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ABSTRACT

Luis-Arteaga, M., Rodriguez-Cerezo, E., Fraile, A., Sdez, E., and Garcia-
Arenal, F. 1996. Different tomato bushy stunt virus strains that cause dis-

ease outbreaks in solanaceous crops in Spain. Phytopathology 86:535-
542.

Tomato bushy stunt virus (TBSV) was detected for the first time in
Spain in 1994 in two main horticultural areas of the southeast. TBSV
was the cause of economically important diseases in greenhouse-grown
tomato and eggplant in the El Ejido area and in greenhouse- and open
field-grown tomato in the Mazarrén area. Field isolates from both re-

gions and several reference strains of TBSV were characterized by serol-
ogy and by determining the nucleotide sequence of a 0.9-kb segment at
the 3" end of the viral genomic RNA. Isolates from El Ejido were closely
related to the BS3 strain of TBSV, a strain that is responsible for disease
outbreaks in solanaceous plants in neighboring countries. In contrast,
isolates from Mazarrén were very closely related to the cherry strain of
TBSYV, a strain that typically infects rosaceous trees worldwide and that
has never been reported to infect tomato naturally. The results reported
here contribute to a better understanding of the taxonomy of tombusvi-
ruses.

Tomato bushy stunt virus (TBSV) is the type member of the ge-
nus Tombusvirus. Tombusviruses are characterized by positive-strand
RNA genomes of about 4.7 kb packaged within small (30 nm)
isometric particles (24). The genus comprises at least 13 viruses
with narrow natural host ranges restricted to dicotyledonous plants
and with limited geographic distribution. TBSV, however, is an
exception because it is widespread and causes economically im-
portant diseases in several crops (19,20). TBSV was first described
in tomato (Lycopersicon esculentum Mill.) in England (25), but
until the mid-1960s, the virus was not considered economically
important in this crop because of its low incidence. However, in
the last 30 years, TBSV epidemics have been reported in field-
and greenhouse-grown tomato crops in South America (21), Cali-
fornia (9), Morocco (6), Portugal (2), and Tunisia (3). Symptoms
induced by TBSV in tomato plants include stunting and bushy
growth, deformation and chlorotic spots on young leaves, and
purpling and necrosis of older leaves. Yields are reduced, and
fruits are smaller and show chlorotic rings and blotches that lower
the economic value of the crop. In Tunisia, TBSV also has caused
epidemics in other horticultural solanaceous crops, such as egg-
plant (Solanum melongena L.) and pepper (Capsicum annuum) (3).

The TBSV isolates that cause disease outbreaks in tomato crops
in Morocco and Tunisia (3,6) are indistinguishable serologically
from the BS3 strain of TBSV (TBSV-BS3) (26)—the latter was
derived from the type tomato strain (TBSV-type) (25). In addition
to these tomato strains, many other strains of TBSV have been
isolated worldwide from diverse crops, but the relationships among
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them have not been established satisfactorily (20). TBSV is re-
lated serologically to several tombusviruses to varying degrees
among species and strains (16,20). At the nucleic acid level, the
complete nucleotide sequence of the genomic RNA (11) is known
for the cherry (Prunus avium) strain of TBSV (TBSV-Ch [1]), but
no information is available for other TBSV strains that could aid
in classification or detection.

Although TBSYV is endemic in neighboring countries (2,3,6), it
has not been reported in Spain. In 1994, symptoms of new dis-
eases were recorded in tomato and eggplant in two regions of the
southeastern Spanish Mediterranean littoral, where there is inten-
sive field and greenhouse production of horticultural crops. In this
paper we provide evidence supporting the conclusion that both the
tomato and eggplant diseases are caused by TBSV. We have char-
acterized Spanish TBSV isolates and reference tomato TBSV strains
at the biological, serological, and partial nucleotide sequence lev-
els. Our results show that different TBSV strains are found in so-
lanaceous crops in Spain depending on the geographic origin of
the isolates. The results reported here may contribute to under-
standing the taxonomic relationships among tombusviruses.

MATERIALS AND METHODS

TBSYV isolates and strains. Samples were obtained during either
April 1994 or February 1995 from symptomatic tomato plants (in-
cluding isolates A14, A16, and A23) or from symptomatic egg-
plants (including isolates B2 and B8) grown in greenhouses in the
region of El Ejido (Almeria Province in southeastern Spain). Dur-
ing November 1994, isolates (including JA6 and JA9) were ob-
tained from open field-grown tomato plants in the region of
Mazarrén (Murcia Province in southeastern Spain, 200 km east of
El Ejido). TBSV-type and TBSV-BS3 were obtained as dried tis-
sue from J. Burgyén (Godollo, Hungary) and V. Lisa (CNRS, Tor-
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ino), respectively. TBSV-Ch genomic RNA was obtained from M.
Borja (Madrid) in the form of in vitro transcripts of the full-length
c¢DNA clone, pTBSV100 (11).

