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ABSTRACT

Pang, S.-Z., Slightom, J. L., and Gonsalves, D. 1993. The biological properties of a distinct tospovirus and sequence analysis of its S RNA. Phytopathology

83:728-733.

A tospovirus isolate from Brazil, designated TSWV-B, was first iden-
tified as a unique isolate based on our observation that transgenic plants
expressing the N gene of the lettuce strain of tomato spotted wilt virus
(TSWV-BL) were susceptible to TSWV-B but showed resistance to both
TSWV (L type) and impatiens necrotic spot virus (INSV). TSWV-B was
serologically distinct from TSWV and INSV, TSWV-B generally incited
symptoms resembling those caused by other TSWYV isolates, except
TSWV-B systemically infected Petunia hybrida, which is a local-lesion
host of TSWYV. Unlike the cucurbit isolate TSWV-W, TSWV-B did not
infect Cucumis sativus and only occasionally induced systemic infections
on C. metuliferus. The complete nucleotide sequence of the S RNA of

TSWV-B was determined with cDNA clones to be 3,049 nucleotides long.
The genome organization of this S RNA was similar to those of TSWV
and INSV. The alignment of the S RNA nucleotide and deduced amino
acid sequences with the homologous sequences of TSWV (isolates CNPHI,
L.3, and BL) and INSV revealed that TSWV-B was related more closely
to all the TSWYV isolates than to INSV. There was a higher degree of
identity among the TSWV isolates than with TSWV-B. Thus, TSWV-B
appears to be a distinct tospovirus; however, a precise classification re-
quires additional biological and molecular information on this isolate
as well as comparison to other tospovirus isolates.

Tospoviruses have a wide host range and cause significant
economic losses to vegetables and ornamental plants worldwide
(2,4,15-17,25). Based on serological affinities and nucleotide
sequence identity, tomato spotted wilt virus (TSWV, formerly
L type) and impatiens necrotic spot virus (INSV, formerly
TSWYV-I) have recently been classified as two separate viruses
within the Tospovirus genus (17). Several other TSWV-like viruses
(1,5,8,18,22,23,34,39) have been reported as serologically distinct
from TSWYV and INSV and may represent additional virus species
of the Tospovirus genus (17,27).

The tospovirus genome consists of three single-stranded RNAs
designated S RNA (2,900 nucleotides), M RNA (~5,000 nucleo-
tides), and L. RNA (8,900 nucleotides) (10,11,31,37). From the
S RNA, a 52-kDa nonstructural (NS;) protein is translated from
the large ORF (open-reading frame) on the viral RNA strand,
and the 29-kDa nucleocapsid (N) protein is translated from the
small ORF on the viral complementary RNA strand (12,26,29).
This ambisense-coding arrangement is also a characteristic of the
INSV M RNA, which encodes 58- and 78-kDa membrane-asso-
ciated glycoproteins in one ORF and a 35-kDa NS protein in
the other ORF (27). The TSWV L RNA encodes a large 200-
kDa protein, presumably for the viral transcriptase (9).
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Transgenic Nicotiana tabacum L. plants expressing the N gene
of TSWV are resistant to homologous isolates (19,28). Subsequent
study in our laboratory (33) demonstrated that transgenic tobacco
plants expressing the N gene of TSWV-BL displayed a broad
spectrum of resistance not only to heterologous isolates of TSWV
but also to a begonia isolate of INSV. However, these transgenic
plants showed no resistance to a Brazilian isolate (TSWV-B),
first described by Wang and Gonsalves (38), although the plants
that accumulated high levels of the N protein did display a delay
in symptom expression (33). ELISA (enzyme-linked immuno-
sorbent assay) with polyclonal antibodies against the N protein
of TSWV and INSV showed that the TSWV-B N protein is not
serologically related to either TSWV or INSV (33). TSWV-B
biologically differs from a cucurbit isolate (TSWV-W; [22,39])
because it usually does not induce systemic infection on cucurbits
(33). Here we report the biological properties of TSWV-B, the
nucleotide and deduced amino acid sequences of its S RNA, and
sequence comparisons among tospovirus S RNAs.

MATERIALS AND METHODS

Host-range tests. TSWV-B was isolated originally from Lyco-
persicon esculentum Mill. and was first described by Wang and
Gonsalves (38). TSWV-B was subsequently transferred to and
maintained in Nicotiana benthamiana Domin. To characterize
its biological properties, plants from several species representing
four families were used for a host-reaction test. Inoculum was



prepared by grinding leaf tissue (0.5 g) from N. benthamiana
infected with TSWV-B in 15 ml of cold inoculation buffer (0.033
M KH,PO,,0.067 M K,HPO,, and 0.01 M Na,SO;). The inoculum
extracts immediately were rubbed onto corundum-dusted leaves
of test plants, and the inoculated leaves were subsequently rinsed
with water. Inoculated plants were grown in the greenhouse and
observed daily for at least 3 wk. In cases of ambiguous results,
extracts from the test plants were checked on systemic hosts,
N. benthamiana and N. tabacum, for the presence of the virus.
In addition, because we did not have antibodies to detect this
virus by ELISA, PCR (polymerase chain reaction) was used to
analyze the inoculated plants for the virus infection. Total plant
RNA was isolated according to the method of Napoli et al (32).
The isolated total RNA was subjected to first-strand cDNA
synthesis and subsequent PCR-based amplification as described
by Pang et al (33). The synthetic oligonucleotides used for both
first-strand cDNA synthesis and PCR amplification were 5-TAC-
TTATCTAGAACCATGGTCATGTCTAAGGTCAAGCTCAC
and 5-TCTTGAGGATCCATGGCTATTATGCAACACCAGC-
AATTTTGGC, corresponding to the 5 (nucleotide positions
2,879-2,899 of the TSWV-B S RNA) and the 3’ (nucleotide posi-
tions 2,122-2,145 of the TSWV-B S RNA) ends of the TSWV-B
N gene, respectively.

