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Genic male sterility (GMS) is an important trait for watermelon breeding programs to produce F1
hybrids without the laborious steps of emasculation and hand pollination; however, the inheritance
of GMS and the underlying molecular mechanisms remain unclear. Here, we aimed to identify the
causal genomic region for GMS in watermelon and develop single nucleotide polymorphism (SNP)
markers linked to the trait. Two inbred lines harboring a male sterility gene were crossed to generate
F2 and near-isogenic line (NIL) populations for mapping loci and evaluating SNP markers. Our
study showed that the inheritance of GMS was controlled by a single recessive gene following
Mendelian inheritance models in the segregation population. We applied bulked segregant analysis
(BSA) and Illumina whole-genome resequencing (BSA-seq) to identify a candidate causal genomic
region for GMS at 8.9–13.0 Mb on chromosome (Chr.) 6. Next, we selected seven high-resolution
melting (HRM) markers by retrieving 1-Mb genomic sequences around SNPs located within the
causal genomic region. The identified polymorphic SNPs were tested via HRM analysis in the F2
population. By further narrowing the putative causal region, we identified a deleted and frameshifted
gene, Cla97C06G117840, at Chr. 6. As a result, we developed allele-specific PCR and HRM
markers, which completely cosegregated with the male-sterility phenotype of the F2 and NIL
populations. Overall, our results will help effectively use GMS in watermelon breeding programs
and accelerate the production process of F1 hybrids.
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Introduction
Watermelon (Citrullus lanatus, 2n=2x=22) is an economically important species of the Cucurbitaceae family with a yearly production of more than 100 million tons worldwide (http://faostat.
fao.org). It is a popular summer fruit owing to its physical (i.e., sweet taste, high water content) and
chemical (i.e., lycopene and beta-carotene content) properties (Maoto et al., 2019).
Most watermelon cultivars are F1 hybrids that are produced via emasculation and hand pollination.
Male sterility is a useful trait for plant breeding programs because it accelerates hybrid breeding and
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production by skipping the emasculation step (Zhang et al., 1996; Hexun et al., 1998; Zhang et al., 2012; Wei et al., 2021).
Male sterility can be distinguished as genic or nuclear male sterility (GMS), cytoplasmic male sterility (CMS), and
cytoplasmic-genic male sterility (Kumar et al., 2000; Mohammad and Ali, 2009; Wang et al., 2020). Of these, GMS is
controlled by abnormal nuclear gene expression in the male organ at the developmental stage and is inherited by a
recessive gene; however, it is hard to maintain pure male sterile lines using self-pollination. The pollination of sterile male
lines (msms) and heterozygous male fertile lines (Msms) can only lead to 1:1 male-sterile: male-fertile mixed populations
(Horner and Palmer, 1995; Wan et al., 2019). Several male sterility systems have been developed in vegetable crops
related to staminal, functional, and positional sterility (Mishra and Kumari, 2018). Previous studies have investigated
various male-sterile mutants in watermelon such as the glabrous male sterile (gms) line (Watts, 1962, 1967; Ray and
Sherman, 1988), spontaneous male-sterile lines (ms-1, ms-2, and ms-3) (Dyutin and Sokolov, 1990; Zhang and Wang,
1990; Bang et al., 2005), line DAH3615-MS (ms-1) (Rhee et al., 2015), the male-sterile dwarf (ms-dw) line (Hexun et al.,
1998), and the spontaneous mutant Se18 (Wei et al., 2021); however, the underlying mechanisms of male sterility remain
unclear.
Next-generation sequencing (NGS) is a rapid and valuable sequencing method that provides genomic information
(Ruangrak et al., 2018). In addition, to elucidate genetic loci linked to a specific trait, NGS-based bulked segregant
analysis (BSA) approaches, such as BSA-seq methods; QTL-seq (Takagi et al., 2013), MutMap (Abe et al., 2012), and
progressed high-performance MutMap and QTL-seq (Sugihara et al., 2020), are useful for accurately mapping genes in
plant species (Jang et al., 2019; Wen et al., 2019; Jang et al., 2020; Vogel et al., 2021; Wang et al., 2021).
In this study, we aimed to identify candidate genomic regions for male sterility in watermelon using BSA-seq and
develop a single nucleotide polymorphism (SNP)-based marker linked to GMS using high-resolution melting (HRM)
analysis.

