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QTL-seq and RNA-seq
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Fruit cracking decreases the total production and the commercial value of

watermelon. The molecular mechanisms of fruit cracking are unknown. In this

study, 164 recombinant inbred lines (RILs) of watermelon, derived from the

crossing of theWQ1 (cracking-sensitive) andWQ2 (cracking-tolerant) lines, were

sequenced using specific length amplified fragment sequencing (SLAF-seq). A

high-density genetic linkage map was constructed with 3,335 markers spanning

1,322.74 cM, at an average 0.40 cM across whole-genome flanking markers. The

cracking tolerance capacity (CTC), depth of fruit cracking (DFC), rind thickness

(RT), and rind hardness (RH) were measured for quantitative trait locus (QTL)

analysis. Of the four traits analyzed, one major QTL with high phenotypic

variation (41.04%–61.37%) was detected at 76.613–76.919 cM on chromosome

2, which contained 104 annotated genes. Differential gene expression analysis

with RNA sequencing (RNA-seq) data between the two parents identified 4,508

differentially expressed genes (DEGs). Comparison of the genes between the

QTL region and the DEGs obtained eight coexisting genes. Quantitative real-time

PCR (qRT-PCR) analysis revealed that these genes were significant differentially

expressed between the two parents. These results provide new insights into the

identification of QTLs or genes and marker-assisted breeding in watermelon.

KEYWORDS

fruit cracking, SLAF-seq, QTL-seq, RNA-seq, DEGs
1 Introduction

Watermelon (Citrullus lanatus) belongs to the cucurbit family (Cucurbitaceae) and is a

popular fruit worldwide. It contains nutritional compounds such as sugar, lycopene,

citrulline, arginine, and glutathione (Collins et al., 2007). In 2021, China produced 60.9

million tonnes of watermelon, accounting for about 76.3% of crops worldwide, making it
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one of the top 10 watermelon-producing countries (FAO, 2021).

Planting watermelon brings huge benefits to farmers in China.

However, the fruit cracking of watermelon during pre- and post-

harvest increases the production cost and reduces the economic

value of the fruit.

Fruit cracking is a physiological disorder that occurs during

fruit growth and development in many crops, such as watermelon,

tomato, grape, and apple (Wang et al., 2021b). It is a complex trait

associated with morphological, environmental, and genetic factors

(Khadivi-Khub, 2015; Capel et al., 2017). Morphological factors,

such as shape and rind thickness, affect the stability of the peel

(Khadivi-Khub, 2015). Environmental factors, such mineral

nutrition, endogenous hormones, water, and temperature, are

associated with fruit cracking. The gibberellic acid inhibitor

uniconazole P was reported to significantly reduce fruit cracking,

whereas the application of excessive nitrogen fertilizer increased

fruit cracking (Shimizu, 2005). Water in both the soil and the fruit

may influence fruit cracking (Beyer et al., 2002; Gibert et al., 2007).

Sudden moisture and temperature changes dramatically increase

the fruit temperature and exacerbate fruit cracking (Simon, 2006).

Regarding genetic factors, the heritability of fruit cracking in

different genetic generations significantly varies (Qi et al., 2015),

and different cultivars show different cracking susceptibility even

under the same environmental conditions (Khadivi-Khub, 2015),

indicating that genetic factors play an important role in

fruit cracking.

Fruit cracking is controlled by quantitative trait loci (QTLs)

(Vaidyanathan et al., 2006). A large number of QTLs related to fruit

cracking have been studied in tomato, sweet cherry, and grape

(Capel et al., 2017; Kunihisa et al., 2019; Crump et al., 2022; Zhang

et al., 2022). However, for watermelon, only a few QTLs or genes

related to fruit cracking have been mapped using bulked segregant

analysis (BSA-seq) and QTL mapping (Sun et al., 2020; Yang et al.,

2021; Osae et al., 2022). For example, ClERF4 was shown to be

associated with variability in fruit rind hardness (Liao et al., 2020).

RNA sequencing (RNA-seq) analysis was used to screen out eight

differentially expressed genes (DEGs) between cracking-resistant

and cracking-susceptible parents (Jiang et al., 2019). However, the

lack of experimental methods to induce cracking has made

characterizing this trait a challenge (Capel et al., 2017). Thus,

more QTLs related to fruit cracking must be identified.

