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a  b  s  t  r  a  c  t

World  potato  productivity  including  India  was  almost  stagnant  during  the last two  decades  largely  due
to yield  losses  by  biotic  and  abiotic  stresses.  Among  biotic  stresses,  late  blight,  viruses  and  nematodes
are  the  most  devastating.  Varieties  resistant  to individual  stress  have  been  deployed  but  the  production
remained  limited  because  of other  biotic  stresses  affecting  the  crop.  Potato  cultivars  having  multiple
disease  resistance  are  urgently  required  to  boost  production.  Resistance  to late blight  is both  qualitative
and  quantitative  while  extreme  resistance  to  PVY  can  be imparted  by  the  single  dominant  genes Ryadg

and  Rysto. Likewise  resistance  to potato  cyst  nematode  is  mainly  imparted  by  the  single dominant  H1  and
Gro1-4  genes.  All these  genes  have  been  mapped  and  tightly  linked  molecular  markers  are  available  to
perform  marker-assisted  selection  (MAS).  In the  present  study  126  parental  clones  were  characterized
for  the  presence  of  genes  for resistance  to late blight  (R1, R2, R3a),  PVY  (Ryadg,  Rysto)  and  potato  cyst
VY
CN

nematodes  (H1,  HC QRL  and  Gro1-4)  using  molecular  markers.  The  same  clones  were  evaluated  for  dis-
ease  resistance  with  standard  phenotypic  assays.  Fourteen  elite potato  genotypes  possessing  multiple
disease  resistance  genes  were  identified  by means  of linked  molecular  markers  and  their  resistances
were  confirmed  through  phenotypic  screening  methods.  These  genotypes  can  be exploited  as  parents  for
hybridization  to  expedite  the  potato  resistance  breeding  programmes.

©  2014  Elsevier  B.V.  All  rights  reserved.
. Introduction

Potato (Solanum tuberosum L.) is a member of the Solanaceae,
n economically important plant family. Potato is after the
rains, the world’s number one food crop with global pro-
uction reaching a record of 374 million tonnes in 2011
http://faostat.fao.org/site/339/default.aspx). Today, potatoes are
rown in about 150 countries ranging from latitudes 23◦ N to
7◦ N and at altitudes from sea level to 4000 amsl. The top three

otato producers of the world, China, India and the Russian
ederation together contribute about 43% of the global potato
roduction. A yield plateau has been reached for the potato

∗ Corresponding author. Tel.: +91 9418046415; fax: +91 177 2624460.
E-mail addresses: vinaycpri@gmail.com,

inay cpri@rediffmail.com (V. Bhardwaj).

ttp://dx.doi.org/10.1016/j.scienta.2014.09.018
304-4238/© 2014 Elsevier B.V. All rights reserved.
crop in India (Pandit and Chandran, 2011) indicating that the
potato varieties developed during the last 50 years did not find
substantial favour with the growers. The world potato produc-
tivity also did not substantially increase during the last 20 years,
though an increase from 14.6 t/ha (1991) to 17.8 t/ha (2010) was
observed (http://faostat.fao.org/site/339/default.aspx). Gopal and
Oyama (2005) stated that stagnation of the potential yield of potato
commercial cultivars is primarily due to their narrow genetic base.
Hence, to ensure food security, buffer stocking and exportable sur-
plus, high yielding, multiple disease resistant potato varieties are
required (Douglas and Halpin, 2010; Joseph et al., 2011).

Among the various biotic and abiotic stresses affecting potato
production, three biotic stresses i.e. late blight, viruses and cyst

nematodes constitute major threats. Late blight caused by the
oomycete, Phytophthora infestans is the most important disease of
potato causing severe crop damage worldwide. It causes losses over
US $ 3.25 billion in developing countries while in India, it inflicts

