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Sense RNA-mediated virus resistance has been described
for transgenic plants expressing potyviral capsid protein
sequences. This study was undertaken to determine if ex-
pression of other viral sequences could induce this type of
virus resistance. Plants showing highly resistant or
‘recovery’ phenotypes were generated by expressing the
tobacco etch virus (TEV) 6 kDa/21 kDa reading frames.
Expression of translatable or untranslatable versions of
this TEV sequence produced resistant lines. Highly resis-
tant. and recovery phenotype plants had biochemical
hallmarks observed with resistant plants expressing TEV
coat protein sequences. High transcription rates with low
steady-state levels of the transgene transcript generally
correlated with resistance. During recovery and induction
of the resistance, RNA and protein steady-state levels de-
creased 5- to 20-fold, while transcription of the transgene
continued at a similar level. A posttranscriptional, cellular
system eliminating sequences contained in the transgene
transcript and viral genome would be consistent with the
results,

The expression of transgenes in various organisms has be-
come commonplace over the past 5 years. This technical ap-
proach has often been used to increase the expression of a
gene. However, the effective concentration of a gene product
has also been decreased by expressing transgenes that contain
a dominant negative mutation or via a sense-suppression
strategy. Virologists have used similar approaches to engineer
plants that either complement a virus mutation (Holt and
Beachy 1991; Dolja et al. 1994; Li and Carrington 1995) or
are resistant to plant virus infection (review, see Wilson
1993). The application of pathogen-derived resistance and
dominant negative mutations has been pursued quite success-
fully with viruses that have an RNA genome. Representatives
of most genes found in RNA virus genomes have now been
expressed in plants and a continuum of resistance phenotypes,
ranging from complete resistance to attenuation or temporal
delay in symptoms appearance have been noted (for reviews,
see Wilson 1993; Scholthof et al. 1993). The expectation in
these cellular and viral studies is that the transgene-derived
protein interferes with the normal function of the targeted
gene product to produce the desired phenotype or resistance
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(Sanford and Johnston 1985; Herskowitz 1987; Szybalski
1991).

We have described a phenomenon referred to as sense
RNA-mediated virus resistance and have speculated on a
possible mechanism by which resistance is engendered
(Lindbo et al. 1993; Dougherty et al. 1994, Smith et al. 1994).
Sense RNA-mediated resistance appears to be a host-
mediated response, may be analogous to selected cases of
sense suppression of endogenous genes in transgenic organ-
isms, and does not require a transgene-derived translation
product. Our previous efforts have centered on expression of
coat protein sequences from two viruses. Expression of
translatable or untranslatable transgenes of tobacco etch virus
(TEV) or potato virus Y (PVY) coat protein sequences could
result in a highly resistant state, although the frequency of
resistance was higher with the untranslatable version of the
gene (Lindbo and Dougherty 1992; Smith et al. 1994). Here,
we show that by expressing another part of a potyviral
genome, namely the TEV 6- and 21-kDa open reading frames
(ORFs), we are able to generate virus-resistant plants that
have features consistent with sense RNA-mediated virus resis-
tance. A strategy is discussed that will further enhance the
efficacy and safety of RNA-mediated resistance.

RESULTS

Construction and analysis of 6/21 transgenes.

TEV nonstructural gene sequences were examined in this
study. Three different transgenes were constructed and are
depicted schematically in Figure 1. The transgene that coded
for a translatable (= T) mRNA that expresses the TEV 6- and
21-kDa proteins as a polyprotein was referred to as 6/21T.
The transgene that coded for an untranslatable (= U) version
of the same ORFs was referred to as 6/21U. The 6/21T and
6/21U transgenes differed at two nucleotide positions. Finally,
a truncated version of the 6/21T transgene (6/21AN) was gen-
erated during our cloning into the binary plasmid vector. This
construct contained nucleotide sequences corresponding to
the C-terminal 113 amino acids of the 21-kDa ORF. The tran-
script derived from this transgene is likely untranslatable; the
first two AUG codons were ~30 and 60 nucleotides into the
OREF and out of frame, and the first in-frame AUG codon was
~70 nt from the beginning of the sequence and in a poor
translation context.



Transgenic plant lines established.

Haploid Nicotiana tabacum cvs. Burley 49 and K326 were
transformed, putative haploid transformants were identified,
and chromosomes were doubled to generate homozygous
doubled haploid (DH) transgenic lines. Multiple lines (2 to 5)
were established for most of the transformation events and
seeds were collected from a total of 361 DH transgenic lines.
Progeny from 168 DH transgenic lines were analyzed in path-
ology assays (described below) and in Northern gel blot
analyses. Of the 168 DH transgenic lines analyzed, 122 repre-
sented independent transformation events as follows: 45 ex-
pressed the 6/21T transgene, 29 expressed the 6/21U trans-
gene, and 48 expressed the 6/21AN transgene. A preliminary
resistance screen of haploid and DH plants was carried out by
mechanically inoculating TEV onto the haploid plant and
progeny of the DH transgenic plants. The resistance pheno-
types and results are summarized in Tables 1 and 2. There
were five notable observations. First, the resistance phenotype
of the haploid state was not always an accurate predictor of
resistance in the DH (= diploid) condition (Table 2). Lines
that were symptomless in the haploid state often showed
symptoms in the DH condition. (We recorded haploid inocu-
lated plants as symptomless instead of highly resistant, as
only a single plant could be inoculated and we could not ex-

versely, some susceptible haploid lines displayed a TEV-
resistant phenotype following chromosome doubling. Second,
the recovery phenotype was the prominent resistance pheno-
type generated with DH plants containing transgenes that ex-
press the 6/21 ORF (Table 1). Third, there were a limited
number of highly resistant lines generated (Table 1). Fourth,
the truncated version of the 6/21 ORF was largely ineffectual
in generating TEV resistant germplasm (Tables 1 and 2). Fi-
nally, there were a few lines that displayed a nonuniform re-
sponse to TEV infection. Of the initial 122 DH lines exam-
ined, 52 were selected (with a bias in selecting resistance
phenotypes) to be studied in greater detail. These lines are
listed in Table 2.