Viral RNA purification. TSWV-B nucleocapsids were purified
from N. benthamiana plants infected with TSWV-B as described
by Law and Moyer (25). The purified nucleocapsids were resus-
pended in a solution of 0.04% bentonite, proteinase K at 10 ug/
ml, 0.1 M ammonium carbonate, 0.1% (w/v) sodium diethyl-
dithiocarbanate, 1 mM EDTA, and 1% (w/v) sodium dodecyl
sulfate (SDS), were incubated at 65 C for 5 min, and were extracted
immediately with H,O-saturated phenol, followed by another
extraction with chloroform/isoamyl alcohol (24:1). The single-
stranded (ss) viral RNAs were precipitated in 2.5 volumes of
ethanol in the presence of 0.3 M sodium acetate and were dissolved
in distilled H,0. Double-stranded (ds) viral RNAs also were iso-
lated from the infected leaf tissue by a combination of methods
(24,30), which has been successfully used for isolating dsRNA
from tissues infected with grapevine leafroll virus (21). These two
methods were chosen for viral RNA purification because we were
unable to purify the virus particle from the infected tissue by
the method of Gonsalves and Trujillo (20).

¢DNA synthesis and cloning. To construct cDNA libraries
specific to the TSWV-B S RNA, both viral ssRNAs and dsRNAs
were separated on 0.7% agarose gels, and the S ssRNA (comigrated
with the S RNA of TSWV-BL) and the S dsRNA (determined
by its molecular weight) were removed from gels. The gel slices
were incubated at —20 C, crushed, loaded into a 5-ml syringe
with glass wool at the bottom, and centrifuged for 5 min at 3,000
rpm. The RNA solutions collected were precipitated with 2.5
volumes of ethanol in the presence of 0.3 M sodium acetate.
The isolated S ssSRNA and dsRNA were denatured by methyl-
mercury treatment and subjected to a cDNA-synthesis procedure,
as described in the Protocols and Applications Guide provided
by Promega (Madison, WI). The cDNA synthesis was primed
by random primers, and the cDNA fragments were cloned via
an EcoRI adapter into the EcoRI-digested A ZAPII according
to the manufacturer’s instructions (Stratagene, San Diego, CA).
Two libraries were constructed, one from the S ssRNA and the
other from the S dsRNA. Both cDNA libraries were screened
with the cDNA probes prepared by reverse transcription of gel-
purified S RNA. Positive clones were further characterized by
restriction enzyme site mapping and by Southern DNA analysis.
Hybridizations were performed essentially according to the manu-
facturer’s protocol (GeneScreen Plus, E. I. Du Pont De Nemours
& Co., Inc., Boston, MA).

The 3’ terminus of the TSWV-B S RNA was isolated from
the dsRNA library by screening with an end-labeled synthetic
oligomer (5-TTCTGGTCTTCTTCAAACTCA) corresponding
to the 2,816-2,836 nucleotide positions of the TSWV-B S RNA.
The 5" extreme end of the S RNA was obtained with the 5 RACE
system from GIBCO BRL (Gaithersburg, MD). Both ssRNA of
TSWV-B and total RNAs isolated from tobacco plants infected

with TSWV-B were used to synthesize first-strand cDNA with
an oligonucleotide (5-CTGTAGCCATGAGCAAAG) comple-
mentary to the 746-763 nucleotide positions of the TSWV-B S
RNA. The 3" end of the first-strand cDNA was tailed with dCTP
with terminal deoxynucleotidyl transferase. Tailed cDNA was
amplified by PCR with an anchor primer that anneals to the
homopolymeric tail and an oligonucleotide (5-TTATATCTTC-
TTCTTGGA) that anneals to the 512-529 nucleotide positions
of the TSWV-B S RNA. The PCR-amplified fragment was gel-
purified and directly cloned into the T-vector pT7Blue, provided
by Novagen (Madison, WI), for sequence analysis.

Nucleotide sequencing and comparative analyses. DNA se-
quencing was performed by the dideoxyribonucleotide method
(35), T; polymerase (Sequenase, U. S. Biochemical Corp., Cleve-
land, OH), and the double-stranded sequencing procedure de-
scribed by Siemieniak et al (36). The nucleotide sequences were
determined from both DNA strands, first by the universal and
reverse primers and then by the internal primers specifically
designed for sequencing the TSWV-B S RNA. Sequence data
were analyzed with computer programs available from the Gene-
tics Computer Group (GCG, Madison, WI, [13]).

