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ABSTRACT

Sinisterra, X. H., Polston, J. E., Abouzid, A. M., and Hiebert, E. 1999.
Tobacco plants transformed with a modified coat protein of tomato mottle
begomovirus show resistance to virus infection. Phytopathology 89:701-
706.

Tobacco plants (Nicotiana tabacum ‘Xanthi’) were transformed with a
binary vector containing the coat protein gene of tomato mottle begomo-
virus (ToMoV) modified by the deletion of 30 nucleotides in the 5′ end.
The R1 generation was screened for resistance to ToMoV by inoculation
with viruliferous whiteflies. Fifteen days after inoculation, symptom de-
velopment was recorded weekly for up to 120 days using a visual scale,

and ToMoV infection was confirmed by polymerase chain reaction and
enzyme-linked immunosorbent assay. The response to high inoculation
levels of ToMoV varied and ranged from susceptibility to immunity. The
transgene transcript was detected by northern blot analysis; however, the
transgene product could not be detected by protein blot analysis using
antisera reactive with ToMoV coat protein. The lack of detection of the
transgene product in resistant plants suggests that it is not involved in
eliciting the resistance response and that resistance may be mediated by
the transgene transcript.

Additional keywords: Bemisia tabaci, pathogen-derived resistance.

Begomoviruses have a single-stranded DNA genome arranged
in two circular components. Component A encodes the coat pro-
tein gene (AV1) and the genes involved in the replication process
(AC1, AC2, and AC3); component B encodes two movement genes
(BV1 and BC1). The geminivirus coat protein plays a role in pro-
tection of the genome from degradation, virus acquisition and trans-
mission by insect vectors, infectivity, and systemic movement (18).
The coat protein is the determinant of the specificity of virus trans-
mission (5) and, in some virus-host systems, appears to be asso-
ciated with symptom development (11). It has also been proposed
that the coat protein is necessary for the systemic movement of bi-
partite geminiviruses in hosts in which the virus is not well adapt-
ed (27).

Tomato mottle virus (ToMoV) is a typical whitefly-transmitted
begomovirus of the New World. ToMoV was first identified in
Florida in 1989 and, since then, has been found in all tomato pro-
duction areas in Florida at incidences as high as 95% and caused
losses estimated at $125 million in the south Florida production
area for the 1990–1991 crop season (15,25). Because of the lack
of tolerant or resistant cultivars, control measurements have been
primarily focused on controlling the vector Bemisia tabaci (Genn-
adius) by contact or systemic insecticides, with the concomitant
problems of development of insecticide resistance, low cost-bene-
fit ratios, and multiple environmental concerns (25).

Pathogen-derived resistance, as defined by Sanford and Johnson
(30), is a strategy in which entire genes or sequences of the patho-
gen genome (both structural and functional) are used to transform
host plants so that protection against the particular pathogen or a
range of closely related pathogens is achieved. The success of this
approach has largely been in its application to RNA viruses (2,21).
The coat protein gene, in particular, has been used extensively to
engineer resistance to potex-, poty-, tobamo-, cucumo-, tobra-, carla-,

and luteoviruses (3); however, there are fewer reports of engineered
resistance to geminiviruses. Success has been reported with ex-
pression of geminivirus transgenes of modified and unmodified coat
protein (AV1), replication-associated protein (Rep), and movement
protein genes (4,10,13,16,23). In some studies, resistance was con-
ferred by transgene expression and accumulation of the product,
whereas in other cases, resistance was reported to be due to a
dominant negative mutation. The use of antisense AC1 genes has
been shown to confer resistance to tomato golden mosaic virus
and tomato yellow leaf curl virus (TYLCV) (4,8).

Here, we report that transgenic tobacco plants, transformed with
a modified ToMoV coat protein gene, exhibit resistance to viral
infection and that this response may be associated with the post-
transcriptional processing of transgene mRNA.

