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Abstract Powdery mildew limits cucumber produc-

tion worldwide. Most resistant cucumber cultivars

become susceptible to powdery mildew at low tem-

peratures. Resistance within a wide temperature range

is therefore desirable for cucumber production. We

constructed a cucumber genetic linkage map based on

a population of 111 recombinant inbred lines derived

from a cross between CS-PMR1, with strong and

temperature-independent resistance, and Santou, with

moderate and temperature-dependent resistance. The

map spans 693.0 cM and consists of 296 markers

segregating into seven linkage groups; the markers

include 289 simple sequence repeats (SSRs), six

sequence characterized amplified regions, and one

inter simple sequence repeat. Due to the presence of

150 common SSR markers, we were able to compare

our map with previously published maps obtained by

using populations derived from inter- or intra-variety

crosses. We also evaluated powdery mildew resistance

of the recombinant inbred lines and identified seven

quantitative trait loci (QTL) contributed by CS-PMR1

and two QTL contributed by Santou. Four QTL

(pm3.1, pm5.1, pm5.2 and pm5.3) were successfully

validated by using populations derived from residual

heterozygous lines. Some of the QTL identified in our

study are in good agreement with previously published

results obtained with materials of different origin. The

markers reported here would be useful for introducing

high and temperature-independent resistance by accu-

mulation of QTL from CS-PMR1 and Santou.
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Introduction

Powdery mildew is a severe disease of cucumber

(Cucumis sativus L.) caused by Podosphaera xanthii

(syn. Sphaerotheca fuliginea ex Fr. Poll.) and, to a

lesser degree, Golovinomyces cichoracearum (syn.

Erysiphe cichoracearum DC ex Mérat.). At present,

fungicide application is the major method of disease

control, but it is difficult to apply fungicides at the time

of disease outbreak, since cucumber fruits are har-

vested daily. In addition, the labor and cost of

fungicide application impose heavy burdens on farm-

ers. Thus, breeding for powdery mildew resistance is
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the most desirable approach for disease control.

Although a large number of resistant accessions from

South and East Asia have been identified and utilized

to develop new resistant varieties, resistance of

cucumber varieties remains insufficient (Morishita

et al. 2003). Morishita et al. (2003) observed that most

cucumber varieties and accessions are resistant to

powdery mildew at 26 �C, but susceptible at 20 �C.

Among 295 cucumber accessions tested, PI 197088-5

displayed the highest level of resistance both at 26 and

20 �C; its resistance was suggested to be controlled by

two genes, one recessive and the other incompletely

dominant.

The availability of genomic information, such as

whole genome sequences, expressed sequence tag

sequences, and high-density genetic linkage maps,

facilitates transition from traditional to molecular

breeding. Among Cucurbitaceae (which include such

species as cucumber, melon, watermelon, and squash),

molecular breeding of melon is at the most advanced

stage. A melon consensus linkage map has been

published (Diaz et al. 2011), composed of 1,592

markers, including markers for 11 phenotypic traits,

and 370 quantitative trait loci (QTL) controlling 62

traits (such as resistance to powdery mildew and to

cucumber mosaic virus). As the consensus map has

been constructed primarily by using highly transfer-

able anchor markers, it will be useful for increasing the

effectiveness and efficiency of breeding via marker-

assisted selection. Also published recently are a

cucumber genome sequence (Huang et al. 2009),

genetic linkage maps constructed based on transfer-

able markers (Fukino et al. 2008b; Ren et al. 2009;

Miao et al. 2011), and an integrated genetic map

(Zhang et al. 2012); however, there is not enough

information on DNA markers that can be used for

marker-assisted selection in cucumber. Several link-

age maps have been published that include phenotypic

traits, such as resistance to zucchini yellow mosaic

virus (Park et al. 2004) and to downy mildew (Horejsi

et al. 2000), or QTL, such as powdery mildew

resistance (Sakata et al. 2006; Liu et al. 2008a, b).

Likewise, two or three QTL for powdery mildew

resistance of PI 197088-1 (a sib-line of PI 197088-5)

have been detected, and sequence characterized

amplified region (SCAR) markers associated with

each QTL have been developed (Sakata et al. 2006).

However, since these maps were constructed based

mainly on dominant markers, they lack versatility and

do not apply to all populations. There are few reports

on universal markers linked to agronomically useful

traits (Weng et al. 2010; Miao et al. 2011; Kang et al.

2011).

The objective of this study was to conduct a QTL

analysis of powdery mildew resistance of recombinant

inbred lines (RILs) derived from a cross between CS-

PMR1 [previously referred to as PI 197088-1 by

Sakata et al. (2006) and Fukino et al. (2008b)] and

Santou varieties. For accurate analysis, resistance was

evaluated at two developmental stages. In addition, the

QTL effectiveness was confirmed by using residual

heterozygous lines (RHLs), i.e. lines chosen from

RILs that have heterozygous segments surrounding

the powdery mildew resistance QTL (Yamanaka et al.

2005).