RESULTS AND DISCUSSION

Properties of TSWV-B. Host reactions to TSWV-B are sum-
marized in Table 1. TSWV-B caused systemic infections on all
the test plants in Amaranthaceae and Solanaceae. Symptoms
usually included local necrotic lesions, systemic mottling, leaf dis-
tortions, and plant stunting. TSWV-B induced only local lesions
on Chenopodium quinoa Willd. Test plants in Cucurbitaceae
responded differently to inoculations of TSWV-B. On Cucumis
sativus L., neither local lesions nor systemic symptoms developed;
however, five of 32 Cucumis metuliferus E. Meyer ex Naudin
plants showed symptoms of systemic mottling and leaf distortions.
Uninoculated leaves of all test plants also were analyzed for the
presence of the virus by back inoculation on N. benthamiana
and N. tabacum and by PCR amplification with the synthetic
primers specific to the TSWV-B N gene. Results from these tests
were consistent with visual symptom observations (data not
shown).

Comparisons of the symptomatology of TSWV-B and two other
tospoviruses (Table 1; [39]) showed that TSWV-B differed from
TSWV-NY, in that TSWV-B systemically infected Petunia hy-
brida Hort. Vilm.-Andr., which is a local-lesion host of TSWV-
NY. INSV incited only local lesions on L. esculentum, N. tabacum,
and P. hybrida (Table 1; [7,25]), and TSWV-B infected all of
them systemically. Unlike TSWV-W, which primarily infects cu-
curbits (22,23,39), TSWV-B did not systemically infect C. sat-
ivus and only occasionally induced systemic infections on C.
metuliferus. Viral RNAs and structural proteins also were an-
alyzed on agarose and polyacrylamide gels, respectively, and they
were similar in size to the corresponding counterparts of TSWV
and INSV (data not shown).

Nucleotide sequence analysis of TSWV-B ¢DNA clones. Both
viral ssRNAs and dsRNAs were isolated from the infected leaf
tissue of N. benthamiana and separated on agarose gels. The
TSWV-B S RNA was gel-purified and copied into cDNA with
the random primers. Two cDNA libraries were constructed: one
from the S ssRNA purifed from TSWV-B nucleocapsids and the
other from the S dsRNA. Positive clones were identified from
both cDNA libraries by the cDNA probes prepared from the
TSWYV-B S RNA. Three overlapping clones containing the largest
inserts (L1, L22, and L30) were selected from the cDNA library
constructed from the S ssRNA for nucleotide sequence analysis.

Nucleotide sequence analysis of the inserts in clones L1, 122,
and L30 revealed 1,994-, 2,368-, and 1,576-bp inserts, respectively.
The comparison with the TSWV-CNPHI S RNA (12) indicated
that the assembled sequence of 2,842 bp represented 93% of the
S RNA genome, excluding both 5" and 3’ ends of the S RNA
(Fig. 1). Together these three clones contained the NS, ORF,
the complete intergenic region (629 nucleotides), and 738 nucleo-
tides of the N gene (only 39 nucleotides at the N-terminus of
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TABLE 1. Host reactions of three distinct tospoviruses®

Reaction to Reaction to Reaction to
TSWV-B TSWV-NY INSV
Host plants Local Systemic Local Systemic Local Systemic
Amaranthaceae
Gomphrena globosa + NS,M.LD + NS.M + VN
Chenopodiaceae
Chenopodium quinoa + = + = + —
Solanaceae
Datura stramonium ok NS,LD + NS,M + (CS)
Lycopersicon esculentum - M,LD,S - CS,M + -
Nicotiana benthamiana = M,LD,S = MW + VN,LD
N. tabacum 1 LD,S + -
N. glutinosa + LD,S kg NSM + VC,LD,M
N. rustica + LD,S.CS + NS.M -+ (M)
Petunia hybrida == Y + - + £
Cucurbitaceae
Cucumis metuliferus = [M,LD,S] + -
C. sativus = = + = =+ =

* Reactions to tomato spotted wilt virus (TSWV-NY) and impatiens necrotic spot virus (INSV) were reported by Yeh et al (39) and de Avila et al
(7), respectively. Abbreviations for symptoms: +, local lesions; —, no symptoms; CS, chlorotic spots; LD, leaf distortions, M, mosaic; NS, necrotic
spots; S, stunting; VC, vein clearing; VN, vein necrosis; W, wilting; ( ), erratic systemic infection; [ ], sporatic systemic infection (only five

of 32 C. metuliferus plants were systemically infected).

the N protein was not represented in the cDNA clones). The
3’ region of the S RNA was isolated from the original cDNA
library constructed from the S dsRNA with an end-labeled
synthetic oligomer corresponding to the 3" end of cDNA clone
L22 (Fig. 1). Five clones that hybridized with the synthetic
oligomer were sequenced with the primer. Among the five clones,
only two, designated S6 and S7, contained the N-terminal nucleo-
tide sequence of the N gene. In addition, clone S7 also contained
the extreme consensus 3’ end of the TSWV-B S RNA (Figs. 1
and 2). The 5’ end of the S RNA was obtained with the 5 RACE
system and T-vector pT7Blue Cloning system (Novagen, Madison,
WI), as described previously. Eight independent clones were
sequenced with an oligomer primer (5-GTTCTGAGA-
TTTGCTAGT) close to the 5’ region of the S RNA (nucleotide
positions 40-57 of the TSWV-B S RNA). Six contained the 5’
extreme end of the S RNA, and the 5'-terminal nucleotide sequence
from these six clones was identical. Thus, the complete nucleotide
sequence of the TSWV-B S RNA was 3,049-nucleotides long,
as shown in Figure 2.

