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Identification of quantitative trait loci for powdery mildew resistance in highly
resistant cucumber (Cucumis sativus L.) using ddRAD-seq analysis
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Powdery mildew, caused by Podosphaera xanthii (syn. Sphaerotheca fuliginea ex Fr. Poll.), is one of the
most economically important foliar diseases in cucumber (Cucumis sativus L.). Cucumber parental line
‘Kyuri Chukanbohon Nou 5 Go’, developed from weedy cucumber line CS-PMR1, is highly resistant to pow‐
dery mildew and is promising breeding material. We performed quantitative trait locus (QTL) analysis using
double-digest restriction-site-associated DNA sequencing (ddRAD-Seq) in a population from a cross between
‘Kyuri Chukanbohon Nou 5 Go’ and the Japanese native cultivar ‘Kaga-aonaga-fushinari’, which is suscepti‐
ble to powdery mildew. The resistance of the population and its parents was evaluated using leaf disc assays
and image analysis. We detected one major QTL on Chr. 5 that was effective at both 20°C and 25°C and one
minor QTL on Chr. 1 effective at 20°C. We detected two additional QTLs in subpopulation: one on Chr. 3
effective at 20°C and one on Chr. 5 effective at both 20°C and 25°C in a position different from the major
QTL. The resistance alleles at all four QTLs were contributed by ‘Kyuri Chukanbohon Nou 5 Go’. The
results of this study can be used to develop practical DNA markers tightly linked to genes for powdery
mildew resistance.
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Introduction

Powdery mildew is one of the most severe diseases in
cucumber (Cucumis sativus L.) worldwide and is mainly
caused by Podosphaera xanthii (syn. Sphaerotheca
fuliginea ex Fr. Poll.). The fungus appears as white or
grayish-white patches on the leaf surface, then it spreads
throughout the leaves while feeding on the plant’s nutrients,
reducing photosynthesis and causing yellowing of leaves
(Pérez-García et al. 2009). Despite the fact that this disease
has been affecting cucumbers for many years, it is still not
controlled sufficiently in cucumber production. Control of
powdery mildew involves use of multiple fungicides appli‐
cations. In greenhouse cultivation, environmental controls
such as timing of the opening/closing of side curtains and
vents are also used to control the spread of the disease.
However, these methods have cost, labor, and materials,
and they require training and experience with regard to
optimal frequency and timing of fungicide sprays and
effective use of environmental controls. Thus, breeding for
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powdery mildew resistance is one of the most desirable
approaches for controlling this disease.

Much effort has been devoted to screening cucumber
genetic resources and to genetic analysis of resistance to
powdery mildew, and some resistant accessions have been
identified such as BK2 (Zhang et al. 2015), CS-PMR1
(Fukino et al. 2013), IL52 (Zhang et al. 2018), S06 (Liu et
al. 2008a, 2008b), WI 2757 (He et al. 2013), and PI197088
(Morishita et al. 2003, Sakata et al. 2006). Among them,
CS-PMR1, a progeny line derived from repeated self-
pollinations of PI 197088, possesses the highest level of
resistance to powdery mildew, is stably resistant, and has
been used for breeding and genetic analysis of resistance
(Fukino et al. 2013, Morishita et al. 2003, Sakata et al.
2006). One of the cucumber parental lines used in this
study, ‘Kyuri Chukanbohon Nou 5 Go’, was developed
from a cross between CS-PMR1 and the other lines and has
high powdery mildew resistance (Sakata et al. 2008).
Although several cultivars are resistant to powdery mildew
at 25°C (high temperature), but susceptible at 20°C (low
temperature), ‘Kyuri Chukanbohon Nou 5 Go’ reported to
have high resistance at high temperatures like CS-PMR1,
and slightly higher resistance than CS-PMR1 at low tem‐
perature (Morishita et al. 2003, Sakata et al. 2008). The
importance of low temperature resistance is due to the fact
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that one main cultivation period of cucumber is from winter
to spring in Japan. Powdery mildew of cucumber has a seri‐
ous problem in the greenhouse during the cultivation
period. ‘Kyuri Chukanbohon Nou 5 Go’ is easier to use
than CS-PMR1 as breeding material to develop new culti‐
vars with powdery mildew resistance because the fruits of
CS-PMR1 are soft and round, making them undesirable for
certain markets, including Japan, whereas ‘Kyuri Chukan‐
bohon Nou 5 Go’ has a longer, narrower fruit shape.

