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Chapter 1

Tomato spotted wilt virus

Introduction

The history of the "spotted wilt" disease goes back to 1919, when Brittlebank reported
the first observations of this severe discase of tomatoes in Australia, It was not until 1930
that Samuel ef al. (1930) identified the causal agent of this disease as a virus, for which
the name tomato spotted wilt virus (TSWV) was coined. Ever since, TSWV has been
reported from most of the other continents and to date it is recognized as a cosmopolitic
virus, widespread in (sub)tropical as well as in temperate climate zones. The virus causes
great yield losses in a large number of economically important crops, e.g. tomato, lettuce,
pepper, potato, tobacco, groundnut, pea, papaya and in ornamental crops, such as
chrysanthemum, begonia, alstroemeria, cyclamen, gerbera, gloxinia and impatiens. To
date more than 650 different plant species belonging to 72 botanical families, both
monocotyledons and dicotyledons, have been reported to be susceptible to TSWV (Cho
et al., 1987, Matthews, 1982; D. Peters, unpublished data). Disease symptoms vary from
chlorosis, mottling, stunting and wilting to severe necrosis on leaf and stem tissues. They
even may vary within the same host species due to environmental conditions, as well as
to the conditions and age of the plant itself (Best, 1968; Francki and Hatta, 1981).

TSWV is the only plant virus shown to be biologically transmitted by thrips
(Thysanoptera: Thripidae) (Sakimura, 1962a). Thus far, eight thrips species have been
described as a vector of TSWV (Table 1; Pittman, 1927; Samuel ef al., 1930; Gardner ef
al., 1935; Sakimura, 1962a, b; Kobatake et af, 1984; Paliwal, 1974; Bournier, A. and
Bournier, 1.P., 1987; Zitter ef al., 1989). Since 1980, the occurrence of TSWV revived due
to the global expansion of one of its major vectors, Frankliniella occidentalis Pergande.

It is generally accepted that adult thrips do not acquire the virus. Thrips can only



Frankliniella occidentalis Pergande western flower thrips

Frankiiniella schuftzei Trybom common blossom or cotton bud thrips
Frankiinfells fusca Hinds tobacco thrips

Frankiiniella tenuicornis Uzel

Thrips tabaci Lindeman onion thrips

Thrips palmi Karny melon thrips

Thrips setosus Moulton

Scirtothrips dorsafis Hood chilli thrips

Table 1: Thrips species reported as vectors of TSWV.

transmit the virus after acquisitidn in their larval stage (Linford, 1932; Smith,1932; Bald
and Samuel, 1931; Bailey, 1935). Recent investigations have revealed that up to 80% of
the larvae can become infective and transmit the virus before they pupate (Wijkamp and
Peters, 1993). The minimal acquisition period is 15 to 30 minutes. After acquisition and
before transmission, i.e. during the latent period, the thrips is not infectious. Depending
on the thrips species, different lengths of this period have been reported, varying from
4 to 18 days (Sakimura 1962). The virus is transstadially passed and in most cases
retained for life, although irregularly transmitted. Weed plants play an important role in
the spread and survival of virus, They form a virus reservoir from where infective thrips
migrate to crop fields that thereafter become heavily infected (Bond et al., 1983; Cho et
al., 1986; Kobatake et al., 1984),

For decades, TSWYV isolates have been discriminated mainly on the basis of disease
symptoms (Best and Gallus, 1953; Norris, 1946; Best, 1968). In some cases the
phenomena of cross-protection, and genetic recombination (reassortants) have been
brought up as an explanation for some observations on distinct isolates (Best and Gallus,
1955; Best, 1968). During the last decade not only thrips-specificity but also host range
and serology formed the basis for discrimination between isolates (Amin ef al., 1981; Cho
et al., 1988; Ghanekar et ¢l., 1979; Gonsalves and Trujilo, 1986; Kameyi-Iwaki et al., 1988;



Sherwood et al., 1989; Hayati et al, 1990; Avila et al., 1990; Law and Moyer, 1990; Wang
and Gonsalves, 1990; Avila ef al., 1992; Yeh et al., 1992; Reddy et al., 1992). In the past,
however, the preparation of specific polyclonal antisera has often been hampered due
to host protein contaminations in virus preparations, resulting in high background
reactions with healthy control material (Tas et a/., 1977b; Gonsalves and Trujillo, 1986).

