter from 70-
110 nm, which arc covered with surface projections. Among plant viruses, TSWV
appears to have a unique genome organization (Fig. 1). The genome of TSWV consists
of three single-stranded RNA segments, denoted large (L), medium (M) and small (S).
These RNA segments are complexed with nuclecocapsid (N) protein to form pseudo-
circular nucleocapsid structures. .

In the past two years, the complete nucleotide sequence of the genome of a Brazilian
isolate (BR-01) has been elucidated. The molecular date obtained showed that TSWV
is actually a bunyavirus, being unique in its property to infect plants. In view of its
deviant host range and biology, TSWV has recently been placed in a newly created genus
(Tospovirus) within the Bunyaviridae, a large family of arthropod-borne, enveloped
viruses (Francki ef al., 1991). The 1. RNA (8897 nucleotides long) of TSWV has a
negative polarity and contains a single open reading frame (ORF) corresponding with
a translation product of 3315 kilodaltons (kD), which may represent the viral
transcriptase (de Haan ef al., 1991). Expression of this genome segment occurs via the
synthesis of a full-length mRNA (Kormelink ef 4/, 1992a), The M and S RNAs both
have an ambisense coding strategy, each containing two ORFs. The M RNA 1is 4821
nucleotides long, encoding a non-structural (NSm) protein with a size of 33.6 kD in viral
sense, and a common precursor to the glycoproteins (127.4 kD) in viral complementary
sense. The glycoprotein precursor contains a sequence motif (RGD) which is
characteristic for cellular attachment domains (Kormelink et al., 1992b).
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Fig. 1. Structure and strategy of gene expression of tomato spotted wilt virus




The S RNA is 2916 nucleotides long. It encodes a non-structural (NSs} protein of
52.2 kD in viral sense and the nucleocapsid (N) protein in viral complementary sense (de
Haan ef al., 1990). Both the M and S RNA are translationally expressed via the synthesis
of subgenomic mRNAs, transcribed from either viral or viral-complementary strands.
The transcription of these RNAs is initiated by a process of of cap-snatching (Kormelink
et al., 1992¢). The mRNAs produced by M and the S RNA molecules probably terminate
in the intercistronic region, at a long stable A-U rich hairpin (de Haan ef af., 1990;
Kormelink et al., 1992b). All three genomic RNAs have complementary 3’ and 5 ends
which folded into a stable panhandle structure and which may be involved in the
formation of the pseudo-circular nucleocapsids.

The virus particles accumulate in the cavities of the endoplasmatic reticulum (ER)
and, most likely, mature by budding of nucleocapsids through the ER membrane (Milne,
1970; Kitajima et al., 1992). Large clusters consisting of granular material, designated
viroplasms, are also observed. They often contained complexes of nucleocapsid
aggregates with a more densc appearcnce which are sometimes arranged in chain or
string-like structures. These complexes had a lattice periodicity of 5 nm (Ie, 1982) and
are not bound by a membrane but are scattered throughout the viroplasms surrounded
by ribosomes. In addition, elongated flexible filaments or paracrystalline rods can be
found which do not share any antigen associated with virus particles, but immunostain
with antiserum against the non-structural protein (NSs) encoded by the S RNA
(Kormelink et al., 1991; Kitajima ef al., 1992).

In nature, TSWV is exclusively transmitted by thrips in a circulative/propagative
manner. The vector seems to acquire the virus only during its larval stage and becomes
infective afterwards for its whole lifespan. However, under experimental conditions, it
is common practice to maintain the virus by mechanical inoculation onto susceptible host
plants, This procedure causes the generation of defective forms of the virus which are
characterized by the presence of electron dense structures in the infected cells (e, 1982;
Verkley and Peters, 1983).

Initially, it was assumed that the electron dense structures represented an early stage
in the virus assembly process (le, 1982). However, in the course of repeated mechanical

transmissions, it was observed that the characteristic TSWV particles completely



disappeared, whereas amorphous masses of the electron dense structures accumulated
abundantly in the cytoplasm of infected cells. Therefore, it was concluded that upon
serial mechanical transmission the virus had apparently become defective, i.e. lacked the
lipid membrane glycoproteins (Ie, 1982).

Verkleij & Peters (1983) studied the morphological defective isolates further. They
detected nucleocapsid proteins in infected tissues, but were unable to detect the
membrane glycoproteins. The dense masses apparently represent aggregates of viral
nucleocapsids, which are not enveloped into mature virus particles. It was concluded that
envelopes could not be formed due to the inability of the virus to produce membrane
glycoprotein species. The results obtained suggested that the lack of glycoprotein
synthesis by the defective forms was caused by large deletions in the M RNA (Verkleij
and Peters, 1983).

