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Characterization of Tomato spotted wilt virus isolates that overcome the

Sw-5 resistance gene in tomato and fitness assays
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Summary. Resistance-breaking (RB) isolates of Tomato spotted wilt virus (TSWV) that overcome the resi-
stance conferred by the Sw-5 gene in tomato have had only a limited spread since they were first detected
in north-eastern Spain in 2002. Symptom expression, homogeneity, stability and the transmission capacity
of RB and non-resistance breaking (NRB) isolates were biologically compared. The fitness of both types of
isolates infecting tomato plants was determined in competition assays. All TSWYV isolates induced similar
systemic symptoms in a wide range of plant species, except RB isolates in tomato carrying the Sw-5 resistan-
ce gene and pepper carrying the Tsw resistance gene. The mechanical transmission of RB isolates to tomato
plants with the Sw-5 gene failed in some trials, although NRB isolates did not differ noticeably in transmis-
sion efficiency when tested with the thrips Frankliniella occidentalis. Biological clones from individual local
lesions obtained by mechanically inoculating Nicotiana glutinosa in some TSWYV field samples showed that
they were biologically homogeneous. Mixed infections of RB and wilt-type isolates were not found. The RB
isolates were relatively stable because no reversion to NRB isolates was seen after serial passages in suscep-
tible tomato plants. In competition assays between RB and NRB isolates, after serial passages in susceptible
tomato plants, the prevalence of a particular isolate was not related to its capacity to overcome Sw-5 gene
resistance. The low spread of the RB isolates in Spain does not seem to be related to a loss of fitness in toma-
to plants or to differences in transmission capacity by thrips, but it could be related to the reduction of the
selection pressure of RB isolates as consequence of the gradual replacement of susceptible tomato plants by
resistant tomato plants by growers.
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Introduction

Tomato spotted wilt virus (TSWV), genus To-
spovirus, family Bunyaviridae, is one of the most
harmful viral pathogens, and is widespread in
many agricultural production areas worldwide
(Goldbach and Peters, 1994). Susceptible hosts to
TSWYV include many important agricultural crops
such as tomato (Solanum lycopersicum), pepper
(Capsicum annum) and lettuce (Lactuca sativa)
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(Goldbach and Peters, 1994). Control is difficult
because TSWV infects many plant species and is
naturally transmitted by several species of thrips
(Thysanoptera: Thripidae) (Peters et al., 1996).
TSWYV is transmitted in a persistent and propaga-
tive manner because it is acquired only by larvae
(Wetering et al., 1996) and is transmitted by sec-
ond-instar larvae and adults after a latent period
in a vector (Nagata et al., 1999; Whitfield et al.,
2005). The most effective vector is Frankliniella
occidentalis Pergande (German et al., 1992), which
first introduced TSWYV to Spain (Lacasa, 1990). In
tomato and pepper, the best strategy to control the
disease has been to use the natural host resistance



found in wild Solanum and Capsicum species. A
hypersensitive response to TSWV occurs in some
accessions of Capsicum chinense due to the occur-
rence of a single dominant resistance Tsw gene
that has been introgressed in the pepper hybrids,
but several factors can alter the expression of this
resistance (Moury et al., 1998). In tomato, most
breeding programs have tried to exploit the re-
sistance found in S. peruvianum and S. pimpin-
itllefolium (Stevens et al., 1994). Some tomato cv.
that Stevens et al. (1994) obtained by crossing S.
lycopersicum and S. peruvianum showed broad re-
sistance to various TSWYV isolates (Van Zijl et al.,
1986). This resistance, conferred by a single domi-
nant gene, Sw-5 (Stevens et al., 1992; Cho et al.,
1996), has been introgressed into several Span-
ish commercial tomato hybrids (Aramburu and
Rodriguez, 1999). The use of tomato hybrids car-
rying the Sw-5 gene has reduced the losses from
TSWV in tomato. However, a low percentage of
plants still become systemically infected (Rosellé
et al., 1997; Aramburu and Rodriguez, 1999), pos-
sibly due to the partial penetration of the domi-
nant Sw-5 gene, which has been estimated to be
about 98.7% (Rosell6 et al., 1996).