Currently, three distinct serogroups can be distinguished using polyclonal and
monoclonal antisera directed to the structural nucleoprotein of TSWV (Avila et /., 1990,
1992). Based on the absence of any serological cross-reactivity between viruses of
serogroups I and III, they are considered as different species. For serogroup I, the name
tomato spotted wilt virus has been reserved, and for serogroup III the name Impatiens
necrotic spot virus (INSV) has been coined (Avila ef al., 1992). Based on different
reactivities with monoclonal antibodies, two serotypes, named tomato chlorotic spot virns
(TCSV; serotype I} and groundnut ringspot virus (GRSV; serotype II), are recognized
within sergroup I (Avila ef al., 1990). In near future, other isolates currently reported
as TSWV may turn out to be further new species, among those are groundnut bud
necrosis (Reddy et al., 1992), watermelon silver mottle virus (Kameya-Iwaki et al., 1988;
Yeh et al, 1992), an isolate of Verbesina altemifolia (Hayati et al., 1990), and peanut
yellow spot virus (Reddy et al., 1991).

Cytopathology and virus structure

Extensive clectron microscopical analyses demonstrated that TSWV is found in
almost all tissues and organs following systemic infection of plants (Kitajima, 1965;
Francki and Grivell, 1970; le, 1973). Mature virus particles are mainly found clustered
in the cisternae of the rough endoplasmatic reticulum (RER) and consist of spherical
lipid-bound particles, 80-120 nm in diameter, covered with spike projections (Fig.1a and
b; Best and Palk, 1964; Best and Katekar, 1964; Martin, 1964; Ie, 1964; Kitajima, 1965;
Van Kammen et al., 1966; Francki and Grivell, 1970 Francki et al., 1984; Francki and
Hatta, 1981). The core of the particles consists of ribonucleocapsid structures

("nucleocapsids"), in which the three genomic RNAs are wrapped with nucleoprotein



Figure 1: Cytopathology of TSWV. (A) presence of TSWV virions in the lumen of the endoplasmatie riticulum
(ER); (B) electron dense massess consisting of non-enveloped nucleocapsid aggregates in the cytoplasm; (C)
fibrous structures in the cytoplasm of a TSWV-infected cell; (D) virus particles bound by two membranes.
Scale bars represent 200 nm. V: Virus; NA: Nucleocapsid aggregates; F: Fibrous structures.



units. The virus particles most likely mature by budding of nucleocapsids through the ER
membrane (Milne, 1970).

In addition to mature virus particles, specific cytopathic structures associated with
TSWYV infection are found. One type is characterized by dark diffuse amorphous masscs,
also denoted viroplasm, with locally electron dense striated spots, located freely
dispersed in the cytoplasm (Fig.1b; le, 1971; Kitajima, 1965; Milne, 1970; Francki and
Grivell, 1970; Francki et al., 1984; Francki and Hatta, 1981). These dense spots have a
diameter slightly smaller than mature virus particles and are never found in older
systemically infected mesophyll cells (le, 1971). They have a proteinaceous nature,
suggested to consist of ribonucleoprotein and to form a normal developmental stage in
the formation of TSWV particles (Milne, 1970; Ie, 1971). The nature of these dense
masses as non-enveloped nucleocapsid aggregates is founded by studies of morphological
defective TSWYV isolates (Ie, 1982, Verkleij and Peters, 1983). In these studies purified
infectious fractions of TSWV resemble the amorphous masses, and therefore are
suggested to present aggregates of nucleocapsids of morphologically defective TSWV
that for some reason can not produce enveloped particles (Ie, 1982; Verkleij and Peters,
1983). The second type of cytopathic structures associated with TSWYV infections consists
of fibrous structures (Fig.1c; Francki et al., 1984; Francki and Grivell, 1970), the nature
and function of these, however, are unknown,