These morphologically defective forms of TSWV can not be regarded as "defective
interfering” particles (DI particles). They are able to replicate autonomously in plant
tissues without any helper virus, although they do not contain all the viral structural
proteins. However, they do possess one of the properties characteristic for DI particles,
i.e. the ability to increase in number at the expense of the intact, wild type particles.

Typical DI particles originate mainly from RNA segments encoding the viral
polymerase and comprise the characteristics defined and described by Huang &
Baltimore (1970). They are derived from wild type viral genomes, interfere in the
replication of the standard virus, and are not infectious. The DI particles possess a
defective genome and thus need helper-functions of wild type virus particles for
propagation, Since the presence of defective interfering viral genomes is often associated
with attenuation of disease symptoms in susceptible hosts, they have been extensively
studied in animal viruses (Holland, 1985; Nayak et al., 1990). These studies encompass
the mode of origin and structure of defective viruses, the function of defective particles
in the interference with standard virus, the evolution of defective viruses and their effect
on viral pathogenesis. As defective viral mutants lack one or more genetic functions but
are still capable to co-replicate, they may constitute useful tools to study viral genes and
viral protein functions. The understanding of these mechanisms, indeed, can provide new

ways to elucidate the multiple events which take place in the infection process. Genuine




DI mutants have been described for only a few plant viruses (Morris & Knorr, 1990), but
they have not yet been found in TSWV infected systems.

The present study was aimed to characterize defective forms generated by successive
mechanical inoculations of TSWV. For this purpose, several TSWV isolates were serially
transmitted onto susceptible hosts. The defective virus genomes generated were analyzed
on the basis of their biological, serological and molecular properties. Chapter 2 describes
the characteristics of defective interfering RNAs generated in different animal and plant
cell systems with properties significant for the understanding of the defective genomes
generated in TSWV. A rapid and efficient technique to detect the presence of non-
enveloped, nucleocapsid aggregates, typical for envelope-deficient mutants, in infected
plants by electron microscopy, is described in Chapter 3. Chapter 4 describes the
generation of two distinct classes of TSWV mutants, i.e. envelope-deficient mutants and
DI RNA mutants, by mechanical passage. The molecular characterization and possible
mechanisms involved in the generation of the various DI RNAs and envelope-deficient
isolates of TSWV are presented in Chapters 5 and 6, respectively. Finally, Chapter 7
presents the use of DI RNAs to provide engineered protection to TSWV and transgenic
DI RNA-producing plant systems to study the genome information required for TSWV

replication, encapsidation and packaging into virus particles.
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CHAPTER 2 DEFECTIVE INTERFERING RNAs

DEFECTIVE INTERFERING RNAs ASSOCIATED WITH ANIMAL VIRUSES

Among defective viral genomes, the biologically most important ones are those
referred to as "defective interfering” particles (DI particles). They are deletion mutants
which have lost essential segments of the viral genome. The delcted sequences may vary
from a small number of nucleotides to over 90% of the wild type genome (Lazzarini et
al., 1981; Holland, 1985; Nayak ef af,, 1990). As a result DI genomes are "helper-
dependent”, that means that they will replicate in cells only when co-infected with the
wild type virus from which they are generated; the latter delivering the genetic functions
deleted from the DI-genomes. In addition, these genomes suppress the replication of
wild type virus by diverging virus-supplied gene products toward DI replication and away
from wild type virus replication. Therefore, DI particles interfere with the replication of
the wild type virus and are often associated to disease modulation in susceptible hosts.

Phenomena as symptom attenuation and virus interference have well been
documented in animal virus systems. Defective interfering RNAs have been described
for both positive and negative stranded RNA viruses of animals (Lazzarini ef al., 1981;
Holland, 1985). Among the negative-strand RNA viruses, DI RNAs of vesicular
stomatitis virus, which has a non-segmented RNA genome and influenza virus, having
a segmented RNA genome, have been extensively studied and will, therefore, be .

discussed here in some more detail.

Structure of defective interfering RNAs of vesicular stomatitis virus

Studies of rhabdovirus DI particles have almost exclusively been carried out with the
prototype of the rhabdoviruses, vesicular stomatitis virus (VSV). Its DI particles are
probably the most studied and best understood of all DI genomes. VSV DI particles,
though smaller in length than the parental virus, generally exhibit the same shape and
symmetry characteristics as the wild type virus. The smallest VSV-DI particles reported
contain an RNA segment corresponding with only 10% of the viral genome, while the




largest ones possess RNA segments of up to about 50-60% of the wild type size
{Holland, 1987). '

