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Abstract Multiplex PCR is practically a reasonable

choice for molecular marker-assisted selection in

potato breeding. We had developed and were using a

multiplex PCR method for selection of resistance

genes to cyst nematode (H1), Potato virus X (Rx1)

and late blight (R1 and R2). Since then, more reliable

and tightly linked markers for H1 and R2, and a new

marker for resistance to Potato virus Y (Rychc) were

developed. In this article, all these superior markers,

including a positive marker to eliminate PCR-failed

samples, were incorporated into one multiplex PCR

assay. Using the newly developed multiplex PCR

technique, five plants potentially harboring all five

resistance genes were selected from 96 hybrid plants

approximately 5 h after DNA extraction, which is a

third of the operation time compared with separate

PCR reactions for each marker.

Keywords Multiplex PCR � Potato �Cyst nematode �
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Introduction

Conferring disease and pest resistances is important

in crop breeding. Biological assays for resistance in a

greenhouse or field are fundamental, but time- and

space-consuming. Alternatively, DNA marker-assisted

selection (MAS) can be used without special facilities

for respective biological assays and not influenced by

growth stages or growing conditions such as temper-

ature, humidity, light intensity, day-length, etc. MAS

can identify rapidly and reliably resistant genotypes,

becoming an important and practical breeding tool

(Babu et al. 2004; Xu and Crouch 2008). Replace-

ment of genetic background by backcrosses to

cultivated germplasm without losing desirable genes

from wild materials can be facilitated using MAS

technology (Tanksley et al. 1989; Barone 2004).

In the potato breeding program of Nagasaki

Agricultural and Forestry Technical Development

Center, Japan, DNA markers have been used to select

genotypes with multiple resistances to potato cyst

nematodes, Potato Virus Y (PVY), Potato virus X

(PVX), and potato late blight. Of potato cyst nem-

atodes [Globodera rostochiensis (Woll.) Behrens],

Ro1 is only pathotype found in Japan and has

increasingly become a serious problem particularly

in seed potato production areas where once cyst

nematodes are found, seed potatoes are not allowed to

transport outside the areas (Mori et al. 2007). A

single dominant gene H1, introduced from the

accession CPC1673 of Solanum tuberosum L. ssp.
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andigena Hawkes, confers perfect resistance to the

pathotype Ro1 (Huijsman 1955). Harboring H1 is

now a prerequisite to the release of new cultivars in

Japan. H1 was mapped to potato chromosome 5

(Pineda et al. 1993; Gebhardt et al. 1993). The high-

resolution map of H1 provided tightly linked AFLP

markers (Bakker et al. 2004), from which Ohbayashi

et al. (2010) developed a sequence tagged site (STS)

marker PCN. The recombination frequency between

PCN and H1 is 7.4%. Recently, a set of more tightly

linked markers N146 and N195 were developed,

which sandwich H1 with the recombination frequen-

cies 0.109 and 0.207%, respectively (Takeuchi et al.

2008; personal communication).

Twelve viruses are known to infect and damage

potatoes in Japan (Maoka et al. 2010). Among them,

PVY is the most important, and thus, resistance to PVY

is highly desirable. Extreme resistance genes to PVY

have been known from three different sources: Rysto

from S. stoloniferum Schlechtd. et Bché. (Cockerham

1943), Ryadg from S. tuberosum ssp. andigena (Munoz

et al. 1975) and Rychc from S. chacoense Bitt. (Asama

et al. 1982). Rychc was identified in one of Japanese

leading cultivars, ‘Konafubuki’ (Hosaka et al. 2001),

and mapped to the most distal end of chromosome 9

(Sato et al. 2006). The Rychc-linked RAPD marker

38-530 has been used for MAS, although the recom-

bination frequency was relatively high, 16.3% in the

tetraploid population (Hosaka et al. 2001) and 0.9% in

the diploid population (Sato et al. 2006). Recently,

Takeuchi et al. (2008; personal communication)

developed an STS marker Ry186, tightly linked with

a recombination frequency of 0.203%.

The second important virus is PVX, which causes

heavier mosaic symptoms if the plants are co-infected

with PVY. A dominant resistance gene Rx1, or most

likely Rxadg, incorporated from S. tuberosum ssp.

andigena, and Rx2, or most likely Rxacl, incorporated

from S. acaule Bitt., were mapped to chromosome 12

and 5, respectively (Ritter et al. 1991), and both were

cloned (Bendahmane et al. 1999, 2000). Based on the

sequence information of Rx (Bendahmane et al.

