Page 1 of 28

Plant Disease "First Look" paper ¢ http://dx.doi.org/10.1094/PDIS-11-11-0941-RE  posted 09/06/2012

This paper has been peer reviewed and accepted for publication but has not yet been copyedited or proofread. The final published version may differ.

Chromosomal Mapping and QTL analysis of Resistance to Downy
Mildew in Cucumis sativus

S. P. Zhang, M. M. Liu, and H. Miao, Institute of Vegetables and Flowers, Chinese Academy of
Agricultural Sciences, Beijing 100081, China; S. Q. Zhang, College of Agriculture, Guizhou
University, Guiyang 550025, China; Y. H. Yang, and B.Y. Xie, Institute of Vegetables and Flowers,
Chinese Academy of Agricultural Sciences, Beijing 100081, China; T. C. Wehner, Department of
Horticultural Science, North Carolina State University, Raleigh, NC 27695-7609, U.S.A; and X. F. Gu,

Institute of Vegetables and Flowers, Chinese Academy of Agricultural Sciences, Beijing 100081, China

Corresponding author: Xing-Fang Gu, E-mail: guxf@mail.caas.net.cn

Abstract

Zhang, S. P., Liu, M. M., Miao, H., Zhang, S. Q., Yang, Y. H., Xie, B. Y., Wehner, T. C., and Gu, X. F.
201_. Chromosomal mapping and QTL analysis of resistance to downy mildew in Cucumis sativus.
Plant Dis. 9 :XXXX-XXXX.

Downy mildew of cucumber (Cucumis sativus L.), caused by Pseudoperonospora cubensis (P.
cubensis), is a major foliar disease worldwide. The cucumber inbred lines K8 (resistant to downy
mildew) and K18 (susceptible) were used to study the inheritance of resistance to downy mildew.
Chromosomal mapping of the resistance genes was completed to provide a theoretical basis for the
resistance mechanisms and for marker assisted selection (MAS). Inoculation was used to test the level
of resistance to P. cubensis in the F, and F,.; families derived from the cross K8 x K18. Simple
sequence repeat (SSR) analysis, combined with bulked segregation analysis (BSA), was done with the
DNA of F, plants using 2,360 pairs of SSR primers. JoinMap Version 3.0 and MaplInspect were used to
construct SSR linkages and to verify the relationships between these SSR linkages and cucumber
chromosomes. Quantitative trait locus (QTL) analysis of downy mildew resistance was done using
MapQTL Version 4.0. Inheritance of resistance to downy mildew in K8 was quantitative. Five QTLs
for resistance to downy mildew were detected: dm 1.1, dm5.1, dm5.2, dm5.3, and dmé.1. The loci of
dm1l.1 and dmé6.1 were on chromosomes 1 and 6, respectively. The loci of dm5.1, dm 5.2, and dm5.3
were on chromosome 5, and were linked. Six linked SSR markers for these five QTLs were identified:

SSR31116, SSR20705, SSR00772, SSR11012, SSR16882, and SSR16110. Six and four nucleotide
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binding site (NBS)-type resistance gene analogs (RGAs) were predicted in the region of dm5.2 and
dm5.3, respectively. These results will be of benefit for fine-mapping the major QTLs for downy

mildew resistance, and for MAS in cucumber.

Downy mildew, powdery mildew, and Fusarium wilt are the three most significant
diseases of cucumber (Cucumis sativus L.) in China (5). Downy mildew, caused by
Pseudoperonospora cubensis (Berk. & Curt.) Rostov. (P. cubensis), has been reported
on species of the genus Cucumis in 70 countries worldwide (9,28,36,42,48). The
disease has a short latent period, high secondary infection frequency, rapid spread,
and year-round presence in many cucumber production areas (9,10). Downy mildew
can cause significant reductions in yields (10,27), especially in protected culture such
as greenhouse production. Probably the best method for controlling downy mildew in
cucumber is the use of resistant cultivars. As a result, downy mildew resistance is one
of the main objectives in cucumber breeding programs (8,55).

