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Abstract Pepper chlorotic spot virus (PCSV), newly found
in Taiwan, was identified as a new tospovirus based on the
molecular characterization of its S RNA. In this study, the
complete M and L RNA sequences of PCSV were deter-
mined. The M RNA has 4795 nucleotides (nts), encoding
the NSm protein of 311 aa (34.5 kDa) in the viral (v) strand
and the glycoprotein precursor (Gn/Gc) of 1122 aa
(127.6 kDa) in the viral complementary (vc) strand. The L
RNA has 8859 nts, encoding the RNA-dependent RNA
polymerase (RdRp) of 2873 aa (330.8 kDa) in the vc
strand. Analyses of the NSm, Gn/Gc and RdRp of PCSV
revealed that PCSV is phylogenetically clustered within the
watermelon silver mottle virus-related clade. Based on the
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whole genome sequence, PCSV is closely related to
Tomato necrotic ringspot virus and should be classified as a
new tospovirus species.

Viruses classified within the plant-infecting genus Tospo-
virus of the family Bunyaviridae are characterized by
quasi-spherical enveloped particles of 80-120 nm in
diameter. They possess a tripartite genome of three single-
stranded RNA segments named L, M and S according to
their size [1]. The L RNA is of negative sense and contains
a large open reading frame (ORF) encoding an RNA-de-
pendent RNA polymerase (RdRp) in the viral comple-
mentary (vc) strand [2]. Both M RNA and S RNA are
ambisense, consisting of two ORFs flanked by an A-U rich
intergenic region (IGR) that forms a hairpin structure and
serves as the transcriptional terminator [3]. The M RNA
encodes a movement protein NSm in the viral (v) strand
and the glycoproteins Gn and Gc in the vc strand [4, 5].
The v strand of S RNA encodes the gene silencing sup-
pressor NSs [6, 7], and its vc strand encodes the structural
nucleocapsid protein (NP) [8]. The classification of tos-
poviruses is based on their vector specificity, plant host
range, serological relationship and the amino acid (aa)
identity of the NP, set at a threshold cut-off of lower than
90% [1].

In 2009, a disease causing mottling and deformation on
leaves and fruits of sweet pepper was observed in Sinyi
Township, Nantou County of central Taiwan. The crude
sap of symptomatic sweet pepper samples reacted with
antisera against two tospoviruses, capsicum chlorosis virus
(CaCV) and watermelon silver mottle virus (WSMoV). A
virus isolate, denoted TwPep3, was obtained from the
diseased pepper sample and identified as a new tospovirus
species belonging to the WSMoV serogroup, provisionally
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named Pepper chlorotic spot virus (PCSV), according to
sequencing of the S RNA and the serological relationship
of NP [9]. In this study, the complete sequences of the M
and L RNAs of PCSV-TwPep3 were determined and their
molecular characteristics were analyzed.