Virus transmission and maintenance. Extracts from diseased
tomato and eggplant leaves prepared in 30 mM Na,HPO, and 0.2%
Na diethyldithiocarbamate were used to mechanically inoculate a
number of indicator plant species (Table 1). Field isolates A14,
Al16, A23, JA6, JA9, B2, and B8 were multiplied in Nicotiana
clevelandii Gray. The TBSV reference strains also were multi-
plied in N. clevelandii inoculated with extracts of dried tissue or
with viral RNA transcripts in the case of TBSV-Ch.

Virion and RNA purification. Systemically infected N. cleve-
landii leaves were collected 1 week after inoculation, and TBSV
virions were purified as described (8) without the polyethylene
glycol concentration step and further CsCl purification. TBSV ge-
nomic RNA was extracted from sodium dodecyl sulfate (SDS)-
disrupted purified virions with phenol-chloroform (8).

Serological tests. Serological analyses were done with a poly-
clonal antiserum to TBSV-BS3 provided by V. Lisa. Agar double-
diffusion tests were carried out in plates of 0.6% agarose and 1%
sodium azide prepared in phosphate-buffered saline, pH 7.4 (PBS).
Preparations of purified virions (100 pg diluted in PBS) from N.
clevelandii plants were used in all cases as antigen. Antigens were
added to the wells 5 h prior to the placement of the antiserum. For
Western blot analysis, samples of 20 pg of purified virions were

TABLE 1. Symptoms induced in indicator species inoculated with extracts of
symptomatic tomato or eggplant samples from El Ejido, Spain

Family Reaction®
Species Local Systemic
Amarantaceae
Gomphrena globosa nll ]
Apocinaceae
Vinca rosea 0 o
Compositae
Lactuca sativa cv. Kwick 0 0
Cucurbitaceae
Cucumis sativus cv. Marketer nll [¥]
Cucurbita pepo cv. F1 Diamante nll 0
Chenopodiaceae
Chenopodium amaranticolor nll 0
C. quinoa nll 0
Labiatae
Ocimun basilicum nll 0
Leguminosae
Vigna unguiculata cv. Walp nll ]
Solanaceae
Capsicum annuum
cv. Doux des Landes 0 Mo
C. annuum cv. Yolo Wonder nll Mo
Datura stramonium nll NS, Mo, StN
Lycopersicon esculentum
cv. Montserrat ] Mo, AN
cv. San Pedro 0 0, NS
Nicotiana glutinosa nll o
N. megalosiphon nll o
N. rustica nll 0
N. sylvestris o o
N. tabacum
cv. Paraguay o 0
cv. Samsun nll 0
cv. Xanthi-nc nll 0
N. clevelandii nll Mo, AN
Petunia hybrida o 0
Physalis floridana nll 0
Solanum melongena
cv. Cerna Krazavitska 0 Mo

* 0 = no symptoms; nll = necrotic local lesions; Mo = mosaic; NS = necrotic
spots; AN = apical necrosis; and StN = stem necrosis.
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disrupted in sample buffer (17) and analyzed by electrophoresis
in duplicate 12.5% polyacrylamide gels containing SDS. One gel
was stained with Coomassie brilliant blue, and the duplicate gel
was used to transfer the proteins overnight to nitrocellulose mem-
branes at 30 V (29). The membranes were incubated with TBSV
antiserum (1/1,000 dilution), and the bound antibody was detected
in Western blot with goat anti-rabbit immunoglobulin G-alkaline
phosphatase conjugate (Sigma Chemical Company, St. Louis) and
the chromogenic substrates nitroblue tetrazolium and 5-bromo-4-
chloro-3-indolyl phosphate (Sigma).

RNA sequencing and sequence analyses. Nucleotide sequence
data were obtained from virion-purified viral genomic RNA by
direct sequencing with reverse transcriptase and dideoxynucle-
otides as described by Fichot and Girard (5). Based on reported
tombusvirus RNA sequences (10,11,23,27), three degenerate oligo-
nucleotides were designed as sequencing primers. Oligonucleo-
tide 5-CATCCCGGG CTGCATT(G/TYCTGC-3* contained a con-
sensus sequence (underlined) complementary to the 3’ terminal
16 residues of tombusviral RNA sequence. Oligonucleotides 5'-
CA(A/C)(CIT)AAGAGTAACCTGTA-3’ and 5-CCGTCCAAGA-
TCCAA-3’ consisted of consensus sequences complementary to
regions 300 and 615 nt upstream from the 3’ end.

RNA sequences and deduced amino acid sequences were aligned
by the CLUSTAL V program (12), and were used to establish phy-
logenetic relationships according to Wagner parsimony (15) with
the aid of the PHYLIP 3.5 package of J. Felsestein (University of
Seattle). Genetic distances among the sequences were expressed as
percent identities.