Phenotypic analysis of the selected 6/21 DH
transgenic lines.

The DH lines underwent an extensive challenge inoculation
test with different isolates of TEV and PVY-nn, a PVY isolate
that induces veinal necrosis on tobacco. Results of inocula-
tion studies using the not-aphid transmitted isolate of TEV
(TEV-NAT) are described in Table 1 and summarized in Table
2. A limited number of lines, such as TB-6/21T6.2, TK-
6/21T22.1, and TK-6/21U23.2 displayed a high level of resis-
tance to TEV replication. Virus-induced symptoms were
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Fig. 1. A schematic representation of tobacco etch virus (TEV) genome and nonstructural transgenes. The TEV genome is presented at the top and vari-
ous coding regions are labeled. The TEV genome is presented as a long rectangular box with thin lines at the 5” and 3” ends representing the untranslated
regions. The genome-linked viral protein (VPg) () and polyadenylate region (poly A) are labeled. At the top of the drawing, the gene products that
constitute the various inclusion bodies produced during infection are labeled; Al, amorphous inclusion; CI, cytoplasmic cylindrical inclusion body, Nla
and NIb, nuclear inclusion body proteins. Above the viral genome various gene products are labeled; P1, protein 1; HC-Pro, helper component-
proteinase; P3, protein 3; CP, capsid protein. Below the viral genome, the different functions or activities associated with the various gene products are
presented. Proteinase (Pro), helicase (Hel), putative replicase (Rep) activity, VPg, and proteins that participate in various movement activities are shown.
An internal genome segment (above the bracket) coding for the 6- and 21-kDa proteins was copied into cDNA, ligated into a binary vector system, and
introduced into plants using an Agrobacterium transformation procedure. The relevant portions of the inserted DNA containing TEV sequences are pre-
sented in the box at the bottom of the figure. Each virus-derived transgene has an enhanced version of the cauliflower mosaic virus (CaMV) 358 pro-
moter (in bold) and 5” and 3" untranslated sequences (UTS)[ ] also derived from the CaMV genome. The TEV 6- and 21-kDa (6/21) ORFs were inserted
just downstream of the 5° CaMV UTS. Two complete versions were expressed: a translatable and an untranslatable version of the TEV sequences. Two
nucleotide differences (in bold) and the resulting 3 stop codons (underlined) differentiate the translatable transgene (6/21T) from the untranslatable ver-
sion (6/21U). Taking advantage of an internal BamHI restriction endonuclease site, the N-terminal 103 codons were deleted to generate a transgene
(6/21AN) that could encode the C-terminal 113 amino acids of the 21-kDa protein. Transgenic line nomenclature is as follows: TK or TB indicates the
variety of tobacco transformed (TK = Nicotiana tabacum cv. K326; TB = Nicotiana tabacum cv. Burley 49); 6/21T, 6/21U or 6/21AN describes the
transgene being expressed; the XX indicates the specific transgenic line number.
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after back inoculation to N. tabacum cv. Burley 21. A high
percentage of lines showed the recovery phenotype when in-
oculated with TEV. The asymptomatic recovered tissue could
not be reinfected with TEV but could be infected with PVY
(data not shown). We noticed a distinct difference in the time
frame required for recovery to be manifested. Many lines
showed complete recovery 7 to 10 days after a systemic in-
fection was manifested; in others, recovery was noted only
after 28 to 35 days and just prior to flowering. A number of
lines were susceptible but showed altered symptoms when
inoculated with TEV. Instead of a typical systemic mosaic,
symptoms ranged from minor chlorotic vein banding to the
appearance of many large (1 cm in diameter) chlorotic spots
on a leaf (blotchy). Finally, in a limited number of lines,
plants within a single line displayed responses ranging from
susceptibility to slow recovery or recovery to the highly resis-
tant state. These lines were DH and homozygous for the
transgene(s). Line TB-6/21U1.3 displayed this phenotype.
When a population of plants within this line was examined,
plants with a highly resistant and a recovery phenotype were
observed.

There was no difference in resistance when TEV-HAT or
TEV-Oxnard strains were used as inoculum. All 52 of the se-
lected 6/21 DH transgenic lines were susceptible to PVY in-
fection.

Biochemical analysis of selected transgenic lines.

We next determined if the expected transgene-derived
RNAs and/or protein were being expressed in the various
transgenic lines. Northern blot hybridizations were conducted

Table 1. Response of tobacco germplasm expressing a tobacco etch vi-
rus (TEV) 6/21 transgene to infection with TEV

Disease reaction®

Highly Non-

Genotype® Susceptible Altered Recovery resistant  uniform

TB-6/21T 5 1 7 1 2
XX

TK-6/21T 14 0 13 1 1
XX

TB-6/21U 4 2 2 0 1
XX

TK6/21 U 7 0 11 1 1
XX

TB-6/21 11 2 0 0 0
AN XX

TK-6/21 33 1 1 0 0
AN XX

a The nomenclature followed for the genotypes examined is explained in
Figure 1.