Sometimes, though only at an early stage of infection, doubly-enveloped particles are
found in the cytoplasm (Fig.1d; Milne, 1970; Francki et al., 1984). They are proposed to
arise as a result from budding of the electron dense aggregates, 1.e. nucleocapsids, in
parallel membranes to form enveloped particles (Milne, 1970; Francki et al., 1984).
Subsequent joining of several doubly-enveloped particles then leads to a cluster of
enveloped particles in the cisternaec of RER (Milne, 1970). Sofar, virus particles are
never observed in the Golgi complex or vacuoles (Kitajima er al., 1965), suggesting that
these are not involved in the maturation or transport of the virys. Still, only limited
information is available on the intermediate stages of particle budding, probably because
these are passed through rapidly.

Purified virus particles contain at least 4 structural proteins with a molecular weight



Figure 2: Schemaric representation of a TSWV particle.

of 29 kilodalton (kDa), 58 kDa, 78 kDa and a large (L) protein of >200 kDa present
in minor amounts (Mohamed ef al., 1973; Tas et al., 1977a). The 78 kDa and 58 kDa
proteins are glycosylated and represent the envelope glycoproteins often referred to as
G1 (78 kDa) and G2 (58 kDa) (Mohamed et /., 1973; Tas et al., 1977a). Often a fifth
structural protein of 52 kDa is observed (Tas et al, 1977), however this product is
believed to represent a stable degradation product of the 58 kDa G2 protein. The 29
kDa protein represents the nucleoprotein (N) (Tas ef al., 1977a; Mohamed, 1981).
Further, the large protein has recently been found encoded by the viral genome and its
function elucidated as the putative viral RNA polymerase (De Haan, thesis 1991), A
schematic representation of the particle morphology of TSWV is depicted in Figure 2.

The genome of TSWV consists of three single-siranded linear RNA segments



denoted S RNA (small), M RNA (medium) and L. RNA (large) with reported sizes of
2900 bases, S000 bases and 9000 bases, respectively (Van den Hurk et al., 1977; Verkleij
et al., 1982). Isolated TSWV RNA is non-infectious and does not contain poly(A)-

sequcnces.

Taxonomy

It is clear from the preceding paragraph that tomato spotted wilt virus is very distinct
from other plant viruses, It has a unique particle morphology, a very broad host range
and is bioclogically transmitted by thrips. Hence, this virus has originally been classified
as the representative of the monotypic tomato spotted wilt virus group (Ie, 1970;
Matthews, 1982). Though, Milne and Francki (1984) already suggested that TSWV may
be considered as a member of the arthropod-borne Bunygviridae, a virus family
exclusively consisting of animal-infecting viruses (Matthews, 1982; Bishop, 1980), the data
presented in the thesis of De Haan (1991) and in this thesis provide the conclusive

molecular evidence that this classification would be correct.

Scope of investigation

The aim of the research described in this thesis was to elucidate the genectic
organisation, the coding functions and the expression strategy of the TSWV genome.

At the onset of this research, only preliminary sequence data were available mainly
on the TSWV L and S RNA segments, but the availability of cDNA clones derived from
all three genomic RNA segments made it possible to study the viral RNA synthesis in
plants and to gain insight in the transcription/replication strategy of TSWV (Chapter 2).
The initiation of transcription of the viral genome was subsequently analysed in more
detail and showed analogies with that of other segmented negative strand RNA viruses,
i.e. Bunyaviridae, Qrthomyxoviridae and Arenaviridae (Chapter 3). Meanwhile the
nucleotide sequence of the TSWV § and L RNA segments was elucidated (De Haan,
thesis 1991). With the determination of the nucleotide sequence of the M RNA segment,