Several classes of RNA can be distingnished among the DI particles of VSV

(Holland, 1987). The class I DI RNAs consist of, adjacent to the 5’ viral terminus,
variable portions of the L gene, and end with a 3’ terminus which is complementary to
the 5 terminus of the original viral RNA. The 3’ and 3’ ends can therefore form a stem
which varies in size from 45 to about 150 base pairs (Meier ef a!l., 1984; Holland, 1987).
Since these panhandle-forming RNAs do not contain transcription-initiation sites in their
genome or in their antigenomic plus-strands, they can only be replicated when
interacting with parental viral gene products. Most VSV DI RNAs found belong to this
class.
The second class of DI particles, having the form of a hairpin, consist of genomic minus
RNA sequences which are covalently linked to their antigenomic (plus-sense)
complements. In this case the minus strand is formed by a 5° portion of the L gene,
including the §’ terminus. Also, this class of DI RNAs can not be transcribed. The third
class, which has been found rarely among the DI particles of VSV, consists of genomic
RNA of which a large, but internal, portion of the L gene has been deleted. T h e
presence of the 3’ terminus allows transcription as well as replication of these DI RNAs,
The transcriptase for this replication is supplied by the co-infecting parental virus. The
fourth class consists of several types of DI RNAs. They often consist of extensively
rearranged genomes, having in common a 3’ terminus which is elongated with a
complement of the 5° terminus. These bizarre molecules, which can not be transcribed,
occur usually in persistent infections and other situations in which earlier-generated DI
particle genomes can evolve and rearrange.

The most plausible and widely accepted general model for the generation of these
defective genome is the "copy-back” or "copy choice" mechanism (Holland, 1985). This
mechanism implies that during replication the polymerase terminates prematurely, moves
with the nascent daughter strand to another site on the same or a different template
molecule, and resumes elongation of the nascent chain. Termination and resumption of
elongation suggests the involvement of internal polymerase recognition sites. However,

in most cases, evidence has not been found for sequence specificity at the junction sites




at which the replicase terminate and resume the synthesis.

DI RNAs are involved in persistent VSV infections of cells (Holland, 1987). Their
interference can also lead to complete curation of cells from virus infection. DI particles
can be generated, replicated and may interfere in animals in vivo, although their
presence in infected animals or humans has never been demonstrated in field studies.

Most rhabdoviral DI RNAs can not be transcribed. They interfere at the level of virus
replication (HoHand, 1985, 1987). They do not inhibit the primary transcription of the
virus, but suppress viral genome replication. After their efficient primary replication they
eventually strongly suppress secondary transcription. Since the reduction of secondary
transcription leads to a relative shortage of viral replicase and encapsidation proteins,
and since the reduoced numbers of virus templates are mainly devoted to transcription
(while DI nucleocapsids are devoted only to replication) almost all of the limiting viral
replication/encapsidation polypeptides will be shunied 1o DI genome replication at the
expense of wild type replication (Holland, 1987).

Structure of defective-interfering RNAs of influenza viruses

Influenza viruses contain genomes usually divided in eight segments. Influenza virus
DI RNAs are consistently formed as soon as the virus is passaged at high multiplicity.
They are present in a molar excess over the parental viral RNA segment from which they
are derived. In addition, they are even present, although at much lower levels, in clonal
stocks of influenza virnses. They will then be amplified during subsequent passages at
high multiplicity. The causal reason of the generation of DI RNAs, their apparent
function in the biology of virus replication, and their occurrence at high frequency is not
well understood.

The influenza virus DI RNAs are substantially different from those of most other
negative strand DI RNAs. They arise upon deletion of internal sequences without any
major sequence rearrangement. Thus they retain both 3'- and 5'-terminus, and do not
have any obvious replicative advantage other than their small size, compared to the
progenitor RNAs. Most of the DI segments found arise from one of the three large virns
RNA segments, which encode the viral polymerase subunits (P1, P2 and P3). A single
segment can give rise to DI RNAs with varying lengths, the smaller ones not always




being a subset of the larger ones (Sivasnbramanian & Nayak, 1983; Nayak et al., 1985).
These DI RNAs show a wide variation in their sequences at the junction sites with do
not show any unique feature when compared with either the parental RNA or other
subgenomic RNAs. The DI RNAs studied may initially not be generated from the
parental RNA but they may rather represent predominant species that have undergone
evolution, survived the selection pressure, and become amplified during subsequent
replicative cycles. Consequently, the DI RNAs found in DI virus preparations may not
be the final end product of evolution either, as it has been shown that any given DI RNA
may further evolve or even disappear during subsequent growth cycles of the virus. In
fact, it is reasonable to assume that most DI RNAs studied to date may fall into the
intermediate or evolving RNA species (Nayak et al., 1990).

The interference characteristics as defined for rhabdoviruses by Huang (1975, 1977)
also hold for the interference mediated by DI particles of influenza virus, Although the
precise mechanism of interference is unknown, co-infection of parental virus-infected
cells with DI virus particles results in (1) a reduction in the wild type virus yield with
consequent amplification of DI viral RNA, (2) overall reduction in the total yield of virus
particles as well as of intracellular synthesis of viral macromolecules, and (3) reduction
in cytophatic effects caused by standard virus infection.

