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Plant viruses have a significant impact on agronomic losses world-
wide. A new strategy for engineering virus-resistant plants by
transgenic expression of a dominant interfering peptide is pre-
sented here. This peptide of 29 aa strongly interacts with the
nucleocapsid proteins (N) of different tospoviruses. Transgenic
Nicotiana benthamiana lines expressing the peptide fused to a
carrier protein were challenged with five different tospoviruses
that have a nucleocapsid protein interacting with the peptide. In
the transgenic plants, strong resistance to tomato spotted wilt
virus, tomato chlorotic spot virus, groundnut ring spot virus, and
chrysanthemum stem necrosis virus was observed. This therefore
demonstrates the feasibility of using peptide ‘‘aptamers’’ as an in
vivo tool to control viral infection in higher plants.

V iral diseases cause major crop losses worldwide. Actual
losses due to plant viruses are difficult to assess, but some

estimates indicate total economic damage as high as several
billion U.S. dollars per year. Among the most detrimental
viruses, tomato spotted wilt virus (TSWV), the type species of
the tospovirus genus in the family Bunyaviridae, alone causes
crop loss of more than one billion dollars per year (1). For crop
protection, so far antiviral chemicals are not available. There-
fore, the control of viral diseases employs different strategies,
such as integrated vector management, crop rotation, and pro-
duction of pathogen-free plant stocks and seeds. In addition,
natural resistance genes have been widely used to create varieties
resistant to one or more viruses. However, the transfer of
resistance characters from a wild plant species or a nonadapted
variety without losing important qualities is a lengthy and
difficult process.

Transgenic technologies have provided new methods for
creating virus-resistant plants. The most successful examples rely
on the pathogen-derived resistance concept of Sanford and
Johnson (2) who proposed to achieve effective resistance by
transgenic expression of genes derived from the pathogen itself.
The proof of this concept was provided by expressing tobacco
mosaic virus (TMV) coat protein resulting in resistant tobacco
plants (3). Since then, the same approach was adopted to protect
a number of different plant species from several plant viruses
(review refs. 4 and 5).

RNA silencing or posttranscriptional gene silencing (PTGS)
has been recently uncovered as an important mechanism in-
volved in pathogen-derived resistance. RNAs with homology to
the transgenically expressed viral sequences are specifically
degraded, with the translation of the gene product being dis-
pensable for virus resistance. Resistance phenotypes based on
posttranscriptional gene silencing are usually strong, but because
of sequence specificity, they are restricted only to the virus
species the transgene was derived from or to closely related
isolates (6, 7).

Broad-spectrum virus resistance has been obtained by ex-
pressing specific proteins. Here, presence of the viral gene
product in inappropriate amounts, form or time, is thought to
interfere with viral infection. However, in some cases it is
difficult to distinguish between an RNA- and protein-mediated

resistance (8, 9). Unambiguous examples of protein-mediated
virus resistance mainly concern the expression of viral coat
proteins (refs. 3 and 10; review ref. 4), but cases of protein-
dependent pathogen-derived resistance due to the expression of
viral movement proteins or replicases are also known (9, 11, 12).
In some instances, resistance is based on the expression of intact,
functional proteins; in others the expression of the intact protein
leads only to weak resistance or even to enhanced susceptibility.
In contrast, expression of a dysfunctional protein may lead to
strong resistance (12, 13). Despite the number of successful
examples, the molecular basis of protein-mediated virus resis-
tance is, in most cases, not understood. This is why a rational
construction of resistance inducing proteinaceous agents is still
not practicable. Also, the rapid evolution of resistance-breaking
virus strains calls for the development of new concepts in
resistance engineering.

To devise a new knowledge-based strategy to engineer virus-
resistant plants, we investigated the molecular properties and
functions of TSWV proteins. Consistent with the general notion
of the multifunctionality of viral coat proteins (14), the TSWV
N protein was found to be involved in a number of molecular
interactions, such as homopolymerization (15), packaging of the
viral genomic RNA (16), and interaction with NSm, the TSWV
movement protein (17). The molecular dissection of homotypic
interaction of TSWV N protein revealed the existence of two
interaction domains and identified amino acids conserved
among the tospoviruses that are essential for the interaction (15).

The isolation of a peptide ‘‘microdomain’’ interacting with
TSWV N protein and the development of a strategy to induce
virus resistance in higher plants is described. The strategy
exemplifies a promising new concept that uses target-specific
peptides (‘‘aptamers’’), selected with the yeast two-hybrid sys-
tem, to modulate�inhibit protein functions in vivo (18, 19).