1999), Ohbayashi et al. (2010) developed an STS

marker PVX, linked to Rx1 with the recombination

frequency of 1.3%.

Potato late blight caused by Phytophthora infestans

(Mont.) de Bary is the most important fungus disease

of potatoes worldwide. Eleven hypersensitivity-type

resistance genes (R genes) have been introgressed into

potato cultivars from a Mexican hexaploid wild

species S. demissum Lindl. (Black et al. 1953;

Ross 1986). R1 is located on potato chromosome 5

(Leonards-Schippers et al. 1992), which was cloned

and the R1-specific primers have been published

(Ballvora et al. 2002). However, introgression of

R genes conferring race-specific resistance into potato

cultivars provided only transient resistance to late

blight, as new races rapidly overcome the R gene-

mediated resistance (Fry et al. 1993). Indeed, R1 is no

more effective in Japan. Interestingly, the consistent

quantitative trait locus (QTL) for resistance to late

blight was mapped to the same location of R1 in

populations originating from numerous Solanum spe-

cies, using various races of P. infestans, and different

resistance testing methods (Simko 2002). This sup-

ports Gebhardt’s hypothesis that qualitative and

quantitative resistance phenotypes to P. infestans

might be the product of different alleles of the same

genetic locus and the hypersensitive cell death

triggered by the R1 allele would be the extreme

expression of a quantitative defense response induced

by variants of the same gene product (Gebhardt 1994).

Kuang et al. (2005) found that R1 is actually a

resistance gene cluster. Thus, MAS for R1 may still be

useful, although allele specific markers for the broader

spectrum QTL resistance would be needed.

The R2 allele conferring resistance to P. infestans

has been mapped to potato chromosome 4 (Li et al.

1998). In Japan, R2 was introgressed into ‘Hokkai 56’,

which is a superior parental line for breeding late blight

resistant cultivars. Based on the sequence information

of AFLP markers tightly linked to R2 (Li et al. 1998),

Ohbayashi et al. (2010) developed an STS marker R2-

974 using a segregating population from ‘Hokkai 56’

(resistant) 9 ‘Norchip’ (susceptible). Later, it was

found that R2-974 was missing in ‘Saya-akane’ that

also has R2 introgressed from a completely different

source material. Further improvement using a segre-

gating population from ‘Saya-akane’ (resis-

tant) 9 ‘Norin 1’ (susceptible) generated another

STS marker R2-800, which could discriminate all R2

holders from the others (Ohbayashi et al. 2010).

We had assayed using these markers separately for

all samples, which linearly increased the number of

polymerase chain reaction (PCR), operation time and

cost as the number of tested markers increased. To

integrate MAS as a practical tool into a breeding

program, reducing cost and increasing scale and
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efficiency are crucial (Xu and Crouch 2008). The first

example for using PCR-based markers to select potato

clones with multiple, monogenic resistance traits was

reported by Gebhardt et al. (2006). 110 F1 plants were

first screened with SCAR marker RYSC3 for PVY

resistance, then positive ones tested with Gro1-4 for

nematode resistance, and then double-positive ones

tested with CAPS marker CP60 for PVX resistance.

Such consecutive screening significantly reduced time

and cost (Gebhardt et al. 2006). Alternatively, multi-

plex PCR with several diagnostic markers mixed

together in one PCR reaction is preferable to reduce the

number of PCR reactions. Multiplex PCR methods

were widely used in detecting genetically modified

crops (de la Cerda et al. 2009; Randhawa et al. 2009),

identifying the allele composition of high-molecular

weight glutenin complex loci in wheat (Moczulski and

Salmanowicz 2003), or detecting respiratory viruses

(Mahony et al. 2009), and the low-cost, high-through-

put performance has been demonstrated (Frey et al.

2004; Mahony et al. 2009; Utomo et al. 2009).

Previously, we developed a multiplex PCR method

to detect H1, Rx1, R1, and R2 genes using markers,

PCN, PVX, R1, and R2-974, respectively (Mori et al.

