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Tomato spotted wilt virus L RNA encodes a putative RNA polymerase 
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and Rob Goldbach 

Department o f  Virology, Agricultural University, Binnenhaven 11, 6709 PD Wageningen, The Netherlands 

The complete nucleotide sequence of the large (L) 
genome segment of tomato spotted wilt virus (TSWV) 
has been determined. The RNA is 8897 nucleotides 
long and contains complementary 3' and 5' ends, 
comprising 62 nucleotides at the 5' end and 66 
nucleotides at the 3' end. The RNA is of negative 
polarity, with one large open reading frame (ORF) 
located on the viral complementary strand. This ORF 

corresponds to a primary translation product of 2875 
amino acids in length, with a predicted Mr of 331500. 
Comparison with the polymerase proteins of other 
negative-strand viruses indicates that this protein most 
likely represents the viral polymerase. The genetic 
organization of TSWV L RNA is similar to that of the 
L RNA segments of Bunyamwera and Hantaan viruses, 
animal-infecting representatives of the Bunyaviridae. 

Introduction 

Based on its unique properties among other plant viruses, 
tomato spotted wilt virus (TSWV) has previously been 
classified as the single representative of a distinct virus 
group (Ie, 1970; Matthews, 1982). Recently, molecular 
data have provided evidence that TSWV should be 
considered as a member of the arthropod-borne Bunya- 
viridae, although unique in being able to infect plants (de 
Haan et al., 1989a, b, 1990). 

Like the established members of the Bunyaviridae 
(Elliott, 1990), TSWV is characterized by spherical 
enveloped particles of approximately 80 to 110 nm in 
diameter. Two virus-encoded glycoproteins, denoted G 1 
(Mr 78K) and G2 (Mr 58K) are associated with the virus 
envelope (Tas et al., 1977). The internal pseudo-circular 
nucleocapsids consist of three species of ssRNA, denoted 
S RNA (2916 nucleotides), M RNA (approximately 5000 
nucleotides) or L RNA (approximately 8000 nucleo- 
tides), which are tightly encapsidated with the nucleo- 
capsid (N) protein (Mr 28.8K) (de Haan et al., 1989 b). In 
addition a few copies of a large (L) protein (approximate- 
ly 200K) are present in the virus particle, and may 
represent the viral polymerase (Mohamed et al., 1973; 
Mohamed, 1981; Tas et al., 1977). 

Recently, the genomic RNA segments have been 
cloned (de Haan et al., 1989b) and the complete 
nucleotide sequence of the S RNA has been determined 
from a set of overlapping cDNA clones (de Haan et al., 
1990). TSWV S RNA encodes two proteins, the N 
protein and a non-structural (NSs) protein, in an 
ambisense gene arrangement. The N protein is expressed 

from a subgenomic mRNA species of approximately 1.2 
kb, transcribed from the viral RNA strand, and the NSs 
protein (Mr 52.4K) is expressed from an mRNA of 
approximately 1.7 kb, transcribed from the viral comple- 
mentary RNA strand. The structure of TSWV S RNA 
conforms with that of the phleboviruses and uukuvir- 
uses, two genera of the family Bunyaviridae (Giorgi et 
al., 1991). 

Here we report the complete nucleotide sequence of 
TSWV L RNA. It contains a single large open reading 
frame (ORF) in the viral complementary sense, which 
most probably corresponds to the viral polymerase gene. 
The genetic organization of the TSWV L RNA segment 
further strengthens our previous conclusion that this 
virus represents a plant-infecting member of the 
Bunyaviridae. 

Methods 

Virus and plants. TSWV CNPH1 (now BR-01), a Brazilian isolate 
from tomato, was maintained in tomato by grafting and infected leaf 
tissue was stored in liquid nitrogen. Nicotiana rustica plants were either 
mechanically inoculated from this original virus stock, or from 
previously inoculated, systemically infected N. rustica. Virus was 
purified from infected N. rustica leaves according to Tas et al. (t977) 
and RNA was extracted as described previously (de Haan et al., 
1989 b). 

Synthesis, cloning and sequence determination o f  cDNA. cDNA to 
TSWV RNA was synthesized and cloned as previously described (de 
Haan et al., 1989b). To obtain cDNA clones containing the 3' end of the 
L RNA, a 5 ~tg portion of genomic RNA was polyadenylated at the 3' 
end, using 1 unit of poly(A) polymerase (Bethesda Research Laborato- 
ries), according to Devos et al. (1976). First-strand cDNA synthesis was 
primed with oligo(dT), followed by second-strand synthesis according 
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to Gubler & Hoffman (1983). Double-stranded cDNA was made blunt- 
ended using T4 DNA polymerase and subsequently cloned into the 
Sinai site of plasmid pUC19 (Maniatis et al., 1982). 

DNA sequencing was performed by the dideoxynucleotide chain 
termination method (Sanger et al., 1977), on dsDNA templates (Zhang 
et aL, 1988), or after subcloning of restriction fragments in M 13mp 18 or 
-mpl9 vectors (Yanisch-Perron et al., 1985). Nucleotide and amino 
acid sequences were compiled and analysed using programs developed 
by the University of Wisconsin Genetics Computer Group 
(UWGCG). 

R e s u l t s  

Cloning and sequence determination o f  the T S W V  L 
R N A  

Northern blot analysis of  genomic RNA,  purified from 
the original BR-01 virus stock, revealed that the 
previously reported restriction map  of TSWV M R N A  
(de Haan  et al., 1989b) actually represented that of a 
defective L R N A  molecule of 4.7 kb in length. This 
defective R N A  molecule was abundantly present in the 
TSWV BR-01 line used in this study and masked the 
authentic M R N A  segment (5-0 kb). This TSWV line 
had been maintained by mechanical  passage of the virus 
for many years. 

In order to obtain c D N A  clones corresponding to the 
full-length genomic R N A  sequence, the original c D N A  
library (de Haan  et al., 1989b) was screened again, and 
additional c D N A  clones to T S W V L  R N A  could be 
aligned, yielding a restriction map covering approxima- 
tely 8900 nucleotides (Fig. 1). The c D N A  clones denoted 
70, 266, 280, 299, 329, 420, 662, 669, 803, 808 and 810 
were selected for sequence analysis. Since clones 280, 

803, 806 and 808 hybridized only to the full-length L 
R N A  and not to the defective L R N A  molecule (results 
not shown), it can be assumed that the latter molecule is 
the result of an internal deletion in TSWV L RNA.  The 
nucleotide sequences and origin of  defective L R N A  
species in TSWV isolates will be discussed in a separate 
paper. 

