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Abstract The potato cultivar ‘ Shepody’ is susceptible to
a number of potato viruses including potato virus Y
(PVY, potyvirus) but was found to possess extreme resis-
tance to another potyvirus, potato virus A (PVA). ‘She-
pody’ plants were resistant to PVA infection in manual
and graft inoculations. PVA replication was not detected
in any of the inoculated plants by ELISA, an infectivity
assay and RT-PCR. However, ‘Shepody’ plants grafted
with shoots containing PVA developed a novel symp-
tomology which resembled a virus infection in appear-
ance and in rate of translocation to the entire plant. Ef-
forts to transmit the symptom-inducing agent manually
failed. Graft-inoculation to potato virus indicator plants
and PVA-susceptible potato plants showed that the
symptom inducer was PVA at an extremely low concen-
tration, detected using RT-PCR followed by Southern
blot assay. Tubers from grafted but resistant ‘ Shepody’
plants had necrotic surfaces and internal spots. PVA was
detected from necrotic areas but not from the non-necrot-
ic ones. However, plants resulting from necrotic tubers
were free from aerial leaf symptoms observed in grafted
plants and produced non-necrotic normal tubers. A trace-
back of the parental lineage of ‘Shepody’ indicated that
the resistance had been introgressed from the cultivar
‘Bake King'. Analysis of progeny of a cross of resistant
‘Shepody’ to the susceptible ‘Goldrus' indicated that this
resistance is controlled by two independent dominant
complementary genes in contrast to monogenic resis-
tance reported for other potato viruses.
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Introduction

Potato virus A (PVA), a member of the family Potyvir-
idae, along with potato viruses Y (PVY) and V (PVV), are
all members of the genus Potyvirus that infect potato
crops (Jones 1990, Barker 1997). PVA incites a mild mo-
saic in potato, or it may remain latent in infected plants.
However, in combination with potato virus X (PVX), it in-
cites a severe disease known as “potato crinkle” (Mac
Lachlan et al. 1953). PVA is transmitted by various spe-
cies of aphids (MacLachlan et a. 1953), and aphid trans-
mission is the primary mode of the spread of the virus in
the field. Although PVA occurrence in North America is
sporadic, incidences of 9-11% are not uncommon in cer-
tain cultivars (Singh and Smith 1977; Singh and Boiteau
1987; Petrunak et a. 1991). In recent years, the preva
lence of PVA in some potato production areas in Europe
has also been noted (Rajaméki et al. 1998). At least four
strains of the virus have been determined on the basis of
symptoms in potato cultivar ‘King Edward’ (Valkonen et
al. 1995; Rajamaki et al. 1998). Since the symptomsin in-
fected potatoes are usualy mild but vary with potato culti-
vars, PVA can reduce the potato crop yield from approxi-
mately 10% to as high as 40% (Bartels 1971). Control of
aphid-borne potyviruses is difficult, and the most effective
means of preventing their spread is by the use of durable
conventional or transgenic resistance.

Resistance to PVA is present in some wild Solanum
species (Cockerham 1970; Valkonen et al. 1996) and has
been introgressed into the cultivated potato (Solanum tu-
berosum). On the basis of PVA-induced symptomsin po-
tato plants, two main types of resistance have been re-
ported. One is an extreme resistance (ER), in which very
few or no visible symptoms are observed and the virusis
very difficult to recover. This type of resistance is con-
ferred by R genes (Cockerham 1970; Valkonen et
al.1996). The R, genes from S. stoloniferum (Cockerham
1970) and S. tuberosum subsp. andigena (Munoz et al.
1975) have been recently shown to provide comprehen-
sive resistance to PVA, PVY and PVV (Barker 1996,
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tance, in which PVA inoculation produces necrotic
symptoms in the top part of grafted plants (top-necrosis)
and in tubers, is termed a hypersensitive resistance (HR).
From such plants the virus can be easily recovered, and
this resistance is conferred by N genes (Vakonen et a.
1996). An analysis of North American potato cultivars
has shown that about 33% possess HR to PVA (Bagnall
1961) and that this type of resistance is so effective un-
der natural conditions that such cultivars have been
termed “field-immune’. This characteristic is easily
introgressed, and a large number of progeny have been
shown to possess HR in crosses of parents having field
immunity (Webb and Schultz 1959).