Recently, many QTLs for powdery mildew resistance
have been detected in various populations derived from
powdery mildew resistant materials, and several loci were
estimated to be in the same or similar regions in different
populations (Wang et al. 2020). In particular, a QTL on
Chr. 5, pm5.3 (some synonyms for the locus are used), has
been detected in many populations, which suggests that this
QTL is one of the most important loci for powdery mildew
resistance (Chen et al. 2020, Fukino et al. 2013, He et al.
2013, Nie et al. 2015a, 2015b, Wang et al. 2018, 2020,
Zhang et al. 2018).

Next-generation sequencing (NGS) has recently been
introduced as a promising new platform for many genetic
analyses. Correspondingly, methods for single nucleotide
polymorphism (SNP) genotyping by NGS, such as geno‐
typing by sequencing (GBS) and restriction-site-associated
DNA sequencing (RAD-Seq), have become popular owing
to their flexibility and relatively low cost (Davey et al.
2011). In cucumber, several investigations using NGS have
been performed (Liang et al. 2016, Wang et al. 2018, Wei
et al. 2014, 2016, Xu et al. 2015a, 2015b, Zhang et al.
2015, Zhu et al. 2016). For example, Wei et al. (2014)
reported the first QTL analysis using the specific-length
amplified fragment (SLAF) sequencing technique in
cucumber. Zhang et al. (2015) identified six candidate
genes associated with powdery mildew resistance using
NGS and SLAF techniques.

The objective of this study was to conduct a QTL analy‐
sis of powdery mildew resistance using double-digest
restriction-site-associated DNA sequencing (ddRAD-Seq)
analysis and to detect loci associated with powdery mildew
resistance. We investigated populations of F2 and F3 proge‐
nies derived from a cross between highly resistant and
susceptible parental materials at both 20°C and 25°C. We
evaluated the level of powdery mildew resistance by
infected leaf discs, stained the spores and hyphae with ani‐
line blue, and performing computer-aided image analysis,
and then identified QTLs by using composite interval map‐
ping (CIM). We discussed the positional relationships
between the QTLs detected in this study and in past studies,
which adds to our understanding of the inheritance of pow‐
dery mildew resistance.

Materials and Methods

Plant material and plant pathogen
A population of 189 F2 progenies was derived from a cross

between highly resistant line ‘Kyuri Chukanbohon Nou 5
Go’ (K5) and susceptible line ‘Kaga-aonaga-fushinari’ (KA).
K5 is the progeny from crosses between CS-PMR1 and the
other cultivars, ‘Sharp 1’ (Saitama Gensyu Ikuseikai Co.,
Saitama, Japan) and ‘Rira’ (Enza Zaden BV, Enkhuizen,
the Netherlands) (Sakata et al. 2008). KA is a Japanese
native cucumber that is susceptible to powdery mildew.
The two parental cultivars and the F3 individuals from each
F2 progeny plant (F2:3) were used in leaf disc assays.

The P. xanthii used in this study originated from a single
ascospore of pxB strain, as described by Fukino et al.
(2008). Since P. xanthii is an obligate biotrophic pathogen,
it requires live host tissue for reproduction, so it was main‐
tained on leaves of a susceptible cultivar.