dx.doi.org/10.1016/j.scienta.2014.09.018
http://www.sciencedirect.com/science/journal/03044238
http://www.elsevier.com/locate/scihorti
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http://faostat.fao.org/site/339/default.aspx
mailto:vinaycpri@gmail.com
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osses up to 15% annually amounting to 0.5 billion US $ (Bhat et al.,
008). Since early in the last century 11 single genes for resistance
R genes) to late blight have been introgressed into the cultivated
otato from S. demissum.  This type of resistance, often called verti-
al resistance, was rapidly overcome in the field by new strains of
. infestans, and thus breeders lost interest in single gene resistance
Wastie, 1991). Now-a-days there is renewed interest in this type
f resistance as R genes, although defeated, can still increase the
evel of quantitative or field resistance, which is considered more
urable (Stewart et al., 2003; Gebhardt et al., 2004). Co-localization
f some R genes with quantitative resistance loci (QRL) by Gebhardt
nd Valkonen (2001) suggests that major and minor gene resis-
ance might be in part similar at the molecular level. Most of the R
enes introgressed from S. demissum have been mapped and four of
hem R1,  R2,  R3a and R3b have been cloned and sequenced (Ballvora
t al., 2002; Lokossou et al., 2009; Huang et al., 2005; Li et al.,
011). Many other R genes conferring resistance against P. infes-
ans have been mapped from wild species including RB/Rpiblb1,
pi-blb2, Rpi-blb3, Rpi-bt1 and Rpi-abpt (S. bulbocastanum); Rpi-bst1
S. brachistotrichum); Rpi-edn1.1 (S. edinense); Rpi-hjt1.1,  Rpi-hjt1.2
nd Rpi-hjt1.3 (S. hjertingii); Rpi-mcd1 (S. microdontum);  Rpi-snk1.1
nd Rpi-snk1.2 (S. schenckii); Rpi-ver1 (S. verrucosum); Rpi-pnt1 (S.
innatisectum); Rpi-sto1 and Rpi-sto2 (S. stoloniferum); Rpi-pta1 (S.
apita); Rpi-plt1 (S. polytrichon); Rpi-mcq1 from S. mochiquense; Rpi-
hu1 from S. phureja; Rpi-vnt1.1,  Rpi-vnt1.2,  Rpi-vnt1.3 (S. venturii);
pi-dlc1 from (S. dulcamara); Rpi-ber1 and Rpi-ber2 (S. berthaultii);
pi-avl1 (S. avilesi); Rpi-cap1 (S. capsicibaccatum); and Rpi-qum1 S.
ircaeifolium spp. quimense. Among these about 20 functional late
light R genes have also been cloned so far (Kim et al., 2012). As a
esult of this work molecular markers either tightly linked to these
enes or located within the resistance gene itself have been devel-
ped, which can be useful for undertaking marker assisted selection
MAS).

The potato crop is also threatened by a number of viruses which
re omnipresent (Jeffries, 1998). The most damaging viral diseases
re caused by Potato Leaf Roll Virus (PLRV), Potato Virus Y (PVY) and
otato Virus X (PVX). Currently, PVY causes the most damage and
urpassed PLRV in numbers, with yield losses up to 80% (Daniels
nd Pereira, 2004). Three main strains of PVY are known to infect

 wide range of potato cultivars viz., PVYC, PVYN and PVYO, though
urther PVY strains have emerged due to mutation or recombi-
ation among these strains, resulting in more aggressive strains

ike PVYNTN. The symptoms produced by PVY in potato foliage
ary according to the virus strain and the cultivar. PVYC causes a
osaic pattern while PVYN leads to leaf necrosis in tobacco and soft
osaic symptoms in potato foliage. Necrotic rings are produced by

VYNTN and severe necrosis can lead to death of the susceptible
lants. PVYO is the most common strain in India, causing light and
ark mosaic patterns in the leaves. Further spreading of the virus
ay  lead to vein burning and sometimes necrotic “ringlets” on the

eaves.
In India more than 90% of potatoes are grown under sub-tropical

onditions that favour the proliferation of viruses because of the
ongenial conditions prevalent for their insect vectors. This fact
akes it difficult to produce virus free healthy seed potatoes. The

ituation is expected to deteriorate further due to global warming
hat may  result in fewer days available for seed potato produc-
ion. Hence, breeding virus resistant cultivars as advocated by Ross
1986) needs to be taken up on priority to boost the seed pro-
uction programmes in the developing world. The strain-specific
esistance is controlled by the NY resistance gene while the extreme
esistance is controlled by RY gene. The single dominant gene

yadg from S. tuberosum group andigena on potato chromosome
I imparts extreme resistance (ER) to PVY (Munoz et al.,  1975).
he Ryadg gene can be detected in segregating progenies with the
iagnostic DNA marker RYSC3 (Kasai et al., 2000). Recently CPRI
lturae 179 (2014) 204–211 205

has developed and registered the elite potato cultivar YY6/3 C-11
with the National Bureau of Plant Genetic Resources (NBPGR), New
Delhi (INGR10143). This cultivar possesses Ryadg in triplex (YYYy)
condition (Kaushik et al., 2013). The independent gene Rysto on
chromosome XII from S. stoloniferum also confers extreme resis-
tance to PVY and can be diagnosed by PCR markers (Flis et al.,
2005; Song et al., 2005; Song and Schwarzfischer, 2008). Other
sources of resistance genes to PVY are detected in wild species of
S. chacoense (Rychc, Nychc), S. hougasii (Ryhou), S. demissum (Nydms)
by Cockerham (1970) and Valkonen et al. (1994). Two other novel
genes Nytbr and Ny-1 were identified in S. tuberosum Gp. Chilotanum
by Celebi-Toprak et al. (2002) and Szajko et al. (2008) respec-
tively.

