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Abstract

Downy mildew (DM), caused by Pseudoperonospora cubensis (Berk. & M.A.

Curtis) Rostovzev, is a worldwide major disease of cucumbers (Cucumis sat-

ivus L.). By screening 10 introgression lines (ILs) derived from interspecific

hybridization between cucumber and the wild Cucumis, C. hystrix, through

a whole plant assay, one introgression line (IL52) was identified with high

DM-resistance. IL52 was further used as a resistant parent to make an F2
population with ‘changchunmici’ (susceptible parent). The F2 population

(300 plants) was investigated for DM-yellowing, DM-necrosis and

DM-resistance in the adult stage. A genetic map spanning 642.5 cM with

104 markers was constructed and used for QTL analysis from the popula-

tion. Three QTL regions were identified on chromosome 5 and chromo-

some 6. By interval mapping analysis, two QTLs for DM-resistance were

determined on chromosome 5 (DM_5.1 and DM_5.2), which explained

17.9% and 14.2% of the variation, respectively. QTLs for DM-yellowing

were in the same regions as DM-resistance. For DM-necrosis, by interval

mapping analysis, one QTL was determined on chromosome 5 (Necr_5.1)

that explained 18.3% of the variation and one on chromosome 6

(Necr_6.1) that explained 13.9% of the variation. Our results indicated

that the identification of molecular markers linked to the QTLs could be

further applied for marker-assisted selection (MAS) of downy mildew

resistance in cucumber.

Introduction

Downy mildew caused by Pseudoperonospora cubensis

(Berk. & M.A. Curtis) Rostovzev is one of the most

severe foliar disease of cucumber (Cucumis sativus L.,

2n = 14) production worldwide. Yearly downy mil-

dew epidemics threaten cucumber production in up

to 80 countries, causing significant economic losses

(Colucci et al. 2006; Olczak-Woltman et al. 2011).

Among the different strategies used to control the dis-

ease, including cultural practices, intercropping, appli-

cation of chemicals and sowing pathogen-free seeds,

the development and deployment of resistant culti-

vars are generally considered the best approach for

controlling downy mildew. However, the appearance

of new physiological races resulted in loss of resistance

in resistant cultivars: the dm-1 gene has not been

effective since 2004 (Call et al. 2012). Thus, new DM-

resistance genes are urgently required to ensure

cucumber production.

The inheritance of cucumber resistance to downy

mildew has been studied for the past 70 years

(Criswell et al. 2008). However, the inheritance pat-

tern is so complicated that, until now, there have

been conflicting views as to whether the inheritance

is monogenic or polygenic. Using different plant

materials, it was reported that a single recessive gene

(dm) controlled resistance in cucumbers (Van Vliet

and Meysing 1974; Fanourakis and Simon 1987;

Angelov 1994). On the other hand, three recessive

resistance genes were first reported by Shimizu

(1963) and were later repeated by McFerson (1978)
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and Doruchowski and Łazkowska-Ryk (1992). Zhang

et al. (2013) mapped five putative QTLs controlling

downy mildew on chromosomes 1,5 and 6 using an

F2 population derived from the cross K89K18. The

different results regarding the inheritance of downy

mildew resistance in cucumbers is likely due to differ-

ent mechanisms used (Jamal-Ali et al. 2011). Van

Vliet and Meysing (1974, 1976) used sporulation

intensity, Fanourakis and Simon (1987) used the

incidence of chlorotic and necrotic lesions on cotyle-

dons and Doruchowski and Łazkowska-Ryk (1992)

used necrotic lesions. Thus, different methods of

identifying and evaluating resistance may show dif-

ferent inheritance patterns and should be thoroughly

tested.

Thus, to evaluate whether a cucumber cultivar is

resistant or not, molecular markers could be better

than using disease rating of the phenotype. Random

amplified polymorphism DNA (RAPD) was used by

several researchers to identify molecular markers

linked to cucumber resistance to downy mildew

(Horejsi et al. 2000; Ding et al. 2007). Bai et al.

