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ABSTRACT

Masuta, C., Nishimura, M., Morishita, H., and Hataya, T. 1999. A single
amino acid change in viral genome-associated protein of potato virus Y
correlates with resistance breaking in ‘Virgin A Mutant’ tobacco. Phy-
topathology 89:118-123.

Tobacco cultivar Virgin A Mutant (VAM) is reported to have the re-
cessive potyvirus resistance gene va. Varied levels of resistance were ob-
served in VAM plants inoculated with Japanese potato virus Y (PVY) iso-
lates. VAM was highly resistant to most of the PVY isolates tested and
tolerant to three necrotic strain isolates of PVY-T. Based on data obtained
from tissue printing and press blotting, the resistance appeared to be

mainly at the level of cell-to-cell movement. PVY replicated in VAM proto-
plasts, but the replication was 30% lower than in susceptible tobacco, sug-
gesting that impairment of replication also contributes to resistance. To
identify the viral gene product or products involved in VAM resistance,
we isolated spontaneous resistance-breaking mutants by passing vein-
banding (O strain) isolates several times through VAM plants. By compar-
ing the amino acid sequences of the mutants with their original isolates,
we identified a single amino acid substitution in the viral genome-asso-
ciated protein (VPg) domain that is correlated with VAM resistance break-
ing. Together, these results suggest that, in addition to its role in repli-
cation, VPg plays an important role in the cell-to-cell movement of PVY.

A viral infection cycle requires several complex steps: entry into a
cell, genome replication, cell-to-cell movement, systemic spread
through the phloem (long-distance movement), and transmission from
plant to plant. If the cycle is interrupted at any step, infection will not
be established. Plant defense against viral infection can occur through
a number of mechanisms. Among these mechanisms, cultivar-specific
resistance controlled by a resistance gene specific to a particular
virus has proven to be the best long-term means of protection (2).
Such resistance genes are considered to act directly or indirectly at
a specific step in the viral infection cycle (12,13). Cultivar-specific
protection levels can range from tolerance to complete immunity; in
a tolerant plant, the virus can multiply but does not cause disease
symptoms. Under field conditions, even tolerance in the indi-
vidual plant may be sufficient to provide efficient protection.

The Virgin A Mutant (VAM) tobacco cultivar contains a single
gene that provides tolerance to some potyviruses including potato
virus Y (PVY), tobacco vein mottling virus (TVMV), and tobacco
etch virus (TEV) (3,9). VAM was derived from cultivar Virgin A
by X-ray irradiation and selection for resistance against PVY in-
fection (6). The VAM resistance phenotype is associated with the
recessive va gene and has been incorporated into many tobacco
breeding lines (3,5,9,18). Tolerance levels vary depending on the
virus strain and isolate (3,5,9,10,18). It has been reported that al-
though symptoms of PVY were less severe in VAM cultivars, virus
concentrations were equivalent to those found in susceptible tobacco
(9). On the other hand, Sato and Kawamura (18) have reported
that some Japanese tobacco cultivars containing the va gene show
a high level of resistance against PVY infection. Latorre and Flores
(10) found that VAM is apparently immune to 15 of 24 necrotic
PVY isolates tested. Recently, the molecular mechanism of resis-
tance mediated by the va gene was studied using two strains of
TVMV: TVMV-WT and TVMV-S. A cultivar containing the va

gene was found to be tolerant to TVMV infection, but TVMV-S
could break va gene resistance (14,15). Based on these data, re-
sistance seems to be due to restriction of viral cell-to-cell move-
ment. The viral genome-associated protein (VPg) varied at a max-
imum of four amino acids that are likely to be responsible for
resistance breaking by TVMV-S (15).

For potyviruses, the nuclear inclusion body protein a (NIa) con-
sists of VPg at its N-terminus and a proteinase domain (Pro) at its
C-terminus. The VPg domain is required for genome replication
and long-distance movement (19). Whether the VPg is also involved
in cell-to-cell movement remains unclear. Viral cell-to-cell move-
ment of many plant viruses is mediated by so-called movement
proteins (MPs) that are thought to have the ability to increase plas-
modesmata size-exclusion limit (17). The relationship between VPg
and MP is discussed in this paper.