Direct dideoxynucleotide sequencing, using L R N A  as 
a template and four different synthetic oligonucleotides 
as primers, was used to obtain the 5'-terminal sequence 
and to verify internal sequences (Fig. 1). To obtain 
c D N A  clones containing the T-terminal sequences of  the 
L RNA,  genomic R N A  was polyadenylated and c D N A  
was synthesized by priming first-strand c D N A  synthesis 
with oligo(dT). Clones were subsequently selected, using 
a 830 bp EcoRI /SphI  restriction fragment  of c D N A  clone 
662 as a probe in a colony hybridization experiment. One 
of the selected clones, denoted 669, contained the 
sequence 5' . . A C C T G A T T G C T C T ( A ) 2 2  3', which is 
complementary to the sequence at the 5' end of the 
TSWV L R N A  (5' A G A G C A A U C . .  Y), as determined 
by primer extension sequencing (Fig. 1). These terminal 
sequences are also identical for the first eight nucleotides 
to the 3' and 5' termini of the S R N A  (de Haan  et al., 
1990), indicating that the entire L R N A  sequence was 
indeed included. The identification of clone 669 as an L 
RNA-specific c D N A  clone was further confirmed by 
Northern blot hybridization (results not shown). 

Characteristics o f  the T S W V  L R N A  

The complete nucleotide sequence of the TSWV L R N A  
is shown in Fig. 2. The R N A  is 8897 nucleotides long, 
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Fig. 1. Cloning strategy for the TSWV L RNA segment. The viral complementary (vc) RNA strand is represented. The box 
corresponds to the large ORF. The arrows represent the synthetic oligonucleotides used for primer extension sequencing on the L RNA 
as a template. The numbers correspond with the cDNA clones used. Restriction enzymes are abbreviated as follows: Bg, BglII; E, 
EcoRI; H, HindIII; K, KpnI; S, SphI; Ss, SstI; X, XbaI. 



Nucleotide sequence of TSWV L RNA 2209 

M N I Q K I Q K L I E N G T T L L L S I E D 
1 AGAGC~UCA GGU~C~ AUUUU~GCA ~CAUG~CA UCCAGAAAAU ACAAAAAUUA AUAGAAAAUG G~CCACUUU ACUGUUGUCU AUUGAGGAUU 

C V G S N H D L A L D L H K R N S D E I P E D V I I N N N A K N Y E 
I01 GUGUAGGUUC U~CCACGAU CUAGCUUUGG AUUUACAU~ G~AAAUAGU GAUGAGAUCC CAG~GAUGU GAUUAUAAAU ~U~UGC~ AAAAUUAUGA 

T M R E L I V K I T A D G E G L N K G M A T V D V K K L S E M V S 
201 GAC~UGAGA GAGUU~UUG UCAAAAUCAC UGCUGAUGGU G~GGACU~ ACAAAGGGAU GGC~C~UO GAUGUCAAAA AGCU~GUGA GAUGGUCUCU 

L F E Q K Y L E T E L A R H D I F G E L I S R H L R I K P K Q R N 
301 CUGUUUGAGC AAAAAU~CU AGAAACAGAG UUAGC~GGC ~GACAUUUU UGGAGAGCUG AUCUCCAGGC ACCUGAG~U AAAGCCCAAA CAAAGAAAUG 

E V E I E H A L R E Y L D E L N K K S C I N K L S D D E F E R I N K 
401 ~GUGGAGAU AGAGCAUGCA CU~GAG~U AUCUGGAUGA ACUC~C~ ~GUCCUGCA UU~C~GCU CUCUGAUGAU GAGUUUGAGA G~U~U~ 

E Y V A T N A T P D N Y V I Y K E S K N S E L C L I I Y D W K I S 
501 AG~UAUGUA GC~CU~UG CCACCCCUGA U~CUAUGUG ~AUAUAAAG ~UCAAAAAA CAGUGAGCUU UGUUU~UCA UUUAUGAUUG GAAAAUAUCU 

V D A R T E T K Q W R N T y K N I W K S F K D I K V N G K P F L E 
601 G~CGAUGCCA~ACUGAAACCAAAC~UGGAGAAAUACCUAC~G~UAUUUGGAAAUCUUUC~GAUAUAAAAGUG~UGGAAAGCCAUUCCUGG~ 

E H P V F V S I V I L K P I A G M P I T V T S S R V L E K F E D S P 
701 AGCAUCCUGU UUUCGUUUCU AUAGUUAUAU UGAAACCUAU UGCUGGGAUG CC~UCACUG UUACUAGUAG CAGGGUUUUG GAG~UUCG ~GAUUCUCC 

$ A L H G E R I K H A K N A K L L N I S Y V G Q I V G T T P T V V 
801 AUCAGCAUUG CA~GAGAAA G~UAAAGCA UGCUAAAAAU GCCAAAUUGC UAAAUAUUUC UUAUGUUGGG CAAAUAGUUG G~CCACACC CACAGUGGUG 

R N Y Y A N T Q R I K S E V R G I L G D D F G S K D V F F S H W T 
901 AGAAACUAUU AUGCAAACAC UCAAAG~UC AAAUCUG~G UCAGA~U CUUAGGUGAU GAUUUUGGAU CU~GAUGU GUUUUUCAGU CACUGGACCA 

S K Y K E R N P T E I A Y S E D I E R I I D S L V T D E I P R E E I 
I001 GCAAAUAC~ AGAAAGAAAU CCUACUGAGA UAGCCUAUUC CG~GAUAUU GAAAG~U~ UUGAUUCACU UGUUACAGAU GAAAUCCCUA GAGAGG~U 

I H F L F G N F C F H I E T M N D Q H I A D K F K G Y Q N S C I N 
ii01 ~UACAUUUU ~GUUUGG~ ~UUCUGUUU CCACAUUG~ AC~UG~ ACCAGCAUAU ~CUGACAAA UUUAAAGGGU ACCAAAACUC UUGUAUC~U 

L K I E P K A D L A D L K D H L I Q K Q Q I W E S L Y G K H L E K 
1201 UUAAAAAUAG AGCCAAAAGC UGAUUUAGCU GAUUUGAAAG ACCACUU~U CCAAAAGCAG CAAAUAUGGG ~UCUCUGUA UGGAAAACAC CUUGAG~ 

I M L R I R E K K R K E K E I P D I T T A F N Q N A A E Y E E R Y P 
1301 UCAUGCUUAG ~UUAGAG~ AAAAAGA~ ~GAAAAAGA GAUACCUGAC AU~CCACAG CUUUU~CCA G~UGCUGCU G~UAUG~G ~GGUAUCC 

N C F N D L S E L K L T F H D L V P S L K I E L S S E V D Y N N A 
1401 U~CUGUUUC ~UGAUCUCU CUG~CUAAA ACU~CUUUC CAUGACUUGG UCCCCAGUUU G~GAUAG~ UUGAGCUCAG AGGUAGAUUA C~C~CGCA 