Materials and Methods
Construction of a Protein-Specific Peptide Library and Yeast Two-
Hybrid Vectors. The PCR-amplified TSWV N ORF was digested
with DNaseI. Fragments were cloned into the pCRII-Blunt
vector (Invitrogen). Subcloned fragments were isolated and
cloned into the EcoRI site of the yeast two-hybrid shuttle vector
pACT2 (CLONTECH).

N protein-coding ORFs of tomato chlorotic spot virus (TCSV),
groundnut ring spot virus (GRSV), chrysanthemum stem necrosis
virus (CSNV), impatiens necrotic spot virus (INSV), iris yellow spot
virus (IYSV), physalis severe mottle virus (PSMV), and water-
melon silver mottle virus (WSMV) were amplified by RT-PCR with
gene-specific primer sets adding a NcoI site containing the native
start codon and XhoI and SalI sites after the stop codon. The
fragments were subcloned in pAS2–1 (CLONTECH) between the
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NcoI and SalI site as a translational fusion with the Gal4 DNA-
binding domain. Proteins with C-terminal deletions were con-
structed similarly, but with 3� primers including a stop codon after
amino acid 232 of TCSV, GRSV, CSNV, and amino acid 236 of
INSV, IYSV, and WSMV and 237 of PSMV N, respectively.
Binding domain fusions in pAS2–1 of TSWV N as well as the TSWV
N C-terminal deletion (amino acids 1–232, lacking 26 aa at the C
terminus � C�26) and the C-terminal double mutant F242A�
F246A are described in Uhrig et al. (15).

Preparation of �-Glucuronidase (GUS) Fusions. The protein-coding
region of the uidA gene (20), which encodes the �-glucuronidase
of Escherichia coli, was modified to include translational peptide
fusions with the GUS ORF. One internal BspHI site of the
GUS-coding region was eliminated by fusion of an N-terminal
fragment of the uidA gene, amplified with primers
Gus_5_BspHI, EcoRI (CCCGGGCTCATGAGGGAAT-
TCATGTTACGTCCTGTAGAAACC) and Gus_3_NcoI
(GCATCTCCATGGCGACCAAAG), and cut with NcoI, to a
second fragment, amplified with primer Gus_5_BspHI (CTTT-
GGTCGTCATGAAGATGC) and primer Gus_3_NcoI, SalI,
BamHI (CGCGGATCCTCAGTCGACCCCGGGGCCC-
ATGGGTTGTTTGCCTCCCTGC) and cut with BspHI. The
resulting sequence includes the GUS-coding region without the
internal BspHI site, but with additional BspHI and EcoRI sites
at the 5� end and NcoI, SalI, and BamHI sites at the 3� end. This
fragment was cut with BspHI and BamHI and ligated in the
vector NcoI and BamHI sites of pEntr4 (Gateway System,
Invitrogen), resulting in plasmid pEntry4-Gus-Fus.

The artificial sequence coding for a peptide was created
annealing primer T-Pep-52 AGGGTTCTGTGGCAATGGAG-
CATTATTCTGAGACATTGAATAAATTTTACGAGATG-
TTTG to primer T-Pep-3 GGGCAATTGCCCCCGCTCGA-
GAACACCAAACATCTCGTAAAATTTATTCAATGTCT-
CAGA and blunt ending with Pwo polymerase (Roche Molec-
ular Biochemicals). PCR amplification with primer T-Pep-5
CCGGAATTCGCCATGGCTTCTAGTTCTAACCCAA-
ACGCAAAGGGTTCTGTGGCAATGGAG and primer T-
Pep-3 resulted in the final coding region of T-Pep. The fragment
was cut with NcoI and XhoI and ligated in plasmid pEntry4-
Gus-Fus cut with NcoI and SalI, generating plasmid pEntry4-
GusT. For yeast two-hybrid tests, the Gus and GusT ORFs were
cloned, as a translational fusion with the Gal4 activation domain,
by using a Gateway LR reaction on a pACT2 vector containing
the Gateway cassette. This was prepared by ligation of the
Gateway cassette B in a blunted pACT2 vector cut with NcoI and
XhoI. This reaction gave rise to two vectors called pACT-Gus
and pACT-GusT, respectively.

