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Impatiens necrotic spot virus (INSV) shares a number of properties with tomato spotted wilt virus (TSWV), the type species of the genus tospovirus
within the family Bunyaviridae. INSV, however, differs from TSWYV in plant host range and serology. In order to define the genomic structure
and the taxonomic status ol this TSWV-like virus, the nucleotide sequence of' its genomic 8 RNA segment has been determined. The molecular
data obtained demonstrate that, like TSWV, INSV has an ambisense S RNA molecule. encoding a non-structural protein in viral sense and the
nucleocapsid protein in viral complemeniary sense. The level of nucleotide sequence homology between their S RNAs, as well as the divergence
in amino acid sequence homology of their gene products, confirm previous conclusions [rom serologicul siudies that INSY and TSWYV represent
distinct virus species within the newly created genus, tospovirus,

fmpatiens necrotic spot virus; cDMNA cloning: § RNA sequence; Ambisense gene arrangement; Nucleocapsid protein; Non-structural protein

1. INTRODUCTION

On the basis of its unique properties tomato spotied
wilt virus (TSWY) has been classified as the single rep-
resentative of the genus, tospovirus, within the family,
Bunyaviridae [1]. TSWV occurs over the whole world,
infecting many important crops and ornamental riants
[2,3]. The virus is persistently transmitted by thrips. So
far, eight species have been reported to serve as natural
vectors [4,5].

Virus particles (80~110 nm in diameter) consist of
nucleocapsids surrounded by lipid envelopes, which are
covered with membrane glycoprotein spikes [6,7]. Puri-
fied virus preparations contain four proteins, the nucle-
ocapsid (N) protein, two membrane glycoproteins (G1
and G2) and a large (L) protein, present in minor
amounts and which most likely represents the viral tran-
scriptase [8,9].

In cells of infected plants, TSWV particles accumu-
late in clusters within the rough endoplasmatic reticu-
lum. In addition to mature virus particles, free nucleo-
capsid aggregates can be found in the cytoplasm [10],
together with fibrous structures consisting of aggregates
of NSs protein, a non-structural protein encoded by the
viral genome [11].

The genome consists of three linear RNA species,
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denoted S, M and L RNA [12]. The L RNA (8.9 kb) is
of negative polarity and encodes the putative RNA
polymerase from a genome-sized mRNA molecule [13].
The S RNA segment has an ambisense gene arrange-
ment and codes for the N protein in viral complemen-
tary (vc) sense and the non-structural (NSs) protein in
viral (v) sense [14]. The proteins encoded by the am-
bisense RNA molecule are expressed via subgenomic
mRNAs, which are terminated in the U-A rich inter-
genic regions [15].

Recently, a second TSWV-like virus has been re-
ported which possessed a serologically distinct nucleo-
capsid protein. The membrane glycoproteins of this new
isolate, however, share many epitopes with those of
TSWY [16,17]. Initially, this virus was considered to
represent a distinct isolate of TSWYV and was tentatively
denoted TSWYV-I [16]. On the basis of serclogy and its
symptoms induced on Impatiens sp. however, it was
suggested to represent a distinct tospovirus and was
later renamed I[mpatiens necrotic spot virus (INSY)
[17,18). The occurrence of INSV is restricted so far to
Northern America, Western Europe and the Mediterra-
nean countries, where infections of exclusively orna-
mental plant species have been reported.

To verify whether INSV indeed represents a distinct
tospovirus species und net another strain of TSWYV, i.e.
for proper classification of both viruses, nucleotide se-
quence information will be required. In this regard, de-
termination of the nucleotide sequence of INSV § RNA
is of most interest, since this genomic RNA segment
encodes the major determinants for bunyavirus classifi-
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cation, i.e. the structural N protein, as well as a non-
structural protein, possibly involved in virulence [11].
In this paper the nucleotide sequence of the INSV S
RNA is reported and both its sequence and genetic
organization compared with those of TSWV 8§ RNA,

2. MATERIALS AND METHODS

2.1, Viruses and plants

Dinpatiens necrotic spot virus, isolate NL-07, a Dutch isolate {rom
Impariens spp. 18], was propagated in Nicoriana benthamiuna (L.)
plants by mechanical inoculation. Viral nucleocapsids were purified
according to Avila et al. [19]). RNA was extracted from purified nucle-
ocapsids as described previously [14].