Leaf disc assay of inoculation test
F2:3 progenies were sown in plastic seedling trays filled

with vermiculite and grown in a closed-type artificial-light
seedling production system (Mitsubishi Chemical Agri
Dream Co., Ltd., Tokyo, Japan) with 16-h day length. The
first true leaf was detached from 8 to 10 F2:3 plants 2 weeks
after sowing. Leaf discs of approximately 8-mm diameter
were excised from the first leaf with a circular blade and
placed onto 0.5% w/v agar medium containing 2% w/v
mannitol and 1% w/v sucrose in 48-well plastic plates
(Eppendorf Corporation, Hamburg, Germany) with the
adaxial side up. Each open plastic plate was placed at the
bottom of a cylindrical tower made of cardboard (10-cm
diameter, 30-cm height), and the conidia of the powdery
mildew fungus were blown on the top of the tower by using
a glass pipette with a rubber bulb attached. The plates were
then covered and incubated at 20°C or 25°C under a 16-h
day length for 7 days. Hereafter, the assay at 20°C is
referred to as LD20 and the assay at 25°C as LD25.

Aniline blue staining of spores and hyphae
The spores and hyphae of powdery mildew in the

infected leaf discs were visualized using a method of Lu
et al. (2011) and Schenk et al. (2014) with modifications.
Leaf discs were fixed and destained in 1:3 acetic acid/
ethanol solution until they turned yellow or white. The
fixed leaf discs were washed in 50 mM phosphate buffer,
pH 7.5, and stained in 0.01% aniline blue for two to three
hours at room temperature. The discs were then transferred
to glass slides with the adaxial side up, and images were
obtained with a digital camera (EOS Kiss X4; Canon
Inc., Tokyo, Japan) under a stereomicroscope (SZ2-ILST;
Olympus Corporation, Tokyo, Japan).

Image analysis
Digital images representing a 2-mm2 area containing dis‐

ease symptoms were extracted from original images and
analyzed using ImageJ software (Schneider et al. 2012).
The digital images were converted into binary (black-and-
white) images with a local thresholding method, Bernsen’s
algorithm (radius = 7.5) (Bernsen 1986). Then, the numbers
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of black and white pixels were counted separately and used
to calculate the proportion of black pixels in each image.
We used the percentage of black pixels (100% × the propor‐
tion of black pixels) as disease index (DI). Thus, a high DI
indicates that the plant is susceptible to powdery mildew,
and a low DI indicates resistance (Fig. 1). The average DI
scores of 6 to 10 F3 plants per F2 were also calculated for
the QTL analysis.

Double-digest restriction-site-associated DNA sequencing
(ddRAD-Seq)

Genomic DNA was extracted from 189 F2 individuals
using the DNeasy Plant Kit 96 (Qiagen, Hilden, Germany)
and DNA samples were diluted to a final concentration of
20 ng/μL. Library construction and sequencing analysis of
the population and the parents were performed as described
by Shirasawa et al. (2016) with minor modification. The
ddRAD-Seq libraries were constructed with a combination
of two restriction enzymes, PstI and MspI (Thermo Fisher
Scientific, Waltham, MA, USA). Digested DNA was
ligated to adapters using T4 DNA ligase (Takara Bio Inc.,
Shiga, Japan) and purified using Agencourt AMPure XP
(Beckman Coulter, Brea, CA, USA) to eliminate short
(<300 bp) DNA fragments. Purified DNA was amplified by
PCR with indexed primers. Amplified DNA fragments
were purified using the QIAquick PCR Purification Kit
(Qiagen), and 300–1000 bp fragments were fractionated by
2.0% agarose gel (Kanto Chemical Co., Inc., Tokyo, Japan)
electrophoresis and isolated using a QIAquick Gel Extrac‐
tion Kit (Qiagen). These libraries were sequenced on a
HiSeq X sequencer (Illumina Inc., San Diego, USA) in
150-bp paired-end reads. Nucleotide sequence data were
deposited in the DDBJ Sequenced Read Archive under the
accession numbers DRA011481.

Fig. 1. Digital image of 2-mm2 area of leaf disc and disease index
(DI) calculated using image analysis. Within a column, each row rep‐
resents the same leaf disc. (a) Spore and hyphae expansion in leaf
disc. (b) Staining of spores and hyphae with aniline blue. (c) Stained
image converted to black-and-white, and calculated DI.