Genomic organization of TSWV-B S RNA. Sequence analysis
revealed that the complete nucleotide sequence of the TSWV-
B S RNA was 3,049-nucleotides long, 134 nucleotides longer than
the S RNA of TSWV-CNPHI. This difference was mainly attrib-
uted to the elongated intergenic region of the TSWV-B S RNA.
The 5’ and 3’ extreme ends (Fig. 2, 15 nucleotides in italic lowercase
letters) of the TSWV-B S RNA were conserved (almost identical
to those of TSWV-CNPHI and INSV S RNAs) and comple-
mentary, except a mismatch at nucleotide position 11. A similar
mismatch was previously observed in the S RNAs of TSWV-
CNPHI (11,12) and in animal viruses (3,14) in the family Bunya-
viridae but at nucleotide position nine. The significance of this
discrepancy is unknown. Nevertheless, conservations of the termi-
nal sequences among tospoviruses and of the mismatch within
the family Bunyaviridae indicate their possible roles in replication
and encapsidation (3,14).

The sequence analysis of TSWV-B S RNA revealed two ORFs
with an ambisense arrangement (Fig. 2), similar to other tospo-
viruses. The large ORF (1,404 nucleotides) was localized on the
viral RNA strand originating at nucleotide 88 and terminating
at nucleotide 1,491 (Fig. 2). This ORF encoded a protein of 467
amino acids with a predicted molecular mass of 52.6 kDa,
presumably for the NS protein. The deduced amino acid sequence
of this ORF contained four potential glycosylation sites, three
of which (the last three from the N-terminus) were located at
the same positions as those of TSWV-CNPHI1 and -L3. The small
ORF (777 nucleotides), located on the viral complementary strand,
was defined by an initiation codon at nucleotide 2,898 and by
a termination codon at nucleotide 2,122 (Fig. 2). This ORF en-
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Fig. 1. Location of the sequenced ¢cDNA clones in the tomato spotted
wilt virus (TSWV)-B S RNA. The five overlapping cDNA clones are
shown to scale below an S RNA map of TSWV-B. The five clones (LI,
L.22, L30, S6, and S7) were synthesized with random primers from the
S RNA isolated from Nicotiana benthamiana plants infected with TSWV-
B.

coded an N protein of 258 amino acids with a predicted molecular
mass of 28.7 kDa. Unlike the N proteins of TSWV and INSV,
which do not contain an N-glycosylation site, the deduced amino
acid sequence of TSWV-B N protein contained one potential N-
glycosylation site at amino acid residue 68 (Fig. 2).

The two ORFs were separated by an intergenic region of 629
nucleotides that was, because of several insertions, 126 and 44
nucleotides longer than its counterparts in TSWV-CNPHI1 and
-L3, respectively. The complex and stable hairpin structures (data
not shown) that potentially could be generated by internally base-
pairing U-rich stretches with A-rich stretches of the intergenic
region seem to be similar to those produced in TSWV-CNPHI
and -L3, in both structure and stability (as indicated by minimal
free-energy values; data not shown). It has been suggested that
this internally base-paired structure acts as a transcription termi-
nation signal (3).

Comparative analyses of the S RNA sequences of tospoviruses.
Pairwise comparisons of the entire TSWV-B S RNA with the
published S RNA regions of tospoviruses (Table 2) showed that
it shares its greatest nucleotide sequence identities with TSWV
isolates CHNHI, L3, and BL (75.8-76.4%, overall; 77.5-78.0%,
N gene; 72.4-76.4%, intergenic region; and 79.0-80.0%, NS, gene),
which are, nevertheless, much lower than those found among
the TSWV isolates (94.8-96.4%, overall; 96.8-97.3%, N gene; 89.2-
95.99%, intergenic region; and 95.6%, NS, gene). A similar pairwise
comparison between the homologous S RNA sequences of TSWV-B
and INSV revealed a much lower degree of shared identity (63%).

Consistent with our results from ELISA (33) and Western
analysis (data not shown), the amino acid sequences of the N
and NS, genes from TSWYV isolates CNPH1, L3, and BL were
more closely related to each other (96.9-98.5%, N gene, and 89.4%,
NS, gene) than to TSWV-B (79.1-79.9%, N gene, and 78.3-82.0%,



agagcaattgggtcalTTTTTATTCTAAATCGAACCTCAACTAGCAAATCTCAGAACTGTAATAAGCACAAGAGCACAAGAGCCACAATGTCATCAGGTG 100
M S s G V 5

TTTATGAATCGATCATTCAGACAAAGGCTTCAGT TTGGGGATCGACAGCATCTGGTAAGTCCATCGTGGATTCTTACTGGATTTATGAGT T TCCAACTGG 200
Y E 5 I I ¢ T KA S V WG S TASGI K s I VDS Y WTIYETFUZPT G 38

TTCTCCACTGGTTCAAACTCAGTTGTACTCTGATTCGAGGAGCARARGTAGCTTCGGCTACACT TCAAAAATTGGTGATATTCCTGCTGTAGAGGAGGAA 300
s P L VQTOQLY S D SR S5 K S 5 F G Y T S K I G DI P AV EE E 71

ATTTTATCTCAGAACGTTCATATCCCAGTGTTTGATGATATTGATT TCAGCATCAATATCAATGATTCTTTCTTGECAATTTCTGTTTGTTCCAACACAG 400
I L.s ¢Q N VHI PV F DDTIUDVF S5 I NTIUHNDSFLATISVCS5NTV 105

