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Abstract

The present study aimed to reveal the the genetic factors underlying downy mildew (DM) resistance in
cucumber. We established three mapping populations, including two recombinant inbred lines (dm2.1-F,
and dm2.2-F,) and one near isogenic line (dm5.1-BC4F»), all derived from the cross between TH118FLM
(DM-resistant) and WMEJ (DM-susceptible). These lines exhibited a skewed susceptibility distribution,
suggesting the involvement of crucial recessive genes in DM-resistance. A quantitative trait locus (QTL)-
seq analysis of the pooled populations of these lines effectively refined the genomic regions of dm2.17,
dmZ2.2, and dmb. 1. Subsequent single-nucleotide polymorphism mining further refined these regions and
identified candidate genes, with dm2.7, dm2.2, and dmb5.7 spanning 61.7, 84.7, and 80 Kb and
encompassing 7, 10, and 5 putative genes, respectively. Finally, CsaV3_2G072920 (CsACO, 1-
aminocyclopropane-1-carboxylate oxidase), CsaV3_2G030320 (CsCA, carbonic anhydrase), and
CsaV3_5G015770 (CsSTPK, serine/threonine-protein kinase) were identified as candidate DM-resistance
genes, based on sequence and expression differences between DM-resistant and DM-susceptible lines.
Furthermore, in silico 3D modeling revealed structural variations in CsaV3_5G01751770 but not
CsaV3_2G0172920 and CsaV3_2G030320. Based on the presumed functions and transcriptional
responses of these genes to ethephon treatment, we proposed an ethylene-mediated defense
mechanism for DM-resistance. According to this model, Pseudoperonospora cubensis first induces
CsACO expression, leading to ethylene production, and then induces CsCA and CsSTPK expression,
resulting in stomatal closure preventing pathogenic hyphal penetration and ethylene-mediated signaling
pathway activation, respectively. These findings enhance our understanding of the genetic mechanisms
underlying DM-resistance in cucumbers and further support our efforts to combat this destructive
disease.

Introduction

Cucumber, a member of the Cucurbitaceae family, belongs to the Cucumis genus (Sikdar et al. 2010).
The Cucumis genus comprises cultivated species, such as Cucumis sativus var. sativus (cucumber), and
Cucumis melo (melon), along with several wild species, including Cucumis sativus var. hardwickii,
Cucumis hystrix, and Cucumis callosus (Weng 2010; Kacar et al. 2012; Lv et al. 2012; Qi et al. 2013; Badri
Anarjan et al. 2024).

In cucumber production, challenges arise because of the presence of both pre- and post-harvest
diseases (St. Amand and Wehner 1991; Badri Anarjan et al. 2021; Badri Anarjan et al. 2022). Cucumbers
are susceptible to a wide range of diseases and pests throughout their growth cycle. Among these,
downy mildew (DM) is a common foliar diseases, caused by the obligate biotrophic oomycete pathogen
Pseudoperonospora cubensis (Call et al. 2012a, b; Cohen et al. 2014). To manage and prevent DM in
cucumbers, various approaches have been proposed, including environmental control, fungicide
application, and biotechnological methods (Ojiambo et al. 2015). However, implementing environmental
control and fungicide applications in cucumber cultivation fields is often impractical because of certain
limitations. Therefore, there is an urgent need to develop cucumber cultivars that are resistant to DM.
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Studying the genetic inheritance of DM-resistance, identifying DM-resistance gene(s), and incorporating
DM-resistant germplasms in cucumber breeding programs have been considered the most cost-effective
approaches to control DM (Cohen et al. 2015; Wallace et al. 2015).

The search for DM-resistance in cucumber germplasm began in 1942 and has persisted for several
decades (Jenkins 1942). In 1954, a plant introduction line, designated PI197087, displayed resistance to
DM (Barnes and Epps 1954). This resistance was attributed to a recessive resistance gene called dm-7.
Following this discovery, several DM-resistant cucumber varieties, such as Gy4, Chipper, and the
Marketmore series, were developed through the introgression of the dm-7 gene (Wehner and Shetty
1997, Call et al. 2012a).

However, in 2004, a significant challenge arose with the emergence of new strain(s) of P cubensis,
capable of overcoming the resistance conferred by dm-7. This development led to widespread damage
in cucumber production in the United States (Holmes et al. 2015). Since then, extensive research has
been dedicated to identifying cucumber germplasms resistant to these new P, cubensis strains. This led
to the identification of three DM-resistant cucumber collections, namely PI197088, PI330628, and
P1605996 (Call et al. 2012b). Notably, PI197088 has been the focus of extensive investigation, resulting
in the successful identification of several quantitative trait loci (QTLs) associated with DM-resistance in
this germplasm (Yoshioka et al. 2014; Li et al. 2018; Wang et al. 2018). Additionally, PI330628-originated
DM-resistance revealed the presence of four QTLs located on cucumber chromosomes 2, 4, 5, and 6
(Wang et al. 2016). Furthermore, a North China-type cucumber line, K8, was found to have five DM-
resistance QTLs, namely dm17.7, dm5.1, dm5.2, dm5.3, and dmé. 7, distributed across three different
chromosomes (Zhang et al. 2013). Another DM-resistant germplasm, IL52, harbors six QTLs (Pang et al.
2013). Moreover, PI 197085-originated DM-resistance was found to be controlled by a QTL locus on
chromosome 5 (Szczechura et al. 2015). The Korean inbred line TH118FLM displays DM-resistance
through six QTLs: dm2.7, dm2.2, dm4.1, dm5.1, dm5.2, and dmé6.7 (Win et al. 2017).