I I N K F R E $ F K S S 5 R V I Y N S P Y S $ I N N Q T N K A R D 
1501 AUUAUU~C~ AGUUUCGGGA GAGCUUCAAA AGUUCUUC~ G~UUAUUUA U~UAGCCCA UAUAGUAGCA UAAAU~CCA ~CAAAU~ GC~GAGAUA 

I T N L V R L C L A E L S C D T T K M E K Q E L E D E I D I N T G S 
1601 U~CAAACUU AGUUAGACUG UGUUUAGCAG AGCU~GUUG UGAUAC~CG AAAAUGGAAA AGCAGG~CU UG~GAUG~ AUAGAUAU~ ACACCGGG~ 

I K V E R T K K S K E W N K Q G S C L T R N K N E F C M K D T G R 
1701 UAUCAAAGUUGAGAG~C~AAAAGUCU~AG~UGG~U~GC~GGUUCGUGUUU~CCAGAAACAAA~UG~UUUUGCAUG~GAUACAGGCAGG 

E N K T T Y F K G L A V M N I G M S S K K R I L K K E E I K E R I 
igOl  GAG~CAAAACUACCUAUUUUAAAGGCUUAGCAGU~uGA~AGG~UG~GUUCU~GAAAAG~UUCUAAAAAAAGAAGAAAUAAAAGAA-&GG~CU 

S K G L E Y D T S E R Q A D P N D D Y S S I D M S S L T H M K K L I 
1901 CUAAAGGCUU GG~UAUGAU ACCUCUG~ GGCAGGCUGA CCCAAAUGAU GAUUACUC~ GUAUAGACAU GUCUUCUCUG ACUCAUAUGA AAAAACUGAU 

R H D N D D S L S G K R F K G $ F F L L H N F N I I E D G K I T $ 
2001 ~GGCAUGAC ~UGAUGAUA GCUU~GUGG UAAAAGAUUU ~GGGCUCUU UUUUUCUACU UCAU~UUUU ~UAU~UAG AGGAUGGU~ GAUCACAUCU 

V F N N Y A K N P E C L Y I Q D S V L K T E L E T C K K I N K L C 
2101 GUUUUC~UA AUUAUGCU~ AAAUCCUG~ UGCUUGUACA UUC~GAUUC AGUACUG~G ACUG~UUAG AGACUUGC~ AAAGAUAAAC AAAUUAUGCA 

N D L A I Y H Y S E D M M Q F S K G L M V A D R Y M T K E S F K I L 
2201 AUGAUCUAGC CAUUUACCAU UACUCUG~G ACAUGAUGCA AUUCUCC~ GGUUU~UGG UGGCUGACAG GUACAUGACU AAAGAAAGUU UC~GAUAUU 

T T A N T S M M L L A F K G D G M N T G G S G V P Y I A L H I V D 
2301 ~CCACAGCA ~UACUAGCA UGAUGCUAUU AGCAUUCAAA GGGGAUGG~ UG~CACCGG AGGAUCGGGA GUUCCUUACA UAGCAUUGCA UAUAGUGGAU 

E D M S D H F N I C Y T K E I Y S Y F R S G S N Y I Y I M R P Q R 
2401 G~GACAUGU CAGAUCAUUU U~CAUAUGU UA~CUAAAG ~UUUAUAG CUAUUUCCGA AGUGGUAGUA AUUACAUUUA UAU~UGAGG CCGCAGAGAC 

L N Q V R L L R L F K T P S K V P V C F P Q F S K K A N E I G K S L 
2501 UAAACCAGGU GAGGCUGCUG AGGCUUUUCA AAACGCCUAG UAAAGUUCCU GUAUGUUUUC CAC~UUUUC AAAGAAAGCU ~UG~UCG GAAAAUCGCU 

K N K D I E K V N L F S M T M T V K Q I L I N I V F S S V M I G T 
2601 GAAAAAUAAA GAUAUAGAAA ~GUAAAUCU CUUUUCUAUG AC~UGACUG UAAAACAGAU AUU~UAAAU AUUGUGUUUU CAUCUGUCAU GAUAGG~CU 

V T K L S R M G I F D F M R Y A G F L R L S D Y S N I K E Y I R D 
2701 GUGACAAAGC UCAGUAG~U GGG~UUUUU GAUUUCAUGC GGUAUGCAGG UUUUUUGCGA CUAUCCGAUU AUUCU~CAU AAAAG~UAC AUUAGAGACA 

K S D P D I T N C G R ~ L F R N G I K K L L ~ R M E D L N L S T N A 
2801 ~UCUGAUCC UGAUAU~CU ~CUGUGGCA GAUAUCUAUU UCGU~UGGA AUCAAAAAAC UAUUGUUCAG ~UGG~GAU CUC~UUU~ GCAC~UGC 

K P V V V D H E N D I I G G I T N L N I K C P I T G S T L L T L E 
2901 C~GCCUGUU GUUGUGGACC ACGAAAAUGA UAUUAUAGGA GGGAU~C~ ACUUG~UAU AAAAUGUCCU AU~CAGGAU C~CUCUACU GACACUUG~ 

D L Y N N V Y L A I Y M M P K $ L H N H V H N L T S L L N L P A E 
3001 GAC~GUAC~AU~G~U~A~UGGCU~UU~G~GC~AAAUCAC~GCAC~UCA~GUUCAC~BCU~C~GCUU~AAAUCUCCCUGCUG~GU 
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W E L K F R K E L G F N I F E D I Y P K K A M F D D K D L F S I N G 
3101 GGGAGCUAAA GUUCAGAAAA G~UUAGGUU UC~CAUAUU UG~GACAUA UACCCU~GA ~GC~UGUU UGAUGACAAA GACCUAUUCU CCAUAAAUGG 

A L N V K A L S D Y Y L G N I E N V G L M R S E I E N K E D F L S 
3201 AGCUUUG~C GUGAAAGCAU UAUCUGAUUA CUAUCUAGGA ~UAUAG~ AUGUUGGUUU ~UGAGAUCA GAAAUAG~ AUAAAG~GA UUUCCU~GC 

P C Y K I S T L K S S K K C S Q S N I I S T D E I I E C L Q D A K 
3301 CCUUGUUAUA AAAUAUCUAC UUUAAAAUCU UCAAAAAAAU GCUCAC~UC AAACAUUAUA AGUACUGAUG AGAU~UAGA GUGUCUUCAG GAUGC~GA 

I Q D I E N W K G N N L A I I K G L I R T Y N E E K N R L V E F F E 
3401 UUC~GAUAU AGAAAAUUGG AAAGGAAAUA ACCUAGCUAU UAUAAAAGGG CUUAU~G~ CCUAC~UGA GGAGAAAAAU AGAUUGGUGG ~UUUUUUGA 