The potato cyst nematodes (PCN) Globodera rostochiensis and
Globodera pallida are the most important pests feeding on potato
roots (Evans and Trudgill, 1992). The symptoms of infection are
unspecific and similar to those caused by other biotic or abiotic
stresses. Yield losses caused by PCN are estimated up to 30% world-
wide (Oerke et al., 1994). Both PCN species are included in the
list of quarantine pathogens in many countries (EPPO/CABI, 1992)
including India. The wild Solanum species mostly exploited in PCN
resistance breeding are S. tuberosum ssp. andigena, S. vernei and S.
spegazzini.  PCN resistance has been reported in other wild sources
viz., S. gourlayi, S. sparsipilum, S. chacoense,  S. phureja, S. demissum,
S. gourlayi, S. microdontum, S. sucrense, S. tarijense, S. acaule,  S. fend-
leri, S. multidissectum, S. oplocense (Phillips, 1994). A number of
PCN resistance genes have been mapped in different potato chro-
mosomes conferring specific and partial resistance. Major genes
conferring specific resistance to G. rostochiensis are H1,  GroVI,  Gro1,
Gro1-4 while Gpa2, GpaV and GpaXI confer resistance against G. pal-
lida (Milczarek et al., 2011) Besides, several other major and minor
QTL offers partial resistance to either of these Globodera species.
The phenotypic evaluation of resistance to Globodera spp. is costly
and time consuming. DNA markers can reduce these costs, when
their application in breeding programmes is optimized, for exam-
ple by consecutive screening or by multiplex PCR assays (Gebhardt
et al., 2006). Currently available diagnostic markers for the selection
of PCN resistant genotypes (Milczarek et al., 2011; Dalamu et al.,
2012) are TG689 (Biryukova et al., 2008), Gro1-4 and Gro 1-4-1 (Paal
et al., 2004; Gebhardt et al., 2006; Asano et al., 2012), SPUD1636
(Bryan et al., 2002) and the SNP-based marker HC (Sattarzadeh et al.,
2006).

In order to increase and sustain potato production, it is imper-
ative to control these diseases effectively. Chemical control of any
of these diseases has its own  limitations. Therefore, exploiting
genetic resistance was and is always the advised and preferred
method for their effective management. Molecular markers tightly
linked to different resistance genes have the potential to facil-
itate the precise and efficient selection of resistant cultivars at
an early stage, particularly the stacking of two  or more different
resistance genes in the same genetic background. The availabil-
ity of DNA-based markers closely linked to resistance genes/QRLs
offers the possibility to screen various types of germplasm. Stack-
ing genes for resistance to late blight and nematodes through this
approach will extend the life span of new varieties in the South
Indian hill regions while varieties combining resistance to late
blight and viruses will have great potential in the sub-tropical
plains of India. Developing varieties with diverse resistance genes
and their strategic deployment in different agro-climatic zones
would help in arresting the spread of major diseases in differ-
ent potato growing areas. Keeping this in view, the objectives of
the present study were (i) to identify parental potato lines pos-

sessing multiple disease resistance genes to be exploited in potato
breeding programmes and (ii) to test the suitability for MAS  of sev-
eral diagnostic markers for disease resistance in Indian breeding
materials.
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. Materials and methods

.1. Plant materials

The plant material screened for resistance and presence of mark-
rs linked to late blight, PVY and PCN resistance genes comprised
26 potato genotypes maintained at the National Germplasm
epository at Shimla (HP), India. This collection included exotic
otato germplasm accessions (52) imported from 10 different
ountries, which are currently used as parental lines, Indian potato
arieties (44) and advanced potato hybrids (30). Besides S. demis-
um derived set of 22 late blight differentials consisting of 11 major
ate blight genes (Malcolmson and Black, 1966) and combination of
hese genes, developed by International Potato Centre with known

 gene background was used to validate the R genes.

.2. PCR assay

Details of the markers used are shown in Table 1. PCR was per-

ormed in 20 �l reaction buffer (10 mM Tris–HCL pH 9.0, 50 mM
Cl, 15 mM MgCl2), containing 0.125 mM of each dNTP, 0.5 �l of

 �M of each primer and 0.3 �l of 3.0 units/�l  of Taq DNA poly-
erase (Bangalore Genei, Peenya, KA, India) and 100 ng template

able 1
etails of the markers used for germplasm screening.

Marker Gene Typea PCR conditions 

Late blight
R1AS R1 AS 94 ◦C, 180 s; 35 × (94 ◦C, 35

60 ◦C, 45 s; 72 ◦C, 90 s); 72 ◦

180 s
CosA R1 SCAR 94 ◦C, 120 s; 35 × (94 ◦C, 20

55 ◦C, 20 s; 72 ◦C, 30 s); 72 ◦

300 s
R2 Rpi-abpt

(R2-Ortholog)
SCAR 94 ◦C, 300 s; 35 × (94 ◦C, 30

54 ◦C, 30 s; 72 ◦C, 45 s); 72 ◦

420 s
cLET5E4 R3 CAPS/HhaI 94 ◦C, 120 s; 35 × (94 ◦C, 20

55 ◦C, 20 s; 72 ◦C, 30 s); 72 ◦

300 s
GP 185 R3 CAPS/Bst U1 94 ◦C, 300 s; 35 × (94 ◦C, 30

55 ◦C, 30 s; 72 ◦C, 45 s); 72 ◦

420 s
R3 1380 R3 SCAR 94 ◦C, 180 s; 35 × (94 ◦C, 35

60 ◦C, 45 s; 72 ◦C, 90 s); 72 ◦

180 s

Potato Virus Y
RYSC3 Ryadg SCAR 94 ◦C, 300 s; 35 × (94 ◦C, 60

55 ◦C, 30 s; 72 ◦C, 60 s); 72 ◦

600 s
YES 3-3 A Rysto STS 94 ◦C, 120 s; 10 × (94 ◦C, 40

61 ◦C, 40 s; 72 ◦C, 60 s);
30 × (94 ◦C, 40 s; 56 ◦C, 40 s
72 ◦C, 60 s); 72 ◦C, 300 s

