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Abstract Coat protein-mediated resistance (CPMR), re-
sistance conferred asaresult of the expression of viral coat
proteins in transgenic plants, has been illustrated to be an
effective way of protecting plants against several plant
viruses. Nonetheless, consistent protection has not been
achieved for transgenic plants expressing the coat protein
of potato virus Y (PVY), the type member of the potyvi-
rus family. In this report, three different potato cultivars
were transformed with a chimeric construct consisting of
the capsid protein (CP) coding sequences of PVY flanked
by the AUG codon and the translational enhancer from the
coat protein gene of potato virus X (PV X). These cultivars
were shown to express high levels of PVY CP and confer
ahigh degree of protection against PVY° and PVY" under
both greenhouse and field conditions. In addition, trans-
genic plants infected with potato virus A (PVA), arelated
potyvirus, exhibited a delay in virus accumulation, which
could be easily overcome with increasing virus concentra-
tions.
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Introduction

Potyviruses belong to one of the largest plant virus groups
and are of considerable economic importance (Robaglia
et al. 1989; Riechmann, 1992). The necrotic strain of
potato virus Y (PVYN), the type member of the poty-
viruses, has been responsiblefor substantial damageto the
potato industry in North America over the past few years
(McDonald and Kristjannson 1993). Coat protein-medi-
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ated resistance (CPMR) has been established as an effec-
tivemeansof protection against viral infection and the pre-
vention of crop loss (for review, see Beachy et al. 1990).
A number of groups have used thistechnology to generate
transgenic plants which express the coat protein of PVYN,
aswell asother potyviral coat protein genes. However, un-
like transgenic plant systems previously studied which ex-
press other viral coat proteins, it appears that the level of
potyviral capsid protein (CP) which accumulates in these
transgenic plants bears no relation to the degree of protec-
tion that these plants exhibit against infection with similar
or related viruses (Lawson et al. 1990; Van der Vlugt et al.
1992; Farinelli et al. 1992; Farinelli and Malhoe 1993).

Since PVY is expressed as a single large polypeptide,
it does not contain its own initiation codon and cannot be
expressed independently (Riechmann et al. 1992). To cir-
cumvent this problem we provided an artificial initiation
codon so that PVY coat protein expression could take
place.

In this study, transgenic plants derived from the culti-
vars‘Russet Burbank’, * Shepody’ and ‘ Norchip’ weregen-
erated by the construction of a PVX/PVY chimeric mole-
culeinwhich the N-terminus of the PVY coat protein was
substituted for aregion containing the initiation codon and
translational enhancer of the PV X coat protein gene. The
correlation between the amount of PVY coat protein
expressed in transgenic plants and the protection against
the virus under greenhouse and field conditions is pre-
sented.

Materials and methods
Virus purification

PV ° (from the American Type Culture Collection), PVYN and PVA
(both obtained from infected potato fields grown in New Bruns-
wick, Canada) were passaged and amplified in the systemic host
Nicotiana glutinosa and N. tabacum cv Samsun, respectively. Puri-
fied PVYN and PVA were kindly provided by Dr. R.P. Singh, Agri-
culture Canada, Fredricton, New Brunswick. PVY ° was purified us-
ing the method of Singh and McDonald (1981).
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RNA extraction and cDNA synthesis

Viral RNA was extracted and cDNA synthesis carried out as de-
scribed by Leclercet al. (1992). cDNAswere subcloned into the Pst1
site of pBS+. The coat protein gene of PVY wasidentified by nucle-
otide sequence analysis.

Engineering of the PVX/PVY construct and potato transformation

A 1-kbp Clal DNA fragment encoding the coat protein gene was ex-
cised fromthecDNA PVY-56, gel-purified and inserted into the plas-
mid pBS+. This cDNA lacked the first four amino acids from the
designated cleavage site of PVY coat protein. A 450-bp Xbal-Hin-
dill fragment containing regions of the initiation codon and ribo-
some binding site of the PV X CP was excised and inserted adjacent
to the PVY coat protein gene. The Sall site generated by this liga-
tionwasfilled in with DNA polymerase | (Klenow fragment) to pro-
duce asingle open reading frame. ThisPVX/PVY “chimeric” cDNA
construct was inserted into the plant expression vector PGA643
(Fig. 1). The resulting (PVX/Y) clone was transformed into Agro-
bacteriumtumefaciens strain LBA4404 by the procedure of Anetal.
(1989). Potato tuber discs of cvs. ‘ Shepody’, ‘ Norchip’ and ‘ Russett
Bur-bank’ were then transformed as described by Horsh et al. (1985)
and Xu et al. (1995). Transformants were selected for resistance to
kanamycin (100 pg/ml).