D N C V N S L Y L I E K L K E I I S S G S I T V G K S V T S K F I 
3501 AGAU~UUGU GUC~UUCAU UAUAUCUUAU AGAAAAGCUU ~GAGAU~ UUAGUAGUGG AUC~U~CU GUAGGG~U CUGU~CAUC U~UUCAUA 

R N N H P L T V E T Y L K T K L Y Y R N N V T V L K S K K V S E E 
3601 AGAAAC~UCAU~CUUU~CAGUAGAAACAUAUCUCAAAA~AAAACUAUAUUAU~U~UGU~C~UUUU~A~GUCUAA~GUGUC~G~GC 

L Y D L V K Q F H D M M E I D L D S V M N L G K G T E G K K L T F L 
3701 UCUAUGACCU UGUAAAACAG UUCCAUGACA UGAUGGAAAU AGACCUAGAU UCUGUUAUGA ACCUCGGG~ AGGUACAG~ GGAA~C UCACAUUCUU 

Q M L E F V M S K A K N V T G S V D F L V S V F E K M Q R T K T D 
3801 GCAGAUGCUU G~UUUGUCA UGUCC~GGC UAAA~UGUC ACCGGGUCUG UAGAUUUUCU AGUUUCUGUU UUUGAA~ UGCAGAG~C CAAAACAGAC 

R E I Y L M S M K V K M M L Y F I E H T F K H V A Q S D P S E A I 
3901 AGAGAAAUAU ACUUGAUGAG CAUGAAAGUG AAAAUGAUGC UUUAUUUUAU ~AGCAUACA UUC~CAUG UAGCGCAGAG UGAUCCAUCG G~GCCAUAU 

S I S G D N K I R A L S T L S L D T I T S Y N D i L N K N S K K S R 
4001 CU~GUGG AGAC~UAAA AU~GAGCAC DUUCUACGDD AUCUUUGGAC AC~UCACGU CUUAC~UGA UAUUUUAAAC AAAAAUUC~ AG~GUC~G 

L A F L S A D Q S K W S A S G L T T Y K Y V L A I I L N P I L T T 
4101 ~UGGCUUUC CUAUCUGCAG AUCAGUCG~ AUGGUCGGCA UCAGGCCUUA CCACCUAU~ AUAUGUUUUA GCUAUCAUAU U~UCC~U UUU~CUACU 

G E A S L M I E C I L M Y V K L K K V C I P T D I F L N L R K A Q 
4201 GGUG~GCUA GCUU~UGAU AG~UGCAUC UU~UOUAUG UU~UUG~ G~GGUUUGU AUACC~CAG AUAUUUUUUU G~UCU~GA ~GCUC~C 

Q T F G E N E T A I G L L T K G L T T N T Y P V S M N W L Q G N L N 
4301 AAACUUUUGG GGAAAAUG~ ACUGCCAUAG GACUUUUGAC C~GGCUUG ACGACAAACA CAUACCCUGU UAGCAUG~U UGGUUGC~G GC~UUU~ 

Y L S S V Y H S C A M K A Y H N T L E C Y K N C D F Q T R W I V H 
4401 UUAUCUGUCU UCUG~UAUC ACUCUUGUGC ~UGAAAGCU UAUCAC~CA CUUUGG~UG UUACAAAAAC UGUGAUUUCC AAACUAGAUG GAUUGUGCAC 

S D D N A T S L I A S G E V D K M L T D F S S S S L P E M L F R S 
4501 UCUGAUGAUA AUGC~CAUC AUU~UAGCC AGUGGAGAGG UUGAUAAAAU GCUGACAGAC UUUUC~GCU CAUCUCUGCC AGAAAUGUUG UUUAG~GCA 

I E A H F K S F C i T L N P K K S Y A S S S E V E F I S E R I S K W 
4601 UUG~GCUCA UUUCAAAAGU UUUUGCAU~ CUUUG~CCC AAAAAAGAGU U~GCUUCUU CAUCAG~GU AGAGUUU~A UCUGAAAG~ UUAGUAAAUG 

S D Y S S L L Q A F S K L L H R I F A Y K L F D D L M S L S I H V 
4701 GAGCGAUUAU UCCUCUCUAU UGCAGGCAUU UAGCAAACUG UUGCACAG~ UCUUCGCAUA U~GUUAUUU GAUGAUCU~ UGUCACUCAG UAUACAUGUU 

T M L L R K G C P N E V 1 P ~ A Y G A V Q V Q A L S I Y S M L P G 
4801 AC~UGCUUC UGAGAAAAGG CUGUCCU~U G~GUUAUAC CUUUUGCUUA UGGGGCUGUG CAGGUAC~G CGUU~GCAU CUAUUC~UG CUUCCUGGUG 

E V N D S I R I F N K L G V S L K S N E I P T N M G G W L T S P 1 E 
4901 ~GUG~UGA UAGUAUUAGA AUUUUU~CA AGCUUGGAGU ~GUUUAAAG UC~CGAGA UUCCCACAAA CAUGGGGGGC UGGUUGACCU CUCCUAUAGA 

P L S 1 L G P S S N D Q 1 I Y Y N V 1 R D F L N K K S L E E V K D 
4501 GCCGUUGUCU AUAUU~GUC CAUCAUCAAA UGAUCAAAUC AUCUAUUACA AUGUGAU~G AGAUUUUUUG ~CAAAAAAA GUUUAG~GA AGUAAAAGAU 

S V S S S S Y L Q M R F R E L K E K Y E R G T L E E K D K K M I F 
5101 AGUGUCUCUU CUUCCAGUUA UCUACAGAUG AGAUUCAGAG AGCUA~GA AAAGUAUG~ AGAGG~CUC UGG~GA~ AGAUAA~G AUGAUAUUUC 

L 1 N L F E K A S V S E D S D V L T I G M K F Q T M L T Q I I K L P 
5201 UUAUC~UCU GUUUGAGAAA GCAUCAGUGU CUG~GAUUC AGACGUUCUA AC~UUGGGA UG~UUUCA ~CUAUGUUA ACUCAGAUUA UAAAAUUACC 

N F I N E N A L N K M S S Y K D F S K L Y P N L K K N E D L Y K S 
5301 U~UUUUAUA~uGAG~UGCUUUA~C~GAUGUC~GUUAUA~GAUUUUUCAAAA~UUUAUCCU~UUUAA~GAAUG~GAUUUAUAUAAAAGC 

T K N L K I D E D A V L E E D E L Y K K I A S S L E M E S V H D 1 
5401 ACU~G~CU UAAAGAUAGA CGAGGAUGCU GUUUUAGAGG ~GAUGAGUU AUAU~G~G AUUGCAUCUA GCUUAG~U GG~UCUGUC CAUGACAU~ 

M I K N P E T I L I A P L N D R D F L L S Q L F M Y T S P S K R N Q 
5501 UGAUA_~ UCCUGAAACA AUUCUGAUAG CACCAUUG~ UGAUAGAGAU UUUUUACUUA GUCAGCUGUU CAUGUACACA AGCCCUUCUA ~GAAACCA 