In this study, the inbred lines WQ1 (cracking-sensitive) and

WQ2 (cracking-tolerant) were crossed to generate 164 recombinant

inbred lines (RILs). The RILs were then sequenced using specific

length amplified fragment sequencing (SLAF-seq) and a high-

density genetic map was constructed. Four fruit cracking-related

traits—cracking tolerance capacity (CTC), depth of fruit cracking

(DFC), rind thickness (RT), and rind hardness (RH)—were

evaluated 28 days after pollination (DAP). One major QTL

detected for these four traits with high phenotypic variation

explained (PVE; 41.04%–61.37%) was found to be located on

chromosome 2 and harbored 104 candidate genes. A comparison

of the genes in the genetic region and those identified by RNA-seq

revealed eight coexisting genes. Quantitative real-time PCR (qRT-

PCR) analysis revealed that the eight coexisting genes were

significantly differentially expressed between the two parents.
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Thus, these results provide new insights into mapping or cloning

the QTLs or genes of fruit cracking-related traits and could be useful

in marker-assisted breeding (MAS).
2 Materials and methods

2.1 Plant materials and
population development

An F8 RIL population consisting of 164 lines was generated by

self-crossing the watermelon inbred lines WQ1 (female parent,

cracking-sensitive) and WQ2 (male parent, cracking-tolerant). WQ1

and WQ2 were from the Tropical Crop Germplasm Research

Institute, Chinese Academy of Tropical Agricultural Sciences.
2.2 Trait measurement

The F8 lines and the two parents were planted in a greenhouse

in 2021 (Danzhou, Hainan, China). All plants were grown in wide–

narrow rows, with 0.45 m between plants and within a wide row of

1.0 m and a narrow row of 0.5 m. The second or third female flower

per plant was artificially pollinated, and the date of pollination was

recorded. Only one fruit was reserved for each plant. Field

management followed normal watermelon production practices.

The RH, CTC, DFC, and RT of WQ1, WQ2, and the RILs were

measured at 28 DAP. Three mature fruits per line were harvested

for trait measurement. The mechanical properties of the rinds were

measured using TA.XTplus Texture Analyzer (Stable Micro

Systems Ltd., Godalming, UK). Three sites on the equatorial zone

of each fruit were selected for RH measurement using a P/2E probe.

The measurement parameters were set as described (Liao et al.,

2020): the pretest speed was 1.00 m/s, the test speed was 2.00 mm/s,

the posttest speed was 10 mm/s, and the distance was 15 mm. The

RH value was obtained by quantifying the texture characteristic

curve. CTC was measured with a knife probe (HDP/BS-B probe).

Only one site on the equatorial zone of each fruit (on the reverse

side of the RH measuring point) was analyzed. The measurement

parameters were the same as those of the RH measurement. The

breaking force when the pressure has a sudden decrease was defined

as the CTC value. DFC represented the distances (in millimeters)

from the contact of the knife probe to the breaking of the rind. The

DFC value was calculated as the time multiplied by the test speed.

RT was measured with a digital display Vernier caliper as described

(Ma and Liu, 2005). For each trait, the average value of three

biological replicates was calculated and taken as the

phenotypic value.

To evaluate the pericarp morphology of WQ1 and WQ2

growing under normal field conditions, fruits were picked at 10

and 18 DAP. Each genotype contained three biological replicates

with two fruits included. The fresh mesocarp was cut out (0.5 cm ×

0.5 cm) and fixed with 5% FAA fixative (38% formaldehyde/glacial

acetic acid/70% alcohol, 5:5:90, by volume), as described (Guo et al.,

2020). The samples were washed twice with 50% ethanol (each time

for 10 min) and dehydrated twice through an ascending ethanol
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series (50%, 70%, 80%, 90%, and 100%, each time for 15 min).

Subsequently, the samples were treated with 100% ethanol and

xylene (3:1, 1:1, and 1:3, by volume) and 100% xylene, and with

xylene and paraffin (3:1, 1:1, and 1:3, by volume) and paraffin (two

times, each time at 55°C). Finally, 10-mm-thick paraffin sections

were produced. A Zeiss biological microscope was used to observe

and photograph the sections. Six fields of view were randomly

selected for each sample. ImagePro plus 6.0 software was used to

evaluate the structure of the pericarp, including the length and

thickness of the epidermal cell, thickness of the exocarp, and areas

of the exocarp and mesocarp cells.
2.3 DNA extraction

Young leaves from the two parents and 164 RILs were collected

for genomic DNA extraction using a modified CTAB method

(Saghai-Maroof et al., 1984). DNA was quantified with a

NanoDrop 2000 spectrophotometer (NanoDrop, Wilmington,

DE, USA) and evaluated by electrophoresis in 1.0% agarose gel.