The mechanism of this interference appears to be complex and may involve multiple
steps. Interference may occur either at the level of RNA replication and/or transcription
since DI RNAs can fully function as both replicative and transcriptive templates
(Chambers ef al., 1984; Akkina et al., 1984; Nayak ef al., 1990). Interference at the latter
level may also affect the production of essential enzymes such as polymerases. Since
these DI RNAs are transcribed into mRNAs, some of which are translated into defective
proteins, transcriptional as well as translational products may also be involved in DI
virus-mediated interference. These DI-specific proteins, which have an amine terminal
sequence in common with the polymerase, may affect the formation of functional
polymerase complexes and thus, inhibit the total replication and transcription of viral
RNAs. Finally, these DI RNAs may interfere in the packaging and assembly process by
selectively displacing their parental standard RNA segments from the virion (Akkina et
al., 1984; Nayak et al. 1985). This means that these DI RNA segments will function as

10




competitors with standard RNA scgments becausc of their smaller size. They, most
probably, do not have an altered structure with an increased affinity for polymerase
binding or replicative ability. Therefore, influenza DI-mediated interference as an
intracellular process can partly be reversed with increasing multiplicity of standard
viruses. The strength of the interference phenomenon is that DI RNAs seem to be
generated easily during replication.

The factors affecting the generation and evolution of influenza virus DI RNAs are
poorly understood. Sequence analysis rules out the normal eukaryotic splicing mechanism
or post-transcriptional processing of nascent RNA in the generation of DI RNAs, It was
suggested that aberrant replicative event(s), in which the polymerase complex somehow
skips a portion of the RNA template, is (are) involved in the generation of DI RNAs.
Sequences which specify cither the detachment or reattachment of the polymerase on
the plus or minus progenitor RNA strands in the generation of DI RNAs have not been
observed (Nayak ef al., 1985; Nayak & Sivasubramanian, 1983; Jennings et al., 1983).
However, it is still possible that secondary structure(s) in the nucleotide sequence or
some higher order structure in the nucleocapsids may be responsible for causing the
detachment and reattachment. Two general mechanisms for the introduction of internal
deletions have been proposed (Nayak er al,, 1985, 1990). The first is the jumping
polymerase model, which involves the detachment and reattachment of the polymerase
complex from the template. In this model, the polymerase detaches from the template
and reattaches downstream on the same template, giving rise to shortened RNA
molecules possessing internal deletions. This may occur during the replication of either
the plus or the minus RNA strand. This process requires that the nascent RNA strand
must remain attached to the polymerase complex when physically detached from the
template. As discussed above no unique secquence or an obvious RNA secondary
structure at either the junction or the flanking regions is not involved in the detachment
and reattachment of the polymerase on the template RNA. Thus, detachment and
reattachment may occur either at random or some unique features of RNA in the
ribonucleoprotein complex have yet to be identified.

The second mechanism for generating an internal deletion can be described as a

process that involves rolling over of the polymerase complex and looping out of the RNA
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template (rollover/loop-out model). In this process, the polymerase complex does not
completely detach from the template but rolls over, with the attached nascent danghter
RNA strand, to a new site on the template that is brought into juxtaposition. The fact
that most, if not all, influenza virus DI RNAs arc monogenic and not of polygenic origin
argues against a complete detachment and reattachment to a new site but would favour
this rollover/loop-out model. How the two sites on the RNA template are brought close
together so that the polymerase complex can rollover is not clear. One possibility is that
such a juxtaposition of two sites of the RNA template is caused by the formation of
transicnt RNA secondary structures during the replication.

This model, in which the polymerase rolls over to a new site without detaching
completely, would favor the generation of internally deleted influenza DI RNAs with
conserved 5* and 3’ termini (Nayak ef ai., 1985, 1990). Also, this model would explain
why the other DI RNA classes e.g. panhandle, mosaic or rearranged DI molecules are
cither absent or rare in influenza viruses. Taken together, current evidence snggests that
rolling over of the polymerase complex and the possibility of multiple contact points
within the RNA template are likely to generate 5-3° internally deleted influenza DI
RNAs,

The biological function of influenza DI RNAs remains to be clucidated. They may
be generated in natural infections attenuating the pathogenic effects of the wild type
virus, Therefore, DI RNAs may prove useful as the basis of an effective influenza

vaccine.