We report here anovel type of HR to PVA in cv ‘ She-
pody’ which does not possess the R, gene. It reacts with
PVA upon graft-inoculation by the development of ne-
crotic pin-point lesions on the leaves followed by chlo-
rotic mosaic-like symptoms and by the production of ne-
crotic tubers. In contrast to the monogenic inheritance of
ER and HR (Valkonen et a. 1996) the HR in ‘ Shepody’
appears to be under the control of two independent dom-
inant complementary genes. This type of resistance and
the phenotypic response do not clearly fit the resistance
categories elaborated above. A preliminary report on
PVA resistance has appeared elsewhere (Singh 1997).

Materials and methods

Virus isolate and host plants

An isolate of PVA obtained from commercial potato fieldsin New
Brunswick, Canada and used in previous studies (Singh 1982;
Singh and Singh 1998) was maintained in plants of Nicandra phy-
saloides and potato cultivar ‘Russet Burbank’. Virus-free plantlets
of potato cultivars ‘Goldrus’, ‘Green Mountain’, ‘Russet Bur-
bank’, and ‘Shepody’ from the Plant Propagation Centre (New
Brunswick Department of Agriculture and Rural Development,
Fredericton, N.B.) were grown in a greenhouse at 18°-22°C, with
a 14-h daylength supplemented with fluorescent illumination. Ad-
ditional plants were raised from field-grown tubers of cv ‘Bake
King', and numbered seedlings F34011, F58050, and K113-1, the
latter used in the pedigree of cv ‘ Shepody’.

Mechanical and graft inoculations and assay methods

For mechanical inoculation infected leaves were first ground in a
buffer solution (0.01 M sodium phosphate containing 0.4% sodi-
um sulphite, pH 7.5) to provide a 1.5 dilution of sap and then
manually inoculated to young plants in the five- to six-leaf stage.
To check for extreme resistance, we cleft-grafted potato plants
with PVA-infected shoots from potato plants (scions). As many as
six scions were cleft-grafted on some plants with multiple stems
(rootstocks) to provide heavy inoculum pressure. Plants were
monitored for symptom appearance at weekly intervals and as-
sayed at 30, 60 and 90 days post-inoculation by enzyme-linked
immunosorbent assay (ELISA) (Singh et a. 1996). In addition, the
scions and the rootstocks of each grafted plant were tested 60 days
post-grafting by reverse transcription polymerase chain reaction
(RT-PCR) (Singh and Singh 1998) to confirm the presence of PVA
in the scions and to determine the status of PVA in the rootstocks.
Tubers harvested 90 days post-grafting were observed for necrotic
symptoms and, after a cold storage of 5 months, were planted in
the greenhouse. The resulting plant leaves were monitored for
PVA by ELISA and RT-PCR.

Bioassay on virus indicator plant

All scions and rootstocks were also tested for PVA using the indi-
cator plant Physalis angulata (Singh 1982). Additionally, the leaf
extracts from axillary growths of grafted plants showing chlorotic
mosaic symptoms were manually inoculated to various indicator
plants of common potato viruses and a viroid. These were: Datura
metal (virus M, PVM); Gomphrena globosa (PVX); Lycopersicon
esculentum ‘ Sheyenne' (potato spindle tuber viroid, PSTVd and
PVA); Nicandra physaloides (PVA); Nicotiana debneyi (virus S,
PVS); N. tabacum ‘Samsun’ (PVA and PVY); P. angulata (PVA),
P. floridana (PVY); Scopolia sinensis (PSTVd), Solanum demis-
sum (PVY) and ‘Russet Burbank’ potato for any other potato vi-
rus(es). Plants were observed for symptoms of PVA and other vi-
ruses for 6-9 weeks. All inoculated plants were tested by ELISA
for PVA and other viruses.