Yeast Protein Interaction Assays. All yeast two-hybrid interaction
assays were carried out by transforming plasmids containing
protein fusions to the Gal4 DNA binding domain (pAS2–1) and
plasmids containing protein or peptide fusions with the Gal4
DNA activation domain (pACT2), into the yeast strain PJ69-4A
as described by Gietz et al. (21). For isolation of TSWV N
interacting peptides, the TSWV N double mutant F242A�F246A
described in ref. 15 was used as bait. Transformed yeast cells
were grown 3 to 5 days at 30°C on solid medium lacking leucine
and tryptophan (SD-LW), as well as on solid medium lacking
leucine, tryptophan, and histidine (SD-LWH) supplemented
with 3 mM 3-aminotriazole to test for protein interactions.
Growing colonies were tested for �-galactosidase activity (22).

Plant Transformation. The plant transformation vectors were
prepared based on the LR reaction of the Gateway system
(Invitrogen) and the destination vector pLX222-Gateway. Plas-
mid pLX222-Gateway is based on the pLX222 vector (23)
containing a HindIII fragment of vector pRT104 (24) with an

additional Gateway destination cassette cloned in the blunted
XhoI and XbaI sites such that expression is controlled by the
CaMV 35S promoter of plasmid pRT104. Plasmids pLX-Gus
and pLX-GusT were constructed by LR recombination of
pEntry4-Gus-Fus and pEntry4-GusT into pLX222-Gateway,
respectively, and transformed in the Agrobacterium tumefaciens
strain LBA4404 (25) and used to transform Nicotiana benthami-
ana via leaf disk transformation as described (26). Regenerated
shoots were tested for expression of recombinant protein
through GUS assays (27). Transformed plants were selfed, and
homozygous transformants were selected by a kanamycin resis-
tance test and tested again for recombinant gene expression.
Seeds obtained from these plants were used to grow plants for
the virus resistance tests.

Kanamycin Resistance Test. Seeds of primary transformants were
grown on 3� MS medium containing 100 �g�liter kanamycin.
Kanamycin resistance was observed as a measure of root length
14 days after germination. No roots are indicative for kanamycin
sensitivity. Candidates segregating with 3 to 1 were used to
produce seeds. From these, homozygous plants were generated
and chosen for further analysis.

Virus Maintenance. TSWV (DSM no. PV-0182; DSM, German
collection of microorganisms), TCSV (DSM no. PV-0390),
GRSV (DSM no. PV-0205), CSNV (DSM no. PV-0529), INSV
(DSM no. PV-0280), WSMV (DSM no. PV-0283), as well as the
Physalis isolate PSMV (28) were mechanically passaged on N.
benthamiana every 3–4 weeks.

Virus Resistance Test. Young plants grown to leaf stage 3–4 were
mechanically inoculated on the third and fourth leaf with 50 �l
of 5-fold diluted plant sap prepared from clearly symptomatic
leafs with 0,1 M Na2�KH2PO4 buffer, pH 7.0, containing 2%
PEG 10000 and 0.2% Na3SO3. Plants were assayed for disease
symptoms, and plant height was measured twice a week until 23
days after infection.

GUS Staining. Total protein extracts from leaves were separated
on a nondenaturing PAA gel, and GUS activity was detected by
incubating the gel overnight in 10 mM EDTA�0.05% Triton
X-100�100 mM NaPi (pH 8.0), containing 0.05% X-Gluc.

Results
Isolation of Peptides Interacting with Tospovirus N Proteins. To
dissect the functional interaction domains of the TSWV N
protein, a library of random fragments of the TSWV N gene was
constructed, and fragments were cloned into a yeast two-hybrid
activation domain vector. This library of �7,000 independent
clones was cotransformed with yeast two-hybrid vectors express-
ing Gal4-DNA binding domain fusions of TSWV N protein
carrying two mutations (F242A�F246A). The mutations inacti-
vate the C-terminal interaction domain, allowing the study of the
dimerization between bait and prey in the absence of homopo-
lymerization of the bait proteins (15). Two screening rounds led
to the isolation of seven transformants with prototrophic growth
on medium without histidine. The isolated clones were se-
quenced, and a minimal peptide sequence was deduced repre-
senting amino acids 220–248 of the TSWV N protein (�
T220�248; Fig. 1A). The peptide was fused to �-glucuronidase
(GusT) and tested in the yeast two-hybrid system (Fig. 1B).
Strong interaction of GusT with C-terminally truncated N
proteins not only from TSWV but also TCSV, GRSV, CSNV,
and INSV was observed. More distantly related tospoviral N
proteins, however, did not interact with T220�248 (Fig. 1B;
IYSV, PSMV, and WSMV). The interaction pattern correlates
with the phylogenetic clustering of N protein sequences in
American and Eurasian subgroups (29). The relative interaction
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strength was evaluated by a quantitative �-galactosidase assay
(15) and found to be stronger than the control interaction (C�26
as bait, TSWV N protein as prey), with slightly decreased
strength in the case of INSV N protein, the protein with the
lowest sequence conservation within the European subgroup
(Fig. 1C). The GUS protein without the peptide extension fused
to the Gal4 activation domain did not show any interaction with
tospovirus N proteins.