2.2, Synthesis and cloning of cDNA

Purified INSY RNA was polyadenylated using poly-(A) polymerase
{Gibeo-BRL) according to Devos et al. [20] and ¢cDNA was synthe-
sized according to Gubler and Hoffman (21] primed by a synthelic
oligonucleotide complementary to the first eight nucleotides at the 3’
ends of the genomic RNAs (5-GGGATCCTTTTTTTTTTAGAG-
CAAT-3"), which are conserved among all isolates studied so far.
Double-stranded cDNA was made blunt-ended, digested with BamM1
and cloned in BantHI- and Smal-digested pUCIY plasmid vectors [22].
A second set of cDNA clones was obtained using random hexamers
to prime ¢cDNA synthesis. Clones specific for INSY S8 RNA were
selected by Northern blot hybridization. Inserts of identified recombi-
nant plasmids were subsequently used as probes to select more S
RNA-specific cDNA clones in colony hybridization experiments [23].

2.3. Nucleoitde sequence analysis

The nucleotide sequences of S RNA-specific cDNA clones werz
determined according to Zhang et al, [24] with alkaline-denaturated
plasmid DNA as template, using either the standard M13 forward and
reverse sequencing primers or synthetic oligonucleotides complemen-
tary to previously determined sequences. All data were compiled and
edited using the GCG Wisconsin software package [25].

3. RESULTS

3.1. Molecular cloning of the INSV S RNA

Two libraries of ¢cDNA clones were obtained using
either random primers or a specific primer complemen-
tary to the 3’ ends of the genomic RNAs. One cDNA
clone was selected with an insert of approximately 860
nucleotides, which contained the complete 3’ terminus
of INSY S RNA, Using the insert of this and other
clones as probes, additional S RNA-specific cDNA
clones were identified and a set of clones could be

aligned which almost completely covered the INSV S
RNA.

3.2. Nucleotide sequence analysis
Sequence analysis of the aligned ¢cDNA clones re-
vealed a contiguous nucleotide sequence of 2,992 resi-
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dues. Analysis of the six possible reading frames in the
v and vc RNA strand dermnonstrated that, as for TSWV
S RNA, INSV S RNA has an ambisense character (Fig.
1). Alignment of the INSV and TSWV § RNA se-
quences showed 55% overall nucleotide sequence ho-
mology (identity) (Fig. 2). This aligninent furthermore
indicated that the nucleotide sequence homologies in
the 5 and 3’ non-translated regions are relatively low
(50.7 and 38.7%, respectively). A characteristic property
of RNA molecules of negative-strand viruses is the pres-
ence of complementary terminal sequences. The termini
can be folded in panhandle structures, which are in-
voived in the formation of circular nucleocapsids
[2,26,27]. For TSWYV these panhandle structures are
approximately 60-70 nucleotides in length. Folding of
the sequenced 3’- and 5’-terminal regions of INSV §
RNA revealed that this terminal structure would be
much less extensive, comprising only 6 basepairs with
3'-terminal overhang of 24 nucleotides. This finding
suggests that 24 nucleotides at the 5" end of INSV S
RNA were missing in the selected ¢cDNA clones and
that the actual length of the panhandle sequence in
INSV S RNA is approximately 30 nucleotides long. The
S RNA of INSV is most likely approximately 100 nucle-
otides longer than the S RNA of TSWYV isolate BR-01,
but only 20 nucleotides longer than that of a Bulgarian
TSWY isolate [28]. Inspection of the various S RNAs
revealed that differenzes in lengths of the A-U rich inter-
genic regions are responsible for the variable sizes of the
S RNA molecules of different tospoviruses. Folding of
the inter-cistronic region of INSV S RNA revealed a
relatively complex secondary structure, compared with
the stable simple ‘hairpin’ structure in the intergenic
region of the S RNA of TSWYV isolate, BR-01. Between
the U- and A-rich tracks, in the centre of the intergenic
region that is at the top of the secondary structure, a
conserved nucleotide sequence, CAAUUUGG, can be
designated. This conserved sequence might be involved

in termination of transcription as suggested previously
[14,15].