Although numerous QTLs associated with DM-resistance have been identified, their integration into
marker-assisted breeding (MAB) programs remains a challenge. The process of identifying DM-
resistance genes within these QTLs requires the application of fine-mapping technologies. However, the
fine mapping of these large QTLs has proven to be a formidable task, and only a limited number of QTLs
have been successfully subjected to fine mapping (Pan et al. 2018; Wang et al. 2019; Berg et al. 2020,
2021). Considering the complex genetic inheritance underlying DM-resistance, the fine mapping of DM-
resistance QTLs presents significant challenges. Notably, the first DM-resistance gene in PI197087, dm1,
was successfully identified as the STAY-GREEN (CsSGR) gene in the Gy14 cucumber variety developed
from the same germplasm (Wang et al. 2019). The QTL dm4.7 in PI197088 was ultimately mapped into
sub-QTLs dm4.1.1, dm4.1.2, and dm4.1.3, among which dm4.7.2 and dm4.7.3 were regulated by a
receptor-like kinase (CsLRK) gene and an amino acid permease 2A (CsAPP2A) gene, respectively (Berg
et al. 2020, 2021). Subsequently, the CsSIB7 gene encoding sigma factor binding protein 1 emerged as
the top candidate for the dm5.3locus in PI197088 (Tan et al. 2022).
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In our previous study, we identified three major QTLs associated with DM-resistance located on
chromosomes 2 and 5 (Win et al. 2017), namely dm2.7, dm2.2, and dm5.1, spanning genomic regions
from 6.68 to 10.87 Mb, 19.08 to 21.02 Mb, and 6.73 to 15.24 Mb, respectively. To fine-genetic mapping
and identify the candidate gene(s) within these DM-resistance QTLs, we implemented a two-step
approach. First, we established mapping populations based on near-isogenic lines (NILs) and
recombinant inbred lines (RILs), followed by the application of bulk segregant analysis (BSA)-assisted
QTL-seq and single nucleotide polymorphism (SNP)-mining analysis to identify sub-QTLs. Through this
method, we successfully narrowed down and fine-mapped dmZ2.7, dm2.2, and dmb5. 7 to remarkably
compact genomic regions of sizes 61.7, 84.7, and 80.0 Kb, respectively. Subsequently, our expression
analysis led to the identification of CsaV3_2G072920 (1-aminocyclopropane-1-carboxylate oxidase),
CsaV/3_2G030320 (carbonic anhydrase), and CsaV3_5G0175770 (serine/threonine-protein kinase) as the
genes underlying DM-resistance within QTLs dm2.7, dm2.2, and dm5.1, respectively. Moreover,
compelling evidence suggests that DM-resistance may be acquired through the ethylene-mediated
signaling pathway involving these three candidate genes. These findings significantly advance our
understanding of the molecular mechanisms underlying DM-resistance in cucumbers and contribute to
our efforts to combat this destructive disease.

Materials and methods

Development of mapping populations and plant growth
conditions

Two populations of RILs, named dm2.1-F- for dm2.7 and dm2.2-F-, for dm2.2 QTL loci, as well as a NIL
population, dm5.1-BC4F, for dm5.7 QTL locus were used in this study. These populations were derived
from two parental inbred lines, namely TH118FLM (DM-R), a self-pollinating inbred line derived from the
commercial hybrid variety 'Malini' (Monsanto), and WMEJ (DM-S), obtained from a Korean hybrid
cucumber ‘Joeun’. These populations were developed in the greenhouses of the Asia Seed Company
(Icheon, South Korea) using the method depicted in Supplementary Fig. 1 between 2013 and 2019. In our
marker-assisted selection (MAS) of the RIL and NIL populations, we employed various types of markers,
including simple-sequence repeat (SSR), insertion/deletion (InDel), and cleaved amplified polymorphic
sequence (CAPS) markers. In this approach, we used eight markers to study each QTL: dmZ2.7 (three
InDel, four CAPS, and one SSR), dm2.2 (three InDel, two CAPS, and three SSRs), and dm5.7 (two InDel,
three CAPS, and three SSRs) (Fig. 2b, Fig. 3b, Fig. 4b, Supplementary Table 1). Those markers enough
cover the previous identified three major QTL loci (dm2.7, dm2.2, and dm5.7) associated with DM-
resistance located on chromosomes 2 and 5 by Win et al. (2017). In order to fine-genetic mapping of
three major QTL loci via QTL-seq and single nucleotide polymorphism (SNP)-mining analysis, during the
summers of 2019 and 2020, we cultivated a set of 100, 131, and 146 individuals for the dm2.1-F,, dm2.2-
F-, and dm5.1-BC,F, populations, respectively, in the greenhouse facilities of the Asia Seed Company. All

plants were cultivated in peat bags and drip-irrigated with a nutrient solution. Throughout the growth
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period, appropriate plant protection measures were implemented to ensure their well-being and

protection against potential threats or diseases.

Table 2

Downy mildew resistance (DM-R) QTLs in the cucumber inbred line TH118FLM

QTL Chr.  Source of Physical position @
resistant allele
Original P QTL-seq analysis SNP-mining
approach
dm2.1 2 DM-R 6.68-10.87 10,384,014 - 10,461,069 -
10,717,274 10,522,788
(4.19 Mb)
(333,260 bp) (61,719 bp)
dm2.2 2 DM-R 19.08- 19,675,000— 19,833,180 -
21.02 19,971,200 19,917,905
(1.94 Mb) (296,200 bp) (84,725 bp)
dmb.1 S) DM-R 6.73-15.24 11,854,372 - 12,351,644 -
12,548,640 12,431,634
(8.51 Mb)
(694,268 bp) (79,990 bp)

a) Physical positions of the corresponding QTLs are on the cucumber reference genome (Cucumis
sativus L. var. sativus cv. Chinese Long v3). b) The physical position of three major-effect QTL loci for
DM-resistance are obtained from Win et al. (2017).

Evaluation of disease index (DI)

During the summers of 2019 and 2020, we conducted greenhouse screenings to assess the symptoms
of DM-disease in two parentally inbred lines, as well as in their RIL and NIL populations. Under controlled
greenhouse conditions, the onset of naturally occurring DM-disease became evident approximately 60
days after planting. During this stage, DM-disease symptoms became apparent and distinguishable. The
disease continued to progress for approximately two weeks, during which the symptoms extended to all
parts of the affected plants. Following the approach described by Pang et al. (2013), the phenotypes
were assigned a score on a scale of 1 (no symptoms) to 8 (maximum symptoms) (Fig. 1a). The DI of the
three populations was evaluated using three separate assessments during each growth session. The
average DI derived from these six evaluations was computed to determine the mean DI for each
individual in the population (Fig. 1b-d).

Generation of DM-R and DM-S bulks

Two bulks, consisting of individuals exhibiting extreme resistance and susceptibility to DM, were
assembled for whole-genome re-sequencing. For the dm2.1-F, dm2.2-F-, and dm5.1-BC,F, populations,

the DM-R bulk was formed by selecting six, nine, and eight lines, respectively that consistently exhibited
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extreme resistance to DM (Fig. 1b-d, Supplementary Table 2). In addition, the DM-S bulk was formed by
selecting 11 lines each, from the three populations, that consistently exhibited extreme susceptibility to
DM (Fig. 1b-d, Supplementary Table 2).