RESULTS

Symptomatology and host range. In 1994, severe symptoms
of stunting, apical chlorosis, veinal necrosis, and conspicuous
purpling of leaves were observed on tomato plants grown in
greenhouses in El Ejido. In some tomato greenhouses, 40 to 50%
of the plants developed total necrosis. Fruit from diseased tomato
plants showed chlorotic and necrotic spots and deformation, ren-
dering them unmarketable (Fig. 1A). Symptoms of stunting and
yellowing of leaves and severe fruit deformation were recorded
concomitantly in greenhouse-grown eggplants in the same area
(Fig. 1B). The tomato disease symptoms were observed in open
fields as well as in greenhouse-grown tomatoes in the Mazarrén
area during the fall of 1994,

As a first step toward the identification of the casual agent of
these diseases, extracts from symptomatic tomatoes and eggplants
collected from the El Ejido greenhouse area during spring 1994
were inoculated onto 25 indicator plants. Both tomato and egg-
plant isolates induced similar symptoms on this set of indicator
plants (Table 1). Tomato and eggplant mechanically inoculated with
these extracts reproduced the symptoms observed in the field.
Uranyl-acetate—stained leaf extracts examined by electron micros-
copy showed the presence of isometric virion particles, approxi-
mately 30 nm in diameter, with the knobbed surface typical of
tombusviruses (data not shown). For the plant species tested (Table
1), the host range of the Almerfa tomato and eggplant tombus-
virus was very similar to that of the isolates of TBSV-BS3 asso-
ciated with disease outbreaks in solanaceous crops in Tunisia (3).
The only difference was that the Almerfa isolates did not induce
the formation of local lesions in petunia. In addition to TBSV,
eggplant crops have been infected in the Mediterranean area by
another tombusvirus, eggplant mottled crinkle virus (EMCV) (18),
but unlike the virus found in eggplants in Almerfa (Table 1), EMCV
does not infect tomato or pepper.

Symptoms similar to those observed at El Ejido also were ob-
served on tomato crops at Mazarrén. TBSV was identified serol-
ogically (described below) in these plants, but a host-range study
of the Mazarrén isolates was not done. Nevertheless, when the
Mazarrén tomato isolates of TBSV were used to inoculate N.



clevelandii plants for multiplication, we consistently observed re-
duced severity and a delay in the development of systemic necro-
sis (9 to 10 days postinoculation) compared to the El Ejido iso-
lates (6 to 7 days postinoculation). When reference TBSV strains
were multiplied in N. clevelandii, TBSV-BS3 and TBSV-type be-
haved the same as the El Ejido tomato and eggplant isolates,
whereas TBSV-Ch behaved the same as the Mazarrén tomato iso-
lates. Defective interfering (DI) RNAs were not found in any of
the cases by any of the methods used (Northern blot and poly-
merase chain reaction analyses; data not shown), thus the differ-
ences in symptoms in N. clevelandii cannot be attributed to the
accumulation of DI RNAs, which is known to attenuate the sever-
ity of symptoms induced by tombusviruses in this host plant (14).

Serological characterization. The Spanish TBSV isolates from
tomato were characterized serologically by immunodiffusion ex-
periments with an antiserum to TBSV-BS3. In one experiment, El
Ejido tomato isolate A23 and strains TBSV-type, TBSV-BS3, and
TBSV-Ch were tested against TBSV-BS3 antiserum. A specific
reaction to the antiserum occurred with all four viruses. The pre-
cipitin line of A23 fused completely only with TBSV-BS3 and
spurred with TBSV-type and TBSV-Ch (data not shown). Experi-
ments with additional El Ejido isolates from tomato (A14 and
A16) yielded similar results. In contrast, when tomato isolate JA6
from Mazarrén was tested together with the three TBSV: reference
strains, its precipitin line fused completely only with that of TBSV-
Ch (data not shown). Therefore, the serology experiments confirm
that the tombusvirus found in Spain is TBSV and suggest the pres-
ence of two serologically distinct groups of TBSV isolates in Spain.

To obtain more information about possible differences between
TBSV isolates from southeastern Spain and their coat proteins (CPs),
SDS-polyacrylamide gel electrophoresis (PAGE) and Western blot
analyses of virion CP were performed. In Coomassie-stained gels,
the CP monomers of isolates TBSV-BS3, A14, A16, A23, and B8
had a similar apparent molecular mass of about 41 kDa (Fig. 2A,
lanes 5 through 9), slightly larger than the CP monomers of iso-
late B2 (Fig. 2A, lane 10). The CP of a second group of isolates
that included TBSV-Ch, TBSV-type, JA6, and JA9 was degraded
into two fragments with apparent molecular masses of 25 and 22
kDa (Fig. 2A, lanes 1 through 4). The observed differences in the
CPs of TBSV-Ch and TBSV-BS3 are in agreement with a pre-
vious report by Hillman et al. (13). Western blot analyses did not
show appreciable differences in the binding of TBSV antiserum
to the CP of any of the isolates tested (Fig. 2B). Only the smaller
fragment derived from the CP of isolates TBSV-type, TBSV-Ch,
JAG6, and JA9 reacted with the antiserum. Thus, both immuno-
diffusion analyses and SDS-PAGE of CPs showed that TBSV iso-
lates can be divided into two main groups: TBSV-BS3, A14, A16,
A23, B2, and B8; and TBSV-Ch, TBSV-type, JA6, and JA9.