To determine if the chlorotic mosaic symptoms-inducing factor
was graft-transmissible, scions with symptoms were cleft-grafted
to ‘Russet Burbank’ plants and tested for the presence of PVA by
ELISA. Additionally, they were grafted to various PVA indicator
plants(see above) and assayed for virus by RT-PCR for 6-10
weeks. In another variation of the graft-transmission test of the
symptom-inducing factor, P. angulata scions were grafted onto
‘Shepody’ shoots with chlorotic symptoms. PVA and other virus-
es/viroid positive and negative controls were always included in
each transmission and assay.

Enzyme-linked immunosorbent assay (ELISA)

PVA was assayed by a double antibody sandwich form of ELISA
as described earlier (Singh et a. 1996). Polyclonal antibodies
against PVA were obtained from Boehringer Mannheim Canada
(Dorval, Quebec) and used for coating (1:67 dilution) ELISA
plates (Immulon 1, Dynatech Laboratories, Chanatilly, Va.). The
enzyme-conjugate dilution was 1:150. Leaf sap was prepared by a
Pollghne roller press (4 drops/1.5 ml of extraction buffer). Sam-
ples of each extract were tested in duplicate wells, and the absor-
bance was measured at 405 nm (A 4g5).

Reverse transcription polymerase chain reaction (RT-PCR)

PVA was detected from leaves and dormant tubers by RT-PCR as
described (Singh and Singh 1998). In brief, tuber sap was obtained
using a tuber slicer (Electrowerk, Behcke and Co, Hannover, Ger-
many), 150 W of sap was mixed with 300 ul of the extraction buff-
er (0.1 M Tris-HCI, pH 7.4, 2.5 mM MgCl,) containing 6 units of
RNase-free DNase | (Boehringer Mannheim). This mixture was
incubated at 37°C for 10 min, then 200 pg of Proteinase K
(Promega, Madison, Wis.) and 1% sodium dodecyl sulphate were
added and incubated for an additional 10 min at 65°C, followed by
anucleic acid extraction with phenol-chloroform isoamy! alcohol
and the precipitation of nucleic acid with isopropanol. One micro-
liter (70 ng) of RNA was used for reverse transcription and 5 mi-
croliters of cDNA was used for the amplification reaction, essen-
tially as described (Singh and Singh 1996). Amplification was car-
ried out for 30 cycles in a Peltier thermal cycler (PTC-200, MJ
Research, Watertown, Mass.). Each cycle consisted of a 1-min du-
ration of denaturation at 94°C, primer annealing at 60°C, and
primer extension at 72°C. Ten microliters of amplified product
was electrophoresed on a 1.5% agarose gel containing 0.5 pg/ml
ethidium bromide. The 255 -bp product was identified using a size
marker (DNA ladder, Gibco BRL, Md.).

Southern blot analysis

A digoxigenin (DIG)-labelled PVA probe was generated by RT-
PCR using the purified PVA as template. RT-PCR conditions were
the same as described above except that the dNTPs possessing
Digoxigenin-dUTP were used. RT-PCR-amplified PVA fragment
was fractionalized on an 1.5% agarose gel containing a trace



amount of ethidium bromide and observed on the UV box. The gel
was blotted to MagnaCharge filter (Micron Separations) by capil-
lary action with 20 x SSC for 16 h. After washing briefly with 2 x
SSC, the filter was dried at 37°C and then was exposed to UV
light for 1 min.