MATERIALS AND METHODS

Plant transformation. Tobacco plants (Nicotiana tabacum ‘Xanthi’)
were transformed using standard Agrobacterium-mediated tech-
niques (14) with a cassette containing the ToMoV coat protein se-
quence, truncated by 30 nucleotides in the 5′ end, under the con-
trol of the cauliflower mosaic virus (CaMV) 35S promoter and the
cucumber mosaic virus (CMV) coat protein 5′-untranslated leader
sequence, which provides a start codon for the expression of the
modified ToMoV coat protein open reading frame (ORF) (Fig. 1).
The following partial sequence of the transformation cassette shows
the CMV leader sequence (underlined nucleotides), the start codon
(lowercase nucleotides), and 51 nucleotides of the 5′ end of the
truncated ToMoV coat protein gene: GTTTAGTTGTTCACCTG-
AGTCGTGTGTTTTGTATTTTGCGTCTTATTGTGCCatgGATG
CTAATTATTCTCCCCGAATAACAAGGCCGCTGAATGGGTG
AACCGGCC. This construct was ligated into plasmid pBI121
(Clontech Labs Inc., Palo Alto, CA), a plant constitutive expres-
sion vector containing the neomycinphospho-transferase II gene
for selection and the β-glucuronidase reporter gene (1).

Plant inoculation and disease scoring. ToMoV was obtained
from a culture maintained in tomato. It was transmitted to tobacco
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plants by whiteflies and then was maintained in tobacco. White-
flies were reared on the ToMoV-infected tobacco plants for a mini-
mum of two generations. Whiteflies and virus-infected plants were
maintained in an insect-rearing room (25°C, 16-h photoperiod) at
the Gulf Coast Research and Education Center, Bradenton, FL.

Transgenic and nontransformed tobacco seedlings (N. tabacum
‘Xanthi’) at the seven- to nine-leaf stage were exposed to virulif-
erous whiteflies (B. tabaci) by confinement in cages for 15 days,
using about 20 whiteflies per plant. The whiteflies used in this
study originated from a colony identified by isozyme analysis (26)
as the B biotype of B. tabaci.

Fifteen days after inoculation and weekly thereafter for 120 days,
disease severity was evaluated using visual assessment and a rating
scale of 0 to 4, in which 0 = no symptoms observed; 1 = light
mottling and a few thin yellow veins; 2 = mottling and vein clear-
ing unevenly distributed on the leaf; 3 = mottling, leaf distortion,
and stunting; and 4 = severe mottling, leaf curling, and stunting.
Onset of symptom expression as well as disease severity was
recorded for each plant.

Detection of ToMoV and the transgene. The presence of the
viral DNA in the inoculated plants was determined by polymerase
chain reaction (PCR) amplification using primers EH 287 (5′-
GCCTTCTCAAACTTGCTCATTCAAT-3′) and EH 288 (5′-GTT-
CGCAACAAACAGAGTGTAT-3′) designed to encompass the 5′
and 3′ ends, respectively, of the ToMoV coat protein ORF. Reac-
tions were run for three cycles of 95°C for 3 min, 55°C for 2 min,
and 72°C for 4 min, followed by 34 cycles of 95°C for 2 min,
55°C for 1 min, and 72°C for 3 min 45 s. The annealing tempera-
ture duration was decreased 1 s in every cycle.

Successful transformation was confirmed by PCR amplification
using primers JAP 28 (5′-GATAGTGGAAAAGGAAGG-3′) and
JAP 82 (5′-CCTTACCGATATGTGA-3′), which bind to the CaMV
35S promoter and the ToMoV coat protein gene coding region, re-
spectively. Amplification was carried out for 34 cycles of 94°C for
1 min, 50°C for 1 min, and 72°C for 3 min, with a final elongation
of 72°C for 5 min.