Nucleotide sequence analyses. The relationships among TBSV
isolates, including the Spanish tomato isolates A16, A23, JA6, and
JA9, the Spanish eggplant isolates B2 and B8, and the three refer-
ence strains of TBSV, were studied further by direct nucleotide
sequencing of viral RNA. A region of 887 nt at the 3 end of the
genomic RNA, corresponding to positions 3856 to 4733 of the pub-
lished TBSV-Ch RNA sequence (11), was sequenced. This sequence
includes the complete coding region for the nested open reading

Fig. 2. A, Coomassie blue-stained sodium dodecy! sulfate-polyacrylamide gel electrophoresis of the coat proteins of tomato bushy stunt virus (TBSV) isolates
TBSV-Ch (lane 1), TBSV-type (lane 2), JAG (lane 3), JA9 (lane 4), TBSV-BS3 (lane 5), Al4 (lane 6), A16 (lane 7), A23 (lane 8), B8 (lane 9), and B2 (lane 10).
The positions of molecular weight standards from Bio-Rad Laboratories are shown to the left. B, Western blot of a duplicate gel of that shown in A reacted with
TBSYV antiserum. Positions of prestained molecular weight standards from Bio-Rad are shown to the left.
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frames (ORFs) 4 and 5 and the 3’-terminal untranslated region (UTR)
of the tombusvirus genomic RNA, excluding the 3 ~terminal 41 nt
(24).

The region for which the nucleotide sequence was determined
was chosen primarily because of the availability of a primer com-

plementary to the 3" end of the genomic RNA. This primer was
obtained for other reasons, so the selection of the sequenced re-
gion may be considered as random and, thus, is most appropriate
for genetic and taxonomic analysis of these TBSV isolates. The
sequences obtained in this work, together with the sequence of

[orFs]
— OoRrFi | ORF 2 H orFa H orF4}—

3860 3880 3900 3920
TBSV-Ch ATGGATACTGAATACGAACAAGTCAATAXACCATGGAACGAGCTATACAAGGAAGCGACGCTAGGGAACAAGCTAACAGT
TBSV-Type
JA6
TBSV-BS3
Al16
A123
JA9
B2
B8
3940 3960 3980 4000
TBSV-Ch GAACGTTGGGATGGAGGATCAGGAGGTACCACTTCTCCCTTCAMACTTCCTGACGAAAGTCOGAGTTCGACTGAGTGECE
TBSU=Mype: suvasiiaieniss sl ol cenes e eerererenaen
e L. arsssrearvens e cressssensrans R e e
TBSV-BS3 vennassbivianns T T T e A e sennen
MG caanee Nesisavias PR, Thasnserronpranmenesnsss e neesvissssssnsiinmeaos
Al23 crvnesershossrnecilisananae ncwiainanins Civavsivivaany P SN
T e VeseRe ceseseesasasnas LT ——
B2 e S R ———— L T P R e e
B8 cesissase y VRPN i (PSR, S vriviaCiasensins CisEETie TP LT P
4020 4040 4060 4080
TBSV-Ch GCTACATAACAATGAGACGAATTCGAATCAAGATAATCOCCTTGGTTTCAAGGARAGCTGGGGTTTOGGGARAGTTCTAT
TBSV-Type .vvvvvenns T e Eny R Ea R R S TR AR T RS
IE Gssesssesassssvess serenssannss vervisisakennen NesNssssesissrdi s r s ssans
TBSV-BS3 ... ST ee o R A A S SR s
AllE e Ceesesesneansisrusnnentes ressssserasien
HB  asssssaviensesina D T T R
Jas L veneasonsenenes sesesassnes veies it auen sereusensn s S A e e f
Bl cecoesmaesesssavess Tavssniaanmavavissvasinasavsi T L T Y TP TR .
BE s Possiiiiivae FERA e E e s s e e 8 s S S
4100 4120 4140 4160
TBSV-Ch TTAAGAGATATCTCAGATACGACAGGACGGAAGCTTCACTGCACAGAGTCCTTGGATCTTGGACGGGAGATTCGOTTAAC
TBSV-Type C R sovwiliia i vesehiiies Tovavinssinivon v .
L
TBSV-BS3 ... A O Aivanid
AIe esemssesaranedien
K23 Giiiiiesecemserveseses : I
A s e i L T e PR RN A
Bl e
B8 e Guawoniue
4180 4200 4220 4240
TBSV-Ch TATGCAGCATCTCGATTTTTCGGTTTCGACCAGATCGGATGTACCTATAGTATTCGGTTTCGAGGAGT TAGTATCACCGT
TBSV-Type i oo Kigcusmiirece mininsars Wissursii o et anins o 0 4 SiNTHAEa]E BT AT S '+ SR A
IR e G R R T R e e T
TBSY-BSY  ahadaaEaiaiin (o TP Bimisw wnmemnnnmnsiesaenmens sy | A.
AIE  eseessessssvsesa Coimrssun o w R e R R R Geuaen A.
3 ¥ % S e e et S T R T e s s s A e e e el [ A,
JA9 e RN A W R R rTuEae
B2:  esssenssesieeeiies Go s ki s R suailiiiea A
BE: i s e e e e e e 0 S Guiicorns A