The genome of TSWV consists of three nega-
tive-sense or ambisense RNA segments, L, M and
S. Segment L encodes a putative RNA-dependent
RNA polymerase (de Haan et al., 1991); segment
M encodes the cell-to-cell movement protein, NSm
(Li et al., 2009) and the precursor of surface glyco-
proteins, Gn/Ge, involved in TSWV transmission
by thrips (Sin et al., 2005); and segment S encodes
a silencing suppressor, NSs (Takeda et al., 2002)
and the nucleocapsid N (de Haan et al., 1990). Sev-
eral resistance-breaking (RB) isolates of TSWV
have been reported from tomato cultivars contain-
ing the Sw-5 gene (Cho et al., 1996; Thompson
and Van Zijl, 1996; Latham and Jones, 1998; Hoff-
mann et al., 2001), and there are indications that
the M segment has a major role in overcoming the
Sw-5 gene (Hoffmann et al., 2001).

In Spain, the first RB isolate was detected in
2002 (Aramburu and Marti, 2003) and since then
more than 30 TSWV isolates infecting tomato
plants carrying the Sw-5 gene have been collected
from different tomato fields in the Catalonia re-
gion. However, these isolates are still present in
the same localized area where they were first de-
tected seven years ago. The objective of this work

Fitness of resistance-breaking TSWV isolates in tomato

was to study the infectivity of RB isolates in sever-
al hosts, their stability over time, and their fitness
in mixtures, or transmissibility by F. occidentalis,
as compared with non-resistance breaking (NRB)
isolates in order to determine the possible causes
of this limited spread of RB isolates.

Materials and methods
Virus isolates and ELISA detection

Samples of individual tomato plants showing
bronzing caused by TSWV were collected during
three consecutive growing seasons, from commer-
cial crops in north-eastern Spain. The samples
were examined for the most frequent viruses in
tomato crops of that growing area, to detect any
mixtures with other viruses. Cucumber mosaic vi-
rus (CMV), Pepino mosaic virus (PepMV), Potato
virus Y (PVY) and TSWV were tested by ELISA
as described by Clark and Adams (1977) using
specific polyclonal antiserum at the recommended
dilutions (Loewe Biochemica Gmbh, Sauerlach,
Germany). Parietaria mottle virus (PMoV-T) was
tested or by molecular hybridization or indirect
ELISA (Aparicio et al., 2009). Only tomato sam-
ples infected with TSWV were studied. These
field-collected tomato samples, and the TSWV
isolates obtained from them, after three serial
passages of a single local-lesion in Nicotiana glu-
tinosa with subsequent subculture in Datura stra-
monium, were stored at -80°C until use. A total
of seven TSWV-infected samples were selected for
the comparative study, separated into two groups
depending on their ability to overcome tomato re-
sistance provided by Sw-5. Isolates GRAU, GA1L,
OK6J and VI were grouped as RB isolates. Iso-
lates GRAU, GA1L and VI were collected from the
tomato hybrids Bodar, Bond (Monsanto, Barcelo-
na, Spain) and Verdi (Fit6, Barcelona, Spain) re-
spectively, all carrying Sw-5 and isolate OK6J was
collected from the tomato hybrid Nikita (Syngenta
Seeds, Almeria, Spain) which does not carry Sw-
5. Isolates ST-30, ZO and LL-N.05 were grouped
as NRB isolates. Isolates ST-30 and ZO were col-
lected from the tomato hybrids Durinta (Western
Seed, Las Palmas de Gran Canaria, Spain) and
Nikita respectively, and isolate LL-N.05 was ob-
tained from an infected fruit of the tomato culti-
var Gordal (Gautier S.A., Alicante, Spain) carry-
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ing Sw-5, which is possible because NRB isolates
sometimes cause concentric ring spots on tomato
fruits as a result of an inefficient hypersensitiv-
ity response to TSWV infection by direct feeding of
viruliferous thrips (Aramburu et al., 2000).