L S N Q S T E K L A L D R V L R S K A R T F V N I S S T V K M T Y 
5601 GU~UCG~C C~UCUACAG AGAAACUUGC UU~GAUAGA GUGUU~GGU CAAAAGCUAG ~CAUUUGUA ~CAUUUCUU CCACUGUG~ GAUGACUUAU 

E E N M E K K I L E M L K F D L D S Y C S F K T C V N L V I K D V 
5701 G~GAAAACA UGGA~G~ ~UCUUAG~ AUGCUA~U UUGAUUUAGA UUCAUAUUGU UCAUUUA/LAA CAUGUGUAAA UCUAGUUAUC ~GGAUGUUA 

N F S M L I P 1 L D S A Y P C E S R K R D N Y N F R W F Q T E R W I 
5801 AUUUCAGCAU GCUGAUUCCA AUAUUAGAUU CUGCAUACCC UUGUG~UCU AGGAAAAGAG AU~CUAC~ UUUCAGGUGG UUUCAGACUG AGAGAUGGAU 

P V V E G S P G L V V M H A V y G S N Y I E N L G L K N I P L T D 
5901 ACCUGUUGUU G~GGCUCUC CGGGACUAGU AGU~UGCAU GCUGUCUAUG GAUC~UUA UAUAGAG~C UUAGGUUU~ A~CAUCCC UCU~CAGAC 

D S 1 N V L T S T F G T G L 1 M E D V K S L V N G K D S F E T E A 
6001 GAUAGUAUUA AUGUUUU~C ~GCACGUUU GG~CAGGUU U~UCAUGGA AGAUGUAAAA UCCCUAGUUA AUGGC~GA CAGCUUCG~ ACAGAGGCUU 

F S N S N E C Q R L V K A C N Y M I A A Q N R L L A I N T C F T R K 
6101 UUAGC~UUC U~UG~UGU CAAAGAUUGG UGA~%~GCAUG C~UUAUAUG AUAGCAGCAC A2u%ACAGGCU UUUAGC~UU ~CACAUGCU UUACUAGG~ 

8 F P F Y S K F N L G R G F I S N T L A L L S T I Y S K E E S Y H 
6201 ~GCUUUCCC UUCUAUUCUA AGUUC~UCU AGGG~AGGG UUUAUCUC~ ACACAUUAGC UCUCCUAUCC ACCAUCUACA GUAAAG~GA AUCCUAUCAU 
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F V S T A S Y K L D K T I R T V V S A q Q 0 M N L E K I L D T A V 
6301 UUUGUUUCUA CAGCUAGUUA UAAAUUAGAC A~a%ACUAUCA G~CUGUGGU ~GUGCUCAG C~GAUAUGA ACUUAGAG~ ~UACUGGAC ACUGCUGUAU 

y I S D K L Q S L F P T I T R E D I V L I L Q N V C L D S K P I W Q 
6401 ACAUAUCAGA UAAAUUGCAG UCACUUUUCC C~C~UUAC ~GAGAGGAU AUAGUUUU~ UAUUGCAA~ UGUUUGCCUU GACAGU~C CUAUAUGGCA 

S L E D K M K K I N N S T A S G F T V S N V I L S H N S E L N T I 
6501 GAGUCUAG~ GACAAAAUGA AAAAGAUU~ C~UUC~CA GC~GUGGCU UCACAGUGUC AAAUGUGAUU CUAUCACAUA ACAGUG~UU G~CAC~UC 

Q K Q I V W M W N M G L C S H R T L D F V I R Y I R R R D V R Y V 
6601 CAGAAACAAA UUGUCUGGAU GUGG~CAUG GGUUUGUGUU CUCACAG~C AUUAGAUUUU GUU~C~GGU AUAUUAG~G ~GGG~GUA AG~GU~ 

K T E E Q D E S G N Y V S G T M Y K I G I M T R S C Y V E L I A S D 
8701 AAACUG~GA AC~GAUG~ UCAGGAAAUU AUGUCUCUGG ~CUAUGUAC AAAAUAGGGA UCAUGAC~G ~GCUGCUAU GUGG~UUGA UAGCAUCUGA 

Q D V A V S L R T P F E I L N E R E Y L F D T Y R E S I E K L L A 
6801 UC~GAUGUA GCAGUUUCUU UGAG~CACC AUUUGAGAUA UUG~UGAAA GAGAGUAUCU UUUUGACACA UACAGAGAAA GUAUAGAG~ AUUAUUGGCA 

E I M F D K V N I I N Q T T T D C F L R T R R S C I R M T T D N K 
8901 GAAAUUAUGU UUGAUAAAGU G~CAU~UA ~UCAAAC~ CCACAGAUUG UUUUCUUAGA ACCAGGAGAU CUUGCAUCAG ~UGACCACA GAC~CAAAA 

M I V K V N A T S R Q I R L E N V K L V V K I K Y E N V N S D V W D 
7001 UGAUUGUAAA GGUU~UGCU ACAUC~GAC AAAU~GACU AGAG~UGUA AAAUUAGUUG UAAAGAUAAA AUAUGAAAAU GUG~UUCCG AUGUAUGGGA 

I I E S Q K S L V L R L P E V G E F F S D M Y K T A D S E T E T I 
7101 UAUUAUAG~ AGCCAAAAAU CUCUAGUCUU ~GGCUCCCU G~GUAGGGG ~UUUUUCUC UGAUAUGUAU AAAACUGCAG ACUCUGAAAC UGAAAC~UC 

K T I K N R L M T S L T F I E A F G N L S Q Q I K E I V D D D I R 
7201 AAAACCAU~ AAAACAGGCU UAUGACUUCU UU~CUUUCA UAG~GCCUU UGGAAACUUA UCACAGCAGA UCAAAGAGAU UGUAGAUGAU GAUAUCAGAG 

E T M D E ~ L M N I R D T C L E G L E N C K S V E E X D S Y L D E N 
7301 AAACGAUGGA UG~UUCUUA ~G~CAUCC GGGAUACCUG CUUAG~GGU UUGGAAAACU GCAAAAGUGU GG~G~UAU GAUAGCUAUC UUGAUGAAAA 

G F N D T V E L F E N L L R T H 0 N F E N E Y S P L F S E I V D K 
7401 UGGAUUU~U GACACAGUAG ~CUAUUCGA AAACUUGCUA AG~CACAUG AC~CUUUGA AAAUGAGUAU AGUCCUCUUU UUUCAGAGAU UGUUGACAAA 

A K Q Y T R D L E G F K E I L L M L K Y S L I N D A S G F K S Y R 
7501 GCAAAACAGU AUACUAGAGA UUUAG~GGU UUCAAAGAAA UACUGCUCAU GCUUAAAUAU UCUCU~U~ AUGAUGCAUC AGGAUUUAAA AGCUAUAGAG 