(2008) mapped three putative QTLs controlling

downy mildew on linkage group 1 and 6, using a

recombinant inbred line (RIL) population derived

from a cross between S94 (North China type) and S06

(European type). The number of markers was so lim-

ited that it could not facilitate QTL studies until the

cucumber genome was sequenced, from which hun-

dreds of simple sequence repeat (SSR) markers have

now been developed (Ren et al. 2009). SSR markers

are easy and inexpensive to use. Moreover, single-

nucleotide polymorphisms (SNPs) have greater utility

than other marker types for their higher genotyping

efficiency, data quality, genome wide coverage, ana-

lytical simplicity and cost-effectiveness (Morin et al.

2004). So far, SNP markers within <5 cM from the

downy mildew resistance gene have not been identi-

fied in cucumber.

Cucumber is a crop with a narrow genetic base.

Thus, introgression of traits of interest from wild

species into cultivars is a highly desired goal in

cucumber improvement. C. hystrix Chakr. (2n = 24)

has been identified as a novel source for downy

mildew resistance. In 1995, interspecific hybrids

between C. sativus and C. hystrix were first pro-

duced and C. hytivus (2n = 38) was obtained

through chromosome doubling of the interspecific

hybrid (Chen and Kirkbride 2000), followed by

backcrossing to cucumber (Chen et al. 1997, 2003;

Chen and Kirkbride 2000). The resulting progeny

were selected and selfed for several generations to

produce a series of introgression lines with 14

chromosomes. One of these derived introgression

lines, IL52, was identified as highly resistant to

downy mildew, which was confirmed in the USA,

Europe and China. IL52 could become an impor-

tant resistance resource to deal with new DM

races.

In the present study, we used a SNP- and SSR-based

genetic linkage map using IL52 as the resistant donor

line. We identified regions of the genome with QTLs

for resistance to downy mildew and identified molec-

ular markers linked to the QTLs. The results from this

study will facilitate genetic improvement of downy

mildew resistance in cucumber breeding programmes.

Materials and Methods

Plant materials

Two cucumber cultivars and 10 ILs derived from

backcrossing the C. hytivus to cucumber ‘beijingjietou’

were used.

An F2 population was developed from a cross

between the downy mildew resistant IL52 and downy

mildew susceptible cucumber ‘changchunmici’. Three

hundred F2 individuals were obtained by selfing the

F1 progeny. Some of the F2 plants were self-pollinated

to produce F2-derived F3 families.

Evaluation of downy mildew responses

Two cucumber cultivars and 10 ILs were tested for

downy mildew resistance in summer 2009 of North

Carolina State University, USA. The F2 population

was tested in August 2010 in the field at Nunhems in

the Netherlands. Evaluation of downy mildew resis-

tance comprises yellowing, leaf necrosis and other

general health traits. Leaf yellowing is a symptom of

the fungal infection and depends on both infection

spread and on plant growth rate. Leaf necrosis is the

appearance of necrotic (dead) spots on the leaf, either

as a symptom of infection or as a hypersensitive

response from the plant. The third trait phenotyped

was DM-resistance, which consists of a score based on

the general health and symptom expression in the

plant. DM-yellowing explains a major part of the DM-

resistance phenotype, while DM-necrosis is a smaller

component that can be seen both in conjunction and

separate from DM-yellowing and DM-resistance. Phe-

notypes were assigned a score between 1 and 9: Yel-

lowing: 1 = no yellowing; 9 = maximal yellowing,

DM-resistance: 1 = no disease symptoms; 9 = maxi-

mal disease symptoms and necrosis: 1 = no necrosis;

9 = maximal necrosis.
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DNA extraction and molecular marker analyses

Genomic DNA was extracted from young leaves, as

described by Murray and Thompson (1980). Total

DNA was kept in sterile water and visualized after

electrophoresis in 1% agarose gels with 19TAE buffer

stained with ethidium bromide.

The F2 from the changchunmici9IL52 mapping

population was genotyped with SNPs using the KBio-

sciences Competitive Allele-Specific PCR SNP geno-

typing system (KASPar). The details on the principle

and procedure of the assay are available at http://

www.kbioscience.co.uk/reagents/KASP_manual.pdf

and http://www.kbioscience.co.uk/download/KASP.

swf. SNP markers were first selected in eight F2 indi-

viduals based on polymorphism and distribution in

the genetic map.

