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ABSTRACT

Watermelon, Citrullus lanatus, is the world’s third largest fruit crop. Reference genomes with gaps and a

narrow genetic base hinder functional genomics and genetic improvement of watermelon. Here, we report

the assembly of a telomere-to-telomere gap-free genome of the elite watermelon inbred line G42 by incor-

porating high-coverage and accurate long-read sequencing data with multiple assembly strategies. All 11

chromosomes have been assembled into single-contig pseudomolecules without gaps, representing the

highest completeness and assembly quality to date. The G42 reference genome is 369 321 829 bp in length

and contains 24 205 predicted protein-coding genes, with all 22 telomeres and 11 centromeres character-

ized. Furthermore, we established a pollen-EMSmutagenesis protocol and obtained over 200 000M1 seeds

from G42 . In a sampling pool, 48 monogenic phenotypic mutations, selected from 223 M1 and 78 M2 mu-

tants withmorphological changes, were confirmed. The averagemutation density was 1 SNP/1.69Mb and 1

indel/4.55 Mb per M1 plant and 1 SNP/1.08 Mb and 1 indel/6.25 Mb per M2 plant. Taking advantage of the

gap-free G42 genome, 8039 mutations from 32 plants sampled from M1 and M2 families were identified

with 100% accuracy, whereas only 25% of the randomly selected mutations identified using the 97103v2

reference genome could be confirmed. Using this library and the gap-free genome, two genes responsible

for elongated fruit shape and male sterility (ClMS1) were identified, both caused by a single base change

from G to A. The validated gap-free genome and its EMS mutation library provide invaluable resources

for functional genomics and genetic improvement of watermelon.
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INTRODUCTION

Watermelon (Citrullus lanatus, 2n = 22) is an important cash crop

cultivated throughout the world and is also a popular fresh fruit

with human health-promoting compounds including sugars, lyco-
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of watermelon is over 100 million tons. China is the leading

producer, with an approximate harvested area of over 1.47

million hectares and production of over 60 million tons in 2019

(FAO database, http://www.fao.org/).

A large number of watermelon cultivars have been developed to

meet consumer preferences through intensive breeding pro-

grams for new hybrids. Because of long-term cultivation and se-

lection for yield and fruit quality traits, cultivated watermelon in

the US National Plant Germplasm System and the China National

Germplasm Bank collected from different geographic regions

displays low genetic diversity (Guo et al., 2019; Wu et al., 2019).

More genetic variation is needed to enable the development of

innovative products for sustainable production of watermelon.

The genus Citrullus contains seven species (Renner et al., 2021).

Three of them, C. colocynthis, C. amarus, and C. mucosospe

rmus, have been used in breeding programs to broaden the

genetic base (Levi et al., 2017), but reproductive barriers and

linkage drag limit the speed of watermelon genetic improvement.

Therefore, the development of new technologies is urgently

needed to broaden the genetic base of watermelon germplasm

and improve the breeding efficiency for economically important

traits.

Ethyl methane sulfonate (EMS) is most widely used in crops for

creating genetic mutations and variations, and over 20%ofmutant

cultivars produced via chemical mutagenesis are the result of EMS

mutagenesis (Bado et al., 2015). However, the construction and

application of a watermelon mutant library have not previously

been reported. For EMS mutagenesis, seeds are the first choice

because they are easy to transport and handle and can be

treated and germinated whenever required. EMS mutant libraries

have been successfully constructed through seed treatment for

rice (Sevanthi et al., 2018), wheat (Chen et al., 2020), foxtail millet

(Sun et al., 2019), zucchini (Garcia et al., 2018), melon (Tadmor

et al., 2007; Galpaz et al., 2013), and cucumber (Chen et al.,

2018). However, attempts to create an EMS mutation library by

treating watermelon seeds have not been successful, owing to

low mutagenesis and screening efficiency. An alternative

approach introduced and used extensively in maize is to use

EMS-mutagenized pollen grains for artificial pollination (Neuffer,

1994). Soaking pollen grains in a suspension of EMS in inert

mineral oil has been shown to create a large number of mutants,

and several maize mutagenesis populations have been generated

(Lu et al., 2018; Heuermann et al., 2019; Tran et al., 2020; Nie

et al., 2021). Despite having higher mutation rates and a shorter

screening time, this method has not yet been examined in other

crops.

A reference genome is indispensable for trait and gene discovery.