A T G M H A V E L M A K K H I E I G E F N L L G M I Q L I K A C E T 
7601 CCA~GG~U GCAUGCU~U GAGCU~UGG CAAAA/~GCA CAUAGAGAUA GGGG~UUCA ACUUGUUAGG ~UGAUCC~ UUGAUUAAAG CUUGUGAAAC 

C H N N D S I L N L A S L R N V L S R T Y A T F G R R I R L D H D 
7701 AUGCCAC~C ~UGACUCUA UAUUAAACUU AGC~GUUUA AGG~UGUUC UUAGCAGGAC AUAUGCCACA UUUGGGAGGA G~U~GAUU GGAUCAUGAU 

L D L Q N N L M E K S Y D F K T L V L P E I K L S E L S R E I L K 
7801 CUGGACUUGC AAAAC~CUU ~UGGAAAAA AGUUAUGAUU UC~GACGCU GGUUUUACCA GAAAUAAAAU UAUCAG~CU AUCUAGGG~ AUACUGAAAG 

E N G F V I S G E N L K M D R S D E E F V G L A S F N V L R L D E E 
7901 AA/t%UGGGUUUGUUAUAU~UGGAGAG~UCUAA~a~AUGGAUAGGUCUGAUG~G~UUUGUGGGUCUUGCCAGUUUU~UGUGUUGAGGCUAGAUGAGGA 

E M y E G L I K E M K I K R K K K G F L F P A N T L L L S E L I K 
8001 AGAAAUGUAU G~GGUUUGA UCAAAGAAAU GAAAAUUAAA AGGAAAAAGA ~GGGUUUUU AUUUCCAGCA ~CACACUUC UACU~GUGA GUUGAUAAAG 

F L I G G I K G T S F D I E T L L R N S F R P D I F S T D R L G R 
8101 UUCUUGAUUG GAGG~UAAA GGG~CCAGC UUUGAUAUAG AGACAUUGUU ACGG~CAGU UUUAGACCAG ACAUAUUUUC ~CUGACAGA UUGGG~GAU 

L S S S V P A L K V y A T V Y M E Y K N V N C P L N E I A D S L E G 
8201 U~GUUCCAG UGUACCUGCA CUCAAAGUUU AUGC~CUGU UUAUAUGG~ UAU~G~UG UC~UUGUCC UUUAAAUGAG AUAGCUGACA GCUUAG~GG 

Y L K L T K S R S K E H F L S G R V K K A L I Q L R D E Q S R T K 
8301 UUAUCUAAAA CUGACAA_a~kA GCAGGUCC~ GG~CAUUUC UUGUCUGG~ GAGUUAAAAA AGCUUUGAUA C~UU~GAG AUG~C~UC GCG~CUAAA 

K L E V Y K D I A N F L A R H P L C L S E K T L Y G R Y T Y S D I 
8401 AAACUAGAGG UCUAU~GGA UAUCGCAAAU UUCCUUGCUA GGCACCCACU AUGUUUAUCA GAAA~CAU UGUAUGG~G AUAUACCUAC UCUGAUAUCA 

N D Y I M Q T R E I I L S K I S E L D E V V E T D E D N F L L S Y L 
8501 AUGAUUAUAU CAUGCAAACA AGAGAGAUUA UUUUGAGU~ ~U~GUGAG UUGGACGAGG UUGUUGAAAC AGAUG~GAC ~UUUCUUGC UUAGUUAUCU 

R G E E D A F D E D E L D E E E D T D * 
8601 ~GAGGGG~G~GAUGCCUUUGAUG~GAUGAGCUUGAUG~G~G~GACACAGAUUA~UUGAAAGU~UGACU~C~UCCAUG~U~CAGAUUA 

8701 GAUAU~CUU AG~UAUAAA UUUAUUGCUA UUUUAG~UU AGAUUAGAUC UACUUAGCCU AAAAC~UUU GGUG~CC~ AUCUAUAGUG UAUAUAAAUG 

8801 UAGAGUCCCG GUAUAGUUUC ACUGGAGGGA AUUCUUAUGU ~UUUGUAAA GUCUGGCUGU GGAGAGGUUA UAUGUUUUAG UUGUACCUGA UUGCUCU 

Fig. 2. The complete nucleotide sequence ofTSW V L R N A  (numbe~d from the 5" end of the viral complementa~ RNA strand) and its 
predicted gene pr~uct,  The deduced amino acid sequence of the protein encoded by the viral complementa~ RNA is written above the 
R N A  sequence. The a~erisk (*) indic~es ~ e  U A A  te~ inat ion  codon. 

with a base composition of 28.7~ A, 37.8~ U, 19.0~ C 
and 14-5~ G. The length is in rather good agreement 
with the previously estimated size, deduced from 
electrophoretic mobility (Van den Hurk et al., 1977; de 
Haan et al., 1989a). The L RNA exhibits complementar- 
ity between its 3' and 5' ends for 62 nucleotides at the 5' 
end to 66 nucleotides at the 3' end, similar in range to the 

complementary termini of the S RNA (de Haan et al., 
1990). The resulting 'panhandle' structure (Fig. 3) has a 
free energy of AG = - 217.1 kJ/mol. Moreover, the 10 3'- 
and Y-terminal nucleotides show a remarkable homology 
to that of RNA segment 3 of Thogoto virus, a tick-borne 
member of the Orthomyxoviridae (Clerx et al., 1983; 
Staunton et al., 1989) (Fig. 4). 
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Fig. 3. The complementary sequence at the 5" and 3' end of the TSWV 
L RNA. The nucleotide positions are numbered from the 5' end. 
Asterisks (*) represent gaps corresponding to unpaired nucleotides in 
the sequence. 

Orthomyxoviridae 

Influenza B 
Influenza A 
Influenza C 
Thogoto (segment 3) 

Bunyaviridae 

Tospo (TSW) 
L RNA 
M R N A  
S RNA 

Bunya (Bunyamwera) 
k RNA 
M RNA 
S RNA 

Hanta (Hantaan) 
L RNA 
M RNA 
S RNA 

Uuku (Uukuniemi) 
M R N A  
S RNA 

Phlebo (Punta Toro) 
M RNA 
S RNA 

Nairo (QuMyub) 
L RNA 
M RNA 
S RNA 

Arenaviridae 

Otd World (LCM) 
h RNA 
S RNA 

New World (TAC) 

. . . . . . . .  UUCGCUUCUGCUo~ ] 

........ CCUGCUUUUGCUos 

........ CCUGCUUUUGCUo~ 

U G C U U U G A U U U C U C U ~  

. . . . .  ~UACCUGAUUGCUCUo. 