Materials and methods

Plant materials and genomic DNA isolation

The population of 111 F8 RILs was derived by single

seed descent from a cross between CS-PMR1 (a weedy

cucumber of Indian origin, highly resistant to powdery

mildew in a temperature-independent manner) and

Santou (a Japanese native cucumber cultivar, moder-

ately resistant to powdery mildew) (Sakata et al.

2006). Although these RILs were derived from the

same cross as used in Sakata et al. (2006) and Fukino

et al. (2008b), the size of the population varied

slightly. Genomic DNA was isolated from young

leaves of the parents and their RILs with a DNeasy 96

Plant Kit (Qiagen, Tokyo, Japan), and used for marker

analysis.

Powdery mildew resistance tests

Out of 111 RILs, 109 were used for powdery mildew

resistance tests (two RILs failed to produce enough

seeds). The two parental lines were also included.

Leaf disc assay

Resistance to powdery mildew was tested by using the

pxA strain of P. xanthii (Fukino et al. 2008a). Plants

were sown in a greenhouse (three plants per line). At

the second leaf stage, two leaf discs (15 mm in

diameter) per plant were cut from the first leaves of
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two plants and placed (one disc per plant) on each of

two similar square dishes containing 0.8 % agar

(224 9 224 mm; 400 ml). Inoculation was performed

by spraying with a conidial suspension according to

Morishita et al. (2003). One dish was incubated at

25 �C (experiment LD25) and the other at 20 �C

(LD20), both under a 16:8-h light:dark photoperiod.

After 2 weeks, the degree of sporulation was scored

visually according to Fukino et al. (2004) on a scale of

0 (no sporulation) to 5 (heavy sporulation on the entire

disc), and used as a disease index (DI). Experiments

were replicated five times. The average DI from five

independent tests for each line was used in QTL

analysis.

Evaluation of naturally occurring disease in plastic

greenhouses

Experiments were conducted in the late spring to

summer (experiment GH-S) and in the autumn (GH-A)

of 2009 at the NARO Institute of Vegetable and Tea

Science, Tsu, Mie, Japan. Both GH-S and GH-A

experiments used a completely randomized design

with two replications (one plant per line per replica-

tion). Seeds were sown in a greenhouse on May 7 and

Sept. 10, and seedlings were transplanted to individual

plastic houses on May 21 and Sept. 29, respectively.

Disease caused by naturally occurring powdery mildew

was assessed on July 22 (GH-S) and Dec. 4 (GH-A) as

described above for the leaf disc assay. The average

outside temperature was determined for 30 days

before each analysis: it was 25.0 and 13.9 �C,

respectively. In the autumn, the plastic houses were

warmed by a heater to maintain the temperature above

15 �C, which is required for cucumber growth. The

average DI from the two replications was used for

QTL analysis.

Marker analysis

We previously developed an SSR-based genetic

linkage map, which comprised 120 simple sequence

repeats (SSRs) and six SCARs (Fukino et al. 2008b).

Two markers (CS08 and CS39) from previous map

were discarded because of poor reproducibility. One

hundred and seventy-one SSR markers from melon

and cucumber were added: three CSAT/CSCT/

CMCCA (Danin-Poleg et al. 2001), one TJ (Gonzalo

et al. 2005), one CS (Kong et al. 2006), five CM (Kong

et al. 2007), six CMN (Fukino et al. 2007), two CSN

(Fukino et al. 2008b), one CSJCT (Watcharawongpai-

boon and Chunwongse 2008), 10 ECM/GCM

(Fernandez-Silva et al. 2008), 141 SSR (Ren et al.

2009), and one CU (Cucurbit Genomics Database,

http://www.icugi.org/). The markers were screened

for polymorphisms between the parents and used for

the construction of a genetic linkage map. SCAR

markers (Sakata et al. 2006) and an inter simple

sequence repeat (ISSR) marker (Alfandi et al. 2009)

were also used, since they were previously reported to

be linked to powdery mildew resistance.

Marker analyses were conducted as previously

described (Fukino et al. 2008a) with minor modifica-

tions. For SSR analysis, PCR products were labeled by

post-PCR labeling (Kukita and Hayashi 2002) by using

R110-ddUTP (PerkinElmer, Yokohama, Japan). The

sizes of the amplified fragments were estimated by

using an automated DNA analyzer (3730xl or ABI

PRISM 3100, Applied Biosystems, Tokyo, Japan). For

ISSR analysis, polymorphism was detected by separat-

ing the amplified DNA on a 3.5 % Agarose XP (Nippon

Gene, Tokyo, Japan) gel in TBE (Tris–borate–EDTA)

buffer containing ethidium bromide. DNA bands were

visualized under a UV transilluminator.

Linkage map construction and QTL detection

Standard v2 analysis was used to test the segregation

pattern at each marker locus for deviations from the

expected Mendelian ratio of 1:1 in RILs. The linkage

map for the CS-PMR1 9 Santou RIL population was

constructed with MAPMAKER/EXP 3.0 (Lander et al.