Sendai virus

Sendai virus, a parainfluenza virus, possesses a non-segmented negative-stranded
genome. Upon infection of cells with this virus a variety of DI RNAs has been observed
which exhibits extensive deletions and are dependent on wild type virus for replication
(Kailash er al., 1983). The majority of Sendai virus DI genomes described so far, are
internally deleted molecules, which have been designated "fusion" DI RNA species to
indicate that they are products of errors in viral RNA replication deleting the internal
genes and fusing the 3’-terminal regions of the first gene, NP, with 5'-terminal regions
of the last gene, L, as suggested by Amesse et a/. (1982). Sofar, among non-segmented
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negative-strand RNA viruses, such deletion mutants are almost restricted to Sendai
viruses. Studies of the fusion DI genomes of Sendai virus indicate that they are generated
by a copy-choice mechanism dependent upon signals that control transcription and
replication (Re et al., 1985).

Picornaviruses

For both the Mahoney and Sabin strain of poliovirus type I the occurrence of DI
RNAs have been described (Cole et al., 1971; Kajigaya ef al., 1985). In both systems the
DIs contain internal deletions comprising approximately 15% of the genome. These DI
genomes are generated at very low rates after many serial high-multiplicity-of-infection
passages. The purified DI particles are able to initiate a normal poliovirus replication
cycle but fail to synthesize capsid proteins and therefore cannot produce progeny virions.
This observation suggests that the DI RNAs lack the genomic region that encodes the
viral capsid proteins. Sequence analysis of several poliovirus DI molecules revealed the
precise location and size of the deletions. The size distribution of the deletions varied
from 9.6 to 13.2% of the total genome length and span the region in the poliovirus
genome between nucleotide positions 1226 and 2705, showing that the rearranged sites
occur in a limited area of the approximately 7000 nucleotide long genomic RNA
(Hagino-Yamagishi et ai., 1990).

All the deletions are introduced in such a manner that the correct open reading
frame of the poliovirus polyprotein is maintained downstream of the deletion. This
finding strongly suggests that certain non-structural proteins must be provided in cis to

support DI RNA replication.

Coronaviruses

Coronaviruses contain a single-stranded, positive-scnse RNA genome of
approximately 30 kb long. DI RNAs generated by this virus consist of distinct
subgenomic-sized polyadenylated RNA. They contain sequences derived from several
discontiguous parts of the. DI genome (Makino et al., 1985). They are not appreciably
detected in virions and are, thus, probably transcribed de novo from the viral genome

by a discontinuous mechanism. Evidence has been presented that the transcription of
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these subgenomic DI RNAs requires a helper virus function, while the replication of the
DI genomic RNA does not (Makino et al., 1985).

The DI genomes of mouse hepatitis virus (MHYV), the best-studied member of the
Coronaviridge, have retained both original 5° and 3’ termini while multiple internal
segments of the standard virns are deleted. During propagation, the MHV DI genomes
appear to undergo progressive modifications, notably insertions and deletions, and new
Dls emerge only to be succeeded by other, more efficiently replicating species (Makino
& Lai, 1989; Makino er al., 1988; de Groot et 4l., 1992).

De Groot ef al. (1992) have shown that the genome of a naturally generated MHV
DI virus (denoted DI-a) confains a full-length fused ORF encoding a 184K "fusion”
polypeptide. Using constructs derived from this genome, they demonstrated that the
fitness of these defective molecules and its synthetic derivatives is decreased by nonsense
and frameshift mutations, while upon further replication the disturbed ORF becomes
restored (de Groot ef al., 1992). These results lead to the conclusion that translation of
the fusion ORF is indeed required for efficient propagation of DI-a and its derivatives,
The precise role of this ORF and the encoded functional proteins remains to be
elucidated.

Deletion analysis of murine hepatitis virus DI RNAs have been used to clucidate
important signals involved in the coronavirus infection process (Makino et a/., 1989, 1990;
van der Most er al., 1991, 1992; de Groot et al., 1992).

DEFECTIVE INTERFERING RNAs ASSOCIATED WITH PLANT VIRUSES

For plant viruses, phenomena as symptom attenuation and virus interference have
been documented much less extensively than for animal systems. The majority of reports
of these phenomena in plants describes interactions between a helper virus and an
associated component identified as either a satellite virus or a satellite RNA (Francki,
1985). In contrast, only few reports describe the occurrence of defective viruses or
genuine DI RNAs associated with plant virus infections. They include DI-like particles
found in plants infected with (negative-strand) rhabdoviruses (Adam et al., 1983; Ismail
and Milner, 1988). DI RNA segments have also been reported for wound tumor virus,
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a plant reovirus (Nuss, 1988). DI RNAs which meet the criteria of Fluang and Baltimore
(1970) have been described for plant virus of only two related groups, the tombusviruses
and carmoviruses, which have positive-strand RNA genomes (Morris and Knorr, 1990).
Within these virus groups DI RNAs have been reported for tomato bushy stunt virus
(TBSV) (Hillman et ai., 1987; Morris and Knorr, 1990; Knorr et af., 1991), turnip crinkle
virus (TCV) (Li et al., 1989; Cascone et al., 1990) and Cymbidium ringspot virus
(CyRSV) (Burgyan ef al., 1989, 1991).