Fig. 3. Nucleotide sequences for 887 nt at the 3’ end of the genomic RNA of field isolates and reference strains of tomato bushy stunt virus (TBSV). The gene
map of the 4.7-kb genomic RNA of the tombusvirus is shown at the top. Sequence coordinates correspond to positions 3856 to 4733 of the published TBSV-Ch
sequence (11) to which the rest of the sequences were aligned. Initiation and stop codons for open reading frame 4 (underlined) and 5 (double underlined) are

indicated; dashes indicate deletions. The positions of the primers used for sequencing are underlined.
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the corresponding region of TBSV-Ch RNA (11), were aligned as (67 to 77%) were obtained when cucumber necrosis (CuNV) or
shown in Figure 3. Overall nucleotide sequence identities (Table 2) cymbidium ringspot (CyRSV) tombusviruses were included in the
ranged from 87.5 to 99% for TBSV sequences. Similar values (88 comparison (Table 2). These results indicate that the Spanish field
to 92%) were obtained when artichoke mottle crinkle tombusvirus isolates and the three reference TBSV strains belong to a single tom-
(AMCYV) was included in the comparison. In contrast, lower values busvirus species and suggest that AMCV may be a strain of TBSV.

Fig. 3. (continued from preceding page)

4260 4280 4300 4320
TBSV-Ch TTCTGGAGGETCCCGAACTCTTCAGCATCTCTGTGAGATGGCAATTCGGTCTAAGCAAGAACTGCTACAGCTTGCCCCAR
TBSV-Type iniineenn B R P S R T RS R Kwii G
g RN PP
TBSV-BS3  Liiicisiesssissnevieieneiienen Kvialssrninises T e Tewiuuinnn . . G
MIE eccecaiaie Aisiviiies S A Bisocbesaivinivinsdinivaniias i isaran i, Niviva G
M2B  ssiensiesasssweveneesiaivaees Ko Monsunumnnspaeonsvivaen s Powscaness  — G
AT R A R R R R AR e e e
B2 sessveeees Ko sGonpnmoneonenusisonnesnngmmenen ey epn snsenanns Pennamnas ? VO,
Bl 0 Smvamssissmea Craeeieaas R iidanaiidniatanianieeie wies mae slem 3 A Kaviai G
4340 4360 4380 4400
TBSV-Ch TCGAAGTGGAAAGTAATGTATCAAGAGGATGCCCTGAAGGTACTGAGACCTTCGAAAAAGAAAGCGAGTAAGACAGACTC
TESU-THDE  ussmnmsmwesmvmeemenresvessmsan inpnnenves [ O R G evsusesnunannane seness
Je P SN SR Cokiivmnisin i Givnmisvanaasasis
TBSV-BS3 it s e o es sl Givvains Tosiusnasmsnisnieis Yok TeakeiGoiciiididiviveninionvion
Al16 S e — T . BT s ekiviveediiBessvassssasnrnnanns G...
Al23 R R e Cisnisaiid GFosbnvs KoiGrisusvaisnivivaray G...
(11, ey R R R [ 08 DR —— [
B2 sineaesed G vavien s it e e CoveelBivevaini Gl e v
B8 valenans I Guvernnns — Covinnnns T iCo=Kerress Ky iGsesnoisnsssomnbassiness
4420 4440 4460 4480
TBSV-Ch TTCAGTCTGAGTTTGTGGAGATGAGTGTAAATCTGGCATAGCATACAGGTTACT - T‘IGGGT’I(‘NGATGIT.\GGAN
TBSV-Type ceeeeiiiennns Lo T W P “resrssssasssanens CTC...evrrennnihnnnn Pz
e e e B RS 0T 8 e AT S R W S
BS=BS]  sieaieees CilaTivivaain Guviviio Aoillisivaviaavas O i s slawnia e T
MIE M sesmermeses C.C...A.C...... . Ko Mnsnns onimiatClCnus sanin gt s 0 s sk an nn s Tiess
B scimsesevees CelimnRilovanivanaviion ST | AP i | /AR e [ i, N
WA Gneiessainmiade R e R e A e s S A S A R e S e e
B2 seecessemensans crveessesssbiTovecsnerrecsnsonernrinsererrsirersaianes A...A.C.T....
BE  sisessebae GC.C...A.C... R | 1 R e N R S ;
4500 4520 4540 4560
TBSV-Ch ACGAGTCGACTCGGGCTCCGCACTAGGTTTGGTCGCCTAGGGGATGGAGATATGGAAAGGGTCTCGTGTGGTATCAGTCG
TBSV-Type  cevvennn (1 1 s TR Bivaiami s siisnes s e R e S CiBisonnns
JA.  Giiveeseissias O PR S R AP PG g S RPN P O P BTN T e
TBSV-BS3 ...l Ly o TR Gonamnmnes RenCrivonernomsmnursnmeomessnmeresnen Cevomuonis
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MY e 11y vl P e e s G AT AR SRS SRR SR Ak { S,
A s P CEC SRR R e e
B2 s ) ) o R L G S P e C.C.6.....a A
B¢ cesmewed [t) o R T . s C..CAT.CT
4580 4600 4620 4640
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TBSV-TYPE evrvenenennnnns Buurerrnnanren BACevvvrnnnn. Bevenennn R B e i
6 sasasemees Yonsomumnmiminai RAGico i i o AT W SR R SR e e
TBSV-BSY . esisvemsaauesis e MG vasaivis Aosvisiaiaiyen Nl e s G..G...
Mle  aaweas L P G s wmnominso .V | R P Kove s mmiwnimsnins GG
23 scasiaaiasave BT AAC.ooivnnnnn j T S P {
JAS e P
B2 Rewaawians b g% pRENR 4, SN MCA oo, MG Taains Yons e T
B8 sReaie s saeeses Gaiaiasinnneves AAC e ienevans Aevovionvosonues Koisaanisg (e
4660 4680 4700 4720
TBSV-Ch TACGAAAGTTAGGTGTCACTTGTGGAAGCGGACCCAGACACGGTTGATCTCACCCT-TCGGEGGGCTATAGAGATCGCTGE
TBSV-TYPE wvvvnenenennn ; AR hiszwas (N ——— RO O —— &
JAE  Siiaiaieesveniivanessassss Aosinimuavarisassasiis h SR e e *
TBSV-BS3 RLc 1 W 14 VO TG TN R e T, ; O SR &
Al16 cannole hiOF Nivsnaonnaaainion A TG, siian Goiiians sy p S o ST S *
Al23 RN ¢ 7 L6 17 VRRPIRMIERIIPS TR LI, s 1 - SR =006 v Toin v nmisn s nnce T..x
JRY e s e e s e sk s e e e e PiBhisannimasin swivainis *
BE = avnersrehsuRsesesmenesmessres 0 R B N ot 1 P R *
B8 oo GG AMCG AL . oealtae, 0 s | PR y (o TR | LAV 4
4740 4760
TBSV-Ch ARGCACTACCGGACAACCGGAACATTGCAGAAATGCAGCCC
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TABLE 2. Percent nucleotide sequence id (below the diagonal: the entire 887 nt sequence of Figure 3; above the diagonal: the 3’ untranslated regions)®
CyR5V AMCY TBSV-Ch TBSV-type TBSV-BS3 TBSV-Al6 TBSV-A23 TBSV-JA6 TBSV-JA9 TBSV-B2 TBSV-B8 CuNV