1987). Marker data were assigned to linkage groups

(LGs) by using a minimum logarithm of odds (LOD)

likelihood score of 5.0. The Kosambi map function

(Kosambi 1943) was used to calculate the genetic

distance between markers. The previously reported

assignment of LGs to corresponding chromosomes

(Ren et al. 2009) was used. QTL analysis was

performed by using both composite interval mapping

(Zeng 1993, 1994) with Windows QTL Cartographer

v.2.5 (Wang et al. 2007) and the Kruskal–Wallis

nonparametric rank-sum test (Lehmann 1975) with

MapQTL (van Ooijen 2004). Our new data and the

data from the experiments by Sakata et al. (2006) (S26

and S20, performed at 26 or 20 �C, respectively) were

used to estimate putative QTL from the calculated

LOD threshold scores after 1,000 permutation tests
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(C3.0 LOD for LD20; C2.8 LOD for LD25, GH-A,

S26 and S20; C2.7 LOD for GH-S).

QTL validation by using RHLs

Six populations derived from selfing of six RHLs were

used for QTL validation. Markers that mapped near

the QTL were used for genotyping. Sixty-nine to 104

plants derived from selfing of each RHL were used for

marker genotype identification and assessment of

powdery mildew resistance. Genomic DNA was

isolated from cotyledons of the individual plants on

0.2-lm polyvinylidene difluoride filter plates and

glass fiber filter plates (Corning #3504 and #3511,

respectively; Corning, Tokyo, Japan) as described by

Fukino et al. (2012). Powdery mildew resistance of

these populations was tested as described under ‘Leaf

disc assay’ with minor modifications. Four discs per

plant were cut and the test was conducted once (with

two replications) for each population. Plants within a

population were classified according to the marker

genotypes; recombinants between the two markers and

plants with heterozygous marker genotypes were

excluded. The mean DI values were calculated for

each class. Differences between the means were

statistically analyzed by using the Mann–Whitney

U-test, with significance at P \ 0.05.

Results

Evaluation of powdery mildew resistance

CS-PMR1 was completely resistant in all experiments,

whereas Santou was moderately resistant (LD25 and

GH-S) to susceptible (LD20 and GH-A) (Fig. 1).

Average DI values for each RIL were continuously

distributed from resistant to susceptible, suggesting

polygenic control of this trait. Greater resistance was

observed in RILs in the LD25 and GH-S experiments

than in LD20 and GH-A. Plants with higher DI scores

(more susceptible) than Santou were found in all

experiments, which indicates transgressive

segregation.

Construction of a linkage map

The CS map was constructed based on 296 markers

(289 SSRs, six SCARs, and one ISSR) (Fig. 2). The

resulting map contains seven LGs spanning 693.0 cM,

with an average distance between markers of 2.3 cM.

Linkage groups were previously assigned to chromo-

somes by Ren et al. (2009). Of 296 mapped markers, 74

(25 %) deviated from the expected 1:1 segregation

ratio (P \ 0.05): 14, 27, 13, 1, 14 and 5 deviating

markers were found on chromosomes 1, 2, 3, 4, 5 and 6,

respectively. There were no deviating markers on

chromosome 7. Among five SCARs reported to be

linked to the QTL for powdery mildew resistance

(Sakata et al. 2006), EAAGMCAT280-282STS, EA-

ACMCAC391-395STS and EAAGMCAG154STS

were mapped to chromosome 1; EAACMCTG116STS

to chromosome 5; and EAAGMCTG171-179STS to

chromosome 7. An ISSR marker UBC809 was mapped

to chromosome 5, located 11.8 cM from

EAACMCTG116STS.

We compared our CS map with the hs (Ren et al.

2009) and ss (Miao et al. 2011) maps (ESM 1 and ESM

2); this comparison was made possible by the presence

0

5

10

15

20

25

30

35

40

I II III IV V VI

N
u

m
b

er
 o

f 
R

IL
s

Average DI value of each RIL

25

20

0

10

20

30

40

50

60

70

I II III IV V VI

N
u

m
b

er
 o

f 
R

IL
s

Average DI value of each RIL

Spring

Autumn

a

b

CS-PMR1

CS-PMR1

Santou Santou

Santou Santou

Fig. 1 Frequency distribution of average disease index (DI)

scores in RILs derived from Cucumis sativus CS-PMR1 9

Santou assessed by the leaf disc assay (a) and by evaluation of

naturally occurring disease caused by Podosphaera xanthii (b).

I DI = 0; II 0 \ DI B 1; III 1 \ DI B 2; IV 2 \ DI B 3;

V 3 \ DI B 4; VI 4 \ DI B 5
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of 150 and 30 common markers, respectively. The

major difference between the CS and hs maps was the

total length of chromosomes 4 and 5, which were 65

and 41 % shorter on the hs map. A discrepancy in the

marker order on these chromosomes between the CS

and hs maps was also observed. The CS and ss maps

were similar, except for the length of chromosome 4

(106.3 vs. 50.5 cM, respectively).