Materials and Methods
Plant Material
We developed two populations: 1) an F2 population (F2, n = 81) from the male-sterile line CAUms-1 (msms) and the
male-fertile line IT190143 (MsMs) that was used for BSA-seq, testing SNP markers, and linkage mapping, and 2) a
near-isogenic line (NIL) population (n = 86) from a BC6F1 between lines DAH (Msms) and DAH3615-MS (msms) for
validating SNP marker applicability. Both CAUms-1 and DAH3615-MS lines were derived from the Chinsese
male-sterile line (ms-1) (Zhang and Wang, 1990). IT190143 line was obtained from the gene bank of the National
Agrobiodiversity Center (NAC), Rural Development Administration (RDA), Jeonju, South Korea. The F2 and NIL
populations were planted in the greenhouse of Chung-Ang University (Anseong, S. Korea), for phenotypic evaluation of
all nodes with male flowers.

Genetic Analysis
Inheritance analysis for male sterility and fertility was performed in the two populations. The goodness-of-fit between
the expected and the observed segregation ratio was tested using the chi-square test.
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DNA Isolation
Genomic DNA was isolated from leaf tissues of the four parental lines and each plant of the two populations using a
modified sodium dodecyl sulfate method (Kim et al., 1997). DNA quality and quantity were confirmed by 1.2% agarose
gel electrophoresis and the 260/280 and 260/230 ratios using the DeNovix DS-11 spectrophotometer (DeNovix,
Wilmington, DE, USA). The amount of double-stranded DNA was detected using the Quant-iT™ kit, according to the
manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA).

BSA-seq Analysis
We selected 20 plants with the male fertility (MF) phenotype and 20 with the male sterility (MS) phenotype from the F2
population and pooled 5 µg DNA from each individual to create MF bulk and MS bulk, respectively. The two bulks and
parental lines were sequenced using the Nextseq 500 System (Illumina, San Diego, CA, USA). The sequencing depths
were estimated at 30×. The resulting ‘fastq’ files were processed using FastQC (Wingett and Andrews, 2018), and
sequencing adapter sequences were removed using Trimmomatic ver. 0.39. (Bolger et al., 2014). The trimmed and
filtered high-quality paired reads were aligned with the Watermelon (97103) v2 Genome (Guo et al., 2019) using the
Burrows-Wheeler Alignment (BWA ver.0.7.17-r1188) with the mem option (Li and Durbin, 2009). Inaccurate paired
reads were filtered, sorted, and indexed using ‘samtools’ (Li et al., 2009). BCFtools was used to generate variant call
format (VCF) with the ‘mpileup’ command (Li, 2011). The VCF was filtered for sequencing depth > 30×, minor allele
frequency > 0.01, and sequencing missing rate < 10%. The accuracy and proportion of filtered SNPs were implemented
based on the parental genomes using the SNP index, which is the ratio of alternative sequence to read depth (Takagi et al.,
2013). The ΔSNP index was calculated as the genomic difference between MS bulk and MF bulk and filtered by
homo-SNPs in the fertile parent IT190143. A plot was created using the QTL-seq package of R (Core Team, 2020) with
a 2.0-Mb window size and 10-kb step size. Positive, high ΔSNP index values were assumed to represent the MS-related
regions (Sugihara et al., 2020). The parental lines were sequenced using the same platform to avoid interference in
ascertaining the SNP index and to accurately design PCR primers for the detection of SNPs and indels analysis (Jang et
al., 2020). For visualization of the genomic sequences, Tablet software (ver. 1.12) (Milne et al., 2013) was used.

HRM Analysis
A genomic region with a high-value ΔSNP index was considered to include a significant QTL for which SNP-based
primer sets were designed using Primer3 (Rozen and Skaletsky, 2000). HRM analysis was performed using the LightCycler
96 platform (Roche, Mannheim, Germany). The reaction volume of 10 µl contained 2 ng dsDNA, 1× LightCycler 480
High-Resolution Melting master (Roche), 0.5 µM of each primer, and 3 mM MgCl2. The thermal conditions were as
follows: 55 cycles at 94°C for 30 sec, 60°C for 30 sec, and 72°C for 30 sec. The final melting condition followed the
high-resolution melting default setting condition.

Allele-specific PCR
An allele-specific PCR (AS-PCR) was used to detect a small deletion of 10 bp. The reaction volume of 20 µl contained
TM

2 ng dsDNA, 5× Phire

TM

reaction buffer, 125 µM of each dNTP, 200 nM of each primer, and 0.5 µl Phire
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TM

DNA polymerase (Thermo Scientific ). The thermal conditions were as follows: 94°C for 3 min, then 38 cycles of: 94°C
for 15 sec, 72°C for 30 sec, and final extension at 72°C for 3 min. A total of 10 µl of PCR products were loaded on a 2.0%
agarose gel for electrophoresis imaged on BiO-Rad ChemiDoc imaging system.

