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Abstract Gummy stem blight (GSB), a common disease
of all major cucurbits, is caused by the fungus Didymella
bryoniae. It results in serious losses in fruit production,
which in cucumber can be up to 80% ormore. Because the

severity of the disease varies from season to season and
also because of the harm to the environment caused by
using pesticides to control the disease, the best method for
overcoming GSB in cucumber is to develop more resistant
cultivars by molecular breeding. There are no reports on
molecular markers for use in breeding GSB resistance and
no studies on chromosomal mapping of resistance. In this
paper, a set of 160 F9 recombinant inbred lines (RILs)were
derived from the cross between the wild-type GSB-resis-
tant cucumber accession PI 183967 and the cultivated
GSB-susceptible accession 931. A total of 2112 pairs of
SSR primers were used to study the inheritance of GSB
resistance and to detect quantitative trait loci (QTLs) con-
ferring resistance in the cucumber stem. Genetic analysis
indicated that resistance to GSB in PI 183967 was quan-
titative and mainly governed by three pairs of additive
epistatic major genes. Five QTLs, gsb-s1.1, gsb-s2.1,
gsb-s6.1, gsb-s6.2, and gsb-s6.3, for resistance to GSB in
cucumber stems were detected. The loci gsb-s1.1 and gsb-
s2.1 with phenotypic variations of 8.7 and 6.7% were
mapped to chromosomes (Chr.) 1 and 2, respectively.
The loci gsb-s6.1, gsb-s6.2, and gsb-s6.3 were linked on
Chr.6. Locus gsb-s6.2 accounted for the highest phenotyp-
ic variation of 22.7% and was flanked by markers
SSR04083 and SSR02940 with genetic distances of 5.0
and 1.8 cM, respectively. There were 117 candidate genes
predicted between SSR04083 and SSR02940, of which 14
were related to disease resistance.
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Introduction

Gummy stem blight (GSB) is a destructive disease of
cucurbits. All above ground and vegetative parts are
affected, including leaves, petioles, vines, stems, ten-
drils, pedicels, flowers, peduncles, fruit, and seed. Ini-
tially, the asexual reproductive stage (anamorph) of the
causal ascomycete was called Ascochyta cucumis
Fautrey & Roum., and the sexual reproductive stage
(teleomorph) was Didymella bryoniae (Auersw.) Rehm
(Chiu and Walker 1949; Sherf and Mac Nab 1986). The
anamorph form was renamed to Stagonosporopsis
cucurbitacearum and now is known to be three geneti-
cally distinct species: S. cucurbitacearum (syn.
Didymella bryoniae), S. citrulli, and S. caricae
(Stewart et al. 2015), each able to cause the disease in
cucurbits. In cucumber, Cucumis sativus L., GSB nor-
mally causes 15 to 30% losses in production, but severe
infections can result in losses of 80% or greater (Wehner
and Shetty 2000).

Reports on the inheritance of GSB resistance in
cucurbitaceae are limited and somewhat controversial.
Norton (1979) generated genetic populations of watermel-
on (Citrullus lanatus (Thunb.) Matsum. & Nakai) using
GSB-resistant PI 189225 andGSB-susceptible ‘Charleston
Gray’ and discovered that resistance is controlled by a
single recessive gene (db/db). Amand and Wehner
(2001) reasoned that the major effect conferred by db/db
is complemented by the expression of othermodifier genes
for GSB resistance in stems and leaves. They found that
genetic factors are weaker than environmental factors. In
melons (Cucumis melo L.), five relatively independent
single genes conferring resistance to GSB were identified
from different cultigens, amongwhich four were dominant
and one was recessive (Zuniga et al. 1999; Wako et al.
2002; Frantz and Jahn 2004).