Biological characterization of TSWV isolates

TSWYV isolates were mechanically inoculated
on plant seedlings at the 2—4 leaf stage (cotyledons
in the case of cucumber), by rubbing TSWV-infect-
ed extracts diluted (1:20, w:v) in 0.05 M phosphate
buffer, pH 7.2, containing 0.2% 2-mercaptoetha-
nol, 1% polyvinyl pyrrolidone, molecular weight
40,000, and activated charcoal. Individual TSWV
isolates were inoculated in lots of a minimum of
five plants of each assayed host. Inoculated plants
were kept at least 30 days under controlled con-
ditions in an insect-proof glasshouse at 20-27°C
(night/day). The hosts inoculated with TSWV
were: Cucumber (Cucumis sativus); Datura stra-
monium, lettuce cv. Rubia de Paris, lettuce cv.
Maravilla (Western Seed), Nicotiana glutinosa, N.
tabacum cv. Xanthi; pepper cv. Spiro, pepper cv.
Divino (Seminis), both carrying the Tsw resistance
gene and the susceptible pepper cv. C 804 (Fito);
Petunia x hybrida; the tomato cv. Bodar (Seminis),
the tomato cv. Verdi (Fit6), both carrying the Sw-5
and the susceptible tomato cv. Marmande (Fito).
Inoculated plants were tested by ELISA 15 days
and/or 30 days after inoculation (DAI).

Virus transmission by Frankliniella occidentalis

The NRB isolates LL-N.05 and ZO, and the RB
isolates GRAU and GA1L were selected to compare
the efficiency of virus transmission to susceptible
and resistant tomato plants by F. occidentalis. To-
mato plants cv. Marmande were used to test trans-
mission of all TSWV isolates, and tomato plants
cv. Verdi were only used to test transmission of
RB isolates. A virus-free colony of F. occidentalis
was grown and maintained on green bean pods in
a growth chamber at 26°C with a 16-hour day. Ten
male and female adult thrips were maintained for
reproduction on TSWV-infected D. stramonium
plants; the thrips larvae acquired the virus as pre-
viously described (Aramburu et al., 2000). Trans-
mission rates by thrips are habitually tested using
a local lesion assay on Petunia x hybrid leaf-disks
(Wijkamp and Peters, 1993), but tomato plants
were infected with thrips to test for systemic in-
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fection. As the feeding by individual adult thrips
was very difficult to control under these condi-
tions, second-instar larvae emerging from TSWV-
infected plants were selected for this assay. The
transmission efficiency of each TSWYV isolate was
determined using 40 tomato plants, and placing
only one larva on each plant. Only tomato plants
showing signs of thrips feeding 24 hours later were
considered for the assay. Tomato plants were in-
spected after 10-20 days to test for TSWV, and
leaf extracts were analysed by ELISA. The acqui-
sition or transmission efficiency of each TSWV
isolate was determined by examining 200 second-
instar larvae that had emerged from infected D.
stramonium plants after being fed on healthy D.
stramonium leaves for 48 hours so as to eliminate
virus particles from their digestive system. Lar-
vae were sprinkled on the grids of a nitrocellulose
membrane and the proportion of virus-containing
larvae was indirectly determined by a squash-blot
assay as described in Aramburu et al. (1996), since
in that work there was a good correlation between
the biological transmission on Petunia x hybrid
leaf disk by adult thrips and the squash-blot assay.
Pearson’s chi-square test was used to assess the re-
lationship between the isolates and their transmis-
sion or acquisition by the thrips. Yate’s correction
was applied when necessary.