CyRSV 61.8 66.6 61.8 62.6 62.3 62.5 64.1 64.1 62.1 63.4 54.6
AMCY 76.4 80.3 81.2 76.7 76.7 76.1 80.6 79.9 822 76.7 48.8
TBSV-Ch 71.6 90.3 83.2 81.0 80.6 78.0 93.9 95.2 83.2 79.0 58.1
TBSV-type 76.4 91.2 92.1 89.6 90.3 90.6 86.7 86.1 83.5 78.3 53.6
TBSV-BS3 75.5 88.0 90.0 93.6 96.5 93.5 85.1 84.1 79.3 82.5 44.0
TBSV-Al6 75.7 89.2 90.2 94.6 974 93.2 B4.8 83.1 79.6 82.2 51.9
TBSV-A23 75.8 88.5 89.0 94.3 95.9 96.5 81.9 79.9 76.4 828 50.9
TBSV-JA6 76.6 90.3 97.5 93.0 91.3 91.6 90.3 98.7 83.2 79.9 533
TBSV-JA9 76.6 90.0 97.7 92.8 90.7 91.0 89.7 99.2 82.5 79.0 53.6
TBSV-B2 76.6 91.7 91.8 924 89.7 90.6 88.8 91.7 91.3 74.8 54.0
TBSV-B8 75.1 87.5 88.4 88.7 90.6 90.7 91.5 88.8 88.5 87.5 52.6
CuNV 74.7 71.0 76.5 71.4 69.5 72.0 69.7 1.7 7.7 75.4 67.5

* CyRSV = cymbidium ringspot virus; AMCYV = artichoke mottle crinkle virus; TBSV = tomato bushy stunt virus; and CuNV = cucumber necrosis virus.
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Fig. 4. Consensus most parsimonious phylogenetic tree of tomato bushy
stunt virus (TBSV) field isolates and strains obtained with the 887 nt se-
quence of Figure 3 as input. Values at nodes indicate significance in a boot-
strap analysis with 100 replicates. Published nucleotide sequences obtained
from references are those of artichoke mottle crinkle virus (AMCV) (27), cu-
cumber necrosis virus (CuNV) (23), cymbidium ringspot virus (CyRSV) (10),
and TBSV-Ch (11).