PCSV-TwPep3 was maintained in Chenopodium quinoa
Willd. by mechanical inoculation, as described previously
[9]. Total RNA from PCSV-TwPep3-infected C. quinoa
leaf was isolated using the previously reported method
[10]. Degenerate primers were designed based on multiple
alignments of available genomic sequences of tospoviruses
and specific primers were designed from the determined
viral sequences. The accession numbers of the analyzed
sequences from GenBank are listed in Supplementary
Table 1. The sequences of the primers are shown in Sup-
plementary Table 2. The strategy for amplification of the
genomic fragments of the M and L RNAs from PCSV-
TwPep3 is illustrated in Supplementary Fig. 1. First strand
cDNAs were synthesized from 2 pg of total RNA using
SuperScript™ III RNase H™ reverse transcriptase (Invitro-
gen, CA, USA) and reverse primers (Supplementary Fig. 1;
Supplementary Table 2) at 50°C for 60 min, and the
reaction was terminated at 75°C for 15 min. PCR ampli-
fication of cDNA was done using 2.5 U of TaKaRa LA Tag
DNA polymerase (Takara, Kyoto, Japan) with the supplied
LA PCR buffer II, 2.5 mM MgCl,, 0.4 mM dNTPs, 200 ng
of forward and reverse primers (Supplementary Fig. 1;
Supplementary Table 2). PCR amplification was carried
out using a thermal cycler (PTC-200, MJ Research Inc.,
USA), with the following temperature cycle conditions:
initial denaturation of 94°C for 5 min, 35 cycles of
denaturation at 94°C for 1 min, annealing at 50°C for
1 min, and extension at 72°C for 1 min, and one final step
at 72°C for 10 min. Viral double-stranded RNAs (dsRNAs)
were also purified from virus-infected C. quinoa leaf tis-
sues following the method described previously [11] for
verifying the 5'- and 3'-terminal sequences of the M and L
RNAs. The dsRNAs were polyadenylated using yeast
poly(A) polymerase (Amersham Pharmacia Biotech Inc.,
NJ, USA) according to the manufacturer’s instruction.
These were then used as the templates for RT-PCR
amplification of the 5 and 3’ terminal sequences with an
oligo d(T) primer and specific primers designed against
previously identified sequences. All amplicons were cloned
using the TOPO-pCRII TA cloning kit (Invitrogen)
according to the manufacturer’s instructions. Three clones
were selected for each fragment and were sequenced by the
automatic DNA sequencing method performed at the
Biotechnology Centre, National Chung Hsing University,
Taichung, Taiwan using an ABI PRISM 3730 DNA
sequencer (Applied Biosystems, Hammonton, NJ, USA).

The Lasergene 7 software package (DNASTAR, Madi-
son, WI, USA) was used to analyze sequences. The
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nucleotide sequences of the M and L RNAs of PCSV-
TwPep3 were assembled and analyzed using the SeqMan
program. The SeqBuilder program was used to deduce the
aa sequence of viral proteins. The GeneQuest and Protean
programs were used to analyze the composition and
property of nucleic acid bases and proteins. The sequence
comparisons were performed using the MegAlign program.
For calculating the distance matrices of the viral protein
sequences and analyzing phylogenetic relationships, the
method of neighbor-joining [12] with 1,000 bootstrap
iterations in MEGA 6.0 (Molecular Evolutionary Genetics
Analysis software, version 6.0) [13] was used. Tospoviral
genomic sequences for comparison with PCSV-TwPep3
were obtained from GenBank (Supplementary Table 1).
The SignalP 4.1 server [14], NetNGlyc 1.0 Server [15],
NetOGlyc 4.0 Server [16] and TMAP program in SDSC
Biology Workbench v3.2 website were used to predict the
possible cleavage sites, N-glycosylation sites, O-glycosy-
lation sites and transmembrane domains of the Gn/Gc
glycoprotein precursor, respectively. The PROSITE web-
site [17] was used to find functional domains within the L
protein.

The results showed that the M RNA (acc. no.:
KY315810) was 4795 nucleotides (nts) in length consisting
of two ORFs with an ambisense coding strategy. The 5'-
and 3’-UTRs of the M RNA are 60 nts and 48 nts in length,
respectively. The IGR of M RNA has 382 nts. The NSm
coding sequence of PCSV-TwPep3 contains 936 nts,
starting from nt 61 to nt 996 in the v strand of the M RNA,
encoding a protein of 311 aa (34.5 kDa). Another ORF in
the vc strand was 3396 nts long, located between nt 1379
and nt 4747 and encoding the Gn/Gc glycoprotein pre-
cursor of 1122 aa (127.6 kDa). The L RNA (acc. no.:
KY315809) was determined as being 8859 nts in length
and contained an 8622-nt ORF in the vc strand of between
nt 30 and nt 8651. The ORF encoded an RdRp of 2873 aa
with a predicted molecular mass of 330.8 kDa. Conserved
RdRp motifs were found between aa position 1349 and
1529 in the PCSV-TwPep3 RdRp, including motif A
(DxxKW, aa 1384-1388), motif B (QGxxxxxSS, aa
1472-1480), motif C (SDD, aa 1510-1512), motif D (K, aa
1557), motif E (ExxS, aa 1567-1570) and motif F
(KxQxxxxxR, aa 1303-1311) (Fig. 1). The 5'- and 3’-UTRs
of the vc strand of PCSV-TwPep3 L RNA contain 29 nts
and 208 nts, respectively.