Fitness assays

To test the relative fitness of RB and NRB TSWV
isolates, three assays were designed using the four
isolates mentioned above. (i) Homogeneity assays:
extracts prepared from original samples corre-
sponding to each TSWYV isolate were mechanically
inoculated on N. glutinosa plants. Thirty biologi-
cal clones of each isolate were selected four DAI
from individual local lesions and were subcultured
in D. stramonium plants. Each RB and NRB clone
was inoculated on tomato, cv. Verdi plants to test
its capacity to overcome resistance. (ii) Stability
assays: one isolate obtained by biological cloning
from each of the two RB isolates was inoculated on
susceptible tomato plants cv. Marmande with 10
serial passages at 15-day intervals. Extracts of in-
fected plants corresponding to each passage were
also inoculated on six tomato plants cv. Verdi to
determine whether they retained the capacity to
overcome resistance. (iii) Competition assays: the
four possible combinations of isolate pairs (RB vs.




NRB isolates) were co-inoculated on susceptible
tomato plants cv. Marmande with 10 serial pas-
sages at 15-day intervals. Inoculum was prepared
by mixing equal volumes of individual extracts
of each isolate. They were identically prepared
(1:10, w:v) using a leaf disk of an infected D. stra-
monium plant 15 DAL The amount of virus was
estimated by ELISA absorbance values and also
by counting the number of local lesions produced
on N. glutinosa following mechanical inoculation
with each infectious extract. The same dilutions of
each isolate were used in these inoculations. Ad-
ditionally, extracts of the infected plants of each
passage were inoculated on six tomato plants cv.
Verdi to that confirm the RB isolate occurred in
the infectious mixture.

RFLP analysis

To differentiate RB and NRB isolates in the
competition assays, a reverse transcription-PCR
(RT-PCR) combined with RFLP analysis was
developed. The complete sequence of the M seg-
ment of the four isolates was obtained and depos-
ited in the EMBL database (Accession FM163370,
FM163371, FM163372, and FM163373 for isolates
GRAU, GA1L, ZO and LL-N.05 respectively). RT-
PCR products were amplified using the primer
pair TSWV-1F 5-GAATCAAATTTAGCCTGT-
GAC-3" and TSWV-1R 5-GACGTTGTATCCA-
GAAGG-3". They were designed from conserved
sequences after comparing the full-length se-
quence of the M segment of the four isolates. Dif-
ferences in the sequences of these RT-PCR prod-
ucts allowed then to be selectively digested with
Xbal or Avall (MBI Fermentas, Madrid, Spain).
Ten microlitres of PCR products and 5 U of the
corresponding restriction enzyme were incubated
for 2 h at 37°C. PCR products or their restriction
fragments were separated by electrophoresis in
agarose gels, stained with ethidium bromide, and
their DNA was visualized under UV lighting.

Results
Biological characterization of TSWV isolates

TSWYV isolates were cloned in N. glutinosa and
the symptoms they produced and their host range
were compared with each other. No noticeable dif-
ferences in infectivity were found between RB and
NRB isolates for each host after mechanical inocu-
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lation, except in tomato and pepper. All TSWV iso-
lates caused necrotic local lesions on mechanically
inoculated leaves of C. sativus and P. hybrida, and
these local lesions progressed to systemic infection
in the case of N. glutinosa, N. tabacum cv. Xanthi,
G. globosa and D. stramonium. The transmission
to lettuce cultivars was not consistent in all repli-
cations, although no differences occurred between
any RB and NRB isolates.

All tomato hybrids without Sw-5 showed bronz-
ing in the apex 10 to 15 DAL The NRB isolates ST-
30, LL-N.05 and ZO caused only local lesions on
directly inoculated leaves of tomato cultivars car-
rying Sw-5, as a consequence of a hypersensitivity
reaction. The RB isolates GRAU, GA1L, OK6J and
VI sometimes caused local lesions on directly in-
oculated leaves of these tomato hybrids and over-
came their resistance, reaching the apical leaves,
but this systemic infection did not occur in all inoc-
ulated plants (Table 1). The failure of mechanical
transmission of RB isolates to some resistant to-
mato plants was not dependent on the virus inocu-
lum concentration which was determined by the
number of local lesions produced on N. glutinosa
4 DAI, but it was dependent on the growth stage
of the plant. The proportion of infected plants was
higher on younger plants at the two-leaf stage and
lower at the four-leaf stage (data not shown). In
addition, some plants that were not infected fol-
lowing the first inoculation became infected after
the second inoculation.