The SSR primers used in this study were selected

from the genetic map of the cucumber genome pro-

duced by Ren et al. (2009). The 20-ll PCR volume

contained 10.1 ll H2O, 1.6 ll dNTP (2.5 mM), 4 ll
5 9 Phire reaction buffer, 2 ll 10 9 LC green,

0.05 ll SSR forward primer (100 lM), 0.05 ll SSR

reverse primer (100 lM) and 0.2 ll Phire DNA poly-

merase. 2 ll of DNA template was added to each reac-

tion, which contained between 5 and 10 ng/ll DNA.
PCR cycling started with an initial phase of 30 s at

98°C; then 40 cycles of 5 s at 98°C, 7 s at 60°C and a

30 s elongation step at 72°C; and one cycle of 72°C for

5 min. Genotyping was performed using a LightScan-

ner high-resolution melting (HRM) system. The pro-

gramme comprised: start temperature 60°C, end

temperature 95°C and hold temperature 57°C.

Linkage map construction and QTL analysis

JoinMap4.0� software (Van Ooijen 2006) was used to

generate the linkage map. Segregation distortion at

each marker locus was tested against the expected

1 : 2 : 1 or 3 : 1 ratios for the F2 population using a

chi-squared test. The Kosambi mapping function

(Kosambi 1944) was used to construct the map with

the following JoinMap parameters: Rec = 0.4, loga-

rithm of odds (LOD) = 3.0 and Jump = 5.

The genetic linkage map was used to identify mark-

ers associated with QTLs that have an effect on resis-

tance to downy mildew, using the computer program

MapQTL�5.0 (Van Ooijen 2004). To map downy mil-

dew resistance, the level was evaluated as quantita-

tive data, using classes 1–9 as numerical values. The

analysis initially used interval mapping (IM) to iden-

tify putative QTLs. Markers located in the vicinity of

the QTL were selected as the initial set of cofactors.

The multiple-QTL model mapping (MQM) method

was used to locate QTLs more precisely, using auto-

matic cofactor selection. A permutation test was

applied to each data set (1000 permutations) to deter-

mine the LOD thresholds. The integrated genetic link-

age map was drawn using MapChart2.2 software

(Voorrips 2002).

Results

Identification of ILs with downy mildew resistance

Ten ILs and two cucumber cultivars were tested for

downy mildew resistance in summer 2009 in North

Carolina State University. Cultivars NCSUM21 and

WisSMR18 were used as the resistant and susceptible

control, respectively (Table 1). Following three phe-

notypic identification methods: yellowing, leaf necro-

sis and general health traits, IL52 was regarded as

highly resistant. In addition, IL 52 was then used as

the resistant parent to make the F2 population with

‘changchunmici’.

Phenotypic variation of downy mildew resistance in

the F2 mapping population

Downy mildew resistance was scored in 293 individu-

als of the F2 population. Nine phenotypic classes were

identified, based on the level of infection. The symp-

toms of the different disease classifications of downy

mildew leaves necrosis rating are shown on the left

and downy mildew leaves rating are shown on the

right (Fig. 1). The F2 population showed a continuous

distribution from resistance to susceptible, suggesting

polygenic control of DM-resistance (Fig. 2). The dis-

Table 1 Estimate of disease rate in cultivar and introgression lines (ILs)

in summer 2009

Code DM YEL NEC

NCSU M21 4.3 2.0 3.8

IL52 4.7 2.0 4.3

IL08 4.8 6.0 2.0

IL16 4.9 3.0 5.0

IL06 5.1 3.0 3.0

IL15 5.3 2.0 3.0

IL02 5.3 6.0 5.0

IL07 5.5 4.0 5.0

IL03 5.6 6.3 4.3

IL09 6.1 6.5 5.5

WisSMR18 6.8 7.3 7.0

IL01 7.0 5.5 7.3

DM = DM-health, NEC = DM-necrosis, YEL = DM-yellowing. NCSUM21

was used as the resistant control, WisSMR18 as the susceptible control.
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ease rating of the phenotype was confirmed for resis-

tance to downy mildew from the F3 families obtained

by selfing each F2 plant.