Potato cyst nematode
TG 689 H1 SCAR 94 ◦C, 120 s; 35 × (94 ◦C, 20

55 ◦C, 20 s; 72 ◦C, 30 s); 72 ◦

300 s
HC GpaVvrn QTL

(HC QRL)
AS 94 ◦C, 300 s; 94 ◦C, 60 s; 65

60  s; 72 ◦C, 60 s; 6 × (94 ◦C,
30 s; 65 ◦C decreasing the
annealing temp. to 60 ◦C by
1 ◦C/cycle, 30 s; 72 ◦C, 30 s)
30 × (94 ◦C, 30 s; 60.5 ◦C, 30
72 ◦C, 30 s); 72 ◦C, 300 s

Gro1-4 Gro1-4 AS 94 ◦C, 180 s; 35× (92 ◦C, 45
58 ◦C, 45 s; 72 ◦C, 60 s);72 ◦

600 s
Gro1-4-1 Gro1-4 STS 94 ◦C, 600 s; 35 × (94 ◦C, 30

62 ◦C, 45 s; 72 ◦C, 60 s); 72 ◦

600 s

a AS: allele specific; SCAR: sequence characterized amplified region; CAPS: cleaved am
lturae 179 (2014) 204–211

DNA. Amplification reactions were carried out in a C-1000 Thermal
Cycler (Bio-Rad, CA, USA). The amplified fragments were resolved
on 1.5–2.5% agarose gel depending on the size of the specific frag-
ment, using a horizontal gel electrophoresis system (Bio-Rad, CA,
USA).

2.3. Phenotyping assays

To confirm the genotypic results, we evaluated all the 126 geno-
types for the phenotypic resistance response towards late blight,
PVY and PCN infections.

2.3.1. Screening for late blight resistance
Foliage resistance to late blight was assessed in the laboratory

by the detached leaf method. Forty-five days old plants were used
for disease assessment. The fourth leaf from the top was plucked
from each plant in five replicates, placed in plastic trays on per-
forated plastic separators (Umaerus and Lihnell, 1976) and drop
inoculated with a P. infestans zoospore suspension (∼40,000 spo-

rangial zoospores/ml). The inoculum was  a complex P. infestans race
maintained at CPRI (Kalyani-08-1 and HP-10-45), which overcomes
most R1–R11 genes. The inoculated leaves were incubated under
high humidity (>90%) at 18 ± 1 ◦C for 6 days and then the lesion area

Size (bp) Primer Sequence (5′-3′) References

 s;
C,

1400 F-CACTCGTGACATATCCTCACTA
R-CAACCCTGGCATGCCACG

Ballvora et al.
(2002)

 s;
C,

210/250 F-CTCATTCAAAATCAGTTTTGAC
R-GAATGTTGAATCTTTTTGTGAAG

Gebhardt et al.
(2004)

 s;
C,

686 F-ACGGCTTCTTGAATGAA
R-GCTCCTGATACGATCCATG

Kim et al. (2012)

 s;
C,

310 F-CCAGGCATGCTCAATTTGGAGT
R-TTCCCTGTTTGGACTACTTGTGGA

Huang et al. (2004)

 s;
C,

440 F-
CTGGTAATAGTAGTAATGATTCTTCGTC
R-TTGTTCAATGGAGCACTTGC

Huang et al. (2004)

 s;
C,

1380 F-GCTTCCGACATGTATTGATCTCCC
R-GGCAGCCACTTCAGCTTCTTACAG

Sokolova et al.
(2010)

 s;
C,

320 F-ATACACTCATCTAAATTTGATGG
R-AGGATATACGGCATCATTTTTCCG

Kasai et al. (2000)

 s;

;

341 3F-TAACTCAAGCGGAATAACCC
3A-
AATTCACCTGTTTACATGCTTCTTGTG

Song and
Schwarzfischer
(2008)

 s;
C,

141 F-TAAAACTCTTGGTTATAGCCTAT
R-CAATAGAATGTGTTGTTTCACCAA

Milczarek et al.
(2011)

◦C,

;
 s;