Isolation of genomic DNA (gDNA) and whole-genome re-sequencing

The gDNA was extracted following the procedure outlined by Zhang et al. (2021). To create bulk DM-R
and DM-S, equimolar quantities of gDNA from each individual within the respective bulk were pooled and
thoroughly mixed. Library construction (280-bp insert size) for sequencing was performed by Clinomics
Inc. (Seoul, Korea). Sequencing was performed in a paired-end configuration (2 x 100 bp) using an
lllumina HiSeq 2000 sequencer (Illumina, San Diego, CA, USA). HiSeq Sequencing Kits (lllumina) were
employed to ensure accurate and efficient sequencing of the samples. Raw paired-end reads were
generated using a base-calling pipeline that utilized the sequencing control software (SCS) provided by
lllumina. This pipeline facilitates the conversion of the raw sequencing data into readable nucleotide
sequences, serving as the foundation for subsequent downstream analysis and interpretation.

QTL-seq analysis by bulked segregant analysis

We employed the BSA-assisted QTL-seq method, following the procedure outlined by Zhang et al. (2021).
The key aspects of this method are summarized here. We considered SNPs with a SNP-index less than
0.3 in one bulk and 0.3 or greater in the other bulk as authentic SNPs. When the DM-S short reads
contained an SNP, they were assigned an SNP index value of 0, whereas the DM-R short reads harboring
an SNP were assigned an SNP index value of 1. The differences between SNP indices were calculated as
follows: A (SNP-index) = SNP-index (DM-R) - SNP-index (DM-S). To compute the average SNP-index, we
used a sliding-window approach with a window size of 2 Mb and an increment of 10 kb for each genomic
interval. To ensure the accuracy of QTL identification via QTL-seq, we determined the statistical
confidence intervals for A (SNP-index) under the null hypothesis of no QTLs, following the methodology
described by Takagi et al. (2013).

SNP-mining approach for fine-genetic mapping

SNP-mining was employed to identify specific and compact regions within the loci initially identified
through QTL-seq analysis. For this, we used Geneious Pro 9.1.8 (Biomatters, Auckland, New Zealand),
adhering to the manufacturer's guidelines. We imported all sequences from the two parental lines (DM-R
and DM-S) and the DM-R and DM-S bulks corresponding to the regions associated with dm2.7, dm2.2,
and dm5.7 into Geneious Pro 9.1.8. Subsequently, we extracted all SNPs and InDels that showed
identical matches within the short reads of either DM-R or DM-S. Similarly, we isolated all SNPs and
InDels that showed perfect identity within the short reads of either the DM-R or DM-S bulks. Thereafter, a
comparative analysis of these SNPs and InDels enabled us to identify regions where sequence variations
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between the parental lines were completely conserved in both bulks, without any exceptions. This
approach enabled us to narrow down the regions associated with dm2.7, dm2.2, and dm5.1.

P. cubensis inoculation and ETH treatment

Both the DM-R and DM-S lines were cultivated in a growth chamber (Daihan Scientific, Wonju, South
Korea) under long-day conditions (16/8-hour light/dark photoperiod) at a temperature of 23°C and a light
intensity of 120 pmol m~? s™ . To obtain P, cubensis conidia for inoculation, spores were collected from
the leaves of naturally infected DM-S plants in a greenhouse. The spores were washed from the infected
leaves using tap water and subsequently filtered through cheesecloth (Thermo Fisher Scientific,
Rochester, NY, USA). The spore suspension was adjusted to 1x10* spores/mL using 0.01% Tween-20
(Sigma-Aldrich). The DM-spore suspension was sprayed onto the leaves of seedlings at the two-true-leaf
stage. After inoculation, polythene sheets (CleanLab, Seoul, Korea) were placed on cucumbers to
maintain optimal humidity levels. By the 7 dpi, P cubensis spores exhibited yellowing, indicating the
presence of the DM-disease. For the ETH (Sigma-Aldrich, MO, USA) treatment, a 100 ppm ETH solution
was prepared using ethyl alcohol (Sigma-Aldrich) and applied by spraying it onto the leaves of seedlings
at the two-true-leaf stage.

Total RNA isolation and expression analysis

To analyze the expression of the DM-resistance candidate genes CsaV3_2G072920, CsaV3_2G030320,
and CsaV3_5G0151770, we sampled five leaves from each plant at both 0 and 3 dpi. For evaluating the
ETH treatment of these candidate genes, leaves were collected at 0, 6, 12, and 24 hpi. Following
immediate collection, the samples were promptly flash-frozen in liquid nitrogen and stored at -80°C.
Subsequently, total RNA was extracted and reverse transcription-polymerase chain reaction (RT-PCR)
was performed according to the protocols of Zhang et al. (2021). For RT-PCR three forward- and reverse
primer sets were used (Supplementary Table 3). This process was repeated three times.

Observation of stomatal opening and closure

Leaf samples treated with 100 ppm ETH were collected at eight hpi. The leaf epidermal layers were
gently removed using a razor, and the stomata of the leaf samples were then examined under a LEICA
DMi8 microscope (Wetzlar, Germany) at 400X magnification.

Measurement of stomatal conductance

The fourth true leaves of both DM-R and DM-S plants were relocated to the greenhouse of Gyeongsang
National University (Jinju, Gyeongsangnam-do, South Korea) two days prior to measurement. These

plants were positioned under a light intensity of 200 pmol m~? s~ ! and received ample watering to
prevent water stress during the assessment. In order to observe the impact of ETH on stomatal
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conductance, all plants were treated with either 100 ppm of ETH or a control solution (0 ppm). The
measurements commenced at 2 PM on December 7, 2023, within the greenhouse environment.
Measurements were taken at 0, 2, 4, 6, and 21 hours post-treatment using the center of the fourth true
leaf and an LI-600 Porometer/Fluorometer (LI-COR, Lincoln, NE, USA). Each measurement was
conducted in triplicate using three plants for both the control and ETH treatment groups.

In silico 3D modeling and comparison of protein structures

We utilized the amino acid sequences from both DM-R and DM-S for the three DM-resistance candidate
genes. To predict their 3D structures, we employed SWISS-MODEL (https://swissmodel.expasy.org),
using the default parameter settings, as detailed Waterhouse et al. (2018). Subsequently, we imported
the 3D protein structures in the form of PDB (Protein Data Bank) files into Geneious Pro 9.1.8. The
visualization, comparison, and alignment of these 3D protein structures were performed in accordance
with established procedures using Geneious Pro 9.1.8.

Statistical analysis

All measurements were derived from at least three biological samples. To ascertain the presence of
significant differences, all statistical analyses were conducted using MATLAB (R2020a, The MathWorks,
Natick, MA, USA). Statistical significance was established with a threshold set ata P < 0.05.

