
Introduction

Plant breeders endlessly tackle the task of devel-
oping new crop varieties, responding to increasing
yield demands, changing agricultural practices,
environmental conditions, consumer preferences,
industry requirements and, last but not least,
fast-evolving pathogens and pests that overcome
plant resistance (Collard and Mackill 2008).

One of the greatest challenges in potato breed-
ing, which could be supported by MAS, is obtain-
ing potatoes resistant to late blight caused by
Phytophthora infestans (Mont.) de Bary. This
fast-evolving oomycete pathogen is able to recom-
bine sexually in major potato-producing areas,
such as Europe (Cooke et al. 2003), and it infects
potato foliage as well as tubers. Moreover, resis-
tance to P. infestans often shows undesired link-
age to long vegetation period (Umaerus and

Umaerus 1994). Breeding for resistance to late
blight started in the first half of the 20th century,
when 11 race-specific resistance genes (R genes),
named R1-R11, have been discovered in the wild
species Solanum demissum. Soon afterwards,
some of them have been introduced into potato
cultivars (Niederhauser et al. 1954; Stewart and
Bradshaw 2001) but they also have been over-
come by the changing pathogen (Malcolmson
1969). Nevertheless, there is a growing number of
R genes against late blight have been identified re-
cently, which may be more durable. R genes were
found in various wild species: S. pinnatisectum

(Kuhl et al. 2001), S. bulbocastanum (Naess et al.
2000; Song et al. 2003; van der Vossen et al. 2003;
van der Vossen et al. 2005; Park et al. 2005),
S. berthaultii (Ewing et al. 2000; Rauscher et al.
2006), S. microdontum (Sandbrink et al. 2000; Tan
et al. 2008), S. paucissectum (Villamon et al.

J Appl Genet 51(2), 2010, pp. 133–140

Original article

Marker-assisted selection of diploid and tetraploid potatoes

carrying Rpi-phu1, a major gene for resistance

to Phytophthora infestans

J. Œliwka1, H. Jakuczun1, P. Kamiñski2, E. Zimnoch-Guzowska1

1Plant Breeding and Acclimatization Institute, M³ochów Research Centre, M³ochów, Poland
2HZ Zamarte Ltd – IHAR Group, Kamieñ Krajeñski, Poland

Abstract. The Rpi-phu1 gene originates from an interspecific hybrid between Solanum stenotomum and S.

phureja, and confers a high level of resistance to Phytophthora infestans (late blight) in potato. The Rpi-phu1 was
introduced by crossing at the diploid level into the S. tuberosum gene pool and then transferred to the tetraploid
level by means of 2n gametes. Tetraploid lines carrying the Rpi-phu1 were selected for further crosses. A molecu-
lar marker GP94, linked in mapping population 97–30 with the Rpi-phu1 (6.4 cM), was applied to other unse-
lected populations (2 diploid and 1 tetraploid), and was shown to be useful in marker-assisted selection (MAS) of
the resistant individuals. GP94 was applied also in commercial breeding in 2 tetraploid populations. Although the
marker allele of GP94, characteristic for the Rpi-phu1 presence, was rare in the S. tuberosum gene pool, it seemed
to be common in 2 other sources of resistance to late blight: S. ruiz-ceballosii and S. kurtzianum.

Keywords: late blight, molecular marker, Phytophthora infestans, R gene, resistance, Solanum tuberosum.