After sources of downy mildew resistance have been identified, the next step is to
determine the nature of inheritance of the resistance. The types of inheritance of
downy mildew resistance genes have been determined (1,8,12-14,21,43,44,53,59), but
the conclusions vary. Some researchers reported resistance to downy mildew in
cucumber was quantitative. Cochran (8) concluded that resistance to downy mildew in
the cultivar Bangalare was controlled by several genes. Jenkins (21) considered there
were one or two major genes and one or several minor genes controlling resistance.
Zhang et al. (59) reported two major genes and several minor genes for resistance in
Northern Chinese type cucumbers. Shimizu et al. (43,44) and Doruchoowski et al. (13)
reported three recessive genes for resistance in American processing type cucumbers
and European greenhouse type cucumbers. Bai et al. (1) reported several genes in S94

(Northern Chinese type cucumber) using a population of recombinant inbred lines
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(RILs). Several studies reported that resistance was a qualitative trait controlled by a
single gene. Resistance in 'Poinsett' (an inbred line) was reported to be controlled by
the single gene dm, and dm was linked to powdery mildew resistance (14,53). Ding et
al. (12) reported a single gene for resistance in cucumber. Given this diversity in
reported inheritance of resistance to downy mildew in cucumber, additional studies
are needed to help clarify these variations in inheritance of downy mildew resistance.
One of the objectives of this study was to determine the inheritance of downy mildew
resistance in the inbred line K8. K8 is a typical Northern Chinese type cucumber with
resistance to powdery mildew (61) and downy mildew, and was derived from a
Chinese Long cucumber hybrid.

Breeding cucumber for resistance to downy mildew requires evaluations in
multiple locations and with replications to control environmental variation, including
exposure to different isolates of the pathogen, and to make effective selections for
resistance during years of crossing and inbreeding. It may be possible to select for
resistance more efficiently using molecular, marker-assisted selection (MAS), than
using just disease ratings. However, there are only a few reports on the molecular
biology of downy mildew resistance in cucumber. Kennard et al. (23) screened two
restriction fragment length polymorphism (RFLP) markers, CsC230/EcoR and

CsC593/Dra, linked to dm at genetic distances of 9.5 and 17.7 cM, respectively.
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Meglic and Staub (32) reported an isoenzyme marker, Pgm, linked to the dm gene at
14 cM. Horejsi et al. (18) identified five random amplified polymorphic DNA (RAPD)
markers linked to dm. The marker BC519;,90 was the closest at 9.9 ¢cM. Ding et al. (12)
reported the RAPD marker SPS18-561 was linked to the dm gene at 7.85 cM. Bai et

al. (1) detected four quantitative trait locus (QTLs) for downy mildew resistance in

the inbred line S94, dmi.1, dml.2, dmé.1, and dm6.2, which were mapped to linkage
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groups 1 and 6. Seven sequence related amplified polymorphism (SRAP) markers and
one simple sequence repeat (SSR) marker were linked to these QTLs. The genetic
distance for the SSR marker to dm1.1 was 9.7 cM.

An efficient MAS system for downy mildew requires markers that have tight
linkage to the resistance genes, combined with an assay that is easy and inexpensive
to run (60). In previous studies, the main markers linked to cucumber downy mildew
resistance were RFLP, RAPD, and SRAP types that are expensive and
time-consuming to measure, and involve the use of radioactive materials or markers
with dominant expression (12,18,23). These marker types are not cost-efficient to use
in molecular breeding. However, SSR markers are polymerase chain reaction (PCR)
based, with co-dominant inheritance, and are easy and inexpensive to use in a
breeding program (60). Furthermore, whole genome sequencing of cucumber (19) has
enabled large-scale development of SSR markers and linkage maps in cucumber
(6,34,38). So far, mapping of downy mildew resistance to a chromosome of cucumber
has not been reported, and SSR markers with a distance <5 ¢cM from the resistance
gene have not been identified in cucumber. In this paper, a study of chromosomal
QTL mapping for downy mildew resistance in cucumber was conducted using 2,360
pairs of SSR primers, and SSR markers that have tight linkage to the resistance were

1dentified.

Materials and Methods
Plant materials. Two inbred lines, K8 and K18, were used as parental lines in this

study. Inbred K8 (Yuanfeng-5-160-8-14-1-9-2) is resistant to cucumber downy

mildew, and was derived from a Chinese Long cucumber hybrid, Yuanfeng, which

has resistance to downy mildew. Inbred K18 is susceptible to downy mildew (59). F;
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progeny were obtained from the cross of K8 x K18 made in Beijing. F; plants were
then self-pollinated to produce F, seeds. One-hundred-and-forty F,.3 lines were
generated from 140 F, plants by self-pollination.