Enzyme-linked immunosorbent assay (ELISA). ELISA for
ToMoV detection in tobacco leaf extracts was carried out with the
triple-sandwich method as described by Cancino et al. (6). ELISA
plate wells were coated with polyclonal antiserum 1110 (1:1,000).
After the incubation of plant samples, the 3F7 monoclonal anti-
body (1:10,000) was added to the wells, and the plates were incu-

bated overnight at 4°C. Goat anti-mouse immunoglobulin G (IgG)
conjugated with alkaline phosphatase (Sigma Chemical Co., St. Louis)
(1:30,000) was then added to the wells, and the plates were incu-
bated for 1 h and washed three times. Absorbance readings (405 nm)
were taken on a Biotek EL 309 automated microplate reader (Bio-
Tek Instruments, Inc., Winooski, VT) every 30 min for 2 h.

DNA and RNA extraction. Plant genomic DNA to be used in
the Southern blot procedure was isolated by a modification of the
method of Cocciolone and Cone (7). Tissue from newly emerged
leaves (0.2 g) was ground in liquid nitrogen with 1 ml of extrac-
tion buffer (7 M urea; 0.35 M NaCl; 50 mM Tris, pH 8.0; 20 mM
EDTA; and 1% Sarkosyl). This extract was transferred to a 2-ml
microcentrifuge tube and extracted 1:1 (vol/vol) with phenol/chloro-
form/isoamyl alcohol (25:24:1). After centrifugation at 3,000 × g
for 5 min, the supernatant was extracted 1:1 (vol/vol) with chloro-
form/isoamyl alcohol (24:1) and centrifuged at 6,000 × g for 5 min.
An equal volume of isopropanol was added to the supernatant, and
the mixture was kept at –20°C for 1 h. The DNA was precipitated
by centrifugation at 16,000 × g for 20 min and redissolved in Tris-
EDTA (10 mM Tris-HCl, pH 8.0, and 1 mM EDTA) containing
0.5% Sarkosyl with 10 µg of RNase. After 30 min of incubation at
37°C, the mixture was extracted once with 1 volume of phenol/chlo-
roform (1:1) and then with 1 volume of chloroform. DNA was repre-
cipitated with 0.1 volume of 3 M sodium acetate and 2.5 volumes of
100% ethanol. DNA samples were dissolved in RNase and DNase-
free water (molecular grade water) and stored at –20°C.

Total RNA to be used in the northern blots was isolated by a
modification of the Cocciolone and Cone (7) method. Samples were
prepared and extracted as above until just before the isopropanol
addition. After the addition of an equal volume of isopropanol and
chilling on ice for 5 min, a DNA precipitate was formed. The
soluble fraction containing the RNA was decanted into a 1.5-ml
Eppendorf tube and chilled at –20°C for 1 h. The RNA was
precipitated by centrifugation at 16,000 × g for 10 min. The pellet
was washed with 70% ethanol and dissolved in molecular biology
grade water.

DNA and RNA blot analyses. Ten micrograms of genomic
DNA from R1 plants was digested overnight at 37°C with restric-
tion enzymes EcoRI, which cuts outside of the transgene, and
XbaI, which cuts at the 3′ end of the transgene. The digested DNA
was separated by electrophoresis on 0.75% agarose and trans-
ferred to nylon membrane with alkaline transfer buffer, and the

Fig. 1. Transformation cassette used to transform tobacco plants (Nicotiana
tabacum ‘Xanthi’). The coat protein sequence was cut out of a clone of the
tomato mottle virus A component using restriction enzymes NcoI and XbaI.
The ligation of cucumber mosaic virus (CMV) coat protein leader sequence
provides a start codon for the expression of the modified tomato mottle virus
(ToMoV) coat protein open reading frame. The construct was ligated into
plasmid pBI121 (Clontech Labs Inc., Palo Alto, CA), which contains the cauli-
flower mosaic virus (CaMV) 35S gene promoter, the neomycinphospho-trans-
ferase II gene for selection, and the reporter gene β-glucuronidase.