The profiles of the M and L RNAs of PCSV-TwPep3
were compared with those of other tospoviruses, as shown
in Supplementary Table 3 and Table 4, respectively. The
NSm and Gn/Gc proteins of PCSV-TwPep3 exhibited the
highest aa identity of 86.5% and 82.2%, respectively, with
proteins encoded by tomato necrotic ringspot virus
(TNRV). The PCSV-TwPep3 RdRp shared 72.3-73.9% aa
identities with RdRps encoded by WSMoV-serogroup
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Fig. 1 Multiple alignments of the RNA-dependent RNA polymerase
(RdRp) catalytic domains of tospoviruses. Six conserved motifs are
shown. Dots and dashes indicate conserved amino acids and gaps
within these tospovirus RdRps, respectively. The Bunyaviridae RARp

tospoviruses including CaCV, calla lily chlorotic spot virus
(CCSV), groundnut bud necrosis virus (GBNV), melon
yellow spot virus (MYSV), tomato necrotic spot associated
virus (TNSaV), tomato zonate spot virus (TZSV), water-
melon bud necrosis virus (WBNV) and WSMoV. Phylo-
genetic analyses indicated that PCSV is closely related to
members of the WSMoV serogroup (Fig. 2).

The topology of the Gn/Gc precursors of PCSV-TwPep3
and other tospoviruses was analyzed and compared (Sup-
plementary Fig. 2). In the PCSV-TwPep3 Gn/Gc precursor,
two deduced cleavage sites were found at aa 26 (LLS-RT)
and aa 436 (SLA-SS). The predicted molecular masses of
the mature Gn (aa 27-436, ~45 kDa) and Gc (aa
437-1122, ~75 kDa) were also obtained. Three N-
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consensus sequences are represented in bold. The abbreviations of
these tospoviruses and the sequences used for this analysis are listed
in Supplementary Table 2

glycosylation sites (two in Gn and one in Gc¢) and two O-
glycosylation sites (one in Gn and one in Gc) were pre-
dicted. A total of five transmembrane domains were found,
one in the deduced signal peptide, three in the mature Gn
portion, and one in the C-terminal region of the Gc protein.
Tospoviruses grouped in the same serogroup normally
share conserved cleavage sites within their Gn/Gc precur-
sors. The first deduced cleavage sites of the Gn/Gc pre-
cursors of PCSV-TwPep3 (LLS-RT) and TNRV (SFA-SE)
are distinct from the conserved cleavage sequence “V(Y/
F)L-L(N/S/K)” found in other members of the WSMoV
serogroup. Of note, the sequence “VYLLS” neary the first
predicted cleavage site in the Gn/Gc precursors of PCSV-
TwPep3 and TNRV could represent a cleavage site.
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Fig. 2 Phylogenetic analyses of the deduced virus-encoded proteins
of Pepper chlorotic spot virus (PCSV) and other tospoviruses. The
nonstructural NSm (a), Gn/Gce glycoprotein precursor (b) and RNA-
dependent RNA polymerase (RdRp) (c) proteins were analyzed
individually. Tospoviruses sharing serological relationships and their
serogroups are indicated. The sequences of PCSV analysed in this

The whole genome sequence of PCSV-TwPep3 has been
completed. According to molecular analysis of the genome
and phylogenetic analysis of individual viral proteins,
PCSV-TwPep3 is a tospovirus species closely related to
TNRV.
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