TTAACACCAATGGAGTGAAGCATCAGGGTCATCTTAAAGTTCTTTCTCTTGCCCAATTGCATCCCTTTGAACCTGTGATGAGCAGGTCAGAGATTGCTAG 500
N T N GV KH Q 6 HL KV L S L AOQLHZPVFEUZPVMUSR S ETI A S 138

CAGATTCCGGCTCCAAGAAGAAGATATAATTCCTGATGACAAATATATATCTGCTGCTAACAAGGGATCTCTCTCCTGTGTCAAAGAACATACT TACAAA 600
R F R L QEEDTITIU®PUDUDIE KY I S A ANIKTGS SILSCV KZEUHT Y K 171

GTCGAAATGAGCCACAATCAGGCTTTAGGCAAAGTGAATGTTCTTTCTCCTAACAGARATGTTCATGAGTGGCTGTATAGT TTCAAACCAAAT TTCAACC 700
vV EM S HNQAULGK VNV LS P NI RNV VHEWTLTY S F KZPNTFN Q 205

AGATCGAAAGTAATAACAGARCTGTAAATTCTCTTGCAGTCAAATCTTTGCTCATGGCTACAGAAAACAACATTATGCCTAACTCTCAAGCTTTTGTTAA 800
I E s N N R T VNS LAV K SLILMA®BATEINIDNTIMTPNGSUOQA ATF V K 238

AGCTTCTACTGATTCTCATTTTAAGT TGAGCCTTTGGCTGAGAATTCCARAAGT TTTGAAGCAAATAGCCATACAGAAGCTCT TCAAGT TTGCAGGAGAC 900
A 5 T D S HF KL S L WUILRTIUPIKUVILI KU QQTIA ATIGOGQZE KLTFI KT FU2AGTD 271

GAAACCGGTARAAGTTTCTATTTGTCTATTGCATGCATCCCAAATCACARCAGTGTGGAAACAGCTTTAAATGTCACTGTTATATGTAGACATCAGCTTC 1000
E T GG K s F YL s I A CT1I P NUHNJSUVETH ARTLU NV TV I CRUHIOQTL®P 305

CAATCCCTAAGTCCAAAGCTCCTTTTGAATTATCAATGATTTTCTCCGATCTGAAAGAGCCTTACAACACTGTGCATGATCCTTCATATCCTCAAAGGAT 1100
I P K S K AP VF EL S M IVF S DULKEU®PYNTVHUDU P S Y P Q R I 338

TGTTCATGCTTTGCTTGAGACTCACACTTCCTTTGCACAAGTTCTCTGCAACAAGCTGCAAGAAGATGTGATCATATATACTATAAACAGCCCTGAACTA 1200
vV HALLETUHTSUPFAQV LCNIEKILU®OQEUDUVTITIVYTTINSUZ®PEL 3an

ACCCCAGCTAAGCTGGATCTAGGTGAAAGAACCTTGAACTACAGTGAAGATGC T TCGAAGAAGAAGTATTTTCT TTCAARAACACTCGAATGCTTGCCAG 1300
T P A KLDILGEHRTTLUNYSETUDA AST KT KT KT YT FTILSZ KTTLTETCTL P V 405

TAAATGTGCAGACTATGTCTTATTTGGATAGCATCCAGATTCCTTCATGGAAGATAGACTTTGCCAGAGGAGAGATCAGAATCTCCCCTCAATCTACTCC 1400
NV Q TM S Y L D S I Q I P S WK I DJFAIRTGTETIU RTI S P QS TP 438

TATTGCAAGATCTTTGCTCAAGCTGGATTTGAGCAAGATCAAGGAAAAGAAGTCCTTGACT TGGGAAACATCCAGC TATCGATC TAGAATAAAAGTGGCTC 1500
I A RS L L KUILDIL S K I KZEUI KK S5 L T WET S S Y D L E =* 467

ATACTACTCTAAGTAGTATTTGTCAACTTGCTTATCCT T TATGTTGTTTATTTCT T I TAMTCTAAAGTAAGT TAGAT TCAAGTAGT TTAGTATGCTATA 1600
GCATTATTACAAAAAATACAAAAAAATACAAAAAAATACAAAAAATATAARAAACCCAAMAAGATCCCARAAGGEGACCATTTGGTTGAT TTACTCTGTTT 1700

TAGGCTTATCTAAGCTGCTTTTGTTTGAGCAAAATAACATTGTAACATGCAATAACTGGAAT T TAAAGTCCTARAAGAAGT T TCAAAGGACAGCTTAGCC 1800

AAAATTGGTTTTTGTTTTTGTTTTTTTGTTTTTTGTTTTTTTGT T T TATTTTTATT T I TAGT T TATTTTTTGTTT T TGTTAT T T T TATTTTTATTTTATT 1900
TTCTTTTATTTTATTTATATATATATCAAACACAATCCACACAAATAATTTTAATTTCARACATTCTACTGATTTAACACACT TAGCCTGACTTTATCAC 2000
ACTTAACACGCTTAGTTAGGCTTTAACACACTGAACTGAATTAAAACACACT TAGTATTATGCATCTCTTAAT TAACACACT TTAATAATATGCATCTCT 2100

GAATCAGCCTTAAAGAAGCTTTTATGCAACACCAGCAATCTTGGCCTCTITCTTAACTCCAAACAT T TCATAGAAT T IGTCAAGAT TATCACTGTAATAG 2200
*A V G A I K A E KKV GFME Y F KDL NUD S Y Y 234

