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Abstract

Powdery mildew (PM), a common disease of many major crop species, including melon (Cucumis melo L.), affects plant growth and fruit
quality and seriously reduces production. Using a combined morphological and molecular approach, we attribute the PM pathogen that
naturally occurs in melon to Podosphaera xanthii, and specifically to physiological race 1. An investigation into the genetic basis of PM
resistance in melon using the resistant accession ‘PI 164637’ and susceptible counterpart ‘HDZ’ reveals dominant inheritance of PM
resistance at the seedling stage, supported by F, and backcross population segregation ratios. Adult plant assessments indicate a major
gene with an additive effect for PM resistance. Bulk segregant analysis coupled with high-throughput sequencingidentified a significant
quantitative trait locus on chromosome 6 that is associated with PM resistance. Genetic mapping narrowed down the candidate
region to 63.5 kb using InDel molecular markers, harboring 12 candidate genes. The marker chr06_indel 5047 127 demonstrated
high accuracy in screening PM resistance in an F, segregating population and 30 inbred lines as natural populations. Functional
annotation and expression analysis of candidate genes revealed that MYB transcription factor MELO3C006700, GATA transcription factor
MELO3C028829 and heparanase-like protein MELO3C006697 are promising candidate genes for PM resistance in melon. The genetic
architecture underlying this resistance in melon offers valuable insights for breeding programs, and the identified markers, especially
chr06_indel 5047 127, may enable practical applications for marker-assisted selection in developing PM-resistant melon varieties.

Introduction

Melon (Cucumis melo L., Cucurbitaceae; 2n = 2x = 24) is an economi-
cally valuable, widely cultivated horticultural species with diverse
commercially attractive properties that are popular among con-
sumers (e.g. flesh color, texture, flavor, high nutritional con-
tent) [1, 2]. Melon is usually cultivated in fields and greenhouses
in temperate and tropical regions. However, these regions often
experience a proliferation of powdery mildew (PM) due to the
relative high humidity and temperature.

PM occurs worldwide and poses a threat to yield and qual-
ity of crop species, vegetables, and fruits such as rice, wheat,
pepper, grape, and melon [3-6]. PM within the Cucurbitaceae
is primarily caused by the biotrophic fungi Podosphaera xanthii
and Golovinomyces cichoracearum [7]. These two species that target
leaves, stems, and even the fruit, which often develop white
spots because of hyphal growth, disrupting photosynthesis, and
reducing fruit yield and quality [8-10]. Consequently, interest in
identifying sources of PM resistance is increasing.

Podosphaera xanthii tends to prevail in tropical and subtropi-
cal areas, whereas G. cichoracearum predominates in temperate

regions [11]. The first record of P. xanthii dates to 1925 in California,
but numerous physiological races have been identified since (e.g.
0, 1, 2F, 2US, 3, 4, 5, N1 (race 6), N2 (race 7), N3, N4) [12]. These
variants are influenced by differences in climate, geography, and
melon cultivar and lead to distinct manifestations of PM in differ-
ent countries. For example, races 1-3 and S have been identified
in the USA [13, 14]; race 1, 2, and 4 are prevalent in Brazil [15-
17]; N1, N2, N3, and N4 have been identified in Japan [18]; KN1
and KN2 have been identified in South Korea; and 1 and 2F have
been reported from China [19-21]. In contrast, G. cichoracearum
predominantly causes PM in the Czech Republic [22].

Bulked segregant analysis (BSA) is an important approach in
molecular marker-associated breeding. It is used to pinpoint tar-
get genes or genomic regions by two bulks with highly segre-
gating populations [23]. Rapid advancements in Next-Generation
Sequencing (NGS) have enabled BSA to be combined with NGS.
This integration allows for whole-genome sequencing and single-
nucleotide polymorphism (SNP) analysis, significantly accelerat-
ing identification of target genes or genomic regions [24].

NGS-based BSA methods have identified numerous genes
and quantitative trait locus (QTLs) responsible for conferring
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(‘P 164637’ x ‘HDZ'), F, (F1 x Fy), BCPy (F1 x ‘PI 164637’), and
BCP, (F1 x ‘HDZ'). PM inoculation was performed at the two-
true-leaves stage, and a resistance-to-susceptibility ratio was
calculated based on the DI to determine the genetic inheritance
of PM during the melon seedling stage. Furthermore, these plant
populations were cultivated in a greenhouse at Sanya South
Breeding Research Institute from November 2021 to February
2022. Given relatively high temperatures and humidities, PM
occurs here annually. Plants were managed following standard
horticulture procedures, with no PM prevention or control applied
after pollination. Subsequently, PM incidence was investigated to
explore the genetic inheritance of PM during the adult stage.
Distinct phenotypes within the F2 population were used to
establish the model of inheritance with the R package (SEA 2.0).