High-quality DNA samples were stored at −20°C until sequencing.
2.4 SLAF library construction and high-
throughput sequencing of the RILs

The SLAF-seq strategy was used in this study (Biomarker

Technologies, Beijing, China) (Sun et al., 2013). Genomic DNA

from 164 RILs was digested with HaeIII and Hpy166II [New

England Biolabs (NEB), Ipswich, MA, USA]. Subsequently, a

single nucleotide (A) was added to the 3′ end of the digested

fragments using Klenow Fragment (NEB) and dATP. T4 DNA

ligase was used to ligate the Duplex tag-labeled sequencing adapters

to distinguish them from raw sequencing data. PCR was performed

using forward (5′-AATGATACGGCGACCACCGA-3′) and

reverse (5′-CAAGCAGAAGACGGCATACG-3′) primers. The

PCR products were purified and pooled. The pooled samples

were then separated using 2% agarose gel electrophoresis.

Fragments ranging from 314 to 414 bp (with indices and

adaptors) were excised and purified using the QIAquick Gel

Extraction Kit (Qiagen, Hilden, Germany). Paired-end sequencing

(126 bp from both ends) was performed using an Illumina HiSeq

2500 System (Illumina, Inc., San Diego, CA, USA) according to the

manufacturer’s instructions. To evaluate the accuracy of the SLAF

libraries, the japonica rice Nipponbare (Oryza sativa L.) (http://

rice.plantbiology.msu.edu/) was used as a control with the same

process of library construction and sequencing.
2.5 SNP identification and genotyping

SLAF marker identification and genotyping were performed as

described (Sun et al., 2013). Low-quality reads with quality scores

<20e were filtered out. Clean reads were obtained by trimming the

barcodes and terminal 5-bp positions and were then mapped onto

the watermelon genome (http://cucurbitgenomics.org/ftp/genome/
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watermelon/97103/v2/) using BWA software (Li, 2013). Sequences

mapping to the same position with >95% identity were defined as

one SLAF locus (Zhang et al., 2015). The alleles of each SLAF locus

were defined according to parental reads with a sequence depth of

greater than fivefold; however, for each offspring, reads with a

sequence depth of greater than twofold were used to define alleles.

All polymorphic SLAF loci were genotyped with consistency in the

parental and offspring SNP loci. Because the RIL populations were

constructed using two inbred lines, segregation type aa × bb was

used to genotype the SLAF markers in the RILs. The parental

genotypes were aa (WQ1) and bb (WQ2), and the offspring

genotypes were aa and bb (ab was removed). Polymorphic SLAF

markers with the following characteristics were filtered out: 1)

parental sequencing depth less than fivefold; 2) number of SNPs

>3; 3) integrity filtering to screen markers covered <60% of all

offspring genotypes; and 4) missing parental information on

filtered sites.
2.6 Construction of the high-density
genetic map

The polymorphic SLAF markers were assigned to different

chromosomes by aligning with the watermelon genome. Each

chromosome was considered a linkage group (LG). The modified

logarithm of odds (MLOD) scores between markers were calculated

to confirm the robustness of the markers for each LG. Markers with

MLOD scores <3 were filtered out. The HighMap software (http://

highmap.biomarker.com.cn/) was used to order the SLAF markers

and correct the genotyping errors within LGs (Liu et al., 2014). Map

distances were estimated using the Kosambi mapping function

(Kosambi, 2016).
2.7 QTL mapping

QTLs were identified using composite interval mapping (CIM)