QTL analysis

Six, four, three and four significant QTL were detected

by composite interval mapping in the experiments

LD25, LD20, GH-S and GH-A, respectively

(Table 1). Each QTL accounted for 0.05–0.24 of the

variance of the trait. QTL pm1.2 and pm 6.1 were

detected in all four experiments, whereas pm4.1 and

pm5.3 were common to LD25, LD20 and GH-A;

pm2.1 and pm3.1 were found only in LD25; and pm5.2

was detected only in GH-S. No temperature-depen-

dent QTL were reproducibly detected. Santou con-

tributed resistance to powdery mildew at pm5.2 and

pm6.1, whereas CS-PMR1 contributed resistance at

the other QTL. The LOD peak positions for the QTL

pm4.1 were slightly different in different experiments:

74.2 and 87.9 cM in LD25, 92.9 cM in LD20, and

74.2 cM in GH-A (ESM 3). The largest QTL also

differed depending on the experiment (pm6.1 in LD25,

pm5.3 in LD20, pm5.2 in GH-S, and pm1.2 in GH-A).

Re-analysis of the data of Sakata et al. (2006)

resulted in detection of four QTL (pm1.1, pm5.2,

pm5.3 and pm6.1) for S26 and three QTL (pm1.1,

pm5.1 and pm5.2) for S20 (Table 1). QTL pm1.1 and

pm5.1, contributed by CS-PMR1, were novel, whereas

QTL pm5.2, pm5.3 and pm6.1 were confirmed by our

analysis. The nonparametric Kruskal–Wallis rank-

sum test showed highly significant (P \ 0.01) associ-

ation of the markers mapped on the regions surround-

ing detected QTL.

To compare the QTL present in resistant and in

susceptible RILs, the DI cut-off values were chosen so

that the top ca. 10 % and the bottom ca. 10 % of RILs

were selected. The resistant group comprised 14 RILs

with DI B 1 in all experiments; the susceptible group

was represented by 11 RILs with DI C 3.5 in LD20

and GH-A (Table 2). Among nine QTLs, resistant

RILs had more than three, and susceptible RILs had

less than five. More than 75 % of resistant RILs had

CMN21_88 CU4210.0
CM552.4
CU84b3.3
SSR1904.7
SSR57935.2
CMAGN329.1
SSR10018 SSR16012.5
CSN11414.4
CU168017.3
SSR111519.7
CSWTA0522.6
CSAT42523.1
SSR512424.5
SSR499227.4
SSR1013428.8
SSR740535.7
CMN21_5537.1
CSN19739.0
CSJCT662 TJ2439.9
SSR427840.4
SSR341141.4
SSR19190 EAAGMCAT280- 282STS42.4
CU74245.0
EAACMCAC391- 395STS46.5
EAAGMCAG154STS47.9
CSN22053.4
SSR23157.3

SSR109169.2
CS2772.1
SSR2734 SSR273372.6
SSR2174774.5
SSR173778.4

SSR572382.3

SSR1125386.2

SSR26290.5

GCM206 SSR322297.9
SSR47998.8

1

SSR57480.0
CSN2570.9
CM161.8
CSN0522.3
CU14584.7
CM39 CSWCTT02D
CU15945.2

SSR30849.8
CMCTN213.3
SSR361015.7
ECM11516.6
GCM29519.6
SSR20421.8
SSR1350424.4
SSR28927.3
CSN24234.7
ECM109 CSJCT10N38.6
SSR137439.1
ECM129 ECM9242.0
SSR3043.4
CSN31043.9
CMTC160a+b48.2
SSR1159650.2
SSR21853.2
CU2239b SSR1052257.2
CSWCT04 CMBR103
CMBR95 CMBR83
SSR4035

57.7

SSR128659.6
SSR1146865.3
SSR263467.2
SSR1327569.1
SSR727871.5
CSN135 SSR1190974.9
SSR672276.9

SSR1618382.7
SSR1087484.2
CM3086.1

SSR125395.2

CU181799.9

CU2297a111.1

2

CMN21_800.0
SSR30490.5
CSN1602.8
CMN61_143.4
CSN0026.0

CSN251 ECM8018.4

CSN191 SSR589123.5
TJ1024.0
CSN16628.0

CSN28432.5

CSN16137.0

SSR722043.3
CSCT33546.3
CSN15348.1
CSN17154.3
SSR621057.7
SSR273659.3
SSR213260.4
CSN20960.9
GCM24663.8
SSR750565.7
SSR463267.6
ECM5368.1
SSR3379768.6
SSR200869.5
CMBR15371.9
SSR105676.9
ECM231 CSN14777.4
ECM13481.0
SSR305684.1
SSR1316385.7
SSR5572 CU83286.2
CSN06986.7
CMBR43 SSR1139787.7
CSN30690.9
CSN01895.3
CMN21_3397.3
CMBR5798.8
SSR10282103.6
SSR3503107.1
SSR5012108.6
CSN201110.6
SSR15312112.0