Received: August 21, 2009. Accepted: October 14, 2009.
Correspondence: J. Œliwka, Plant Breeding and Acclimatization Institute, M³ochów Research Centre, Platanowa 19,
05–831 M³ochów, Poland; e-mail: j.sliwka@ihar.edu.pl



2005), S. mochiquense (Smilde et al. 2005),
S. stoloniferum (Wang et al. 2008), and S. venturii

(Foster et al. 2009; Pel et al. 2009). One more
source of resistance to late blight is S. phureja, in
which the Rpi-phu1 gene was identified (Œliwka
et al. 2006). The sequence of Rpi-phu1 was shown
to be identical to the Rpi-vnt1 gene recently cloned
from S. venturii (Foster et al. 2009). This gene
confers broad-spectrum resistance to late blight
and was mapped to potato chromosome IX,
6.4 cM proximal to marker GP94. The Rpi-phu1

was highly effective in detached leaflet, tuber
slice, and whole tuber tests during 5 years of
phenotypic assessment. It was first transferred to
the cultivated gene pool by interspecific crosses
with dihaploids of S. tuberosum (Œliwka et al.
2006), and then to the tetraploid level by the 2x-2x

cross. The gene is widely exploited in breeding
programs and here we demonstrate that marker
GP94 can be successfully applied to selection and
tracking the Rpi-phu1 at various genetic back-
grounds at both the diploid and the tetraploid
level.

Materials and methods

Plant material

The plant material consisted of diverse groups of
plants: 2 diploid (04-1 and 04-2) and 3 tetraploid
populations (04-3, Zamarte 1, Zamarte 2) segre-
gating for Rpi-phu1, 126 diploid and 20 tetraploid
breeding lines of various origin, 43 potato
cultivars, and 19 interspecific hybrids. Parents of
the segregating populations and their sizes are
summarized in Table 1. The genealogy connecting
the studied populations and the mapping popula-
tion 97-30 used to identify and map the Rpi-phu1

(Œliwka et al. 2006) are shown in Figure 1. The re-
sistant diploid interspecific hybrid (S. stenotomum

× S. phureja) 375186.3/48 bearing the Rpi-phu1

gene was crossed to the susceptible clone
DG 82-201, resulting in population 04-2. From
this population, the resistant individual DG
85-3250 was selected and crossed to the suscepti-
ble DG 84-445, resulting in population 04-1. From
population 04-1, two resistant individuals were se-
lected. The first one, DG 98-358, was crossed to
DG 88-569, and from their progeny the resistant
individual DG 92-227 was chosen to become a
parent of the mapping population 97-30 (Œliwka
et al. 2006). The second individual selected from
population 04-1, named DG 89-360, after crossing
with susceptible clone DW 84-1457 gave the first

tetraploid individual bearing Rpi-phu1,
DG 92-515, thanks to the ability of both parents to
produce 2n gametes. DG 92-515 was then crossed
with CE-C-69 (dihaploid obtained from the Plant
Breeding Department, Wageningen University) to
produce tetraploid population 04-3. From this
population, the resistant individual TG 97-411
was selected for 2 crosses with cultivars Hopehely
and White Lady, resulting in populations Zamarte
1 and Zamarte 2, respectively (Figure 1) that were
tested in HZ Zamarte Ltd - IHAR Group. Seed-
lings of those 2 populations were grown in the
field. Lines selected on the basis of tuber size were
screened with marker GP94 at the stage of first tu-
ber generation.

We tested also 126 diverse diploid breeding
lines obtained at the Institute of Plant Breeding
and Acclimatization (IHAR), M³ochów Research
Centre. These lines were segregating for the pres-
ence of Rpi-phu1, but apart from the late blight re-
sistance from S. phureja they also contained
resistance from other Solanum species
(S. microdontum, S. verrucosum). In addition, 43
potato cultivars and 20 tetraploid breeding lines
and 19 diploid interspecific hybrids (either S.

kurtzianum × S. tuberosum or S. ruiz-ceballosii ×
S. tuberosum) were tested for the presence of
marker allele GP94250 (Table 2). The tested
cultivars included 32 Polish (Albina, Anielka,
Balbina, Beata, Bekas, Bryza, Bzura, Cedron,
Drop, Dunajec, Felka Bona, Fregata, Gandawa,
Glada, Grot, Hinga, Irga, Irys, Jagoda, Korona,
Kuba, Meduza, Nimfy, Omulew, Pasat, Perkoz,
Skawa, Sokó³, Œlêza, Triada, Umiak, Vistula), 6
Dutch (Bintje, Biogold, Fresco, Lady Claire,
Sante, Saturna), 3 Hungarian (Hophely, Sarpo
Mira, White Lady) and 2 German ones (Romula,
Vitara).