2010). In a course of screening, we found that ‘Hokkai

56’, used frequently as an R2 resistance source, was

judged H1 positive by using the PCN marker, although

it actually does not have H1. In addition, Rychc had been

assayed separately by RAPD marker 38-530, because it

was unable to be included into the multiplex PCR due

to a very different annealing temperature. Recent

development of more tightly linked, specific STS

markers rendered us to improve our multiplex PCR

method. Because these new markers have demon-

strated perfect coincidence with resistance phenotypes

in many cultivars and breeding lines of various levels

of relatedness (Takeuchi et al. 2008; Ohbayashi et al.

2010) and the simultaneous detection method will

provide wide applicability in various breeding pro-

grams. In this article, we report the improvement

process of the current multiplex PCR method by

replacing PCN by a set of flanking markers N146 and

N195, R2-974 by R2-800, and adding Ry186. Further

improvement is an addition of the granule-bound

starch synthase I gene (GBSS) marker which is shared

in all potato species, thus, it functions as a positive

control to check whether the PCR was performed

correctly or not. The newly developed multiplex PCR

method significantly reduced operation time.

Materials and methods

Plant materials

A Japanese leading variety ‘Konafubuki’, a breeding

line ‘T07137-6’, their hybrid family ‘T09068’ (96

genotypes), three other varieties (‘Dejima’, ‘Nishiyu-

taka’, and ‘Aiyutaka’) and three breeding lines

(‘Hokkai 56’, ‘Saikai 35’, and ‘T08043-32’) were

used in this study. Resistance genes of parental lines

and varieties are shown in Table 1.

DNA extraction and DNA marker detection

method

Total DNA was extracted from a piece of fresh leaf

(approximately 1 cm2) using an automatic DNA

extraction system (a combination of SH-48, CS-16,

and PI-80X, KURABO, Japan) following the manu-

facturer’s instruction. DNA concentration (3–83 ng/

ll) was measured using DyNA QuantTM 200 (Hoefer

Pharmacia Biotech Inc., CA, USA).

Table 1 Resistance genes

of parental lines and

varieties used, and the

presence (?) or absence (-)

of marker bands detected by

individual PCR reactions

Clone Resistance genes N146 N195 PVX R1 R2-800 Ry186

Dejima R1 - - - ? - -

Aiyutaka H1, Rx1, R1 ? ? ? ? - -

Hokkai 56 R1, R2 - - - ? ? -

Saikai 35 H1, Rychc ? ? - - - ?

Konafubuki Rychc - - - - - ?

T07137-6 H1, Rx1, R1, R2 ? ? ? ? ? -

T08043-32 Not determined ? ? - ? ? -

Nishiyutaka None - - - - - -

Euphytica (2011) 180:347–355 349

123



The presence or absence of disease resistance

genes was estimated by the following diagnostic DNA

markers: a set of N146 and N195 for H1 (Takeuchi

et al. 2008, personal communication), PVX for Rx1

(Ohbayashi et al. 2010), R1 for R1 (Ballvora et al.

2002), R2-800 for R2 (Ohbayashi et al. 2010), and

Ry186 for Rychc (Takeuchi et al. 2008, personal

communication). As a positive control, PCR marker

for the GBSS (Takeuchi et al. 2008, personal

communication) was also used. Primer sequences

and optimized concentration and annealing tempera-

ture for each PCR marker are shown in Table 2.

For marker detection using individual PCRs, the

total volume was 10 ll consisting of 2 ll of template

DNA, 5 ll of Ampdirect� Plus (Shimadzu Co.,

Japan), 0.25 units Taq DNA polymerase (Nova Taq
TM

Hot Start DNA Polymerase, Novagen�, USA) and a set

of primers (Table 2). Thermal cycling was performed

using Veriti� 96-well thermal cycler (Applied Biosys-

tems) (one cycle of 10 min at 94�C, followed by 35

cycles of 30 s at 94�C, 30 s at an annealing temperature

described in Table 2, and 1 min, or 1.5 min only

for R1, at 72�C, and then, terminated with one cycle

of 5 min at 72�C). PCR products were separated by

electrophoresis on a 1.4% agarose gel.

To optimize the multiplex PCR conditions, con-

centrations of primer sets, the amount of Taq DNA

polymerase and the thermal profile for PCR reactions

were varied. The optimized concentration of each

primer set for multiplex PCR is shown in Table 2. All

seven primer sets were mixed together into one

reaction. The amount of Taq DNA polymerase was

increased to 0.5 units. The other components in a

reaction were the same as those of individual PCR.