with the R/QTL package (Broman et al., 2003). LOD values were

determined based on the 1,000-permutation test. A marker with an

LOD value of 3 was considered a putative QTL related to a certain

trait in a genomic region.
2.8 RNA-seq analysis

For WQ1, a few fruits began to crack at 15 DAP. To identify

more DEGs before and after fruit cracking, the rinds of WQ1 and

WQ2 fruits that were artificially pollinated at 10 and 18 DAP

(before and after fruit cracking, respectively) were collected for

RNA extraction. Total RNA was extracted using the TransZol Up

Plus RNA Kit, qualified by electrophoresis with the Agilent

Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA, USA),

and purified using the RNAClean XP Kit and RNase-Free DNase

Set. RNA-seq libraries were constructed after ribosomal RNA

(rRNA) removal, fragmentation, first- and second-strand

complementary DNA (cDNA) synthesis, end repair, A tailing to
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the 3′ end, ligation of adapters, and enrichment by PCR

amplification. The concentration and the size of the constructed

library were detected using Qubit 2.0 Fluorometer and Agilent

4200, respectively. Paired-end (150 bp) sequencing was performed

with the Illumina HiSeq X Ten System following the

manufacturer’s protocol.

Adaptors and low-quality bases of the raw reads were removed

with the FASTX-Toolkit. Short reads of <25 bp were discarded.

Clean reads were mapped to the watermelon_97103_v2 genome by

HISAT2 (Kim et al., 2015), allowing four mismatches, and unique

matches were used to calculate the gene read number and fragments

per kilobase of transcript per million fragments mapped (FPKM)

(Trapnell et al., 2010).
2.9 Differentially expressed genes

Two groups (WQ1 vs. WQ2 at 10 DAP andWQ1 vs. WQ2 at 18

DAP) were used to detect the DEGs. DEGs were screened out using

the DESeq2 package in R (Love et al., 2014). A fold change ≥2 and a

q-value ≤0.05 were set as the cutoff values.
2.10 Expression analysis of the
candidate genes

Total RNA was extracted from the rind of WQ1 and WQ2 at 10

DAP using the TRIzol reagent (Invitrogen, Carlsbad, CA, USA).

Thereafter, cDNA was synthesized from 3 mg gDNA Eraser-treated

(Takara, San Jose, CA, USA) RNA. cDNA corresponding to 30 ng of

the total RNA was used as the template for each SYBR Green PCR

reaction, which utilized the ABI ViiA 7 Real-Time PCR System

(Applied Biosystems, Foster City, CA, USA). qRT-PCR was

performed with three biological and three technical replicates for

each candidate gene. Cla97C05G094190 (GAPDH) was used as the

internal control (Itoh et al., 2023). The primers for qRT-PCR were

designed using Primer 5 (Lalitha, 2000) and are listed in

Supplementary Table S1.
3 Results

3.1 Phenotypic analysis of the parents
and RILs

WQ1 is a fruit cracking-sensitive inbred line that has a rate of

77.8% fruit cracking in the field (Figures 1A, C), while WQ2 is an

inbred line that is fruit cracking-tolerant (Figures 1B, D). The RH

and CTC values of WQ2 at 10 and 18 DAP were significantly higher

than those of WQ1 (Figures 1I, J). The CTC values of WQ2 were

1.85 and 2.85 times higher than those of WQ1 at 10 and 18 DAP,

respectively (Figures 1I, J). The RH values of both WQ1 and WQ2

increased after artificial pollination. The CTC value of WQ1

decreased at 18 DAP, whereas that of WQ2 increased.

The length of the epidermal cells in WQ1 was significantly

higher than that in WQ2 at each stage (at 10 and 18 DAP), but the
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thickness of the epidermal cells was only significantly different

between WQ1 and WQ2 at 18 DAP. The epidermal cells of WQ2

were almost square, and their size showed little change during fruit

development. The length-to-thickness ratio varied from 1.10 to

1.21. In contrast, the epidermal cells of WQ1 were rectangular, and

the cells were elongated with fruit development. The length-to-

thickness ratio changed from 1.57 to 2.11 (Figures 1E–H and

Supplementary Table S2).

The exocarp of the fruit in WQ2 had 9–12 layers of cells, and its

thickness changed from 119.01 to 137.69 mm at a different stage.

The exocarp cells were small and closely arranged and short oval or

short polygonal in shape. In contrast, the exocarp of the fruit in

WQ1 was thinner and consisted of four to six layers of cells, with its

thickness changing from 76.29 to 78.17 mm at a different stage. The

exocarp cell area of WQ1 cells was 1.75–3.18 times larger than that

of WQ2 cells (Figures 1E–H and Supplementary Table S2).