Disease resistance screen. The degree of resistance to cucumber downy mildew
for each of the parental lines, K8 and K18, as well as the F; and 140 F;; lines was
tested two times (in spring and autumn 2009) using an inoculation method. The
disease evaluations for 140 F, plants was done in spring 2004. The specific isolate of
P. cubensis used in this study was maintained using in vivo host preservation
alternated with low temperature freezing preservation, according to the National
Agricultural Standards: Rule for Evaluation of Cucumber for Resistance to Downy
Mildew, NY/T 1857.2-2010 (http://www.caqs.gov.cn/gg/t20100914 836358.htm).
The inoculation method involved soaking seeds in 5% NaOCI for 10 min, washing the
seeds with tap water, placing the seeds on two layers of filter paper in Petri dishes,
and germinating the seeds in an incubator at 28°C. When the average radicle length
was 5 mm, the seeds were sown individually into plastic pots filled with a
steam-sterilized propagation substrate composed of peat, vermiculite, and soil from
vegetable fields (2:1:1, volume basis) that had been steam-sterilized at 134°C for 30
min. Seedlings were placed in a growth chamber at 25/20°C day/night witha 16 h
photoperiod. Illumination was provided by high-pressure sodium lamps at 50 W/M>.

The seedlings were arranged randomly with three replications of 10 plants each.
The resistant cultivar Jinyan No. 2 and the susceptible cultivar Xintaimici were used
as control treatments according to the National Agricultural Standards: Rule for
Evaluation of Cucumber for Resistance to Downy Mildew, NY/T 1857.2-2010
(http://www.cags.gov.cn/gg/t20100914 836358.htm). All seedlings were inoculated at

the stage of a fully-opened second true leaf with the strain of P. cubensis known to be
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epidemic in China (5), collected from cucumber plants at the Nankou experimental
farm in Beijing. Both sides of each leaf of the seedlings were sprayed uniformly using
a hand pumped sprayer (YH-038, YUANHUA PENWU Factory, Taizhou, Zhejiang,
China), to the point of run-off. The inoculum concentration used was 8 x 10*
sporangia/ml. After inoculation, plants were kept in the dark at 100% relative
humidity (RH) for 24 h, followed by 7 to 10 d at 80/100% RH by day/night at a
temperature of 20 to 23°C.

Symptom assessment. Disease resistance was rated 10 d after inoculation, and a

disease index (DI) was calculated as a weighted mean according to the formula:

> (Number of plants with disease rating X Disease rating)

DI =100 x
(Total number of plants x Highest disease rating possible)

The disease rating scale for each seedling was as follow: 0 = absence of symptoms; 1
= < 1/10"™ of all leaves with downy mildew spots; 2 => 1/10 but < 1/4 of all leaves
with downy mildew; 3 => 1/4 but < 1/2 of all leaves with symptoms; 4 =>1/2 but <
3/4 of all leaves with downy mildew; 5 => 3/4 of all leaves with downy mildew, or
the whole leaf dead. Downy mildew resistance for each line was determined using the
DI. Seedlings with a rating of 0 < DI < 15 were classified as highly resistant, 15 < DI
< 35 = moderately resistant, 35 < DI < 55 = slightly resistant, 55 <DI <75 =
moderately susceptible, and 75 < DI = highly susceptible. The first and second true
leaves on a cucumber plant normally differ in reaction to downy mildew especially for
resistant lines (5), but each plant was rated based on all the leaves on the plant,
including the first and second true leaves.

SSR marker analysis. DNA was extracted from young leaf tissue of plants of the
parental lines, the F; plants, and each plant in the F, population using a CTAB

extraction procedure (29,45). DNA concentration was estimated on a 1% agarose gel
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with 1x TEA buffer, stained with ethidium bromide. For each plant sample, each 15
ul PCR reaction contained 8.02 ul double distilled water (ddH,0), 1.5 ul 10x buffer,
0.2 ul dNTPs (10 mM), 0.08 ul Taq DNA polymerase (10 U/ul), 0.6 pl primer F (50
ng/pl), 0.6 ul primer R (50 ng/ul), and 4.0 ul DNA (10 ng/ul). The PCR
amplifications were performed using a GeneAmp PCR system 9700 (Applied
Biosystems Inc., Foster City, CA) as follows: 94°C for 4 min; 35 cycles of 94°C for
15s, 55°C for 15 s, and 72°C for 30 s; and a final extension at 72°C for 5 min.
Subsequently, 3 pl of the PCR product was subjected to electrophoresis in a 6%
polyacrylamide gel according to the method used by Sambrook and Russell (41).