Linkage Analysis and Fine Mapping
Based on molecular marker genotyping results analyzed by HRM and AS-PCR analysis, the variant for each individual
was assigned to two alleles such as the AA (MF) /Aa (MF, but hemizygote) /aa (MS) genotypes by comparing to the
male-flower phenotypes of the F2 populations. The genotyping data of the F2 population from 8.9 to 13.0 Mbp of
chromosome (Chr.) 6 were generated using seven HRM markers for detecting SNPs (HRM6-1 to -7) and one AC-PCR
marker for deletion (AS6-1), which were used for linkage analysis using JoinMap v5.0 software (https://www.kyazma.nl/
index.php/JoinMap). Linkage map distance was analyzed by the Kosambi mapping function (Kosambi, 2016), represented
as centimorgans (cM) and the physical distance. Cosegregation of each marker with phenotype was presented as a
discrepancy for 81 F2 individuals. In addition, a newly designed HRM marker instead of the AS6-1 marker for detecting
the genomic deletion was used for validation of the MS phenotype of the 86 individuals in the NIL population.

Search for Genomic Sequences and Transcript Numbers
Based on the information of the candidate genomic region postulated by evaluation of SNP and AS-PCR markers, the
corresponding transcript was determined on the reference watermelon genome (97103 v2) of Cucurbit Genomes Database
(CuGenDB; http://cucurbitgenomics.org/).

Results and Discussion
Phenotypic Observation and Inheritance of Genic Male Sterility
Phenotypic data for male flower traits were collected from parental lines, and the F2 and NIL populations. DAH3615-MS
(Fig. 1A left) and CAUms-1 (Fig. 1B left) had a male sterility phenotype, which showed immature stamens, non-viable

pollen, and smaller flowers compared to those of wild types, similar as previously reported for the ms-1 mutant (Zhang
and Wang, 1990; Rhee et al., 2015, 2017). In contrast, DAH and IT190143 had a male fertility phenotype. No significant

A

B

Fig. 1. Phenotype of sterile (left) and fertile (right) male flowers in the parental lines. (A) DAH3615-MS (left), DAH (right),
and (B) CAUms-1 (left), IT190143 (right). Scale bar, 10 mm.
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Table 1. Flower phenotyping and chi-square test results of the F2 population (CAUms-1 × IT190143, n = 82) and backcross
population (DAH × DAH3615-MS, n = 90) for male sterility
Population information

Flower phenotype

Observed (o)

Expected (e)

F2 population
(CAUms-1 × IT190143)
MF:MS = 3:1

MF

57

61.5

MS

25

20.5

MF

51

45

MS

39

45

Backcross population
(DAH × DAH3615-MS)
MF:MS = 1:1

X2

p-value z

1.3

0.2511

1.6

0.2059

MF, male fertile; MS, male sterile.
z
p-value presented for goodness of fit test.

Table 2. Whole-genome resequencing and mapping statistics of parental lines and the two bulks of male-sterile (MS) and
male-fertile (MF) plants
Number of samples

Number of
generated reads (bp)

Total bases (Mb)

Properly paired
mapping rate (%)

Mean depth (X) for all
covered regions

IT190143

1

70,122,026

10,588

90.41

22.23

CAUms-1

1

62,354,390

9,235

89.52

23.02

MS-bulk

20

83,192,580

10,257

85.12

23.82

MF-bulk

20

81,778,988

9,798

84.6

23.5

Taxa

differences were identified in female flowers among the progeny from the two populations.
The Mendelian inheritance of male sterility was evaluated using a chi-square test (α = 0.05). It showed that the ratio of
male fertility (MsMs and Msms): sterility (msms) was 3:1 in the F2 population (p = 0.2511). In the NIL population, the
segregation ratio of male fertility (Msms): sterility (msms) was 1:1 (p = 0.2059). Thus, we assumed that male sterility was
controlled by a single recessive gene in CAUms-1 and DAH3615-MS (Table 1).