Considering variability of reported PVY resistance in VAM culti-
vars, we designed experiments to determine whether the va gene
is effective against Japanese isolates of PVY. We also examined
va gene resistance against PVY and the site of resistance in the
viral infection cycle. Using comparative studies, we predict a single
amino acid mutation that may regulate the resistance breaking of
some spontaneous PVY mutants.

MATERIALS AND METHODS

Virus isolates and host plants. PVY isolates PVY-OH, PVY-T13,
PVY-Y7, PVY-YNA, and PVY-36 have been maintained in our la-
boratory (7). PVY-OJT and PVY-TJT were from Japan Tobacco, Inc.
(Yokohama, Japan). The other isolates were obtained from the Hok-
kaido Chuo Station of the National Center for Seeds and Seedlings.
PVY-OJT and PVY-TJT were originally from tobacco, while the
other isolates were isolated from potatoes. All PVY isolates were
propagated in tobacco. Resistance-breaking isolates were maintained
through VAM plants. Japanese PVY isolates are classified either as
vein-banding (O) strains or necrosis (T) strains (Table 1). In Japan,
necrosis strains have been conventionally classified as PVY-T, which
was found to belong to the PVYN group (7). Nicotiana tabacum cv.
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Bright Yellow 4 (BY), N. tabacum cv. Xanthi nc, and N. tabacum
cv. VAM were used as indicated. Cultivars BY and Xanthi nc were
used as susceptible controls, because they develop distinct symp-
toms when infected by either PVY-T or PVY-O. Inoculum was pre-
pared by grinding PVY-infected BY or VAM leaves 1:10 (wt/vol)
with 0.1 M phosphate buffer, pH 7.0. The largest leaves of 6-week-
old tobacco plants were rub-inoculated. The plants were grown at
23 to 27°C under natural light conditions in the greenhouse.

Tissue printing and press blotting. Tissue prints and press blots
were prepared essentially as described by Holt (8). For tissue prints

of stem sections, 10 or 14 days after inoculation, stem sections
were cut perpendicularly to the plant axis and pressed onto a nitro-
cellulose membrane. For tissue prints of leaf sections, leaf sections
were cut perpendicularly to the midrib axis of the leaf. Leaves
were harvested at 4, 7, 10, and 14 days postinoculation. Each cut
surface was printed onto a membrane side by side. For press blots,
the second upper leaf above the inoculated leaf was detached 14 days
after inoculation and transferred onto nitrocellulose with the bottom
surface of the leaf in direct contact with the membrane. This sand-
wich of leaves and nitrocellulose was pressed with 60 to 70 kg/cm2

for 1 min by a hand compressor. The prepared membranes were
incubated with anti-PVY-T primary monoclonal antibody and then
with rabbit anti-mouse immunoglobulin alkaline phosphatase con-
jugate. The color was developed in 15 ml of the substrate solution
(100 mM Tris-HCl, pH 9.5; 100 mM NaCl; and 5 mM MgCl2)
containing 100 µl of 50 mg of nitro blue tetrazolium per ml of
70% dimethylformamide and 50 µl of 25 mg of 5-bromo-4-chloro-3-
indolyl phosphate per ml of dimethylformamide.

Protoplast inoculation. Preparation of protoplasts was as de-
scribed previously (11). About 105 protoplasts from BY or VAM were
inoculated with 2 µg of purified virus in the presence of 25 to 30%
polyethylene glycol 1540 and 2 mM CaCl2. After a 2-day incuba-
tion under continuous light at 28°C, virus accumulation was deter-
mined by conventional enzyme-linked immunosorbent assay (ELISA)
with anti-PVY-OH polyclonal antibody. The harvested cells were

Fig. 1. Accumulation of virus in Nicotiana tabacum cvs. Bright Yellow 4 (con-
trol) and Virgin A Mutant plants inoculated with potato virus Y (PVY)-T13 and
PVY-OJT. Viral accumulation was determined by enzyme-linked immuno-
sorbent assay (ELISA), and the measured values were converted to micro-
grams of virus per gram of tissue. Each histogram represents the mean ELISA
values (A405) obtained from four individual plants. Standard deviations were
indicated on each bar. Hatched and open histograms = viral concentrations
14 and 30 days after inoculation, respectively; I and U = inoculated leaf and
upper leaf (after 14 days, second leaf; and after 30 days, eighth leaf above
inoculated), respectively; and H = healthy negative control.