Bulked segregant analysis (BSA) (35) was performed to screen polymorphic SSR
markers associated with cucumber downy mildew resistance. Equal amounts of DNA
were pooled separately from six resistant and six susceptible F, plants. A total of
2,360 pairs of SSR primers was screened to identify polymorphisms between the
parental lines (K8 and K18). The development of SSR primers used in this study was
described by Ren et al. (38). PCR assays using identified polymorphic SSR primers
between the two bulk populations were conducted with DNA from individual plants
of the F, population to collect data for genetic mapping analysis.

QTL mapping. JoinMap Version 3.0 (52) was used to develop linkage groups
(LGs). Chromosomal assignment of the LGs was based on common markers
between the cultivated cucumber map (34) and the high-resolution cucumber genetic
map produced by Ren et al. (38). Marker data were assigned to LGs using a
minimum logarithm of odds (LOD)-likelihood score of 2.5. The Kosambi map
function (25) was used to calculate the genetic distance between markers. An
interval mapping analysis (26,50) was conducted using MapQTL 4.0 (51) to detect

QTLs, and the locus of the QTL was named by an abbreviation of the trait followed
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by the chromosome number and locus number.

Sequence annotation and gene prediction in genomic regions harboring QTL.
Based on the whole genome sequence of the cucumber inbred line 9930 (19), genomic
DNA regions for the locations of QTL were annotated. The DNA sequences were
aligned to the cucumber genome sequences using BLASTN at an E-value cutoff of 1
x 10 to 1 x 20. Only matches with an identity of > 95% were retained. Gene
prediction was performed with the computer program BGF
(http://bgf.genomics.org.cn) and veriWed by FGENESH (http://sunl.softberry.com/)
(40), GENESCAN (http://genes.mit.edu/GENSCAN.html) (4), TwinScan
(http://mblab.wustl.edu/software/twinscan) (24), and then checked manually.

InterProScan (http://www.ebi.ac.uk/InterProScan) (58) was used for gene annotation.

Results

Cucumber downy mildew resistance for the progeny of K8 x K18. The disease
indices for line K8 in spring 2004, spring 2009, and autumn 2009 were 14.07 + 0.99,
10.97 £ 1.56, and 17.45 £ 0.78, respectively; the disease indices for line K18 in the
three seasons were 83.35 £ 1.92, 58.60 = 1.65, and 56.06 = 2.04, respectively (Table
1). The main reason for such large variation among seasons was probably
environmental effects. In the first season (spring 2004), all the plants (including the
parental lines, F; and F, populations) were severely infected by the pathogen. But in
the second and third seasons, disease symptoms were not so severe because of a less
favorable environment for the downy mildew pathogen. The disease indices for the
two control lines, Jinyan No. 2 and Xintaimici, were 16.15 + 0.87, 12.30 £+ 1.25, and
15.68 £1.16, and 81.12 £ 1.34, 76.54 + 2.52, and 78.92 + 1.76, respectively. Thus, K8

was confirmed to be resistant and K18 susceptible to the isolate of P. cubensis used in

S. P. Zhang, Plant Disease 8

Page 8 of 28



Page 9 of 28

Plant Disease "First Look" paper ¢ http://dx.doi.org/10.1094/PDIS-11-11-0941-RE  posted 09/06/2012

This paper has been peer reviewed and accepted for publication but has not yet been copyedited or proofread. The final published version may differ.

this study. The disease indices for the F; population in the three seasons were 61.33 +
0.85,47.40 £ 1.34, and 39.60 + 1.97, respectively, which was between the disease
indices of the parental lines each season with a tendency towards the index of the
susceptible parent. Frequency distributions of the disease indices for downy mildew in
the K8 x K18 F; populations and F,.; lines in spring 2004, spring 2009, and autumn
2009 had normal distributions ranging from resistant to susceptible phenotypes (Fig.

1), not for a genetic model of two (X2 =56.815 > X20,05, 3dr= 7.815) or three (X2 =
127.326 > Xzo_os, 74r= 14.067) genes for resistance as calculated by Chi square

analyses. These results indicated that downy mildew resistance in K8 was quantitative.
Thus, QTL analysis was used for downy mildew resistance assessment in this
population.

Construction of SSR marker linkages. Molecular analysis performed on
cucumber lines K8 and K18 using the SSR method resulted in identification of 322
primers generating polymorphic amplicons from a total of 2,360 pairs of SSR primers.
The polymorphic rate was 13.6%. Twenty-three of 322 SSR markers showed
polymorphism between the bulk populations. Therefore, these 23 markers and another
30 SSR markers that showed polymorphism in the F, populations were used for
screening 140 plants of the F, population for linkage mapping. The resulting genetic
map had eight LGs with 39 SSR loci spanning 287.4 cM. The average marker interval
was 7.37 cM. The longest linkage was LG3, spanning 79.2 cM with seven SSR
markers. The shortest linkage was LG7, spanning 7.7 cM with two SSR markers (Fig.
2).