Plant Transformation and Detection of Native GUS-Peptide Fusion
Protein. Two constructs (pLX-Gus and pLX-GusT, respectively)
were produced, the first expressing GUS under control of the
CaMV 35S promoter and the second T220�248 C-terminally
fused to GUS. To minimize the extent of identity between the
coding sequence of T220�248 and the viral genomic RNA, the
coding sequence was assembled from oligonucleotides incorpo-
rating an altered codon usage optimized for tobacco. Thus,
nucleotide sequence identity was consequently reduced to 61%.
N. benthamiana leaf disks were transformed by using A. tume-
faciens mediated transformation. Nine independent transfor-
mants were planted in soil, tested for recombinant GUS expres-
sion, and grown to set seed. Transformants showed no
morphological abnormalities and were indistinguishable from
control plants. Progeny of homozygous T1 plants were tested for
TSWV resistance.

Four homozygous GusT-expressing lines (GusT 1.5, GusT 5.1,
GusT 6.2, and GusT 8.1) and one control line expressing GUS
(Gus 5.a) were used in further experiments. Native GUS or GusT
expression was detected by in-gel staining of GUS activity (Fig.
2). Single bands representing the active tetrameric form of GUS
were detected in protein extracts from GUS or GusT-expressing
lines, whereas no activity was detected in nontransformed plants.
Compared with native GUS, the bands of GusT-expressing lines
had a slightly higher molecular weight, as expected because of
the additional �20 kDa contributed by the peptide fusions.
These results supported a correct, native expression of the
GUS-peptide fusion proteins (Fig. 2).

Resistance to TSWV. Forty-eight T2 plants of homozygous GusT-
expressing lines (GusT 1.5, GusT 5.1, GusT 6.2, and GusT 8.1),
as well as 12 nontransformed (wild type) plants and 12 plants of
a GUS-expressing line (Gus 5.a) were challenged with TSWV.
All inoculated individuals of the control lines developed symp-
toms within 7–10 days postinoculation (dpi), stopped growth at
the same time (plant height of �4–5 cm), and eventually died.
All GusT-expressing lines exhibited strong resistance pheno-
types (Figs. 3 and 4 and Table 1). Compared with noninfected
wild-type plants, the lines GusT 1.5, GusT 5.1, and GusT 6.2
developed no symptoms and showed no growth reduction. In the
line GusT 8.1, 11 plants showed no symptoms, and 1 plant had

Fig. 1. Properties of T220�248. (A) Amino acid sequence of the peptide from the TSWV N protein in comparison to homologous sequences of other tospovirus
N proteins. (B) Interactions between GusT peptide fusion and GUS, respectively, and C-terminal deletions of different tospovirus N proteins. Interactions were
investigated in the yeast two-hybrid system by plating double-transformed yeast cells on SD-LW medium to test for double transformation and on SD-LWH
medium for protein interactions. As a second reporter of the interaction, �-galactosidase was detected by using a filter lift assay. (C) Relative interaction strength
is measured by a quantitative �-galactosidase activity assay. Yeast cells transformed with the empty vectors pAS2-1 and pACT2 were used as negative control
(no column), whereas yeast cells expressing the C�26 protein interacting with TSWV N protein were the positive control. GUS protein did not interact with
C-terminal deletions from N proteins of different origin.
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mild symptoms after 13–17 dpi, a significant delay compared
with control lines.