Results
Genetic inheritance of DM-resistance

Two sets of parentally inbred lines, TH118FLM (DM-R) and WMEJ (DM-S), were used to generate the
mapping populations for fine-genetic mapping of three major QTL loci via QTL-seq and SNP-mining
analysis (Supplementary Fig. 1). DM-R displayed no signs of DM-disease symptoms, with a disease
index (DI) of 1, whereas DM-S exhibited severe symptoms, with a DI of 8 (Fig. 1a). This study involved the
establishment of two RIL mapping populations, dm2.1-F (comprising 100 individuals) and dm2.2-F,
(comprising 131 individuals), along with a NIL mapping population, dm5.1-BC,F, (comprising 146
individuals). The DI distribution across the mapped populations ranged from 1 to 8, displaying an
asymmetric trend with a noticeable inclination towards a susceptible phenotype (Fig. 1b-d). This
suggests that a limited number of crucial recessive genes (s) exerted a substantial influence on DM-
resistance within these populations, holding promise for subsequent QTL mapping to uncover and
comprehend the genetic foundation of DM-resistance.

Whole-genome re-sequencing

In our previous study (Win et al. 2017), we sequenced the genomes of the parental lines DM-R
(SRR4159531) and DM-S (SRR4159532). For this, three sets each of DM-resistant (R-bulks) and DM-
susceptible bulks (S-bulks) from the dm2.1-F;, dm2.2-F,, and dm5.1-BC,F, lines were subjected to re-

sequencing.
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A total of 90.2, 89.4, and 89.5 million filtered reads were produced from the R-bulks of dm2.1-F, dm2.2-
F-, and dm5.1-BC4F, lines, respectively (Table 1). Of these, 88.7 (dm2.1-F,-R-bulk), 87.9 (dm2.2-F,-R-
bulk), and 87.7 million (dm5.1-BC4F,-R-bulk) filtered reads aligned to the reference genome. Each of
these sequences exhibited a genome coverage of 99.69%, 99.67%, and 99.39%, respectively. Similarly,
the S-bulks of dm2.1-F-, dm2.2-F-, and dm5.1-BC,F, lines generated a total of 89.9, 90.0, and

90.3 million filtered reads, with respective genome coverages of 99.68%, 99.22%, and 99.93% (Table 1).
All sequences were submitted to the Sequence Read Archive (SRA) database of the National Center for

Biotechnology Information (NCBI) (https://www.ncbi.nlm.nih.gov/sra/term=) and can be accessed using
the following IDs: dm2.1-F,-R-bulk (SRR26038220), dm2.1-F,-S-bulk (SRR26038219), dm2.2-F,-R-bulk

(SRR26038218), dm2.2-F,-S-bulk (SRR26038217), dm5.1-BC,F,-R-bulk (SRR26038216), and dm5.1-
BC,4F,-S-bulk (SRR26038215).

Table 1
Statistical analysis of sequencing results and unique read coverage of the cucumber genome

Sample No.ofrawreads  No. of filtered reads  No. of aligned Genome
(%)? reads (%)° coverage (%)°
DM-RY 109,977,506 103,204,050 94,519,285 (91.58) 97.94
(93.84)
DM-S¢ 132,215,510 126,026,876 114,219,265 99.50
(95.31) (90.63)
dm2.1-F,-R- 90,490,326 90,200,632 (99.67) 88,676,241 (98.31) 99.69
Bulk
dm2.1-F-S- 90,224,706 89,957,836 (99.70) 88,401,565 (98.27) 99.68
Bulk
dm2.2-F,-R- 89,644,730 89,427,654 (99.75) 87,889,498 (98.28) 99.67
Bulk
dm2.2-F-S- 90,312,654 90,043,014 (99.70) 88,143,106 (97.89) 99.22
Bulk
dm5.1-BC4F,- 89,704,742 89,457,886 (99.72) 87,668,728 (98.13) 99.39
R-Bulk
dm5.1-BC4F,- 90,637,488 90,372,830 (99.70) 87,661,645 (97.51) 99.93
S-Bulk
a) Percentage represents the ratio of number of filtered reads from number of raw reads. b)
Percentage represents the ratio of number of aligned reads to the cucumber Cucumis sativus L. var.
sativus cv. Chinese Long v3 sequence from number of raw reads. c) Cucumis sativus L. var. sativus
cv. Chinese Long v3 was used as a cucumber reference genome sequence. d) The sequences were
?ownlgaded from the NCBI-SRA database under the IDs of SRR4159531 (DM-R) and SRR4159532
DM-S).

Page 9/31



Refining of DM-resistance QTLs by NIL- and RIL-mediated
QTL-seq analysis

We previously identified three genomic regions, dm2.7 (6.68—10.87 Mb on chromosome 2), dmn2.2
(19.08-21.02 Mb on chromosome 2), and dmb5.7 (6.73-15.24 Mb on chromosome 5), associated with
DM-resistance in the TH118FLM cucumber line (Fig. 2a, Fig. 33, Fig. 4a, Table 2). However, despite these
findings, the exact genes responsible DM-resistance in these regions remained unclear because of their
large genomic spans. To further elucidate the genes underlying these DM-resistance regions, we used
BSA-assisted QTL-seq. This involved using two populations for mapping NILs and RILs and using the
DM-S line as the reference genome.

Analysis of the A (SNP-index) plots allowed us to narrow down the genomic segments of dm2.7, dm2-2,
and dmb.1. Notably, dm2.7 was located within a 333-kb genomic region spanning from 10.38 to 10.72
Mb (Fig. 2b, Fig. 5a, Supplementary Fig. 2a-c, Table 2). This region exhibited an average single nucleotide
polymorphism-index (SNP-index) above 0.9 in the R-bulk, in contrast to a value below 0.1 in the S-bulk.
Similarly, dm2.2 was mapped within a 296-kb genomic region between 19.68 and 19.97 Mb (Fig. 3b,

Fig. 5b, Supplementary Fig. 3a-c, Table 2). The SNP-index pattern in this region corresponded with the
DM-resistance trend observed in dmZ2.7. Likewise, dmb5.7 was localized to a 694-kb genomic region
extending from 11.85 Mb to 12.55 Mb (Fig. 4b, Fig. 5c, Supplementary Fig. 4a-c, Table 2), exhibiting SNP-
index characteristics consistent with DM-resistance, as observed in previous cases. Upon reference
genome annotation (Chinese Long 9930 V3.0), the dm2.7, dm2.2, and dm5. 7 regions were found to
potentially contain 31, 35, and 55 putative genes, respectively. Additional information is provided in
Supplementary Table 4 for reference.