NGS data acquisition and SNP calling
After removal of low-quality reads, the sequencing data

were trimmed and filtered in FaQCs v. 2.08 software (Lo
and Chain 2014). Then the data were mapped to the cucum‐
ber (‘Chinese Long’ v3) reference sequence (Li et al. 2019)
in the Cucurbit Genomics Database of the International
Cucurbit Genomics Initiative (http://www.icugi.org) with
BWA-MEM v. 0.7.17 software (https://arxiv.org/abs/1303.
3997). The resultant sequence alignment/map (SAM) for‐
mat files were converted to binary sequence alignment/map
(BAM) format files. SNP calling and genotyping were per‐
formed with the mpileup tool in SAMtools v. 0.1.15 and
BCFtools v. 1.9 software (Li 2011). SNPs with >8 reads in
>80% of progenies were used for analysis.

Simple sequence repeat (SSR) markers
SSR markers from previous studies (Cavagnaro et al.

2010, Fukino et al. 2008, Ren et al. 2009) were used for
detection of polymorphism. PCR amplification was carried
out using a post-labeling method for multiplexed genotyp‐
ing analysis with a bar-coded split tag (BStag) as described
by Shimizu and Yano (2011) with minor modifications.
PCR was performed in a 10-μL reaction mixture that con‐
sisted of 1–5 ng of genomic DNA, 0.5 pmol of both the
tagged forward primer and the fluorescently labeled BStag
primer, 2 pmol of reverse primer, and 2× QIAGEN Multi‐
plex PCR Master Mix (Qiagen). DNA was amplified in a
Mastercycler Pro 384 (Eppendorf Corporation) under the
following thermal protocol: 95°C for 5 min; 33 cycles of
95°C for 20 s, 55°C for 1 min 30 s, 72°C for 30 s; an addi‐
tional three cycles of 95°C for 20 s, 49°C for 1 min 30 s,
72°C for 30 s; and 68°C for 10 min. The sizes of the ampli‐
fied fragments were estimated on an automated DNA frag‐
ment analyzer (model 3730xl, Applied Biosystems, Foster
City, CA, USA) with a GeneScan-500LIZ size standard
(Applied Biosystems). Fragment length was determined in
GeneMapper software (Applied Biosystems).

Linkage map construction and QTL analysis
Genetic linkage maps of 189 F2:3 segregation population

and 48 F2:3 subpopulation were constructed in AntMap v.
1.2 (Iwata and Ninomiya 2006) from the SNP markers
obtained by ddRAD-Seq analysis. The SNP markers were
selected by removing low-quality loci (>5 progenies with
missing values at the locus). In addition, we used 45 SSR
markers. QTL analysis for DI in the LD20 and LD25 assay
was performed by composite interval mapping (CIM) in
Windows QTL Cartographer v. 2.5 software (Wang et al.
2007) with the following parameter settings: model 6, for‐
ward and backward stepwise regression model, 5 maximum
background marker loci, window size 10, and 1 cM walk‐
ing speed along chromosomes. The LOD thresholds for
QTL detection in both mapping methods were determined
by 1000 permutations.
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Results

The continuous distribution of the average F2 DI scores
from each F3 individuals in the LD20 (20℃) and LD25
(25℃) assays suggested polygenic control of powdery
mildew resistance (Fig. 2a). However, the presence of a
bimodal distribution, especially in the LD25 assay, indi‐
cated that a small number of genes might control the resis‐
tance in this population. As expected, the highly resistant
parent K5 had low DI scores (12.12 ± 8.04 for LD20 and
6.92 ± 4.64 for LD25), and the susceptible parent KA had
high scores (42.38 ± 7.35 for LD20 and 41.83 ± 8.21 for
LD25). The DI scores between LD20 and LD25 were
strongly correlated (Pearson’s product-moment correlation
coefficients (r) was 0.92*). The average DI scores of F2:3
progenies were 33.06 and 30.13 and the median scores
were 35.12 and 32.83 in the LD20 and LD25 assays,
respectively (Fig. 2b). Although K5 was reported to have
temperature-independent resistance (Sakata et al. 2008),
our results showed that the DI score of K5 in the LD20
assay was higher than that in the LD25 assay.

