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Potato Y potyvirus is globally one of the most impor-
tant viral pathogens of the cultivated potato (Solanum
tuberosum L.) and can cause yield loss of up to 80% (Hooker
1981). Incorporation of resistance genes into potato culti-
vars from disease-resistant varieties is the most efficient way
of controlling this virus (Gebhardt and Valkonen 2001, Ross
1986, Watanabe et al. 1995). Two types of monogenically
inherited resistance genes have been found in cultivated and
wild potato species (Solanum spp.) (Ross 1986, Valkonen
1994). Ny genes are PVY strain-specific and express hyper-
sensitive resistance (H) in infected plants, which produce nec-
rotic lesions or systemic necrosis where infected. The other
is Ry genes conferring extreme resistance (E) to all strains of
PVY. In inoculated plants expressing Ry, no symptom de-
velops except for limited systemic necrosis occurring after
graft-inoculation in some genotypes, and appearance of an
ELISA-detectable PVY titer (Ross 1986, Valkonen et al.
1996). Two Ry genes had been utilized in potato PVY resist-
ance breeding programs, i.e., Ryy, from Solanum stoloniferum
Schlechtd. et Bché (Ross 1986) and Ry,q, from Solanum
tuberosum subsp. andigena Hawkes (Kasai er al. 2000,
Mufioz et al. 1975, Watanabe et al. 1996a, 1996b).

Disease resistance is a defense response of the plant to
its pathogens controlled by resistance (R) genes (Bergelson
et al. 2001, Dangl and Jones 2001). The structure similarity
and motif conserved observed among various plant R genes
provide attractive targets for PCR-amplification and iso-
lation of similar sequences in other plant species. Some re-
sistance gene-like fragments (RGL) have been isolated and
characterized by this method (Aarts et al. 1998, Kanazin
et al. 1996, Leister ef al. 1996, Meyers et al. 1999, Shen
et al. 1998, Speulman et al. 1998, Yu ez al. 1996). A 355 bp
RGL fragment (ADG2) was amplified from potato with

Communicated by Y. Furuta
Received October 11, 2002. Accepted November 14, 2002.
*Corresponding author (e-mail: nabechan@gene.tsukuba.ac.jp)

primers having sequence conservation between gene N from
Nicotiana glutinosa (Whitham et al. 1994) and gene RPS2
from Arabidopsis thaliana (Bent et al. 1994, Mindrinos et al.
1994) in a domain spanning the predicated kinase-2 and
kinase-3a motifs downstream of the P-loop. It was mapped
on chromosome XI and was found to be co-segregated with
RYa4e in a Fy population with 77 individuals (Hamaéldinen
et al. 1998). Sequence comparison revealed a 12 nucleotide-
difference between the ADG2 fragments derived from a PVY
resistant line 2x(v-2)7 (Ry,q4, carrying) and a susceptible line
84.194.30. One of the differences located within the kinase-
3a motif has been developed as the CAPS (cleaved ampli-
fied polymorphic sequences) marker which could distin-
guish the potato lines carrying Ry,,, from those lacking this
gene (Sorri ef al. 1999). Because ADG2 was originally am-
plified from mRNA pools and showed 77% homology with
the corresponding region of the gene N from Nicotiana
glutinous (Whither et al. 1994) and 53% homology with gene
RPPS5 from Arabidopsis thaliana, both are transcriptional R
genes (Leister et al. 1996), Sorri et al. (1999) argued that
ADG2 was probably part of the Ry,4, conferring extreme re-
sistance to PVY.

Further sequence analyses of ADG2 fragments ampli-
fied from diverse potato lines may be of value in understand-
ing the molecular basis of Ry,q, function, developing new
markers such as SCAR (sequence characterized amplified
region) (Kasai et al. 2000) or providing pedigree informa-
tion for parental line selection in breeding programs. Here
we report the sequences of ADG2 fragments from 24 potato
lines.

Sequencing with various potato genotypes

Totally 24 potato lines with a diverse genetic back-
ground were amplified by PCR and the sequences of ADG2
fragments analyzed. As a response to potato Y potyvirus,
eleven of them showed extreme resistance, three were hyper-
sensitive and the remaining ten were susceptible. The ex-
treme resistance was controlled by an Ry,, gene in eight
lines, while the others were derived from Ry,,, or Ry.,.. The
potato lines and their ploidy, resistance phenotype, resistance
donor species and related references are listed in Table 1.