® The reaction of the 6/21 transgenic plants to infection by TEV was
grouped into one of five different responses. Susceptible: Plants be-
came infected and displayed wild type, TEV-induced symptoms 4 to 6
days after inoculation. Altered: Plants became infected with TEV but
showed symptoms not typically associated with TEV infection of bur-
ley or flue-cured tobacco. These included pronounced vein banding,
mild mosaic, or large chlorotic spots (blotchy) up to a centimeter in
diameter. Recovery: Plants initially became infected but as new leaves
emerged virus-induced symptoms and virus were restricted to inter-
veinal areas. Eventually a leaf emerged that was free of symptoms and
virus. All subsequent tissue that developed was free of virus. Highly
resistant: Transgenic plants could not be infected with TEV and dis-
played no symptoms. Nonuniform: A line that did not display a homo-
geneous symptom response after TEV inoculation.
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with total RNA samples extracted from leaf tissue from dif-
ferent transgenic lines. Representative hybridization gel blots
are shown in Figure 2. The expected transcript was detected
in most lines. Lines containing the 6/21T and 6/21U trans-
genes had an RNA with an estimated molecular size of 1,000
nt (Fig. 2), while plants expressing the 6/21AN transgene had
a smaller transgene-derived transcript (600 nt, Fig. 2C).
Varying levels of transcripts were detected in the different un-
challenged lines, although the three highly resistant lines

Table 2. Summary of selected 6/21 transgenic lines

Haploid trans-
formant Doubled haploid transformant
Transgenic lines  Phenotype Phenotype RNA level
6/21T
TB-6/21T5.1 Recovery Recovery High
TB-6/21T5.2 Recovery Recovery High
TB-6/21T5.3 Recovery Slow recovery ~ High
TB-6/21T5.5 Susceptible Recovery High
TB-6/21T6.1 Symptomless Recovery High
TB-6/21T6.2 Symptomless Highly resistant Low
TK-6/21T5.7 Symptomless Recovery High
TK-6/21T6.1 Susceptible Susceptible Not detected
TK-6/21T8.1 Susceptible Recovery High
TK-6/21T8.2 Symptomless Recovery High
TK-6/21T8.3 Symptomless Slow recovery Low
TK-6/21T10.1  Symptomless Recovery High
TK-6/21T11.1  Symptomless Susceptible Not detected
TK-6/21T21.1  Recovery Recovery High
TK-6/21T21.2  Susceptible Recovery High
TK-6/21T22.1  Susceptible Highly resistant Low
TK-6/21T22.4  Susceptible Susceptible Low
TK-6/21T23.2  Susceptible Susceptible High
6/21U
TB-6/21U1.1 Susceptible Susceptible Low
TB-6/21U1.2 Recovery Recovery High
TB-6/21U1.3 Susceptible Nonuniform Low
TB-6/21U1.4 Susceptible Susceptible Moderate
TB-6/21U2.1 Symptomless Altered Moderate
TB-6/21U3.1 Recovery Slow recovery ~ High
TB-6/21U4.2 Symptomless Recovery High
TK-6/21U1.1 Symptomless Recovery High
TK-6/21U1.3 Susceptible Recovery High
TK-6/21U2.5 Susceptible Susceptible Not detected
TK-6/21U21.1  Symptomless Recovery Low
TK-6/21U21.2  Susceptible Recovery High
TK-6/21U22.1  Symptomless Recovery Moderate
TK-6/21U22.2  Symptomless Recovery High
TK-6/21U22.3  Symptomless Recovery High
TK-6/21U22.4  Altered Susceptible Low
TK-6/21U23.1  Symptomless Susceptible Low
TK-6/21U23.2  Symptomless Highly resistant Low
TK-6/21U25.2  Susceptible Recovery High
TK-6/21U25.5  Susceptible Susceptible Not detected
TK-6/21U26.1  Susceptible Susceptible Low
TK-6/21U26.2  Altered Susceptible Moderate
TK-6/21U26.3  Symptomless Recovery High
6/21AN
TB-6/21AN1.1  Symptomless Susceptible Low
TB-6/21AN1.3  Susceptible Slow recovery ~ Low
TB-6/21AN2.2  Susceptible Slow recovery ~ Moderate
TB-6/21AN3.2  Susceptible Susceptible Moderate
TB-6/21AN8.1  Susceptible Susceptible Low
TK-6/21AN3.1  Susceptible Susceptible Moderate
TK-6/21AN4.2  Susceptible Susceptible Low
TK-6/21AN8.5  Susceptible Susceptible Very low
TK-6/21AN11.3  Susceptible Slow recovery Moderate
TK-6/21AN23.3 Symptomless Altered High
TK-6/21AN23.4  Susceptible Susceptible Low
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Fig. 2. Northern gel blot analyses of the steady-state levels of 6/21
transgene transcripts. Total RNA was isolated from leaf tissue of 6/21
doubled-haploid (DH) transgenic lines. The RNA (5 pg) was dena-
tured andelectrophoretically separated in 1.2% agarose gels contain-
ing formaldehyde. The RNA was transferred to nitrocellulose and the
blot was hybridized with ?P-labeled RNA complementary to the TEV
6 and 21-kDa ORFs. Pictures of autoradiograms are presented. A and
B, RNA from transgenic plants that have a resistant phenotype; C,
RNA from susceptible plants. Molecular size markers were used to
estimate transcript size (1,000 and 600 nt), shown on the left of each
panel. The plant phenotype is presented beneath the figure as either
unchallenged (U), recovery (R), or highly resistant (HR). A, Total
RNA from leaf tissue of unchallenged plants and an inoculated sibling
showing either a recovery or highly resistant phenotype. The follow-
ing plants were used in this study: Lanes 1 and 12, untransformed N.
tabacum cv. Burley 49; lanes 2 and 3, TB-6/21T5.1; lanes 4 and 5,
TB-6/21T6.1; lanes 6 and 7, TB-6/21T6.2; lanes 8 and 9, TK-
6/21T21.1; lanes 10 and 11, TK-6/21T21.2. B, Total RNA from un-
challenged plants and their inoculated sibling showing either a recov-
ery or highly resistant phenotype. The following plants were analyzed
in this study: lane 1, untransformed N. tabacum cv. Burley 49, lanes 2
and 3, TK-6/21T22.1; lanes 4 and 5, TB-6/21U1.2; lanes 6 and 7, TK-
6/21U4.2; lanes 8, 9, and 10, TB-6/21U1.3; lanes 11 and 12, TK-
6/21U1.1; lanes 13 and 14, TK-6/21U25.2. C, Total RNA from vari-
ous 6/21 transgenic plants that are susceptible to TEV infection. Upon
infection with TEV, these transgenic lines display altered or wild-type
TEV-induced symptoms. Plants used in this analysis were uninocu-
lated and were: lane 1, TK-6/21T6.1; lane 2, TK-6/21T11.1; lane 3,
TK-6/21T22.4; lane 4, TB-6/21U1.1; lane 5, TB-6/21U1.4; lane 6,
TB-6/21U2.1; lane 7, TK-6/21U2.5; lane 8, TK-6/21U22.4; lane 9,
TK-6/21U23.1; lane 10, TB-6/21AN1.1; lane 11, TB-6/21ANS&.1; lane
12, TK-6/21AN4.2; lane 13, TK-6/21AN8.5; lane 14, TK-6/21AN11.3;
lane 15, TK-6/21AN23.4; lane 16, untransformed N. rabacum cv.
Burley 49.