Linkage map construction

Construction of the genetic linkage map from the set

of 300 F2 plants developed from a cross between

‘changchunmici’ and IL52, comprising 100 SNP mark-

ers and four SSR markers. The SNP markers were

selected from 1656 SNP, according to the SNP map

from Nunhems, the Netherlands. The SSR markers

were genotyped by high-resolution melting analysis,

which divided them into three curves. The different

coloured curves represent different genotypes

(Fig. 3).

The map comprised seven chromosomes and

spanned a genetic distance of 642.5 cM, with an aver-

age distance of 6.2 cM among markers (Fig. 4). The

size of the chromosomes and the number of markers

assigned to the different chromosomes varied

between 61.6 cM for chromosome 7 (nine loci) and

105.2 cM for chromosome 3 (20 loci). The number of

markers in these chromosomes ranged from nine

(chr7) to 21 (chr5), with an average of 15 markers per

chromosome. A detailed description of this map is

provided in Table 2.

QTL mapping of downy mildew resistance

The genetic map was used to perform QTL analysis for

yellowing, necrosis and general health traits for

1 2 3

4 5 6 

7 8 9 

1 2 3

4 5 6

7 8 9

Fig. 1 The symptom of differ-

ent disease classification on

downy mildew leaves necrosis

scoring (left) and downy mil-

dew leaves scoring (right).

Number under each leaf corre-

sponds to the scoring (1–9).

Fig. 2 Phenotypic distribution of DM-resistance in the F2 mapping pop-

ulation derived from the cross between changchunmici (suscepti-

ble) 9 IL52 (resistance) 1 = no disease symptoms; 9 = maximal disease

symptoms.

Fig. 3 One SSR marker was

genotyped in part of F2 popula-

tion by high-resolution melting

(HRM) analysis.
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downy mildew. After a first round of IM, markers

with the highest LOD value were used as cofactors for

MQM in the MapQTL�5.0 software. Both IM and

MQM approaches detected the same QTLs. IM analy-

sis for DM-resistance identified two QTLs on chromo-

some 5 (DM_5.1 and DM_5.2). DM_5.1 and DM_5.2

were supported by LOD scores of 9.66 and 7.48 and

explained 17.9 and 14.2% of the variation, respec-

tively. Two QTLs for DM-yellowing were located in

the same regions as DM-resistance, showing LOD

scores (15.04, 7.25) and explaining 26.8% and 14%

of the variation, respectively. For necrosis, one QTL

was determined on chromosome 5 (Necr_5.1) that

explained 18.3% of the variation and one on chromo-

some 6 (Necr_6.1) that explained 13.9% of the varia-

tion (Fig. 5). A permutation test showed that the LOD

threshold was 3.4 to obtain 90% confidence of detect-

ing a putative QTL. Biometrical characteristics of the

QTLs are presented in Table 3.

Discussion

Cucumis hystrix Chakr. (2n = 24, HH) is a wild Cucumis

species having valuable traits with considerable

potential for cucumber improvement. One IL was

identified as highly resistant downy mildew among 10

introgression lines. This paper is the first report of QTL

mapping of downy mildew resistance in a cucumber

introgression line derived from a cross with C. hystrix.

Three QTL regions were found in the introgression

line IL52, which could be used for pyramiding of

downy mildew resistance to provide durable

protection.

Two different patterns of inheritance have been

reported for resistance to downy mildew in cucumber:

qualitative resistance and quantitative resistance. This

may be explained by certain factors, for example, the

different identification and evaluation methods used

in previous studies. In this study, three disease

identification methods were used to evaluate the F2
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Fig. 4 Genetic linkage map based on the F2 population derived from the cross changchunmici9IL52. The marker name and map distances in centi-

Morgans (cM) are indicated on the right and left side of the chromosome.

Table 2 Distribution of molecular markers among seven chromosomes

established on a genetic linkage map using an F2 population derived

from the cross changchunmici9IL52

Chromosome

Number of

markers

Average

interval (cM)

Chromosome

size (cM)

1 14 6.7 93.3

2 14 7.0 97.5

3 20 5.3 105.2

4 13 7.3 95.4

5 21 4.4 93.5

6 13 7.4 96.0

7 9 6.8 61.6

J Phytopathol 161 (2013) 536–543 � 2013 Blackwell Verlag GmbH540

QTL Mapping of Downy Mildew Resistance X. Pang et al.



