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Abstract

Powdery mildew (PM) is a fungus that causes disease in both the feld and the greenhouse. Utilizing resistant
cultivars is the most efective approach of disease management. To develop insertion-deletion (InDel) marker associated
to this trait, whole genome of PM resistant line M17050 (P1) and PM-susceptible line 28-1-1 (P2) were sequenced. A
total of 1,200 InDels, with an average of 100 markers per chromosome, were arbitrarily chosen from the sequencing
data for experimental validation. One hundred InDel markers were ultimately selected due to their informative genetic
bands. Further, an F2 segregating population of melons generated from these two parents was inoculated by PM
pathogen. Based on bulk segregant analysis (BSA) using these 100 InDel markers, the powdery mildew resistance
was associated with the genomic region LVpm12.1 on melon chromosome12. This region overlapped the previously
described QTL-hotspot area carrying multiple PM-resistance QTLs. Moreover, conventional QTL mapping analysis
was done, which located LVpm12.1 in the region between 22.72 Mb and 23.34 Mb, where three highly polymorphic
InDel markers MInDel89, MInDel92, and MInDel93 were detected. Therefore these markers could be used to track
this resistance locus in melon while the lines carrying this locus could be employed in PM melon resistance breeding

programs after validation test.
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Introduction

Melon (Cucumis melo L.) is a member of the Cucurbitaceae family
and an important horticultural economic crop with an annual global
production of over 29 million tons [1,2]. Powdery mildew (PM) is
a fungus that a ects the leaves, petioles, and stems of most cucurbit
crops in both eld and greenhouse settings [3]. s disease can cause
a decrease in weight-based productivity and a decrease in fruit quality
[4], resulting in severe economic losses in many regions of the globe
[5]. On melon, two biotrophic fungi typical of powdery mildew,
Podosphaera xanthii and Golovinomyces cicoriacearum, were identi ed
[6,7,8,09, 10, 11, 12]. In P. xanthii, over 28 physiological races have
been identi ed based on their responses to various melon varieties, and
which are relatively dispersed across various geographical regions [13,
14, 15].
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melons. Some studies suggest that PM resistance in melon is controlled
by a single dominant gene [48, 49, 21, 34, 38, 11, 40], whereas others
suggest that it is controlled by a recessive gene. In addition, [32] state
that the resistance of melon to PM is governed by various QTL.

Bulk segregant analysis (BSA) and conventional QTL analysis are
two important QTL mapping techniques. BSA analysis [19, 21, 38, 50]
and QTL mapping techniques [51, 37, 11, 40] were extensively utilized
in melon. Due to the low cost of whole-genome re-sequencing (NGS),
BSA has been combined with NGS to map genes of interest. With the
release of the genome sequence, numerous markers for high-resolution
genetic linkage and QTL mapping became accessible. BSA-Seq has
been applied to cucumber [52, 53, 54], rice [55, 56], soybean [57, 58],
and melon [57,58, 40].  erefore, the combined use of BSA and next-
generation sequencing (BSA-Seq) has accelerated the identi cation
of quantitative trait loci (QTL) markers with strong links [59].
Marker-assisted selection (MAS) is a powerful genomic tool that aids
phenotypic selection in the development of disease-resistant cultivars
and can aid breeders in incorporating and pyramiding resistance
genes, thereby reducing disease severity [60, 61, 62]. Currently, MAS
is utilized extensively to identify the molecular markers associated
with a speci c trait during the development of disease-resistant
cultivars [33]. Numerous molecular markers have been developed to
detect allelic variation in di erent samples at the DNA level [63]. In
breeding programs, the most prevalent markers are high-throughput
genotyping markers like SNPs, KASP, and HRM markers, as well as
PCR-based markers like InDels and SSR markers. In contrast to PCR
markers that can be resolved on a gel, SNP and KASP genotyping
require a relatively complex platform. Based on our knowledge and
technical expertise, breeders readily accept the use of agarose gel
electrophoresis for genotyping due to its simple requirements and
straightforward laboratory operation. e development of PCR-based
markers as a milestone in the development of breeding program
markers was deemed signi cant by us. is will improve the e ciency
and e ectiveness of plant genotyping by accelerating the procedure
during breeding programs. In plant genotyping, it has been reported
that PCR-based InDel markers are reliable and e ective [64, 65, 66,
56, 67, 68]. ldenti cation of PCR-based Indel markers associated
with PM resistance from PM-resistant melon resources may hasten
the development of PM-resistant melon varieties [19, 69]. In this
study, PCR-based InDel markers associated with PM resistance
were developed using PM the whole genome sequencing data of
PM resistant line and PM susceptible line in BSA analysis and QTL
mapping LVpm12.1.  ese markers, in occurrence MInDel92, could be
utilized to identify this resistant locus in melon.