TABLE 1. Response of tobacco cultivars to potato virus Y (PVY) isolates

Plants showing symptoms/inoculated plantsa

Strains Isolates BYb VAMc

T T13 5/5 (T) 5/5 (T)d

TJT 5/5 (T) 5/5 (T)d

SN 5/5 (T) 0/5
C2 5/5 (T) 0/5
C3 5/5 (T) 0/5
C12 5/5 (T) 0/5
N3 5/5 (T) 0/5
N4 5/5 (T) 4/5 (T)d

G3 5/5 (T) 0/5
G4 5/5 (T) 0/5
ShiT 5/5 (T) 0/5
442 5/5 (T) 0/5

O OJT 5/5 (T) 0/5
YNA 5/5 (T) 5/5 (O)e

OH 5/5 (T) 1/5 (O)
36 5/5 (T) 0/5
Y7 5/5 (T) 5/5 (O)e

ShiO 5/5 (T) 0/5

a Assessed 1 month after inoculation. Letter in parentheses indicates symp-
toms; T and O represent the symptoms of PVY-T (typical symptom is ne-
crosis) and PVY-O (typically induces vein banding), respectively.

b BY = Nicotiana tabacum cv. Bright Yellow 4.
c VAM = Nicotiana tabacum cv. Virgin A Mutant.
d VAM plants inoculated with these isolates showed delay (~7 days) in symp-

tom development.
e Isolates found to be resistance breaking of VAM, because there was no dif-

ference in symptom development between VAM and BY.

Fig. 2. Development of systemic symptoms in Nicotiana tabacum cvs. Bright
Yellow 4 (BY) and Virgin A Mutant (VAM) after inoculation of potato virus Y
(PVY)-T13 and PVY-OJT. Each virus isolate was inoculated onto Carborundum-
dusted leaves of 30 plants with sap from systemically infected BY leaves in
0.1 M phosphate buffer (pH 7.0). VAM plants infected with PVY-T13 showed
a 7-day delay in symptom development, and the amount of virus in plants
was significantly lower than in the control; similar results were observed when
infected with PVY-TJT and PVY-N4 (data not shown).
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ground in 1 ml of phosphate-buffered saline containing 0.05% Tween
20 and the supernatant was used for ELISA assay after centrifugation.

Sequence analysis. Double-stranded cDNA for each gene of
PVY was synthesized, prepared by conventional reverse-transcrip-
tase polymerase chain reaction and inserted into general cloning
vectors. Sequences of all cDNA clones were determined using the
Thermo Sequenase Cycle-Sequencing kit (Amersham International
plc., Buckinghamshire, United Kingdom) for the Model 4000L
LI-COR automated DNA sequencer (LI-COR, Lincoln, NE). At
least three independent clones for each gene were sequenced. Se-
quences were analyzed with DNASIS, version 3.0 (Hitachi Soft-
ware Engineering Co. Ltd., Tokyo) or Gene Works (version 2.5;
Oxford Molecular Group, Inc., Beaverton, OR).

RESULTS

VAM resistance response to infection with Japanese PVY iso-
lates. To investigate the nature of va gene resistance to PVY, we tested
the VAM response to 18 Japanese PVY isolates. Among them, 12 iso-
lates are classified as T strains, which induce necrosis on tobacco, and
the other 6 as O strains, which induce chlorotic mottle and vein band-
ing on tobacco and local lesions on Chenopodium amaranticolor.
Cultivar BY plants were highly susceptible to all PVY isolates,
whereas VAM was highly resistant to 13 isolates of both O and T
strains and tolerant to 3 T-strain isolates (Table 1). VAM was found
to be susceptible to the two O-strain isolates, PVY-YNA and PVY-
Y7, that were therefore classified as resistance-breaking isolates.
After these initial inoculation experiments, we tried to generate
some resistance-breaking mutants by repeated inoculations of PVY
onto VAM. No mutants belonging to PVY-T were obtained, but we
obtained several mutants from the PVY-O isolates. Of the 50 plants
inoculated with PVY-OH, 11 became infected with resistance-break-
ing mutants PVY-OHB, while only 3 plants out of 100 showed
disease symptoms when inoculated with PVY-36, thus indicating that
they harbored a resistance-breaking variant (PVY-36B). After several
passages through VAM plants, PVY-OHB and PVY-36B were es-
tablished as completely resistance-breaking mutants. Most of the