So far, there are no reports on molecular markers and
genetic mapping of GSB resistance in the stems of
cucumber. In melon, Joseph (2009) identified four am-
plified fragment length polymorphism (AFLP) markers
linked to resistance using the GSB-resistant line PI
420145. These had genetic distances of 2.0, 6.0, 5.4,
and 6.0 cM. Molecular markers CMCT505,
CMTC160a+b220 and ISSR-57560, ISSR-100900,
and CMTA170a have been closely linked with the mel-
on GSB-resistant genes Gsb-1, Gsb-2, Gsb-3, and Gsb-
4. Among these markers, CMTA170a andGsb-4 had the
shortest genetic distance of 5.14 cM. The Sb-x GSB-
resistant gene inmelon was identified and mapped to the

LG4 linkage group using simple sequence repeats (SSR)
markers and a double haploid (DH) melon population.
Ha et al. (2010) mapped Sb-1, a gene for resistance, to
the melon LG1 linkage group. These results provide
valuable references for the identification of GSB-
resistant genetic markers in cucumbers.

In this study, we used wild-type cucumber and re-
combinant inbred lines (RILs) with distinct resistance to
GSB to analyze cucumber stem GSB inheritance. Ge-
netic analysis and mapping of quantitative trait loci
(QTLs) were performed to provide a basis for fine
mapping and molecular cloning of genes for GSB resis-
tance and for future marker-assisted selection (MAS) to
develop new GSB-resistant cultivars.

Materials and methods

Plant materials

A wild-type GSB-resistant cucumber accession PI
183967 (Cucumis sativus var. hardiwickii (Royle) Alef.)
was crossed with a cultivated GSB-susceptible cucum-
ber accession designated 931 (C. sativus var. sativus).
After single seed descent (SSD) reproduction, a popu-
lation was developed that consisted of 160 F9 RILs.

Disease resistance screening and symptom assessment

In autumn 2012 and spring 2013, the parents, F1, and
RILs were planted. The experiments were repeated three
times, and a total of 18 plants were grown out for each
line. All of the field and greenhouse experiments were
conducted at the Nankou Farm, Institute of Vegetables
and Flowers, Chinese Academy of Agricultural Sci-
ences. The distances between plants and rows were 25
and 55 cm, respectively. The plants were grown using
standard cultivation practices. Well-grown and healthy
stems from the parents, F1, and RILs were harvested,
trimmed to 15 cm, and arranged randomly with three
replications of six stems each.

Didymella bryoniae was grown on cucumber fruits
for 7–10 days to allow pycnidia formation, and the
spores were collected by scraping the infested fruits
and suspended in 10 mL of sterile water. Spore concen-
tration was measured with a hemocytometer and adjust-
ed to 106 spores/mL. The ends of the trimmed cucumber
stems were soaked in spore suspension for 30 min and
then placed in a humidified chamber with the soaked
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ends facing the same direction. Disease resistance was
rated 3–5 days after inoculation, and a disease index

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

DI ¼ 100� ∑ Number of plants with disease rating� Disease ratingð Þ
Total number of plants� Highest disease rating possibleð Þ

The disease rating scale for each stemwas as follows:
Grade 0: no symptoms, Grade 1: infected part of the
stem was less than one fourth of the total stem, Grade 2:
infected stem was one fourth to one half of the total
stem, Grade 3: infected stem was one half to three
fourths of the total stem, and Grade 4: infected stem
was greater than three fourths of the total stem. The
disease index was calculated as follows: high resistance
(HR) 0 < DI ≤ 15, resistance (R) 15 < DI ≤ 35, medium
resistance (MR) 35 < DI ≤ 55, susceptible (S)
55 < DI ≤ 80, and highly susceptible (HS) DI > 80.

Genetic analysis software and statistical analysis

The DI of each stem was recorded and summarized
using Microsoft Excel 2003 and SAS 9.0. The mean
DI of each line and the genetic parameters of the parents,
F1, and RILs were calculated. A joint analysis assuming
major genes plus the polygene model of RILs (Gai et al.
2003) was used for the GSB resistance analysis. The
steps were to establish the genetic models, estimate the
iterated expectation and conditional maximization algo-
rithm, select the best genetic model from the value for
AIC (Akaike information criterion), and evaluate
goodness-of-fit through the least squares method. The
optimized genetic model was then used for estimation of
other genetic parameters.