P. infestans isolate

For all detached leaflet and tuber slice tests de-
scribed in this paper, we used P. infestans isolate
MP 324 (Œliwka et al. 2006, 2007), collected in
Poland in 1997. This isolate, used for mass labora-
tory resistance assessment at our institute for the
last decade, is of the A2 mating type, highly ag-
gressive, metalaxyl resistant, and of complex race
(1.2.3.4.5.6.7.8.10.11).

Evaluation of late blight resistance

Laboratory detached leaflet and tuber slice tests
were performed as described by Œliwka et al.
(2007). Scoring was done on a scale of 1–9, where
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9 = most resistant, no macroscopic symptoms of
infection; 8 = small necroses, no sporulation;
7 = infection lesion of 3.1–10.0% area of the leaf-
let or tuber slice, weak sporulation; 6 =
10.1–25.0% of the leaflet or tuber slice area in-
fected, moderate sporulation; 5 = 25.1–75.0% of

the area infected, moderate sporulation; 4 =
75.1–90.0% of the area infected, moderate
sporulation; 3 = 90.1–97.0% of the area infected,
moderate sporulation; 2 = 97.1–99.0% of the leaf-
let or tuber slice area infected, intensive
sporulation; and 1 = leaflet or tuber slice com-

MAS of potatoes carrying Rpi-phu1 135

Table 1. Characteristics of potato populations segregating for the gene

Rpi-phu1 (tested with marker GP94): their parents, ploidy, and

population size (N). (R) = resistant parent; (S) = susceptible parent.

Population Seed parent Pollen parent Ploidy N

04-1 DG 85-3250 (R) DG 84-445 (S) 2x 197

04-2 375186.3/48 (R) DG 82-201 (S) 2x 192

04-3 DG 92-515 (R) CE-C-69 (S) 4x 191

Zamarte 1 cv. Hopehely (S) TG 97-411 (R) 4x 95

Zamarte 2 cv. White Lady (S) TG 97-411 (R) 4x 235

Figure 1. Pedigree of the material in which the Rpi-phu1 gene was introduced into the Solanum tuberosum gene pool and

transferred to the tetraploid level. Grey rectangles = individuals resistant to Phytophthora infestans, carrying Rpi-phu1;

white rectangles with thick borders = populations segregating for Rpi-phu1; white rectangles with thin

borders = susceptible individuals. Lines symbolize crosses, and dashed arrows symbolize selection.

Table 2. Results of phenotypic and genotypic assessments of the material for potato resistance to late blight and for

the presence of marker GP94, linked to the gene Rpi-phu1

Group Resistant

plants(score ³ 8)
Susceptible

plants(score < 8)
c

2 test for 1:1
segregation

Plants with
GP94

Recombinants Distance GP94
-Rpi-phu1 (cM)

04-1 (2x) 98 99 0.005 P < 0.943 129 7 5.4

04-2 (2x) 92 100 0.333 P < 0.564 123 11 8.9

04-3 (4x) 84 107 2.770 P < 0.096 127 12 9.4

Breeding lines
(2x)

31 95 n.a. 126 13 n.a.

Breeding lines
(4x)

12 8 n.a. 20 0 n.a.

Hybrids* (2x) 4 15 n.a. 19 17 n.a.

Cultivars (4x) 1a 42b n.a. 43 3c n.a.