always had low steady-state levels of the transcript. A few
lines did not have detectable levels of the transgene transcript
(Fig. 2C, lanes 1 to 3 and 13). An examination of genomic
DNA of many of these lines revealed multiple copies of the
6/21 transgene were present (data not shown). These lines
were always susceptible to TEV infection. The relative
steady-state levels of the transgene-derived (ranscript are
summarized in Table 2.

We examined a number of the 6/21T and 6/21AN trans-
genic lines for the presence of the expected translation prod-
uct. Translation of the 6/21 ORFs should result in the accu-
mulation of a ~28-kDa protein detectable with antiserum
raised against the TEV nuclear inclusion a (NTa) polyprotein.
A cocktail of monoclonal antibodies (Slade et al. 1989) that
reacted with epitopes present in the N-terminal half of the
TEV Nla polyprotein was used in this study. In nearly all
transgenic plants expressing the 6/21T transgene, a protein
with a molecular weight of ~28 kDa could be readily detected
in Western blot studies (Fig. 3). However, no protein was de-
tected in the two highly resistant lines that expressed the
6/21T transgene. The analysis of one of these lines (TK-
6/21T22.1) in a Western gel blot is shown in Figure 3 (lanes 5
and 6). These lines also have low steady-state levels of trans-
gene transcript (Figs. 2A and B).

An immunoreactive protein was never detected in trans-
genic plants expressing the 6/21U or 6/21AN transgenes (data
not shown). These results were confirmed in ELISA analysis
(Martin and Converse 1990) of selected lines.

Characteristics of plants with the recovery phenotype.

The most common virus resistance phenotype encountered
was the recovery phenotype. Plants initially became infected
and displayed typical TEV-induced symptoms. Protein and
RNA steady-state levels were assessed in unchallenged and
recovered leaf tissue of the same transgenic line. The trans-
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Fig. 3. Western gel blot analysis of 6/21T transgenic lines. Total pro-
tein samples were made from leaf tissue of various plants containing
the 6/21T transgene. Proteins were separated by electrophoresis in a
12.5% polyacrylamide gel containing sodium dodecyl sulfate and
electroblotted to nitrocellulose. The TEV6/21 polyprotein was de-
tected using a cocktail of monoclonal antibodies specific for the 21-
kDa TEV protein. The arrow on the left indicates the estimated posi-
tion in the gel an ~28-kDa protein should migrate. Lane 1, 1 pg of a
TEV nuclear inclusion preparation; lane 2, N. tabacum cv. Burley 49;
lanes 3 and 4, unchallenged and recovered tissue from TK-6/21T21.1;
lanes 5 and 6, unchallenged and highly resistant tissue from TK-
6/21T22.1; lanes 7 and 8, unchallenged and recovered tissue from
TK-6/21T21.2; lane 9, N. tabacum cv. Burley 49.
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gene transcript always accumulated to readily detectable lev-
els in unchallenged plants containing either the 6/21T or
6/21U transgene. However, transgene-derived transcript levels
decreased 5- to 20-fold in tissue of the same plant line dis-
playing the recovery phenotype (Fig. 2A and B). Lines ex-
pressing the 6/21T transgene and displaying the recovery
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Fig. 4. Analysis of RNA steady-state levels and transgene transcription
rates of selected 6/21 transgenic lines. Four tissue samples from three
different 6/21 transgenic lines were examined in this study; leaf tissue
from both an unchallenged (U) plant and a plant showing the recovery
phenotype (R) from line TK-6/21T21.1; highly resistant leaf tissue from
line TK-6/21T22.1 and unchallenged leaf tissue from the susceptible
line TK-6/21T23.2. A, Total RNA was isolated from leaf tissue of three
transgenic lines, separated on a 1.2% agarose gel containing formalde-
hyde, blotted to nitrocellulose, and hybridized with a 32p_labeled TEV
specific probe. Lanes 1 and 2, unchallenged and recovered tissue of TK-
6/21T21.1; lane 3, highly resistant TK-6/21T22.1; and lane 4, suscepti-
ble TK-6/21T23.2. B, Nuclei were isolated from leaf tissue of the lines
used in A and nuclear run-on studies were conducted to assess transgene
transcription rates. The *?P-labeled RNAs synthesized were hybridized
to nitrocellulose membrane containing dot blots of DNA (5 pg) of the
following genes contained in plasmids: TEV 6/21-kDa ORFs, pUCL19,
cyclophilin, actin, ubiquitin, and neomycin phosphotransferase (npt II).
An autoradiogram of a typical experiment is presented. C, The nitrocel-
lulose membranes with DNA and hybridized *?P transcripts of nuclear
run on reactions were analyzed in a phosphorimager. The level of 6/21
transgene transcription was compared between nuclei source by first
normalizing transcription rates between lines using control gene levels.
Based on these normalizations, relative TEV 6/21 transgene transcrip-
tion levels were calculated and are presented as rate of transcription
relative to line TK-6/21T23.2 which shows a TEV susceptible pheno-