Total DNA was extracted from pathogen-free in vitro
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grown plants by the CTAB method (Doyle and Doyle 1987).
ADG2 was amplified from total DNA with ADG2-specific
primer pair 3.3.3s (5'-ATACACTCATCTAAATTTGATGG-
3') and 3.3.3as (5'-ACTTAACTGCATCATGTTCAAG-3")
(Héamaldinen ef al. 1998) using a Thermal Cycler (MJ
Research, USA). The reaction mixture (50 ul) contained S0ng
template DNA, Ix GeneAmp PCR buffer (Perkin Elmer,
USA), 0.1 mM each of dNTPs, 0.25 uM primers and 1 unit
Tag DNA polymerase (AmpliTaq Gold, Perkin Elmer,
USA). The expected fragments were amplified by PCR as
follows: preheated at 94°C for 10 min, followed by 35 cycles
of 94°C for 45 sec, 55°C for 45 sec, and 72°C for 80sec. a
final extension was performed at 72°C for 10 min.

PCR products were cloned into a pGEM-T vector
(Promega, USA), and these clones were mapped prior or af-
ter the sequencing to confirm the fragments localized at the
same chromosomal region in Chromosome XI by using the
existing tomato map with RFLP markers (Tanksley et al.
1992). The confirmed PCR products were sequenced using
an automated DNA sequencer (ABI Prism, Perkin Elmer,
USA) and a Cycle Sequencing Kit (ABI Prism, Perkin Elmer,
USA). The resulting sequences were aligned, converted

Tablel. Plant materials
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to amino acid sequences using the GENETYX-MAC 10.1
software (Software development Co., Ltd., Japan). At least 5
clones containing ADG2 from each potato line were selected
for sequencing.

ADG? fragments have small but specific variation

The sequence comparison of ADG2 fragments from a
PVY-resistant line 2x(V-2)7 and a susceptible line
84.194.30 revealed a single nucleotide substitution C to G
that could be developed as a CAPS marker to distinguish
Ry.q-carrying potato lines from the non-Ry,4-carrying lines
in 50 selected potato cultivars and breeding lines. This sub-
stitution was located in the predicted kinase-3a motif and re-
sulted in an amino acid substitution, Thr to Ser, in predicated
gene products (Sorri er al. 1999). Here we tentatively refer
the ADG2 fragment having a C nucleotide (Thr residue in
amino acid sequence) within the kinase-3a motif to R allele,
while the S alleles have a substituted G nucleotide or Ser res-
idue within the corresponding region.

ADG?2 fragments were amplified from 24 potato lines:
six diploids and eighteen tetraploids, respectively, with a di-
verse genetic background, as well as different response to

Resistance

Resistance

Potato line Ploidy . Referrences

phenotype!  donor species?
2x(V-2)7 2x E adg Valkonen et al. 1994a, Watanabe et al. 1994a
(V-2)629 2x E adg Sorri et al. 1999
7XY.1 4x E adg Iwanaga et al. 1991, Watanabe et al. 1994b
TA3.5.3.6” 4x E adg Watanabe er al. 1992
NY103 4x E adg Kasai ef al. 2000
NYI121 4x E adg Kasai et al. 2000
NYI123 4x E adg Kasai et al. 2000
84.194.30 2X S Valkonen et al. 1994a, Watanabe ef al. 1994a
AA3 4x E adg Iwanaga ef al. 1991, Watanabe et al. 1994b
DG81-68 2x S Swiezynski et al. 1989
NY99 4x S Hamalainen ef al. 1997
NY109 4x S Kasai ef al. 2000
NY115 4x S Kasai et al. 2000
acl 7-8 4x S S. Slack, personal communication
HHI9.1CD 4x S E. Fernandez-Northcote, personal communication
[12.1 4x S E. Fernandez-Northcote, personal communication
Papa Amarilla 2x S CIP» 1998
Russet Burbank 4x S CIP? 1998
Pentland Crown 4x H Jones 1990, Valkonen et al. 1994b
Pentland Ivory 4x H thr Jones 1990, Stegemann and Schnick 1982
Yukon Gold 4x H Valkonen 1997
86.61.26 2x E sto Valkonen et al. 1994a, Watanabe et al. 1994a
Konafubuki 4x E che HKAES* 1998
Sakurafubuki 4x E che HKAES* 1998

D E: extreme resistance, S: susceptible, H: hypersensitive resistance
2 adg: Solanum tuberosum subsp. andigena, che: S. chacoense, sto: S. stoloniferum, tbr: S. tuberosum