Efforts to sequence the watermelon genome began over 10 years

ago (Guo et al., 2013). In addition to the first draft watermelon

genome, three high-quality watermelon reference genomes

have been released since 2019 (Guo et al., 2019; Renner et al.,

2021; Wu et al., 2019). However, each genome remained

incomplete, with many gaps. A high-quality reference genome

combined with a mutant collection generated from the same ge-

netic stock will facilitate trait discovery and isolation of desirable

mutants for genetics and breeding. A gap-free genome is the ul-

timate goal of genome assembly, bringing new opportunities for
Mole
the identification of unique genes and structural variations (SVs)

in the ‘‘dark matter’’ regions, such as centromeres, transposable

elements (TEs), and segmental duplications (Li et al., 2021; Song

et al., 2021). Gap-free genomes have been achieved in rice (Li

et al., 2021; Song et al., 2021) and Arabidopsis (Naish et al.,

2021), but no gap-free genome has been reported in Cucurbita-

ceae crops.

In this study, we assembled a telomere-to-telomere (T2T) gap-

free genome using the elite watermelon inbred line ‘‘G42,’’

bridging all remaining assembly gaps in the currently available

reference genomes. The T2T gap-free reference genomewas as-

sessed and validated by gene discovery through a mutation li-

brary constructed using the same G42 inbred line. By establish-

ing and optimizing a pollen-EMS mutagenesis protocol, a large

EMS-mutagenized watermelon mutant population was devel-

oped. Two of the mutation phenotypes, elongated fruit shape

and male sterility, were used as examples for gene cloning by

mapping the variants to the gap-free genome. A T2T gap-free

genome-based saturated mutation library will provide accurately

identified genetic diversity, thus greatly enhancing watermelon

functional genomics and genetic improvement.
RESULTS

A T2T gap-free watermelon reference genome for G42

G42, an elite watermelon inbred line, was selected for T2T gap-

free reference genome assembly and EMS mutation library con-

struction because of its high-quality fruits (fruit weight: 1.5–2.0 kg,

mean soluble solids content: 12%) with early maturity, durable

rind, and stable fruit set in diverse environments (Figure 1C).

Because the mineral oil used in the mutation procedure is

harmful to female watermelon flowers and EMS is toxic to

pollen, it is critical to have good fruit set and a durable rind to

obtain a reasonable scale of mutagenesis and generation of

offspring.

Different sequencing platforms were used to develop a high-

quality genome assembly for watermelon inbred line G42. We

generated 20.62 Gb (�55.93 coverage) HiFi reads using the

PacBio sequel II platform and 21.08 Gb (�57.13 coverage) Ox-

ford Nanopore Technology (ONT) ultra-long reads

(Supplemental Table 1). The N50 length of the HiFi reads was

greater than 16 kb, and the N50 length of the ONT reads was

greater than 76 kb (Supplemental Figure 1). For the PacBio HiFi

read assemblies, the preliminary assembly applied Hifiasm to

HiFi reads and generated contigs with an N50 length of 32.5

Mb (Table 1). Owing to the accuracy of HiFi long reads, the N50

length of G42 was 14 and 4 times higher than those reported

for watermelon line ‘97103’ (Guo et al., 2019) and ‘Charleston

Gray’ (Wu et al., 2019), respectively (Table 1). NextDenovo was

used to assemble the ONT data, forming 11 contigs representing

11 chromosomes. The gap-free ONT genome was then used to

fill the gaps of the HiFi-assembled reference. After filling all re-

maining gaps, a gap-free reference genome named G42pku

was generated, containing 11 chromosomes with a total length

of 369 321 829 bp (Figure 1A, Table 1). Finally, using seven-

base telomere repeats (‘CCCTAAA’) as a sequence query, we

identified all 22 telomeres and constructed 11 T2T
cular Plant 15, 1268–1284, August 1 2022 ª 2022 The Author. 1269
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Figure 1. Overview of the gap-free reference genome of watermelon G42.
(A) Circos plot of gene features at 500-kb intervals across the 11 chromosomes of G42. From outer to inner ring: GC content, gene density, TE density,

and SNPs and indels between the G42 and 97103v2 genomes.

(B) Hi-C chromatin interaction map of the G42 assembly.

(C) Fruit and corresponding vertical section image of G42 watermelon. Scale bar corresponds to 1 cm.
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pseudomolecules for the G42 genome (Figure 2A, Supplemental

Table 2). This is the first T2T gap-free watermelon genome.

Plant centromeres are usually composed of tandem repeat

monomers (or satellite DNA), but very little is known about water-

melon centromeres. Using Tandem Repeats Finder and hmmer,

we identified a cluster with five candidate centromeric tandem re-

peats, which were continuous and occupied the majority in each

chromosome of the G42 genomic sequence (Supplemental

Table 3). One of the major candidate centromere tandem

repeats (cr1) had a similarity of 0.42 to the CEN180 monomer of

Arabidopsis (Naish et al., 2021). Approximate locations of 11

centromeric regions were estimated, with lengths ranging from

0.44 to 3.31 Mb (Supplemental Figure 2, Supplemental Table 4).