as described in Chapter 4, the complete nucleotide sequence of the TSWV genome
became available. Whereas the M RNAs of the animal-infecting Bunyaviridae only
contain one ORF encoding the precursor (o the glycoproteins and, in some cases, a
nonstructural protein, the TSWV M RNA, in addition to the glycoprotein precursor
gene, was found to contain an extra ORF encoding a putative nonstructural protein
(NS,,) of 33.6 kDa. In order to analyse the functions of this and a second nonstructural
protein (NS¢} of TSWV, both proteins were expressed in heterologous expression
systems to obtain specific antibodies. Using these antibodies, the intracellular locations
of both NSg and NS,, were determined (Chapter 5 and 6). Additionally, the gene
encoding the precursor to the glycoproteins (G1 and G2) was expressed in a
heterologous expression system as a first step towards understanding the biosynthesis and
maturation of these envelope glycoproteins (Chapter 7).
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Chapter 2

Viral RNA synthesis in tomato spotted wilt virus-infected
Nicotiana rustica plants'

SUMMARY

The synthesis of viral RNA species in tomato spotted wilt virus (TSWV)-infected
Nicotiana rustica plants was followed in terms of time and relative abundancy. While
systemic symptoms were visible after 4 days post-infection (p.i.), viral (v) and viral-
complementary (vc) strands of all three genomic RNA segments (L RNA, M RNA and
S RNA) were detected from 2 days p.i. on. In addition, two subgenomic mRNAs,
derived from S RNA, were detected. For the L RNA segment no subgenomic mRNAs
were detected, suggesting that this segment is expressed via the synthesis of a genome-
sized ve mRNA. A possible M-specific subgenomic mRNA was detected, showing a
similar time course of appearance as the subgenomic mRNAs derived from the S RNA
segment, Analysis of cytoplasmic RNA fractions revealed that both v- and vc strands of
all three genomic segments associate with the nucleoprotein (N) mto nucleocapsid
structures, the ve RNA species being present in lower amounts. Intact, enveloped virus
particles showed the presence of the v strand of the L RNA sggment only and
surprisingly, both v-and vc strands of the M and S RNA segments, though in different

ratios.

This chapter has been published in a slightly modified version as : Richard Kormelink, Peter de Haan,
Dick Peters and Rob Goldbach (1992). Viral RNA synthesis in tomato spotted wilt virus-infected Nicotiana
rustica plants. Journa! of General Virology 73, 687-693.
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INTRODUCTION

Tomato spotted wilt virus (TSWV) is a representative of the arthropod-borne
Bunyaviridae, unique in its property to infect plants (De Haan et al, 1989a). At the
ICTV meeting in Berlin (1990) TSWYV has been accepted as the sole member of a newly
created genus within the Bunyaviridae, denoted Tospovirus. Typical for members of the
Bunyaviridae (Francki et al., 1991), TSWV has enveloped particles that contain three
different segments of single stranded RNA, denoted S RNA (2.9 kb), M RNA (5.0 kb)
and L RNA (8.9 kb) (Van Den Hurk ef al., 1977, Mohamed et al., 1981; De Haan ef al.,
1990, 1991). The genomic RNAs form pseudo-circular structures tightly associated with
the nucleoprotein (N) of 29 kDa, and a few copies of a large L protein (>200 kDa),
proposed to represent the viral transcriptase. Two membrane glycoproteins of 78 kDa
(G1) and 58 kDa (G2) form the spikes on the viral envelope (Mohamed ef al., 1973; Tas
et al., 1977; De Haan ef al., 1989a).