Resistance to Other Tospovirus Species. The potential resistance
against other tospovirus species was tested in 12–30 GusT
homozygous plants for each GusT 1.5, GusT 5.1, GusT 6.2, and
GusT 8.1 line. The candidates and the GUS-expressing and
nontransformed controls were inoculated at the third to fourth
leaf stage with virus-infected plant sap. Plants were challenged
with tospovirus species from the American subgroup expressing
N proteins interacting with the TSWV N peptide fused to GUS.
Plant height and symptom development was recorded over a
period of 23 dpi. No resistance was observed with nontrans-
formed or GUS-expressing plants. In the case of inoculation with
TCSV, GRSV, and INSV, systemic symptoms developed within

6–8 dpi, and plants stopped their growth at the height of �4 cm,
respectively (Fig. 4). In the case of infection with CSNV, control
plants developed systemic symptoms �17 dpi, growing to a
height of �23 cm. All four GusT-expressing transgenic lines
showed significant resistance against the species TSWV, TCSV,
GRSV, and CSNV (Fig. 4). In the cases of TSWV, GRSV, and
CSNV, a strong resistance was observed: only one individual
carried symptoms on TSWV infection (2% of all tested) and six
on GRSV infection (6.25%), whereas after CSNV infection,
symptom development was not observed in any plant. A weaker
but still significant resistance was observed on TCSV infection.
Seventeen of 48 plants (35%) remained free of systemic symp-
toms (line GusT 8.1 showed no systemic symptoms in 50%; Table
1). Significant resistance was not observed after inoculation with
INSV, the most distantly TSWV-related tospovirus species
within the American subgroup. In this case, however, in contrast
to the controls that stopped growing at 3–5 cm in height, the
GusT-expressing lines exhibited a slightly delayed disease de-
velopment, with 20% of the inoculated plants producing new
shoots after 13–17 dpi; some of the plants produced flowers (Fig.
4; data not shown).

Discussion
In this study, we report the development of a knowledge-based
method for engineering virus-resistant plants. A detailed anal-
ysis of the interaction properties of TSWV N protein allows the
adoption of transdominant genetics, a general concept in which
proteins, peptides, or RNAs are expressed in cells to generate
mutant phenocopies or to dominantly interfere with specific
protein functions in vivo (30). Peptides interfering with protein
interactions in vivo (peptide aptamers; ref. 18) have successfully
been used in yeast cells, E. coli, Drosophila, and cultured human
cells. They are a useful tool for basic research, but they also
represent a new approach in drug target validation and drug
discovery (18, 19, 31–34). The application of dominant negative
peptide aptamers to inhibit protein functions in vivo in a living
multicellular organism has been reported so far only for
Drosophila (19, 35).

We used a random fragment library of TSWV N protein and
the yeast two-hybrid system to select peptides strongly interact-
ing with TSWV N protein. The yeast-based screening has the
advantage of selecting molecules functional under intracellular
conditions (reviewed in refs. 36–38). Overlapping peptides cov-
ering a C-terminal region of TSWV N protein were isolated. This
region was previously characterized as one of the two interaction
domains (15).

The shortest peptide of 29 aa was fused to �-glucuronidase and
interacted strongly not only with the TSWV N protein but also
with a number of different tospoviral N proteins, indicating that
despite sequence variation, the structural basis of homotypic
interaction of tospoviral N proteins is evolutionary conserved.
Expression of the GUS-peptide fusions in transgenic N.
benthamiana resulted in strong resistance not only to TSWV but
also to the other tospovirus species TCSV, GRSV, and CSNV.
The results provide an example of a successful application of
dominant transacting peptides in higher plants to specifically
target and inhibit protein functions in vivo. Furthermore, they
indicate that homotypic interaction of tospoviral N proteins is
essential for the viral life cycle and that the targeting of
evolutionary conserved functions of viral proteins in planta can
be used to engineer broad-spectrum virus resistance.

The approach presented in this paper targets specifically a well
characterized function of a viral protein. In contrast, in most
other cases plant disease resistance is obtained by expressing
viral genes targeted against structures�functions completely
unknown, and in a number of cases even a clear distinction
between protein-dependent and RNA-dependent mechanisms is
not described. An exception is the coat protein-mediated TMV

Fig. 2. Detection of �-glucuronidase in Gus and GusT-transformed N.
benthamiana plants. Twenty micrograms of plant protein extracts were sep-
arated under nondenaturing conditions, and gels were stained for �-glucu-
ronidase activity. Lanes 1, 8, and 10, protein extract of nontransformed
(wild-type) plants; lanes 2 and 9, protein extract of wild-type plants supple-
mented with 100 ng of �-glucuronidase purified from E. coli; lanes 3–7,
protein extracts from lines GusT 1.5, GusT 5.1, GusT 6.2, GusT 8.1, and Gus 5.a,
respectively.