Whole-genome Resequencing and Mapping
The whole-genome resequencing and mapping statistics are presented in Table 2. The number of generated total reads
was > 80 million each for MS bulk and MF bulk, and the properly paired-mapping rate was > 84% when aligned to the
reference watermelon genome (Guo et al., 2019). The mean depth for all covered regions with high-quality reads was >
20×, which is considered sufficient for comparing BSA bulks at the genome level (Abe et al., 2012; Park et al., 2018; Jang
et al., 2020).

Identification of a Candidate Male Sterility-Related Genomic Region
The resulting number of genomic variants between MS bulk and MF bulk from the F2 population were 377,332, and
were subsequently filtered using IT190143 as a reference to calculate the SNP index (Takagi et al., 2013; Itoh et al., 2019).
When we simulated an average ΔSNP index in a 2.0-Mb interval using a 10-kb increment sliding window, we could
determine a detailed genomic region for male sterility, which is located at 8.9–13.0 Mb on Chr. 6 (ΔSNP index = 0.75–
0.92; p < 0.01) (Fig. 2 and Suppl. Fig. 1s). Since this BSA-seq approach includes the parental line as a reference, it was very
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Fig. 2. Mapping of candidate genomic regions for male sterility on chromosome (Chr.) 6. (A) Graph of the single nucleotide
polymorphism (SNP) index plot of the male-fertile (MF) bulk, (B) the male-sterile (MS) bulk, and (C) the ΔSNP index
(difference between the SNP index of MS bulk and MF bulk). Significant candidate genomic regions are surrounded by a
dotted box and highlighted in red (8.9–13 Mb). Red line, ΔSNP index; Orange line, p < 0.01; Green line, p < 0.05.

helpful to identify significant genomic regions harboring hetero-SNPs that produced relatively low ΔSNP index values
compared with those of homo-SNPs (data not shown).

Development of Male Sterility-Related SNP Markers and Fine Mapping
We focused on the candidate genomic region that showed a significant ΔSNP index value in BSA-seq results and
developed HRM markers around this region by retrieving ca. 1-Mb genomic sequences around SNPs located at 8.9–13
Mb on Chr. 6. After identifying the discriminated polymorphic SNPs in each parental line, we genotyped the F2 plants (n
= 81) using a total of seven HRM markers (Table 3). As we already knew that the MS genotype is recessive (aa) through
the genetic study, the AA or Aa genotype of the F2 population was supposed to confer the MF phenotype. When we
counted the number of discrepant individuals not having an expected genotype for each locus, we could map down to a
298.3-kb interval (10,166,048 – 10, 464,363 bp) as tightly linked to the locus responsible for the MS phenotype (Table 3).
When we investigated the genomic sequences between the parental lines CAUms-1 and IT190143, we unexpectedly
found only one sequence variation of a 10-bp deletion (5’- GTTCAGTTC -3’) from 10,373,352 to 10,373,361 bp (Fig.
3A). The 10-bp deletion might result in a frameshift mutation as well as a deletion of three amino acids (Glu-Leu-Lys) in
the coding sequence of the Cla97C06G117840 transcript of CAUms-1 compared to that of IT190143 (wild type) (Fig. 3B
and 3C).
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A

B

Fig. 3. Mutation detected in the putative causal gene for male sterility. (A) Deletion of CAUms-1 sequences (Chr6:
10,373,352 – 10,373,361 bp) was visualized using Tablet software, (B) the 10-bp deletion and frameshift in the transcript
Cla97C06G117840 of male-sterile CAUms-1 compared to the transcript of wild-type (IT190143) mRNA.
Table 3. Candidate single nucleotide polymorphism (SNP)-based high-resolution melting (HRM) markers linked to male
sterility on chromosome 6
SNP position
9,329,023

SNPs
MF

MS

C

G

10,166,048

C

A

10,464,363

G

A

12,009,531

A

G

12,272,775

C

T

12,904,487

A

G

13,043,043

G

A

Primer
HRM6-1-F
HRM6-1-R
HRM6-2-F
HRM6-2-R
HRM6-3-F
HRM6-3-R
HRM6-4-F
HRM6-4-R
HRM6-5-F
HRM6-5-R
HRM6-6-F
HRM6-6-R
HRM6-7-F
HRM6-7-R