3

CSJCT3230.0
SSR7209 CSN0661.4
SSR19492.3
CSN0252.8
SSR35985.2
SSR1693610.3

SSR1222.7
SSR589925.1
CSN29528.0
SSR280328.5
CSWCT06B30.9

CSN15738.2
SSR1573139.1
SSR6225 CSN14541.0

CU183046.0

CSJCT4252.0
CSN12153.5
CMTCN5654.5
SSR713056.6
SSR4482 SSR1573757.6

SSR269765.5
SSR2832766.9
SSR10368 CSN181
CMNC1072.5

SSR20373.9

SSR27680.6

CU1791100.5

SSR15203103.9
SSR14015106.3

4

CSJCT4350.0
CSWTA040.5

SSR2155811.8
SSR1196912.3
CSJCT66112.8
CSJCT1418.4
CSJCT31518.9
CSN076 CU17419.4
SSR708121.0
SSR1556423.1
SSR644724.0
CSWCT3227.9
CSN14030.3

GCM344 CSN25936.5

SSR2016540.4

EAACMCTG116STS47.7

CSWTA1351.8

UBC80959.5

SSR269368.2

SSR1143976.9

CSN15984.0
SSR77284.5
SSR14180 CSN061
CSWCT13BALT87.6

CSN17288.6
CSWCT1790.2
SSR216695.1
CSN184 CSWCT24B95.6
SSR289597.7
SSR2043499.8
SSR2459100.8

5
CSWGCA010.0
SSR2021 SSR1580.5
CSN0951.9
CM215.8
CSWCT296.3
SSR11918.2
GCM10610.6
SSR5267 SSR719816.7
CS5217.2
SSR422.2
SSR1922.7
CSN11625.6
SSR2385 SSR394029.0
SSR463731.4
CMN01_7435.2
SSR259 CU234535.7
SSR2086 CMBR4137.1
SSR3139937.6
CSN22740.5
SSR97341.0
CS41 CSN126
CU1792a42.9

SSR842 ECM16443.4
CSJCT7744.3
CSJCT67445.2
SSR28064 SSR491048.1
SSR30050.0
CSWCT16B57.9
SSR212359.8
SSR1582 SSR3962
SSR4252 CSN29360.3

SSR1781863.8
CU93464.7
CU88665.6
CSN05169.6
CMBR145 CSN08473.1
SSR1531677.8
SSR1289878.3
SSR1251079.9
CSWATT02 CSWCT0380.4
SSR23380.9
CSWCT2581.1
CS- L18- 3SCAR81.3
SSR1148 CSJCT720
SSR624081.5

SSR2249883.9
CSN28284.1
CSN287 CU2063
SSR246084.3

CSWCT05B84.8
SSR1580287.2
CSN26387.7
CSN20888.2
SSR594691.6
SSR164393.0
SSR3357 CSJCT266N94.4

6

CSN2660.0

SSR10998.8
CMCTN8612.3
CSN24414.2
CSWTA11B16.1
SSR658519.0
CMN05_8720.4
EAAGMCTG171- 179STS23.8

SSR484731.7
CMCCA14533.6

SSR1966538.8
CSN183 SSR21541.2

SSR2174353.3
CU109453.8

SSR307658.8
SSR3327861.6

SSR47769.6

7

Fig. 2 Linkage map for C. sativus CS-PMR1 9 Santou RILs.

The genotypes of 111 RILs were determined by using 289 SSR,

six SCAR, and one ISSR markers. The markers are shown to the

right of the linkage groups (1–7), and recombination distances

are indicated in centimorgans to the left. Linkage groups were

assigned to chromosomes by Ren et al. (2009). Underlined

markers deviated from the expected segregation ratio. The

markers are denoted using the following nomenclature: CM

Kong et al. (2007), CMNC10 Fukino et al. (2007), ECM

Fernandez-Silva et al. (2008), SSR Ren et al. (2009). The sources

of all other markers have been described previously (Fukino

et al. 2008b)
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QTL pm1.1, pm1.2, pm2.1, pm5.1 and pm6.1, whereas

less than 30 % of susceptible RILs had pm1.1, pm1.2,

pm5.1, pm5.3 and pm6.1.

QTL validation by using RHLs

Populations derived from selfing of six RHLs were

evaluated for powdery mildew resistance and gen-

otyped with the markers corresponding to the

heterozygous regions of RHLs (Table 3). Significant

differences between two marker genotypes were

found at both 25 and 20 �C in populations 1, 5 and

6 (QTL pm3.1, pm5.2 and pm5.3, respectively;

Table 3). In population 4, which has a heterozygous

region surrounding QTL pm5.1, significant differ-

ence was observed only at 25 �C. As pm5.2 is the

QTL contributed by Santou, the average DI score of

the plants with Santou genotype was lower than that

of the CS-PMR1 plants in population 5. The average

DI scores of CS-PMR1 plants in populations 1 and 6

were lower than those of Santou plants. Population

2, which had a heterozygous region surrounding

QTL pm3.1, was completely resistant in both

experiments regardless of the marker genotype. In

Table 1 QTL for powdery mildew resistance detected in 109 RILs derived from CS-PMR1 9 Santou cross by using composite

interval mapping

Experimenta QTL Chromosomeb Flanking markers Position (cM) Maximum LOD Additive effectc R2d