ddRAD-Seq analysis using 189 F2 individuals returned
an average of 1.3 million high-quality reads per sample,
and an average Q30 score of 90.15 (Q30 is a quality score
specified by Illumina, indicating 99.9% confidence), and a
total of 420 out of 2137 SNP sites were informative. The
420 SNPs were combined with 45 SSR markers, giving a
total of 465 markers used for constructing linkage maps
(Fig. 3). The constructed map had 7 linkage groups cover‐
ing 630.84 cM, with an average distance between interval
of 1.36 cM. The 7 linkage groups corresponded to the
cucumber ‘Chinese Long’ v3 reference genome structure
(Li et al. 2019). However, several long intervals (>10 cM)
had no markers on Chr. 2, Chr. 6, and Chr. 7.

One large QTL peak was detected at the same region of
Chr. 5 in both the LD20 and LD25 assays, and another
small QTL peak was detected on Chr. 1 only in the LD20

Fig. 2. Differences in disease index (DI) between the LD20 and
LD25 assays. (a) Frequency distribution of powdery mildew resis‐
tance in average DI scores of the F2:3 individuals derived from ‘Kyuri
Chukanbohon Nou 5 Go’ (K5) × ‘Kaga-aonaga-fushinari’ (KA) cross.
(b) Box plot of DI. The horizontal line in each box indicates the medi‐
an; dots indicate averages. Blue indicates LD20; pink indicates LD25.

assay (Fig. 4a, Table 1). QTLs detected by CIM in the
LD20 and LD25 assays were significant at LOD thresholds
of 3.7 and 3.5, respectively. The LOD scores of these QTLs
were 48.77 (Chr. 5 QTL, LD20 assay), 69.72 (Chr. 5 QTL,
LD25 assay), and 3.78 (Chr. 1 QTL, LD20 assay). The
scores for phenotypic variation (R2) were 0.37 (Chr. 5 QTL,
LD20 assay), 0.43 (Chr. 5 QTL, LD25 assay), and 0.02
(Chr. 1 QTL, LD20 assay). We named the detected QTLs
according to the names of previously reported loci at the
same estimated positions (Wang et al. 2020). The QTL on
Chr. 5, at the position of pm5.3, had an extremely large
effect; to exclude its effect, we performed additional QTL
analysis using a subpopulations of 48 F2:3 progenies that
were homozygous for the K5 (resistant parent) genotype at
the peak position of pm5.3. The average F2 DI scores from
each F3 individuals were also continuously distributed in
the subpopulation (Supplemental Fig. 1). The linkage map
constructed using this subgroup also had 7 linkage groups,
consisting of 276 markers and 630.18 cM in total (Supple‐
mental Fig. 2). Three small-effect QTLs were detected on
Chr. 1, Chr. 3, and Chr. 5. However, the QTL on Chr. 5 was
not at the same position as pm5.3, and the QTLs on Chr. 1
and Chr. 3 were detected only in the LD20 assay (Fig. 4b,
Supplemental Table 1). The QTLs on Chr. 1, Chr. 3, and
Chr. 5 in the subpopulation analysis were also estimated to
correspond to three previously detected loci: pm1.1, pm3.2,
and pm5.1 (Wang et al. 2020). To examine the effects
of these three loci in more detail, we investigated the

Fig. 3. Linkage map constructed from cross of ‘Kyuri Chukanbohon
Nou 5 Go’ (K5) × ‘Kaga-aonaga-fushinari’ (KA). Linkage groups
were assigned to chromosomes by using the cucumber reference
genome (‘Chinese Long’ v3). Black lines indicate loci.
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differences in powdery mildew resistance among three sub‐
populations: one homozygous for the K5 genotype at pm5.3,
one homozygous for the KA (susceptible parent) genotype
at pm5.3, and one heterozygous (Table 2). All three loci
(pm1.1, pm3.2, and pm5.1) in the LD20 assay and only
pm5.1 in the LD25 assay showed significant differences
among genotypes in the subpopulation homozygous for the
K5 genotype at pm5.3. Furthermore, there were also sig‐
nificant differences among genotypes at pm5.1 in the sub‐
population heterozygous at pm5.3 in both the LD20 and
LD25 assays.