276 F-ACACCACCTGTTTGATAAAAAACT
R-GCCTTACTTCCCTGCTGAAG

Sattarzadeh et al.
(2006)

 s;
C,

602 F-TCTTTGGAGATACTGATTCTCA
R-CGACCTAAAATGAAAAGCATCT

Gebhardt et al.
(2006)

 s;
C,

602 F-AAGCCACAACTCTACTGGAG
R-GATATAGTACGTAATCATGCC

Asano et al. (2012)

plified polymorphic sequence; STS: sequenced tagged site.
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as estimated. The genotypes were categorized from susceptible
o highly resistant using the following scale:
Lesion area (cm2) Grade

Up to 1.0 Highly resistant (HR)
1.1–2.5 Resistant (R)
2.51–6.0 Moderately resistant (MR)
>6.0 Susceptible (S)

.3.2. Screening for resistance to Potato Virus Y
The plant material was grown under glass house conditions at

he Central Potato Research Institute (CPRI), Shimla, during sum-
er  (March–June) at an average temperature from 18 to 22 ◦C.

wenty days after emergence, the plants were mechanically inoc-
lated with the PVYO strain. The inoculum was prepared from
VYO infected susceptible potato plants Kufri Pushkar maintained
t CPRI. PVYO infected leaf tissue (1.0 g) was ground in 2.0 ml  0.1 M
otassium phosphate buffer containing 0.1 M EDTA, pH 7.0 (PBE).
he slurry was passed through a cotton wool plug to obtain the
ap which was centrifuged at 16,000 rpm for 5 min. The clear virus
xtract (CVE) in the supernatant was used for mechanical plant
noculation by spray gun method (Fernanda-Northcote, 1991). The
lant material used for screening PVY resistance was potato tuber
lants grown in earthen pots. The plants were observed once per
eek for PVY symptoms development. One month after inocula-

ion, plants were tested by DAS-ELISA (Voller et al., 1976). PVY
esistant genotypes were further confirmed for virus culture purity
y immuno electron microscopy (IEM). Collodion film-covered cop-

er grids were coated with PVYO-antiserum raised at CPRI (Khurana
t al., 1987). The grids were kept at room temperature for 5 min. The
rids were floated on micro-drops of CVE, washed with autoclaved
istilled water, drained, placed over Parafilm and fixed on a glass

ig. 1. Markers used to screen the CPRI collection of resistance genes. PCR markers are sh
y  *. Panels (a) to (d) show markers for major genes for resistance to late blight: R1 ((a) 

 = CP 4047, 5 = CP 2137, 6 = K. Khasigaro, 7 = K. Sherpa, 8 = K. Shailja, 9 = K. Kuber, 10 = MP
 = CP 4055, 6 = CP 4041, 7 = CP 4044, 8 = CP 4045, 9 = CP 4042, 10 = MP/04-578) and R3a ((d
945A,  8 = MP/99-322, 9 = HT/93-727, 10 = CP 2067, 11 = CP 3904, 12 = CP 3907. Panels (e) 

 = CP 1765, 4 = CP 3198 and (f) Ryadg : 1 = CP 4054, 2 = CP 4038, 3 = CP 4052, 4 = CP 4056,
1  = K Himsona, 12 = CP 2137, 13 = MP/97-921, 14 = MP/04-578, 15 = CP 3771, 16 = CP 205
ostochiensis and G. pallida, respectively ((g) 1 = CP 4056, 2 = CP 4047, 3 = CP 4039, 4 = K. N
067,  7 = CP 3904). The diagnostic marker fragments size used for scoring are indicated o
lturae 179 (2014) 204–211 207

slide. The slide was  kept in a humid Petri dish. The grids were incu-
bated at 37 ◦C for 1 h and then washed with autoclaved distilled
water, drained and stained with 3% (v/v) glutaraldehyde. Detection
of PVYO by IEM was  carried out by decoration of the trapped viri-
ons. Grids with trapped virions were again floated on micro-drops
of 1000-fold diluted PVYO antiserum and incubated at 37 ◦C for 1 h
(Garg et al., 1999). Grids were again washed, drained and stained
in 2% (w/v) uranyl acetate, and air-dried before examination in a
transmission electron microscope (FEI, USA)

2.3.3. Screening for resistance to potato cyst nematodes
The plants were screened under glasshouse conditions at

18–20 ◦C by the standard root-ball technique (Van Soest et al.,
1983) with slight modification in resistance scale. Five tubers of
each clone were planted in 10 cm diameter pots in soil containing
100–110 cysts per 100 ccm soil of both PCN species G. rostochiensis
and G. pallida providing 4000–5000 eggs and larvae per test tuber.
Cyst inoculum was prepared using PCN host differentials (Kort et al.,
1977). After 60–75 days, when the females are visible on the root
balls, the number of females on the root balls of various cultures
was recorded. The two  Globodera species are distinguished by the
colour of developing females which is white for G. pallida and yel-
low for G. rostochiensis. The clones were categorized based on the
scheme shown in Table 2.