UGUAUUGAUUGCUCUoll 

UGACACGAUUGCUCUm~ 

..... UAGGAGUACACUACUos 

..... CGGUAGUACACUACUo~ 

..... GUGGAGUACACUACUo~ 

..... AGGGAGUCUACUACUAo~ 

..... GCGGAGUCUACUACUAoH 

..... AGGGAGUCUACUACUAoH 

. . . . .  UAGCCGUCUUUGUGUoH 

. . . . .  UGGACGUCUUUGUGUo+ 

..... GUGCCGUCUUUGUGUon 

..... CAGGGAGCUAUGUGUo~ 

..... UUAAUUUCUUAGAGAoH 

..... AGUAUUUCUUAGAGAoH 

..... CGUCCGUCUUAGAGAo. 

..... AGGAUCUUCGGUGCGo. 

..... AGGAUCCACUGUGCGo~ 

LRNA ..... AGGAUCCUCGGUGCGoH 

S RNA ..... AGGAUCCACUGUGCGo~ 

Fig. 4. Comparison of the T-terminal sequences of the genomic R N A  

molecules of TSWV to those of members of the Arenaviridae, 
Bunyaviridae and Orthomyxoviridae. Nucleotides conserved between 
TSWV and Thogoto virus are underlined. 
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Fig. 5. Distribution of translation initiation (short vertical bars) and termination (long vertical bars) codons in the three possible 
reading frames of the viral (1, 2 and 3) and viral complementary ( - 1 ,  - 2  a n d  - 3 )  L R N A  strands. 

Predicted gene product encoded by TSWV L RNA 

Analys i s  o f  the six reading frames of  the viral and viral 
complementary  R N A  strand revealed only one large 
ORF,  located on the viral complementary  R N A  strand 
(Fig. 5). This  O R F  starts with an A U G  codon at posi t ion 

34 and extends to a UAA stop codon at position 8659, 
hence the non-coding regions of the plus-sense RNA are 
33 bases long at the 5' end and 235 bases at the 3' end. 

The amino acid sequence derived from this ORF is 
shown in Fig. 2. The sequence of the predicted gene 
product is 2875 amino acids long and has an estimated 
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Fig. 6. Dot plot comparison of the predicted L proteins of 
TSWV, Bunyamwera and Hantaan viruses, using the 
Compare and Dotplot programs (window=30, strin- 
gency = 16) of the GCG package. Sequence data were 
obtained from Elliott (1989) (Bunyamwera virus) and 
Schmaljohn (1990) (Hantaan virus)• 

Mr of 331.5K. Analysis of the amino acid sequence of the 
predicted protein reveals several short hydrophobic 
regions (Kyte & Doolittle, 1982) and a very acidic 
carboxy terminus, as can be seen by the large number of 
aspartic acid (D) and glutamic acid (E) residues (Fig. 2). 

A search in the EMBL protein and nucleotide 
sequence database revealed that the predicted protein 
encoded by TSWV L RNA is homologous to the L 
proteins of the animal-infecting Bunyaviridae. Hence, it 
can be deduced that the L RNA segment of TSWV 
encodes the L protein. The discrepancy between the size 
reported here (331.5K) and the previously estimated size 
(200K) may be due to the gel systems used in those 
experiments (Mohamed et al., 1973; Tas et al., 1977). 
Computer-assisted alignment of the predicted L protein 
of TSWV with that of Bunyamwera virus (Elliott, 1989) 

reveals one internal region (approximately 1000 amino 
acids long) with significant (27~ identity) amino acid 
sequence homology (Fig. 6). Homology between TSWV 
and Hantaan virus L proteins, and between those of 
Bunyamwera and Hantaan virus, however, is lower and 
restricted to a shorter internal stretch of approximately 
200 to 250 residues (Fig. 6). 

For the animal-infecting Bunyaviridae it has been 
proposed that the L proteins represent the viral RNA 
polymerases. Proteins involved in transcription and 
replication of RNA viruses contain conserved signature 
sequences, such as putative polymerase, helicase or 
methyltransferase motifs (Kamer & Argos, 1984; Gold- 
bach, 1987; Hodgman, 1988; Gorbalenya et al., 1989). 
The presence or absence of these motifs, together with 
other molecular characteristics such as genome structure 
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I n f A  P B I  (308) FTITGDNT.K WNEN . . . . . . . . . . . . . . . . . . . . . . . . . . . .  QNPNMFLA 
TSWVL (1321) ISISGDN..K IRAL ....... STLSLDTIT SYNDILNKNS KKSRLAFLSA 
B u n L  (1020)  S I I K G D P S . K  ALKL . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  EINA 
HanL (936)  ISYC-G]~..KK ILAIQGALEK ALRWASGESF IELSNHKFIR MKRKLMYVSA 

GD... K 

I n f A  P B t  MITYITKNQP EW.FRNVL.S [A]?IMFSNKMARLGKGYMFE SKSMKLRT~7 
T S W V L  DQSXWSASGL TTYKYVLAII LNPILTTGEA SLMIECILMY VKLKKVCIPC 
BunL DMSKWSAQDV W.YKYFWLIA MDPILYPAEK T.RILYFMCN YMQKLLILPD 
H a n L  DATI~SPGDN SAKFRRFTSM NNKLKNCVIDALKQVYKTDF FMSRKLPNY[ 

[nfA ~[ PAEMLASIDL KYFNESTRK~ IEKIRPLLID GTASLSPGMM MGMFNTZ.LST/ 
T S W V L  DIFLNLRKAQ QTF.GENATA IGLLTKGLTT NTYPVSM~ QGNLNYLSS'/ 
B u n L  DLIANILDQK RPY...NDDL ILEMTNGLNY NYVQIKRNWL QGNFNYTSSY 
HanL DSMESLOPHI KQF .......... LDFFPDG HHGEVKG~ QGNLNKCSS? 