Further refining of DM-resistance by single nucleotide
polymorphism-mining (SNP-mining) analysis

To achieve more precise mapping of dm2.7, dm2.2, and dmb5. 7, we employed the SNP-mining technique.
As aresult, dm2.7 was further refined to a specific 61.7-Kb interval spanning from 10.46 Mb to 10.52 Mb
(Fig. 2c, Table 2, Supplementary Table 4-5). Similarly, the genomic region for dm2.2 was refined to an
84.7-Kb region spanning from 19.83 Mb to 19.92 Mb (Fig. 3c, Table 2, Supplementary Table 4-5). For
dmb. 1, the genomic region was specifically narrowed down to an 80-Kb interval, extending from 12.35
Mb to 12.43 Mb (Fig. 4c, Table 2, Supplementary Table 4-5). According to reference genome annotation,
the refined QTLs dm2.7, dm2.2, and dm5.7 contained seven, ten, and five putative genes, respectively
(Fig. 2d, Fig. 3d, Fig. 4d, Supplementary Table 4).

Identifying candidate genes associated with DM-resistance within the dm2.1, dm2.2, and dm5.1 loci

We conducted a study to identify the candidate genes responsible for the DM-resistance conferred by
dm2.1, dm2.2, and dmb5.1. Initially, we focused on identifying genes displaying sequence variations in
genic sequences between the DM-R and DM-S lines. In dmZ2.7, we identified four genes
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(CsaV3_2G0172900, CsaV3_2G012910, CsaV3_2G012920, and CsaV3_2G072930) with polymorphic
regions between DM-R and DM-S. Among these genes, only CsaV3_2G0172920, which was predicted to
encode T-aminocyclopropane-1-carboxylate oxidase (ACO), exhibited a non-synonymous mutation,
whereas the other three genes harbored synonymous mutations (Supplementary Table 4). In dm2.2, a
single gene, CsaV3_2G030320, potentially encoding carbonic anhydrase (CA), displayed a non-
synonymous mutation (Supplementary Table 4). In dm5.7, three genes (CsaV3_5G0151760,
CsaV3_5G015770, and CsaV3_5G0751790) showed polymorphisms in the genic region between the DM-R
and DM-S groups. Among these three genes, only CsaV3_5G0175770, which putatively encodes a
serine/threonine-protein kinase (STPK), exhibited a non-synonymous mutation, whereas the other two
had synonymous mutations (Supplementary Table 4).

Subsequently, we examined the expression of the three identified genes. CsaV3_2G072920 and
CsaV3_2G030320 showed increased mRNA transcript levels in DM-resistant plants within 3 days post
inoculation (dpi) (Figs. 6A, B). Conversely, CsaV3_5G015770 showed relatively suppressed mRNA
transcript levels in DM-resistant plants compared to DM-susceptible plants, despite both groups
inducing mMRNA transcription within 3 dpi (Fig. 6c).

Expression of the DM-resistance candidate genes and
stomatal action in response to ethephon (ETH) treatment

The enzyme 1-aminocyclopropane-1-carboxylate oxidase (ACO) plays a crucial role in ethylene (ET)
production (Rudus et al. 2013). Among the genes potentially associated with DM-resistance, one
candidate was CsaV3_2G0172920, which potentially encodes ACO. Therefore, we postulate that ET is
involved in cucumber DM-resistance. Initially, we measured their transcript levels to determine whether
these three genes could respond to ET through the release of ETH. The results showed that all three
genes exhibited increased transcript levels from 6 to 24 h after application (Figs. 7A, B, C). Another DM
resistance candidate gene, CsaV3_2G030320, encodes carbonic anhydrase (CA), a key regulator of
stomatal closure (Majeau et al. 1994). This prompted us to examine how ETH influences stomata action.
After applying ETH, a noticeable closure of stomata was observed in the DM-resistance line after 8 h
(Supplementary Fig. 5). Additionally, we compared stomatal conductance in DM-resistance and DM-
susceptible plants with and without ETH application. In DM-susceptible plants, ETH application did not
significantly impact stomatal behavior except at the 6-h mark following application (Figs. 8A, B).
Similarly, in DM-resistance plants, ETH application marginally increased stomatal conductance at 4 h.
However, after 6 h of ETH application, there was a significant decrease in stomatal conductance in DM-R
plants (Figs. 8A, B). These findings strongly indicate that the heightened presence of ETH in DM-
resistance plants is adequate to prompt stomatal closure.

In silico 3D modeling of DM-resistance candidate genes

We conducted in silico 3D modeling of protein structures for three potential DM-resistance candidate
genes, CsaV3_2G012920, CsaV3_2G030320, and CsaV3_5G015170, to identify structural distinctions
between DM-resistant and DM-susceptible lines. For CsaV3_2G072920, we observed a single non-
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synonymous mutation, where isoleucine (I) in the DM-susceptible line was replaced by valine (V) in the
DM-resistant line at amino acid position 91 within an a-helix (Supplementary Fig. 6). However, despite
the presence of this non-synonymous mutation (1°'—=V®1), this genetic polymorphism caused no
discernible alteration in protein structure. In the case of CsaV3_2G030320, four non-synonymous
mutations were identified in DM-resistant plants. These mutations included the substitution of
phenylalanine (F) with isoleucine (I) at amino acid position 26 within a B-sheet, threonine (T) with
isoleucine (I) at amino acid position 165 within an a-helix, glycine (G) with aspartate (D) at amino acid
position 194 within a B-sheet, and aspartate (D) with asparagine (N) at amino acid position 287
(Supplementary Fig. 7). Similar to CsaV3_2G072920, these changes could not alter the protein structure
of the CsaV3_2G030320 protein. In the case of CsaV3_5G075770, a non-synonymous sequence
polymorphism was found between the two parental inbred lines (DM-R and DM-S), which led to the
mutation of cysteine (C) in DM-S to arginine (A) in DM-R at amino acid position 653 (Supplementary
Fig. 8). This non-synonymous mutation occurred within the protein kinase domain, resulting in the
formation of an additional B-sheet in DM-resistant lines. Furthermore, significant dissimilarity was
observed in the C-terminal structure beyond amino acid 653 between the DM-resistant and DM-
susceptible lines.

Discussion

Typical QTL mapping approaches often reveal extensive QTL regions spanning multiple centimorgans
(cMs) and encompassing numerous potential genes. This methodology is valuable for identifying
chromosomal regions associated with specific traits. However, its practicality in breeding programs is
constrained by the challenges involved in effectively incorporating QTL segments, including the target
gene, while avoiding undesirable linked genes. Consequently, fine-mapping techniques have been
developed to narrow down these QTL regions. The degree of QTL precision depends on various factors
such as the type and size of the population, accuracy of phenotyping, and quantity of markers (Dinka et
al. 2007; Cobb et al. 2013; Jaganathan et al. 2020).