type.
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phenotype also showed a significant decrease in 6/21-kDa
polyprotein levels when samples from unchallenged and re-
covered leaf tissue were compared. This can be seen in the
Western gel blot of unchallenged and recovered tissue pre-
sented in Figure 3 (lanes 3 and 4; 7 and 8).

The decrease in the steady-state level of the transgene
products (RNA and protein) in leaf tissue displaying the re-
covery phenotype was not the result of altered transcription
rates of the transgene. This was determined in nuclear run-on
studies. Nuclei from unchallenged and recovered leaf tissue
of line TK-6/21T21.1 indicated a similar level of transgene
transcription, while a ninefold difference in RNA steady-state
level was exhibited (Fig. 4).

Nuclear run-on studies were also conducted with lines that
showed a highly resistant phenotype (TK-6/21T22.1) and a
susceptible phenotype (TK-6/21T23.2). Transgene transcrip-
tion rates from nuclei isolated from plants with the highly re-
sistant phenotype were approximately three- to fourfold
higher than the susceptible line. Conversely, the susceptible
line had RNA steady-state levels estimated to be ~5-fold
higher than the highly resistant line. These results are pre-
sented in Figure 4.

DISCUSSION

This study was undertaken to assess whether transgene ex-
pression of a region of the potyvirus genome, other than the
coat protein, could establish RNA-mediated virus resistance.
The complete 6/21 ORFs were effective regardless of whether
the transgene generated a translatable or untranslatable
mRNA transcript. This was in contrast to our previous studies
with different transgenes expressing potyviral coat protein
sequences (Lindbo and Dougherty 1992; Smith et al. 1994).
In these coat protein studies, the untranslatable version of the
coat protein ORF elicited the highly resistant phenotype at a
greater frequency. Transgenes containing TEV 6/21-kDa ORF
sequences in the antisense orientation or lacking the TEV
6/21-kDa ORF sequences were not analyzed in this study; in
our past studies with TEV and PVY, antisense sequences
were largely ineffectual (Lindbo and Dougherty 1992; Smith
et al. 1994). Two general types of resistance were observed;
the highly resistant phenotype, a form of resistance that is
‘on’, and the recovery phenotype, an inducible form of the
resistance. The highly resistant phenotype has been observed
with plants expressing translatable and untranslatable coat
protein sequences of TEV (Lindbo and Dougherty 1992;
Dougherty et al. 1994) and PVY (Smith et al. 1994). The re-
covery phenotype has been reported for TEV (Lindbo and
Dougherty 1992; Lindbo et al. 1993) and peanut stripe poty-
virus (Cassidy and Nelson 1995). Both forms of resistance
had biochemical hallmarks of RNA-mediated resistance.
Highly resistant plants have transgenes that are transcribed at
‘high’ rates, but accumulate steady-state levels of the trans-
gene products at a reduced or ‘low’ level. Induction of resis-
tance, manifested as a recovery phenotype, correlated with a
decrease in RNA (and protein) steady-state levels without a
concomitant decrease in transgene transcription. A cytoplas-
mic host system that would recognize specific overexpressed
RNA sequences and eliminate them has been proposed to ac-
count for the resistant state (Lindbo et al. 1993; Dougherty et
al. 1994).



Other potyviral nonstructural protein gene sequences have
been expressed from transgenes, resulting in resistant plant
phenotypes. The Nla polyprotein of tobacco vein mottling
virus (Maiti et al. 1993) and PVY (Vardi et al. 1993) has been
expressed and a limited number of plants displayed some
level of resistance. Audy and colleagues (1994) have also ex-
pressed the NIb protein of PVY. This protein has the se-
quence characteristics associated with replicases of RNA vi-
ruses. Lines expressing a complete NIb were shown to be re-
sistant to PVY, while resistance was lost or decreased in lines
with specific mutations or with truncated versions of the NIb
ORF. The authors suggest from their data that a functional
NIb protein is important in establishing the resistant state.