G..N..Z 

InfAPBI LGVSILNLGQ ...... KRYT KTTY~DGLQ SSDDFALIVN APNHE ..... 
T S W V L  YHSCAMJiAYH NTL,ECYK.. NCDFQTRWIV HSDDNATSLI ASGEVDKMLT 
B u n L  VHSCAM~LVYK DILKECMKLL DGDCLINSMV HSDDNQTSLA IIQNKVSDQI 
H a n h  .RGVAMSLLF KQVWTNLFP, ELDCFFEFAH HSDDALFIYG YLEPVDDGTD 

SDD 

I n f A  P B I  . . . . . . .  G I Q  AG . . . . . . . . . . . .  VORFYR TCKLWGINM. . .S~Yd~SYIN 
T S W V L  DFSSSSLP . . . . . . . . . . . . . . . .  EMLFRS IEAHFKSFCl TLNPKKSYAS 
BunL ....... VIQ YA ............ ANTFES VCLTFGCQA. ..NMIr~Ty!q ' 
H a n L  WFLFVSQQIQ AGHLHWFSVN TEMWKSMFNL HEHILLLGSI KISPKKTTVS 

F ................ KK 

RTGTFEFTSF FYRYGFVANFS (514) 
.SSEVEFISE RISKWSDYSSL (1562) 
.HTCKEFVSL FNLHGEPLSVF (1229) 
.PTNAEFLST FFEGCAVSIPF (1197) 

EF.S. F 

{nfA PB1 
T S W V L  
B u n L  
H a n L  

Fig. 7. Amino acid sequence homology between the RN A polymerases 
of members of the Bunyaviridae and protein PB 1, the core polymerase 
of the influenza viruses. Residues conserved in at least three sequences 
are indicated in bold. Sequence data were obtained from Yamashita et 
al. (1989) (influenza A virus), Elliott (1989) (Bunyamwera virus) and 
Schmaljohn (1990) (Hantaan virus). 

and expression, are important determinants for evolu- 
tionary relationships between viruses and virus families 
(Goldbach, 1986; Strauss & Strauss, 1988; Poch et  al., 
1989; Candresse et al., 1990). A search for such 
conserved sequences in the (putative) polymerase pro- 
teins of members of the Bunyaviridae and Orthomyxo- 
viridae reveals five types of short consensus sequences: 
GDX1 3K, GXXNXXS, SDD, FXlo_lTKK and 
EFXSXF (Fig. 7). These amino acid motifs are present in 
the region where the predicted L protein of TSWV shows 
sequence homology to Bunyamwera and Hantaan L 
proteins and to influenza A virus protein PB1, the core 
polymerase of this virus (Braam et al., 1983; Krug et al., 
1989). Hence, it is anticipated that the major ORF in 
TSWV L RNA represents the polymerase gene. 

Discussion 

Determination of the complete nucleotide sequence of 
the TSWV L RNA demonstrates that TSWV is a 
negative-strand RNA virus. The presented nucleotide 
sequence data confirm the previous conclusion, derived 
from the S RNA sequence, that TSWV should be 
considered as a member of the Bunyaviridae. Indeed, at 
the ICTV meeting during the Eighth International 
Congress of Virology in Berlin (1990), TSWV was 
accepted as the first member of a newly created genus, 
tospovirus, within the Bunyaviridae. 

The TSWV L RNA segment is 8897 nucleotides long, 
which is significantly longer than the L RNAs of 
Bunyamwera (6875 nucleotides) and Hantaan viruses 
(6530 nucleotides) (Elliott, 1989; Schmaljohn, 1990). 
Additional domains may be present in the gene product 
of TSWV L RNA, which may reflect adaptation of this 
bunyavirus to plants. 

TSWV L RNA contains complementary ends of 62 to 
66 nucleotides in length. Hence, the RNA can be folded 
into a stable panhandle structure (Fig. 3), which may be 
involved in the appearance of circular nucleocapsids in 
virus particles (Peters et  al., 1991), as also found for the 
Bunyaviridae (Raju & Kolakofsky, 1989). Moreover, 
these terminal sequences will play an important role in 
genome transcription and replication, since they contain 
the initiation signals for encapsidation and RNA 
synthesis (Krug et  al., 1989; Parvin et  al., 1989). An 
alignment of the Y-terminal sequences of the RNAs 
from segmented negative-strand viruses is shown in Fig. 
4. On the basis of terminal nucleotide sequence homol- 
ogy, the animal bunyaviruses can be clustered into three 
groups, the nairoviruses (Clerx-van Haaster et  al., 1982), 
the uuku-/phleboviruses (Ihara et  al., 1984, 1985; 
Ronnholm & Pettersson, 1987; Simons et  al., 1990) and 
the hanta-/bunyaviruses (Schmaljohn et  al., 1986, 1987; 
Clerx-van Haaster et  al., 1982). Members of the 
Arenaviridae and Orthomyxoviridae have their own 
distinct terminal sequences (Fig. 4; Desselberger et  al., 
1980; Auperin et  al., 1982). Strikingly, the termini of the 
TSWV RNAs show considerable sequence homology to 
that of RNA segment 3 of Thogoto virus, a member of 
the Orthomyxoviridae, which might reflect ancestral 
relationships between both virus families. 

TSWV L RNA contains a single ORF in the viral 
complementary sense, corresponding to a protein with a 
predicted Mr of 331.5K. Analysis of viral RNA species in 
infected plant cells indicates that this ORF is expressed 
by the formation of an mRNA of approximately genome 
length. No subgenomic RNA species derived from the L 
RNA could be detected (unpublished results). Remark- 
ably, in several TSWV isolates, defective L RNA species 
appear when maintained under laboratory conditions. In 
line BR-01, which has been used for sequence determina- 
tion of the L RNA, a deleted form of this RNA segment 
accumulates, which is approximately the size of the M 
RNA. The genesis and implications of these defective 
RNA molecules for virus multiplication are currently 
under investigation. 

The predicted 331.5K protein encoded by TSWV L 
RNA most probably corresponds to the viral polymer- 
ase. Comparisons of (putative) RNA polymerases from 
TSWV, Bunyamwera, Hantaan and influenza A viruses 
reveal the presence of amino acid sequence motifs that 
are present in all polymerases showing RNA template 
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specificity and most likely form the active sites for RNA 
synthesis (Poch et  al., 1989). The region in the predicted 
TSWV L protein, surrounding these 'polymerase' motifs, 
shows considerable sequence homology (approximately 
279/0 identity) to the putative polymerase of Bunyamwera 
virus, but to a much lesser extent to that of Hantaan 
virus. All three L proteins in their turn share conserved 
amino acid motifs, in a stretch of 200 to 250 residues, 
with the PB1 polymerase subunit of influenza viruses 
(Fig. 7). These findings further underline the importance 
of these common signature sequences and, moreover, 
justify the assumption that TSWV L RNA indeed 
encodes the viral polymerase. Strikingly, on the basis of 
amino acid homology, TSWV is more closely related to 
Bunyamwera virus than Hantaan virus is to this 
prototype bunyavirus. It may be anticipated that the 
amino acid homology between TSWV L protein and 
those of phlebo- and uukuviruses is even higher, since 
these viruses are even more closely related to TSWV, 
sharing similarly organized ambisense S RNA segments 
(de Haan et al., 1990; Giorgi et al., 1991). 

The data presented furthermore imply that, based on 
molecular properties, such as terminal sequences, and 
based on the exclusive host range and mode of 
transmission, TSWV is indeed a member of a new 
distinct genus (tospovirus) within the Bunyaviridae. 

The authors wish to thank Jan Gielen and Mart van Grinsven of 
Zaadunie Research, Enkhuizen, The Netherlands, for providing the 
synthetic oligonucleotides and for helpful discussions. 
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