Recent advancement in sequencing technologies has significantly facilitated the detection of single
nucleotide polymorphisms (SNPs) and their utility in high-throughput screening of genetic variations.
Next-generation sequencing (NGS)-based mapping tools, including restriction site-associated DNA
sequencing (RAD-seq), genotyping-by-sequencing (GBS), whole-genome re-sequencing (WGRS), QTL-seq,
and bulk segregant RNA sequencing (BSR-seq), have played a pivotal role in advancing this field
(Jaganathan et al. 2020).

Although RAD-seq, GBS, and WGRS have proven effective in identifying SNPs, QTL-seq, and BSR-seq
offer distinct advantages. BSR-seq directly identifies candidate genes by sequencing the complete
transcriptome of contrasting bulk samples, making it particularly valuable in scenarios involving large
and intricate genomes, where sequencing costs remain a concern or a reference genome is absent
(Jaganathan et al. 2020). Furthermore, QTL-seq integrates BSA with NGS methods, enabling more
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efficient QTL mapping with relatively shorter intervals compared to other approaches, making it widely
adopted in contemporary research.

In the present study, we employed QTL-seq analysis for two reasons. Firstly, cucumbers are a diploid
species with 14 chromosomes and a genome size of approximately 367 Mb (Yang and Sagar 2022).
Moreover, this species has a readily accessible reference genome. Additionally, we focused on mapping
lines that exhibited responses to DM under field conditions. This suggests that alterations in the
transcriptomes of these lines may extend beyond the effects attributed solely to DM-responses, and
encompass other factors. These considerations guided our choice to utilize QTL-seq analysis, a method
previously proven successful in a study conducted by Win et al. (2017).

Given the significance of the population type in QTL mapping, various mapping populations, including F,,
RIL, NIL, and double haploids (DH), have been employed for QTL mapping analyses (Varshney et al.
2019). Currently, both RIL and NIL are commonly used for the fine mapping of QTLs. While each of these
populations has its own set of advantages and disadvantages, NIL is generally preferred because of its
high genetic similarity within the population, except for the target genomic region. This characteristic
enables the identification of narrower intervals, as shown in previous studies (Fridman et al. 2000;
Jander et al. 2002; Uga et al. 2013; Song et al. 2015). Moreover, population size plays a crucial role in
narrowing down target QTL regions. Initial QTL mapping typically involves 50-250 individuals or more,
as suggested by Collard et al. (2005). To achieve a better resolution of QTL regions, it is essential to
increase the number of individuals. Presently, the utilization of a large number of progenies, ranging from
approximately 500 to over 10 000, is necessary to introduce a sufficient number of recombination events
that can reduce the QTL regions to shorter genomic segments (Jaganathan et al. 2020). In our study, we
employed RIL lines to fine-map dm2.7 (4.19 Mb) and dm2.2 (1.94 Mb), successfully narrowing them
down to 333 Kb and 296 Kb, respectively. For dm5. 17, we effectively utilized NIL lines to reduce it from 8.5
Mb to 694 Kb. In this analysis, we employed 100, 131, and 146 individuals for dm2.7, dm2.2, and dm5.7,
respectively, each showing signs of recombination. Our approach typically narrowed down these
previously identified QTL regions to approximately 8—15% of their original size, with dmZ2.7, dm2.2, and
dmb. 1 containing 31, 35, and 55 putative genes, respectively.

However, despite our efforts, these narrowed-down segments were still too large to identify specific DM-
resistance candidate genes. Consequently, we applied an additional method, SNP-mining, to further
refine these regions. Using this method, we successfully reduced the size of segments by identifying
regions that exhibited 100% matched SNPs between the DM-R and DM-S parental lines and the R- and S-
bulk samples. By applying SNP-mining, we ultimately narrowed down dm2.7 to 62 Kb, dm2.2to 85 Kb,
and dmb.7to 80 Kb. These refined regions encompassed seven, ten, and five putative genes,
respectively.

By analyzing the sequence polymorphisms and examining the expression patterns of the narrowed-down
regions, we identified three genes, CsaV3_2G072920, CsaV3_2G030320, and CsaV3_5G015770 as
potential candidates for controlling DM-resistance in dm2.7, dm2.2, and dmb.1, respectively. Among
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these, CsaV3_2G072920 encodes 1-aminocyclopropane-1-carboxylate oxidase (ACO), which plays a
crucial role in regulating ethylene biosynthesis under specific conditions, such as flooding, tension wood
formation, cotton fiber cell elongation, and fruit ripening (English et al. 1995; Vriezen et al. 1999;
Andersson-Gunneras et al. 2003; Shi et al. 2006; Love et al. 2009; Van de Poel et al. 2012). Our 3D in
silico modeling revealed that a single non-synonymous mutation (I°'-=V°") in ACO did not significantly
alter its structural conformation, except for the substitution of an amino acid in the a-helix domain.
Notably, this mutation did not affect the conserved 2-His-1-carboxylate F (II)-binding motif, which is
commonly found in all ACOs (Shaw et al. 1996). Moreover, the non-synonymous mutation (1°'—V°7) did
not overlap with other critical residues essential for ACO activity (Kadyrzhanova et al. 1999; Seo et al.
2004; Zhang et al. 2004; Brisson et al. 2012; Dilley et al. 2013).

The regulation of the ACO gene can occur at multiple levels, including transcriptional, post-
transcriptional, or post-translational (Houben and Van de Poel 2019). Our findings strongly support the
hypothesis that ACO expression is transcriptionally regulated in response to DM-infection, potentially
leading to ET biosynthesis. The involvement of ET in plant resistance to biotic stress is well-established
(Van der Ent and Pieterse 2012). Although ET has traditionally been associated with plant defense
against necrotrophic pathogens, its role in biotrophic and hemibiotrophic pathogens has been less
explored, in contrast to the well-documented involvement of salicylic acid (SA) in these types of
pathogens (Glazebrook 2005; Boatwright and Pajerowska-Mukhtar 2013). However, a report suggested
that ET enhances wheat resistance to the biotrophic pathogen Blumeria graminis, which causes powdery
mildew (PM) (Zhang et al. 2019). Furthermore, ET treatment has been shown to enhance cucumber
resistance to another PM-causing biotrophic pathogen Podosphaera xanthii (Zhang et al. 2022). Our
data strongly support the involvement of ET in biotrophic DM-resistance in cucumber, akin to its role in
PM-resistance in wheat and cucumber.