Fig. 4. Detection and localization of potato virus Y (PVY) in a cross section of the main stem of Nicotiana tabacum cvs. Bright Yellow 4 and Virgin A Mutant
plants. A, Relative locations of stem sections; arrow indicates the inoculated leaf. B, Blot prepared 10 and 14 days postinoculation (d.p.i.) with PVY-T13. Locations of
the cross section are shown by the lines labeled ‘a’ to ‘e.’ The section labeled ‘a’ was made below the inoculated leaf (lowest in the case of the illustration).

Fig. 3. Symptoms on the upper top leaves of Nicotiana tabacum cvs. Bright
Yellow 4 (left) and Virgin A Mutant (VAM; right) 30 days after inoculation
with potato virus Y (PVY)-T13. VAM leaves show milder symptoms with a
decreased number of necrotic spots.

Fig. 5. Potato virus Y (PVY) location and distribution in entire leaves of Nico-
tiana tabacum cvs. Bright Yellow 4 (left) and Virgin A Mutant (right) plants.
Second upper leaf above inoculated leaf 14 days after inoculation with PVY-
T13 was press-blotted to membrane and incubated with anti-PVY antibody.
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PVY isolates we used did not induce systemic symptoms, and we
were not able to detect virus in the inoculated leaves (Table 1, Fig.
1). Therefore, VAM is highly resistant to those PVY isolates. Only
three isolates (PVY-T13, PVY-TJT, and PVY-N4) moved system-
ically, but a symptom delay (by 7 days) (Fig. 2) was observed and
the infected plants showed much milder symptoms on the young
upper leaves 1 month after inoculation; VAM is thus resistant to
those three isolates. As the plants grew, disease severity tended to
decrease even in the susceptible BY (or Xanthi nc) plants, but the
upper VAM leaves showed much milder symptoms (decrease in
numbers of necrotic spots and in lesion sizes) by the flowering
stage (Fig. 3). We classified this symptom change as recovery.

Virus accumulations in VAM. BY and VAM plants were in-
oculated with either the necrosis isolate PVY-T13 or the vein-band-
ing isolate PVY-OJT, and levels of viral accumulation were deter-

mined by ELISA in both inoculated and uninoculated upper leaves
14 and 30 days after inoculation. PVY-OJT was not detected in
either inoculated or uninoculated leaves of VAM after 14 and 30 days
(Fig. 1). The PVY-T13 concentration in the inoculated VAM leaves
was slightly lower than in BY leaves, whereas it was approximately
25 to 30% of the control level in the upper leaves showing re-
covery (Fig. 1). Therefore, the leaves showing mild symptoms had
a lower level of viral accumulation.

Localization of PVY in stem tissues by tissue printing and
press blotting. Virus localization prints were prepared from cross
sections of tobacco plants infected with PVY-T13 10 and 14 days
after inoculation. Viral antigen was detected in the inner and outer
phloem rings in all the stem sections prepared from BY (Fig. 4).
In contrast, the stem sections from VAM did not contain viral
antigen after 10 days, and relatively low levels of viral antigen were

Fig. 6. Detection and localization of viral antigen in Nicotiana tabacum cvs. Xanthi nc and Virgin A Mutant (VAM) leaves inoculated with potato virus Y
(PVY)-T13. A, Schematic diagram of leaf sections of an inoculated leaf and tissue printing onto a nitrocellulose membrane. The top-half region of the most
expanded leaf of 6-week-old tobacco was inoculated with sap. A broken line represents the border between inoculated and uninoculated area. B, Time course of
viral spread from infection points in the inoculated leaf; H = healthy; d.p.i. = days postinoculation. Buffer was inoculated onto healthy leaves. C, Time course of
viral spread from infection points in VAM leaves inoculated with PVY-T13.
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detected after 14 days. To determine virus location and distribu-
tion in entire leaves, we used press blotting. Virus was detected
only along the major veins in the second upper leaf above the inoc-
ulated leaf of a VAM plant 14 days after inoculation, while it was
widely distributed in the corresponding leaf of BY (Fig. 5).