Total 322 466 587 63

n.a. = not applicable; a cultivar Sarpo Mira; b catalogue data except for cv. Biogold, which was tested and susceptible; c cultivars Beata, Hinga,

and Vistula; * Solanum kurtzianum × S. tuberosum or S. ruiz-ceballosii × S. tuberosum



pletely infected, intensive sporulation. Selections
having Rpi-phu1 in their pedigrees were consid-
ered resistant (i.e. containing Rpi-phu1), if they
achieved mean score � 8 (Œliwka et al. 2006). Pop-
ulations 04-1, 04-2, and 04-3 were tested as fol-
lows: 3 leaflets in 2 replicates per genotype in
2004, 3 leaflets in 2 replicates in 2005, 3 leaflets in
2006, and 3 tuber slices in 2006. The interspecific
hybrids, diploid and tetraploid breeding lines were
assessed in detached leaflet tests, with at least
2 × 3 leaflets per genotype tested.

DNA isolation, PCR and electrophoresis

DNA was extracted from all plants by using
DNeasy Plant Mini kit (QIAGEN, Hilden, Ger-
many), according to the manufacturer’s instruc-
tions. Marker GP94 was amplified as described by
Rickert et al. (2003) and Œliwka et al (2006) in a
20-µL reaction volume containing 1.5 ng µL–1

template DNA, 1× PCR buffer (20 mM Tris-HCl,
pH 8.0, 50 mM KCl), 2.6 mM MgCl2, 0.2 mM of
each dNTP, 0.7 µM of each primer, 0.03 U µL–1

Taq DNA Polymerase. The thermocycler program
was as follows: 95oC for 2 min, [93oC for 1 min,
56oC for 1 min, 72oC for 1 min] × 40, and 72oC for
10 min. The sequences of GP94 primers were also
published previously (Rickert et al. 2003). The
PCR products were separated on 1.5% agarose
gels stained with ethidium bromide (0.5 �g mL–1)
and visualized under UV transilluminator. We de-
fined more precisely than in a previous study
(Œliwka et al. 2006) the size of the marker allele as
250 bp (Figure 3). The polymorphism was scored
by the size of DNA band. As a positive control, we
used DNA of the diploid clone DG 92-227 that
was a parent and the source of Rpi-phu1 in the
mapping population (Figures 1 and 3; Œliwka et al.
2006).

Data analysis

Pearson’s correlation coefficients between the re-
sistance scores obtained using detached leaflets
and tuber slices were calculated. Goodness of fit
of the mean resistances to the expected 1:1 segre-
gation ratio was confirmed by �

2 test. The calcula-
tions were performed using STATISTICA for
Windows, Stat Soft, Inc., Tulsa, OK.

Results

Late blight resistance assessments

The resistance scores obtained for all tested mate-
rial were divided into 2 clear, distinct classes: re-

sistant (mean resistance � 8) and susceptible
(mean < 8). From the diploid populations 04-1 and
04-2, as well as from the tetraploid population
04-3, we tested the resistance of detached leaflets
and tuber slices of 197, 192, and 191 individuals,
respectively. Frequency distributions of mean re-
sistance to P. infestans of detached leaflets and tu-
ber slices in 3 populations segregating for the
Rpi-phu1 gene are shown in Figure 2. The resis-
tance and susceptibility in these populations segre-
gated at a ratio of 1:1, which was confirmed by �

2

test (Table 2). The resistance of detached leaflets
was strongly correlated with the resistance of tu-
ber slices, with Pearson’s coefficients reaching
0.938 (population 04-1), 0.923 (04-2) and 0.877
(04-3) at P < 0.001. In breeding lines, the high
level of resistance to late blight, which indicated
the presence of Rpi-phu1, was detected in 31 out of
126 diploids and in 12 out of 20 tetraploids (Ta-
ble 2). Within the group of interspecific hybrids,
4 individuals showed resistance � 8. We assumed
that none of the potato cultivars could carry
Rpi-phu1. A subgroup of cultivars was tested for
resistance to P. infestans isolate MP 324 and only
one, cv. Sarpo Mira, showed no symptoms after
inoculation with P. infestans isolate MP 324 (Ta-
ble 2). Two populations, Zamarte 1 and Zamarte 2,
were not assessed phenotypically for resistance to
late blight.