SSR marker analysis

DNA was extracted from young leaf tissue of the par-
ents, the F1, and each plant in the RILs population using
a modified CTAB extraction procedure (Wang et al.
2006). The concentration and quality was determined
after electrophoresis on 1% (w/v) agarose gels and then
diluted with distilled water to 10 ng/uL. Each 15 μL of
the PCR reaction mix contained 8.02 μL of double
distilled water, 1.5 μL of 10 × buffer, 0.2 μL of dNTPs
(10 mM), 0.08 μL of Taq DNA polymerase (10 U/μL),
0.6 μL of forward and reverse primers (50 ng/μL), and
4.0 μL of DNA (10 ng/μL). The PCR amplifications

were performed by using a GeneAmp PCR system 9700
(Applied BiosystemsFoster City, CA) as follows: dena-
turation at 94 °C for 4 min, 35 cycles of denaturation at
94 °C for 15 s, annealing at 55 °C for 15 s, and extension
at 72 °C for 30 s, with a final extension at 72 °C for
5 min. Amplified products were separated on 6.0%
nondenaturing polyacrylamide gels at 150 V for 1 h,
and the bands were visualized and photographed after
silver staining.

A total of 2112 pairs of SSR primers were screened to
identify polymorphisms between the parental lines (PI
183967 and 931) of the RILs populations. The develop-
ment of the SSR primers used in this study was de-
scribed by Ren et al. (2009). Polymorphic SSR primers
were identified from individual plants of the RILs for
linkage construction and QTL analysis.

Linkage construction and QTL mapping

JoinMap 4.0 (Van Ooijen 2006) was used to develop
linkage groups. Chromosomal assignment of the linkage
groups (LGs) was based on common markers between
the present map and the high-resolution cucumber ge-
netic map produced by Ren et al. (2009). Marker data
were assigned to LGs by using a minimum logarithm of
odds (LOD) likelihood score of 2.5. The Kosambi map
function (Kosambi 1944) was used to calculate the
genetic distance between markers. An interval mapping
analysis was conducted by using MapQTL 4.0 (Van
Ooijen et al. 2000) to detect QTLs. Permutation tests
were conducted to assess LOD threshold at α = 0.05
level. Each locus was named by an abbreviation of the
trait followed by the chromosome (Chr.) number and a
locus number.

Sequence annotation and gene prediction in genomic
regions harboring the major QTLs

Genomic regions for the locations of the major QTLs
were annotated based on the whole genome sequence of
the cucumber inbred line 9930 (Huang et al. 2009). The
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DNA sequences were aligned to the cucumber genome
sequences using BLASTN at an E value cutoff of 1 × 10
to 1 × 20. Only matches with an identity of ≥95% were
retained. Gene prediction was estimated using the com-
puter programs BGF (http://bgf.genomics.org.cn) and
veriWed by FGENESH (http://sunl.softberry.com/)
(Salamov and Solovyev 2000). Gene annotation was
carried out with InterProScan (http://www.ebi.ac.
uk/InterProScan) (Zdobnov and Apweiler 2001).

Results

GSB resistance in cucumber stems of the progeny
from the cross between PI 183967 × 931

In autumn 2012, the average DI of the GSB-resistant
parent, PI 183967, was 27.09 (R), while the average DI
of the GSB-susceptible parent, 931, was 77.38 (S). The
average DI of the F1 was 96.43 (HS), indicating a
transgressive segregation phenotype. In spring 2013,
the average DI of the GSB-resistant parent was 21.88
(R), while that of the GSB-susceptible parent was 89.60
(HS) (Supplementary Fig. 1). The average DI of the F1
was 66.29 (S), intermediate between the two parents
with a trend toward susceptibility. The mean DI of the
RIL populations was intermediate between the two par-
ents, but skewed toward the susceptible parent (Table 1).
Genetic parameter analysis produced negative skewness
values for the RIL population, further indicating that the
DI of the RIL populations was inclined toward the 931
parent. There was a continuous distribution of DI values
in the RIL populations, suggesting that the GSB-
resistant phenotype was not conferred by a single major
gene. These results suggest that the GSB-resistant phe-
notype of the parental line, PI 183967, has quantitative
trait heritability characteristics.