3. Results and discussion
In total, 126 potato clones were characterized for the presence of
genes for resistance to late blight (R1, R2,  R3a), PVY (Ryadg, Rysto) and
potato cyst nematodes (HC QRL, H1 and Gro1-4) using diagnostic
molecular markers (Fig. 1, Supplementary material Table S1). The

own to the right of panels (a) to (h). Marker fragments scored positive are indicated
1 = CP 4039, 2 = CP 2067, 3 = CP 3771, and (b) 1 = CP 4052, 2 = CP 4056, 3 = CP 4046,
/01-572, 11 = MP/99-322. R2 ((c) 1 = CP 4052, 2 = CP 4058, 3 = CP 4053, 4 = CP 4050,
) 1 = CP 4052, 2 = CP 4050, 3 = CP 4055, 4 = CP 3400, 5 = MP/2K-424, 6 = B-420, 7 = CP
and (f) show markers for extreme resistance to PVY ((e) Rysto: 1 = CP 4042, 2 = LT-1,

 5 = CP 4046, 6 = CP 4055, 7 = CP 4047, 8 = CP 4039, 9 = K Chipsona-1, 10 = CP 3400,
8, 17 = CP3904, 18 = CP3907. Panels (g) and (h) show markers for resistance to G.
eela and (h) 1 = CP 4054, 2 = CP 4052, 3 = CP 4046, 4 = CP 4055, 5 = CP 3400, 6 = CP

n the right of panel. M is marker size.
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Fig. 2. Presence and absence of PVY particles in susceptible (A) and resistant (B) genotypes, respectively as observed under TEM (transmission electron microscope).

Table 2
Categories for assessing nematode resistance.

Females/root ball Grade Resistance

None 0 R
1–5  females 1 R
6–20 females 2 MR

s
n

o

3

R
s
S
c
n
d

Table 3
Mean rank for late blight resistance scores of genotypes with one, two or three R
genes in 148 genotypes.

R gene Number of genotypes Mean rank

None 57 52.96
R2  18 59.00
R3a 32 84.25
R2,  R3a 11 80.14
R1  15 103.83
R1,  R3a 5 107.20

T
T

21–50 females 3 S
>50 females 4 S

ame clones were phenotypically evaluated for late blight, PVY and
ematode resistance.

Supplementary Table 1 related to this article can be found, in the
nline version, at http://dx.doi.org/10.1016/j.scienta.2014.09.018.

.1. Late blight resistance screening

Genotyping 22 late blight differentials with markers R1-AS,
1-CosA, R2-Rpi-abpt and R3a-R3-1380 demonstrated marker
pecificity for R1,  R2 and R3 genes (Supplementary material Table

1). Markers R1-AS and CosA gave identical scores. The markers
LET5E4 and GP185 closely linked to the R3 locus were not diag-
ostic for R3.  In concordance with Trognitz and Trognitz (2007)
ifferentials R5, R6 and R9 were also positive for the R1 markers.

able 4
he identified promising genotypes (14) with multiple disease resistance genes.

Genotype (s) Variety
name

Source
country

Year of introduc-
tion/development

Resistance/toleranc

Late blight PV

Genotypic Ph

R1 R2 R3a 

CP 2067 ASN69-1 Peru 1981 + − + R 

CP  3771 393371159 Peru 2001 + − − R 

CP  4039 391846.5 Peru 2006 + − − MR
CP  4046 395192.1 Peru 2006 + − − MR
CP  4047 395193.6 Peru 2006 + − − MR
CP  4052 397029.21 Peru 2006 + + + R 

CP  4054 397065.28 Peru 2006 − − − S 

CP  4055 397069.11 Peru 2006 − + + MR
CP  4056 397073.7 Peru 2006 + − − MR
CP  3400 Kufri

Jawahar
India 1996 − − + MR

CP  2137 Kufri
Alankar

India 1996 + − − MR

CP  3904 MP/97-625 India 1997 − + + S 

CP  3907 MP/97-699 India 1997 − + + S 

MP/04-578 – India 2004 − + − S 
R1,  R2 5 117.30
R1,  R2,  R3a 5 137.50

The differentials R5 and R9 scored also positive for R2 and R3a,
and differential R6 scored positive for R2.  According to the marker
scores, the R1 gene was present in 20 genotypes, 28 genotypes
possessed R2 and 43 genotypes the R3a gene. Correlation between
presence of the marker and phenotypic resistance was tested with a
Kruskal–Wallis test. Resistance scores were converted in numerical
values 0 (S), 1 (MR) and 2 (R). When using the presence or absence

of a single R gene as grouping variable, presence of the R1 gene was
highly significantly correlated with resistance (chi-square 35.906,
p < 0.001), which confirms earlier findings in European germplasm
collections (Gebhardt et al., 2004; Sokolova et al., 2010). Presence of

e

Y PCN

enotypic Genotypic Phenotypic Genotypic Phenotypic

Ryadg H1 HC QRL G. pallida G. rostochiensis

− MR − + MR  S
+ R − − S S

 + R + − MR  R
 + R − + R R
 + R + − MR  R

+ R − + MR  MR
+ R − + R R

 + R − + MR  S
 + R + − MR  R
 + R − + MR  S

 + R − − MR  MR

+ R − + R R
+ R − − MR  MR
+ R − + R R

http://dx.doi.org/10.1016/j.scienta.2014.09.018
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Table 5
Susceptible genotypes lacking resistance genes/markers for late blight, PVY and PCN.