Marker-assisted selection (MAS)

Marker GP94 was successfully amplified from
917 various potato genotypes in total. No null al-
leles were observed. Marker allele GP94250 was
used to track the Rpi-phu1 gene, but up to 3 addi-
tional bands (size ranging from 250 bp to 350 bp)
were amplified, also in individuals lacking
Rpi-phu1, providing an internal control of the PCR
reaction. An example of marker GP94 amplified
from a sample of population 04-3 is shown in Fig-
ure 3.

From the diploid population 04-1, a sample of
129 individuals was picked at random and tested
with marker GP94. Within this sample,
7 recombinants were detected, indicating that the
genetic distance between the marker and the
Rpi-phu1 gene was 5.4 cM (Table 2). We detected
11 recombinants among 123 randomly chosen in-
dividuals of the diploid population 04-2, which in-
dicated a distance of 8.9 cM between the marker
and the gene, and 12 recombinants in a sample of
127 individuals from the tetraploid population
04-3, which corresponded to 9.4 cM (Table 2).

In the group of diploid and tetraploid breeding
lines, marker allele GP94250 was present only in
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those that derived from the hybrid S. stenotomum

× S. phureja 375186.3/48 in pedigree and we de-

tected 13 recombinants among 146 lines. Marker

allele GP94250 was detected in 17 out of 19 the

interspecific hybrids of S. kurtzianum and

S. ruiz-ceballosii that were tested and segregated

in this group independently from the resistance to

late blight. Among 43 potato cultivars, only Beata,

Hinga and Vistula carried marker allele GP94250,

even though they did not have the Rpi-phu1 gene

(Table 2). In total, 587 diploid and tetraploid po-

tato genotypes were tested both phenotypically

and with the use of marker GP94 for the presence

of Rpi-phu1. In 63 cases (10.7%), the results of

genotyping did not correspond with the

phenotypic resistance assessments (Table 2). We

observed both lines containing the gene but not the

marker, and lines with the marker and without the

gene, in equal proportions (data not shown). In a

potato breeding company, HZ Zamarte Ltd -

IHAR Group, MAS was applied to 2 tetraploid po-

tato populations. From the population Zamarte 1,

95 individuals were tested with the marker GP94,

and 235 individuals were tested from the popula-

tion Zamarte 2. In both populations the marker al-

lele GP94250 segregated at a ratio of 1:1, which

was confirmed by a c
2 test (c2 = 0.095, P < 0.758

for Zamarte 1, and c
2 = 0.004, P < 0.948 for

Zamarte 2). Only the individuals that carried the

marker allele GP94250 were selected for further

breeding.

Discussion

Our results demonstrate that marker GP94 is use-
ful for MAS of potatoes carrying the major gene
for resistance to P. infestans, Rpi–phu1. MAS was
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Figure 2. Frequency distribution of mean resistance to P. infestans of detached potato leaflets and tuber slices in

3 populations segregating for the Rpi-phu1 gene. The resistance was evaluated on a scale of 1-9, where 9 was most

resistant.



done and validated by laboratory resistance tests at
the 3 important stages of introducing the resis-
tance from diploid, primitively cultivated species,
S. phureja, into tetraploid cultivated S. tuberosum:
(i) introduction of the trait via interspecific cross at
the diploid level (population 04-2), (ii) diploid
breeding (population 04-1); and (iii) transfer to the
tetraploid level (population 04-3). MAS was then
applied to 2 tetraploid populations (Zamarte 1 and
Zamarte 2) that were part of a breeding program in
HZ Zamarte Ltd - IHAR Group. We found that ge-
netic distances between Rpi-phu1 and marker
GP94 differed between populations 04-1, 04-2,
04-3 (Table 2) and mapping population 97-30
(Œliwka et al. 2006). This imprecision in mapping
is likely due to the limited population sizes (Ta-
ble 2) and random effects influencing the numbers
of recombinants sampled from each population, as
well as due to the different genetic backgrounds.