Western blot analysis of PVY coat protein in transgenic plants

Protein samples were prepared according to the protocol of Laemm-
li etal. (1970). Sampleswere added to | oading dye (5% sodium dode-
cyl sulfate, 30% sucrose and 0.1% bromophenol blue) and |oaded
onto a 12.5% polyacrylamide gel. Following electrophoresis, pro-
teins were electro-transferred onto nitrocellulose filters and immu-
noblotted using antibodies generated against the PVY coat protein
(generously provided by Dr. R. P. Singh, Agriculture Canada, Fre-
dericton, New Brunswick).

Challenge of transgenic plants with PVY©, PVYN, PVX and PVA

Eight to fifteen transgenic potato plants of each line (generated by
cuttings) were challenged with 0.5 mg/ml and 5.0 mg/ml of each
virus type. Three or four leaves were mechanically inoculated with
avirussuspensionin 0.1 M sodium-phosphate buffer, pH 7.0. Plants
were maintained in a growth chamber set for an 8-h dark and a
16-h light photoperiod at a light intensity of 50 mEm2s™. Five
|eaves were randomly collected weekly from each plant for aperiod
of 8 weeks postinoculation.

Challenge with PVY© under field conditions

R112, one of the ‘Russet Burbank’ lines, was planted on a plot of
land leased by the Ontario Ministry of Food and Agriculture in
Alliston, Ontario. The R112 linewas arranged in alternate rowswith
nontransformed ‘ Russet Burbank’ plants used as controls. Several
leaves of each plant were inoculated with 25 pl of purified PVY° at
0.5 mg/ml when the plantswere approximately 15 cmin height. Four
to eight young, mature leaves were collected from each plant every
week postinoculation, combined together and then tested for virus
accumulation for a period of 6 weeks.

Preparation of leaf samples from inoculated plants

Leaf tissue samples (0.15-0.3 g each) were taken from infected or
healthy plantsand ground in 2 ml extraction buffer containing 0.1 M
TrIS-HCI, pH 7.5, 1mM DIECA (diethyldithiocarbamic acid),
5 mM EDTA and 1% Triton X-100. The suspension was centrifuged
at 12000 gfor 15 min at 4°C and immediately frozen at —70°C. Sam-

PVX
Sequence
X | ATG H
PGAG43 |(SaII) PVY CP |
35S CaMV nos
Promoter, Terminator
MSAPASSTQATGSIDGIDAG.

Fig. 1 Schematicrepresentation of plant expressionvector PGA643
containing the PV X/Y chimeric construct. A 1-kbp Clal cDNA frag-
ment corresponding to the coat protein gene of PVY wasinserted ad-
jacent to a 450-bp cDNA fragment containing the initiation codon
and surrounding sequences of the gene encoding the CP of PV X. The
amino acid sequence of the N-terminus of the PV X CP fused to the
PVY CP s depicted below. Amino acids corresponding to the PVY
CPareinboldtype. New non-PV X, non-PVY amino acidsareunder-
lined. X Xbal, H Hindlll, Sall: modified Sall site

ples were thawed at room temperature for 1 h, and 5 ml of each was
dotted in aseries of twofold dilutions onto anitrocel lulosefilter pre-
soaked in 6SSC (1xSSC=150 mM NaCl, 15 mM sodium citrate,
pH 7.0) for 2 min and dried under a heat lamp.

Dot blot hybridization

Filters were prehybridized for 4h in 1M NaCl, 5mM EDTA,
100 mM Tris-HCI buffer, pH 7.5 and 0.1% sodium dodecy! sulfate
containing 100 mg/ml Homomix | (100 mg/ml Homomix I: 2 g yeast
tRNA, 0.3 M KOH, 8.4 g urea in 20 ml total volume). They were
then hybridized overnight at 56°C with adenatured cDNA probe cor-
responding to the coat protein gene of PVY (or PVA). The probewas
labelled with [32P]-dATP (specific activity 24 TBg/mmole) by ran-
dom priming (Feinberg and Vogelstein, 1978). The filters were
washed twice for 15 min at room temperature in 6x SSC and 1%
SDS, then twice for 30 min at 55°C in 1x SSC, 0.1% SDS and then
were dried and exposed to X-ray film (Amersham RPN 30) for
1-3 days.