® International Potato Center

4 Hokkaido Konsen Agricultural Experimental Station, Japan

@ (V-2)62 is F, hybrid derived from the cross of 2x(V-2)7x84.194.30

% TA3.5.3.6 was produced using the potato line AA3 (7XY.1x S. acaule 954.3CA) as the female in cross with an inter-
specific hybrid DG 81.68. E to PVY in TA line is conferred by Ryadg derived from 7XY.1
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2x(v-2)7 R
(v-2)62 R

IXY.1 R

TA3536 R

NY103 R

NY121 R

NY123 R
84.194.30 S
(V-2)62 S

TXY. 18

AA3 S

DG81.68 S

TA3536 S

NY99 S

NY103 S

NY109 S

NY115 S

NY121 S

acl7.8 S

HH19. 1CD S

112.1 S

Papa Amallia S
Russet Burbank S
Pentland Crown H1
Pentland Crown H2
Pentland Ivoly H
Yukon Gold H
86.61.26 sto
Konafubuki che
Sakurafubuki che

2x(v-2)T R
(V-2)62 R

Y. 1R

TA3536 R

NY103 R

NY121 R

NY123 R
84.194.30 S
(V-2)62 S

TXY. 1S

AA3 S

DG81.68 S

TA3536 S

NY99 S

NY103 S

NY109 S

NY115 S

NY121 S

acl7.8 S
HH19.1CD S

112.1 S

Papa Amallia S
Russet Burbank S
Pentland Crown H1
Pentland Crown H2
Pentland Ivoly H
Yukon Gold H
86.61.26 sto
Konafubuki che
Sakurafubuki chc

- em e e e e e ek ek e b e etk ki S e ek et e b e —

Conservation of ADG2 in potato

IHSSKFDGACFLPEKENKHE [ HSLQS | LLSKLVGEKENCVHDKEDGRHLMARRLRLKKY

IHSSKFDGACFLPIYKENKYE | HSLQS § LLSKLVGEKENGVHDKEDGRHLMARRLRLKKV
IHSSKFDGACFL'DN‘ENK E |HSLQS | LLSKLVGEKENCVHDKEDGRHLMARRLRLKKY
1 HSSKFDGACFL PAJKENKYE | HSLQS | LL SKLVGEKENCVHDKEDGRHLMARRLRLKKV
IHSSKFDGACFLPBKENKME | HSLQS | LLSKLVGEKENCVHDKEDGRHLMARRLRLKKV
| HSSKFDGACFLPWIKENKYE | HSLQS 1LLSKLVGEKENCVHDKEDGRHLMARRLRLKKY
(HSSKFDGACFL PATKENIYJE | HSLQS I LL SKLVGEKENCVHDKEDGRHLMARRLRLKKV

M) JKENKME | HSLGS | LL SKLVGEKENCVHDKEDGRHLMARRLRLKKV
I HSSKFDGACFLHIKENK| EIHSLOSILLSKLVGEKENCVHDKEDGRHLMARRLRLKKV

lHSSKFDGACFLi SKENKHE]HSLQSILLSKLVGEKE SQ:

IHSSKFDGACFLK SKENKHEIHSLOSILLSKLVGEKE _?ﬁ

IHSSKFDGACFL{EVSKENKHE IHSLQS I LLSKLVGEKE| 1ol
D

IHSSKFDGACFLEVSKENKHE IHSLOS! LLSKLVGEKENCVH g
IHSSKFDGACFL PITKENK(E IHSLGS | LLSKLVGEKENCVHDKEDGRHLMARRLRLKKV
IHSSKFDGACFLPVSKENKHE | HSLQEIEI:LSKLVGWEN KD GTHLMARRLREKKV

IHSSKFDGACFLEVSKENKHE I HSL G| LL SKLVGEKENZVMTKEEGRHIMTIRLRLKKY
IHSSKFDGRCFL EVSKENKHE 1 HSLQSLL SKL VGEKERAVDKELGRY [ISIRLRLKKY
IHSSKFDGACFLugi;ENK E 1 @SLGS I LLSKLVGEKENCV.EDKEDGRHEMAN RTKV
|HSSKFDGACFLP) ENK E IHSLGS | LLSKLVGEKENCVHDKEDGRHLMARRLRLKKY
IHSSKFDGACFL PVSKENKHE I HSLQS 1 LL SKLIJGBKENCVEDKEDGRIIMARRL KKV
IHSSKFDGACFLPl ENKJJE I HSLQS I LLSKLVGEKENCYHDKEDGRHLMARRL RLKKV
IHSSKFDG SKENKHE EHSLQSSLL SKLVGEKERV IDKEfJGRY ELRLKKV
IHSSKFDG FLI SKENHE 1HSLOS LSKLVGEKE v KE R LRLKKV
IHSSKFDGACFLPVSK]NKHEIHSLO ILLSKL LMARRLR