Prehybridizaiton was carried out at 42°C in the prehybridiza-
tion solution (5 x SSC, 50% formamide, 0.1% sodium lauroylsar-
cosine, 0.02% SDS, and 2% blocking reagent (Boehringer Mann-
hem, Germany)] for 2 h. Thereafter, DIG-labelled PVA cDNA
fragment was added to the prehybridization solution and hybrid-
ized for 16 h at 42°C. After washing twice with 2 x SSC + 0.5%
SDS and then twice with 0.5 x SSC + 0.2% SDS at 65°C, the filter
was exposed for the detection of DIG-labelled nucleic acid ac-
cording to the manufacturer’s instructions (Boehringer Mannhem,
Germany), and disodium-3-(4-methoxyspiro{ 1,2-dioxetane-3,2’ -
(5'-chloro)tricyclo[3.3.1.137]decan} -4-yl )phenyl phosphate(CSPD)
was used as the substrate for the anti-DIG-akaline phospha-
tase(AP) (Boehringer Mannhem, Germany). The filter was ex-
posed to X-ray film (X-OMAT AR, Kodak) for 20 min at room
temperature, and the film was devel oped.

Results
Evidence for PVA resistance of cv ‘ Shepody’

During an evaluation of the PVA susceptibility of PVY
transgenic potato plants, it was discovered that transgen-
ic *Shepody’ plantsfailed to become infected when inoc-
ulated with PVA by aphid, graft and manual inoculation.
At the same time a high percentage of PVY transgenic
‘Russet Burbank’ plants became infected with PVA by
the three methods. To determine whether the PVA resis-
tance of ‘Shepody’ was due to a PVY transgene, we
manually inoculated non-transgenic ‘Shepody’ plants
with PVA. As a control, two cultivars highly susceptible
to PVA were aso included. None of the 30 ‘ Shepody’
plants became infected with PVA (Table 1), athough
65% of inoculated ‘Goldrus and 53% of ‘Russet Bur-
bank’ plants became infected with PVA (Table 1). Plants
of both susceptible cultivars developed mild mosaic
symptoms in the leaves. However, there were no symp-
toms of any kind in manually inoculated ‘Shepody’
plants. ELISA readings of individual plants confirmed
the PVA infection in symptomatic plants of ‘Goldrus
and ‘Russet Burbank’. On average, in this test the PVA-
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infected plants had A ;o5 values of 0.364-0.588, and non-
infected plants had an A 45 of lessthan 0.1 (Table 1).

Since manual inoculation of PVA failed to produce
100% infection of the highly susceptible cultivars, graft
inoculation was performed. Healthy rootstocks of * She-
pody’ were grafted with PVA infected scions from
‘Goldrus’ and ‘Russet Burbank’, and scions from healthy
‘Shepody’ were grafted on PVA-infected rootstock of
‘Goldrus’ and ‘Russet Burbank’ (Table 1). New growths
of scions and rootstocks were observed for symptoms
and tested for virus by ELISA at 30, 60 and 90 days
post-grafting. ELISA tests of new axillary growth
showed that ‘ Shepody’ plants did not become infected
with PVA during the 90-day post-graft period, although
the virus was always recovered from infected scions or
rootstocks of the other cultivars (Table 1). In a 90-day
post-graft test, PVA concentrations in susceptible ‘ Gold-
rus’ and ‘Russet Burbank’ ranged from an A ;5 of 0.828
to 1.211, while in resistant cv ‘ Shepody’ the absorbance
was limited to an A 45 Of less than 0.09 (Table 1).

In another test the inoculum pressure of PVA was in-
creased by multiple grafting with PVA-infected scions of
multi-stemmed ‘ Shepody’ rootstocks. Five plants with
five to six stems were grafted with infected scions and
maintained for 90 days post-grafting. None of these be-
came infected with PVA as determined by ELISA.

In addition to the ELISA test, all grafted plants were
also tested by RT-PCR for the 60-day post-graft period.
All the infected scions showed a strong PVA-specific,
255-bp DNA band, while none of the rootstock of * She-
pody’ developed the PVA-specific band.