LD25 pm1.2 1 SSR231–SSR1737 58.5–75.8 5.7 –0.46 0.14

pm2.1 2 SSR218–CSWCT04 57.1–57.2 2.9 –0.29 0.05

pm3.1 3 CMN21_80–CSN251 0.1–9.2 4.5 –0.37 0.09

pm4.1 4 SSR28327–CU1791 70.1–87.9 4.2 –0.35 0.08

pm5.3 5 CSN159–SSR2895 83.8–97.6 5.0 –0.40 0.08

pm6.1 6 SSR7198–CS41 17.1–41.7 10.4 0.60 0.24

LD20 pm1.2 1 SSR231–CS27 61.5–71.5 3.9 –0.38 0.08

pm4.1 4 SSR203–CU1791 86.9–98.9 4.2 –0.37 0.08

pm5.3 5 SSR772–SSR20434 85.3–98.6 7.2 –0.64 0.15

pm6.1 6 SSR4–CMBR41 22.5–36.9 5.7 0.49 0.11

GH-S pm1.2 1 SSR231–SSR1091 65.5–68.5 2.8 –0.27 0.09

pm5.2 5 SSR20165–UBC809 42.4–58.8 5.8 0.40 0.17

pm6.1 6 CSN116–SSR3940 28.3–28.8 2.8 0.24 0.07

GH-A pm1.2 1 SSR231–SSR2733 57.5–73.9 6.4 –0.59 0.24

pm4.1 4 SSR28327–CU1791 69.1–80.9 4.3 –0.41 0.11

pm5.3 5 CSWCT17–SSR20434 94.2–99.7 4.0 –0.43 0.10

pm6.1 6 CS52–CMN01_74 19.1–34.1 5.2 0.41 0.12

S26 pm1.1 1 (LG II) SSR10134–SSR231 28.9–56.6 14.6 –1.20 0.44

pm5.2 5 (LG IV) SSR20165–UBC809 44.4–57.8 4.6 0.56 0.10

pm5.3 5 (LG IV) SSR2166–SSR2895 95.1–96.6 3.1 –0.55 0.05

pm6.1 6 (LG I) CSN116–CMN01_74 28.3–32.1 3.6 0.45 0.06

S20 pm1.1 1 (LG II) SSR10134–SSR7405 28.9–34.9 5.2 –0.65 0.12

pm5.1 5 (LG IV) CSWTA04–CSJCT315 0.5–18.8 8.1 –0.81 0.19

pm5.2 5 (LG IV) SSR20165–SSR2693 40.4–67.4 14.8 1.13 0.37

a LD25 and LD20, leaf disc assays at 25 and 20 �C, respectively; GH-S and GH-A, evaluation of naturally occurring disease in late

spring to summer and in autumn, respectively; S26 and S20, data obtained at 26 �C and at 20 �C, respectively (Sakata et al. 2006)
b Linkage groups reported by Sakata et al. (2006) are in parentheses
c Additive main effect of the parent contributing the higher-value allele: positive and negative values indicate that higher-value

alleles come from CS-PMR1 and Santou, respectively
d R2 is the proportion of the phenotypic variance explained by the QTL
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population 3, which had a heterozygous region

surrounding QTL pm4.1, plants were highly resistant

at 25 �C, but moderately resistant at 20 �C regard-

less of their genotypes, with no significant differ-

ences among the average DI scores. This might be

because the effect of QTL pm4.1 was not fully

expressed in the genetic background of population 3,

or because the position of this QTL was beyond the

heterozygous region.

Discussion

Cucumber linkage map

A quarter of the mapped markers deviated from the

expected segregation ratio, with the largest clusters of

markers with distorted segregation (27, 13 and 14)

found on chromosomes 2, 3 and 5, respectively.