Inheritance of GSB resistance in the cucumber stem

Genetic models were generated from the RILs popula-
tions and major gene plus polygene mixed genetic mod-
el analysis, together with the DI measurements in cu-
cumber stems during autumn 2012 and spring 2013.
The maximum likelihood (ML) and AIC of 35 of these
models were estimated. Based on the principle that the
smallest AIC value is the best-fitting genetic model,
three models (F-4, F-1, and G-2) were prioritized based
on the 2012 autumn data, and the lowest AIC was
selected and further tested for goodness-of-fit (Table 2
and Table 3). The number of statistically different pa-
rameters was 8, 4, and 6 for F-4, F-1, and G-2, respec-
tively. Since model F-1 had the lowest number, it was
considered the best fit for the autumn 2012 GSB stem
resistance inheritance analysis. The AIC values of F-1,
F-4, and G-2 for the spring 2013 data were relatively
lower than other models, and therefore, they were se-
lected for goodness-of-fit testing (Table 3). The number
of statistically different parameters was 3, 8, and 6 for
the F-1, F-4, and G-2 models, respectively. Since model
F-1 had the lowest number, it was considered the best-fit
model for analysis of the 2013 spring GSB stem resis-
tance inheritance. Taken together, the F-1 model (three
pairs of additive epistatic major genes, no polygenes)
appeared to be the best model for both seasons. The first
order genetic parameters are shown in Supplementary
Table 1. The test of the best-fit model indicated that the
three major genes controlling the cucumber GSB-
resistant phenotype all had additive and epistatic effects.
The inheritance of these major genes was 98.63 and
97.34%, respectively, for autumn 2012 and spring 2013.

QTL mapping of GSB resistance in cucumber stems

A total of 2112 pairs of SSR primers were tested on
cucumber lines PI 183967 and 931 resulting in 1125 that

Table 1 Gummy stem blight disease index of cucumber stem of parental lines PI 183967 and 931, PI 183967 × 931 F1, and some genetic
factors in the RILs population for two seasons

Season Parental lines F1 RILs population

PI183967 931 Mean SD Kurtosis Skewness

Autumn 2012 27.08 ± 1.78 77.38 ± 19.04 96.43 ± 3.12 62.77 30.60 −0.56 −1.11
Spring 2013 21.88 ± 0.51 89.60 ± 3.85 66.29 ± 19.41 46.76 29.03 0.22 −1.13

SD standard deviation, 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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generated polymorphic amplicons (53.2%). From these,
350 that were evenly distributed over the seven cucum-
ber chromosomes were selected for further analysis of
the RIL population, and 307 were used to develop a
genetic linkage map. The map included the seven link-
age groups (corresponding to the seven chromosomes)
and covered a genomic length of 993.3 cM, with an
average distance of 3.23 cM (Supplementary Fig.2).

QTL mapping was conducted using this linkage map.
In autumn 2012, two QTLs for GSB resistance in the
cucumber stem, gsb-s1.1 and gsb-s6.1, were detected.
They were located on Chr.1 and Chr.6, respectively. QTL
gsb-s1.1 was between SSR12157 and SSR31116, with a
LOD of 2.50, phenotypic variation of 8.7%, and additive
effect of −9.54. QTL gsb-s6.1 was between SSR01012
and SSR03527, with genetic distances of 0.4 and 0.3 cM,
respectively, with a LOD of 2.56, and phenotypic variation
of 10.3%, (Table 4, Fig. 1). Both QTLs had negative
effects, while the genes with positive effects were inherited
from the GSB-susceptible parent, 931.

In spring 2013, three QTLs for GSB resistance were
detected, which were gsb-s2.1, gsb-s6.2, and gsb-s6.3.
Among these, gsb-s2.1 was located on Chr.2 between
SSR13275 and SSR10064, with a LOD value of 2.53
and phenotypic variation of 6.7%. QTL gsb-s2.1 was
inherited from the GSB-resistant parent PI 183967 and
promoted the GSB-resistant phenotype. QTLs gsb-s6.2
and gsb-s6.3 were located on Chr.6 at 30.7 and
179.0 cM, between SSR04083-SSR02940 and

Table 2 Goodness-of-fit of alternative genetic models for resistance to gummy stem blight in cucumber stem for two seasons