Infectivity assays of scions and rootstocks
of grafted plants

All plants of ‘ Shepody’ grafted with PVA infected scions
or onto PVA-infected rootstocks were checked for PVA
by inoculation to local lesion host P. angulata seedlings.
Local lesions ranging in numbers from one to ten were
detected in plant tissues of ‘Goldrus’ and ‘Russet Bur-
bank’ but not in those of ‘ Shepody’.

Table1l Resistance of

“Shepody’ to manual and graft Cultivars Number of plants ELISA (A5 NM)
noculation of PVA Inoculated Infected Means + SD
Manual inoculation
Goldus 34 22 0.588 + 0.169
Russet Burbank 34 18 0.364 + 0.108
Shepoldy 30 0 0.091 + 0.025
Number grafted  Scions Rootstocks
Graft inoculation
Goldrus¥Shepol dyb 25 0.929 + 0.537 0.059 + 0.019
Russet Burbank?/Shepody® 24 0.828 £ 0.277 0.059 + 0.019
. . Shepodyb/Goldrus? 25 0.086 + 0.057 1.211+ 0.464
2 Plantsinfected with PVA Shepody®/Russet Burbanka 24 0.086 + 0.057 1.011 + 0.305

b Plants not infected with PVA
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Fig. LA ‘Shepody’ leaves

with chlorotic mosaic symp- A
toms. Far right leaf with severe
symptoms, middle two leaves
with faded symptoms, far left is
ahealthy leaf. B, C Necrotic
tuber symptomsin grafted
‘Shepody’ plants. B External
necrotic symptoms, C internal
necrotic and hardened tissues

Novel responsein ‘ Shepody’ plants grafted with PVA-
infected material

*Shepody’ plants grafted with PVA-infected scions occa-
sionally developed necrosis, immediately below the
graft-union (top-necrosis), which spread downward, and
within 2—3 weeks the rootstock was killed. However, the
majority of * Shepody’ plants (more than 95%) devel oped
within 2-3 weeks a novel group of symptoms in which
the axillary growths of the rootstock had chlorotic mosa-
ic to etched leaf-like symptoms. Initialy, a pin-point
chlorotic dot appeared on the leaves, then the centres of
the dots became necrotic, while chlorosis spread in each
direction. Finally, both the green and chlorotic areas in-

creased in intensity, and a chlorotic mosaic pattern be-
came dominant. This symptom was most severe in the
young leaves and faded away as the leaves became older
(Fig. 1A). It appeared in all the new growths of *She-
pody’ rootstocks and was virus-like in its rapid appear-
ance throughout the plant. In scions of ‘ Shepody’ on the
infected rootstocks of the other cultivars, these symp-
toms were observed in vigorously growing ‘Shepody’
scions only. However, their appearance was delayed by
1-2 weeks compared to the symptoms in the ‘ Shepody’
rootstocks.



Attempts to transmit the chlorotic mosaic factor

Since the symptoms observed in the axillary growth of
‘Shepody’ grafted with PVA-infected scions resembled
those of virus infection, attempts were made to manually
transmit the factor causing the symptoms to common po-
tato virus indicator plants. No symptoms developed in
plants of D. metel, G. globosa, L. esculentum ‘She-
yenne', N. physaloides, N. debneyi, N. tabacum, P. ang-
ulata, P. floridana, S. sinensis, and S. demissum. Under
the same environmental conditions, control plants inocu-
lated with the respective viruses and viroid developed
symptoms.

In another test, 26 axillary shoots from *‘Shepody’
with chlorotic mosaic symptomology were grafted onto
virus-free plantlets of ‘Russet Burbank’. No symptoms
of any kind were observed on ‘Russet Burbank’ plants
during 6 weeks of incubation. Under the same environ-
mental conditions, 10 plants of ‘ Russet Burbank’ grafted
with PVA-containing shoots developed typica PVA
symptoms. ELISA and RT-PCR tests also failed to detect
any PVA in chlorotic mosaic ‘ Shepody’ scions grafted
onto the ‘Russet Burbank’ plants.