Segregation distortion and marker clustering are often

Table 2 Characteristics of resistant and susceptible RILs

RILa Disease index QTLb Total

no. of

QTLcLD25 LD20 GH-

S

GH-

A

pm1.1 pm1.2 pm2.1 pm3.1 pm4.1 pm5.1 pm5.2 pm5.3 pm6.1

Resistant

99 0.00 0.00 0.00 1.00 u u ? - u u u ? ? 3–8

214 0.00 0.00 0.00 1.00 ? ? ? ? - ? u ? ? 7–8

65 0.00 0.08 0.00 0.50 u ? u ? ? ? u ? ? 6–9

152 0.00 0.08 1.00 0.50 ? ? ? ? ? ? - ? ? 8

69 0.25 0.17 0.00 0.00 ? u - u ? ? - ? ? 5–7

93 0.00 0.33 0.00 0.50 ? ? ? ? ? ? u - ? 7–8

158 0.00 0.33 0.00 0.00 ? ? - - ? - u ? ? 5–6

86 0.00 0.42 0.00 0.00 ? ? ? ? ? ? ? - ? 8

3 0.00 0.50 0.00 0.00 - - u - ? - - ? ? 3–4

173 0.00 0.67 0.00 1.00 ? ? ? - - - ? ? ? 6

215 0.08 0.67 0.00 1.00 u ? ? ? - ? u - ? 5–7

142 0.17 0.83 0.00 0.00 u ? ? - ? ? ? - u 5–7

160 0.33 0.92 0.00 0.00 ? ? ? ? u ? ? ? u 7–9

189 0.17 1.00 0.00 0.00 ? ? - ? u ? - H ? 5.5–6.5

% holdingd 90.0 91.7 75.0 61.5 72.7 76.9 50.0 67.9 100.0

Susceptible

149 1.83 3.50 1.00 3.50 u ? ? ? - - - - - 3–4

16 1.92 3.58 0.50 3.50 - - ? ? u - ? - - 3–4

22 3.58 3.67 0.50 4.00 - - - ? - u ? - - 2–3

102 2.42 3.67 1.00 3.50 ? - - H ? - - - - 2.5

205 3.58 4.00 3.00 4.00 - - ? - ? H - - - 2.5

15 3.71 4.17 1.50 4.50 ? u - - - - u - - 1–3

13 4.25 4.25 3.50 4.50 - u - - - - u - - 0–2

35 3.42 4.25 2.50 3.50 - - ? - ? H - - - 2.5

80 3.17 4.25 2.50 4.00 ? - u ? ? - u - - 3–5

97 4.08 4.42 2.50 3.50 - - - ? u u u - - 1–4

31 3.58 4.58 4.00 4.00 - - - - u - u - u 0–3

% holdingd 30.0 11.1 40.0 50.0 50.0 11.1 33.3 0.0 0.0

a Resistant, RILs with DI B 1 in all experiments; Susceptible, RILs with DI C 3.5 in LD20 and GH-A
b Marker genotypes in QTL regions: ? homozygous for resistant parent, - homozygous for susceptible parent, H heterozygous, u unknown

due to recombination inside the regions
c H was regarded as 0.5. In the case of ‘‘u’’ genotypes, the total number of QTL was calculated in two ways: with ‘‘u’’ being regarded as 0 or 1
d % holding = (number of ‘‘?’’)/(total line number - number of ‘‘u’’)
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reported in cucumber (Yuan et al. 2008; Weng et al.

2010; Miao et al. 2011), and 29.5, 6.3 and 18.0 % of

markers with distorted segregation were observed in

the respective studies. The reason for this phenomenon

has not yet been clarified. Differences in the marker

order and distances were observed between the maps

derived from the inter-varietal (hs map) and the intra-

varietal (CS and ss maps) crosses, possibly due to

chromosome rearrangements between C. sativus var.

sativus and C. sativus var. hardwickii (Ren et al.

2009). In particular, chromosomes 4 and 5 were much

shorter on the hs map than on the CS map, and

discrepancies in the marker order were also detected

on these chromosomes. The latter results agree with

the observations by Miao et al. (2011), who reported

discrepancies between the ss and hs maps in the

marker order on chromosomes 4, 5 and 7. No

discrepancies in chromosome 7 length and marker

order were observed between the CS and hs maps; this

might be due to the relatively small number of markers

(18) on chromosome 7 on the CS map. The markers on

chromosomes 1 and 4 reported on the ss map (17 and

15, respectively) seem to be under-represented, as

their numbers are less than half of those on the CS map

(43 and 33, respectively).

Our CS map, together with the ss map, will

complement the hs map. As the CS and hs maps have

150 markers in common, fine mapping of the regions

of interest will be easier by using the hs map as a

reference.

QTL for powdery mildew resistance

In agreement with Morishita et al. (2003), a high level

of temperature-independent resistance was observed

in CS-PMR1 in all experiments, and a trend towards a

higher resistance at high temperature was observed in

RILs. A gene conferring resistance to wheat stripe rust

at high (but not at low) temperature has been found in

wheat (Fu et al. 2009). The 20 �C-specific QTL from

CS-PMR1 on LG III (chromosome 7) and from Santou

on LG IV (chromosome 5) were reported in cucumber

(Sakata et al. 2006), which suggested that a temper-

ature-dependent gene may confer resistance in each of

these cultivars. However, no QTL was detected on

chromosome 7 in the current study. The QTL on LG

IV corresponds to our pm5.2 detected in GH-S, S26

and S20, and thus cannot be considered as a temper-

ature-specific QTL. A novel QTL pm5.1 was detected

in S20 by our re-analysis of Sakata et al.’s (2006) data,

but not in any experiments in our current study. By

using a population derived from RHLs, we detected a

significant effect of pm5.1 at 25 �C but not at 20 �C.