CsaV/3_2G030320 (CsCA) encodes carbonic anhydrase (CA), an enzyme responsible for facilitating the
conversion between CO, and HCO3~ (Meldrum and Roughton 1933). A substantial body of evidence
supports the notion that plants regulate CA expression to adapt to challenging conditions, characterizing
CA as a stress-responsive enzyme (DiMario et al. 2017; Floryszak-Wieczorek and Arasimowicz-Jelonek
2017; Rudenko et al. 2018, 2021). In our observations of the 3D structures of both CA predicted proteins,

we found no significant structural differences, except for four amino acid substitutions (F?® — 126, T16°

— 1165, G194 5 D94 and D?®7 — N?87). These results suggest that these structural changes are unlikely
to result in altered enzymatic activity of CsCA.

The role of CA expression in plant defense responses appears to be intricate. Some reports have
indicated a decrease in CA expression during infections with pathogens such as Plasmopara viticola
(grapevine DM) and Phytophthora infestans (potato late blight) (Restrepo et al. 2005, Polesani et al.
2008). Similarly, CA has also been shown to negatively regulate Arabidopsis immunity to Pst DC3000
(Wang et al. 2009). In contrast, CA expression increased in non-heading Chinese cabbage when infected
with the DM pathogen Hyaloperonospora parasitica. Numerous studies have emphasized the positive
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effect of CA on plant defense against various biotic stressors, including resistance to Xanthomonas
euvesicatoria 85 - 10 in tomatoes, Phytophthora infestans in Nicotiana benthamiana, and Pseudomonas
syringae in Arabidopsis (Restrepo et al. 2005; Zhou et al. 2019; Zhao et al. 2023).

Despite accumulating evidence of CA's involvement in plant immunity, little is known about its role in the
molecular regulation of plant defense mechanisms. Recent studies have suggested a link between
atmospheric CO, levels and plant defense responses, primarily through the regulation of stomatal
closure (Melotto et al. 2008; Hu et al. 2010; Zhou et al. 2020). Stomata acts as entry points for many leaf
pathogens and their closure can effectively prevent pathogen entry. It has been proposed that CA
activation plays a role in stomatal closure during plant defense responses via an ABA-independent
pathway (Majeau et al. 1994). Despite the well-established roles of SA and jasmonate (JA) in inducing
stomatal closure during pathogen infection, there is conflicting evidence regarding whether CA responds
to ET, although ET has been shown to inhibit ABA-induced stomatal closure in Arabidopsis (Yoko 2005;
Chen and Gallie 2015). Moreover, although CA-mediated pathogen-induced stomatal closure has been
suggested as a contributing factor to pathogen resistance, it may not be the sole determinant of
pathogen resistance (Zhou et al. 2020). Nonetheless, our findings strongly support the notion that CA
plays a beneficial role in resisting biotrophic pathogens, potentially under the positive regulation of ET.

CsaV3_5G015170 (CsSTPK) encodes a member of the PITSLRE protein kinase family, which constitutes
serine/threonine protein kinases (STPK). PITSLRE kinases have been implicated in various biological
processes in animals and humans, including RNA processing, transcriptional regulation, apoptosis
induction, oncogenesis, and dopamine/glutamate signaling in animals and humans (Lahti et al. 1995;
Knockaert et al. 2002; Trembley et al. 2004). However, information on PITSLRE kinases in plants is
scarce. In Arabidopsis, the cyclin-dependent Ser/Thr protein kinase (CDKG) gene displayed similarity to
the PITSLRE protein kinase gene found in animals and humans (Menges et al. 2005). CDKG7 and CDKG2
in Arabidopsis are involved in regulating recombination and synapsis during meiosis, as well as in
activating adventitious root initiation (Zabicki et al. 2013; Nibau 2020).

Although direct evidence supporting the role of PITSLRE kinases in plant defense against biotic stress is
currently lacking, we hypothesized that they may play a role in defense mechanisms, given their potential
connection to apoptotic signaling pathways in animals and humans (Lahti et al. 1995). Our in-silico 3D
protein structure analysis highlighted the structural differences in the C-terminal region (after the 653rd
amino acid), which may be implicated in the activation of STPK-dependent defense signaling pathways.
Considering the limited information available on STPKs in plants, these results suggest that further
investigation into the role of STPKs in responding to biotrophic pathogens is warranted.

In our experiments involving the exogenous application of ET-releasing ETH, we observed that all three
candidate genes associated with DM-resistance exhibited increased transcript levels after ETH
treatment (Fig. 7). Additionally, the ETH treatment effectively prompted stomatal closure (Supplementary
Fig. 5). Furthermore, when comparing the kinetics of stomatal action, it became evident that DM-
resistance exhibited notably reduced stomatal conductance after 6 hour of ETH application (Fig. 8).
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These observations strongly support the notion that the mechanism underlying DM-resistance is
mediated by an ET-dependent signaling pathway. Based on these findings, we proposed a molecular
model for DM-resistance, as illustrated in Fig. 9. When P, cubensis attempts to penetrate cucumber
leaves, it initiates a defense response by activating CsACO expression, which, in turn, leads to the
biosynthesis of ET. Elevated ET levels induce the expression of both CsCA and CsSTPK, which promote
stomatal closure to hinder pathogenic hyphal entry and activate ET-mediated defense signaling,
respectively.

Several studies have emphasized the intricate nature of DM-resistance genetics. This complexity is
further illustrated by the distribution of DM-resistance QTLs, which include DM-resistance candidate
genes, (Supplementary Fig. 9). Specifically, the role of CsACO as a key regulator controlling DM-
resistance within dmZ2.7 regions has been identified by various research groups (Wang et al. 2016, 2018;
Win et al. 2017). Furthermore, CsCA was identified as a DM-resistance regulator within the dm2.2 region
identified by Win et al. (2017). However, it is noteworthy that the position of dm2.2identified by Wang et
al. (2018) did not overlap with CsCA (Supplementary Fig. 9). Additionally, CsSTPK serves as a regulator
of DM-resistance within the dmb5. 7 regions recognized by several research groups (Supplementary Fig. 9;
Bai et al. 2008; Win et al. 2017).
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Figure 1

Various downy mildew (DM) disease symptoms and their distribution in mapping populations. Firstly, the
DM-disease symptoms are categorized based on the disease index (DI) (a). These numbers shown in the
figure correspond to the DI of DM, ranging from no disease symptoms (1) to the most severe symptoms
(8). Next, the frequency distribution of DI within the dm2.1-F (b), dm2.2-F; (¢), and dm5.1-BC,F, (d)
populations is depicted. The DI values of the parental lines are indicated by gray arrows. Additionally,
individuals exhibiting DM-resistance and susceptibility, which constituted the resistant and susceptible
bulks, respectively, are marked with green and orange arrows. In graphs (b), (¢), and (d), the X-axis
represents the DI, while the Y-axis represents the number of individuals.
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Figure 2