The mesocarp cell area of WQ1 was significantly larger than

that of WQ2. The mesocarp cells of WQ2 and WQ1 gradually

became larger with the development of the fruit. However, the

mesocarp cells of WQ2 changed little during fruit development,

with the cell area increasing by only 133.79 mm2 from 10 to 18 DAP.

However, the mesocarp cells of WQ1 changed greatly during fruit

development. The area was 2,238.93 mm2 at 10 DAP, which

increased to 3,925 mm2 at 18 DAP (Figures 1E–H and

Supplementary Table S2).

For QTL mapping, the CTC, DFC, RT, and RH of the RILs and

WQ1 and WQ2 were measured at 28 DAP. Significant differences

were observed in the fruit cracking-related traits between the two

parents and the RILs (Table 1). The average CTC, DFC, RH, and RT

values of the RILs were 14.23 kg (1.58–37.20 kg), 8.48 mm (1.51–

18.17 mm), 55.95 kg (29.40–78.45 kg), and 6.37 mm (2.09–13.74

mm), respectively. All four traits exhibited super-parent segregation

and normal distribution in the RILs (Figure 2). The correlation

between the four traits showed significant differences

(Supplementary Table S3), indicating that these traits were closely

related to fruit cracking.
3.2 Construction of the genetic map

After the clean reads were mapped to the watermelon reference

genome, 197,639 and 198,988 SNP markers were obtained from WQ1

andWQ2, respectively. A total of 494,293 SNPmarkers were developed

between the parents and the RILs (Supplementary Table S4). Finally,

175,062 SNPmarkers were obtained by filtering out those markers that

had no polymorphism between the parents or the SNPs that were

missing in the offspring or distributing partial separation

(Supplementary Table S5). The filtered SNPs were classified into

seven types (i.e., aa × bb, ab × cc, cc × ab, ef × eg, hk × hk, lm × ll,

and nn × np) (Supplementary Figure S1). Because the population used

in this study was the RIL population constructed by two diploid inbred

lines, the aa × bb type (132,967 SNP markers) was reserved for genetic

analysis. After fine filtering, 4,857 SNP markers were finally obtained

for the construction of the genetic map.

The MLOD values between the two markers were calculated for

the 4,857 SNP markers. The highest MLOD values between the
frontiersin.org
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TABLE 1 Fruit-cracking traits related to the parents and RILs.

Trait
Parents RILs

VC (%) Skewness Kurtosis
WQ1 WQ2 Average Range

CTC (kg) 4.52 24.64** 14.23 1.58–37.20 52.07 0.579 −0.421

DFC (mm) 3.11 14.81** 8.48 1.51–18.17 41.58 0.399 −0.050

RH (kg/cm2) 45.92 60.58** 55.95 29.40–78.45 18.65 −0.107 −0.549

RT (mm) 3.18 8.62** 6.37 2.09–13.74 39.08 0.284 −0.665
F
rontiers in Plant Scien
ce
 05
Asterisks mark significant differences according to Student’s t-test.
CTC, cracking tolerance capacity; DFC, depth of fruit cracking; RH, rind hardness; RIL, recombinant inbred line; RT, rind thickness; VC, variable coefficient.
**p < 0.01.
FIGURE 1

Phenotypes of parents. (A, B) WQ1 and WQ2 at 10 days after pollination (DAP). (C, D) WQ1 and WQ2 at 18 DAP. (E, F) Pericarp morphology of WQ1
and WQ2 at 10 DAP. (G, H) Pericarp morphology of WQ1 and WQ2 at 18 DAP. (I, J) Rind hardness (RH) and cracking tolerance capacity (CTC) of
fruits at 10 and 18 DAP. **p < 0.05.
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markers were classified into the same LG. A total of 3,335 SNP

markers were obtained, accounting for 68.66% of the total markers.