Results
Engineering of a PV X/PVY chimeric construct

Sincethe PVY CPis proteolytically cleaved from alarger
polyprotein, both an independent translation initiation co-
don and a ribosome binding site are absent from the cor-
responding gene. These elements were added by the fusion
of a 450-bp fragment containing the AUG codon and up-
stream sequences of the PV X CP gene to a fragment con-
taining the PVY CP gene. The first 4 amino acids follow-
ing the cleavage site of the sequences encoding the PVY
CP (GNDT) were removed and replaced with the first
14 aminoacidsof thePV X CPgene(MSAPASSTQATGSI).
This chimeric construct was then inserted between the
CaMV 35S promoter and the Nos terminator of the plant
expression vector PGA643 to generate the clone PV X/Y

(Fig. 1).



123 4 5 6 7 8 91011 1213141516 17

)

\ " L s g—
v~ - pom———, = cpP

Fig. 2 Western blot depicting protein extracted from leaf tissue of
potential transgenic potato plants. PVY coat protein (CP) was de-
tected by immunoblotting with PVY-specific antibodies (arrow).
Lanes 1 and 9 represent protein extracted from nontransformed
plants, lanes 8 and 17 contain 60 ng of purified PVY CP control.
Other lanes represent protein extracts of putative transgenic potato
cultivars: lanes 2-5 are derived from ‘Norchip’, lanes 6 and 7 from
‘Shepody’, and lanes 10-16 from ‘ Russet Burbank’

Expression of PVY© coat protein in transgenic potato
plants

Fifty putative transgenic plants generated from the trans-
formation of potato vs. ‘ Shepody’, ‘ Norchip’ and * Russet
Burbank’ weretested for coat protein expression by West-
ern blot analysis using PVY CP specific antisera. A 30K
protein, correspondinginsizetothe PVY CPused asapos-
itive control, was detected in several plants of each cul-
tivar, as illustrated in Fig. 2. Protein bands reacting with
CP antisera were not detected in the nontransgenic plants
used as negative controls. Thelevel of coat protein expres-
sion was estimated to be 0.1% of the total soluble protein
extracted from leaf tissue.

PVY accumulation in infected transgenic
and control plants

Eight to 15 individual plants (generated by cuttings) from
each transgenic line of the three cultivars were challenged
with either PVY° or PVYN by mechanical inoculation with
increasing concentrations of each virus (0.5 and 5.0 mg/
ml). Nontransformed potato plantsinfected with viruswere
used as controls. Samples of leaf tissue were taken from
each plant on aweekly basis postinoculation, and the level
of virus accumulation was determined by dot blot hybrid-
ization analysis over a period of 7 weeks. No virus could
be detected in any of the transgenic plant lines tested
(Fig. 3), indicating that complete protection took place.
High levels of both PVY° and PVYN accumulated in the
nontransformed plants used as negative controls.

PV X accumulation in infected transgenic plants

To determine whether the PV X sequence introduced in
front of the PVY CP sequence played arolein resistance,
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Fig. 3A,B Dot blot hybridization analysis of plants infected with
PVYN and PVY°. Extracts taken from leaf tissue samﬁles of potato
plantsinoculated with 5.0 m g/ml PVY° (A) and PVY "™ (B) 3 weeks
postinoculation, dotted onto nitrocellulose filters and hybridized
with a [32P]-labelled cDNA probe corresponding to the CP gene
of PVY®. Lane 1 purified PVY® at 100 ng (in a) lane 2 noninfected
potato, lane 3 nontransformed line * Norchip’, lane 4 transgenic line
‘Norl’, lane5 nontransformed line‘ Shepody’, lane 6: transgenicline
She25, lane 7 nontransformed line ‘ Russet Burbank’; lane 8: trans-
genic 'Russet Burbank’ R112. All samples consisted of five leaves
randomly picked from 8-15 potato plants. Dilution factors were
a=1:2, b=1:4, c=1:8, d=1:16, e=1:32

we challenged 8-15 transgenic plants from each of the
threelinesR112, She25 and Nor1 with 0.5 mg/ml, 1 mg/ml
and 5 mg/ml of PVX. No detectable differences in PVX
levels were found in either the transgenic or nontrans-
formed control lines, indicating that these transgenic
plants remain susceptible to PVX infection (data not
shown).

