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Research Note

Engineered RNA-Mediated Resistance to Tomato
Spotted Wilt Virus Is Sequence Specific
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Transgenic plants were produced that expressed a wide
range of randomly chosen sequences of the tripartite to-
mato spotted wilt virus (TSWYV) RNA genome or its com-
plement. Testing the progenies of these plants revealed
that only transgenic expression of N or NS, gene se-
quences resulted in resistance to TSWV.

Additional keywords: movement protein, Nicotiana tabacum,
nucleoprotein, tospovirus, virus resistance.

Since the first description of pathogen-derived resistance
(PDR) against a plant virus (Powell Abel et al. 1986) many
reports of coat protein-mediated resistance to plus-trand RNA
viruses have been published (for references see, e.g., Wilson
1993). Transgenic expression of the nucleoprotein of the
negative-strand RNA virus TSWV also resulted in resistance
(Gielen et al. 1991; MacKenzie and Ellis 1992; Pang et al.
1992). In addition, PDR could by obtained by transgenic ex-
pression of other (modified) viral genes, e.g., genes encoding
replicases, movement proteins, and other nonstructural pro-
teins of various viral sources (for references see, e.g., Beachy
1993). Many of these reports indicate the involvement of the
transgenically produced protein. However, transgenic plants
also exhibit resistance when using untranslatable sequences
derived from the coat protein gene of potyviruses (Lindbo and
Dougherty 1992; Van der Vlugt et al. 1992), the nucleoprotein
gene of TSWV (De Haan et al. 1992), and the RdRp gene of
PVX (Mueller et al. 1995), indicating an RNA-mediated type
of resistance. This RNA-mediated resistance operates via a
mechanism similar to cosuppression or posttranscriptional
gene silencing (Lindbo et al. 1993; Dougherty et al. 1994;
Mueller et al. 1995; English et al. 1996).

Here we investigate further whether the induction of RNA-
mediated resistance against TSWV is gene specific or if any
randomly selected sequence of the TSWV genome would con-
fer such resistance upon transgenic expression. For this pur-
pose 17 different viral cDNA constructs were made. Together
with the previously analyzed N gene constructs (Gielen et al.
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1991; De Haan et al. 1992), this set spans over 70% of the
TSWYV genome, covering virtually the entire M and S seg-
ments and a large part of the L segment (Fig. 1). Between 7
and 25 original transformants (Nicotiana tabacum var. SR1)
were obtained for each construct (Table 1), for a total of 325
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Fig. 1. Viral constructs of tomato spotted wilt virus (TSWV) relative to
its genome. DI encompasses L RNA sequences found in a naturally oc-
curring defective interfering RNA (Resende et al. 1991), ML spans the
middle of the L ORF including the majority of the conserved poly-
merase motifs. Clone NSm contains the entire NSy ORF. NGp com-
prises the N-terminal third of the precursor to the glycoproteins, MGp
the central part of this precursor, while Gp transcribes the complete gly-
coprotein ORF. N and NSs clones include the respective genes with their
viral 5" untranslated leader sequences. IRS contains the cDNA of the highly
internally base-paired intergenic region of the S RNA. For all genomic
fragments, except for Gp, both viral (v) and viral complementary sequences
(vc) were used. The sequences, supplied with a CaMV 35S promoter and a
nos terminator, were cloned in the binary vector pBIN19 (Bevan 1984) and
subsequently used for Agrobacterium tumefaciens-mediated transformation
of Nicotiana tabacum var. SR1 leaf disks.



transformed plants in addition to the 48 lines previously
tested. The S1 progenies of these plants were assayed for re-
sistance to TSWV. Subsequently, the S2 progenies of surviv-
ing plants were also inoculated with the virus. All plants were
inoculated twice within a 2-wk interval, using a high virus
titer (TSWYV strain BR-01).

Of all 373 plant lines tested, the only lines exhibiting high
levels of virus resistance were those which expressed N or
NSy sequences. The resistance or lack thereof was irrespec-
tive of whether the sequences were expressed in a sense or
antisense direction or whether or not they could be translated.
The S2 progenies of the resistant plants expressing antisense
N sequences and those expressing sequences of the NSy gene,
were completely immune to high doses of virus. These resis-
tant S2 plants remained virus free, as verified by ELISA. The
TSWYV resistant plants were, however, fully susceptible to the
closely related tospoviruses TCSV and GRSV, indicating the
narrow spectrum of RNA-mediated resistance (data not
shown). All lines expressing other parts of the TSWV genome
were completely susceptible to the virus, indicating that for
TSWYV, the RNA-mediated pathogen-derived resistance is se-
quence specific and restricted to plants expressing N or NSy
gene sequences (Table 1).