TCCATAGCAATGCTTCCCTTAGCATTGGGATTGCAAGAACTAAGTATCTTGGCATAT TCTT TCCCTT TG TT TATCTGTGCATCATCCAT TGTAAATCCTT 2300
b MATI s G KA ANUPNTZCS S L I KAVYEIKGI KNTIQADTUDMTF G 201

TGCTTTTAAGCACTGTGCAAACCTTCCCCAGAGCTTCCTTAGTGTTGTACT TAGT TGGTTCAATCCCTAACTCCTTGTACTTTGCATCTTGATATATGGC 2400
K 58 K L vT CV K GL AEKTWNYK T PE I G L EZ K Y K ADOQ Y I A 167

AAGAACAACACTGATCATCTCGAAGCTGTCAACAGAAGCANTGAGAGGGATACTACCTCCAAGCATTATAGCAAGTCTCACAGATT T TGCATCTGCCAGA 2500
L vv s I MEVF S DV s AaAIULUPI S G G L M I ALURUYVY S KOATDA AL 134

GGCAGCCCGTAAGCTTGGACCAAAGGGTGGGAGGCAATTTTTGCTTTGATAATAGCAAGATTCTCATTGTTTGCAGTCTCTTCTATGAGCTTCACTCTTA 2600
P L G Y A Q VL P H S A I KA KTI I A LNZEININUA ATETETITLIEK V R 101

TCATGCTATCAAGCCTCCTGAAAGTCATATCCTTAGCTCCAACTCTTTCAGAATTTTTCTT TATCGTGACCTTACCAAAAGTAAAATCACTTTGGTTCAC 2700
I M s DbLRRVFTMDI KA AT GVI RESNI KIE KTITUVIKSGTFPFTTFDS QN V 67

AACTTTCATAATGCCTTGGCGATTCTTCAAGAAAGTCAAACATGAAGTGATACTCATTTTCT TAATCAGGTCAAGATTTTCCTGACAGAAAGTCTTAAAG 2800
v K MIGQRWNIEKILFTUILTCSTTI S ME K EKTITILUDTLNETGGQT CT FTIKF 34

TTGAATGCGACCTGGTTCTGGTCTTCTTCAAACTCAACATCTGCAGATTGAGT TAAAAGAGAGACAATGTTTTCTTTTGTGAGCTTGACCTTAGACATGG 2900
N F AV QNOQDEETFEVDASOQOQTTULILSV I NZEI KTTLZE KV K SM b

TGGCAGTTTAGATCTAGACCTTTCTCGAGAGATAAGAT TCAAGGTGAGAAAGTGCAACACTGTAGACCGCGGTCGT TACTTATCCTGTTAATGTGATGAT 3000
TTGTATTGCTGAGTATTAGGTTTTTGAATARARAT tgacacaattgectet 3049

Fig. 2. The complete nucleotide sequence of the cDNA copy of tomato spotted wilt virus (TSWV)-B S RNA and the deduced amino acid sequences
of the nonstructural and nucleocapsid proteins. The cDNA sequence of the TSWV-B S RNA was determined from both DNA strands by the
primer-directed dideoxy chain termination reactions with double-stranded cDNA templates. The first nucleotide residue is numbered at the 5’ end
of the S RNA, and the amino acid residues are numbered from the first methionine of proteins. Potential N-linked glycosylation sites are bold
and underlined, and the 15 nucleotides that represent the conserved 5’ and 3’ terminal sequences of the S RNA are shown in italic lowercase letters.
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TABLE 2. Pairwise comparisons of aligned nucleotide (nt) and deduced amino acid (aa) sequences of the S RNA of tospoviruses

52-kDa protein gene

29-kDa protein gene

(NS, gene) (N gene)
Overall nt" nt aa Intergenic nt nt aa
Comparison” (%) (%) (%) (%) (%) (%)
B/CNPHI 76.4 80.0 78.3 72.4 ) 79.1
B/L3 75.8 79.0 82.0 76.4 78.0 79.9
B/BL 76.3 i - 72.8 77.6 79.5
B/INSV 63.0 yame B e 63.1 55.3
CNPHI1/L3 94.8 95.6 89.4 89.2 96.8 98.5
CNPHI1/BL 96.4 . 95.9 97.2 96.9
L3/BL 95.1 92.6 97.3 98.5
INSV/CNPHI 62.7 i 60.8 55.1
INSV/L3 60.9 o 60.9 55.1
INSV/BL 61.7 S 60.9 53.9

*The partial or complete S RNA sequences of isolates of tomato spotted wilt virus (TSWV)-CNPHI (2,916 kb), -L3 (2,837 kb), -BL (2,037 kb),
and impatiens necrotic spot virus (INSV; 1,144 kb) were published by de Haan et al (12), Maiss et al (29), Pang et al (33), and Law et al (26),
respectively, and were used for pairwise comparisons with the S RNA sequence of TSWV-B (3,049 kb) or with each other.

® Percent identity was calculated by comparing nucleotide or predicted amino acid sequences with the BESTFIT program of the GCG sequence-

analysis software package.

NS, gene). In contrast, a much lower degree of amino acid identity
was observed between the N proteins of TSWV-B and INSV
(55.3%), with a value similar to those found between the N proteins
of INSV and TSWV isolates (53.9-55.1%). Furthermore, the N
gene of INSV was longer, encoding 262 amino acids, than those
of the TSWYV isolates and TSWV-B, which encoded 258 amino
acids. The amino acid sequence alignment suggested that the four
additional residues in the INSV N protein were the result of two
insertions: a three amino acid insertion (residues 83 to 85) and
an amino acid insertion at residue 110 (data not shown).