Recently, the nucleotide sequences of the S- and L RNA segments have been
determined (De Haan ef af, 1990 and 1991). The L RNA is of ncgative polarity,
containing a single large open reading frame (ORF) in the viral complementary (vc)
strand. This ORF encodes a protein of expected size 331.5 kDa which, based on
sequence homology with the Bunyamwera L protein and Influenza PB1, is proposed to
represent the viral transcriptase. The S RNA segment of TSWYV has an ambisense gene
arrangement, as also found for the § RNAs of phleboviruses, another genus within the
Bunyaviridae (lhara et al., 1984; Marriot et af., 1989, Simons et al., 1990; Giorgi et al.
1991). The gene encoding the N protein is located on the ve strand, while a second gene,
encoding a nonstructural protein (NSg) of 52.4 kDa, is found on the viral strand (De
Haan et al., 1990).

To further study the expression and replication of the TSWV genome the synthesis
of viral RNA species has now been followed during systemic infection of Nicotiana
rustica. To this end total RNA extracts, prepared from infected leaf material at different

times after inoculation, were analysed using strand specific probes for each of the three
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genomic RNA segments. The results obtained demonstrate that TSWV follows the
replication strategy characteristic for negative strand RNA viruses, by which L, M, and
S viral (v) RNA, and M and § viral complementary (vc) RNA become encapsidated in
enveloped virus particles. In addition to S-RNA-derived subgenomic mRNAs, a possible
M-specific subgenomic mRNA has been detected in TSWV-infected N, rustica.

MATERIALS AND METHODS

Plants, virus and ¢DNA clones

The Brazilian isolate BR-01 (CNPH1) of TSWV was maintained in Nicotiana rustica
’America’ by mechanical inoculation. Complementary DNA clones representing the
different RNAs of TSWV BR-{}1 have been described previously (De Haan et al., 1985b,
1990, 1991).

Purification of TSWYV and total cellular nucleocapsid material

Intact virus particles were purified according to Tas ef al (1977} with one
modification as described by Avila ef al. (1990). Viral particles were banded in 10-40%
sucrose gradients and subsequently used for RNA extraction. Virus yield was usually in
the range of 0.8-1.2 mg virus/100 g infected leaf material. Viral nucleocapsids were
isolated from infected leaf tissue as described by Avila et al. (1990), omitting the sucrose
gradient step. RNA from intact virus particles or free nucleocapsids was isolated by
treatment with 1% SDS and phenol extraction. After ethanol precipitation, the RNA
pellet was washed with 70% ethanol, dried and resuspended in H,O.

Total RNA extraction and Northern blot analysis

Young seedlings of N, rustica ’America’ (three leaves stage) were mechanically
inoculated with extracts of TSWV BR-01-infected leaves. After inoculation, systemically
infected leaf samples were taken at different times until 14 days post inoculation (p.i.).
Total RNA was extracted from healthy and infected N. rustica according to De Vries ef
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al. (1982). Total RNA samples of 7 pgwere resolved by electrophoresis in 0.6-1.2%
agarose gels after treatment with methylmercuric hydroxide (Bailey and Davidson, 1976).
The RNA was blotted onto Genescreen (New England Nuclear, NEN), and hybridised
to *P-labelled riboprobes of TSWYV specific sequences. As a control, 0.5 pgTSWV BR-
01 nucleocapsid RNA was included.

Preparation of strand-specific probes

Complementary DNA clones of TSWV BR-01 representing the 3’ and 5’ terminal
regions of the L, M and S RNAs were cloned in transcription vector pSK + (Stratagene)
according to standard procedures (Maniatis et af., 1982). The cDNA clones used for this
purpose are described in Fig.l. The pSK+ plasmids were linearized immediately
downstream of the viral inserts and radioactive RNA probes were prepared by in vitro
transcription using T7 or T3 RNA polymerase (BRL) in the presence of [a-**PJUTP
(3000 Ci/mmol, Amersham) as described by Melton et ai. (1984). The run-off (ranscripts
were checked for strand specificity by hybridisation on spotted, template-free RNA

transcripts.