Similarly, 5 plants of * Shepody’ with chlorotic mosaic
were grafted with healthy scions of P. angulata to deter-
mine if PVA-type lesions would appear in P. angulata.
None developed symptoms, and no PVA was detected in
any of the P. angulata scions by ELISA.

Finaly, indicator plants, which become infected sys-
temically with PVA (tomato, tobacco and N. physalo-
ides), were graft-inoculated with PVA-containing scions
and monitored by RT-PCR up to 8 weeks. Of the 4 graft-
ed tomato plants 3 showed afaint band after 4 weeks and
astronger band 8 weeks after grafting; these were specif-
ic to PVA. This observation indicated that PVA can be
recovered, by RT-PCR, from symptom-bearing ‘She-
pody’ shoots grafted to highly susceptible tomato plants.

Association of PVA with chlorotic symptoms
in * Shepody’ rootstocks

Recovery of PVA from tomato plants 4-8 weeks after
grafting with ‘ Shepody’ scions with chlorotic symptoms
indicated that PVA is capable of multiplying and trans-
locating in ‘Shepody’ plants. Therefore, 20 plants of
‘Shepody’ exhibiting very strong chlorosis symptoms in
their axillary shoots were assayed by RT-PCR and
RT-PCR followed by Southern blot, 30 days after graft-
ing. As shown in Fig. 2A strong PVA-specific bands
were detected by RT-PCR in 10 PVA-infected ‘ Goldrus
scions but only weak bands in 12 * Shepody’ root-stock
samples (the weak bands did not reproduce in the photo-
graph). However, when RT-PCR products were probed
with Digoxigenin labelled PCR probes in a Southern
blot, all 12 rootstock samples showed strong bands of
PVA (Fig. 2B).
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Fig. 2 A RT-PCR analysis of grafted ‘ Shepody’ stocks and ‘ Gold-
rus scions. M size markers, H healthy plant, STOCK 12 ‘She-
pody’ leaf samples; SCION 10 ‘Goldrus' leaf samples, —, cDNA
and PCR controls without templates, PVA purified PVA. The PVA-
specific fragment (255 bp) is indicated. Faint PVA bands in the
stocks were visible on the gel but did not reproduce in the photo-
graph. B Southern blot of the samples used in Fig. 2A, after trans-
fer from gel to nylon membrane using a digoxigenin-labelled
probe generated by RT-PCR (255 bp). Lanes for M, H, STOCK,
SCION, —, and PVA are the same asin 2A

Symptoms in ‘ Shepody’ tubers

‘Shepody’ rootstock grafted with PVA-infected scions
developed tubers with various degrees of necrosis (Fig.
1B). The surface necrotic symptoms continued internal-
ly, and the tissues were hard and dry (Fig. 1C). Not all
plants produced tubers with necrotic symptoms. Of the
31 plants in one test, necrotic tubers were produced in
18. PVA was detected by RT-PCR in necrotic areas of
the tubers but not from the non-necrotic areas. Plants de-
veloped from necrotic tubers were free from chlorotic
mosaic symptoms, and PVA was not detected in these
plants by ELISA or RT-PCR.

Trace-back of PVA resistance in parental lineage
of ‘ Shepody’