population: yellowing, necrosis and resistance. This

may have made the results more reliable and accu-

rate. An investigation by Oerke et al. (2006) showed

that as infection progresses, the chlorotic with expand

and may become necrotic. Other researchers showed

the occurrence of necrosis and chlorosis was highly

correlated, indicating that these two phenotypes may

be a manifestation of the same genetic mechanism

(Criswell et al. 2008). In the present study, one QTL

was just determined on chromosome 5 in the same

region for yellowing and necrosis and for DM-resis-

tance. This may be caused by a hypersensitive

response from the plant, because necrosis is highly

linked to DM-resistance. One QTL was found on chro-

mosome 6 only for necrosis, but this QTL is neither

linked to DM-resistance nor yellowing, so perhaps

simply causes necrosis.

The whole cucumber genome was sequenced in

2009, from which hundreds of SSR markers have

since been developed. Using these markers, several

genes and QTLs have been mapped (Zhang et al.

2010; Li et al. 2011; Miao et al. 2011). In the present

study, four SSR markers were mapped in the genetic

map successfully (Fig. 2). Two markers are located on

chromosome 5 and two on chromosome 6. The four

SSR markers were genotyped by HRM analysis rather

than the conventional method. In the previous study,

electrophoresis through a 6% polyacrylamide gel was

used. However, HRM is a rapid procedure for charac-

terization of sequence differences immediately follow-

ing PCR amplification. It has been used to successfully

genotype single-nucleotide polymorphisms (SNPs) by

Michael et al. 2004. In this paper, we adapted this sys-

tem to successfully genotype single sequence repeats.

In general, quantitative resistance, which is under

polygenic control, is more durable than resistance

conferred by a single dominant gene (Kelly and Val-

lejo 2006). However, many factors affect whether a

QTL is detected or not, because the LOD score of QTL
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Fig. 5 Genetic map of chromosome 5 and 6 with QTL intervals and graphs. Genetic map: red marker = two markers with highest linkage. QTL inter-

vals: Bar = 2-LOD interval, line = 4 LOD interval. QTL graph: dotted line = P0.95 1000 permutation genome wide confidence interval. Data-

points = LOD value per marker.

Table 3 Biometrical parameters of QTLs identified showing linkage

groups, position of QTLs, LOD scores, phenotypic variation explained

and the most significant marker associated with disease resistance

phenotypes

QTL Chromosome

Position

(cM) Marker LOD %Explained

YEL-5.1 5 0–25.7 mCU102 15.04 26.8

YEL-5.2 5 64.3–85.5 mCU1002 7.25 14

DM-5.1 5 0–25.7 mCU102 9.66 17.9

DM-5.2 5 64.3–85.5 mCU1011 7.48 14.2

Nec-5.1 5 0–25.7 mCU102 9.11 18.3

Nec-6.1 6 69.7–91.4 mCU1148 6.71 13.9

The markers are those of highest LOD scores and variation explained of

the respective QTL. DM = DM-health, Nec = DM-necrosis, YEL =

DM-yellowing, Position = map position in cM, LOD = log. Likelihood of

marker-trait linkage.
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mapping may be affected by population size, distribu-

tion of markers associated to a putative QTL, QTL

effects and error variance (Li et al. 2008). Previously,

five QTLs for resistance to downy mildew were

mapped to chromosomes 1, 5 and 6 using the F2 and

F2:3 families derived from the cross K8 9 K18 (Zhang

et al. 2013). In this study, three putative QTLs were

detected on chromosomes 5 and 6 in the introgression

line 52. Nevertheless, comparative analysis of the

QTLs detected in the two studies may not be successful

because of two factors. One is the different

populations: the resistance parent is a cucumber intro-

gression line that was originally produced from a cross

with C. hystrix, which is different from t K8. The other

factor is the lack of common molecular markers.

Therefore, more SSRs should be tested to integrate the

SNPmap and the SSR map. Although our results could

not be compared with previous results, one QTL in the

region of DM_5.2 was identified using another F2 pop-

ulation from the same parents (‘changchunmici’ and

IL52). The population was screened under greenhouse

conditions and genotyped by SNP markers. The QTL is

in almost the same position and explains a similar

amount of observed variation (Zhou 2010).