TABLE 1. Response of R1 generation Nicotiana tabacum plants transformed
with a modified coat protein gene of tomato mottle virus (ToMoV) at 120 days
after inoculation

Germ plasm linex
Number of

plants evaluated
Number of plants
with transgeney

Number of
resistant plantsz

R1-cp 2 12 4 1
R1-cp 4 12 5 1
R1-cp 5 12 7 1
R1-cp 6 24 24 15
R1-cp 7 12 3 0
R1-cp 8 12 3 2
R1-cp 9 12 6 1
R1-cp 10 12 4 4
R1-cp 11 24 6 3
R1-cp 12 24 3 3
Nontransformed 34 0 0

x Plants were inoculated with ToMoV using viruliferous whiteflies. The results
for lines R1-cp 6, R1-cp 11, and R1-cp 12 summarize two independent inocu-
lations. The efficiency of the inoculation was 100 and 91.6%, respectively.

y Presence of the transgene was confirmed by polymerase chain reaction (PCR)
amplification using primers complementary to sequences in the cauliflower
mosaic virus 35S promoter and ToMoV coat protein gene coding region.

z Resistant plants were those that displayed the recovery or immune pheno-
type. ToMoV infection was determined by enzyme-linked immunosorbent
assay and PCR amplification with primers corresponding to complementary
sequences in the 5′ and 3′ ends of the ToMoV coat protein gene.
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membrane was UV-crosslinked while damp. The probe was made
by random primer labeling of the PCR product generated with
primers JAP 28 and JAP 82, which contains the partial CaMV 35S
promoter sequence, the CMV leader region sequence, and about
170 nucleotides of the 5′ end of the ToMoV coat protein sequence,
using a nonradioactive random octamer labeling system (Tropix,
Inc., Bedford, MA). The hybridization was performed overnight at
65°C in a hybridization buffer containing 1 mM EDTA, 7% so-
dium dodecyl sulfate (SDS), and 0.25 M disodium phosphate,
pH 7.2, followed by a high stringency wash and detection of the
biotinylated DNA using Tropix chemiluminescence detection sys-
tem (Tropix, Inc.).

Ten to fifteen micrograms of total RNA was separated on a
1.0% agarose gel with formaldehyde, blotted onto a nylon mem-
brane (Bioblot-N Plus; Costar Scientific Corp., Cambridge, MA),
and hybridized with the full-length ToMoV coat protein gene
DNA fragment generated by PCR amplification and labeled with
biotin using the Tropix nonradioactive random octamer labeling
system (Tropix, Inc.). The detection protocol was the same as that
used for Southern blots.

Protein blots. The subcellular fractions of the leaf extracts from
transgenic and nontransgenic control tobacco plants were prepared
as described by Pascal et al. (24). The proteins were separated by
SDS-polyacrylamide gel electrophoresis in a discontinuous Laemmli
system (5.6% acrylamide stacking gel and 10% acrylamide separa-
tion gel). The separated proteins were electrotransferred onto a nitro-
cellulose membrane (Bio-Rad Laboratories, Hercules, CA) and
detected with mouse monoclonal 3F7 made against a mixture of

purified virions of bean golden mosaic virus isolates from Guate-
mala and the Dominican Republic, which efficiently recognizes
ToMoV (6), and rabbit polyclonal antiserum 1175. The polyclonal
antiserum was made against the truncated ToMoV coat protein,
expressed in Escherichia coli, using the same coat protein
construct that was used to transform the tobacco plants in this
study (A. M. Abouzid, J. E. Polston, K. Beckam, W. E. Crawford,
M. A. Peterson, B. Peyser, and E. Hiebert, unpublished data). The
immunoreaction was detected by adding anti-mouse IgG alkaline
phosphatase and anti-rabbit IgG alkaline phosphatase conjugates,
respectively, and the enzyme substrate NBT/BCIP (Life Technol-
ogies, Princeton, NJ).