IHSSKFDGACFLPVSKENKHEBHSo LSKL LMARRLR

IHSSKFDGACFL!@EKENKYEIHSLOSlLLSKLVGEKENCVHDKEDGRHLMARRLRLKKV
IHSSKFDGACFLPVSKENKHE IHSLOJI LL SKLVGVREN MARRLREKKV
IHSSKFDGECFLEVSKENKHE IHSLQSSLL SKLVGEKER KE G ngﬂRLRLKKv
IHSSKFDGACFLPVSKENKHE IHSLQJ I LLSKLVGIRENSY ¥k BDGIHL MARRLRY KV
IHSSKFDGACFLPVSKENKHE IHSLQS | LLSKLIAGEKENCY KEDG ARRL

kinase2
F { RKNDAVYPVTTLLEHDAVK
F IRKNDAVYPVTTLLEHDAVK
F |RKNDAVYPVTTLLEHDAVK
F IRKNDAVYPVTTLLEHDAVK
F [RKNDAVYPVTTLLEHDAVK

LW
LW

LVVLDNIDHE

LVVLDNIDHilOL YLAGDLGWF]NGSR!IATTR ! DAHYPVTTLLEHDAVK
LVVLDNIDHjDOLIYL iy RENDALYPVTTLLEHDAVK
LVVLDNIDHMDAL IRKNDAVYP"TTLLEHDAVK
LVVLDNIDiEw DAuYPVTTLLEHDAVK
LVVLDNIDHElOLi DAVYPVTTLLEHDAVK

FIRKEDAVYEVTTLLEHDAVK

LVVLDN I DHIDOLEYL N lRKNDAVYPVTTLLEHDAVK
LVVLDNIDHIDAL ] PVTTLLEHDAVK
LVVLDN | DHODQL{YLAGDLGWFIY GSRIIATTRiMO N: YPVTTLLEHDAVK

[vvlon | DHETOL DYL AGDLEHFGNGSR 1 | ATERDS FIRKNDAVYPVTTLLHHDAVK
LVVLDNIDHIDOLIYL AGDL GHFENGSR | | ATTRDUEFIRENDAT]YPT TLLEHDAVK
LVVLDN 1DHIDOLRYLAGTL GHFGEGESR 1 1 ATTRDZH[]I RKNDAVYPVTTLLEHDAVK
LVVLDNIDHIDOLYLAGDLGHFEINGSR | ATTRD O‘NFErDAﬂYPVTTLLEHDAVK
DAVYEVTTLLEHDAVK

118
118
118
118
118
118
118
118
118
118
118
18
118
118
118
18
118
118
118
118
118
118
118
118
118
118
118
118
118
118

Fig.1. Alignment of the deduced amino acid sequence of ADG2 fragments amplified from potato. The letter
R and S following the potato lines represent the tentative R and S alleles of Ry, respectively. H indi-
cates the hypersensitive response to PVY. Two alleles were amplified from Pentland Crown: H1 has
Thr in kinase-3a motif while H2 has a Ser. sto and chc refer to the E resistance conferred by Ry, and
Rycsc, respectively. The highlighted white letters indicate the difference among the potato alleles. The
kinase-2 and kinase-3a motifs are indicated, respectively. The over-lined sequences are primer bind-
ing regions for SCAR marker (Kasai e a/. 2000).
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PVY, i.e., extreme resistance, hypersensitive or susceptible.
Over ten and more than twenty cloned ADG2 fragments for
diploid and tetraploids, respectively, from each potato line,
were sequenced, and the outcome of the deduced ADG2
amino acid sequence with R or S allele from all the 24 potato
lines were aligned and shown in Figure 1. As for Ry, geno-
types, the occurrence of R type allele and S type allele were
fitted with 1:1 ratio, and in tetraploids with Ry, the R to S
ratio corresponded to 1 :3 by the chi-square test for goodness
of fit at the 5% level. Thus, these diploids and tetraploids
with Ry, were deduced as heterozygous and simplex for
Ryaag, respectively. Indeed, this inference was well correlat-
ed with the pedigree and progeny testing conducted previ-
ously (Watanabe ef al. 1992, 1994a, 1994b, R. L. Plaisted,
personal communication on NY clones in Table 1).