Plants of cvs ‘Bake King' and ‘Green Mountain’, and
three numbered seedlings, F34011, F58050 and K34011,
the latter belonging to the pedigree of cv ‘ Shepody’ were
grafted with PVA-containing scions. ‘Green Mountain’
and K113-1 developed mild mosaic symptoms, while
others were symptomless for PVA (Table 2). ELISA tests
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Table2 Trace-back for sourc-

esof PVA resistance in parental Potato parental lines Number of plants Symptoms ELISA (A 05 nm)
lineage of * Shepody’ grafted (stocks)
Bake King 10 Symptomless 0.16 £ 0.017
F34011 12 Symptomless 0.719 = 0.210
F58050 15 Mosaic 0.902 + 0.242
Green Mountain 15 Mosaic 1.493 + 0.454
K-113-1 12 Symptomless 1.550 + 0.355
Shepody 30 Symptomless 0.092 + 0.039
Table 3 The expected segrega- .
tion ratio of dupFI)ex Segreg Parental Progeny Segregation frequency
%Eﬁ?};};ﬁ;ﬁ%{ Zz)r rf:)r())(sg ulliplex Female Male Genotypes Resistant Susceptible
RRRR, rqrafors RiRir1rRoRo1or 1 0
RiRiRor RiR;rr{Rororsry, 4 0
R RRy Ryrr i RoRoror, 4 0
RirRor, Ririrr{Rorof o5 16 0
RiRyrory RiRyr I ol of of 5 0 1
rr1RRy I rarqrarororor, 0 1
rir{RR, rqrqrarRRoror 0 1
rr1Roro rqrrarRororor, 0 4
Rirqrors Ririrqrarof ool 0 4
rqrqfofsy [qrqrqralofoforsy 0 1
Ratio (Ri-Ry-: rqrrory) 25 (0.6944) 11 (0.3056)

showed that except for ‘Bake King' and ‘ Shepody’ other
cv and numbered seedlings were susceptible to PVA (Te-
ble 2). The symptoms of chlorotic mosaic and tuber ne-
crosis were observed in ‘Bake King' athoug they were
less extensive than in cv ‘ Shepody’.

Inheritance of the PVA resistance

Two hundred and forty-eight F, progenies from a cross
of resistant (‘ Shepody’) x susceptible (‘Goldrus’), were
tested for PVA reaction following graft-inoculation with
PVA-infected scions. Grafted rootstocks of ‘Shepody’
were tested 60 days post-grafting by RT-PCR and one tu-
ber each from 147 randomly selected plants was tested
after harvest. In the plant tests 172 were resistant to PVA
and 76 were susceptible; in the tuber test 103 were resis-
tant to PVA and 44 were susceptible. These data provide
agood fit for the existence of two independent dominant
complementary genes controlling resistance in cv ‘ She-
pody’ (Table 3).

Discussion

Resistance to PVA in North American and European
cultivars has shown different trends. North American
studies have shown that many cultivars possess HR
(Bagnall 1961). When cultivars are grafted with PVA-
containing shoots, they develop top-necrosis and also
produce severely necrotic tubers. The virusis readily de-
tected from such plants. In contrast to the North Ameri-
can situation, European cultivars have been shown to re-
spond to PVA infection by HR as well as by ER (Ross

1986; Barker 1996, 1997). The genes for HR are referred
to as N, and for ER as R, (Ross 1986; Barker 1996,
inherited (Valkonen et al. 1996). Many cultivars contain-
ing genes show comprehensive resistance to PVA,
PVY and PVV (Jones 1990; Barker 1997), and thus the
R genes are preferred for introgression into new culti-
vars.

Our study showed that ‘ Shepody’ plants grafted with
PVA-infected shoots occasionally develop top-necrosis
and that most of the grafted plants produce necrotic tu-
bers (Fig. 1B,C); this aspect of the ‘Shepody’ reaction
resembles an HR response. However, PVA is not recov-
erable from such plants and tubers by bioassay, ELISA
or the highly sensitive method of RT-PCR (Table 1).
Thus, the ‘Shepody’ reaction to PVA may consist of a
combination of HR and ER. In addition, with the inclu-
sion of the appearance of the virus-like, but manually
non-transmissible, chlorotic mosaic symptoms through-
out the plant (Fig. 1A), the response becomes truly a
novel phenomenon of virus resistance. As far as we
know, this type of resistance phenotype has not been re-
ported before. It may represent a simultaneous expres-
sion of HR and ER and thus may involve either two dif-
ferent genes or else the ER response happened so rapidly
that the amount of PVA accumulation was insufficient to
induce HR (Benson and Hooker 1960; Valkomen 1994).
This leads to the possibility that ‘ Shepody’ may contain
both N, and R, genes for PVA alone because * Shepody’
is not resistant to potyvirus PVY. Alternatively, both
genes could be of the R, type because some R genes
have been shown to react after virus inoculation with a
necrosis much less severe than is produced by genotypes
expressing N genes (Benson and Hooker 1960; Barker