RESULTS

Detection of the transgene. The presence of the modified coat
protein gene was detected by PCR in different frequencies among
lines in the R1 generation (Table 1). The lowest frequency occur-
red in line R1-cp 12 (12.5%) and the highest occurred in line R1-cp 6
(100%).

Response to virus inoculation. The results of two separate inoc-
ulations with ToMoV of the R1 generation of the tobacco plants
(N. tabacum ‘Xanthi’) transformed with the modified ToMoV coat
protein gene are summarized in Table 1. In the first inoculation,
12 plants of the R1 generation from each of 10 R0 tobacco plants
and 22 nontransformed plants were used. In the second inoculation,
12 plants of lines R1-cp 6, R1-cp 11, and R1-cp 12 and 12 nontrans-
formed control plants were used.

Fig. 2. Response of transgenic tobacco plants to inoculation with tomato mottle virus (ToMoV). A, Symptom level 4 in a transgenic plant. B, Nontransgenic
control (left) showing mottling and stunting (rating = 3) compared with a resistant transgenic plant (right) at 120 days after inoculation (dai). C, Detached leaf
of a nontransgenic control plant (top) showing severe mottling (rating = 4) compared with a leaf of a resistant transgenic plan t (bottom) at 120 dai. D, Recovery
phenotype of inoculated leaves showing mottling (rating = 3) contrasting with the newly formed and asymptomatic leaves on the s ame plant. E and F, Severe
yellowing of the veins (symptom not rated) found only in transgenic plants.
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In the first inoculation, all 22 nontransgenic plants were infected
by 15 days after inoculation (dai), as determined by PCR amplifi-
cation. A range of symptom severity was observed; 10 plants had a
symptom severity rating of 1 (light mottling and thin yellow veins),
another 10 plants had a rating of 2 (mottling and vein clearing un-
evenly distributed on the leaf), and 1 plant had a rating of 3 (mot-
tling, leaf distortion, thick yellow veins, and stunting). By 30 dai, all
nontransgenic plants had a symptom severity rating of 3.

Differences in responses to ToMoV inoculation between trans-
formed and nontransformed plants were apparent as early as 15 dai.
The response of plants in which the transgene was present varied
among plants and over time. At 15 dai, 21 plants had a symptom
severity rating of 0, 32 plants had a rating of 1, 26 plants had a
rating of 2, and 5 plants had a rating of 3. ToMoV was detected,
using PCR amplification, in all transformed plants displaying symp-
toms and in 10 of the 21 asymptomatic plants.

At 30 dai, a wild-type phenotype consisting of mottling, leaf
distortion, and stunting (symptoms observed in ToMoV-infected
nontransgenic tobacco) was observed in 18 transformed plants. In
addition, a recovery phenotype was observed in 11 plants from
line R1-cp 6. These plants had a symptom rating of 1 at 15 dai, but
by 30 dai, had a rating of 0. These plants remained asymptomatic
until the end of the experiment (120 dai). ToMoV was detected in
the symptomatic leaves of the 11 plants using PCR amplification
at 15 dai; however, ToMoV was not detected in the asymptomatic
leaves of any of these plants using either PCR amplification or
ELISA at 30, 60, and 120 dai.