RESULTS

RNA species present in virions and nucleocapsid fractions

Nucleotide sequence determinations (De Haan et al., 1989b, 1990 and 1991) have
revealed that the genomic L RNA of TSWV is of negative polarity, while the § RNA is
ambisense, containing one ORF in the v strand (encoding the NSg protein) and a second
ORF in the vc strand (the N protein gene, Fig.1). For the M RNA, the limited sequence
data available (De Haan et al., 1989 and unpublished results) indicate that this genomic
segment, is at least partly of negative polarity. To investigate which viral RNA species
are present in enveloped viral particles and which RNA species are found encapsidated
by N protein in infected cells, RNA extracts from purified virions and from cellular

nucleocapsid fractions were denatured with methylmercuric hydroxide and
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Figure 1: Schematic representation of the genomic structure of the § and L RNA (A,B). The location of
cDNA fragments used for the synthesis of riboprobes is shown in alignment with the L and S RNA segments.
The replication of the vRNA strand into the veRNA strand is indicated by the arrows. The black boxes at the
termini of the RNA strands represent complementary.sequences. Due to the lack of sequence data, no
genomic map for the M RNA is shown. E, H and B are EcoRl, HindlIl and Bglll restriction sites, respectively.
1.2 is a L-specific blunt-end ¢cDNA fragment.

resolved by agarose gel electrophoresis (Fig.2a; Bailey and Davidson, 1976). The RNA
was transferred (o genescreen membranes and hybridised to *P-labelled strand specific
probes corresponding to the S, M or L RNA segment of TSWV (Fig.1). Northern
analysis showed that cellular nucleocapsid fractions contained both v- as well as vc
strands of all 3 genoniic segments, the vc strands mostly occurring in lower quantities
(Fig.2b, lanes indicated with N). Intact, enveloped virus particles, however, only
contained the viral strand of the L RNA segment and surprisingly, both v- and ve strands
of the M and S RNA segments, though in different amounts (Fig.2b, lanes indicated with
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Figure 2: Analyses of purified intact virus particles and cytoplasmic nucleocapsid fractions for content of
vRNA and vcRNA. A) Ethidium bromide stained agarose gel containing RNA markers (Ma), RNA from
purified virus particles (V) and RNA from cytoplasmi¢ nucleocapsids (N). The sizes of the RNA markers (in
kilobases) are shown on the left side. B) RNA from purified virus and nucleocapsids was resolved on agarose
gels and subsequently transferred to gene screen membrane, The Northern blots were hybridised with
ribaprobes, specific for the L, M and S RNA segment. V and N represent the RNA fractions of purified intact
virus particles and cytoplasmic nucleocapsids, respectively. - and + indicate vRNA and vcRNA, respectively.
Northern blots of (+) RNA strands have been exposed ten times as long as the (-) RNA strands. C)
Ethidium stained pattemn of total RNA of TSWV-infected N rustica (1) and Northem blot containing tota)
RNA of TSWV-infected N rustica hybridised first to a dsDNA probe of the 1, RNA (L.1), and subsequently
also to probes of the M (M1) and S (51) RNA segments (2).

V). The reason for this phenomenon is not clear and was further investigated. As a first
step, total RNA of TSWV-infected N. rustica 8 days p.i. was analysed on agarose gels
(Fig.2¢, lane 1). The pattern of TSWV RNA species visible, did not differ from the RNA
pattern of purified virus or nucleocapsids (Fig.2a), but Northern blot analyses using *P-
labelled dsDNA probes of all 3 TSWV genomic RNA species demonstrated the presence
of six distinct viral RNA species, ranging in size between 1.7 kb and 9 kb (Fig.2c, lane
2). The RNA bands appeared as 2 doublets, on the position of L and § RNA
respectively, a single band at the position of M RNA and one additional minor RNA
species. In order to resolve the identity and polarity of these bands, time courses of total
RNA extracts of TSWV-infected N. rustica were analysed using strand specific
riboprobes corresponding to the 3 and 5 terminat regions of the S, M, and L RNA.
Fig.1 shows the location of most of the probes used for these analyses in alignment with

the original viral § and L. RNA segments. Due to the lack of sequence data, the genomic
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structure of the M RNA and, as a consequence the location of the M RNA riboprobe

used, is not represented.