and Harrison 1984; Valkonen 1994). It appears that this
aternative applies to the situation of ‘Shepody’ grafted
with PVA-infected scions. In the majority of the grafted
plants, necrosis is not the predominant symptom, and on-
ly occasiona necrotic streaks were observed on the
stems. In addition, virus multiplication was extremely
low and only definitely detected in chlorotic leaves after
Southern blot assay of the RT-PCR products (Fig. 2B).

The disease response data of the F, generation provid-
ed evidence for the inheritance of resistance. It was as-
sumed that the resistance is due to a pair of independent
dominant complementary genes, R, and R,. A resistant
plant should have the genotype R, and R, . Thus,
the resistant tetraploid parent, cv ‘Shepody’, is duplex
for both resistant genes, i.e., RjR;r;rRRoror,, Whereas
the susceptible tetrapliod parent, cv ‘Goldrus’ is null-
iplex for both genes, i.e., ryryrqryrorofor,. Further, we as-
sume that both loci are located close to the centromere
and thus chromosomal segregation has taken place. Ten
genotypes are expected from the gametes produced by
‘Shepody’ (Table 3). The overall expected segregation
ratio of resistant versus susceptible progenies from the
cross ‘ Shepody’ x ‘Goldrus’ is 25 (resistant): 11(suscep-
tible). The observed ratio obtained in the plant test of
172 resistant and 76 susceptible is 0.6935:0.3065 with a
¥x2=0.0001. The observed ratio obtained with the tuber
test of 103 resistant and 44 susceptible is 0.7007:0.2993
with a x2=0. Both indicate a perfect fit to the hypothesis
of two independent complementary dominant genes.
This evidence is in contrast to the monogenic-dominant
inheritance observed in other investigations (Valkonen et
al. 1996). It is possible that the resistant parent used in
their studies was quadruplex (e.g., R;R;R;R;) or triplex
(e.9., RyRyRyr,) for one of the pair of dominant resistant
genes.

In an attempt to trace-back the sources of PVA resis-
tance in * Shepody’, we were interested to note that ‘ She-
pody’ is susceptible to several potato viruses including
the potyvirus PVY (Young et al. 1983). Among its im-
mediate parents, ‘Bake King' was found to have a simi-
lar resistance to PVA (Table 2) (Singh 1997). Among
‘Bake King'’s parents, ‘Merrimack’ and ‘Merrimack’s
immediate parent USDA seedling B96-56 are known to
exhibit HR to PVA (Bagnall 1961). Therefore, the partial
HR observed in ‘ Shepody’ could have been introgressed
through this HR lineage of ‘Shepody’. Although leaf
symptomology is novel and only a low concentration of
PVA is recovered from grafted ‘Shepody’ plants, the
presence of trace amounts of necrosis in plant stems and
the extensive necrosis of the tubers suggest that the resis-
tance observed in ‘ Shepody’ could be of the HR type.

Use of PVY-transgenic potato plants to assess the
PVA reaction in ‘Shepody’ shows that the natura resis-
tance of * Shepody’ has not been affected by the incorpo-
ration of the PVY transgene. In comparative tests with
several PVY-transgenic cultivars, ‘Shepody’ remained
100% resistant to PVA when tested with ELISA, while
PVA-susceptible cultivars with the PVY transgene be-
came 55-100% infected with PVA (data not shown).
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