Pepper plants without the Tsw became sys-
temically infected with all TSWYV isolates (Table
1). In pepper plants with T'sw, all isolates caused
local lesions as a consequence of a hypersensitivity
reaction, but some plants (mainly inoculated with
RB isolates), which showed systemic infection 15
DAL, tested negative by ELISA 30 DAI (Table 1).

Virus transmission by Frankliniella occidentalis

The proportion of F. occidentalis larvae that ac-
quired the virus after feeding on TSWV-infected
D. stramonium plants, as determined by squash
blot, and the proportion of second-instars larvae
that transmitted different TSWYV isolates to whole
tomato plants are shown in Table 2. The percent-
age of larvae that acquired the virus from TSWV-
infected D. stramoniun plants ranged from 9.5%
to 24.5% among the four TSWYV isolates. Statis-
tical analysis detected that GRAU acquisition by
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Table 1. Proportion of tomato and pepper plants infected with different Tomato spotted wilt virus (TSWYV) isolates
determined by enzyme-linked immunosorbent assay, 15 and 30 days after mechanical inoculation.

C804° Spiro® Divino® Marmande® Bodar®

Isolate

15d 30d 15d 30d 15d 30d 15d 30d 15d 30d

5/54 2/10 7/10 3/10  2/10 5/5 2/10  8/10

5/5 5/10 0/10 2/10  1/10 5/5 8/10 8/10

5/5 2/10 1/10 4/10 2/10 5/5 6/10 8/10

5/5 2/10  0/10 1/10 1/10 5/5 1/10 2/10

5/5 0/10  0/10 5/10 0/10 5/5 0/10 0/10

Z0 5/5 3/10  0/10 0/10  0/10 5/5 0/10  0/10

LL-N.05 5/5 1/10  0/10 0/10  0/10 3/5 0/10 0/10

*TSWYV susceptible cultivars of pepper (C804) and tomato (Marmande).
b Pepper hybrids carrying the Tsw gene.

‘Tomato hybrids carrying the Sw-5 gene.

4No. of infected plants/No. of inoculated plants.

¢ Resistance-breaking isolates.

-, Not determined due to the death of some infected plants.

Table 2. Correlation between Tomato spotted wilt virus (TSWV) in larvae after feeding on Datura stramonium in-
fected plants determined by squash-blot on nitrocellulose membranes and their capacity to transmit different TSWV
isolates to tomato plants with or without Sw-5.

TSWYV isolates Squash-blot® Marmande®

GRAU! 9.5 . 7.5
GA1L! 19 2.5
LL-N.05 23.5

70 24.5

? Percentage of infectious larvae out of 200 larvae tested.

b Percentage of infected tomato plants out of 40 tomato plants carrying the Sw-5 gene tested.
“Percentage of infected tomato plants out of 40 tomato plants tested.

4Resistance-breaking isolates.

-, Not determined.
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trips was significantly lower than acquisition by
the other isolates. In the transmission assays, only
about 60% of tomato plants that showed signs of
thrips feeding (lesions about 2-4 mm? on the leaf
tissue) 24 hours after placing the larvae on tomato
leaf were considered. These larvae could not be
analysed by squash blot as 80% of them could not
be recovered after the transmission test. The per-
centage of successful virus transmission to tomato
plants in relation to the percentage of viruliferous
larvae decreased for all TSWV isolates and ranged
from 2.5 to 12.5%. There was no clear correlation
between the type of isolate and the extent to which
the thrips transmitted the virus, based on Pear-
son’s chi-square test using the Yates” correction.