SSR markers used in this study were developed from whole genome shotgun
sequences, and were the same as those mapped for the integrated genetic and

cytogenetic map constructed in 2009 (38). The seven LGs in that map were assigned
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to the seven corresponding cucumber chromosomes using fluorescence in situ
hybridization (FISH) technology (38). In this study, assignment of chromosomes of
the eight LGs was based on common markers between the present map and that of
Ren et al. (38). LG4 and LG5 were assigned to chromosome 3 (Chr.3); LG7 and LG8
to Chr.4; and LG1, LG2, LG3, and LG6 to Chr.1, Chr.6, Chr.5, and Chr.2, respectively
(Fig. 2).

QTL mapping of downy mildew resistance. Using the SSR linkage map, two
QTLs for downy mildew resistance were detected in spring 2004 using 140 plants of
the F, generation. The QTL dm .1 on Chr.1 was placed in the marker interval between
SSR31116 and SSR20705 at genetic distances of 5.0 and 10.5 cM, respectively. This
QTL accounted for 18.6% of the total phenotypic variance with a LOD of 6.68.
Another QTL, dm5.3, was located on Chr.5 and flanked by SSR00772 and SSR11012
with an R? of 19.5% and LOD of 6.90. The genetic distance between dmS5.3 and
SSR00772, and between dmJ5.3 and SSR11012 was 5.0 and 15.7 cM, respectively (Fig.
2). Cumulatively, the two QTL explained 38.1% of the phenotypic variation in the K8
x K18 F, population.

Two QTLs (dm6.1 and dm5.2) were identified in the 140 F,.3 lines grown in spring
2009. Locus dm6. 1 was at the position of SSR16882 on Chr.6, and accounted for
7.6% of the total phenotypic variance with a LOD of 2.81. Locus dm5.2 was in the
region of SSR11012 to SSR16110 on Chr.5 with genetic distances of 10.0 and 13.8
cM, respectively. QTL dm5.2 explained 10.7% of the phenotypic variation with a
LOD of 2.78 (Fig. 2).

There was only one QTL, dmJ. 1, screened in the 140 F;.; lines grown in autumn
2009. QTL dm5.1 was at the position of SSR16110 and explained 19.6% of the

phenotypic variation with a LOD of 6.34 (Fig. 2). In summary, this study identified a
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total of five QTLs for downy mildew resistance in the K8 x K18 F, population and
F».; lines tested over three seasons. Three QTLs, dm5.1, dm 5.2, and dm5. 3, located

together on Chr.5 between SSR16110 and SSR00772, each explained > 10% of the

phenotypic variation in resistance to downy mildew. The major QTL for downy
mildew resistance was, therefore, located on Chr.5. There were at least two minor
QTL, on Chr.1 and Chr.6. The additive effects for these five QTLs were all negative,
indicating that the QTL reduced downy mildew susceptibility.

Annotation and gene prediction in each QTL region. According to the gene
prediction and gene function annotation, the candidate genes for dml.1, dm5.1, dm 5.2,
dm5.3, and dmé. 1 were analyzed in the primary mapping region. Locus dm /.1 was
flanked by SSR31116 and SSR20705 located on scaffold 000030 and scaffold 000015
of the 9930 draft genome, respectively. The physical distance between the two
markers was 4,259 kb, and there were 500 predicted genes of various enzymes,
transcription factors, zinc finger domains, Exo70 exocyst complex subunit, and
nucleotide binding proteins (Table 3). There were no nucleotide binding site (NBS)
resistance genes in this region.

Locus dm5. 1 was located at the position of SSR16110. The SSR marker SSR16110
was in the region of 6608865 to 6609246 on the scaffold 000026 without annotation
genes. Locus dm 5.2 was located in the region of SSR11012 to SSR16110 within the
physical distance of 13,718 kb. These two SSR markers were placed on scaffold
000179 and scaffold 000026. There were 520 predicted genes for synthase, transport
proteins, zinc finger domains, peptidase, binding site, and six NBS-type resistance
genes (Csa008307, Csa012579, Csa012551, Csa002747, Csa003127, and

Csa002745). The functions of these genes are listed in Table 3.
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Locus dm5.3 was placed in the region of SSR00772 to SSR11012 within 20.7 cM
on Chr.5. The physical distance between SSR00772 and SSR11012 was 1,367.5 kb,
and there were 246 predicted genes in this region. These genes were for enzymes,
transport proteins, transcription factors, zinc finger domains, and four NBS-type
disease resistance genes (Csa009587, Csa009602, Csa009605, and Csa009775, Table
3). The latter could be downy mildew resistance candidate genes. Locus dm6.1 was
located at the position of SSR16882 in the region of 25127215 to 25127410 with 195

kb on the scaffold 000002 without annotation genes (Table 3).