3.3, The mucleacapsid (N} protein gene

The gene located on the ve RNA strand of the INSY
8§ RNA, ranging from position 2,058 to 2,845 (num-
bered from the 5’ end of the v RNA), is 787 nucleotides
in length and codes for a protein of 262 amino acids
with a predicted molecular mass of 28,734 (Fig. 1). The
amino acid sequence shares 55.4% identity to the TSWV
N sequence (Fig. 2), with several stretches of homolo-
gous residues spread along the entire sequence. On the

-

Fig. 1. The nucleotide sequence of the S RNA of /mpatiens necrolic spol virus (numbered from the 5’ end) and the predicted gene products. The

deduced amino acid sequence of the NSs protein encoded by the viral RNA is writlen below the RNA sequence, whereas that of the N protein

enceded by the viral complementary RNA is written above the RMA sequence. The three dots at the 5’ end of the RNA represent the missing
$'-lerminal nucleotides. The asterisks (*) indicate termination codens.
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Fig. 2. Comparison of the genomic 8 RNA molecules of tomato
spotted wilt virus and mpariens necrotic spot virus (numbered from
the & end of the v RNAs). The drawing is approximately to scale,
except for both intergenic regions, which are slightly enlarged to em-
phasize the interviral differences. The arrows in both ORFs indicate
the polarity of these genes on the v and ve strands of both 8 RNAs,
The percentages refer to nucleotide sequence homology between the
various non-coding and coding domains. The amino acid sequence
lhomology of the NSs and N proleins of both tospoviruses are indi-
cated between brackets. The black markers at the top of the hairpin
loops indicate the conserved sequence motifs (CAAUUUGG), which
might be involved in lermination of transcription.

basis of the high sequence homelogy this gene was iden-
tified as that encoding the viral N protein. The predicted
size is in agreement with its faster migration in SDS-
PAA gels compared to the TSWY N protein [17]. The
N proteins of INSY isolates, NL-07, from the Nether-
lands and ‘I type’ from the USA [18] are almost com-
pletely identical (except for one leucine/proline ex-
change at position 170), which indicates that both iso-
lates indeed belong to the same distinct virus species
(Fig. 3).

3.4. The non-structural (NSs) protein gene

A second gene located on the v strand of the S RNA
segmentt, ranging (rom position 65 to 1,413 and with a
length of 1,347 nucleotides, encodes a protein of 449
amino acids with a predicted molecular mass of 51,197
(Fig. 1). The amino acid sequence shares 51.9% identity
with the NSs sequence of TSWYV (Fig. 2), which is signif-
icantly lower than the amino acid sequence homology
between both N proteins. Also, between two isolates of
TEWYVY, e.g. BR-01 and L3, the variability in the NSs
sequence is higher than in the M proteins, indicating
that among tospoviruses the NSs protein is less con-
served than the N protein (Fig. 3).

4. DISCUSSION

Overlapping ¢cDNA clones have been aligned to al-
most completely cover the smallest (S) genomic RNA
segment of INSV. Nucleotide sequence determination
revealed that the 3’ end was completely present in one
of the cDNA clones, while most likely only 24 nucleo-
tides at the 5 end were missing. Since we were mainly
interested in the coding capacity of the INSV § RNA,
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no further attempts were undertaken te determine the
missing 5’-terminal nucleotides. Assembly of the se-
quences revealed 2,992 nucleotides, which is compara-
ble with the sizes of S RNA molecules of two TSWV
isolates, Similar to TSWV § RNA, the small genomic
RNA of INSV has an ambisense character, with the
NSs gene on the v strand and the N gene on the vc
strand,