F2 genotype
AA

Aa

aa

Discrepancy
of F2

18

45

18

14/81

18

38

25

4/81

17

39

25

3/81

18

39

22

5/81

19

38

24

8/81

19

38

24

8/81

20

38

23

9/81

Primer sequence (5'→3')
CTTTTCTAAAAGTACAGTTGCCAAT
TGCATATGGTATGTCAGTTGAGTT
AAAAATGGGATTTGAATTGGTAAA
TTTTGGTTCTTTTTGCTATATTTGA
CAAGTATATCAGTCAAGTGCATCGT
TTGATACACTATACACACTTGATACCC
AACTAGCGGAGGATGTTCAA
TTTTGATTTTTCACCAGTGATGTT
ATGGACCTACCATCCTTGCTT
TGATCACACAAATTTATCACATACA
CCTGCAATTTAGAAGAGGGAAG
ATCGGTGGCCCTCAAATTCT
CATTTTTCTCTTTCTTCTTAGTGTGC
TCAATGCCCTGTCACTACCC

MF, male fertility; MS, male sterility.
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To test the cosegregation of the deletion region, we designed a multiplexed AS-PCR marker (Fig. 4A and Table 4) and
successfully developed the marker AS6-1 and analyzed the amplification products by gel electrophoresis (Fig. 4B). The
AS6-1 marker was tightly linked to the MS locus, showing no discrepancy between the genotype and phenotype in the 81 F2

A

C

B

D

Fig. 4. Molecular markers for the detection of the causal gene harboring a small deletion. (A) Design of a multipex
allele-specific PCR (AS-PCR) marker to detect the 10-bp deletion in the genome sequences, (B) gel electrophoresis result
using the AS-PCR marker to discriminate the genotypes of the F2 population, (C) A genetic linkage map of the F2
population was constructed using seven HRM markers (HRM6-1 to 6-7) and one AS-PCR marker (AS6-1). The ratio in the
parentheses represents the number of individuals showing discrepant phenotypes to the total of 81 F2 individuals, (D)
HRM analysis result detecting the genotypes of the 86 individuals of the NIL population.
Table 4. Molecular markers used for the detection of the 10-bp deletion regionz of Cla97C06G117840, showing tight
linkage to male sterility
Marker Type (Name)
AS-PCR y
(AS6-1)
HRM x
(HRM6-8)

Primer

Sequence (5’ to 3’)

WT-Long-F

TCTTCTTCTCCACCAGCAGTTTC

WT-Long-R

TGCTCTCAAGAGTTTGGTTCCTAT

MS-Short-F

TGAAGATCGTCAAGCAATTTAGAG

MS-Short-R

GCTTTTAAGAGAAGTGAAGTGCTGGT

HRM6-8-F

TGCTCCTCTCTCTGCTGCAT

HRM6-8-R

TTGTGGGAGACGCCATAAAT

z

Chr. 6: 10,373,352 – 10,373,361 bp of wild-type sequences.
AS-PCR marker: An allele-specific PCR makrer was used to detect the mutation in the F2 population.
x
HRM marker: A high-resolution melting marker was used to detect the mutation in the NIL population.
y
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individuals, and a genetic linkage map was constructed with 7 previously tested HRM markers and the AS6-1 marker (Fig.
4C). We also developed an HRM maker (HRM6-8) to replace the AS6-1 marker to speed up genotyping for cross-validation
using the 86 individuals of the NIL population (Fig. 4D and Table 4). The HRM6-8 marker successfully discriminated
genotypes (Aa/aa) of each individual and completely cosegregated with the MS phenotype in the NIL population.

Putative Male Sterility Locus, Cla97C06G117840
We previously reported differentially expressed MS-related genes using transcriptomic analysis (Rhee et al., 2015) and
registered a Korean patent including an MS-related region and MS-linked markers (Lee et al., 2020). In this study, we
made a significant step forward in developing a perfectly cosegregated molecular marker for 81 F2 and 86 NIL population
individuals and determined a putative MS locus of Cla97C06G117840 based on the 97103 watermelon genome sequence
v2 (Guo et al., 2019). The candidate gene of Cla97C06G117840 is annotated as encoding the transcription factor
bHLH91-like gene, which is one of the critical basic helix-loop-helix (bHLH) transcription factors related to the fertility
of pollen grains in Arabidopsis (Fernandez-Calvo et al., 2011; Zhu et al., 2015; Ferguson et al., 2017), rice (Moon et al.,
2020), tomato (Liu et al., 2019), Chinese cabbage (Hu et al., 2021), and several other crops. Furthermore, three
representative bHLH transcription factors, bHLH10, bHLH89, and bHLH91, are known to interact with TDR Interacting
Protein 2 (TIP2), Undeveloped Tapetum 1 (UDT1), Tapetum Degeneration Regulation (TDR), and Eternal Tapetum 1
(EAT1) for the normal development of pollen, tapetum, and anther (Zhu et al., 2015; Moon et al., 2020). These reports
allude that the possible loss of function of bHLH91 caused by mutations such as a deletion and a frameshift might lead to
the MS phenotype described in this study. However, verifying causality for the putative MS locus Cla97C06G117840
will require further study. In conclusion, we suggest that the high cosegregation of our markers (AS6-1 and HRM6-8)
with the identified MS locus will be helpful to introduce MS in watermelon breeding programs and facilitate the
production of F1 hybrids.