For genome annotation, we used the pipeline shown in

Supplemental Figure 3. First, we performed a screening to

annotate and mask TEs in the genome. The repeat sequences,

204.81 Mb, accounted for 62.5% of the content of the G42

genome, which was similar to 97103v2 (Supplemental Table 5).

We then used the genome after repeated sequence masking to

predict gene structures. Several ab initio prediction software

tools, homologous prediction, and transcript prediction with

different principles were used to produce accurate gene

models. EvidenceModeler was used to integrate the results of

different software output and filter out low-quality gene models.

Finally, 24 205 protein-coding genes were predicted in our

assembled genome, with an average coding sequence size of
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1170 bp and an average of 5.15 exons per gene (Supplemental

Table 6). Homology-based annotation of the non-coding RNA se-

quences predicted 832 transfer RNA, 724 ribosomal RNA, and

555 small nucleolar RNA genes for the G42 genome. Using

MUMmer to further compare the G42 and 97103v2 genomes,

we identified 199 267 SNPs and 72 415 indels between them. Us-

ing 500-kb intervals across the 11 chromosomes, we counted the

densities of GC content, genes, TEs, SNPs, and indels in the

genome (Figure 1A).
Quality assessment and validation of the G42 assembly

The quality and completeness of the G42 assembly were evalu-

ated in multiple ways. First, as calculated, the chromosome sizes

were consistent with those of the published 97103v2 genome

(Supplemental Table 7). Then, Illumina short reads and long

reads were mapped to the assembled genome, and mapping

rates and coverage were calculated to evaluate the accuracy of

the genome (Table 1). To confirm the genetic identity of G42,

eliminating effects caused by the environment, natural variation,

and sequencing errors, seven G42 plants were selected for

sequencing to produce 150-bp Illumina reads, which

corresponded to �13.5 Gb sequences covering �36.63 of the

G42 genome (Supplemental Table 1) with a mapping rate of

99.54% and 99.96% genome coverage. Second, we used

BUSCO to evaluate genomic completeness. About 99.13% of

the core conserved plant genes (1600 out of 1614 BUSCOs)

were found to be complete in the G42 genome assembly
r.



Assembly G42 97103v2 Charleston Gray

Number of contigs (gaps) 11 (0) 11 (220) 11 (18 105)

Assembly length (Mb) 369.3 362.7 382.5

Contig N50 (Mb) 32.5 2.3 7.4

Illumina read-mapping rate (%) 99.54 94.30 –

Illumina read coverage (%) 99.96 99.90 –

BUSCOs (%) 99.13 96.80 91.80

LTR assembly index 9.65 7.8 –

Repeat content (%) 62.5 55.55 51.70

Number of telomeres 22 0 0

Table 1. Assembly statistics of watermelon G42, 97103v2, and Charleston Gray genomes.
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(Supplemental Table 8). Of the functionally annotated genes,

92.3% were predicted based on information from the NR (non-

redundant, NCBI), Swissprot, InterPro, Pfam, and KEGG data-

bases (Supplemental Table 9). Collectively, these results

illustrate the high quality, reliability, and accuracy of the G42

assembly. Finally, the LTR assembly index value for the G42

genome was 9.65 (Table 1), higher than those of all previous

watermelon genomes. To correct, order, and orient the G42

contigs, 40.72 Gb chromosome conformation capture

sequencing (Hi-C) data were generated for G42. HiC-Pro was

used to generate chromosomal interaction maps, confirming

the correct order and orientation of all pseudomolecules

(Figure 1B). These results show that our final version of the T2T

gap-free G42 genome has the highest reliability and quality.

We also assessed k-mer-based quality estimates (k = 19 bp) for

97103v2 and G42 genomes using Merqury with both Illumina

PCR-free and HiFi reads (Rhie et al., 2020; Cartney et al., 2022).

Compared with the 97103v2 reference, the Merqury-estimated

quality value of the G42 gap-free genome increased from 35.22

to 76.97 (Supplemental Table 10). For alignment-based validation,

wesequenced97103 andG42with 52Gb (�140.93coverage) and

40.8 Gb (�110.63 coverage) Illumina PCR-free sequencing data

(Supplemental Table 1). The Illumina PCR-free reads were aligned

to the 97103v2 and G42 genomes using BWA-MEM2 and SAM-

tools. The mapping rate of 97103 improved from 99.17% to

99.47%, and the genome coverage improved from 98.39%

to 99.65%. For G42, the mapping rate improved from 99.25% to

99.60%, and the genome coverage improved from 98.29% to

99.99% (Supplemental Table 11). This implies that the G42 T2T

gap-free genome is a better choice for use as a reference in down-

stream analysis.