A high-density genetic map including 11 chromosomes was

constructed using HighMap software (Figure 3). The number of

SNP markers in each chromosome ranged from 113 to 538. A

genetic map with 1,322.74 cM length was developed, ranging from

63.48 to 144.02 cM among all the chromosomes. The average

genetic distance between the SNP markers across the

chromosomes was 0.4 cM. The average genetic distances on

chromosomes 2 (0.73 cM) and 5 (0.26 cM) were the largest and

smallest across all the chromosomes, respectively. The ratio of gaps

≤5 cM in each chromosome ranged from 96.43% to 99.26%

(Supplementary Table S6). Generally, the higher the ratio of gaps

<5 cM to the total number of gaps, the more uniform the map. The

maximum distance on different chromosomes ranged from 6.24 to
Frontiers in Plant Science 06
18.58, of which the maximum distance between chromosome 5 was

the smallest and that of chromosome 3 was the largest

(Supplementary Table S7).
3.3 Detection of QTLs associated with
fruit cracking

In total, two, one, one, and two QTLs were detected for CTC,

DFC, RT, and RH, respectively, when the LOD threshold was set to

3 (Table 2). Of all the detected QTLs, one locus with high PVE

(41.04%–61.37%) was detected for each of the four traits, which was

located at 76.613–76.919 cM on chromosome 2 (Figure 4). The

physical location at this interval was 31.804–32.805 Mb. A total of

104 genes were predicted in this interval. All the additive effects of
FIGURE 3

High-density genetic map.
B

C D

A

FIGURE 2

Phenotypic distribution of recombinant inbred lines (RILs). (A) Cracking tolerance capacity (CTC, in kilograms). (B) Depth of fruit cracking (DFC, in
millimeters). (C) Rind hardness (RH in kilograms per square centimeter); (D) rind thickness (RT in millimeters).
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this QTL were negative, indicating that the WQ2 allele of this locus

is the desirable one for fruit cracking resistance. Another minor

QTL, which just exceeded the LOD thresholds for CTC and RT, was

detected on chromosome 7 at the same position, with PVE of 8.66%

and 11.2% (Table 2).
3.4 RNA-seq analysis

For each repeat, >57,616,037 clean reads were obtained, with

matching rates ranging from 80.17% to 86.04%. The proportion of

reads matching multiple positions was between 1.05% and 1.53%

(<10%), indicating that the sequencing results of all samples were of

high quality for subsequent analysis (Supplementary Table S7).

In total, 2,551 DEGs were detected between WQ1 and WQ2 at

10 DAP, with 1,342 upregulated and 1,209 downregulated DEGs

(Supplementary Figure S2A and Supplementary Data Sheet 1). In

addition, 3,642 DEGs were detected between WQ1 and WQ2 at 18

DAP, with 1,963 DEGs that were upregulated and 1,679 that were

downregulated (Supplementary Figure 1B and Supplementary Data

Sheet 2). In the DEGs detected in the two groups, 1,685 genes were

co-detected. A total of 866 and 1,957 unique DEGs were detected at

10 and 18 DAP, respectively (Supplementary Figure S3).
3.5 Gene ontology analysis of DEGs

Gene Ontology (GO) analysis was conducted for the functional

classification of the DEGs. In total, 2,290 (89.7%) DEGs were

assigned to three GO classes—biological process, cellular

component, and molecular function—with 2,289 DEGs classified

into 49 functional groups in the WQ1 vs. WQ2 at 10 DAP group

(Figure 5A). In biological process, the DEGs were mainly classified

into cellular process (n = 1,175), material metabolism (n = 1,100),

and single-organism process (n = 1,064). In cellular component, the

DEGs were mainly classified into cells (n = 1,898), cell parts (n =

1,898), and organelles (n = 1,373). In molecular function, the DEGs

were mainly classified into protein binding (n = 1,047) and enzyme

catalysis activity (n = 899).

For the WQ1 vs. WQ2 at 18 DAP group, 3,230 (88.7%) DEGs

were assigned to three GO classes, with 2,290 DEGs classified into

51 functional groups (Figure 5B). In biological process, the DEGs
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were mainly classified into cellular process (n = 1,655), material

metabolism (n = 1,588), and single-organism process (n = 1,471). In

cellular component, the DEGs were mainly classified into cells (n =

2,764), cell parts (n = 2,762), and organelles (n = 1,964). In

molecular function, the DEGs were mainly classified into protein

binding (n = 1,480) and enzyme catalysis activity (n = 1,355).
3.6 KEGG analysis of DEGs

The Kyoto Encyclopedia of Genes and Genomes (KEGG)

categories involved cellular processes, environmental information

processing, genetic information processing, metabolism, and

organismal systems. A total of 309 DEGs were assigned to 92 KEGG

pathways in theWQ1 vs. WQ2 at 10 DAP group (Supplementary Data

Sheet 3). The significantly enriched pathways included

phenylpropanoid biosynthesis; flavonoid biosynthesis; secondary

metabolite biosynthesis; phenylalanine metabolism; and biosynthesis

of stilbene, heptane, and gingerol (Figure 5C).