Characterization of TSWYV isolates in fitness assays

Homogeneity assays

Extracts of the original tomato samples (iso-
lates GRAU, GA1L, ZO and LL-N.05) were me-
chanically inoculated on N. glutinosa plants, and
thirty biological clones of each isolate, from indi-
vidual local lesions, were selected and amplified
by subculturing in D. stramonium plants. The
thirty clones of each TSWYV isolate caused similar
symptoms in D. stramonium plants, and all clones
infected tomato plants cv. Marmande. Some clones
from isolates LL-N.05 and ZO caused necrotic
spots in tomato plants cv. Verdi, but none of them
infected the plants systemically. Eight clones from
the GRAU and six from the GA1L isolates were not
transmitted by mechanical inoculation to tomato
plants cv. Verdi in the first attempt, although they
were transmitted in a second or third attempt.

Stability assays

The four isolates were mechanically transmit-
ted to susceptible tomato plants cv. Marmande,
following 10 serial passages at 15-day intervals.
After each passage, extracts of infected plants
were inoculated on tomato plants cv. Verdi, but
only the extracts of RB isolates infected them sys-
temically.

Competition assays

Infectious mixtures of one RB plus one NRB
isolate were mechanically co-inoculated on toma-
to plants cv. Marmande with 10 serial passages
at 15-day intervals. The following isolate pairs
were inoculated: GRAU/ZO, GA1L/ZO, GRAU/
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LL-N.05 and GA1L/LL-N.05. The ratio of both
competitors in the progeny was determined us-
ing an RT-PCR-RFLP assay. For this purpose,
the primer pair TSWV 1F/1R was designed to
amplify a specific region of the Gn/Gc precursor
glycoprotein gene. The resulting amplicon was
456 bp in length. Restriction analysis facilitated
the detection of each type of isolate (NRB and/
or RB) in the infected mixture of each passage.
In parallel, tomato plants cv. Verdi became sys-
tematically infected after being mechanically
inoculated with extracts corresponding to each
mixture, and this confirmed the presence of RB
isolates in the mixture. The RT-PCR fragment
from the leaf samples infected with the RB iso-
lates gave two bands of 135 bp and 321 bp af-
ter digestion with Xbal (Figure 1, lanes 1 and
2), whereas none were obtained with Avall (Fig-
ure 1, lanes 5 and 6). In contrast, the RT-PCR
fragment from the leaf samples infected with the
NRB isolates was not digestible with Xbal (Fig-
ure 1, lanes 3 and 4), while producing two bands
of 132 bp and 323 bp after digestion with Avall
(Figure 1, lanes 7 and 8). When the competitors
GRAU and ZO were co-inoculated, the ZO isolate
predominated, and 15 days after the first inocu-
lation only the ZO isolate was detected by the
RT-PCR-RFLP assays (Figure 2, lanes 2 and 12),
although the presence of the GRAU isolate in the
mixture was confirmed by its mechanical trans-
mission to tomato plants cv. Verdi. The ZO iso-
late also predominated when co-inoculated with
GA1L, although both isolates were detected by
the RT-PCR-RFLP assays 15 days after the first
inoculation (Figure 2, lanes 3 and 13). No fur-
ther assays were carried out after the mixtures
GRAU/ZO and GA1L/ZO failed to infect the to-
mato plants cv. Verdi, after the third and fouth
passages respectively, and the GRAU and GA1L
isolates were not detected by the RT-PCR-RFLP
assays (Figure 2, lanes 6 and 16, and lanes 7 and
17, respectively). In contrast, with the competi-
tor pair GRAU/LL-N.05 and GA1L/LL-N.05, the
RB isolates GRAU and GA1L predominated over
the NRB isolate LL-N.05, and 15 days after the
first inoculation only the GRAU and GA1L iso-
lates were detected by RT-PCR-RFLP (Figure
2, lanes 4 and 14 for the competitors GRAU/LL-
N.05; and lanes 5 and 15 for GA1L/LL-N.05). As
expected, at the tenth passage only the GRAU