Discussion

In this study, as expected, K5 was highly resistant to pow‐
dery mildew in both the LD20 and LD25 assays, whereas
KA was susceptible in both assays. Several cultivars and
lines have been reported to be resistant to the disease at
25°C but susceptible at 20°C (Morishita et al. 2003).
Sakata et al. (2008) reported that K5 is highly resistant to
powdery mildew at both temperatures. However, in our
results, the DI score of K5 was slightly higher in the LD20
assay than in the LD25 assay, indicating that the resistance

level of K5 was affected by temperature to some extent
(Fig. 2). The different results of the two studies might be
explained by the differences in evaluation methods.
Although disease severity is frequently evaluated by visual
inspection and field evaluation, our method quantified
stained spores and hyphae on the leaf disc using digital
microscopic images. Therefore, we could evaluate subtle
differences in disease severity that are difficult to detect
through visual inspection (Fig. 1).

In the disease severity assays, the distribution of the
average F2 DI scores from each F3 individuals was continu‐
ous but was bimodal, especially in the LD25 assay. This
result suggested that powdery mildew resistance is con‐
trolled by a few genes, as reported previously (Sakata et al.
2008). When all 189 F2:3 progenies were included in the
analysis, only two QTLs were detected, one on Chr. 1 and
one on Chr. 5 (Fig. 4a, Table 1). The QTL on Chr. 5, which
had a major effect on resistance, was detected in both the
LD20 and LD25 assays. Several other QTLs with a large
effect on resistance to powdery mildew have been reported
in the same chromosomal region as our large-effect QTL on
Chr. 5; these QTLs are referred to as pm5.3 (some syn‐
onyms for the locus are used) (Berg et al. 2015, Fukino

Fig. 4. Positions and LOD scores of QTLs associated with powdery mildew resistance in LD20 and LD25 assays. (a) QTL analysis performed
using full F2:3 population. (b) QTL analysis performed using subpopulation of F2:3 population homozygous for the K5 (resistant parent) genotype
at the position of pm5.3. Arrowheads of the same color indicate the same locus.

Table 1. QTLs for powdery mildew resistance by using composite interval mapping in an F2:3 population derived from cross of ‘Kyuri
Chukanbohon Nou 5 Go’ (K5) × ‘Kaga-aonaga-fushinari’ (KA)

Assay Chr. QTLa Position
(cM)

LOD
peak

Contributing
parent

Estimated range within
‘Chinese Long’ v3 genome R2

LD20 1 pm1.1 55.7 3.78 K5 23796093–25266488 0.02
5 pm5.3 70.8 48.77 K5 18320307–31743090 0.37

LD25 5 pm5.3 70.8 69.72 K5 18320307–31743090 0.43
a QTL names were assigned according to the names of corresponding loci (reviewed by Wang et al. 2020).
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et al. 2013, He et al. 2013, Nie et al. 2015a, 2015b, Sakata
et al. 2006, Wang et al. 2018, Zhang et al. 2018). The pm5.3
locus in several lines harbors a powdery mildew resistance
gene, CsMLO1, which encodes a barley and Arabidopsis
MLO homolog (Berg et al. 2015, Nie et al. 2015a, 2015b).
Other reports identified a GATA transcription factor gene
and a cyclin-like gene as candidate genes for powdery
mildew resistance in the pm5.3 locus in IL52 and in BK2,
respectively (Zhang et al. 2015, 2018). Our QTL on Chr. 5,
the most effective in this study, is suggested to correspond
to pm5.3 because the LOD peak was closely linked to the
genome position of CsMLO1, according to the cucumber
reference genome (Li et al. 2019). On the other hand, the
small-effect QTL detected on Chr. 1 only in the LD20
assay was estimated to correspond to a previously reported
QTL, pm1.1 (Fukino et al. 2013, Wang et al. 2020, Xu
et al. 2016). K5 was developed from crossing between CS-
PMR1 and other lines, so it is expected that several loci for
resistance to powdery mildew would have been inherited
from CS-PMR1. In fact, pm1.1 and pm5.3 were detected in
both CS-PMR1 and K5 (Fukino et al. 2013). Sakata et al.
(2008) reported that K5 had slightly higher resistance to
powdery mildew than CS-PMR1 at 20°C, suggesting that
there are other important genetic components conferring
powdery mildew resistance in K5.