In total, 450 DEGs were assigned to 107 KEGG pathways in the

WQ1 vs. WQ2 at 18 DAP group (Supplementary Data Sheet 4). The

significantly enriched pathways included pentose and gluconate

interconversion; phenylalanine biosynthesis; cutin, flavin, and wax

biosynthesis; and linoleic acid metabolism (Figure 5D).
3.7 Selection of candidate genes

The comparison of the DEGs detected through RNA-seq and

the genes on the major QTL interval obtained eight coexisting

genes, of which seven were upregulated and one was downregulated

(Table 3). The eight coexisting genes included four transcription

factors (Cla97C02G043800, Cla97C02G044050, Cla97C02G044440,

and Cla97C02G044520) and four other annotated genes

(Cla97C02G043690, Cla97C02G043750, Cla97C02G043850, and

Cla97C02G044100) (Figure 6A and Table 3). The coexisting genes

were verified by qRT-PCR. Among the seven upregulated genes, the

expression of Cla97C02G044520 and Cla97C02G043690 between

WQ1 and WQ2 showed the largest and the smallest difference,

respectively. For the only downregulated gene, Cla97C02G044050,

the expression of WQ1 was 20 times of WQ2 (Figure 6B). The

expression of all detected genes reached significant levels.
TABLE 2 QTLs detected of the CTC, DFC, RT, and RH.

QTL Max LOD score Group Genetic position (cM) Additive PVE (%)

qCTC-1 31.7 2 76.613–76.919 −5.765 60.83

qCTC-2 3.1 7 80.127 2.174 8.66

qDFC 17.8 2 76.613–76.919 −2.253 41.04

qRH 18.1 2 76.613–76.919 −6.677 41.6

qRT-1 32.1 2 76.613–76.919 −1.937 61.37

qRT-2 4 7 77.907–80.127 0.829 11.2
CTC, cracking tolerance capacity; DFC, depth of fruit cracking; LOD, limit of detection; PVE, phenotypic variation explained; QTL, quantitative trait locus; RH, rind hardness; RIL, recombinant
inbred line; RT, rind thickness.
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4 Discussion

Flesh fruits, such as apple, sweet cherry, grape, and tomato, can

crack or split during growth and development, causing severe

economic loss (Khadivi-Khub, 2015). QTLs related to fruit

cracking have been mapped for some fruits with different

populations (Capel et al., 2017; Kunihisa et al., 2019; Crump

et al., 2022; Zhang et al., 2022). However, only a few studies have

focused on the fruit cracking of watermelon (Jiang et al., 2019; Liao

et al., 2020; Sun et al., 2020).

Accurate measurement of phenotypes is important for QTL

mapping. Only a few QTLs have been identified by counting the

number of cracking fruits, calculating the cracked fruit rate, or

evaluating the melon cracking capacity with high levels of irrigation

(Huang et al., 1999; Qi et al., 2015; Capel et al., 2017). However, no

QTL with a large effect was identified at the same time, which is

unfavorable for gene identification or applications. RH has been

reported as a reliable indicator of cracking resistance capacity (Liao

et al., 2020). The CTC, DFC, RT, and RH values showed high

correlations with each other in the correlation analysis

(Supplementary Table S3). One major locus was mapped to the

same region by quantitative trait locus sequencing (QTL-seq),

indicating that, in addition to RH, the phenotype of CTC, DFC,

and RT can be used for the QTL mapping of fruit cracking.

Compared with traditional molecular markers—such as

random amplified polymorphic DNA (RAPD), restriction

fragment length polymorphism (RFLP), cleaved amplified

polymorphic sequence (CAPS), or simple sequence repeat (SSR)
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markers—a lot of markers can be detected through high-

throughput sequencing. In this study, a genetic map of 1,322.74

cM length was constructed, which had a higher density than the

map developed using molecular markers (Hashizume et al., 2003;

Cheng et al., 2016; Yang et al., 2021; Osae et al., 2022). However, the

maximum gap on chromosomes 3 and 6 was relatively large

(Supplementary Table S6), indicating that the sequencing fold

may have been increased. High-density genetic maps in

watermelons have been rarely reported.