Localization of PVY in leaf tissues by tissue printing. Only
three PVY isolates were detected in the inoculated leaves; therefore,
it is likely that other PVY isolates were not able to move from the
infection sites, possibly due to difficulty in cell-to-cell movement in
VAM leaves. To further analyze the resistance mechanisms, we per-
formed tissue-print immunoassays using PVY-T13, because it is one
of the isolates that we can detect in the inoculated leaves. Viral
spread from the infection points on the VAM leaves appeared to
be very slow compared with those on Xanthi nc (Fig. 6). This
initial delay of viral spread seems to lead to a consequent delay
in the development of systemic symptoms on VAM plants (Fig.
2). Virus was not detected in major veins of VAM leaves at 4, 7,
and 10 days postinoculation, but was observed as spread from
the infection points (on days 7, 10, and 12). It was not until the
day 12 that virus was detected in major veins of the VAM leaves.
Once the virus moved into major veins, it spread quickly over
the inoculated leaf.

Protoplast inoculation. To determine if a virus can multiply at
the single-cell level, BY and VAM protoplasts were inoculated
with PVY-36, an isolate that is not able to infect intact VAM plants,
and with PVY-36B, a resistance-breaking isolate. The viral repli-
cation in VAM and BY protoplasts was measured by ELISA using
coat protein antisera after 2 days of incubation. PVY-36 was able
to replicate in VAM protoplasts, but accumulation was 30% lower
than in the BY control. PVY-36B accumulated to the same level in
VAM protoplasts as in the BY protoplasts.

Nucleotide and amino acid sequences of wild-type and resis-
tance-breaking PVY isolates. To determine if nucleotide or amino
acid substitutions in the PVY genome correlates with resistance
breaking, the entire nucleotide sequence of the resistance-breaking
mutants PVY-36B and PVY-OHB were determined and compared
with the original isolates PVY-36 and PVY-OH. A mutation at the
same position in PVY-36B and PVY-OHB would suggest a strong
possibility that the change was directly linked to VAM resistance
breaking. There were two distinct and consistent differences be-
tween PVY-36 and PVY-36B, and PVY-OH and PVY-OHB, at amino
acids 1,948 and 2,235 in the NIa-VPg and NIa-Pro domains, respec-
tively (Fig. 7). To rule out coincidence, we sequenced the NIa re-
gions of two other resistance-breaking isolates (PVY-YNA and
PVY-Y7). A comparison of the amino acid sequences of the VPgs
from eight isolates is shown in Figure 8. All resistance-breaking
PVYs examined encode a glutamate at amino acid 1,948, whereas
nonbreaking PVYs encode a lysine (or an arginine) at this posi-
tion. In the case of substitution at amino acid 2,235, no amino acid
was conserved among the resistance-breaking isolates. Moreover,
some variable amino acids occupy this position in other published
PVY sequences (20,21), suggesting that this position may be a
variable position and thus may not be involved in resistance break-
ing. No consistent nucleotide substitutions common to all resistance-
breaking isolates were identified.

DISCUSSION

Based on the observations of ELISA and tissue printing, VAM
resistance appears to be at the level of cell-to-cell movement from
the infection sites. A delay of the viral spread from the initial in-
fection points will result in a delay in the viral loading into minor
veins (classes IV and V) that form a network all over a leaf (16).
When virus is detected in the major veins, the viral concentration
reaches a high level in the phloem, and virus is rapidly unloaded
from the veins (class III); at this point, the virus spreads over the

Fig. 7. Amino acid substitutions in resistance-breaking mutants and their original isolates. Complete amino acid sequences of potato virus Y (PVY)-36 and
PVY-36B were compared; differences between the two sequences are indicated. Amino acids of PVY-OH and PVY-OHB are indicated in parentheses at the
residues corresponding to the differences between PVY-36 and PVY-36B. The arrow indicates the transition from the original isol ates to the resistance-breaking
mutants. Common differences occur at positions 1,948 and 2,235 between both PVY-36 and PVY-36B, and PVY-O H and PVY-OHB (marked with arrows).
Sequences of the clones surrounding the nuclear inclusion body protein a (NIa) gene of two other resistance-breaking isolates (PVY-YNA and PVY-Y7) were
also determined; amino acids are indicated above the top line aligned with the differences between PVY-36 and PVY-36B. Below the bottom line, the amino
acid consensus among the published PVY isolates is shown. On the 5′ and 3′ noncoding regions, nucleotide differences are shown. Underlined amino acids
indicate changes to equivalent amino acids.