Acknowledgements

This research was supported, in part, by the National

Basic Research Program of China (973 Program)

(2012CB113900) and the Key Program (30830079)

from the National Natural Science Foundation of

China 863 project (2012AA100202). The authors

thank the Nunhems: Jos Suelmann for evaluation of

the phenotype traits, and Marion van de Wal, Rick

Berentsen and Freddy Hermans for their help with

the laboratory work.

References

Angelov D. (1994) Inheritance of resistance to downy mil-

dew, Pseudoperonospora cubensis (Berk. & Curt.) Rostow.

Rep. 2nd Natl. Symp. Plant Immunity. (Plovdiv)

3:99–105.

Bai ZL, Yuan XJ, Cai R, Liu LZ, He HL, Zhou HF, Pan JS.

(2008) QTL mapping of resistance gene to downy mil-

dew in cucumber. Prog Nat Sci 18:706–710. (Chinese

version).

Call AD, Criswell AD, Wehner TC, Ando K, Grumet R.

(2012) Resistance of cucumber cultivars to a new strain

of cucurbit downy mildew. HortScience 47:171–178.

Chen JF, Kirkbride JH Jr. (2000) A new synthetic species

Cucumis (Cucurbitaceae) from interspecific hybridization

and chromosome doubling. Brittonia 52:315–319.

Chen JF, Staub JE, Tashiro Y, Isshiki S, Miyazaki S. (1997)

Successful interspecific hybridization between Cucumis

sativus L. and C. hystrix Chakr. Euphytica 96:413–419.

Chen JF, Staub JE, Qian CT, Jiang JM, Luo XD, Zhuang

FY. (2003) Reproduction and cytogenetic characteriza-

tion of interspecific hybrids derived from Cucumis hystrix

Chakr. 9 Cucumis sativus L. Theor Appl Genet

106:688–695.

Colucci SJ, Wehner TC, Holmes GJ. (2006) The downy

mildew epidemic of 2004 and 2005 in the Eastern United

States. In: Holmes GJ. (ed) Proceedings of Cucurbitaceae

2006. Raleigh, NC, Universal Press, pp 403–410.

Criswell AD, Wehner TC, Klosinska U, Kozik E. (2008) Use

of sporulation and other leaf and vine traits for evalua-

tion of resistance to downy mildew in cucumber. In:

Pitrat M. (ed) Proceedings of the IX Eucarpia Meeting on

Genetics and Breeding of Cucurbitaceae. Avignon,

France, INRA, pp 433–439.

Ding GH, Qin ZW, Zhou XY, Fan JX. (2007) A novel RAPD

and SCAR marker of the resistant gene for downy mil-

dew (dm) in cucumber. Acta Bot Boreal-Occident Sin

27:1747–1751.(Chinese version).

Doruchowski RW, Łazkowska-Ryk E. (1992) Inheritance

of resistance to downy mildew (Pseudoperonospora cub-

ensis Berk & Curt) in Cucumis sativus. In: Doruchowski

RW. (ed) Proceedings of the V Eucarpia Cucurbitaceae

Symposium. Poland, Skierniewice-Warszawa, pp

132–138.

Fanourakis NE, Simon PW. (1987) Analysis of genetic

linkage in the cucumber. J Hered 78:238–242.

Horejsi T, Staub JE, Thomas C. (2000) Linkage of random

amplified polymorphic DNA markers to downy mildew

resistance in cucumber (Cucumis sativus L.). Euphytica

115:105–113.

Jamal-Ali O, Habibollah S, Gholam-Ali P, Akbr SK, Babak

R. (2011) Dominant variance has an important role in

downy mildew resistance in cucumber. Hortic Environ

Biotechnol 52:422–426.

Kelly JD, Vallejo V. (2006) QTL analysis of multigenic dis-

ease resistance in plant breeding. In: Tuzun S, Bent E.

(eds) Multigenic and Induced Systemic Resistance in

Plants. New York, Springer Science, pp 21–48.

Kosambi DD. (1944) The estimation of map distance from

recombination values. Ann Eugen 12:172–175.

Li HH, Ribaut JM, Li ZL, Wang JK. (2008) Inclusive com-

posite interval mapping (ICIM) for digenic epistasis of

quantitative traits in biparental populations. Theor Appl

Genet 116:243–260.