DI RNAs of Tombusviruses

Biological and molecular characterization of a novel RNA species associated with the
cherry strain of TBSV provided the first definitive demonstration of DI RNAs for a plant
virus (Hillman et al., 1987). These DI RNAs were found to prevent the development of
lethal necrosis as normally caused by TBSV in solanaceous hosts. The DI RNAs were
shown to be colinear deletion mutants of the non-segmented virus genome, derived from
5-proximal, internal and 3’-proximal genomic regions. These DIs, which are dependent
on the parent virus for both replication and encapsidation, have been shown to reduce
virus accumulation in infected plants (Hillman et al., 1987) and to inhibit genomic RNA
replication in single protoplasts (Jones ef ai., 1990).

De novo generation of defective interfering RNAs of TBSV by high multiplicity
passages has been demonstrated (Knorr et af., 1991). They were generated de nove in
12 independent isolates of TBSV npon serial passages. Comparison of the nucleotide
sequences of 10 cDNA clones from 2 DI populations with a previously characterized
TBSV DI RNA revealed that the same four regions of the TBSV genome were strictly
conserved in cach of the DI RNAs. Each consisted of the 5' leader sequence of 168
bases, an internal region of approximately 200-250 bases from the viral polymerase gene,
plus approximately 70 bases from the 3’ terminus of the viral p19 and p22 genes, and
approximately 130 bases from the 3’ terminal noncoding region. The sequences retained
by the DI RNAs allow speculation on possible mechanisms for their formation, since
both the presence of a certain region of the viral replicase and specific structures of the
viral template seems to contribute in the formation of DI RNAs. A hexanucleotide motif
5-APUAGAA-3 occurs at or near the endpoints of the second and third regions in the
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DI RNAs. It is possible that polymerase dissociation and reinitiation take place in these
regions, thereby deleting large regions. Several sequences with "strong stop" signals
present in the TBSV genome have been also suggested to be involved in the formation
of DI RNAs as regions destabilizing the polymerase-RNA complex. Conservation of the
same four regions of TBSV sequences in the DI RNA clones suggests that the retained
elements are required for RNA replication and possibly also for encapsidation. The
maintenance of the 5° and 3’ terminus suggests that they are involved in polymerase
binding and initiation of replication. The internal regions are more likely to act as sites
of recognition for trans-acting factors important for the initiation or regulation of
replication.

The most likely mechanism leading to sympiom attenuation may be explained by the
reduced viral replication resulting from competition between the viral genome and DI
RNAs for replicase. It is possible that the selection pressure resulting in symptom
attenuation would favour replicative fitness of the DI RNAs through selection of optimal
polymerase binding sequences. In addition, the small size and structural stability of DI
RNAs might also contribute to their ability to be maintained.

Another tombusvirus, CyRSV, has been shown to support the generation of DI RNAs
(Burgyan et al., 1989; 1991). Analysis of these RNAs showed that 3 conserved sequence
blocks, A, B, and C, are retained. Block A is composed of the first 164 nucleotides of
genomic RNA, including the 5’ leader sequence and the initiation codon of the 92 kD
protein, block B is 112 nucleotides long and represents the central part of the putative
polymerase gene, and block C, 403 nucleotides long, corresponds to 49 nucleotides of
the carboxyl terminus of the 22 kD protein gene and the entire non-coding region of 354
nucleotides. Smaller DI RNAs which have also been identified, are formed by esseatially
the same genomic RNA sequence blocks with a progressive reduction of their size by
further deletions inside blocks A and C.

Nucleotide sequences of several of these DI RNAs suggested a possible evolution of
smaller from larger molecules. No clear consensus sequences were found when the
nucleotide composition of each block was compared, but the initiation sequences showed
marked similarities. Most of the DI RNAs had one or two Gs in the first two positions

as observed in many recombination sites. These two Gs are part of the consensus
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sequences recognized in all replicating molecules of CyRSV, ie. genomic, subgenomic
and satellite RNAs.

A "copy choice” mechanism is suggested to be involved in the generation of CYRSV
DI RNAs. In addition, stable secondary siructures surrounding the deleted regions and
containing hairpin loops where rearrangement sites are located, may also play 2 role in

this process.