Season Model Generation U12 U22 U32 nW
2 Dn

Autumn 2012 F-4 P1 0.812(0.36767)* 1.175(0.27829)* 0.719(0.39660)* 0.14 0.482

P2 0.224(0.63619) 0.000(0.99986) 3.359(0.06684)* 0.105 0.36

RILs 8.738(0.00312)* 13.137(0.00029)* 9.296(0.00230)* 1.347* 0.261

F-1 P1 5.661(0.01735)* 7.693(0.00554)* 3.533(0.06015)* 0.616 0.78

P2 0.020(0.88696) 0.082(0.77526) 2.865(0.09054)* 0.076 0.32

RILs 0.017(0.89689) 0.003(0.95358) 0.072(0.78788) 0.025 0.058

G-2 P1 0.119(0.73003) 0.476(0.49041) 2.022(0.15499)* 0.098 0.415

P2 0.041(0.83895) 0.012(0.91219) 1.509(0.21936)* 0.06 0.297

RILs 8.216(0.00415)* 9.221(0.00239)* 1.092(0.29606)* 1.012* 0.216

Spring 2013 F-1 P1 0.044(0.83308) 0.048(0.82675) 2.862(0.09070)* 0.08 0.314

P2 1.326(0.24945)* 1.395(0.23755)* 0.070(0.79175) 0.164 0.488

RILs 0.080(0.77688) 0.068(0.79462) 0.003(0.95510) 0.03 0.059

F-4 P1 2.602(0.10676)* 3.597(0.05788)* 1.795(0.18034)* 0.275 0.572

P2 1.041(0.30763)* 1.263(0.26115)* 0.295(0.58679) 0.148 0.483

RILs 4.121(0.04236)* 2.771(0.09599)* 1.448(0.22878)* 0.512 0.173

G-2 P1 0.256(0.61267) 0.629(0.42762)* 1.470(0.22539)* 0.076 0.322

P2 1.009(0.31504)* 0.800(0.37124)* 0.099(0.75310) 0.144 0.429

RILs 1.302(0.25393)* 1.276(0.25860)* 0.010(0.92007) 0.217 0.124

The relevant probability of U1
2 , U2

2 , and U3
2 shows in the parentheses

nW
2

0.05 = 0.4610, Dn0.05 = 1.3600

U12 ,U22 ,U32 are the statistic of uniformity test, nW
2 is the statistic of Smirnov test,Dn is the statistic of Kolmogorov test, P1 PI 183967, P2

931, RILs recombinant inbred lines

*Indicates that the value is significant at P ≤ 0.05

Table 3 Akaike information criterion values of different genetic
models for the resistance to gummy stem blight in cucumber stem
for two seasons

Season Model code AIC value

Autumn 2012 F-4 705.865662

F-1 711.302551

G-2 713.326843

Spring 2013 F-1 718.553345

F-4 718.754395

G-2 722.976257
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SSR13251-SSR15516, respectively. QTLs gsb-s6.2 and
gsb-s6.3 provided additive effects of −15.92 and −8.70
and contributed to the GSB-resistant phenotype by
22.7% (LOD = 7.30) and 8.7% (LOD = 3.24), respec-
tively. Both gsb-s6.2 and gsb-s6.3 were inherited from
the GSB-susceptible parent and can inhibit the GSB-
resistant phenotype. Based on its contribution level and
LOD, gsb-s6.2 was considered a major QTL, with

genetic distances to nearby markers SSR04083 and
SSR02940 of 5.0 and 1.8 cM, respectively.

Sequence annotation and gene prediction in genomic
regions harboring QTL

QTLs gsb-s6.1 and gsb-s6.2 had both greater contribu-
tions and shorter genetic distances than the other QTLs

Fig. 1 Chromosomal quantitative trait locus (QTL) mapping for gummy stem blight resistance in cucumber stem using SSR markers

Table 4 Quantitative trait locus (QTL) analysis of gummy stem blight resistance genes in cucumber stem for two seasons

Season QTL Chr. Position(cM) Marker interval LOD R2(%) AE

Autumn 2012 gsb-s1.1 1 16.4 SSR12157–SSR31116 2.50 8.7 −9.54
gsb-s6.1 6 14.9 SSR01012–SSR03527 2.56 10.3 −10.17