The 6/21 series of transgenic plants is part of a larger on-
going study to assess the effect of different viral sequences
expressed alone or together. A series of plants expressing the
NIa ORF (21 + 27-kDa OREFs; see Fig. 1) or the 3'-terminal
half of the NIa (27-kDa ORF) have also been constructed and
are being examined. Preliminary data suggest plants express-
ing the NIa ORF elicit the highly resistant state more fre-
quently than the 6/21 ORF or the 27-kDa ORF alone (L.
Silva-Rosales and W. G. Dougherty, unpublished). Addi-
tionally, the 6/21AN plants, which only contain ~60% of the
6/21 transgene sequence, were largely ineffectual at eliciting
a resistance phenotype. The straightforward interpretation of
this result is that the size of the transgene RNA is crucial in
establishing the resistance response. However, we cannot rule
out that there may also be nucleotide sequences or secondary
structures which are ‘more effective’ at eliciting the response.
It is likely that both aspects will contribute. Therefore, we
conclude any viral ORF likely has the potential to elicit an
RNA-mediated resistance response, but size and nucleotide
sequence will affect the frequency at which it is established.

Transgene copy number also appears to be critical in elicit-
ing RNA-mediated resistance and observations from this
study form a corollary with previous studies. We have previ-
ously noticed that susceptible transgenic germplasm fre-
quently has either one to two or many (>5) copies of the
transgene (Smith et al. 1995; Dougherty et al. 1994). We sug-
gest there is a level of transcript accumulation, with lower and
upper limits, that must be attained to activate the post-
transcriptional, cytoplasmic system responsible for sense
RNA-mediated virus resistance. Lines containing one trans-
gene copy, in general, appear unable to attain a sufficiently
high level of transcripts in the cytoplasm, thus the lower
threshold level is not reached and the cytoplasmic degrada-
tion system is not triggered. Lines expressing many copies
likely exceed an upper limit and the cytoplasmic system can-
not effectively regulate transcript level. Control of these
transgenes would be relegated to a nuclear process and pos-
sibly a gene silencing strategy (reviews, Matzke and Matzke
1995a,b). Resistance phenotype changes following chromo-
some doubling may also be suggestive of critical transgene
copy number. In haploid lines exhibiting resistance, the cyto-
plasmic system is activated. However, doubling the chromo-
somes (and the effective transgene copy number) results in
the upper transcript threshold level being exceeded. At this
point, a nuclear regulatory mechanism is engaged and these
transgenes are transcriptionally inactivated. Hence, resistance
is lost and a very low to undetectable steady-state level of the
transgene transcript is observed. In lines where the haploid

plant was susceptible but the DH derivative was highly resis-
tant, we suggest the necessary level of transcription was
achieved during chromosome doubling to activate the post-
transcriptional process. Cytoplasmic and nuclear regulatory
systems that control mRNA levels have been hypothesized for
plants (review, Sullivan and Green 1993), but how these proc-
esses operate mechanistically and are coordinately regulated
remains an interesting question with an elusive answer.

Our understanding of sense RNA-mediated resistance is
approaching a level where it should be possible to design a
transgene that will have increased efficacy at establishing the
resistant state and will decrease the perceived risk to the envi-
ronment (Rissler and Mellon 1993; Falk and Bruening 1994).
What should be the characteristics of the ‘ideal’ viral resis-
tance transgene?

A virus resistance transgene cannot adversely affect agro-
nomic characteristics of the target crop. Expressing potyviral
sequences affected the agronomic properties of transgenic to-
bacco (Whitty et al. 1994) and appeared to do so in a transgene
dependent manner. These effects must be negated or minimized.

Additionally, transgenes that confer virus resistance should
be designed to minimize possible interactions with other vi-
ruses. A number of possible virus/transgene interactions have
been suggested that might pose environmental concerns
(deZoeten 1991; Tepfer 1993). Some of these have been
documented to occur (Farinelli et al. 1992; Green and Allison
1994). A transgene that codes for an untranslatable mRNA
has significant advantages over transgenes that express a
translatable mRNA and make a protein. With no viral protein
present in the cell, the possible complementation of naturally
occurring viral mutants and transencapsidation of other vi-
ruses are eliminated. Transgenes expressing an untranslatable
RNA still produce an RNA species that could undergo re-
combination with a viral genome. However, by crafting a
transgene with various safeguards it should be possible to ne-
gate this scenario also.

Viral sequences that are most effective at establishing resis-
tance should be used. Preestablishing the highly resistant
state and preventing virus replication is preferred to permit-
ting virus replication followed by inducing the resistance.
Such a scenario would decrease the chance of selecting for a
mutant or recombination event that results in a virus that
overcomes the resistance. A chimeric transgene, consisting of
various segments of the viral genome that are most effective
at establishing the resistant state would be preferred along
with the insertion of stop codons throughout this sequence.
The chimeric nature of the gene and the stop codons would
help to ensure that any recombination event that did occur
would not result in the formation of a viable virus. Addi-
tionally, the chimeric nature of the gene would provide mul-
tiple virus sequences to target.

Finally, concerns have also been expressed about the trans-
fer of transgenes to weed species (Rissler and Mellon 1993;
Regal 1994) and the increased competitive nature this might
confer. Understanding the transgene requirement (i.e., copy
number, promoter strength, chromosome location, etc.)
needed to activate the process should identify homozygous
transgene configurations and dosages that in the heterozygous
(outbred) state no longer activate resistance. Strategies and
technologies currently exist that should permit the safe and
efficacious deployment of transgenic virus resistance.
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MATERIALS AND METHODS

Construction of transgenes.