Synthesis of TSWV S RNA species

Total RNA extracted from systemically infected N. rustica leaves at different times
p.i. were resolved by agarose gel electrophoresis, transferred to genescreen membrane
and hybridized to **P-UTP labelled riboprobes from pSK +/S1 (Fig. 3a) and pSK +/52
(Fig. 3b) of either polarity. As controls, total RNA from healthy M. rustica and purified
TSWYV nucleocapsids were included. The riboprobes clearly distinguished two genome
length § RNA species, i.e. the vVRNA and vcRNA strands of this genome segment
(Fig.3). In case Llime courses werc analysed with respect to the synthesis of vRNA
strands, probe S1-vc always showed, although to a lesser extent, some hybridisation with
the vcRNA strand (Fig.3a, upper panel). This was caused by the fact that this probe
never showed a 100% strand specificity (see Materials and Methods). After comparison
with the S RNA doublet observed during analysis of a total RNA extract of TSWV-
infected N. rustica (Fig. 2¢), it was concluded that the vc S RNA strand migrated ahead
of the v S RNA strand. Whereas the amount of vRNA increased with time, the
production of veRNA appeared to reach a steady state level at 4 days p.i.. Densitometric
analysis of several autoradiograms indeed showed that, whereas the VRNA strand clearly
accumulated, the veRNA strand did hardly or not accumulate from 4 days p.i. on (data
not shown). Both strands became detectable at 2 days p.i.. At the same time two
subgenomic RNA molecules with the size of 1.7 kb (Fig. 3a, probe pSK +/51-vc) and 1.2
kb (Fig. 3b, probe pSK + /$2-v) respectively, were detected. In view of the location of the
probes within the physical map of the § RNA, and the sizes of the NS; and N gene
encoded by this RNA segment (Fig.1), the subgenomic RNA molecules are likely to
correspond to these two genes and represent subgenomic messengers. Both mRNAs are
transcribed from complementary strands as they are detected by probes of different
polarities, which is in agreement with the ambisense coding arrangement of the S RNA.
These data furthermore indicate that the genome-length ve S RNA is not a mRNA but

represents a replicative intermediate,
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PFigure 3: Time course of synthesis of § RNA species in TSWV-inlected N rustica. Total RNA extracts from
the times indicated at the top of the figure (days p.i.) were analysed using riboprobes of cDNA fragments S1
(A, B) and S2 (C, D). As controls, total RNA of healthy N. rustica (H)} and nucleocapsid RNA {N) were
included. The sizes of the RNA strands detected (in kb) and the position of the § RNA doubtet, observed
in total RNA extracts of TSWV-infected N, rustica, are indicated. The notation pSK +/81-v (B) and pSK +/51-
ve (A) indicates that riboprobe S1, detecting veRNA and vRNA strands respectively, was used in the
hybridisation experiment. The Northern blots were hybridised with equal amounts of cpm to detect v- or
vcRNA strands. Exposure of pSK +/S1-v and pSK+/52-v was three times longer than for S1-ve and 52-ve,
respectively.

Synthesis of TSWV M RNA species

To analyse the synthesis of M-specific RNA species during TSWV infection cDNA
clone pSK+/M1, containing 600 basepairs of viral insert, was used to prepare
riboprobes. According to the restriction map and partial sequence data of the M RNA
segment, the position of clone M1 was located within the 3’ terminal region of the M
RNA. Time courses similar to those produced for TSWV S RNA species were analysed
using these M RNA-derived riboprobes (Fig.4). As found for the TSWV S RNA
segment, both genome-length strands of the M RNA were detected from 2 days p.i. on.