Materials and Methods

Plant materials, plant growth conditions and inoculation
with powdery Mildew fungus

Two melon breeding parents, M17050 (P1) and 28-1-1 (P2),
which belongs to the Cantalupensis group of muskmelon species, C.
melo ssp. melo, were used for whole genome re-sequencing.  ese two
parents had di erent reactions to powdery mildew. Both these lines are
lightly ribbed with sweet and avorful esh and have a reddish orange

esh color and a reticulated (net-like) peel. M17050 is a PM-resistant
breeding line (R-line) with sutured and light gray-green peel, whereas
28-1-1 is a PM-susceptible breeding line (S-line) with no-sutured and
dark gray-green peel (Figure 1 a-d). An F2 population consisting of
125 individuals, which was developed from F1-6 that was derived from
crosses between M17050 and 28-1-1, has been subjected to arti cial
inoculation. e individuals from the segregant F2 population, which
expressed di erent responses to PM disease, were used for BSA analysis
and QTL mapping. All the plants were grown in the solar greenhouse
of the Sugian Green Port Modern Agriculture Research Institute. For
the QTL mapping of PM resistance in melon, M17050 (P1, resistant
to PM) and 28-1-1 (P2, susceptible to PM) were used as parental lines
to generate F2 populations. P1, P2, F1-6, and F2 individuals were
all grown in a glasshouse with a temperature range of 22-28 degrees
Celsius (day/night) and a relative humidity range of 60 to 75 percent.
e PM fungus (P. xanthii) used in this study was isolated from the
leaves of diseased melon plants according to the method of [70] with
minor modi cations (Figure 1e-f). In this experiment, the PM fungus
was maintained on susceptible melon plants in the arti cial growth
chamber of the Sugian Greenport Modern Agriculture Research
Institute (Figure 1g). e fungus was collected and suspended in sterile
distilled water containing 0.02 percent Tween 20 before being used to
inoculate plants at a concentration of 1 x 1% as described by [71].

Disease evaluation for resistance to Powdery Mildew

e plants were observed weekly from the fourteenth day a er
inoculation (dpi) until the owering stage. Based on extremely high
levels of resistance and susceptibility, the severity of powdery mildew
disease was classi ed as follows: In Class 0, there is no infection on the
leaf surface, whereas Class 1, there is infection and heavy sporulation on
the entire leaf. For the inheritance study, lines without powdery mildew
sporulation on the leaf were deemed highly resistant, while lines with
powdery mildew sporulation on the entire leaf were deemed highly
susceptible. Based on the same classi cation, resistant and susceptible
plants in the F2 population were examined. Here, 30 plants from each

Figure 1: Fruits morphology and PM disease evaluation. Fruit appearance and fruit longitudinal section of P1 line (a-b) and P2 line (c-d) showing skin and fesh
characteristics; Powdery mildew pathogen single spore isolation (e) followed by conidiophore and conidia observation under light microscope (f), Maintenance of PM
disease on melon leaves using artifcial inoculation in growth chamber (g); Leaves from P1 and resistant F2 plant (h-i) and that from P2 and susceptibility F2 plant (j-k); X

and 40X, represents high magnifcation observation.
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parental line, 50 plants from hybrid F1-6, and 125 plants from the F2
population were sampled and analyzed. Only plants from classes 0 and
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while the two polymorphic DNA fragments ampli ed using markers
MIndel89, MInDel92 and MInDel93 were labeled x and y.