QTL-seq and RNA-seq have been used for QTL identification in

many plants (Park et al., 2019; Wen et al., 2019; Lei et al., 2020; Xue

et al., 2022). However, for some agronomic traits, it is almost

impossible to identify the QTLs using RIL or F2 populations due

to fewer recombination sites and complex genetic backgrounds.

Although a minor QTL was identified on chromosome 7, it had

little contribution to the fruit cracking capacity between the two

parents (Table 2). Therefore, the QTL located on chromosome 2

can be considered a quality trait locus, which can be fine-mapped

using F2:3 populations or introgression lines.

During fruit development, the pericarp structures of WQ2 and

WQ1 were significantly different (Figures 1E–H). The RH and CTC

values of WQ2 were consistently significantly higher than those of

WQ1. The thickness of the pericarp and exocarp of WQ2 was

significantly higher than that of WQ1, and the lengths and areas of

the epicarp and mesocarp cells of WQ1 were significantly greater

than those of WQ2 (Supplementary Table S2). In later fruit

development, the length of the epidermal cells, the area of the

epicarp cells, and the area of the mesocarp cells of WQ1 were 2.91,
B

C

D

A

FIGURE 4

Quantitative trait loci (QTLs) detected in the whole genome. (A) Cracking tolerance capacity (CTC). (B) Depth of fruit cracking (DFC). (C) Rind
hardness (RH). (D) Rind thickness (RT).
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3.28, and 5.69 times larger than those of WQ2, respectively. The RH

and CTC values were significantly positively correlated with

pericarp and exocarp thickness, but significantly negatively

correlated with epidermal cell length and the exocarp and

mesocarp cell areas. Therefore, RH and CTC can be used to

measure the cracking resistance of watermelon fruit, which is

more appropriate at the later stage of fruit development.

In total, 866 and 1,957 unique DEGs were obtained at 10 and 18

DAP, respectively (Figure 6A), indicating that, with fruit

development, the gene expression was changed. The changed

DEGs may be responsible for fruit cracking. DEGs changing

during fruit development may play a key role in the difference

between watermelon rind and fruit cracking. GO and KEGG

enrichment analyses of the DEGs before and after cracking (at 10
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and 18 DAP) revealed that lignin catabolism, glucuronoxylan

synthesis and metabolism, phenylpropanoid biosynthesis,

flavonoid biosynthesis, secondary metabolite biosynthesis, plant-

type secondary cell wall biogenesis, and regulation of jasmonic acid-

mediated signaling pathways were significantly enriched. The

change of DEGs may play a vital role in the formation of the rind

tissue structure of watermelon during fruit development. Of the

eight coexisting candidate genes both in the QTL interval and

DEGs, four were transcription factors. Transcription factors are

involved in the regulation of floral and fruit development and

gametophyte cell division (Lai et al., 2020). Many transcription

factors have been detected in fruit cracking through RNA-seq (Jiang

et al., 2019; Wang et al., 2021a). This may provide new insights into

the selection of candidate genes.
B

C D

A

FIGURE 5

Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses of the differentially expressed genes (DEGs) from
the two comparison groups. (A, B) GO enrichment analysis between WQ1 and WQ2 at 10 and 18 days after pollination (DAP). (C, D) KEGG
enrichment analysis between WQ1 and WQ2 10 at and 18 DAP.
TABLE 3 Coexisting genes detected by comparing the QTL-seq and RNA-seq.

Gene ID Description P/S difference

Cla97C02G043690 Reticulon-like protein UP

Cla97C02G043750 Seed biotin-containing protein SBP65 UP

Cla97C02G043800 Transcription factor TCP4-like UP

Cla97C02G043850 Nucleobase-ascorbate transporter 1 UP

Cla97C02G044050 Heat stress transcription factor A-4c-like DOWN

Cla97C02G044100 Serine/threonine protein phosphatase 7 long form UP

Cla97C02G044440 Zinc finger protein CONSTANS UP

Cla97C02G044520 MYB transcription factor 58.1 UP
UP, upregulated; DOWN, downregulated.
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In future studies, our group aims to construct F2:3 populations

or introgression lines for the fine-mapping of major QTLs. In

addition, genetic transformation of the candidate genes will be

performed. The results of this study may provide a useful locus for

MAS and gene function studies.
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