Late blight PVY PCN

Accession/genotype Variety
name

Source
country

Year of introduc-
tion/development

Accession/genotype Variety name Source
country

Year of introduc-
tion/development

Accession/genotype Variety name Source
country

Year of introduc-
tion/development

CP 3498 R Craigs
Royal

Peru 1999 CP 4051 CIP 396244.12 Peru 2006 CP 4058 CIP 397099.6 Peru 2006

CP  2139 Kufri Bahar India 1980 CP 4058 CIP 397099.6 Peru 2006 CP 4072 Kufri Surya Peru 2006
CP  2141 Kufri Chan-

dermukhi
India  1968 CP 4053 CIP 397065.2 Peru 2006 CP 4041 CIP 394034.7 Peru 2006

CP  4051 CIP
396244.12

Peru 2006 CP 4057 CIP 397079.6 Peru 2006 CP 4049 CIP 396029.205 Peru 2006

CP  4054 CIP
397065.28

Peru 2006 CP 4050 CIP 396037.215 Peru 2006 CP 4050 CIP 396037.215 Peru 2006

CP  4038 CIP
390637.1

Peru 2006 CP 4041 CIP 394034.7 Peru 2006 CP 2138 Kufri Badshah India 1979

JEX/A-663  Andigena
advance
hybrid

India 2000 CP 4044 CIP 395109.29 Peru 2006 CP 3403 Kufri Giriraj India 1998

JEX/A-695  Andigena
advance
hybrid

India 2000 CP 4045 CIP 395112.6 Peru 2006 CP 2145 Kufri Khasigaro India 1968

CP  4072 Kufri Surya India 1999 CP 4043 CIP 395017.229 Peru 2006 CP 3402 Kufri Pukhraj India 1998
CP  3871 B -420 India 2003 CP 4049 CIP 396029.205 Peru 2006 CP 4105 Kufri Girdhari India 2008
MP/92-35  Advanced

processing
hybrid

India 1992 CP 4048 CIP 395195.7 Peru 2006 CP 2156 Kufri Sheetman India 1968

CP  4057 397079.6 Peru 2006 CP 4049 CIP 396029.205 Peru 2006 CP 4073 Kufri Pushkar India 1985
CP  2294 P -4 Peru 1987 MP/2K-424 Advanced

processing hybrid
India 2000 CP 4099 Kufri Himsona India 2008

CP  3893 Kufri Khyati India 2008 MP/99-1189 Advanced
processing hybrid

India 1999 CP 2157 Kufri Sherpa India 1983
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2 or R3a was not significantly correlated with resistance. However,
tacked R genes improved resistance (chi-square 54.513, p < 0.001)
s shown in Table 3. The mean rank was lowest for genotypes lack-
ng any of the three R genes and highest for five genotypes having all
hree R genes. The five genotypes combining all three R genes (CP
052, 3503(R5), 3495 (R9), 3514 (1.2.3), 3516 (1.2.3.4) all scored
esistant. Thus the combination of different resistant genes can
ave a cumulative effect on horizontal resistance against P. infes-
ans.

.2. Potato Virus Y resistance screening

Of 126 genotypes screened, 18 were positive for the RYSC3
arker. Without exception, these 18 genotypes were highly resis-

ant to PVY (Supplementary material Table S1), confirming the
iagnostic value of the RYSC3 marker for the presence of the
yadg gene as corroborated in many previous studies (Boris et al.,
009). All genotypes possessing this gene were negative by ELISA
ssay and were also highly resistant to PVY under field condi-
ions. Only four genotypes CP4042, LT-1, CP1765 and CP 3198
ere positive for the Rysto gene according to marker YES3-3A.
ll four genotypes were resistant to PVY, showing negative ELISA
eactions and no symptoms of PVY infection. Further, electron
icroscope scans results of PVY particles in these experiments
ere in concurrence with ELISA results. The genotypes with posi-

ive ELISA signal showed the presence of PVY particles as observed
nder TEM electron microscope (Fig. 2). However, 38 genotypes
ere resistant to PVY but were negative for both the RYSC3 and
ES3-3A marker. Interestingly, no PVY particles were detected in
hese genotypes under electron microscope. Though, the interac-
ion of signalling molecules like salicylates, jasmonates, ethylene
tc. with virus plays important function in infection, multiplica-
ion and symptoms development, and so controls the resistance

echanism (Baebler et al., 2011) but their role in resistance genet-
cs is not well documented. The genotypes showing negative
CR marker assay, may  possibly be due to new recombination
f linking R gene with the marker, or due to the presence of
ne or more additional sources of PVY resistance other than the
ested genes viz., Ryadg and Rysto in these genotypes. The geno-
ypes can be the basis for future studies aimed at localization
f the resistance genes and development of diagnostic mark-
rs.