Results

Inoculation and disease response in P1, P2, F1 and F2
population

Powdery milew disease happened naturally in a greenhouse while
20 melon hybrid combinations were being tested for resistance to fruit
blotch disease. F1-6, which is a cross between M17050 and 28-1-1, has
shown a high resistance to PM without sporulation on the leaf surface
(Data not shown). To investigate the observed PM disease resistance,
single spore isolation and the development of an F2 population were
undertaken. To provide fresh spores for plant inoculation, the isolated
spores were maintained on a highly susceptible melon variety (Figure
le-g). Upon inoculation, P1 exhibited a resistant response with no
sporulation on the leaf surface, while P1 was highly susceptible to

Adv Crop Sci Tech, an open access journal

Volume 11 « Issue 5 « 1000575



Citation:

Page 5 of 9

variation in density ranging from 2.66 InDels/Mb on chromosome09
to 15.75 InDels/Mb on chromosome06 (Table 3). In relation to the
length of the nucleotide sequence, three distinct types of insertions and
deletions were identi ed and classi ed as small (1-10bp), medium (11-
30bp), and large (>30bp). Large, medium, and small InDels represented
2.62 percent, 8.58 percent, and 88.80 percent, respectively, of the total
genome-wide InDels annotated between P1 and P2.

Bulk segregant analysis, mapping of LVpm12.1

Bulked segregant analysis (BSA) is a technique used to identify
genetic markers associated with a trait of interest. To discover genomic
regions conferring PM disease resistance or susceptibility in this work,
bulked segregant analysis was conducted using four DNA pools,

Adv Crop Sci Tech, an open access journal

Volume 11 « Issue 5 « 1000575



Citation:

Page 6 of 9
chr12 MinDel23 20998229 GTGATTCGACCTTTAGTGGCAAAA ATCTAAACTTGGCCAACTCACTTG 228
chr12 MinDel24 21001671 TGCTGGCGGAAGAAATTAAATGAG  GTCTAGAGCAGGGCAAAGATTTTG 204
chr12 MinDel25 21012231 CCTACAACTTCACCCACTTTTGAG CGAGAATGTTTTACTAGCTCAACCA 263
chr12 MInDel26 21012734 ACGTGTTTACAATGTACCGTGA TGGGGATAAAGTGAGGAAGAGTTG 173
chr12 MinDel27 21013801 ACTGGATTACATGACCACTAAGTG CTAACAACTTATCACAAGTACTCGC 288
chr12 MinDel28 21014354 CGACTTGATAATAAGCACACGTGT TGTGAACCTATTAGTCCACCAAGT 87
chr12 MinDel29 21016018 AAAATCGACCTACCTTCAACGA TACTGTTGTTGTCCCACATATCGA 297
chr12 MinDel30 21202574 GTGGGGATTTGATTACGTGTTCAA CAACTGGGAAGGATGACATGAAAA 273
chr12 MinDel31 21229417 GCGATCATGTTTTCCTCAACCTTC CTACTTCGAGTGGCCTAAATGACT 250
chr12 MinDel32 21229663 AGTCATTTAGGCCACTCGAAGTAG TTTCTCCACATGTAACTGTACCCA 174
chr12 MinDel33 21351602 AGCCATCAAAGCCCAAAGTCTATA TGAATCCTTGAAAGTTTCCGACAC 100
chr12 MinDel34 21362591 CCAGACCCACCATGTAAAATACCA AAAATCGATTAGCCAAACCTCGTG 217
chr12 MinDel35 21362703 CACGATTGTTTAGATTTGGACCCA AAAATCGATTAGCCAAACCTCGTG 84
chr12 MinDel36 21363548 GGCCATTGAACCACACTTACAAAT AATCCATAGACGACCACAAGAGTC 246
chr12 MinDel37 21374693 CAAACGAAGCCTAGACTCAAACTC  TTTTGTGCCGTGGAAAGATAGAGA 285
chr12 MinDel38 21377989 GTGATATGTACCCTTTCTGAACACA  AGTTCAACAATGTATGAGAGGGTGA 145
chr12 MinDel39 21378699 CCCCTTCTCCTTCTCACTTTATTT TTAAAGGTATATCTAGGGAGGGCC 129
chr12 MInDel40 21382890 CGATTGCAAAACCTACAAGAGAGT GGGCGTGTTTTAACCTCCTTTTAT 267
chr12 MinDel41 21383696 TGACACTACAAATACGACTCGCTT AATAACTCTCATCCTCCACTGACG 189
chr12 MinDel42 21402647 CTGCCTAAGATTGCGCTACCTTTT CAAATCTCGATTACTCTTGCACCC 263
chr12 MinDel43 21424800 ACTCAAAGTGGTGTTCAGATGTGA GGAAGGTGTGTTGTTTTCTGAGTT 282
chr12 MinDel44 21426178 TGAAGTTGAAGAGGTAAGTTGGGT ~ CTGCCACGTGTAGAACATTTTAGA 232
chr12 MinDel45 21426418 CCACAAAAGCGGCTGATGATATTA TCTCTCTCTCTATCTACCAGCTCA 130
chr12 MinDel46 21427266 AAAATACTCCGTCAACCATGCATC TGACCGTGTACCAAAAGAATCTTG 107
chr12 MinDel47 21429242 GCAATGATCCTTTGAAACTCACATC  ATAAGGTTGTGGTTTGGGTTTGTC 270
chr12 MinDel48 21430150 TGATGGGGAAGAGATCAGAAAGTG  AACAAGAAACAAAATAGGTCGGCC 281
chr12 MinDel49 21430740 GAGCATTGAGGTTAACGTAAAGACA  GACTTTGCAAAAGAACGTGTAGAC 219
chr12 MinDel50 21440365 TGGTTAGAATAGTTTGTGTTGGAGG  TTGGGGCAAAGATTATCTAGGACT 270
chr12 MinDel51 21441123 CACAAAAGCGAAGATGACAACCTT  TTGGCTTGAATGATCTGGTTGTTC 139
chr12 MinDel52 21443795 AGAAGAAGGAGAAGAGAGAAGGGA  CCCTCCTTCTCTTGATCACTTTCA 113
chr12 MinDel53 21443959 TGAAAGTGATCAAGAGAAGGAGGG  TATTGGAAGAGGCATTAGAAGGGG 180
chr12 MinDel54 21445083 TGTACTTCCTTCTACCTAAAGCGA CGTGGTTAGATTTGTTGTTGCA 248
chr12 MinDel55 21445095 TGTACTTCCTTCTACCTAAAGCGA CGTGGTTAGATTTGTTGTTGCA 248
chr12 MinDel56 21445714 TGTAAAGAGAGGCACATGTGTTAGA | TGTCTATCATCTTGCCATCATAGTC 86
chr12 MinDel57 21446584 ATTGGGTTGGGCTCTTTTATTTGG AAGAGACAGGCCGGAACTTCAATA | 300
chr12 MinDel58 21449903 CCCCAACCTATAATGATCAACACC ATATAGGTGGAAAGAAGAGGGCTA 191
chr12 MinDel59 21450126 TCTAGCCCTCTTCTTTCCACCTAT CCAAAAGTGTTGCAATAGGAGTTCA 296
chr12 MinDel60 21453528 AGAGATCGCATGTGTGTATGGTTA TAGACAAAGTTAACAGAACGCCCA 263
chr12 MinDel61 21453748 TGTCTATTAGAGCCGTACCACATG AGGAAACACTAAGACAATCGAGCT 155
chr12 MinDel62 21459671 AAAGGCGATAAGTAGTGGTGAAGT  ATGTCCGTCGTCAAAACTTTCTTC 234
chr12 MinDel63 21459939 GAAGAAAGTTTTGACGACGGACAT | GGTTTGCCTTGTGAAAATGAGCTT 177
chr12 MinDel64 21460111 ACAACTACACTCCAAATTCCCCAT TGAGAGAGAGAGAGAGAGAGAGAG | 248
chr12 MinDel65 21468921 ACCCACGAGCATGTAGAAATAAGA GCAAGGTGATATAAATGGTTGGAGC | 258
chr12 MinDel66 21469302 ACACACACACACACACACTTTT TGGCAATCAACAAAAGGGATGA 294
chr12 MinDel67 2147
294

Adv Crop Sci Tech, an open access journal

Volume 11 « Issue 5 « 1000575




Citation:

Page 7 of 9

these polymorphic PCR products was examined a er a comprehensive
analysis. On the basis of Mu7191-derived PCR amplicons as references,
itisevident that the MS analysis result obtained with marker MInDel 92
was more consistent than those obtained with markers Mindel89 and
MIndel93 (Table 4). Consistency of their molecular screening results
was stressed in seven melon breeding lines, including AM7, AM9,
AM11, AM65, AM66, AM67, and AM68 (Table S4). e length of PCR
products from this marker was determined based on a combination
of expected amplicons size indicated by DNA sequencing data and
DNA molecular weight marker (DL2000 DNA marker). e size of
DNA fragment generated by MIndel92 from individuals displaying
the R allele when using Mu7191 was between 200bp and 300bp while
that of DNA fragments generated by Mindel92 from individuals with
the S allele using Mu719 was 300bp (Fig S1). In order to adapt these
markers to various electrophoresis platforms, polyacrylamide and
agarose gels were loaded with derivative PCR solutions. Using these
two electrophoresis platforms, the markers have generated distinct and
informative patterns of genetic bands.

Discussion

Powdery mildew (PM) is a fungus that induce disease in both
the eld and the greenhouse. One of the pragmatic approaches to
control this disease is the use of resistant cultivars. Since MAS has
been extensively used to search for molecular markers that are linked
to aspeci c trait during the breeding of disease-resistant cultivars, the
development of molecular markers that are highly linked to disease-
resistant genes is viewed as an e ective method for enhancing disease
resistance in plants. On the basis of our knowledge and technical
expertise, the use of PCR-based markers that can be separated on
both Agarose and polyacrylamide gel electrophoresis could be readily
accepted by breeders due to its simple requirements and straightforward
laboratory operation. In this study, PM-resistant line M17050 (P1) and

the PM-susceptible line 28-1-1 (P2) were re-sequenced to generate
PCR-based InDel markers for BSA analysis and QTL mapping
using the F2 population. e QTL named LVpm12.1 was identi ed
in a region containing the InDel markers InDel89, MInDel92, and
MInDel93. e screening results of marker Mu7191 and MInDel92
were more consistent based on the molecular analysis of a panel of
melon breeding lines with varying susceptibilities to powdery mildew.
Moreover, the PCR products of this marker could be easily separated
using either agarose or polyacrylamide gels.  erefore, MInDel92
appears to be closer to Mu7191 on chromosome 12 of the melon than
MInDel89 and MInDel93. Marker Mu7191 is linked to PM-resistance
QTL Pm-PMR6-1, so it is more obvious that MInDel92 can identify
melon varieties carrying this QTL. e possibility of developing InDel
markers for both polyacrylamide and agarose gel electrophoresis
with dependency on the size of insertion/deletion is mentioned [65].
However, high-density insertion and deletion is needed, which could
be exploited for the discovery of valuable InDel markers for genotype
screening through agarose and polyacrylamide gels. us, the
availability of a large number of genome-wide InDel makers is essential
to achieve this goal. Whole genome re-sequencing has helped to
generate numerous InDel markers in crops due to its cost-e ectiveness
[65, 68]. Moreover, the reliability and e ciency of PCR-based InDel
markers in plant genotyping [66, 56, 67, 68] as well as their strongest
ampli cation aptitude [56]
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e locus of qCmMPMR-12 from wm-6 is extended from 22.00 to 22.90
Mb [40], while pm12.1 derived from PMR6 is located from 22.36 to
24.25 Mb [39]. s indicates that the physical chromosomal position
of LVpm12.1 overlaps that of pm-PMR6, BPm12.1, qCmPMR-12, and
pm12.1. efactthat these ve QTLs are inherited in the same manner
despite having di erent parental origins suggests that the resistance to
PM disease in this chromosomal region is conferred by the same QTL
or a cluster of QTLs. s indicates the existence of a QTL-hotspot on
melon chromosome 12 that confers resistance to PM disease. It also
demonstrates that the methods used to map it are trustworthy, thus
strengthening the credibility of the InDels markers for PM resistance
breeding. In our upcoming research, we intend to evaluate an extensive
screening ability of these markers through molecular and eld
resistance screening of a panel of melon genotypes, which will compose
of commercial varieties, breeding lines, landraces, and cultivars. e
PM resistance of the seven melon breeding lines selected in this study
based on the molecular screening results of both markers Mu7191 and
MInDel92 should be con rmed using eld resistance screening.
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