For TSWV S RNA it has been suggested that, based
on the lengths of both mRNAs, their 3’ ends map in the
centre of the intergenic region [14]. The A-U rich inter-
cistronic domains of both TSWY and INSY S RNA can
be folded into extensive and stable secondary structures.
Close inspection of the central parts of these structures
revealed the presence of a conserved sequence motif,
CAAUUUGG (Fig. 2). it can thus be assumed that
either the secondary structures (of the template RNA or
mRNA) or this conserved sequence represents the sig-
nal for termination of transcription. This signal is some-
how ignored when replication takes place and genome-
sized RNA molecules are synthesized. In this regard, the
S RNA molecules of TSWYV and INSY reserable those
of Punta toro virus, Uukuniemi virus and segments 3
and 4 of tenuiviruses [29-32]. In contrast, the ambisense
S RNAs of Rift Valley fever virus, Toscana, Sicilian
sandfly fever virus and the ambisense S and L RNAs of
arena viruses have G-C rich intergenic domains which
cannot be folded into stable secondary structures [33-
36]. Mapping of the 3’ ends of both 3 RNA-directed
mRNAs is needed to precisely characterize the trans-
criptional termination signals and to gain more insight
into the regulation of transcription and replication of
ambisense RNA molecules,

1t has been demonstrated for other negative-strand
viruses that the terminal nucleotides are conserved and
contain the essential signals for replication and encapsi-
dation with N protein [37-39]. The overall nucleotide
sequence homology between the S RNAs of TSWV and
INSYV is 55%. The sequence homology is lower in the
5’-and 3’-untranslated regions (38.7 and 50.7%, respec-
tively) where a complete match is only found between
the 8 terminal nuclentides,

The N protein of INSV is slightly smaller than that
of TSWYV, as reported previously [18]. Both proteins
share several stretches of homologous amino acid se-
quences. The INSY N protein, however, does not cross-
react with antisera to the N protein of TSWYV, which
might suggest that the homologous parts of the proteins
are located internally and that the variable domains,
containing the epitopes, are located at the surface of the
nucleocapsids.

The NSs protein is less conserved among both viruses
(Fig. 3). This protein aggregates as paracrystalline
flexuous or rigid rods in the cytoplasm of infected cells,
It has been suggested that the amounts and/or structure
of these aggregates play a role in determining the sever-
ity of the symptoms induced by the corresponding to-
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Fig. 3. Alignment of the NSs (Panel A) and N (Punel B) proteins of several isolates of 1omato spotted will virus and mpatiens necrotic spot virus.
Data were oblained from [14,18,28] and the EMBL dalabase ace. XG1799. The putative N-glycosylation sites are underlined. The dots represent
identicai amino acids. Gaps (-) were introduced to reach an optimal alignment.

spovirus jsolate {10,11]. In immunogold labelling exper-
iments, INSV NSs aggregates are decorated using an
antiserum to the NSs protein of TSWYV. This might
indicate that the homologous parts in both TSWYV and
INSY NSs contain most of the epitopes and are exposed
at the surface. In the case of INSV (isolates NL-07 and
I-type) large amounts of crystalline NSs aggregates can
be found in infected plant cells [17,40]. In contrast, in
TSWYV (isolate BR-01)-infected cells, relatively small
amounts of flexuous fibers are present [10]. More stud-
ies are required to predict tertiury structures from other
data, including primary amino acid sequences.

The obtained sequence data demonstrate that the
amino acid sequence homology between the N proteins
of TSWYV and INSY is only 55.4%. This rate of diver-
gence parallels that found among the structural proteins
of different potyviruses, which are considered to repre-

sent distinct species within this plant virus family [41].
In addition, distinct comovirus species share approxi-
mately 55% amino acid sequence homology in their coat
proteins [42}, a level of homology again comparabie to
that of the N proteins of TSWV and INSY. In view of
this, together with the differences in host range and
serology [16,18], the conclusion can be drawn that
INSV represents a second distinct virus species within
the genus, tospovirus, of the family, Bunyaviridae {1]. .
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