At 60 dai, six distinct phenotypes (wild type, enhanced wild
type, bright vein yellowing, delay in symptom expression, recovery,
and immunity) could be observed in plants in which the transgene
was present (Fig. 2). Plants that displayed the wild-type pheno-
type (a rating of 3) were found at low frequencies in all lines (Fig.
2A). Plants that displayed an enhanced wild-type phenotype (severe
mottling, leaf curling, and stunting) had a rating of 4 and were found
at low frequencies in lines R1-cp 4, R1-cp 5, R1-cp 7, and R1-cp
12. Plants with the bright vein yellowing phenotype had a rating
of 1 at 15 and 30 dai, but by 60 dai, displayed an unusual pattern
of thick yellow veins that fell outside the rating scale (Fig. 2E and
F). This phenotype was not observed in noninoculated transformed
plants or in ToMoV-infected nontransformed plants. ToMoV was
detected in all plants exhibiting this phenotype. Plants with the
delay in symptom expression phenotype had a rating of 0 at 15 dai,
by 30 dai, had ratings of 1 and 2, and by 60 dai, had ratings of 2,
3, or 4. This phenotype was observed in 10 plants in lines R1-cp 8,
R1-cp 10, and R1-cp 12. The immunity phenotype was observed in
13 plants from all lines, except R1-cp 7 (Fig. 2B and C). Plants
were considered immune when no symptoms were expressed up
to 120 dai and ToMoV was not detected by either PCR ampli-
fication or ELISA at 30, 60, and 120 dai.

In the second inoculation, 11 out of the 12 nontransgenic plants
were infected at 15 dai. Four plants in line R1-cp 6, two plants in
line R1-cp 11, and one plant in line R1-cp 12 displayed an immune
phenotype. The recovery and enhance wild-type phenotypes were
not observed.

The recovery and immunity phenotypes were considered resis-
tance responses. The transgenic lines showed different frequencies
of resistance in plants in which the presence of the transgene was
confirmed. Frequencies ranged from high (100% in lines R1-cp 10
and R1-cp 12), to moderate (66.6% in line R1-cp 8 and 62.5% in
line R1-cp 6), to low (20 to 25% in lines R1-cp 2, R1-cp 4, R1-cp 5,
and R1-cp 11), to none (0% in line R1-cp 7) (Table 1). At 120 dai,
all plants displaying a resistance response tested negative for ToMoV
by ELISA and PCR amplification.

Correlation between the presence of the modified ToMoV
coat protein gene and the resistant phenotype. The modified
coat protein gene was present in 12.5 to 100% of plants in each of
the transformed lines (Table 1). Twenty percent of plants with the
transgene exhibited a resistance response. The presence of the trans-
gene was established in all plants that displayed a recovery or im-
mune phenotype, as well as in those plants that displayed the un-
usual vein yellowing pattern.

Transgene copy number, level of transcription, and expres-
sion. Southern blot analysis of selected resistant plants revealed
that the transgene was present either as a single copy in lines R1-
cp 10 and R1-cp 11 or as multiple copies in lines R1-cp 4, R1-cp 6,
R1-cp 8, and R1-cp 12 (data not shown). The northern blot analysis
performed using tissue from the same plants chosen for the South-
ern analysis revealed the presence of the transgene transcript, but
quantitative differences among the transgenic lines were not evi-
dent (Fig. 3). Protein blot analysis performed in resistant plants of
lines R1-cp 2, R1-cp 4, R1-cp 6, R1-cp 10, R1-cp 11, and R1-cp 12
showed that the transgene protein was not detectable (Fig. 4).

DISCUSSION

The R1 generation of tobacco plants (N. tabacum ‘Xanthi’) trans-
formed with a binary vector containing the coat protein gene of
ToMoV modified by the deletion of 30 nucleotides in the 5′ end
exhibited different degrees of resistance to ToMoV infection that
included immunity and recovery from the initial onset of the dis-
ease. There was a positive correlation between the presence of the
transgene and the resistant phenotypes; nevertheless, the correla-
tion was not 100%. In addition, in some cases, the presence of the

Fig. 3. Hybridization analysis of total RNA from selected resistant trans-
genic plants that did not show disease symptoms and tested negative for
the presence of tomato mottle virus (ToMoV) by polymerase chain re-
action with a biotin-labeled probe to the full-length ToMoV coat protein
gene. A, Lane 1, virus-infected nontransgenic plant; lane 3, noninoculated,
nontransformed plant; and lanes 2 and 4, resistant plants of lines R1-cp 8
and R1-cp 11, respectively. B, Lane 1, noninoculated, nontransformed to-
bacco plant; lanes 2, 3, 4, and 5, selected resistant plants of lines R1-cp 6,
R1-cp 10, R1-cp 11, and R1-cp 12, respectively, showing the presence of
the transgene transcript.