The nucleotide sequence of the coding regions for ORFs 4 and
5 was more conserved than the sequence of the 3' UTRs (Table
2). The identity values for the 3 UTRs discriminated better be-
tween TBSV isolates at the strain level and can be used to delin-
eate two groups of high homology (over 93% nucleotide sequence
identity) within them: the first formed by TBSV-BS3 and the El
Ejido isolates A16 and A23 and the second formed by TBSV-Ch
and the Mazarr6n isolates JA6 and JA9. This grouping was con-
firmed and improved when the phylogenetic relationships between
the TBSV isolates were inferred by Wagner parsimony with the
whole 887-nt sequence as input data. The consensus most parsi-
monious phylogenetic tree obtained by this method is shown in
Figure 4. The Spanish TBSV field isolates in the tree formed two
clear phylogenetic clusters: the El Ejido tomato isolates A16 and
A23 and the El Ejido eggplant isolate B8 grouped with TBSV-
BS3 with high significance (the cluster was found in 96.5% of the
trees in a bootstrap analysis with 100 replications) and the Mazar-
r6n tomato isolates JA6 and JA9 grouped with TBSV-Ch (the clus-
ter appeared in 100% of the trees in the bootstrap). The rest of the
isolates were not closely related to these; although TBSV-type
clustered with TBSV-BS3, A16, A23, and B8, the significance
was 80%. Isolate B2 from eggplant clustered with AMCV with
low significance; the significance of the cluster (AMCYV, B2) rose
to 93% when only the 3 UTR was considered (data not shown).
The relevance for virus taxonomy of 3 UTRs has been described
(7). 1t is interesting that all the TBSV isolates and strains plus
AMCY formed a single highly significant cluster clearly different
from the other two tombusviruses (CuNV and CyRSV) included
in the analysis.

The sequence variation among TBSV isolates was studied at the
protein level for the region corresponding to ORFs 4 and 5. The
product of ORF 4 of the tombusvirus genome is a 22-kDa protein
and that of ORF 5, which is completely nested within ORF 4 with
a —1 frameshift, is a 19-kDa protein (24). Because both ORFs
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share most of their coding region, the number of changes at the
RNA level was very similar (Fig. 3). However, in the case of the
22-kDa protein, only 20% of the changes resulted in a change of
amino acid, whereas in the case of the 19-kDa protein 73% of the
mutations resulted in amino acid changes. The deduced amino acid
sequences of the 19-kDa protein were used as input to construct
an evolutionary tree by Wagner parsimony (data not shown), and
again, the TBSV isolates were clearly divided into two main evo-
lutionary clusters formed by TBSV-BS3 plus the El Ejido isolates
or by TBSV-Ch plus the Mazarrén isolates. The sequence of the
22-kDa protein did not place the isolates into clusters (data not
shown), in agreement with a higher similarity of this protein among
the tombusviruses as compared with the 19-kDa protein (Table 3).

DISCUSSION

We have shown that a new economically important disease of
tomato and eggplant in two main horticultural areas of the Medi-
terranean coast of Spain is incited by TBSV. Although biological,
serological, and molecular characterization studies were made with
only some TBSV field isolates, Northern blot analyses of more
than 50 field isolates (data not shown) support the conclusion that
TBSV is the cause of the new disease. This is the first report of
TBSV in Spain. In the El Ejido region, TBSV affects greenhouse-
grown tomato and eggplant crops, whereas in the Mazarrén re-
gion TBSV infects both open field- and greenhouse-grown toma-
to crops. The characterization of several tomato TBSV isolates from
Spain strongly suggests they belong to different TBSV strains in
correlation with the geographic origin of the isolates: those col-
lected from Mazarrén are related to TBSV-Ch, and most of those
collected from El Ejido are related to TBSV-BS3. This conclusion
is supported by electrophoretic and serological analyses of the
CPs and by nucleotide sequence analysis of 887 nt at the 3’ end
of the genomic RNA of field isolates and reference TBSV strains.
Furthermore, the two main groups of TBSV isolates also could be
distinguished at the biological level by the severity of symptoms
induced in N. clevelandii.

The presence of TBSV-BS3-like isolates in the El Ejido green-
houses has a parallel in the TBSV-BS3 outbreaks recorded in the
past 3 decades in North and South America (9,21) and, signifi-
cantly, in neighboring Mediterranean countries (3,6). Because no
invertebrate or fungal vector of TBSV is known (20), TBSV-BS3
may have been introduced into the area via contaminated soils,
plant material, or even seeds (3,28) due to the heavy trading of
plant and soil material, as well as of temporary agricultural labor,
between Morocco and Spain. TBSV-BS3 may be a considerable
threat to the intensive horticulture of southeastern Spain because
it causes serious diseases in tomato, eggplant, and pepper (3). So
far, pepper infection by TBSV-BS3 has not been reported in El
Ejido.

In contrast, the detection of TBSV-Ch-like isolates infecting
tomato crops in the Mazarr6n area is striking and constitutes the



TABLE 3. Percent amino acid sequence identities (below the diagonal: 22-kDa protein; above the diagonal: 19-kDa protein)®