Therefore, pm5.1 also appears not to be temperature-

Table 3 Marker genotypes of heterozygous regions and mean disease index at 25 and 20 �C

Populationa QTL corresponding to the

heterozygous region

Markers used for

genotyping

25 �C 20 �C

CS-PMR1 Santou CS-PMR1 Santou

1 pm3.1 CMN21_80,

CSN002

2.0 ± 0.5 (17) 2.5 ± 0.6 (27)* 2.0 ± 0.7 (17) 2.4 ± 0.5 (27)*

2 pm3.1 CMN21_80,

ECM80

0.0 ± 0.0 (13) 0.0 ± 0.0 (20) 0.0 ± 0.0 (13) 0.0 ± 0.0 (20)

3 pm4.1 CSJCT42,

SSR276

0.6 ± 0.6 (9) 0.3 ± 0.4 (21) 3.6 ± 0.4 (9) 3.6 ± 0.4 (21)

4 pm5.1 CSJCT435,

CSWCT32

4.1 ± 0.4 (10) 4.5 ± 0.4 (12)* 4.8 ± 0.4 (10) 4.8 ± 0.3 (12)

5 pm5.2 SSR20165,

SR2693

3.0 ± 0.7 (23) 2.6 ± 0.5 (23)* 4.0 ± 0.6 (23) 3.5 ± 0.7 (23)*

6 pm5.3 SSR14180,

SSR2459

0.5 ± 1.0 (24) 4.1 ± 0.7 (21)* 3.0 ± 0.8 (24) 4.4 ± 0.6 (21)*

CS-PMR1, Santou: average disease index in the group of plants that was homozygous for the CS-PMR1 or Santou alleles,

respectively. Numbers in parentheses indicate the numbers of individuals

* Indicates a significant difference (P \ 0.05) in a Mann–Whitney U-test
a Populations derived from selfing of residual heterozygous lines; plants within a population were classified according to the marker

genotype
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specific. Interestingly, population 3, which has a

heterozygous region around QTL pm4.1, showed

obvious temperature-dependent resistance unrelated

to the genotype of pm4.1. This population could be an

essential tool for the analysis of temperature-depen-

dent resistance. The effect of some QTL may be weak

and undetectable under some conditions, so in spite of

common parental lines used for the cross, the results

of our current QTL analysis and our re-analysis data of

Sakata et al. (2006) were not identical. The QTL also

slightly varied between different experiments, proba-

bly due to different developmental stages and assay

methods (leaf discs of plantlets vs. greenhouse eval-

uation of adult plants).

QTL for powdery mildew resistance were previ-

ously reported by using populations derived from a

cross between a resistant breeding line S06 (European

greenhouse type) and a susceptible inbred line S94

(Northern China open-field type) (Liu et al. 2008a, b).

It is difficult to directly compare the QTL positions

determined in our and the above studies, as most of the

markers used by Liu et al. (2008a,b) were sequence-

related amplified polymorphism markers, which are

absent on our linkage map. Potentially, markers

surrounding QTL for powdery mildew resistance

(Liu et al. 2008a, b) could be assigned to our linkage

map by using common markers in a high-density

integrated genetic map (Zhang et al. 2012). The

positions of PM1.2 (Liu et al. 2008b), pm6.1 (Liu et al.

2008a) and PM2.2 (Liu et al. 2008b) appear to be close

to the positions of pm1.2, pm5.1 and pm6.1 in our

study, respectively. Furthermore, an ISSR marker

UBC809 reported to be linked to powdery mildew

resistance of the cucumber accession JIN5 (Alfandi

et al. 2009) was mapped on chromosome 5, adjacent to

pm5.2 contributed by Santou. Concentration of the

resistance genes in certain genomic regions has been

suggested for rice blast (Fukuoka and Okuno 2001)

and melon powdery mildew (Fukino et al. 2008a).

This might also be the case with cucumber, as four

QTL (pm1.2, pm5.1, pm5.2 and pm6.1) detected in our

study might be located in the vicinity of QTL detected

previously by using different resistant materials. The

markers linked to the QTL detected in our study might

be useful for selection of powdery mildew resistance

in different cucumber accessions.

The QTL detected varied depending on the tests, but

the effects of four of them (pm3.1, pm5.1, pm5.2

and pm5.3) were successfully confirmed by using

populations derived from RHLs. As there were no

RHLs corresponding to all QTL, the effects of other

QTL are yet to be confirmed. Although CS-PMR1 is

highly resistant to powdery mildew, it has rarely been

used for breeding, since it looks quite different from

cultivated cucumbers and has poor fruit characteristics

(Sakata et al. 2008). Thus, many backcrosses would be

needed to breed commercial cultivars if CS-PMR1

were to be used, and it would be difficult to maintain

resistance in the progeny due to its polygenic inheri-

tance. It may be necessary to accumulate three or more

QTL in order to breed for strong and temperature-

independent resistance. Because most of the resistant

RILs had them, pm1.1, pm1.2, pm2.1, pm5.1 and pm6.1

would be good candidate QTL for this purpose.

Interestingly, pm6.1, present in all resistant RILs,

was contributed by the moderately resistant parent

Santou. Combination of QTL from CS-PMR1 and

Santou might result in higher resistance by accumula-

tion of fewer resistance genes. Marker-assisted selec-

tion will provide an effective tool for breeding

cucumbers highly resistant to powdery mildew. The

markers linked to QTL will be useful for introducing

powdery mildew resistance genes of CS-PMR1, San-

tou, or both into commercial cultivars to enhance

resistance. Map-based cloning and subsequent analysis

of gene functions may help to determine the key

players in the high and temperature-independent

cucumber resistance to powdery mildew.
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