Enhancement of the dm2.7 QTL associated with downy mildew (DM) resistance. Initially, the previously
identified DM-resistance QTL (Win et al. 2017) was mapped to specific genomic position (a). Positions
of markers using for developing of the RIL mapping population (b). Using QTL-seq analysis, this QTL
region was then precisely refined into chromosomal segment, denoted by its corresponding size
measurement (¢). Further refinement was achieved through single nucleotide polymorphism (SNP)-
mining, resulting in more precise intervals within this region (d). The genes within this refined QTL was
annotated and visually represented as arrow bars. Notably, DM-resistance candidate gene is highlighted
in red, and the direction of the arrow bars indicates the transcriptional direction of these genes (e). For

detailed markers, physical positions, and gene list information for dm2.7 major-effect DM-resistance
QTL, refer Table 2 and Supplementary Table 1, 4.
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Figure 3

Enhancement of the dm2.2 QTL associated with downy mildew (DM) resistance. Initially, the previously
identified DM-resistance QTL (Win et al. 2017) was mapped to specific genomic position (a). Positions
of markers using for developing of the RIL mapping population (b). Using QTL-seq analysis, this QTL
region was then precisely refined into chromosomal segment, denoted by its corresponding size
measurement (¢). Further refinement was achieved through single nucleotide polymorphism (SNP)-
mining, resulting in more precise intervals within this region (d). The genes within this refined QTL was
annotated and visually represented as arrow bars. Notably, DM-resistance candidate gene is highlighted
in red, and the direction of the arrow bars indicates the transcriptional direction of these genes (e). For

detailed markers, physical positions, and gene list information for dm2.2 major-effect DM-resistance
QTL, refer Table 2 and Supplementary Table 1, 4.
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Enhancement of the dmb5.7 QTL associated with downy mildew (DM) resistance. Initially, the previously
identified DM-resistance QTL (Win et al. 2017) was mapped to specific genomic position (a). Positions
of markers using for developing of the NIL mapping population (b). Using QTL-seq analysis, this QTL
region was then precisely refined into chromosomal segment, denoted by its corresponding size
measurement (¢). Further refinement was achieved through single nucleotide polymorphism (SNP)-
mining, resulting in more precise intervals within this region (d). The genes within this refined QTL was
annotated and visually represented as arrow bars. Notably, DM-resistance candidate gene is highlighted
in red, and the direction of the arrow bars indicates the transcriptional direction of these genes (e). For

detailed markers, physical positions, and gene list information for dm5.7 major-effect DM-resistance
QTL, refer Table 2 and Supplementary Table 1, 4.
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Figure 5

Enhancement of the quantitative trait locus (QTL) dmZ2.7 (a), dm2.2 (b), and dm5.1 (¢) through QTL-seq
analysis. The single nucleotide polymorphism (SNP)-index graphs were generated for both resistant (R)
and susceptible (S) individuals. Additionally, a A (SNP-index) graph was plotted. These graphs were
constructed by performing a QTL-seq analysis on the dm2.1-F5, dm2.2-F-, and dm5.1- BC4F, populations
to refine the dm2.7, dm2.2, and dm5.7 QTLs. In these graphs, the X-axis represents the positions on
chromosomes, while the Y-axis represents the SNP-index. The SNP-index was calculated using 10-km
sliding windows and 2-Mb intervals. To establish a statistical confidence interval, the A (SNP-index)
graphs were plotted under the null hypothesis of no QTLs (P < 0.05). The SNP-index values close to 1 in
the resistant bulk (R-bulk) graph and close to 0 in the susceptible bulk (S-bulk) graph were employed to
identify and define the dm2.7, dm2.2, and dm5.7 QTLs.
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Figure 6

Expression profiles of downy mildew (DM) resistance candidate genes. The expression profiles of three
candidate genes CsaV3_2G0172920(a), CsaV3_2G030320(b), and CsaV3_5G015770(c) associated with
the regulation of DM-resistance in quantitative trait loci (QTLs) dm2.7, dm2.2, and dmb5.1, respectively.
Gene expression analysis was conducted on cucumber leaves from WMEJ (DM-S) and TH118FLM (DM-
R) plants at two distinct time points: 0 and 3 days post-inoculation (dpi). In the bar graph, the blue bars
represent DM-S cucumbers, while the orange bars represent DM-R cucumbers. The graph displays the
relative expression levels of the three candidate genes, with error bars indicating mean +/- standard error
(n=3). Significantly different expression levels are indicated by asterisks (P < 0.05), which represents the
P-value derived from a t-test, signifying observed variations in gene expression.
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CsaV3 5G015170

Analysis of downy mildew (DM) resistance candidate gene expression in response to ethephon (ETH)
treatment. The transcriptional expression of three DM-resistance candidate genes CsaV3_2G072920(a),
CsaV/3_2G030320(b), and CsaV3_5G01751770(c) was determined at four distinct time points: 0, 6, 12, and
24 hour post-treatment. The bar chart depicts the relative expression levels of these candidate genes,
with error bars representing the mean +/- standard error (n=3). Statistically significant differences in
gene expression are denoted by different letters (P < 0.05), highlighting the observed variations in gene
expression in response to ETH treatment.
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Figure 8

The comparison of stomatal conductance between DM-R (resistant) and DM-S (susceptible) plants
under ethephon (ETH) application. The x-axis illustrates time intervals (0, 2, 4, 6, and 21 hours) following
ETH and control solution application, while the y-axis represents stomatal conductance (mol m?s™).
The black and gray bar graphs respectively display the stomatal conductance of control- (C) and ETH-
treated (T) plants. The stomatal conductance data for DM-S and DM-R are respectively presented as (a)
and (b). Asterisks indicate the significance levels denoted as *** (p < 0.001), reflecting differences. Each
data point represents the mean and standard error derived from triplicate measurements.
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Figure 9

Model of downy mildew (DM) resistance in cucumber. Detection of the presence of the DM-causing
Pseudoperonospora cubensis in cucumber leads to an increase in the mRNA transcripts of CsACO,
which, in turn, enhances the biosynthesis of ethylene (ET). As ET levels rise, the mRNA transcripts of
CsCAbegin to accumulate, resulting in the closure of stomata to prevent the entry of pathogenic hyphae.
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Concurrently, the expression of CsSTPK is activated, which initiates the ET-mediated defense signaling
pathway in coordination with these events.
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