CyRSV AMCV TBSV-Ch

TBSV-type TBSV-BS3 TBSV-Al6 TBSV-A23 TBSV-JA6 TBSV-JA9 TBSV-B2 TBSV-B8 CuNV

CyRSV 75.6 82.0 72.7 70.9 72.7 733 727 72.7 75.0 69.6 83.1
AMCV 83.6 90.1 91.3 88.4 90.1 90.1 89.0 89.0 92.4 84.2 73.3
TBSV-Ch 83.6 97.9 924 87.8 89.5 89.0 98.8 98.8 91.9 84.2 727
TBSV-type 83.6 97.9 98.9 91.3 92.4 93.0 91.3 91.3 93.0 86.6 71.5
TBSV-BS3 81.0 94.7 94.7 95.8 97.9 94.8 86.6 86.6 89.5 88.3 67.4
TBSV-Al6 82.0 96.8 96.8 97.9 96.8 97.1 88.4 88.4 91.3 90.1 69.2
TBSV-A23 82.0 97.3 97.3 98.4 96.3 99.4 87.8 87.8 89.5 91.8 69.8
TBSV-JA6 84.1 98.4 99.5 99.4 95.2 97.3 979 98.9 90.7 83.0 72.7
TBSV-JA9 84.1 89.4 98.9 99.4 94.7 96.0 97.3 99.4 90.7 84.2 71.5
TBSV-B2 81.0 98.4 98.4 98.9 96.3 98.4 979 98.9 98.4 84.8 733
TBSV-B8 84.1 95.2 95.2 95.7 92.0 94.1 94.7 95.7 95.2 95.7 67.3
CuNV 88.4 87.8 88.9 99.4 85.1 87.3 873 89.4 89.4 88.9 85.6

* CyRSV = cymbidium ringspot virus; AMCV = artichoke mottle crinkle virus; TBSV = tomato bushy stunt virus; and CuNV = cucumber necrosis virus.

first report of TBSV-Ch causing a disease in tomato. The TBSV-
Ch preparation used in our serological and sequence analyses was
derived from a full-length cDNA clone (11) of the original isolate
obtained from cherry (P. avium) in Canada (1), a host in which
TBSV-Ch causes a disease known as detrimental canker. TBSV-
Ch is able to infect tomato via mechanical inoculation, although
when very young plants are inoculated symptoms can be milder
than those induced by the type tomato strain (1). In the field, we
have not observed differences between the symptoms induced in
tomato by either TBSV-BS3- or TBSV-Ch-like isolates. The lat-
ter strain and the canker disease have been reported frequently on
cherry trees in central and eastern Europe (20) but not in Spain.
The presence of TBSV-Ch in Mazarrén may represent an intro-
duction from an area where TBSV-Ch is endemic and indicates
that in spite of geographic proximity and intense interchange of
plant, soil, and labor between the areas of El Ejido and Mazarrén
disease outbreaks in these two areas must have different origins.
Isolate B2 from El Ejido may be the result of a third introduction
event.

The taxonomy of the genus Tombusvirus has been based on
serology and has resulted in unsatisfactory classification of iso-
lates (20). TBSV and a cluster of tombusviruses, such as petunia
asteroid mosaic virus (PeAMV) and AMCYV, are serologically re-
lated, and moreover, there is serological variation within strains
of the individual species (13,16). For instance, TBSV-Ch is sero-
logically closer to PeAMYV than to TBSV-type, and therefore, TBSV-
Ch and PeAMYV have been considered synonymous (20). The simi-
larity (Tables 2 and 3) and the phylogenetic analysis of sequences
(Fig. 4) indicate that all the isolates of TBSV (including TBSV-
Ch) whose sequence is reported here belong to a single virus
species. These analyses also suggest that AMCV could be con-
sidered a strain of TBSV.

Within the TBSV species, two main clusters of field isolates
represented by the strains TBSV-Ch and TBSV-BS3 were distin-
guished by phylogenetic analysis of sequence data (Fig. 4). TBSV-
type, the tomato isolate originally described in the 1930s and from
which the BS3 strain was derived (26), the eggplant field isolate
B2, and AMCV were placed as separate TBSV strains. This agrees
with the results of the biological assays (in which TBSV-type be-
haved as TBSV-BS3) and with CP analyses (in which TBSV-type
behaved as TBSV-Ch and B2 was similar but not identical to the
TBSV-BS3-like isolates). The information reported here may aid
in TBSV strain classification and also can serve in designing nu-
cleic acid probes for strain-specific diagnosis of TBSV.

The comparison of the deduced amino acid sequences of the
putative 22- and 19-kDa proteins (encoded by nested ORFs 4 and
5) of several TBSV isolates shows a clear difference in the evo-
lution of two proteins that share essentially the same coding re-
gion and, therefore, present a similar variation at the nucleotide
level. The 19-kDa protein is less conserved than the 22-kDa pro-
tein (Table 3). The 22-kDa protein is needed for the movement of
tombusviruses in infected plants, probably acting as a cell-to-cell
movement protein (24) and, therefore, plays a key role in the in-

fection process. This finding is consistent with the high degree of
conservation found for the 22-kDa protein among isolates of
TBSV. In contrast, the 19-kDa protein does not seem to be strictly
necessary for tombusvirus infection of plants: mutants of CuNV
and CyRSV in which the initiation codon of ORF5 was sup-
pressed were able to infect plants, but in both cases a marked at-
tenuation of symptoms was observed (4,22). The dispensability of
the 19-kDa protein may be associated with a relaxation of
purifying selection of random point mutations and with a higher
variability of its amino acid sequence compared to the 22-kDa
protein. The TBSV isolates analyzed in this work can be divided
into two clusters according to the amino acid sequence of the 19-
kDa protein. Interestingly, the two clusters can be distinguished
based on the severity of the symptoms induced in N. clevelandii,
a result that does not contradict a role for ORF 5 of tombusvirus
in symptom induction.
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