.3. PCN resistance screening

Screening 126 genotypes with the marker TG689 revealed 12
enotypes positive for the DNA fragment that is diagnostic for the
1 gene, of which 10 were highly resistant to G. rostochiensis, one
howed moderate resistance (CP 4043) and one was susceptible
CP 1911). The Mann–Whitney test for an association between the
iagnostic DNA fragment and resistance to G. rostochiensis was
ighly significant (p < 0.001). This confirms the usefulness of the
G689 marker for diagnosis of the H1 resistance gene. However,
ecombination between the diagnostic DNA fragment and the H1
esistance allele seems occasionally to occur. The Gro1-4 specific
NA fragment (Gebhardt et al., 2006) was detected in 46 geno-

ypes, but the presence of this fragment was not diagnostic for
esistance to G. rostochiensis (data not shown). Screening the collec-
ion with the improved marker Gro1-4-1 (Asano et al., 2012) failed
o amplify the specific PCR fragment in any genotype (data not
hown), probably due to the absence of the Gro1-4 gene altogether
n the material analysed. This information implicates that breed-

ng novel genotypes and varieties having the Gro1-4 resistance
ene from S. spegazzinii should broaden the PCN resistance basis
n Indian breeding programmes. On the other hand, 12 genotypes
egative for the H1 marker were highly resistant to G. rostochiensis.
lturae 179 (2014) 204–211

Some of those might be recombinants that have lost the diagnos-
tic TG689 marker fragment, or alternatively, nematode resistance
genes other than H1 and Gro1-4 are present in the collection, for
example from S. vernei.  Twenty-five accessions were positive for
the HC QRL marker imparting resistance against G. pallida patho-
type Pa2/3, among those nine accessions with high resistance to G.
rostochiensis. The Mann–Whitney test for association between the
presence of the HC marker and phenotypic resistance was signifi-
cant for both resistance to G. rostochiensis (p = 0.006) as well as G.
pallida (p < 0.001).

Based on molecular markers and phenotyping analyses we
identified 14 potato genotypes possessing at least two genes for
resistance to late blight, Potato Virus Y and/or cyst nematodes
(Table 4). These genotypes included nine germplasm accessions
(CP 2067, CP 3771, CP 4039, CP 4046, CP 4047, CP 4052, CP 4054,
CP 4055, CP 4056), two  commercial Indian potato cultivars (Kufri
Jawahar and Kufri Alankar) and three advanced potato hybrids
(MP/97-625, MP/97-699 and MP/04-578). Three of the 14 geno-
types were resistant and 7 were moderately resistant to late blight.
All except one genotype were resistant to PVY due to the pres-
ence of the Ryadg gene. Four and nine genotypes were resistant
and moderately resistant, respectively, to G. pallida.  Seven and
three were resistant and moderately resistant, respectively, to G.
rostochiensis. Eight elite genotypes possessed a maximum num-
ber of four to five genes conferring resistance against multiple
diseases. These are clones CP 2067, CP4039, CP 4046, CP 4047,
CP 4052, CP 4056, CP 2137 and CP 3904. Genotypes devoid of
any markers diagnostic for resistance genes and susceptible for
the disease are listed in Table 5. This study validates the asso-
ciation of phenotypic resistance with the presence/absence of
diagnostic marker linked with gene for late blight, PVY and cyst
nematodes.

4. Conclusions

Potato breeders have always endeavoured to breed varieties
with multiple resistances to biotic stresses. However, owing to the
polygenic nature of resistances, tetrasomic inheritance in potato
and lack of effective screening techniques to screen large segre-
gating progenies, selection of such ‘wonder’ genotypes remained
largely elusive. With the advent of molecular markers, it has
become feasible to screen large populations at early stages and
make effective selections of parental and progeny genotypes with-
out extensive phenotypic testing. The markers used in this study are
either tightly linked to the genes of interest or part of the gene and
hence recombination events rarely occur between the marker and
gene of interest. As potato is a clonally propagated crop, the genetic
architecture once obtained will be fixed in subsequent clonal gen-
erations. Therefore, the chances of success are very high when
breeders use MAS  as an aid in the potato breeding programme. The
results of our study are in agreement with this hypothesis. Using
molecular markers, we have identified 14 multiple resistant geno-
types in the CPRI germplasm collection. The resistant phenotypes
were confirmed by established evaluation methods in the labora-
tory, greenhouse and field. Thus, we  were able to identify some elite
potato genotypes which can be evaluated straight forward in the
hot spots for agronomic superiority and, if found suitable, can be
released as new cultivars. Besides that they can be used as parents in
various resistance breeding programmes. Our study also identified
several resistant cultivars that lack any of the tested major genes
for resistance to PVY and PCN. The reason for this could be, besides

recombination between R gene and marker, the presence of new
resistance sources and possibly new types of resistance. It might
be worthwhile to contemplate mapping and marker development
for such genes.
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