Vol. 49, No. 3 December, 2010 347




J. Aramburu et al.

Figure 1. RT-PCR-RFLP pattern of leaf samples infected with different Tomato spotted wilt virus isolates, following
amplification using primers 1F/1R and digestion with Xbal or Avall. Lane M: 100 bp DNA ladder marker; lanes 1-4
were digested with Xbal and lanes 5-8 were digested with Avall. Isolate GRAU digestion products are shown in
lanes 1 and 5, isolate GA1L digests in lanes 2 and 6, isolate ZO digests in lanes 3 and 7, and isolate LL-N.05 digests

in lanes 4 and 8.

(Figure 2, lanes 8 and 18) and GAI1L isolates
(Figure 2, lanes 9 and 19) were detected. A weak
non-digested DNA band in some mixtures (Fig-
ure 2, lanes 4, 5, 8,9, 12, 16 and 17) was a con-
sequence of incomplete digestion and not due to
the presence of DNA from the competitor isolate,
since it was also seen in the digestion fragments
of the control isolates GRAU and ZO (Figure 2,
lanes 1 and 20, respectively).

Discussion

The TSWYV isolates that overcome the resist-
ance conferred by Sw-5 in tomato plants were
first detected in north-eastern Spain in 2002. An
increasing number of tomato varieties previously
resistant to TSWV showed the typical bronzing
associated with TSWYV infection. The presence of
these RB isolates in the field may have increased

M 1 2 3 4 § 6 7

8 9 10 M 11 12 13 14 15 16 17 18 19 20

s ! ’-3 :._Q
' I* &;.“ga N
a wae

s

Figure 2. RT-PCR-RFLP pattern of leaf samples infected with different infection mixtures of Tomato spotted wilt vi-
rus isolates, following amplification using primers 1F/1R and digestion with Xbal (lanes 1-10) or Avall (lanes 11-20).
M, 100 bp DNA ladder marker; lanes 1 and 10 digestion products of GRAU and ZO isolates respectively; lanes 2, 3,
4 and 5 digestion products of infectious mixtures 15 days after the first inoculation of GRAU vs. ZO, GA1L vs. ZO,
GRAU vs. LL-N.05, and GA1L vs. LL-N.05, respectively; lane 6, digestion products of infectious mixtures 15 days
after the third passage of GRAU vs. ZO; lane 7, digestion products of infectious mixtures 15 days after the fourth
passage of GA1L vs. ZO; lanes 8 and 9, digestion products of infectious mixtures 15 days after the tenth passage of
GRAU vs. LL-N.05 and GA1L vs. LL-N.05 respectively. Lanes 11-20, same order for Avall as lanes 1-10 for Xbal.
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due to the selection exerted by the extensive use of
tomato plants carrying Sw-5 (Lépez et al., 2011).
However, due to increasing losses in tomato crops
planted with cultivars carrying Sw-5, growers have
gradually returned to cultivating the cheaper and
more marketable tomato cultivars without TSWV
resistance. Since then, RB isolates have only been
detected in a restricted area of about 900 km?®. The
occurrence and spread of a particular TSWV iso-
late in open fields depends on a number of factors
including host range, crop management, inoculum
pressure, F. occidentalis vector preferences and dif-
ferences in the fitness of the NRB isolates. Some of
these factors were investigated to determine their
effect on the epidemiology of TSWYV isolates.

The RB and NRB isolates selected for the study
produced similar symptoms in different hosts, ex-
cept tomato and pepper. TSWYV isolates from Aus-
tralia overcame, resistance in tomato plants carry-
ing Sw-5, but they were not infectious when they
were inoculated on C. chinense carrying the Tsw
(Latham and Jones, 1998). However, our RB iso-
lates developed local lesions on inoculated leaves of
pepper plants due to a hypersensitivity response,
and occasionally developed a systemic infection.
Resistance provided by the T'sw reduced virus ac-
cumulation to levels undetectable by ELISA, but it
was partially overcome in some cases and the new-
ly emerged non-inoculated leaves were positive by
ELISA, providing optical density values, that were
in general, lower than those on susceptible pep-
pers. The low viral accumulation could have been
the consequence of a mechanism that restricted the
movement of the virus in the tissues of resistant
plants, as reported by Soler et al. (1998).