Fig. 4. Protein blot of the immune transgenic tobacco plants tested with a
tomato mottle virus (ToMoV) coat protein antibody. Lane 1, healthy control;
lanes 2, 3, 4, 5, 6, 7, and 8, selected resistant plants of lines R1-cp 2, R1-cp 4,
R1-cp 6, R1-cp 8, R1-cp 10, R1-cp 11, and R1-cp 12, respectively, showing
lack of protein reactivity with the antiserum made against ToMoV coat
protein; lane 9, ToMoV-infected tobacco plant; and lane M, molecular weight
marker.



Vol. 89, No. 8, 1999  705

transgene gave rise to infected plants that expressed unusual symp-
toms (bright vein yellowing phenotype).

The protein product of the transgene was not detected in any of
the resistant lines. It is possible that the protein was not detected
because it was rapidly cleared from the cell due to an inability to
fold and adopt a native conformation as a result of the N-terminal
truncation. Lack of cellular retention of the protein due to irregu-
lar folding was reported for a truncated form of tobacco etch virus
(TEV) coat protein (33). Alternatively, modification of the N-ter-
minus of the ToMoV coat protein could cause the protein to remain
in the cytoplasm where there is high proteolytic activity. Kunik et
al. (16) showed that the nuclear localization signal of the coat pro-
tein of TYLCV, a monopartite whitefly-transmitted geminivirus,
mapped to the N-terminus and its deletion would be expected to
impair the accumulation of the coat protein in the nuclei. The lack
of detection of the transgene product suggests that it may not be
involved in eliciting the resistance response.

The only report of engineered resistance to a geminivirus using
the coat protein gene was by Kunik et al. (17), which reported that
resistance to TYLCV was associated with the presence of the trans-
gene product. Plants in which the transgene product was not de-
tected were susceptible to TYLCV (17).

Viral coat protein genes have been widely used to engineer re-
sistance to RNA viruses. Reports of resistance using full-length non-
modified coat protein genes indicated that resistance was positively
correlated to high levels of expression of the transgene (12,20,28,
34,35). Resistance was expressed as a reduction in symptom sever-
ity and virus accumulation. In addition, resistance could be over-
come by increasing the dose of inoculum. This contrasts with the
resistance obtained from a modified coat protein gene of TEV (32).
N. tabacum ‘Burley’ was transformed with the TEV coat protein
gene modified by a stop codon near the 3′ end. Though a trans-
gene transcript was detected, the transgene product could not be
detected and transformed plants were highly resistant. These re-
sults are similar to our observations using a modified ToMoV coat
protein gene.

There are numerous reports of genetically engineered resistance
responses to RNA viruses. A lack of correlation between resis-
tance and the expression level of the transgene was observed in
many of these reports. This type of resistance has been referred to
as RNA mediated (9,19,22,29). RNA-mediated resistance is also
characterized by a lack of dependence upon inoculum dose and a
narrow spectrum of protection. In the current research, resistance
responses (recovery and immunity) were observed in transgenic
plants subjected to relatively high inoculation levels (continuous
inoculation for 15 days by approximately 20 whiteflies per plant).
RNA-mediated resistance is often associated with the presence of
multiple copies of the transgene or transgene tandem repeats (31),
which agrees with our observation that the majority of the trans-
genic plants exhibiting a resistance response had multiple copies
of the transgene.

The lack of correlation between the level of expression of the
truncated ToMoV coat protein gene and the resistance response
suggests that the resistance may be due to a RNA-mediated mech-
anism. Studies are underway to address this possibility.
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