Resistance of transgenic plantsto PVY infection
under field conditions

Plants from the transgenic line R112 were tested for resis-
tance to PVY ° infection under field conditions. The level
of PVY? accumulation was determined for a period of
6 weeks. Four to five leaves from each of 18 individual
plants were ground together to constitute each sample.
Virus accumulated steadily in the nontransgenic control
line; however, no virus could be detected in samples taken
from the transgenic plant line (Fig. 4A).
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Fig. 4 Dot blot hybridization analysis of plantsinfected with PVY°
in the field and plants infected with PVA in the greenhouse. A Ex-
tracts were taken from samples of potato plants inoculated with
0.5 mg/ml PV'Y ° 5 weeks postinoculation in the field and spotted on-
to nitrocel lulosefilters. Filters were hybridized with a[32P]-labelled
cDNA probe correspondingtothe CPof PVY°. Lane 1 purified PVY°
[aserial twofold dilution starting with 100 ng (a)]; lanes 2-11 sam-
ples from transgenic line R112, lane 12 nontransformed potato. All
samples consisted of virus extracted from five leaves randomly
picked from 18 potato plants. B Extracts were taken from leaf tissue
samplesinoculated with 0.5 mg/ml or 5.0 mg/ml PVA 3 weeks post-
inoculation and maintained under greenhouse conditions. Samples
were spotted onto nitrocellulose and hybridized as described above
with a cDNA probe corresponding to the CP gene of PVA. Lane 1
nontransformed potato infected with 0.5 mg/ml PVA, lane 2 non-
infected potato, lanes 3 and 4 transgenic line R112 infected with
0.5 mg/ml PVA, lane 5 transgenic line R112 infected with 5.0 mg/ml
PVA. All samplesweretaken from five leavesrandomly picked from
10 plants

Delay in accumulation of PVA in transgenic plants

Line R112 was al so challenged with increasing concentra-
tions of PVA, aclosely related potyvirus. A delay in virus
accumulation of approximately 1 week compared to that
in nontransformed plants used as controls was observed in
transgenic plants infected with 0.5 mg/ml of PVA (Fig-
ure4B). However, when transgenic plantswere challenged
with a 5.0 mg/ml inoculum of virus, resistance was lost
completely (Fig. 4B).

Discussion

Thework presented here demonstrates that the PVY CPis
expressed in transgenic plantsat high levelsand that it pro-
vides a high degree of protection for the virus concentra-
tionstested. Therelativelevelsof PVY CPfound by West-
ern blot analysis represent about 0.1% of total soluble |eaf
protein. These levels were consistent throughout various
plant lines (Fig. 2). Variability in expression among

‘Russet Burbank’, ‘Norchip’ and ‘ Shepody’ cultivars was
also for practical purposes indistinguishable.

Inthisstudy novirus could be detected in thetransgenic
lineschallenged with either PVY°or PVYN, whilethelevel
of virus increased steadily in the nontransformed plants
used as controls (Fig. 3). Thishigh level of protection was
exhibited in all three cultivars of the transgenic potato
plantstested. A number of studies comparing the relation-
ship between PVY coat protein expression in transgenic
plants and the ability of these plants to protect against vi-
ral infection indicated that resistance is greatest in lines
where CP levels are low or undetectable (Lawson et al.
1990; Farinelli et al. 1992). Low CP levels are frequently
accompanied by proportionately higher transcript levels,
implying that resistance is mediated by RNA alone. Re-
cently, Dougherty et al. (1994) demonstrated that certain
lines of transgenic plants expressing transcripts corre-
sponding to the tobacco etch virus (TEV) CP gene are to-
tally resistant or able to recover from infection. A work-
ing model of resistance was proposed, and states that the
accumulation of both challenging viral RNA and trans-
genicplant viral transcriptsactivatesan RNA-specific deg-
radation pathway particularly for untranslatable RNAs
(Dougherty et a. 1994). Further studies using tobacco
plants transformed with the replicase gene of PVX have
also shown a delayed resistance phenotype upon which a
homol ogy-dependent gene silencing mechanism of resis-
tance, involving the degradation of RNA homologous to
the transgene, has been proposed (Mueller et al. 1995).