Thermal cycling was done by one cycle of 10 min at

94�C, five cycles of 30 s at 94�C, 30 s at 68�C, and

1.5 min at 72�C, 35 cycles of 30 s at 94�C, 30 s at

58�C and 1.5 min at 72�C, and then, terminated with

one cycle of 5 min at 72�C.

Results

DNA concentration and evaluation by individual

PCRs

DNA samples extracted by the automatic DNA

extraction system were of the concentration range

from 3 to 83 ng/ll with an average of 23.6 ng/ll

(SD = 16.9). These were used as template DNA in

PCR without adjusting DNA concentration. Presence

or absence of marker bands in cultivars and breeding

lines were assayed by individual PCRs, which

perfectly matched with those of reported resistance

Table 2 Markers and optimized detection conditions in individual and multiplex PCRs

Marker Target gene Primer Primer sequence (50–30) Size (bp) Individual PCR Multiplex PCR

Conc.

(lM)

Annealing

temp. (�C)

Conc. (lM)

N146 H1 N146-17 AAGCTCTTGCCTAGTGCTC 506 0.125 55 0.05

N146-22 AGGCGGAACATGCCATG 0.125 0.05

N195 H1 N195-09 TGGAAATGGCACCCACTA 337 0.125 55 0.05

N195-06 CATCATGGTTTCACTTGTCAC 0.125 0.05

PVX Rx1 RxSP-S3 ATCTTGGTTTGAATACATGG 1230 0.5 58 1.5

RxSP-A2 CACAATATTGGAAGGATTCA 0.5 1.5

R1 R1 76-2sf2 CACTCGTGACATATCCTCACTA 1400 0.5 65 0.25

76-2SR CAACCCTGGCATGCCACG 0.5 0.25

R2-800 R2 R2SP-S7 TACTAACCTTTTCCTAGATG 800 0.5 55 0.25

R2SP-A9 AGAACTTTCTCACAGCTTTT 0.5 0.25

Ry186 Rychc RY186-11 TGGTAGGGATATTTTCCTTAGA 587 0.4 55 0.1

RY186-12 GCAAATCCTAGGTTATCAACTCA 0.4 0.1

GBSS GBSS GBSS-01 ATGGCAAGCATCACAG 981 0.2 55 0.15

GBSS-02 CAAAACTTTAGGTGCCTC 0.2 0.15
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phenotypes (Table 1); that is, ‘Nishiyutaka’ does not

have any resistance genes, while the others have

some of them. A cyst nematode susceptible cultivar

‘Hokkai 56’ was expectedly negative for N146 and

N195 markers, which had been falsely positive by the

previously used marker PCN (Mori et al. 2010).

Development of multiplex PCR

Using eight cultivars and breeding lines, concentra-

tions of PVX and R1 primer sets were varied and the

best concentration combination was determined (1.50

and 0.75 lM, respectively). Then, the next primer set

of R2-800 was added and varied to different concen-

trations. Such a procedure of step by step addition

and determination of the best concentration combi-

nation was performed in order of PVX, R1, R2-800,

Ry186, N146, N195, and GBSS (Fig. 1). Annealing

temperature was fixed to 58�C throughout the exper-

iments. The presence or absence of expected marker

bands (Table 1) and the band intensities were criteria

for optimization. As shown in Fig. 1, when the

concentration of a newly added primer set was too

low, the band intensity became faint, while when it

was too high, the band intensity increased and

unspecific faint bands sometimes appeared (see

unspecific faint bands of N195 at 0.10 lM concen-

tration at step 5). As a result, after the determination

of 1.50 and 0.75 lM combination for PVX and R1,

respectively, 0.25 lM for R2-800, 0.10 lM for

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8M

R1
PVX

GBSS

N146
Ry186

N195

R2-800

R1
PVX

R2-800

Ry186

N195

N146

GBSS

Step 1

Step 4

Step 3

Step 2

Step 7

Step 5

Step 6

1.50 µM
0.75 µM

PVX
R1

1.50 µM
1.00 µM

2.00 µM
1.00 µM

0.125 µM 0.25 µM 0.50 µM

0.05 µM 0.10 µM 1.50 µM

0.025 µM 0.05 µM 0.10 µM

0.025 µM 0.05 µM 0.10 µM

0.10 µM 0.15 µM 0.20 µM

Enzyme 
(double dosage)