DNA extraction and construction of bulked DNA
pools

Leaves from P;, P,, F1, and F, segregating populations were
collected for DNA extraction, which followed a modified cetyl
trimethyl ammonium bromide method [56]. DNA concentration
was then determined using Nano Drop 2000 (Thermo Scientific,
Waltham, MA, USA), and its quality was assessed through 1%
agarose gel electrophoresis. Based on observed DI in the F,
segregating population, 25 plants showing extreme resistance and
susceptibility were selected to construct two bulked DNA pools.

BSA sequencing analysis and SNP identification

Sequencing was performed on the two bulked DNA pools and the
parental DNA, which was outsourced to Novogene Bioinformatics
Technology Co., Ltd. (Beijing, China). Raw reads were filtered to
retain clean and high-quality reads. Filtered reads were then
aligned to the melon reference genome (DHL92_4.0); identifica-
tion of SNPs and InDels was performed using BCFtools (https://
github.com/samtools/bcftools). The A(SNP-index) value was then
calculated using the R package QTLseqr. A 99% confidence inter-
val was set to determine the major QTLs associated with PM
resistance in melon.

QTL analysis and development and validation of
InDel molecular markers

QTL analysis was performed to narrow down the candidate region
associated with PM resistance based on BSA-seq results. Loci
displaying insertions and deletions >5 bp were selected; discrep-
ancies between parental sequences were verified using SAMtools
[57]. Primers (~200 bp in length) that were flanked by SNPs or
InDels were designed to amplify the specific locus using parental
DNA as a template. PCR was performed with a 10-pl amplification
system consisting of 1 pl of DNA template (50 ng-pl=?), 0.5 pl of
each primer (10 pM), and 5 pl of 2 x Taq Master Mix (Vazyme, Nan-
jing, China), made up to 10 ul with ddH,O. The PCR reaction pro-
gram involved 94°C for 3 min, followed by 35 cycles of 94°C for 30's,
55°C for 30s, 72°C for 45 s, a final amplification of 72°C for 10 min,
and storage at 4°C. Resulting PCR products were subjected to 9%
polyacrylamide gel electrophoresis [58] to visualize differences in
band patterns between parents. Primers showing polymorphism
between parents were selected to distinguish genotypes. Genetic
mapping was constructed using IciMapping V3.3 software with a
step size of 1 cM [59]. Inclusive Composite Interval Mapping (ICIM)
was used to search for QTLs tightly linked to PM resistance, with
an LOD value >5.0 regarded as available loci.

Polymorphic primers were validated using an F, segregating
population, and the accuracy of primer selection for resistant

plant was then calculated. Selected primers also underwent fur-
ther validation using a natural population of 30 inbred lines
conserved by our laboratory.

RNA extraction and RT-qPCR analysis

Parental plants ‘PI 164637’ and ‘HDZ’ were inoculated with P.
xanthii at the seeding stage. Leaves were collected at 0, 24, 48,
and 72 h after inoculation for total RNA extraction, which was
performed using an RNA Isolation Kit (Cat #CWO0581, Beijing,
China) following manufacturer instructions. RNA integrity was
assessed by 1% agarose gel electrophoresis, and purity was mea-
sured using the A260/A280 absorption ratio. Total RNA was then
reverse-transcribed into cDNA using the PrimeScript RT reagent
kit with genomic DNA Eraser (Takara, Dalian, China) following
manufacturer instructions. Resulting cDNA served as template
for RT-qPCR analysis. The RT-qPCR reaction system consisted of
1 pl of cDNA (1 pgpl™1), 0.5 pl of each primer (10 pM), 5 pl of
2 x ChamQ Universal SYBR qPCR Master Mix (Vazyme, Nanjing,
China), and 3 ul of ddH, 0. Candidate genes were quantified by RT-
gPCR with three biological and technical replicates. Their expres-
sions were normalized using the UBI-ep gene; relative expression
was calculated using the 2744¢t method [60]. The expressions of
candidate genes were normalized to their expression at O h after
PM inoculation.

Analysis of parental protein variants

Protein and CDS sequences were cloned from two parents and
sequenced, and an alignment of the protein and CDS sequences
was performed to detect variation using DNAMAN software. The
protein sequences and amino acid changes were then input into
SIFT tools (https://sift.bil.a-star.edu.sg/) to predict deleterious
substitutions between parents according to the SIFT guidelines.
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