The high level of coat protein expression found in this
study could have resulted from the ability of the PV X se-
guence to initiate expression of the coat protein more ef-
ficiently. Transgenic potato plants containing the same up-
stream PV X sequence have been generated and shown to
expressthe PV X CP at high levelsaswell (Xu et al. 1995).
A 101-nucleotide fragment located immediately upstream
of the coat protein of the carlavirus potato virus S (PVS),
arelative of the potexviruses, has been demonstrated to
possess translational enhancer-like activities (Turner et al.
1994). A translational enhancer has also beenidentifiedin
the 5'-nontranslated region of PV X (Tomashevskayaet al.
1993; Pugin et al. 1994). Transgenic plants generated by
Pugin et al. (1994) were shown to express increased PVY
CP and mRNA levels upon addition of a PVX 5'-leader
sequence upstream of the initiation codon, whereas plants
expressing constructswhichlacked theleader sequencedid
not accumulate CP. It is possible that the PV X sequences
upstream of the CP used in the present study play a simi-
lar role in enhancing translation.

Since PVY CP was not expressed at detectable levels
in transgenic plants used in other studies, it is possible that
the replacement of the N-terminal amino acids of the PVY
CP (4 amino acids) with those of PVX (14 amino acids)
has assisted in maintaining CP stability. Sincethe PVY CP
ishighly expressed in our transgenic plants, itislikely that
the CP mRNA which contains the PV X sequence at its
5" end is translatable and presumably capped. Conse-
quently, thismRNA must be stable and is not degraded by
the cellular surveillance system proposed by Dougherty



et a. (1994). Recently, Leclerc and AbouHaidar (1995)
reported that a truncated form (46 amino acids from the
N-terminus) of the capsid protein gene (CP) of potato
aucuba mosaic potexvirus (PAMV) losesits ability to pro-
tect the plant against the virus. However, a shorter form of
the capsid protein gene (86 amino acids deleted from the
C-terminus) preserves the ability, like the full-length CP,
to provide protection against the virus. Consequently, the
resistance mechanism may involve the capsid protein
rather than the transgenic MRNA. Sokolova et al. (1994)
have demonstrated that transgenic plants containing the
PVX 5'-leader sequence and expressing higher levels of
PVY mRNA and CP are more sensitive to virus infection
than plants which lacked the leader sequence. Further ex-
periments are necessary to determine the precise role of
the PVY CP or its mRNA in the resistance process.

Since these transgenic plants contain PV X sequences,
they were tested for their ability to protect against infec-
tion with PV X. The accumulation of virus in transgenic
plantsinfected with PV X indicated that expression of these
sequences in transgenic plants offered no protection
against PV X infection (data not shown).

Studies by other groups haveindicated that fewer trans-
genic plant lines retain the ability to confer resistance to
PVY infection when tested under field conditions (Hoe-
kema et al. 1989; Kaniewski et al. 1990). However, the
study described here demonstrates that when transgenic
line R112 was tested for its ability to resist PVY infection
under field conditions, protection against PVY © infection
in the R112 line was absolute, as was found under green-
house conditions (Fig. 4A). Itisworth mentioning that the
field study was conducted under ideal environmental con-
ditions, with adequate sunshine and rainfall. The results
are comparable to those completed with PV X, in which
high levels of expression are accompanied by a high level
of resistance to the virus (Jongedijk et al. 1992; Xu et al.
1995).

The ability of these transgenic plants to exhibit mild
heterologous protection against PVA in the form of a de-
lay invirusaccumulation was al so demonstrated (Fig. 4B).
The PVA CP possesses only 58.5% amino acid sequence
identity to PVYN (Collins et al. 1993). This might explain
the slight protection against this virus. Resistance was
overcome completely with atenfold increase in inoculum
concentration. It appears, therefore, that these plants can
offer a certain degree of protection to related potyviruses
but not to unrelated virus groups such as PV X.

Although the precise mechanism by which these trans-
genic plants confer resistance to potyviral infection re-
mains unclear, the ability of these plantsto offer slight pro-
tection against a related potyvirus is reminiscent of stud-
iescarried out with transgenic plantswhich express detect-
able levels of soybean mosaic virus, papaya ringspot
virus, zucchini yellow mosaic virus and watermelon
mosaic virus |l coat protein and exhibit varying degrees of
resistance to related potyviruses (Stark and Beachy 1989;
Ling et al. 1991; Namba et al. 1992). It is likely that the
coat protein itself plays a direct role in mediating resis-
tance against related potyviruses, thereby differing from
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the RNA-mediated or homology-dependent cellular deg-
radation resistance pathways described earlier. The coat
protein may act by disrupting the balance of virus dis-
assembly/reassembly which exists in the cell or by inter-
acting with an unknown ‘receptor’ molecule present in the
plant that is necessary for virus infection and/or spread
(Doljaet al. 1994; 1995).
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