As summarized in Figure 1, at least one R allele was
found to be amplified from each Ry, -carrying line, whereas
all the ADG2 in non-Ry,q-carrying lines were amplified
from the S allele with nucleotide C substituted by G. An ex-
ception was Pentland Crown, which had an allele with nucle-
otide G in the kinase-3a motif but many variations occurred
in other regions. The sequence comparison also showed that
the R alleles were well conserved among Ry, carrying lines
that derived from different genotypes of S. tuberosum ssp.
andigena (Watanabe et al. 1992, 1994a, 1994b, R. L. Plaist-
ed, personal communication on NY clones in Table 1).

Application of the sequence information to marker-assisted
selection (MAS) of potato

The sequence comparison between the AGD2 frag-
ments from 2x(V-2)7 and 84.194.30 led to the identification
of CAPS (Sorri ef al. 1999) and SCAR (Kasai et al. 2000)
markers which could distinguish the potato lines carrying
Ry, from those lacking this gene and thus should be appli-
cable in marker-assistant breeding. A wide comparison of
ADG?2 fragments from diverse potato genotypes with a dif-
ferent background in this study provided more information
about this fragment.

ADG2 amplified from all Ry,q-carrying potatoes
shared a common allele (R allele to PVY) with unique se-
quence pattern. As compared to the R allele, differences at
various locations within ADG2 were found among the S
alleles amplified from non-Ry.,-carrying or Ry,..-hetero-
zygous lines. The S allele from 84.194.30 had the highest
similarity to R allele. It differed from R alleles in 12 nucleo-
tides (Sorri et al. 1999), the deduced amino acid sequence
only showed four residue differences (Fig. 1). One of them
occurred in kinase-2 motif and the other in kinase-3a motif.
The difference between R and S in kinase-3a was the molec-
ular base of CAPS marker developed by Sorri and her col-
leagues. Although most of the S alleles confer Ser in the
kinase-3a motif, one allele from Pentland Crown conferring
hypersensitive to PVY had Thr as the R allele (Fig. 1). This
allele (Pentland Crown, H! in Fig. 1), however, had many
other variations as compared to R allele and thus might be
the reason for the lack of the extreme resistance to PVY as

conferred by Ry,q,. This observation suggests that conserva-
tion of the entire ADG?2 region (not only kinase-3a) is essen-
tial for a functional Ry,,, gene.

Kasai et al. (2000) used the nucleotide difference of
ADG?2 between 2x(v-2)7 and 84.194.30 in the position of
297-321 bp to design primers for SCARs. The S alleles from
other potato lines showed much more variation in this region
(Fig. 1). Considering the exception of Pentland Crown in
kinase-3a which may complicate the CAPS analysis, the
SCARs should be reliable as genetic markers in marker-
assistant breeding and indeed, the sequence analysis of rep-
resentative potato genotypes in this report support the high
association of R and S phenotypes with SCAR markers.

ADG2 fragments were amplified using primers homol-
ogous to the downstream region of P-loops (phosphate-
binding loop or kinase-1a) present in gene N from Nicotiana
glutinous (Whitham et al. 1994) and gene RPS2 from
Arabidopsis thaliana (Bent et al. 1994, Mindrinos et al.
1994). This is a nucleotide binding site (NBS) conserved in
many resistance genes (Leister et al. 1998, Meyers et al.
1999, Wang et al. 2002). NBS is extensively defined as the
domain encompassing the kinase-la (P-loop) and is fol-
lowed by kinase-2 and kinase-3a motifs in R proteins which
are distinct from those found in protein quinces (Taylor et al.
1993, Hammond-Kosack and Jones 1997, Wang er al.
2002). The NBS domain may activate the plant’s defense by
altering the interaction between R gene products and other
members of the defense signal transduction cascade (Dangl
and Jones 2001). Site-specific mutations that alter key resi-
dues within the proposed NBS have been found to eliminate
the function of R genes (reviewed by Bent 1996). The
present sequence data also suggested that residue substitu-
tion in kinase-2 and kinase-3, as well as a certain amount of
variation occurring in NBS may cause the loss of resistance
conferred by Ry, in potato lines.
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