Literature Cited
Abe A, Kosugi S, Yoshida K, Natsume S, Takagi H, Kanzaki H, Matsumura H, Yoshida K, Mitsuoka C, et al. (2012) Genome sequencing
reveals agronomically important loci in rice using MutMap. Nature biotechnol 30:174. doi:10.1038/nbt.2095
Bang H, King SR, Liu W (2005) A new male sterile mutant identified in watermelon with multiple unique morphological features.
REPORT-CUCURBIT GENETICS COOPERATIVE 28:47
Bolger AM, Lohse M, Usadel B (2014) Trimmomatic: a flexible trimmer for Illumina sequence data. Bioinformatics 30:2114-2120.
doi:10.1093/bioinformatics/btu170
Dyutin KE, Sokolov SD (1990) Spontaneous mutant of watermelon with male sterility. Tsitol Genet 24:56-57
Ferguson AC, Pearce S, Band LR, Yang C, Ferjentsikova I, King J, Yuan Z, Zhang D, Wilson ZA (2017) Biphasic regulation of the
transcription factor ABORTED MICROSPORES (AMS) is essential for tapetum and pollen development in Arabidopsis. New Phytol
213:778-790. doi:10.1111/nph.14200
Fernandez-Calvo P, Chini A, Fernandez-Barbero G, Chico JM, Gimenez-Ibanez S, Geerinck J, Eeckhout D, Schweizer F, Godoy M, et al.
(2011) The Arabidopsis bHLH transcription factors MYC3 and MYC4 are targets of JAZ repressors and act additively with MYC2 in
the activation of jasmonate responses. Plant Cell 23:701-715. doi:10.1105/tpc.110.080788
Guo S, Zhao S, Sun H, Wang X, Wu S, Lin T, Ren Y, Gao L, Deng Y, et al. (2019) Resequencing of 414 cultivated and wild watermelon
accessions identifies selection for fruit quality traits. Nat Genet 51:1616-1623. doi:10.1038/s41588-019-0518-4
Hexun H, Xiaoqi Z, Zhencheng W, Qinghuai L, Xi L (1998) Inheritance of male-sterility and dwarfism in watermelon [Citrullus lanatus
(Thunb.) Matsum. and Nakai]. Scientia Hortic 74:175-181. doi:10.1016/S0304-4238(97)00102-7
Horner HT, Palmer RG (1995) Mechanisms of genic male sterility. Crop Sci 35:1527-1535. doi:10.2135/cropsci1995.0011183X0035000
60002x

Horticultural Science and Technology

681

Identification of a Candidate Locus and Development of a Molecular Marker for Male Sterility in Watermelon