The vRNA, was synthesised in increasing amounts during the course of infection,
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Figure 4: Time course of synthesis of M RNA specics in TSWV-infected N. rustica. Total RNA extracts from
the times indicated at the top of the figure (days p.i.) were analysed using riboprobes of cDNA fragment M1:
(A) pSK+Ml-vc and (B) pSK +/M1-v, Controls were as for Fig.3. Exposure of pSK + /M1-v was three times
longer than for pSK +/M1.ve.

indicating that newly synthesised M RNA was present in the extracts. The antigenomic
strand accumulated much less, and from 4 days p.i. on hardly or not at all. This was
confirmed by densitometric analysis of several autoradiograms (data not shown).
Furthermore, also an M-specific ve sense RNA molecule with a size of approximately
4.0 kb was detected (Fig.4). Since this RNA molecule has a plus polarity it may
represent a subgenomic mRNA, which would indicate the presence of two distinct
cistrons in M RNA. Indeed, this RNA species showed a similar course of appearance
as the two subgenomic mRNAs of the TSWV § RNA segment.
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Figure 5: Time course of synthesis of L. RINA species in TSWV-infected N, rustica. Total RNA extracts from
the times indicated at the top of the figure (days p.i.) were analysed using tiboprobes of cDNA fragment L2;
(A) pSK +/L.2-vc and (B) pSK +/1.2-v. Controls were as for Fig.3.

Synthesis of TSWV L RNA species

The L RNA segment of TSWV is 8.9 kb long, containing one large ORF in the
vcCRNA (De Haan et al, 1991). Analyses of TSWV-infeeted N. rustica revealed that
various smaller L specific RNA species may be generated from L RNA, by the
introduction of deletions of variable sizes (Resende, R. de O. et al., 1991). These smaller
defective L RNA species seem to interfere with the replication of wild type L RNA and
may play a role in symptom attenuation in the host. For this reason, precautions had to
be taken when analysing time courses on the appearance of functional TSWV L RNA
species. Therefore, riboprobes of three different cDNA clones, two corresponding to the
¥ and 3 terminal regions (pSK+/L1 and pSK+/L3) and onc located internally

20



(pSK +/L.2) were used (Fig.1b). As no different L RNA species were detected with all
of the three probes, only the results with probe pSK +/L2 (Fig. 5) are shown. Two full-
length L RNA molecules were detected, a vVRNA molecule being found in increasing
amounts during the course of infection and a veRNA molecule reaching a steady state
level (Fig.5). The accumulation of the v strand and the lower, steady-state amount of the
ve-strand is characteristic for (-} RNA viruses. Comparison of these results with the
paitern of viral RNA species in a total RNA extract of TSWV-infected N. rustica
demonstrated that, similar to the doublet of the S RNA, the L RNA doublet (Fig. 2c)
consisted of a v strand migrating ahead of the v strand. In accordance to the sequence
data that revealed that L. RNA contains one large ORF in ve sense, comprising the
whole RNA segment, no subgenomic mRNA for the L RNA segment was detected,
indicating that the ORF in the vc strand of the L. RNA is expressed from a genome-sized
mRNA.

DISCUSSION

Analyses of viral RNA synthesis in TSWV-infected N. rustica revealed the presence
of both the v- and vc strand of all three genomic RNA segments, and three subgenomic
RNA species. Using strand specific riboprobes it was demonstrated that the doublets
observed in the RNA patterns from infected leaf extracts (Fig.2¢) consisted of full-length
v- and v¢cRNA strands of the genomic RNA segments, the veRNA strands migrating
faster than the v strands, For L RNA, the veRNA strand was present in smaller amounts
(Fig.2c and 5), whereas for M RNA the v- and vcRNA strands could not be observed
separately (Fig. 2c). Similar doublets have been shown within other Bunyavirus-infected
animal cells (Cunningham and Szilagyi, 1987). The full-length RNA strands of both
polarities were shown to be present in nucleocapsids, purified from infected cells,
indicating that vcRNA is also associated with N protein. The ve strands, however, are
encapsidated in smaller amounts, possibly reflecting the difference in amounts present
in TSWV-infected N. rustica.

21