Transgenes were derived from cDNA of the TEV genome
contained in the plasmid pTL-5473 (Carrington and
Dougherty 1987) using specific primers and the polymerase
chain reaction. The sequence for the translatable version of
the 6- and 21-kDa TEV ORFs (6/21 kDa) was amplified. The
6-kDa protein has been speculated to have a membrane-
binding domain and to serve a role in associating the viral
replication complex to the plasma membrane. The 21-kDa
protein is the genome-linked protein (VPg) covalently at-
tached to the 5° terminal nucleotide of the viral genome. The
coding sequence for these two proteins was similar to the
original TEV sequence with two exceptions. The N-terminal
serine codon was replaced with methionine-alanine codons
and the C-terminal glutamine codon was replaced with a stop
codon. The untranslatable version of the 6/21-kDa ORFs was
generated by site-directed mutagenesis, wherein two nucleo-
tide changes downstream of the initiation codon were made; a
thymidine was inserted and a cytidine was changed to a
thymidine. These two changes resulted in the generation of
three stop codons downstream of the initiation codon.

The cDNAs of the translatable and untranslatable versions
of the 6/21 ORF were partially digested with the restriction
enzyme BamHI, DNA fragments were isolated from a gel,
and ligated into the plasmid pPEV-6 (Lindbo and Dougherty
1992). The TEV sequence used to generate the 6/21AN trans-
gene was obtained by a complete BamHI digest of the 6/21T
coding sequence. There is an internal BamHI site in the 21-
kDa ORF which is located at nucleotides 5917 to 5923 of the
TEV genomic sequence (Allison et al. 1986). All three 6/21-
related sequences in pPEV-6 were introduced into Agrobac-
terium tumefaciens by triparental mating (Ditta et al. 1980).

Construction of transgenic plants.

Haploid leaf tissue of tobacco cultivars Burley 49 (B49)
and K326 was transformed by Agrobacterium-mediated leaf
disk transformation (Smith et al. 1994). Regenerated 6/21
transgenic plants were predominantly (>95%) haploid and
sterile. Doubled haploid plantlets were regenerated from
haploid midvein cultures, as in Smith et al. (1994). More than
75% of these midvein-regenerated plants possessed the nor-
mal, diploid (2N = 48) chromosome complement, were fer-
tile, and produced viable seed.

Whole plant inoculation experiments.

Plant leaves were lightly dusted with Carborundum and vi-
rus inoculum (50 to 100 pl) was applied with a cotton swab.
Virus inoculum was a 1:10 dilution (w/v) of virus-infected
plant tissue in deionized distilled water. Plants were typically
observed for 30 to 45 days.

Analysis of RNA in transgenic plants.

Total RNA was isolated from transgenic plants by LiCl
precipitation (Verwoerd et al. 1989). Denaturing RNA gels
and RNA gel blotting were as described by Lindbo and
Dougherty (1992). Gel blots were hybridized with strand-
specific ’P-labeled RNA probes generated from SP6/T7-
based cell-free transcription reactions of a plasmid containing
a cDNA copy of the 6- and 21-kDa ORFs.
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Nuclear run-on assays.

Isolation of nuclei from transgenic plant tissue, in vitro la-
beling of run-on transcripts, and blot hybridization were as
described by Smith et al. (1994).

Western blot analysis.

Primary antibodies used to detect transgene-derived 6/21
proteins consisted of a cocktail of monoclonal antibodies
4901, 4902, 4904, 4906, 4907, and 4910 (Slade et al. 1989).
All of these antibodies react with epitopes in the N-terminal
half of the Nla protein (= 21-kDa protein). The cocktail was
preadsorbed with partially purified B49 leaf proteins for 16 h
at room temperature. The precipitate was removed by cen-
trifugation, and the serum used at a 1:2,500 dilution to detect
proteins as in the protein gel analysis procedure described for
TEV coat protein (Lindbo and Dougherty 1992).

ACKNOWLEDGMENTS

Research in our laboratory was supported by grants from the U.S.
Department of Agriculture NRGI Program and the Oregon-
Massachusetts Biotechnology Partnership. This is Oregon Agricultural
Experiment Station technical paper number 10,753.

LITERATURE CITED

Allison, R. F, Johnston, R. E., and Dougherty, W. G. 1986. The nucleo-
tide sequence of the coding region of the tobacco etch virus genomic
RNA: Evidence for the synthesis of a single polyprotein. Virology
154:9-20.

Audy, P, Palukaitis, P, Slack, S. A., and Zaitlin, M. 1994, Replicase-
mediated resistance to potato virus Y in transgenic tobacco plants.
Mol. Plant-Microbe Interact. 7:15-22.

Carrington, J. C., and Dougherty, W. G. 1987. Small nuclear inclusion
protein encoded by a plant potyvirus genome is a protease. J. Virol.
61:2540-2548.

Cassidy, B. G., and Nelson, R. S. 1995. Differences in protection pheno-
types in tobacco plants expressing coat protein genes from peanut
stripe potyvirus with or without an engineered ATG. Mol. Plant-
Microbe Interact. 8:in press.

Converse, R. H., and Martin, R. R. 1990. ELISA methods for plant vi-
ruses. Pages 179-196 in: Serological Methods for Detection and Iden-
tification of Viral and Bacterial Plant Pathogens. R. Hampton, E. Ball,
and S. de Boer, eds. American Phytopathological Society, St. Paul,
MN.

de Zoeten, G. 1991. Risk assessment: Do we let history repeat itself?
Phytopathology 81:585-586.

Ditta, G., Stanfield, S., Corbin, D., and Helinski, D. R. 1980. Broad host
range DNA cloning system for Gram-negative bacteria: Construction
of a gene bank of Rhizobium meliloti. Proc. Natl. Acad. Sci. USA
77:7347-7351.

Dolja, V. V,, Haldeman, R., Robertson, N. L., Dougherty, W. G., and
Carrington, J. C. 1994. Distinct functions of capsid protein in assem-
bly and movement of tobacco etch potyvirus in plants, EMBO .
13:1482-1491.