M

Fig. 1 Optimization by

varying the concentration of

newly added primers, and

finally adding double

dosage of Taq DNA

polymerase (optimized ones

in Bold). 1 ‘Dejima’, 2
‘Aiyutaka’, 3 ‘Hokkai 56’,

4 ‘Saikai 35’, 5
‘Konafubuki’, 6 ‘T07137-

6’, 7 ‘T08043-32’,

8 ‘Nishiyutaka’, M lambda

DNA HindIII/EcoRI

double-digests (NIPPON

GENE Co., Ltd., Tokyo)
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Ry186, 0.05 lM for N146, 0.05 lM for N195, and

finally 0.15 lM for a positive control marker GBSS

were determined. At this moment, the band intensi-

ties of all marker bands seemed a little faint. We

increased the amount of Taq DNA polymerase from

0.25 to 0.5 units (step 7), which greatly improved the

intensities of the marker bands (Fig. 1).

Detection sensitivity to different template DNA

concentrations

One of the hybrid genotypes ‘T09068-57’, which had

all seven marker bands, and ‘Nishiyutaka’, which

lacked all but a positive control GBSS marker band,

were examined by the multiplex PCR method

described above for a series of template DNA

concentrations (15, 10, 5, 2.5, 2, 1.5, 1, 0.5, and

0.1 ng/ll of PCR reaction volume). In ‘T09068-57’,

all marker bands were detected at 2.5 ng/ll or higher

concentrations, while at less than 2.5 ng/ll concen-

trations PVX and R1 marker bands were not detect-

able (Fig. 2a). In ‘Nishiyutaka’, any marker bands or

unspecific bands were not detected except for the

positive control GBSS, which was detected at the

concentration as low as 0.5 ng/ll.

Further improvement of detection sensitivity

The positive control GBSS marker was detected even

at the template DNA concentration of 0.5 or 0.1 ng/

ll, so that there is a possibility to falsely judge PVX

and R1 markers as negative because the latter two

markers were difficult to detect at the concentration

less than 2.5 ng/ll (Fig. 2a). In order to improve

detection sensitivity of PVX and R1, the concentra-

tion of R1 primer set was reduced from 0.75 to

0.25 lM, because PVX and R1 markers were likely

in a compensatory relation in PCR, where lowering

the relative amount of R1 primer set increased the

band intensity of PVX (Mori et al. 2010). Further-

more, five cycles of 30 s at 94�C, 30 s at 68�C, and

1.5 min at 72�C were added prior to the normal

cycles (touchdown PCR), which supposedly amplify

selectively R1 marker because the only R1 had such a

high annealing temperature (Table 2). Consequently,

PVX and R1 markers were successfully detected at

the concentration as low as 0.5 ng/ll (Fig. 2b).

Evaluation and segregation of the hybrid

genotypes

Ninety-six genotypes of ‘T09068’ family from a cross

between ‘Konafubuki’ and ‘T07137-6’ were evalu-

ated by the improved multiplex PCR method, the

results of which perfectly coincided with those

produced using the individual PCR method (Fig. 3).

Marker bands were detected in either one of parents,

so that all but R1 segregated in a simplex fashion in

the hybrid progeny (Table 3). As expected, N146 and

N195 co-segregated perfectly. Segregation ratios of

N146, N195, and R2-800 markers fit more to the

random chromatid assortment model, while Ry186

and PVX markers fit more to the random chromosome

assortment model. The R1 marker was over-repre-

sented, indicating that the parental line ‘T07137-6’

was likely duplex for this gene. The segregation ratio

R1
PVX

GBSS

N146
Ry186

N195

R2-800

R1
PVX

GBSS

N146
Ry186

N195

R2-800

M 15 1.
5

10 5 2.
5

2 1 0.
5

0.
1M 15 1.
5

10 5 2.
5

2 1 0.
5

0.
1

ng
/µ

lT09068-57 Nishiyutaka(a)

(b)

Fig. 2 Effects of template

DNA concentrations (ng/ll

of PCR reaction volume)

and thermal profiles.

Annealing temperature

constant at 58�C (a) or

touchdown from 68 to 58�C

(b). ‘T09068-57’ has all five

resistance gene markers,

while ‘Nishiyutaka’ has

none. M 100 bp DNA

ladder (0.1–1.0 and

1.5 kbp) (NIPPON GENE

Co., Ltd., Tokyo)
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of the R1 marker fitted only the random assortment

model with relatively low probability. Although both

H1 and R1 map to chromosome 5, 55 genotypes had

either H1 or R1 marker. Among 96 genotypes five had

all marker bands. Conventional biological assays

confirmed their resistances at least for those available

to be assayed at the time (data not shown).