Li YH, Yang LM, Pathak M, Li DW, He XM, Weng YQ.

(2011) Fine genetic mapping of cp: a recessive gene for

compact (dwarf) plant architecture in cucumber, Cucum-

is sativus L. Theor Appl Genet 123:973–983.

McFerson JR. (1978) A screening procedure for determin-

ing levels of resistance in cucumber. USA, Texas A&M

University, MSc thesis.

J Phytopathol 161 (2013) 536–543 � 2013 Blackwell Verlag GmbH542

QTL Mapping of Downy Mildew Resistance X. Pang et al.



Miao H, Zhang SP, Wang XW et al. (2011) A linkage map

of cultivated cucumber (Cucumis sativus L.) with 248 mi-

crosatellite marker loci and seven genes for horticultur-

ally important traits. Euphytica 182:167–176.

Michael L, Robert P, Robert P, Cindy M, Maria E, Elaine L,

Carl W. (2004) Genotyping of single-nucleotide poly-

morphisms by high-resolution melting of small ampli-

cons. Clin Chem 50:1156–1164.

Morin PA, Luikart G, Wayne RK. (2004) SNP in ecology,

evolution and conservation. Trend Ecol Evol

19:208–216.

Murray HG, Thompson WF. (1980) Rapid isolation of

higher weight DNA. Nucleic Acids Res 8:4321–4326.

Oerke EC, Steiner U, Dehne HW, Lindenthal M. (2006)

Thermal imaging of cucumber leaves affected by downy

mildew and environmental conditions. J Exp Bot

57:2121–2132.

Olczak-Woltman H, Marcinkowska J, Niemirowicz-Szczytt

K. (2011) The genetic basis of resistance to downy mil-

dew in Cucumis spp.–latest developments and prospects.

J Appl Genet 52:249–255.

Shimizu S, Kanazawa K, Kato A. (1963) Studies on the

breeding of cucumber for resistance to downy mildew.

Part 2. Difference of resistance to downy mildew among

the cucumber varieties and the utility of the cucumber

variety resistance to downy mildew. Bul Hort Res Sta

Jpn 2:80–81.

Van Ooijen JW. (2004) MapQTL�5.0, Software for the

Mapping of Quantitative Trait Loci in Experimental Pop-

ulation. Wageningen, Kyazma BV.

Van Ooijen JW. (2006) JoinMap�4.0, Software for the

Calculation of Genetic Linkage Maps in Experimental

Populations. Wageningen, Kyazma BV.

Ren Y, Zhang Z, Liu J et al. (2009) Integrated genetic and

cytogenetic map of the cucumber genome. PLoS ONE

4:1–8.

Van Vliet GJA, Meysing WD. (1974) Inheritance of resis-

tance to Pseudoperonospora cubensis Rost. in cucumber

(Cucumis sativus L.). Euphytica 23:251–255.

Van Vliet GJA, Meysing WD. (1976) Relation in the inher-

itance of resistance to Pseudoperonospora cubensis Rost and

Sphaerotheca fuliginea Poll. in cucumber (Cucumis sativus

L.). Euphytica 26:793–796.

Voorrips RE. (2002) MapChart: software for the graphical

presentation of linkage maps and QTLs. J Hered

93:77–78.

Zhang SP, Miao H, Gu XF, Yang YH, Xie BY, Wang XW,

Huang SW, Du YC, Sun RF. (2010) Genetic mapping of

the scab resistance gene in cucumber. J Am Soc Hortic

Sci 135:53–58.

Zhang SP, Liu MM, Miao H, Zhang SQ, Yang YH, Xie BY,

Todd CW, Gu XF. (2013) Chromosomal mapping and

QTL analysis of resistance to downy mildew in Cucumis

sativus. Plant Dis 97:245–251. http://dx.doi.org/10.1094/

PDIS-11-11-0941-RE.

Zhou XH. (2010) Analysis of genetic changes of Cucumis

sativus-hystrix introgression lines and identification of

QTL to downy mildew resistance. Nanjing, China, Nanj-

ing Agricultural University, PhD Thesis.

J Phytopathol 161 (2013) 536–543 � 2013 Blackwell Verlag GmbH 543

X. Pang et al. QTL Mapping of Downy Mildew Resistance