Fig. 3. TSWV inoculated plants evaluated 23 days after inoculation. (A)
Wild-type. (B) Gus 5.a expressing unmodified glucuronidase. (C) GusT 8.1
expressing the �-glucuronidase peptide fusion.
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resistance, which relies on altered interaction properties of the
transgenically expressed coat protein interfering with the disas-
sembly of TMV capsids (39). Interestingly, for TSWV, both types
of resistance were reported to be induced by the same nucleo-
capsid transgene: one that requires the expression of the protein
and gives low level but fairly broad-spectrum resistance, and the
second that is RNA-mediated and provides high-level and highly
specific resistance (8, 40).

Our experimental approach aimed at an unambiguous pro-
tein-mediated effect. A minimal stretch of 23 nucleotides iden-
tical to the target sequence has been shown to be required to
trigger posttranscriptional gene silencing (41, 42). We therefore
expressed the TSWV-derived peptide from an artificial nucleo-
tide sequence with altered codon usage. This construct shares
only 61% sequence identity with the TSWV N gene with a
maximum of 14 successive identical nucleotides. Furthermore,
the fact that GUS activity was measured from systemic leaves of
TSWV-infected resistant plants (data not shown) was considered

additional evidence for the absence of posttranscriptional gene
silencing in our experiments.

Because peptide aptamers have properties similar to antibod-
ies (18), the approach adopted resembles the engineering of
virus resistance by expressing single-chain antibodies directed
against viral proteins (43, 44). The aptamer strategy, however,
offers additional possibilities, because the application of the
antibody approach is limited by the difficulties associated with
the expression of antibodies in the plant cytoplasm (45).

The straightforward functional selection of peptides with the
yeast two-hybrid system allows to specifically select molecules
interacting with essential parts of the target protein. Because
such molecular interactions require precisely organized struc-
tures, they impose constraints on sequence evolution (46–48).
Therefore, the specific targeting of interaction domains with
dominant interfering agents should delay the occurrence of
resistance-breaking virus strains, thus allowing to engineer long-
lasting resistance phenotypes.

An additional advantage of using short sequences to engineer
resistance is to minimize unpredictable or even deleterious effects
observed in several cases after the expression of functional viral
proteins (49, 50). Expression of only a short peptide, as described
in this study, or artificial peptides that have been selected from
random libraries not only minimizes the potential deleterious effect
on the plant cell but also prevents other and possibly undesirable
consequences. One such example concerns the evolution of new
viruses by recombination with the transgene or by transcapsidation,
possibilities frequently discussed in connection with transgenic
pathogen-derived resistance, and which can virtually be excluded
when an interfering but otherwise nonhomologous and nonfunc-
tional molecule is expressed in the plant.

Peptides selected for a specific function (e.g., interaction) can
be considered an extreme form of the dominant negative concept

Fig. 4. Average plant height of transgenic and wild-type N. benthamiana plant lines after inoculation with different Tospovirus species (23 dpi). Mean values
of 12 individual plants per line for TSWV, TCSV, and CSNV and for 24 individual plants per line for GRSV and INSV are displayed. For CSNV infection of Gus 5.a
and wild-type plants, the mean values of 6 and 10 plants are displayed, respectively.

Table 1. Development of viral infection

Transformants

Virus inoculated

TSWV TCSV GRSV CSNV INSV

GusT 1.5 0�12 13�18 1�24 0�12 30�30
GusT 5.1 0�12 17�18 0�24 0�12 29�30
GusT 6.2 0�12 16�18 5�24 0�12 29�30
GusT 8.1 1�12 9�18 0�24 0�12 29�30
Gus 5.a 12�12 18�18 22�24 6�6 29�30
Wild type 12�12 18�18 24�24 10�10 30�30

Number of symptomatic plants and inoculated plants 23 days after inocu-
lation are reported for each type of inoculation.
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introduced by Herskowitz (51). Here, single functions of mul-
tifunctional�multidomain proteins are deleted to give rise to
dominant negative proteins. In contrast, in the peptide approach,
only one single functional domain is retained to interfere with
the target functions. In this sense, our results demonstrate the
applicability of such dominant negatively acting peptides tar-

geted to specific protein functions in a higher plant. The finding
supports the potential value of these concepts in virus-resistance
applications.
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