Comparison of operation time

Ninety-six genotypes of ‘T09068’ family were eval-

uated for each marker using the individual PCR

method. Only positive samples were subjected to the

next marker evaluation. Consequently, the cumula-

tive sample number was 182, and the total time

consumed was 997 min (Table 4). In contrast, eval-

uation using the multiplex PCR method consumed

308 min (significant reduction to 30.9%).

Discussion

We successfully developed the multiplex PCR method,

which could detect simultaneously the DNA markers

for resistance genes, H1, Rx1, R1, R2, and Rychc. This

method is superior to the previous one (Mori et al.

2010), because (1) H1 can be detected by more tightly

linked markers sandwiching H1, (2) Rychc can now be

assayed by a tightly linked marker, (3) R2 can be more

accurately distinguished, and (4) false negatives can be

avoided by inclusion of GBSS marker.

Time and cost are major issues in adopting MAS to

practical breeding programs (Xu and Crouch 2008;

Mahony et al. 2009; Utomo et al. 2009). As compared

with the marker by marker selection (Gebhardt et al.

2006), the newly developed multiplex PCR method

reduced to 52.7% in the number of PCR reactions and

to 30.9% in the time consumed. Accordingly, although

the cost of Taq DNA polymerase became doubled, the

total cost reduced significantly. The automated DNA

extraction system generated DNA of an average

concentration of 23.6 ng/ll, and 2 ll from each

sample were used in a volume of 10 ll PCR reaction

(=4.72 ng/ll), which was far over the sensitivity limit

as low as 0.5 ng/ll. The lowest DNA concentration of

a sample was 3 ng/ll (=0.6 ng/ll in a PCR reaction),

which was still over the sensitivity limit. Therefore, the

adjustment of DNA concentration prior to PCR is not

needed, which surely facilitates adopting MAS into

practical breeding programs.

R1
PVX

GBSS

N146
Ry186

N195

R2-800

MFig. 3 Evaluation of the

hybrid family T09068 by

the improved multiplex

PCR method. M 100 bp

DNA ladder (0.1–1.0 and

1.5 kbp) (NIPPON GENE

Co., Ltd., Tokyo)

Table 3 Genetic segregation of marker bands in the tetraploid hybrid population ‘T09068’ (96 genotypes)

Marker Chr.a Parents Observed in hybrids Simplex (Rrrr 9 rrrr) Duplex (RRrr 9 rrrr)

Konafubuki T07137-6 Presence Absence A (1:1) B (0.87:1) A (5:1) B (3.7:1)

N146 5 – ? 45 51 0.540 0.945

N195 5 – ? 45 51 0.540 0.945

PVX 12 – ? 49 47 0.838 0.375

R1 5 – ? 86 10 \0.001** \0.001** 0.100 0.009**

R2-800 4 – ? 38 58 0.041 0.173

Ry186 9 ? – 48 48 1.000 0.495

Observed segregations were tested by Chi-square test against expected ratios from the random chromosome assortment model (A) and

the random chromatid assortment model (B), and the probabilities (P) were shown.

** Indicates significant (P \ 0.01) deviation from expected segregation
a Chromosome harboring the target gene
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Based on the segregation ratio of R1 marker in a

tetraploid hybrid population ‘T09068’ (from ‘Kon-

afubuki’ 9 ‘T07137-6’), the parental line ‘T07137-6’

could be duplex for R1 (R1R1r1r1). Since both

parents of ‘T07137-6’ (‘Hokkai 56’ and ‘Aiyutaka’)

harbor R1 (Table 1), the duplex condition of R1 in

‘T07137-6’ is understandable. Both H1 and R1 map

to chromosome 5, but the progeny did not show

co-segregation between the H1 and R1 markers.

Given this and the segregation ratios (Table 3) it is

likely that the parent ‘T07137-6’ had two homolo-

gous chromosomes harboring the R1 gene and

another harboring the H1 gene.

In conclusion, we developed the new multiplex

PCR method, by which from 96 inter-varietal hybrid

genotypes we could identify five genotypes having all

five resistance gene markers with reduced time and

cost. To our best knowledge, this is the most practical

MAS application in potato breeding. We are now

using it as a practical tool in breeding varieties with

multiple resistances.
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