Marker GP94 proved to be a useful tool for
tracking the Rpi-phu1 gene against diverse genetic
backgrounds, not only in the populations closely
related to the mapping population 97-30 (Œliwka
et al. 2006). Marker allele GP94250 was character-
istic for the sources of Rpi-phu1 and linked to the
gene of interest in various diploid and tetraploid
breeding lines, not only of S. tuberosum, but also
S. microdontum, S. verrucosum and various
S. phureja accessions. In the cultivated
S. tuberosum gene pool, represented here by
43 potato cultivars, the marker allele GP94250 was
relatively rare and therefore it can be applied for
MAS in progenies resulting from crosses with
many different cultivars, e.g. Zamarte 1 and 2.
However, marker allele GP94250 was also detected
in diploid interspecific hybrids containing
S. kurtzianum and S. ruiz-ceballosii germplasm,
where it was common and not linked to late blight

resistance. Pyramiding the Rpi-phu1 gene with the
resistance genes originating from those 2 species
would require then markers other than GP94. Re-
cently, after the discovery that the sequence of
Rpi-phu1 is identical to Rpi-vnt1 (Foster et al.
2009), such markers could be designed within the
gene itself.

In contrast to cereals, MAS in potato is still
poorly developed. Potato is a difficult species for
breeding, since it is tetraploid, self-incompatible,
and highly heterozygous, which makes markers
linked to the trait in mapping populations often in-
effective in other material. Moreover, many traits
of interest to potato breeders are truly polygenic
and strongly influenced by the environment (Mul-
lins et al. 2006). Potato breeders select new
cultivars from 100 000 seedlings, in 11-12 years,
and take into account at least 50 different traits of
potato (Zimnoch-Guzowska 2002). The first pub-
lished work on MAS in this species describes the
application of PCR-based markers to select plants
combining the Ryadg gene for extreme resistance to
potato virus Y with the Gro1 gene for resistance to
the root cyst nematode Globodera rostochiensis

and the Rx1 gene for extreme resistance to potato
virus X, or with resistance to potato wart
(Synchytrium endobioticum) (Gebhardt et al.
2006). There are more examples of markers poten-
tially valuable for MAS in potato, which may soon
be applied in breeding. These include marker
GP122, linked to the Ry-fsto gene from
S. stoloniferum, conferring extreme resistance to
potato virus Y. The marker was shown to be diag-
nostic in a wide range of material (Flis et al. 2005).
Also, the set of molecular markers from potato
chromosome V, which are linked to long vegeta-
tion period and resistance to P. infestans and have
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tetraploid population 04-3. DG 92-227 was used as a positive control. An arrow indicates marker allele GP94250 linked to

Rpi-phu1



been validated in an association study on a collec-
tion of European cultivars, can find practical ap-
plication (Gebhardt et al. 2004). Another example
of a promising study on MAS in potato is the work
of Caromel et al. (2005), who used molecular
markers to combine 2 quantitative trait loci for re-
sistance to Globodera pallida.

Our study is an example of successful applica-
tion of MAS in potato for tracking a major resis-
tance gene against P. infestans on diverse genetic
backgrounds and also in practice by a potato
breeding company where clones with the marker
allele GP94250, linked to the Rpi-phu1, undergo
further selection based on yield and quality of tu-
bers, towards becoming a cultivar targeted at or-
ganic production. It is worth noting that in those
2 populations, marker allele GP94250 segregated at
a ratio of 1:1, even though they consisted of a se-
lection of seedlings with bigger tubers, hence
showing no correlation between tuber size and
presence of the Rpi-phu1 gene.
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