Hu J, Lan M, Xu X, Yang H, Zhang L, Lv F, Yang H, Yang D, Li C, et al. (2021) Transcriptome profiling reveals molecular changes during
flower development between male sterile and fertile Chinese cabbage (Brassica rapa ssp. pekinensis) Lines. Life (Basel) 11.
doi:10.3390/life11060525
Itoh N, Segawa T, Tamiru M, Abe A, Sakamoto S, Uemura A, Oikawa K, Kutsuzawa H, Koga H, et al. (2019) Next-generation
sequencing-based bulked segregant analysis for QTL mapping in the heterozygous species Brassica rapa. Theor Appl Genet
132:2913-2925. doi:10.1007/s00122-019-03396-z
Jang YJ, Seo M, Hersh CP, Rhee S-J, Kim Y, Lee GP (2019) An evolutionarily conserved non-synonymous SNP in a leucine-rich repeat
domain determines anthracnose resistance in watermelon. Theor Appl Genet 132:473-488. doi:10.1007/s00122-018-3235-y
Jang YJ, Yun HS, Rhee S-J, Seo M, Kim Y, Lee GP (2020) Exploring molecular markers and candidate genes responsible for watermelon
dwarfism. Hortic Environ Biotechnol 61:173-182. doi:10.1007/s13580-020-00229-7
Kim C, Lee C, Shin JS, Chung Y, Hyung N (1997) A simple and rapid method for isolation of high quality genomic DNA from fruit trees
and conifers using PVP. Nucleic Acids Res 25:1085-1086. doi:10.1093/nar/25.5.1085
Kosambi DD (2016) The estimation of map distances from recombination values. In DD Kosambi. Springer, pp 125-130. doi:10.1007/97
8-81-322-3676-4_16
Kumar S, Banerjee M, Kalloo G (2000) Male sterility: mechanisms and current status on identification, characterization and utilization in
vegetables. Veget Sci 27:1-24
Lee GP, Jang YJ, Sim TY, Rhee S (2020) Molecular marker to select male-sterile watermelon and use thereof. KR patent no. 10-2100366
Li H (2011) A statistical framework for SNP calling, mutation discovery, association mapping and population genetical parameter
estimation from sequencing data. Bioinformatics 27:2987-2993. doi:10.1093/bioinformatics/btr509
Li H, Durbin R (2009) Fast and accurate short read alignment with Burrows-Wheeler transform. Bioinformatics 25:1754-1760.
doi:10.1093/bioinformatics/btp324
Li H, Handsaker B, Wysoker A, Fennell T, Ruan J, Homer N, Marth G, Abecasis G, Durbin R (2009) The sequence alignment/map format
and SAMtools. Bioinformatics 25:2078-2079. doi:10.1093/bioinformatics/btp352
Liu X, Yang M, Liu X, Wei K, Cao X, Wang X, Wang X, Guo Y, Du Y, et al. (2019) A putative bHLH transcription factor is a candidate gene
for male sterile 32, a locus affecting pollen and tapetum development in tomato. Hortic Res 6:88. doi:10.1038/s41438-019-0170-2
Maoto MM, Beswa D, Jideani AI (2019) Watermelon as a potential fruit snack. Int J Food Prop 22:355-370. doi:10.1080/10942912.201
9.1584212
Milne I, Stephen G, Bayer M, Cock PJ, Pritchard L, Cardle L, Shaw PD, Marshall D (2013) Using Tablet for visual exploration of
second-generation sequencing data. Brief Bioinform 14:193-202. doi:10.1093/bib/bbs012
Mishra S, Kumari V (2018) A review on male sterility-concepts and utilization in vegetable crops. Int J Curr Microbiol App Sci
7:3016-3034. doi:10.20546/ijcmas.2018.702.367
Mohammad M, Ali A (2009) Role of genetically engineered system of male sterility in hybrid production of vegetables. J Phytol 1:448-460
Moon S, Hong WJ, Kim YJ, Chandran AKN, Gho YS, Yoo YH, Nguyen VNT, An G, Park SK, et al. (2020) Comparative transcriptome analysis
reveals gene regulatory mechanism of UDT1 on anther development. J Plant Biol 63:289-296. doi:10.1007/s12374-020-09250-w
Park G, Kim JH, Jin B, Yang H, Park S, Kang S, Chung S, Park Y (2018) Genome-wide sequence variation in watermelon inbred lines and
its implication for marker-assisted breeding. Kor J Hortic Sci Technol 36:280-291. doi:10.12972/kjhst.20180028
Ray D, Sherman J (1988) Desynaptic chromosome behavior of the gms mutant in watermelon. J Hered 79:397-399. doi:10.1093/oxfordj
ournals.jhered.a110537
Rhee S-J, Kwon T, Seo M, Jang YJ, Sim TY, Cho S, Han S-W, Lee GP (2017) De novo-based transcriptome profiling of male-sterile and
fertile watermelon lines. PLOS ONE 12:e0187147. doi:10.1371/journal.pone.0187147
Rhee S-J, Seo M, Jang Y-J, Cho S, Lee GP (2015) Transcriptome profiling of differentially expressed genes in floral buds and flowers of
male sterile and fertile lines in watermelon. BMC genomics 16. doi:10.1186/s12864-015-2186-9
Rozen S, Skaletsky H (2000) Primer3 on the WWW for general users and for biologist programmers. In Bioinformatics methods and
protocols. Springer, pp 365-386. doi:10.1385/1-59259-192-2:365
Ruangrak E, Su X, Huang Z, Wang X, Guo Y, Du Y, Gao J (2018) Fine mapping of a major QTL controlling early flowering in tomato using
QTL-seq. Can J Plant Sci 98:672-682. doi:10.1139/cjps-2016-0398
Sugihara Y, Young L, Yaegashi H, Natsume S, Shea DJ, Takagi H, Booker H, Innan H, Terauchi R, et al. (2020) High-performance pipeline
for MutMap and QTL-seq. In. Cold Spring Harbor Laboratory. doi:10.1101/2020.06.28.176586
Takagi H, Abe A, Yoshida K, Kosugi S, Natsume S, Mitsuoka C, Uemura A, Utsushi H, Tamiru M, et al. (2013) QTL-seq: rapid mapping of
quantitative trait loci in rice by whole genome resequencing of DNA from two bulked populations. Plant J 74:174-183.
doi:10.1111/tpj.12105
Vogel G, LaPlant KE, Mazourek M, Gore MA, Smart CD (2021) A combined BSA-Seq and linkage mapping approach identifies genomic
regions associated with Phytophthora root and crown rot resistance in squash. Theor Appl Genet 134:1015-1031. doi:10.1007/s00
122-020-03747-1
Wan X, Wu S, Li Z, Dong Z, An X, Ma B, Tian Y, Li J (2019) Maize genic male-sterility genes and their applications in hybrid breeding:
Progress and perspectives. Molecular Plant 12:321-342. doi:10.1016/j.molp.2019.01.014
Wang Y, Yang X, Yadav V, Mo Y, Yang Y, Zhang R, Wang Z, Chang J, Li H, et al. (2020) Analysis of differentially expressed genes and
pathways associated with male sterility lines in watermelon via bulked segregant RNA-seq. 3 Biotech 10. doi:10.1007/s13205-020-02208-2