DI RNAs of turnip crinkle virus

Turnip crinkle virus (TCV) is a single-stranded, positive sense RNA virus which has
been classified as a member of the carmoviruses (Morris and Carrington, 1988). Studies
demonstrate that TCV supports the replication of a variety of linear small RNAs such
as (i) satellite (sat) RNAs (Simon and Howell, 1986) being small RNAs, which do not
function as mRNAs and require a helper virus for replication and propagation; (ii)
chimeric RNAs (Simon and Howell, 1986) composed of sat-RNA sequence at the 5 end
and viral sequences at the 3° end; and (iii) DI RNAs (Li ef al., 1989) derived almost
exclusively from parental virus sequences and, unlike other DI RNAs, intensify the
symptoms produced in host plants. The DI RNA designated G (346 bases), normally
associated with TCV-B isolate, is a mosaic molecule composed of 21 nucleotides of
unknown origin at the 5" end, 5° and 3’ parts of viral segments and a centrally repeated
block of viral sequences (Li ef al., 1989). Another DI molecule denoted DI-1 (383 bases)
was generated de novo following inocutation of plants with material derived from in vitro
synthesized viral transcripts (TCV-B isolate) and contains the exact 5 and 3 ends of
TCV as well as an internal viral sequence (Li ef al., 1989). Additional DI RNAs derived
de novo from the cloned viral inoculum were identified. They contained a colinear
mosaic of sequences entirely derived from the genomic RNA consisting of 135 bases of
5’ sequence, an internal region of 90 bases from the 3’ terminus of the coat protein gene,
and 150 bases of the viral 3’ terminus (Morris and Knorr, 1990).

Cascone ef al. (1990) and Zhang ef al. (1991) demonstrated the occurrence of
recombination events between TCV associated RNAs. Analysis of the recombination
junctions revealed the presence of conserved sequence motifs. These sequences were

proposed to represent putative signals recognized by the viral replicase during generation
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of defective interfering and recombinant RNAs in the TCV system. Based on the
similarities in sat-RNA C, the right side junction of DI RNA G and the 5’ end of TCV,
as well as the sequence similarity between the right side junctions of DI-1 RNA and sat-
RNA C and the 5 end of the sat-RNAs, a replicase-driven mechanism is proposed. The
replicase, while replicating viral or sub-viral minus strands, dissociate from the template
along with the nascent plus strand and remitiate synthesis at one of the internal replicase
recognition sequences on the same or different template thereby generating recombinant
sat-RNAs or DI RNAs.
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CHAFTER 3 IMMUNO-ELECTRON MICROSCOPICAL DETECTION OF
TOMATO SPOTFTED WILT VIRUS AND ITS NUCLEOCAPSIDS IN
CRUDE PLANT EXTRACTS

Elliot Watanabe Kitajima, Renato de Oliveira Resende, Antonio Carlos de Avila, Rob
Goldbach and Dick Peters.

SUMMARY

Tomato spotted wilt virus (TSWYV) particles were identified in thin sections and in
crude extracts of leaves from plants infected with different TSWV isolates, using gold
labelled protein A and antibodies prepared against purified virus particles or against
nucleocapsid preparations. In addition, both in thin sections and in dip preparations
aggregates were detected using either gold labelled antiserum. These aggregates were
not detected using antisera against envelope proteins or against the non-structural
protein NSs. They were the only detectably labelled material in preparations made from
plants infected by morphologically defective isolates of TSWYV, i.e. isolates that did not
produce enveloped particles. The aggregates were discerned in dip preparations as
cloudy amorphous structures having a cottonwocel boll-like outlook. These "cotton bolls"
were interpreted as being the in vitro structures of the nucleocapsid aggregates occurring
in plant cells infected by isolates maintained by mechanical inoculation and are the only
structures in cells infected by morphologically defective isolates (Ie, 1982; Kitajima et al.,
1992). The detection of the "cotton boll-like" structures in crude extracts provides an
adequate and rapid method to establish the presence of nucleocapsid aggregates in cells
of infected plants, irrespective of whether they are infected by morphologically defective

isolates or not.

This chapter has been published in a slightly modified version as: Kitajima et al. (1992). Immuno-electron
microscopical detection of tomato spotted wilt virus and its nucleocapsids in crude plant extracts. Journal of
Virological Methods 38, 313-322.
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INTRODUCTION

Tomato spotted wilt virus (TSWV) is a cosmopolitan plant virus, spread in nature by
thrips species and mechanically transmissible under experimental conditions. The virus
has a wide host range and causes economically important diseases in vegetable and
ornamental crops, mostly in tropical regions (Peters et al., 1991). Recently, due to the
spread of Franklinielia occidentalis Perg. over the Northern hemisphere, TSWYV is also
becoming prominent in temperate climate zones, e.g. in the US, Canada and Europe.

TSWYV particles, spheroidal in shape with a diameter of 70-120 nm, possess a lipid
membrane provided with two viral glycoproteins (G1 of 78 kD and G2 of 58 kD), and
contain three genomic ssRNA segments of different sizes (L, M and S, respectively,
measuring 8,897, 4,821 and 2916 nucleotides) that arve tightly associated with
nucleocapsid (N) proteins of 29 kD. A high molecular weight protein (L) of
approximately 200 kD also occurs in the particle (Te, 1970; Francki & Hatta, 1981; de
Haan et al., 1989; Peters et al., 1991).