Spring 2013 gsb-s2.1 2 74.8 SSR13275–SSR10064 2.53 6.7 7.61

gsb-s6.2 6 30.7 SSR04083–SSR02940 7.30 22.7 −15.92
gsb-s6.3 6 179.0 SSR13251–SSR15516 3.24 8.7 −8.70
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and were detected in both seasons (Fig. 1) suggesting
that GSB resistance exists in these two regions. BLAST
analysis of the sequence in the SSR01012-SSR02940
region showed that this region has a physical distance of
1.27 Mbp and contains 117 annotated genes, including
14 disease resistance-related genes (Supplementary
Table 2), ten kinase domains (Csa6G052030,
Csa6G052080, Csa6G052130, Csa6G052820,
Csa6G055410, Csa6G058190, Csa6G067340,
Csa6G061230, Csa6G074020, Csa6G076750), three
Zn-finger motifs (Csa6G055930, Csa6G067930,
Csa6G074560), and one leucine-rich domain
(Csa6G062270). The large number of genes in this
region makes it difficult to determine the specific cu-
cumber gene(s) that have large effects on GSB resis-
tance. However, these predicted GSB resistance-related
genes will be key candidates for further study.

Discussion

In this study, resistance to gummy stem blight (GSB) in
cucumber was analyzed using a cross between the wild-
type GSB-resistant cucumber accession PI 183967
(Cucumis sativus var. hardiwickii (Royle) Alef.) and
the cultivated GSB-susceptible cucumber accession
931 (C. sativus var. sativus). Plants were grown in the
field during autumn 2012 and spring 2013. Based on the
disease index analyses for the genetic populations, the
results suggest that resistance to GSB in PI 183967 is
quantitative and controlled by three pairs of additive
epistatic major genes. On the other hand, Norton
(1979) reported that resistance in watermelon is con-
trolled by a single recessive gene. These different pat-
terns of inheritance may be explained by several factors.
First, different species, cultivars, and breeding lines
have been used as resistance sources. Second, different
disease identification methods and rating scales make it
difficult to compare studies. Third, as shown in this
paper, the development of GSB in cucumber is strongly
affected by environmental conditions making it difficult
to maintain uniform environmental conditions when
plants are grown in the field during testing. Multiple
tests with several replications and years are required.

The best method for controlling GSB in cucumber is
the use of resistant cultivars because of the effect on the
environment by the use of pesticides to control the
disease. As a result, GSB resistance is one of the main
objectives in cucumber breeding programs (van der

Meer et al. 1978; Wehner et al. 1996). However, there
are no reports on the molecular biology of GSB resis-
tance in cucumber.

In this study, 2112 pairs of SSR primers were used to
map resistance genes for GSB in the cucumber stem
resulting in the detection of five QTLs with ten SSR
markers: gsb-s1.1, located between SSR12157 and
SSR31116 with a genetic distance of 7.3 cM; gsb-s6.1,
located between SSR01012 and SSR03527 with a ge-
netic distance of 0.7 cM; gsb-s2.1, located between
SSR13275 and SSR10064 with a genetic distance of
10.4 cM; gsb-s6.2, located between SSR04083 and
SSR02940 with a genetic distance of 6.8 cM; and gsb-
s6.3, located between SSR13251 and SSR15516 with a
genetic distance of 3.1 cM.

Many genes conferring resistance (R genes) to a
diverse array of pathogens, including bacteria, fungi,
oomycetes, viruses, and nematodes, have been isolated
in plants (Dangl and Jones 2001; Hulbert et al. 2001;
Meyers et al. 2003). In the cucumber 9930 draft ge-
nome, 61 nucleotide binding site (NBS) resistance gene
analogs (RGAs) were identified and were distributed
mostly in 11 clusters (Huang et al. 2009). In this study,
BLAST analysis of the genomic regions bearing the
major QTLs of gsb-s6.1 and gsb-s6.2 showed 117
genes, of which 14 were disease resistance-related and
one (Csa6G062270) belonged to the NBS series. The
one NBS-type RGA will be studied for GSB-resistant
candidate genes. The ten SSR markers above will be
used in future studies to clarify resistance to GSB and to
develop marker-assisted selection (MAS) for GSB re-
sistance in cucumber.
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