The homogeneity assays were carried out us-
ing biological clones from individual local lesions
obtained by mechanical inoculation of the original
samples on N. glutinosa, followed by sub-culturing
in D. stramonium plants to promote viral replica-
tion. None of the NRB clones produced systemic
infection in tomato plants carrying Sw-5, but, all
RB clones caused systemic infection. Admittedly,
some clones of the two RB isolates were not me-
chanically transmitted to resistant plants at the
first attempt, but they overcame the resistance
when a greater number of plants were inoculated
at the second attempt. The failure of mechanical
transmission of RB isolates to resistant tomatoes
seems to be more closely related with the pheno-
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logical state of the plants than with the quality of
the inoculum. This difference in fitness between
mechanically inoculated NRB and RB isolates
was not well reproduced in the thrips transmis-
sion tests, because RB and NRB isolates did not
differ statistically in their transmission to tomato
plants. On the other hand, in these assays there
was no a clear correlation between the efficiency of
transmission to tomato plants and the percentage
of larvae carrying TSWV, regardless of the TSWV
isolate used. The possibility that thrips may rep-
licate TSWV without the capacity to transmit it
was reported by Nagata et al. (2002). On the other
hand, since the transmission assays used second-
instar larvae instead of adult thrips, the virus
may not have had enough time to reach the sali-
vary glands (Sakimura, 1963; Nagata et al., 1999),
which is required for the virus transmission (Whit-
field et al., 2005).

Resistance breaking isolates did not revert to
NRB isolates in the stability assays when they
were sub-cultured in susceptible tomato plants,
after 10 serial passages, confirming previous stud-
ies which found that TSWV isolates that overcame
single-gene resistance in plants were relatively
stable (Latham and Jones, 1998). In contrast, a
partial reversion to NRB TSWYV isolates was seen
when a Tsw RB isolate was sub-cultured by serial
passages in susceptible peppers (Thomas-Carroll
and Jones, 2003).

The RT-PCR-RFLP assays could not serve to
determine the total absence of one isolate in the
mixture of isolates in the competitive assays, be-
cause no digestion products of RB isolates were
obtained after Xbal restriction in some passages,
although the biological transmission assays dem-
onstrated that they occurred. However, the RT-
PCR-RFLP assay was useful in determining the
prevalence of a particular isolate in a mixture af-
ter serial passages. The ZO isolate was prevalent
over isolates GRAU and GA1L, while LL.N-05 was
not. Thus the RB or NRB isolates did not show
a clear difference of fitness in infecting tomato
plants in the competitive assays, although fitness
differences may have occurred in other virus-host
combinations.

In summary, the TSWYV isolates were transmit-
ted as efficiently by thrips as by the NRB isolates.
They were relatively stable and did not differ in fit-
ness when infecting tomato. These findings do not
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explain the slow spread of these isolates since they
were first detected. The difficulty in understand-
ing why fitness was lost could be due to the com-
plexity of the TSWV-vector relationship, in which
a high genetic variability of both virus and vector
populations was combined with a great diversity
of susceptible host species. Nevertheless, the pro-
gressive replacement of resistant tomato cultivars
by cultivars lacking Sw-5 may have lessened the
positive selection of RB isolates, and favoured the
emergence of NRB isolates. Although the spread
and survival of the RB isolates could have been
minimised by this practise, by the management
of integrated control strategies, or by some other
undetermined reason, we included these RB iso-
lates in the screening program in order to select
new and durable sources of resistance to TSWV
in tomato.
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