Discussion

Two patterns of inheritance have been reported for resistance to downy mildew in
cucumber: quantitative resistance controlled by multiple genes (1,8,13,21,43,44,59),
and qualitative resistance controlled by a single gene (12,14,53,54). In this study,
resistance to downy mildew in line K8 was concluded to be quantitative and
controlled by multiple genes based on the disease indices analysis for genetic
populations derived from K8 x K18. The two different patterns of inheritance that
have been reported may be explained by several factors. First, pathogenicity and race
differentiation of isolates of P. cubensis have not been clarified for cucumber (5).
Second, different cultivars and breeding lines have been used as resistance sources.
Third, different disease identification methods and rating scales make it difficult to
compare studies. Fourth, development of cucumber downy mildew is strongly
affected by environmental conditions, as for many diseases, and maintenance of
uniform environmental conditions during testing can be difficult. Fifth, the inheritance
of downy mildew resistance appears to be complex. In this study, the inoculum used

for screening for susceptibility to downy mildew induced was a single strain of P
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cubensis. The inoculation method and disease rating scale used were adopted from the
National Agricultural Standards in China (NY/T1857.2-2010,
http://www.cags.gov.cn/gg/t20100914 836358.htm). A growth chamber with
precisely controlled lighting, temperature and humidity was used for inoculations and
ratings. F, and F,; lines were tested for resistance over multiple seasons to maximize
the reliability and accuracy of the results.

Commercial cucumber cultivars have a narrow genetic base (46,49). It is also
difficult to develop SSR markers without genomic sequence information. Previous
studies have reported RFLP, RAPD, and SRAP markers linked to downy mildew
resistance (1,12,18,23,32). However, because of the disadvantages of these methods
compared to SSR markers and large linkage distances from downy mildew resistance
genes, those markers were not good candidates for use in MAS for downy mildew
resistance in cucumber. SSR markers are PCR based, and with co-dominant
inheritance, are effective and easy to use in breeding programs. SSR markers were
used for the first time in cucumber in 2003 (7), and the number of SSR markers was
limited. So far, only one SSR marker reported by Bai et al. (1) has been used with a
genetic distance of 9.7 cM from a QTL that provided downy mildew resistance in
cucumber. This study used 2,360 pairs of SSR primers to map resistance genes for
downy mildew in cucumber. Five QTLs for downy mildew resistance were detected in
K8: dmi.1 was mapped into the marker interval between SSR31116 and SSR20705
with genetic distances of 5.0 and 10.5 ¢M, respectively; QTL dmJ. 1 was located at
SSR16110; dm5.2 was flanked between SSR11012 and SSR16110; dm5.3 was located
in the marker interval between SSR00772 and SSR11012 with genetic distances of 5.0
and 15.7 cM, respectively; and dmé6. I was at the position of SSR16882. These six

SSR markers will benefit MAS for downy mildew resistance and will be useful for
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future genetic studies in cucumber.

In cucumber, more than 10 low-resolution molecular linkage maps have been
constructed since 2000, with the majority of molecular markers being RAPDs, AFLPs
or SRAPs that are not as useful for plant breeders as SSRs (e.g.,
3,15-17,30,37,39,47,57). Using these maps, several genes in cucumber (prsv, zymv, B,
and ffn), and QTLs for horticultural traits (powdery mildew resistance, parthenocarpy,
and multiple lateral branching) were mapped with molecular linkages. But these genes
or QTLs were not chromosomal mapped since the linkages of these former maps had
not been assigned to chromosomes. Sequencing of the whole cucumber genome (19)
has made it possible to use more breeder-friendly molecular markers such as SSRs for
genetic mapping and MAS in cucumber (6,38). The usefulness of these cucumber
microsatellite markers has been demonstrated in several recent linkage maps (e.g.,
34,38,56). Based on these maps, the genes de, I, u, fr, D, H, bi, and Ccu (19,22,60)
were placed onto chromosomes. As for QTL analysis for downy mildew resistance in
cucumber, Bai et al. (1) detected four QTLs (dml.1, dml.2, dmé6.1, and dm6.2)
mapped to LGs 1 and 6, but the two LGs could not be assigned to corresponding
chromosomes. In this study, chromosomal mapping for downy mildew resistance in
cucumber was successfully achieved. Loci dm .1 and dmé.1 were placed on Chr.1 and
Chr.6, respectively. Loci dm5. 1, dm 5.2, and dm5.3 were linked on Chr.5. Attempts to
do comparison analysis for the QTL detected in the two studies were not successful
due to a lack of common molecular markers.