To search for these other loci, we performed additional
QTL analysis using a subpopulation of F2:3 progenies
homozygous for the K5 genotype at the position of pm5.3.
Although the effects detected were not very large, a total of
three QTLs were detected (Fig. 4b, Supplemental Table
1). These loci appear to correspond to pm1.1 on Chr. 1,
pm3.2 on Chr. 3, and pm5.1 on Chr. 5, which is at a dif‐
ferent position than pm5.3 (Fukino et al. 2013, He et al.
2013, Liu et al. 2008b, Wang et al. 2020, Xu et al. 2016).

When marker genotype and powdery mildew resistance
were examined among three subpopulations with differing
alleles at the position of pm5.3 (K5 homozygous, KA
homozygous, and heterozygous), these other three loci
appeared to play an important role in powdery mildew
resistance to some extent (Table 2). QTLs corresponding to
pm1.1 and pm3.2 showed significant differences in resis‐
tance only in the LD20 assay; therefore, these two QTLs
are considered to control temperature-dependent resistance.
On the other hand, pm5.1 was more effective than the other
two QTLs because differences were detected in two pm5.3
subpopulations, K5 homozygous and heterozygous, at both
temperatures. The most resistant progeny had K5 genotypes
at all four loci (pm1.1, pm3.2, pm5.1, and pm5.3), and prog‐
enies with K5 genotypes at both pm5.1 and pm5.3 tended to
be more resistant than those with only pm5.3 (Supplemen‐
tal Table 2). On the other hand, progenies that had the KA
genotype at pm5.3 were susceptible even when pm5.1 and
the other loci had K5 genotypes (Supplemental Table 2).
These results suggested that, although pm5.3 was necessary
for resistance, the three other QTLs were also important,
especially pm5.1. Furthermore, the difference in resistance
between K5 and CS-PMR1 can also be explained by the
presence of resistance alleles at pm3.2 and pm5.1, neither
of which is present in CS-PMR1.

K5 has been used as a powerful breeding material for
producing cucumber resistant to powdery mildew. To develop
new varieties with desired traits introgressed from genetic
resources, breeders perform repeated backcrossing and
selection for many years. However, it is likely that unfavor‐
able linkages between disease resistance and other impor‐
tant agronomic traits will adversely affect the efficiency of
breeding during gene accumulation for disease resistance.
The most desirable breeding program for powdery mildew

Table 2. Differences in powdery mildew resistance among three subpopulations classified by pm5.3 genotype in regions of three QTLs

pm5.3 genotypes of
subgroup

LD20 LD25

pm1.1* pm3.2* pm5.1* pm1.1 pm3.2 pm5.1*

K5 homozygous (48)
K5 homozygous 17.46 ± 3.84 (11) 17.23 ± 3.75 (14) 18.69 ± 4.11 (30) 11.10 ± 3.34 (11) 11.63 ± 3.02 (14) 11.53 ± 2.31 (30)
KA homozygous 21.97 ± 4.77 (15) 23.57 ± 3.38 (11) 26.39 ± 2.97 (2) 14.43 ± 3.95 (15) 14.49 ± 4.15 (11) 19.26 ± 1.22 (2)
Heterozygous 20.32 ± 3.68 (22) 20.35 ± 3.89 (23) 22.20 ± 3.39 (16) 13.76 ± 3.17 (22) 13.87 ± 3.47 (23) 16.04 ± 3.43 (16)