Dougherty, W. G., Lindbo, J. L., Smith, H. A., Parks, T. D., Swaney, S.,
and Proebsting, W. M. 1994. RNA-mediated virus resistance in trans-
genic plants: Exploitation of a cellular pathway possibly involved in
RNA degradation. Mol. Plant-Microbe Interact. 7:544-552.

Falk, B. W,, and Bruening, G. 1994. Will transgenic crops generate new
viruses and new diseases? Science 263:1395-1396.

Farinelli, L., Malnog, P., and Collet, G. F. 1992. Heterologous encapsi-
dation of potato virus Y strain O (PVY®) with the transgenic coat
protein of PVY strain N (PVY™) in Solanum tuberosum cv. Bintje.
Bio/Technology 10:1020-102.

Green, A. E,, and Allison, R. F. 1994. Recombination between viral
RNA and transgenic plant transcripts. Science 263:1423-1425.

Herskowitz, 1. 1987. Functional inactivation of a gene by dominant
negative mutations. Nature 329:219-222.



Holt, C. A., and Beachy, R. N. 1991. In vivo complementation of infec-
tious transcripts from mutant tobacco mosaic virus ¢cDNAs in trans-
genic plants. Virology 181:109-117.

Li, X. H., and Carrington, J. C. 1995. Complementation of tobacco etch
potyvirus mutants by active RNA polymerase expressed in transgenic
cells. Proc. Natl. Acad. Sci. USA 92:457-461.

Lindbo, J. L., and Dougherty, W. G. 1992, Pathogen-derived resistance
to a potyvirus: Immune and resistance phenotypes in transgenic to-
bacco expressing altered forms of a potyvirus coat protein nucleotide
sequence. Mol. Plant-Microbe Interact. 5:144-153.

Lindbo, J. L., Silva-Rosales, L., Proebsting, W. M., and Dougherty, W.
G. 1993. Induction of a highly specific antiviral state in transgenic
plants: Implications for regulation of gene expression and virus resis-
tance. Plant Cell 5:1749-1759.

Maiti, I. B., Murphy, J. F, Shaw, J. G., and Hunt, A. G. 1993. Plants that
express a potyvirus proteinase gene are resistant to virus infection.
Proc. Natl. Acad. Sci. USA 90:6110-6114.

Matzke, M. A., and Matzke, A. J. M. 1995a. Homology-dependent gene
silencing in transgenic plants: What does it really tell us? Trends
Genet. 11:1-3.

Matzke, M. A., and Matzke, A. J. M. 1995b. How and why do plants
inactivate homologous transgenes? Plant Physiol 107:679-685.

Regal, P. J. 1994. Scientific principles for ecological based risk assess-
ment of transgenic organisms. Mol. Ecol. 3:5-13.

Rissler, J., and Mellon, M. 1993. Perils Amidst the Promise: Ecological
Risks of Transgenic Crops in a Global Market. Union of Concerned
Scientists, Washington, DC. 92 pp.

Sanford, J. C., and Johnston, S. A. 1985. The concept of pathogen de-
rived resistance: Deriving resistance genes from the parasite’s own
genome. J. Theor. Biol. 113:395-405.

Scholthof, K.-B. G., Scholthof, H. B., and Jackson, A. O. 1993. Control
of plant virus diseases by pathogen-derived resistance in transgenic

plants. Plant Physiol. 102:7-12.

Slade, D. E., Johnston, R. E., and Dougherty, W. G. 1989. Generation
and characterization of monoclonal antibodies reactive with the 49-
kDa proteinase of Tobacco Etch virus. Virology 173:499-508.

Smith, H. A., Swaney, S. L., Parks, T. D,, Wernsman, E. A., and
Dougherty, W. G. 1994. Transgenic plant virus resistance mediated by
untranslatable sense RNAs: Expression, regulation, and fate of nones-
sential RNAs. Plant Cell 6:1441-1453.

Smith, H. A., Powers, H., Swaney, S., Brown, C., and Dougherty, W. G.
1995. Transgenic potato virus Y resistance in potato: Evidence for an
RNA-mediated cellular response. Phytopathology 85:864-870.

Szybalski, W. 1991. Protection of plants against viral disease by cloned
viral genes and antigens: An editorial. Gene 107:177-179.

Sullivan, M. L., and Green, P. J. 1993, Post-transcriptional regulation of
nuclear-encoded genes in higher plants: The roles of mRNA stability
and translation. Plant Mol. Biol. 23:1091-1104.

Tepfer, M. 1993. Viral genes and transgenic plants: What are the poten-
tial environmental risks. Bio/Technology 11:1125-1130.

Vardi, E., Sela, I, Edelbaum, O., Livneh, O., Kuzentsova, L., and Stram,
Y. 1993. Plants transformed with a cistron of a potato virus Y protease
(Nla) are resistant to virus infection. Proc. Natl. Acad. Sci. USA
90:7513-7517.

Verwoerd, T. C., Deker, B. M. M., and Hoekema, A. 1989. A small scale
procedure for the rapid isolation of plant RNAs. Nucleic Acids Res.
17:2362.

Whitty, E. B., Hill, R. A,, Christie, R., Young, J. B., Lindbo, J. A., and
Dougherty, W. G. 1994. Field assessment of virus resistance in trans-
genic Nicotiana tabacum cv. burley 49 plants expressing tobacco etch
virus sequences. Tobacco Sci. 38:30-34.

Wilson, T. M. A. 1993. Strategies to protect crop plants against viruses:
pathogen derived resistance blossoms. Proc. Natl. Acad. Sci. USA
90:3134-3141.

Vol. 8, No. 6, 1995 / 1011