Many disease resistance genes (R genes) conferring resistance to a diverse array of
pathogens, including bacteria, fungi, oomycetes, viruses, and nematodes, have been
isolated in plants. The largest R gene family encodes NBS and leucine-rich repeat

(LRR) domains (11,20,31,33). These R proteins have been shown to function as
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intracellular immune receptors that recognize, directly or indirectly, specific pathogen
effectors encoded by avirulence (4vr) genes (2). In the 9930 draft genome, 61
NBS-type resistance gene analogs (RGAs) were identified and were distributed
mostly in 11 clusters in the cucumber chromosomes (19). In this study, the genomic
regions bearing the five QTLs of downy mildew resistance in K8 were annotated. In
the region of dmJ5.2, six NBS-type resistance genes were predicted. Of the 246 genes
predicted in the dm3. 3 region, four belonged to NBS-type RGAs. However, there
were no NBS-type RGAs annotated in the regions of dmi.1, dm5.1, and dmé6.1. The
10 NBS-type RGAs will be studied for downy mildew resistance candidate genes. Of
the 61 NBS-type RGAs detected in the 9930 draft genome, 16 were distributed in
Chr.5 (19), including 10 identified in this study. This may suggest that multiple
NBS-LRR type disease resistance genes may be located on this chromosome. Indeed,
in a previous study, a major QTL for powdery mildew resistance was co-localized in
the dm5.3 region (61). If powdery mildew resistance in cucumber is controlled by
NBS-type R genes, the NBS cluster members may condition multiple disease

resistances in this region.
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Table 1. Downy mildew severity (disease) index of cucumber parental lines K8 and K18, K8 x K18 F,

generation, and some genetic factors in the F,/F,3 populations in three seasons

Parental lines F, populations
Season K8 K18 Fi Mean Stal.ldﬁ.lrd Kurtosis” Skewness”
deviation
Spring 2004 14.07 £0.99 83.35+£1.92 61.33 £0.85 57.40 19.41 -0.44 -0.28
Spring 2009 10.97 + 1.56 58.60 + 1.65 41.70 = 1.34 45,06 12.38 0.60 0.12
Autumn 2009 17.45 £0.78 56.06 +2.04 39.60+ 1.97 3748 6.11 0.17 0.37

*Kurtosis: measure of symmetry.
"Skewness: measure of whether the data are peaked or flat relative to a normal distribution
( http://www.itl.nist.gov/div898/handbook/eda/section3/eda35b.htm).
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Table 2. Quantitative trait locus (QTL) analysis of downy mildew resistance genes in cucumber line

K8 for three seasons

Season QTL® Chromosome MQM® LOD¢ AE’ DE* R* (%)

. dml.1 1 SSR31116-SSR20705 6.68  -11.6939 5.51414 13.6
Spring 2004

dms5.3 5 SSR00772-SSR11012 6.90  -12.7022 0.983182 19.5

. dm6.1 6 SSR16882 281 387722 5.96285 7.6
Spring 2009

dm5.2 5 SSR11012-SSR16110 278  -593055 0.831010 10.7

Autumn 2009 dmS5.1 5 SSR16110 6.34 -3.81888 -0.580167 19.6

*Two (dml.1 and dm5.3), two (dm6.1 and dm5.2) and one QTL (dm35.1) were detected in spring 2004,

spring 2009, and autumn 2009, respectively.

"MQM: Multiple-quantitative trait locus (QTL) model (51).

‘LOD: minimum logarithm of odds (51).
YAE: additive effect (51).