In infected cells, TSWV particles accumulate after their envelopment in the cisternae
of the endoplasmic reticulum system. Amorphous aggregates of moderate density
{viroplasm), intermingled with high clectron dense complexes with a 5 nm periodicity,
as well as inclusions of fibrous material appear in the cytoplasm of infected cells
(Francki et al., 1985; Kitajima et ai., 1992).

The high electron dense complexes are thought to be aggregates of nucleocapsids
which are not enveloped in virus particles. They appear in cells after serial mechanical
transfers and are the only structures containing viral antigens in cells infected with
morphologically defective isolates (Ie, 1982; Resende et al., 1991a, b). In addition,
Kitajima et al. (1992) showed that these aggregates of nucleocapsids accumulate,
sometimes abundantly, in almost all isolates which have been mechanically transmitted
but are still able to form enveloped particles. Understanding the generation of
nucleocapsids at the molecular level might shed light on the morphogenesis of the virus,
and the molecular requirements of vector transmission (Resende et al., 1991a, b).

Detection of morphologically defective isolates and of the occurrence of nucleocapsid

aggregates in cells infected with non-defective isolates, was achieved by electron
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microscopic studies in ultrathin sections. Since these studies were time consuming. we
developed a method to analyze large numbers of samples for the development of such
aggregales in infected cells and for the generation of morphologically defective isolates.

This report describes the successful use of the gold labelled antibody decoration
method (Pares & Whitecross, 1982) to establish whether TSWYV isolatcs generate
nucleocapsid agaregates and to determine whether either enveloped or morphologically
defective TSWYV particles, or both, are produced.

METHODS

TSWYV isolates

The isolates BR-01, BR-13, NL-04 and SA-04 used in this study were all members
of the proposed serogroup I (de Avila et al., 1992). They were isolated from different
hosts in different geographical regions (de Avila ef al., 1991; Kitajima et a/., 1992) and
maintained by mechanical inoculation, mostly on Nicotiana rustica cv ‘America’  plants.
Two lines of the isolate NL-04 were used; one of which formed complete particles, while
the other was morphologically defective. Inocula and the samples tested were prepared

from systemically infected leaves 10-14 days after inoculation.

Antisera

Antisera were raised in rabbits against purified virus preparations or purified
nucleocapsids of the Brazilian isolate BR-01 and the Dutch isolate NL-04, both
previously described and belonging to serogroup 1 (de Avila et al., 1991; de Avila ef al.,
1992).

Protein A-gold (pAg)
This label was prepared following the procedure described by Vanr Lent & Verduin
(1985). Colloidal gold particles of 7 pmin diameter were used in most experiments.




Preparation of leaf extracts

Leaf pieces of ca. 1 cm? were triturated in a droplet of phosphate buffer/saline (PBS)
containing 1% bovine serum albumin (BSA). The extract obtained was mixed with
another droplet of BSA/PBS.

Gold labelling of preparations

Formvar/carbon coated grids were floated on the mixture for 1 min with the
membrane side down, and then transferred to another droplet of specific antiserum
(usually at a ditution of 1: 1000) for 10 min. Grids were washed with 30 droplets of PBS
and incubated in a droplet of pAg with an OD,,, concentration of 0.1 for another 10
min, washed with 10 droplets of PBS and 30 droplets of distilled water, and finally
negatively stained with agueous 2% uranyl acetate. The grids were prepared at room

temperature and examined in a Philips CM 12 electron microscope.

RESULTS AND DISCUSSION

Cytopathology of TSWV infected cells

Ultrathin sections of TSWYV infected plants invariably contain the characteristic virus
particles, scattered between the membranes of the endoplasmic reticulum (Fig. 1A).
They have a circular profile with a diameter varying from 70 to 110 nm. In addition, in
most cells, complexes of dense material occur embedded in viroplasms, which are
condensed in several forms of approximately 50-100 nm wide with ¢ross striations of 5
nm (Fig. 1A & B). These nucleocapsid aggregates are thought to represent stacks of
nucleocapsids that failed to complete budding, possibly because of an imbalance in the
ratio of glycoprotein/nucleocapsid synthesis or of a defective glycoprotein (Verkleij &
Peters, 1983; Resende et al., 1991a, b; Kitajima et al., 1992). They often occur in chain-
like formations. They have been described in studies on TSWV cytopathology as
"irregular, dense and tangled strands” (Kitajima, 1965), "densely staining amorphous mass
(Milne, 1970), "densely staining granular material' (Francki & Grivell, 1970), "locally
dense striated spots” (Ie, 1971) "amorphous, diffuse masses" (Ie, 1982), dense agpregates
(Resende et af,, 1991a, b), and have been definitely identified as nucleocapsid aggregates