682

Horticultural Science and Technology

Identification of a Candidate Locus and Development of a Molecular Marker for Male Sterility in Watermelon

Wang Z, Yu A, Li F, Xu W, Han B, Cheng X, Liu A (2021) Bulked segregant analysis reveals candidate genes responsible for dwarf
formation in woody oilseed crop castor bean. Scientific Reports 11:1-15. doi:10.1038/s41598-021-85644-1
Watts V (1962) A marked male-sterile mutant in watermelon. In Proc. Amer. Soc. Hort. Sci, Vol 81, pp 498-505
Watts V (1967) Development of disease resistance and seed production in watermelon stocks carrying msg gene. In Proc. Amer. Soc.
Hort. Sci, Vol 91, p 579
Wei C, Zhang R, Yue Z, Yan X, Cheng D, Li J, Li H, Zhang Y, Ma J, et al. (2021) The impaired biosynthetic networks in defective tapetum
lead to male sterility in watermelon. J Proteomics 243:104241. doi:10.1016/j.jprot.2021.104241
Wen J, Jiang F, Weng Y, Sun M, Shi X, Zhou Y, Yu L, Wu Z (2019) Identification of heat-tolerance QTLs and high-temperature
stress-responsive genes through conventional QTL mapping, QTL-seq and RNA-seq in tomato. BMC plant biology 19:1-17.
doi:10.1186/s12870-019-2008-3
Wingett SW, Andrews S (2018) FastQ Screen: A tool for multi-genome mapping and quality control. F1000Research 7:1338.
doi:10.12688/f1000research.15931.2
Zhang X, Rhodes B, Baird W, Skorupska H, Bridges W (1996) Development of genic male-sterile watermelon lines with delayed-green
seedling marker. Hortsci 31:123-126. doi:10.21273/HORTSCI.31.1.123
Zhang X, Wang M (1990) A genetic male-sterile (ms) watermelon from China. Cucurbit Genetics Coop Rpt 13:45
Zhang Y, Cheng Z, Ma J, Xian F, Zhang X (2012) Characteristics of a novel male–female sterile watermelon (Citrullus lanatus) mutant.
Scientia Hortic 140:107-114. doi:10.1016/j.scienta.2012.03.020
Zhu E, You C, Wang S, Cui J, Niu B, Wang Y, Qi J, Ma H, Chang F (2015) The DYT1-interacting proteins bHLH010, bHLH089 and bHLH091
are redundantly required for Arabidopsis anther development and transcriptome. Plant J 83:976-990. doi:10.1111/tpj.12942s

Horticultural Science and Technology

683

Identification of a Candidate Locus and Development of a Molecular Marker for Male Sterility in Watermelon

Supplementary Fig. 1s. Ploting result of a genome-wide BSA-seq analysis. The plot was created using the QTL-seq package of R (Core Team,
2020) with a 2.0-Mb window size and 10-kb step size. Red line, ΔSNP index; Orange line, p < 0.01; Green line, p < 0.05.
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