°DE: dominant effect (51).
'R?: contribution rate (51).
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Table 3. Annotation and gene prediction for each quantitative trait locus (QTL) region for downy mildew resistance in cucumber line K8

QTL MOQM® Scaffold Region of P!nysical No. of cand_idate_gel(}es and Candidate R Function of R gene
chromosome distance classification genes
dml.l SSR31116-SSR20705 Scaffold000030 2128970-6490330 4,259 kb 500 candidate genes for enzymes, None None
Scaffold000015 transcription factors, zinc finger
domains, Exo70 exocyst complex
subunit, nucleotide binding protein,
no NBS‘ resistance genes.
dm5.1 SSR16110 Scaffold000026 6608865-6609246 381 kb  None None None
dm5.2  SSR11012-SSR16110 Scaffold000179 6608865-20656139 1,3718 kb 520 candidate genes for synthase, Csa008307  IPR000767:Disease resistance protein;
Scaffold000026 transport proteins, zinc finger IPR0O01611:Leucine-rich repeat;

dm5.3  SSR00772-SSR11012  Scaffold000003
Scaffold000179

domains, peptidase, binding site
and 6 NBS resistance genes.

20656139-22056501 1,367.5 246 candidate genes for enzymes,
kb transport proteins, transcription
factors, zinc finger domains and 4

NBS resistance genes.

Csa012579

Csa012551

Csa002747
Csa003127

Csa002745
Csa009587

Csa009602

IPR002182:NB-ARC".
IPR000767:Disease resistance protein;
IPR002182:NB-ARC.
IPR000157:Toll-Interleukin receptor;
IPR000767:Diseaseresistance protein;
IPR0O01611:Leucine-rich repeat;
IPR002182:NB-ARC;
IPR003593:AAA + ATPase, core.
IPR0O01611:Leucine-rich repeat.
IPR000767:Disease resistance protein;
IPR002182:NB-ARC.

[PR0O01611: Leucine-rich repeat.
IPR000767:Disease resistance protein;
IPR002182:NB-ARC.

IPR000767:Disease resistance protein;
[PR0O01611:Leucine-rich repeat;
IPR002182:NB-ARC;
IPR003591:Leucine-rich repeat, typical
subtype;

IPRO11713:Leucine-rich repeat 3.
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dmé6.1

Csa 009605 IPR0O01611:Leucine-rich repeat;
IPR002182:NB-ARC.

Csa 009775  IPR000157:Toll-Interleukin receptor;
IPR000767:Disease resistance protein;
IPR0O01611:Leucine-rich repeat;
IPR002182:NB-ARC;
IPR003591:Leucine-rich repeat, typical
subtype.
SSR16882 Scaffold000002 25127215-25127410 195kb  None None None

*MQM: Multiple- Quantitative trait locus (QTL) Model (51).

"Scaffold: A scaffold is a portion of the genome sequence reconstructed from end-sequenced whole-genome shotgun clones. Scaffolds are composed of contigs and gaps
(http://genome.jgi-psf.org/help/scaffolds.html).

°NBS: nucleotide binding site.

The candidate genes for dm1.1, dm5.1, dm5.2, dm5.3, and dm1.1 were analyzed in the primary mapping region. In the region of dm3.2, six NBS-type resistance genes were
predicted. Of the 246 genes predicted in the dmJ5.3 region, four belonged to NBS-type resistance gene analogs (RGAs).

‘NB-ARC: nucleotide-binding adaptor shared by APAF-1, R proteins, and CED-4 (www.plantphysiol.org/content/140/4/1233.abstract).
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Fig. 1. Frequency distributions of downy mildew severity (index) of cucumber in the K8 x K18
(resistant x susceptible cross) F, populations and F,; lines. The frequency distributions in spring 2004
(A), spring 2009 (B), and autumn 2009 (C) trials each had a normal distribution ranging from resistant

to susceptible phenotypes. The mean index ratings for the parental lines are indicated by arrows.

Fig. 2. Construction of simple sequence repeat (SSR) linkage groups and chromosomal quantitative
trait locus (QTL) mapping for downy mildew resistance in cucumber line K8, resistant to downy
mildew. Five QTLs for downy mildew resistance were detected in three different seasons of screening
for resistance in the K8 x K18 cross and subsequent generations: dm!.1 and dm5.3 were detected in
spring 2004, dm5.2 and dm6.1 in spring 2009, and dmS5.1 in autumn 2009. The loci of dml.1 and dmé6. 1
were on chromosome 1 (Chr.1) and Chr.6, respectively. The loci of dmS5.1, dm 5.2 and dm5.3 were
linked together on Chr.5. Left: Chr.1 to Chr.6 from the cross of Gyl4 x PI 183967 (38) integrated
genetic and cytogenetic map; Right: SSR linkage group for K8 x K18 F, populations (developed in this

study).
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