 

pm5.3 genotypes of
subgroup

LD20 LD25

pm1.1 pm3.2 pm5.1 pm1.1 pm3.2* pm5.1

KA homozygous (56)
K5 homozygous 40.96 ± 2.77 (19) 41.23 ± 3.41 (11) 40.68 ± 4.13 (3) 41.51 ± 2.84 (19) 38.92 ± 2.47 (11) 39.96 ± 2.62 (3)
KA homozygous 42.14 ± 3.17 (12) 41.59 ± 2.00 (15) 40.78 ± 3.60 (34) 41.63 ± 2.42 (12) 43.54 ± 1.66 (15) 41.25 ± 3.22 (34)
Heterozygous 40.75 ± 3.45 (25) 40.84 ± 3.58 (30) 41.79 ± 2.05 (19) 41.08 ± 3.47 (25) 41.14 ± 3.02 (30) 41.73 ± 2.76 (19)

 

pm5.3 genotypes of
subgroup

LD20 LD25

pm1.1 pm3.2 pm5.1* pm1.1 pm3.2 pm5.1*

Heterozygous (85)
K5 homozygous 33.63 ± 5.38 (14) 33.93 ± 5.57 (17) 32.91 ± 4.04 (20) 31.90 ± 5.32 (14) 30.47 ± 4.65 (17) 30.80 ± 5.42 (20)
KA homozygous 35.85 ± 4.02 (19) 35.31 ± 3.18 (13) 37.27 ± 3.57 (17) 33.28 ± 5.17 (19) 34.86 ± 4.40 (13) 34.77 ± 3.76 (17)
Heterozygous 35.11 ± 4.70 (52) 35.31 ± 4.70 (55) 35.12 ± 4.94 (48) 31.91 ± 4.95 (52) 32.13 ± 5.11 (55) 31.90 ± 5.03 (48)

Numbers in parentheses indicate the number of F2 individuals.
* Significant differences at the 0.05 probability level among the three genotypes by one-way ANOVA.
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resistance using K5 would seem to require accumulation of
the K5 alleles for pm1.1, pm3.2, pm5.1, and most impor‐
tantly pm5.3.

Besides powdery mildew, many other diseases have
caused serious problems in cucumber cultivation, and resis‐
tance to them has been investigated. Resistance to downy
mildew, caused by Pseudoperonospora cubensis (Berk. &
Curt.) Rostov, has been well studied genetically by several
groups. For example, Yoshioka et al. (2014) identified a
total of 14 QTLs using recombinant inbred lines (RILs)
derived from CS-PMR1, and reported that the most effec‐
tive QTLs were detected on Chr. 1 (dm1.1) and Chr. 5
(dm5.1 and dm5.3). Wang et al. (2018) identified a total of
11 QTLs using RILs derived from PI197088, and the most
effective QTLs were on Chr. 5 (dm5.1, dm5.2, and dm5.3).
In particular, dm5.3 is closely linked to pm5.3 (Wang et al.
2018, 2020, Yoshioka et al. 2014). QTLs for many impor‐
tant characteristics of cucumber fruit, such as length, diam‐
eter, length-to-diameter ratio (L/D ratio), were detected on
Chr. 1, Chr. 5, and Chr. 6 (Bo et al. 2015, Gao et al. 2020,
Shimomura et al. 2017, Wang et al. 2020, Weng et al.
2015, Yuan et al. 2008). Therefore, development of DNA
markers tightly linked to important resistance genes for
powdery mildew is an urgent requirement for efficiently
breeding new cultivars combining genes for resistance to
multiple diseases and important agronomic traits. This
study makes it possible to develop practical DNA markers
for selection of powdery mildew resistance loci and con‐
tributes to the accumulation of information about powdery
mildew resistance.
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