Our data show that the N gene of TSWV-B is much more
distantly related to the N gene of INSV (~63%) than to that
of TSWV (~78%) isolates (Table 2). Should TSWV-B be con-
sidered as a new tospovirus? After this manuscript had been sub-
mitted for publication, we learned from the dissertation of de
Avila (6) that the N genes of two tospovirus isolates from South
Africa (SA-05) and Brazil (BR-03) have been sequenced, and our
analyses show 94.4 and 81.5% identities with that of TSWV-B,
respectively. Thus, data accumulated on isolates of tospoviruses
should allow the classification of TSWV-B in the near future.

In summary, the entire S RNA of TSWV-B was sequenced
from ¢cDNA clones. The genomic size and organization of its
S RNA is similar to those of other tospoviruses. The comparative
analyses (Table 2) suggest that TSWV-B is more closely related
to the TSWYV isolates than to INSV but is much less similar
to the TSWYV isolates than the TSWYV isolates are to each other.
To our surprise, transgenic plants expressing the N gene of TSWV-
BL (L type) are resistant to INSV but not to TSWV-B (33).
Although our ELISA results show that TSWV-B does not react
with antibodies against the N protein of either TSWV-BL or
INSV (33), weak cross-reactions to antibodies against the N
protein of both TSWV-BL and INSV were clearly observed in
Western analysis (data not shown). Thus, it appears that TSWV-B
is a distinct tospovirus; however, a precise classification requires
additional comparisons of biological and molecular information
of this isolate with other tospovirus isolates.

LITERATURE CITED

I. Adam, G., Lesemann, D. E., and Vetten, H. J. 1991. Monoclonal
antibodies against tomato spotted wilt virus: Characterization and
application. Ann. Appl. Biol. 118:87-104.

2. Best, R. J. 1954. Cross protection by strains of tomato spotted wilt
virus and a new theory to explain it. Aust. J. Biol. Sci. 7:415-424.

3. Bouloy, M. 1991. Bunyaviridae: Genome organization and replication
strategies. Adv. Virus Res. 40:235-275.

4. Cho, J. J,, Mau, R. F. L., German, T. L., Hartmann, R. W., Yudin,
L. S., Gonsalves, D., and Provvidenti, R. 1989. A multidisciplinary
approach to management of tomato spotted wilt virus in Hawaii.
Plant Dis. 73:375-383.

5. Chohan, J. S. 1972. Final Prog. Rep. ICAR Scheme Res. Important
Discovery on Groundnut in the Punjab for the Period 1957-1967.

732 PHYTOPATHOLOGY

20.

21.

Dep. Plant Pathol., Punjab Agric. Univ., Ludiana. Page 177.

. de Avila, A. C. 1992, Diversity of tospoviruses. Ph.D. diss.

Wageningen Agricultural University, Wageningen, Netherlands.
Pages 107-119.

. de Avila, A. C., de Haan, P., Kitajima, E. W., Kormelink, R., Resende,

R. de O., Goldbach, R. W., and Peters, D. 1992. Characterization
of a distinct isolate of tomato spotted wilt virus (TSWYV) from
Impatiens sp. in the Netherlands. J. Phytopathol. 134:133-151.

. de Avila, A. C., Huguenot, C., Resende, R. de O., Kitajima, E. W.,

Goldbach, R. W., and Peters, D. 1990. Serological differentiation
of 20 isolates of tomato spotted wilt virus. J. Gen. Virol. 71:2801-
2807.

. de Haan, P., Kormelink, R., Resende, R. de O., Van Poelwijk, F.,

Peters, D., and Goldbach, R. 1991. Tomato spotted wilt virus L
RNA encodes a putative RNA polymerase. J. Gen. Virol. 71:2207-
2216.

. de Haan, P., Wagemakers, L., Goldbach, R., and Peters, D. 1989.

Tomato spotted wilt virus, a new member of the Bunyaviridae? Pages
287-290 in: Genetics and Pathogenicity of Negative Strand Viruses.
D. Kolakofsky and B. W. J. Mahy, eds. Elsevier Science Publishing
Co., Inc., Amsterdam,

. de Haan, P., Wagemakers, L., Peters, D., and Goldbach, R. 1989.

Molecular cloning and terminal sequence determination of the S and
M RNAs of tomato spotted wilt virus. J. Gen. Virol. 70:3469-3473.

. de Haan, P., Wagemakers, L., Peters, D., and Goldbach, R. 1990.

The S RNA segment of tomato spotted wilt virus has an ambisense
character. J. Gen. Virol. 71:1-7.

. Devereux, J., Haeberli, P., and Smithies, O. 1984. A comprehensive

set of sequence analysis programs for the VAX. Nucleic Acids Res.
12:387-395.

. Elliott, R. M. 1990. Molecular biology of the Bunyaviridae. J. Gen.

Virol. 71:501-522.

. Francki, R. 1. B., Fauquet, C. M., Knudson, D. L., and Brown,

F. 1991. Classification and nomenclature of viruses. Pages 281-283
in: 5th Rep. Int. Comm. Taxon. Viruses. Arch. Virol., Suppl. 2.

. Francki, R. 1. B., and Hatta, T. 1981. Tomato spotted wilt virus.

Pages 491-512 in: Handbook of Plant Virus Infections and
Comparative Diagnosis. E. Kurstak, ed. Elsevier North-Holland
Biomedical Pr., Amsterdam.