Expression of transgenic RNA in S1 lines was checked by
Northern blot analyses and was comparable for all constructs.
All lines showed low levels of RNA accumulation when com-
pared to viral RNA levels reached during virus infection. No
correlation was found between the level of RNA accumulation
and the degree of resistance (data not shown). However run-
on assays, as exemplified in Figure 2 for N gene transformed
lines, show that despite the lack of correlation between the
steady-state RNA levels and the observed resistance, there
was a clear correlation with the nuclear transcription levels
and the resistance, as demonstrated for potyviral CP se-
quences by Lindbo et al. (1993) and Goodwin et al. (1996).
Obviously, plants that display high nuclear transgene expres-
sion, yet have low steady-state RNA levels, must have an ac-

Table 1. Resistance levels in S1 and S2 progenies of transgenic tobacco
plants expressing parts of the TSWV genomic RNAs

(# Resistant S1 lines/# 1 _Resistant plants (%)

Line lines tested) s1 S2
N (v¢/ORF)* 4/25 25-90 100
N (v¢/AUG-)P 4/23 30-80 100
N(v) 4/24 10-50 100
IRS (v) 017 0

IRS (vc) 017 0

NS, (/ORF) 0/10 0

NS, (vc) 0/22 0

NG (v) 0/22 0 -

NG (vc) 0/18 0

MG (v) 0/15 0

MG (vc) 0/20 0

G1/G2 (v¢/ORF) 0/21 0

NSy (v/ORF) 4/33 10-30 100
NSy (WVAUG-) 1/26 50 100
NSy (ve) 2/24 15-50 100
ML (v) 0/11 0

ML (vc) 0/25 0

DI (v) 0/13 0

DI (vc) o7 0

* Gielen et al. 1990.
b De Haan et al. 1991.

tive mechanism for specific breakdown of these (trans-
genically expressed) viral RNA sequences, consequently re-
sulting in resistance to the virus.

The observation that RNA-mediated resistance against
TSWYV is not effective with most parts of the viral genome is
quite unexpected and seems to contradict some of the results
obtained with positive-strand RNA viruses. For potato virus X
(PVX) for instance, it has been found that even nonviral
(GUS) sequences can induce RNA-mediated virus resistance
provided only that this sequence has been introduced in the
viral genome (English et al. 1996). A possible explanation
why only the N and NS, sequences of TSWV are capable of
introducing transgenic resistance may be that its genomic
RNA segments, like those of all negative-stranded RNA vi-
ruses, remain packaged with nucleocapsid protein throughout
the infection cycle. The cosuppression-like RNA-mediated
resistance might therefore not operate on (encapsidated)
genomic level but rather on (nonencapsidated) viral mRNA
level. Along this line the relative importance of the viral pro-
tein encoded by the different tospoviral mRNAs may be cru-
cial for the effectiveness of several of the constructs used. In-
deed both the N protein (regulator of transcription-to-
replication switch) and NSy protein (putative movement pro-
tein, Kormelink et al. 1994; Storms et al. 1995) are essential
for systemic host plant infection, while inhibition of some
other functions (e.g., G1/G2 and NSs) may only interfere with
replication in (Wijkamp et al. 1993) or spread by (Resende et
al. 1991) the insect vector. Sequences derived from the puta-
tive viral RNA dependent RNA polymerase gene (L) did not
confer resistance, although this protein is obviously necessary
for replication. The limited number of polymerase molecules
already present in the virus particle (Van Poelwijk et al. 1993)
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Fig. 2. Transgene transcription levels in isolated nuclei of tomato spot-
ted wilt virus (TSWV) N gene-transformed plants. Steady-state RNA
levels in all lines except segregant line 1004-1, lacking the transgene,
are similar. SSU indicates the nuclear expression of the small subunit of
rubisco, used as an internal standard. Amount of sense and antisense
transcripts of TSWV N gene are indicated. N/SSU ratio indicates the
relative expression level of the transgene. No transcription of antisense
N sequences (induced, e.g., by a plant promoter) was observed, indicat-
ing that direct interaction of transgenically produced antisense RNAs
with the viral gene sequence does not play an important role in the re-
sistance mechanism. Hybridization of the probe to M13 DNA is nonspe-
cific background. R and S are resistant and susceptible phenotypes of
the transgenic plants.

Vol. 9, No. 5, 1996 / 417



might be able to carry out the initial rounds of replication and
be sufficient for overcoming the inhibition of virus replication
in transgenic plants. Alternatively, a small number of catalytic
L protein molecules, sufficient for viral replication, may be
produced despite the suppression of the mRNA.

A second explanation for the presented data might be that,
for TSWV, the majority of the genome does not suit yet-
unknown criteria needed for induction of or accessibility to
posttranscriptional transgene silencing, like, e.g., short
stretches of primary or secondary structure in the expressed
RNA. Perhaps only the N or NS, gene sequences or parts
thereof have these capabilities, resulting in resistance of host
plants to TSWV. This view is supported by the observation
that, despite a large number of lines tested, no (cosuppression-
like) RNA-mediated resistance to potyviruses was observed in
plants expressing potyviral CI and NIb sequences (Maiti et al.
1993; Audy et al. 1994). Furthermore, in numerous transgenic
plant lines expressing chalcone isomerase sequences no plants
were observed that displayed cosuppression (J. Kooter, per-
sonal communication). Obviously, further experiments need to
be carried out to support or exclude the alternative interpreta-
tions for sequence-specific RNA-mediated resistance against
TSWYV.
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