Fig. 8. Alignment of the amino acid sequences of the viral genome-associ-
ated proteins of eight potato virus Y isolates. Four isolates (PVY-36B, PVY-
OHB, PVY-Y7, and PVY-YNA) are resistance breaking. The arrow indicates
the amino acid unique only for resistance-breaking isolates.
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inoculated leaf. In addition, the consecutive systemic symptoms
appear to develop similarly to the control susceptible plants. It is,
therefore, unlikely that major restriction occurs at the level of the
viral loading into the phloem-sieve element. As the infected plants
age, the young upper leaves show milder symptoms, correspond-
ing to a lower concentration of the virus when compared with the
control. VAM resistance against PVY-T13 seems to be effective
when the viral concentration is under a certain threshold. There
are two possibilities for this low viral concentration. One is that
the virus cannot be efficiently unloaded from the phloem, and the
other is that the virus can not move from cell to cell although it is
unloaded efficiently from the phloem. In the inoculated leaves,
resistance appears to be at the point of viral spread from the infec-
tion sites; therefore, it is likely that symptom recovery is also due
to deficiency in cell-to-cell movement. However, at this time, we
cannot conclusively refute the former possibility. It is possible that
the resistance mechanisms operate at both levels: cell-to-cell move-
ment and long-distance movement. Our results are consistent with
what is known about va resistance to TVMV, which has been shown
to restrict cell-to-cell movement (4). The limitation of PVY infec-
tion may be due to the same molecular mechanism reported for
TVMV. The VPgs of TVMV and PVY may fold into similar struc-
tures that form a complex with host factors either alone or together
with other viral proteins, and the resulting protein complex is re-
quired for efficient cell-to-cell movement. We suggest that, in VAM
plants, the recessive va gene results in the production of a defec-
tive protein normally produced by the hypothetical gene VA and
that the complex necessary for viral cell-to-cell movement is not
formed, and this results in resistance. Amino acid substitutions in
the VPg domain would, thus, enable VPg to adapt to the alterna-
tive (defective, va) isoform of the VA gene product. The primary
structures of the PVY and TVMV VPgs are quite different, but the
secondary structures predicted by the Chou-Fasman method are
similar, especially in the C-terminal region (data not shown). As
many as four amino acid substitutions in the VPg of TVMV, which
are clustered, were shown to be necessary for overcoming va re-
sistance (15). We have also specified one amino acid substitution
(Lys1948 or Arg1948 to Glu1948) in the VPg domain of PVY. A sub-
stitution of acidic amino acid glutamate for basic amino acid lysine
(or arginine) is likely to affect the biochemical property of the entire
VPg. In the two VPgs of TVMV and PVY, these amino acid sub-
stitutions were at structurally similar locations. Furthermore, substi-
tutions from a basic to an acidic amino acid in the VPg of resis-
tance-breaking isolates resulted in a decrease in the calculated pI
values for VPg compared with nonbreaking isolates. Change in
the pI value may induce a conformational change and drastically
affect the ability of the protein to interact with other molecules.

In contrast to most other virus groups, potyvirus movement seems
to be driven by proteins with other functions (1). VPg is a protein
covalently attached to the 5′ end of genomic RNA and involved in
replication. Furthermore, Schaad et al. (19) recently reported that
TEV VPg may be necessary for long-distance movement (19).
Taken together, not only is the VPg protein required for replica-
tion of the viral genome and long-distance movement, but, accord-
ing to our data, it is also involved in cell-to-cell movement. Rojar
et al. (17) demonstrated that the VPg of bean common mosaic
potyvirus did not exhibit viral MP properties but the capsid pro-
tein (CP) and the helper component-proteinase (HC-Pro) behaved
as cell-to-cell MPs (17). At this stage, there is no evidence that
potyvirus VPg can directly interact either with CP or HC-Pro, but
these proteins probably make a nucleoprotein complex with viral
RNA attached with VPg. VPg may subsequently act to facilitate
the delivery of this complex to plasmodesmata by its interaction
with a host factor.
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