. German, T. L., Ullman, D. E., and Moyer, J. W. 1992. Tospoviruses:

Diagnosis, molecular biology, phylogeny, and vector relationships.
Annu. Rev. Phytopathol. 30:315-348.

. Ghanekar, A. M., Reddy, D. V. R., lizuka, N., Amin, P. W., and

Gibbons, R. W, 1979. Bud necrosis of groundnut (Arachis hypogaea)
in India caused by tomato spotted wilt virus. Ann. Appl. Biol. 93:173-
179.

. Gielen, J. J. L., de Haan, P., Kool, A. J., Peters, D., van Grinsven,

M. Q. J. M., and Goldbach, R. W. 1991. Engineered resistance to
tomato spotted wilt virus, a negative-strand RNA virus. Bio/Tech-
nology 9:1363-1367.

Gonsalves, D., and Trujillo, E. E. 1986. Tomato spotted wilt virus
in papaya and detection of the virus by ELISA. Plant Dis. 70:501-
506.

Hu, J. S., Gonsalves, D., and Teliz, D. 1990. Characterization of
closterovirus-like particles associated with grapevine leafroll disease.
J. Phytopathol. 128:1-14.



22.

23,

24,

25.

26.

27.

28.

29,

30.
31

Iwaki, M., Honda, Y., Hanada, K., Tochihara, H., Yonaha, T.,
Hokama, K., and Yokoyama, T. 1984, Silver mottle disease of
watermelon caused by tomato spotted wilt virus. Plant Dis. 68:1006-
1008.

Kameyi-Iwake, M., Hanada, K., Honda, K., and Tochihara, H. 1988.
A watermelon strain of tomato spotted wilt virus (TSWV-W) and
some properties of its nucleocapsid. 5th Int. Congr. Plant Pathol.
Kurppa, A., and Martin, R. R. 1986. Use of double-stranded RNA
for detection and identification of virus diseases of Rubus species.
Acta Hortic. (Wageningen) 186:51-62.

Law, M. D., and Moyer, J. W. 1990. A tomato spotted wilt-like
virus with a serologically distinct N protein. J. Gen. Virol. 71:933-938.
Law, M. D., Speck, J., and Moyer, J. W. 1991. Nucleotide sequence
of the 3’ non-coding region and N gene of the S RNA of a serologically
distinct tospovirus. J. Gen. Virol. 72:2597-2601.

Law, M. D., Speck, J., and Moyer, J. W. 1992, The nucleotide
sequence and genomic organization of the impatiens necrotic spot
tospovirus M RNA. Virology 188:732-741.

MacKenzie, D. J., and Ellis, P. J. 1992. Resistance to tomato spotted
wilt virus infection in transgenic tobacco expressing the viral nucleo-
capsid gene. Mol. Plant-Microbe Interact. 5:34-40.

Maiss, E., Ivanova, L., Breyel, E., and Adam, G. 1991. Cloning and
sequencing of the S RNA from a Bulgarian isolate of tomato spotted
wilt virus. J. Gen. Virol. 72:461-464.

Martin, R. R. 1988. Survey of viruses in raspberries in B. C. and
Washington. Can. Plant Dis. Surv. 68:93-95.

Mohamed, N. A. 1981. Isolation and characterization of subviral

32.

33.

34,

35.

36.

37.

38,

39.

structures from tomato spotted wilt virus. J. Gen. Virol. 53:197-208.
Napoli, C., Lemieux, C., and Jorgensen, R. 1990. Introduction of
a chimeric chalcone synthase gene into petunia results in reversible
co-suppression of homologous genes in trans. Plant Cell 2:279-289.
Pang, S.-Z., Nagpala, P., Wang, M., Slightom, J. L., and Gonsalves,
D. 1992. Resistance to heterologous isolates of tomato spotted wilt
virus in transgenic tobacco expressing its nucleocapsid protein gene.
Phytopathology 82:1223-1229.

Reddy, D. V. R., Sudarshana, A. S., Ratna, A. S., Reddy, A. S,,
and Amin, P. W. 1991. The occurrence of yellow spot virus, a member
of tomato spotted wilt virus group, on peanut (Arachia hypogaea
L.) in India. USDA Workshop, U. S. Dep. Agric., Agric. Res. Serv.
Pages 77-88.

Sanger, F., Nicklen, S., and Coulson, A. R. 1977. DNA sequencing
with chain-terminating inhibitors. Proc. Natl. Acad. Sci. U.S.A.
74:5463-5467.

Siemieniak, D. R., Sieu, L. C., and Slightom, J. L. 1991. Strategy
and methods for directly sequencing cosmid clones. Anal. Biochem.
192:441-448.

van Den Hurk, J., Tas, P. W. L., and Peters, D. 1977. The ribonucleic
acid of tomato spotted wilt virus. J. Gen. Virol. 36:81-91.

Wang, M., and Gonsalves, D. 1990. ELISA detection of various
tomato spotted wilt virus isolates using specific antisera to structural
proteins of the virus. Plant Dis. 74:154-158.

Yeh, S.-D., Lin, Y.-C., Cheng, Y.-H., Jih, C.-L., Chen, M.-J., and
Chen, C.-C. 1992. Identification of tomato spotted wilt-like virus
on watermelon in Taiwan. Plant Dis. 76:835-840.

Vol. 83, No. 7, 1993 733