Compared with the 97103v2 reference genome, the major

improvement in the G42 assembly is that all 220 gaps in the

97103v2 assembly are filled. These gaps ranged from 64 to

350 373 bp, 4 255 634 bp in total, and were distributed

throughout the genome. By randomly selecting 100 large gaps

and verifying them by PCR amplification, all 100 gaps were

confirmed (Supplemental Table 12, Supplemental Figure 4).

There were 173 predicted genes in gap regions, suggesting

that these genes would not be identified if 97103v2 were used

as a reference genome. As an example, LRR-RLKs play crucial

roles in plant development and stress responses (Liu et al.,

2017). We identified two LRR-RLK genes (ClG42_01g0206700
Mole
and ClG42_10g0030700) located in gap24 and gap186, respec-

tively (Supplemental Tables 13 and 14). Moreover, 13 randomly

selected large SVs were also verified by PCR amplification, 9 of

which were confirmed (Supplemental Table 15, Supplemental

Figure 5).
Global comparison of G42 and 97103v2 genomes

The G42 genome assembly had higher completeness and accu-

racy than the 97103v2 assembly. First, the assembly length of

G42 was longer than that of 97103v2 (Table 1). In particular, 11

centromeres and 22 telomeres were assembled on the G42

genome, whereas none of the telomeres were captured by the

97103v2 assembly. All 220 gaps in the 97103v2 assembly were

filled in the G42 assembly, with no gaps left. Assembled

telomeres made a major contribution to the increase in

chromosome size (Figure 2B). In addition, 1331 of the core

conserved plant genes (96.80% of 1375 BUSCOs) were found

to be complete in the 97103v2 assembly, whereas 1600

(99.13% of 1614 BUSCOs) were complete in the G42 assembly.

Collinearity analysis showed consistency between the G42 and

97103v2 genomes (Supplemental Figure 6). After comparing the

PAV distribution across each chromosome between the G42 and

97103v2 genomes (Figure 2B), we identified 8261 SVs, of which

6924 were medium SVs (10–49 bp) and 1337 were large SVs

(R50 bp) (Supplemental Table 16, Supplemental Figure 7). Based

on the validation criteria SV mapping coverage >95% in one

sample but >90% in another sample, 238 large SVs (R100 bp)

were confirmed using the 97103 and G42 PCR-free Illumina data

(Supplemental Table 17). To identify the distribution of these 238

large SVs in different populations, we used 398 watermelon

accessions with reported re-sequencing data (Supplemental

Table 18) (Guo et al., 2019), including 28 C. amarus, 15

C. colocynthis, 18 C. mucosospermus, and 337 C. lanatus. All

238 large SVs were identified, and the distribution of these 238

SVs homozygous to ‘‘G42’’ and ‘‘97103’’ genotypes in different

populations are shown in Supplemental Figure 8. These SVs filled

almost all gaps in the genome, including telomeres, and

account for the 6.6-Mb genome size difference. SV sizes ranged

from 10 to 1 053 973 bp. The largest SV was located in the left

telomere region of chromosome 11 (Figure 2B). We then scanned

the gene regions and their 2-kbp upstream and downstream

regions that overlapped with the large SVs. Two hundred thirty-

seven genes were present or absent between the 2 genomes
cular Plant 15, 1268–1284, August 1 2022 ª 2022 The Author. 1271



Figure 2. T2T gap-free reference genome of G42 watermelon.
(A) Collinearity between the watermelon G42 and 97103v2 genomes. Collinear regions between G42 and 97103v2 are shown by gray lines. All the

97103v2 gap regions closed in RS3 are shown as yellow blocks. The black triangles indicate the presence of telomere sequence repeats.

(B) Distribution of presence/absence variation between G42 and 97103v2 chromosomes.

(C)Sv04986 structures containing theClTST2 gene in unsweet (PI 595203 andPI 296341-FR) and sweet (97103 andG42) watermelon accessions. A 17.5-

kb tandem duplication with a 2-bp insertion (CA) between the duplicates was found in sweet watermelon (97103 and G42). The red arrows represent the

ClTST2-R8/ClTST2-F3 primer pair.

(D) PCR amplification with the ClTST2-R8/ClTST2-F3 primer pair using DNA samples from the four accessions. M, size marker.
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because of these large SVs. In addition, we observed 35 insertions

that contained 124 extra genes in the G42 genome (Supplemental

Table 19).We also accurately identified an 11-bp indel (sv07413) in

the CDS of an ethylene-responsive transcription factor 4 (Suppl

emental Tables 16 and 19), ClG42_10g0024700/Cla97C10G1871

20, a causative gene relevant to rind hardness (Liao et al., 2020).

The gap-free genome provides an opportunity to more accurately

characterize SVs that might otherwise be incorrectly assembled or

completelymissed owing to limitations in the assembly technology

(Li et al., 2021). A 17.5-kb tandemduplication (sv04611) containing

the ClTST2 gene was identified in chr2 (Figure 2C), explaining how

a 5357-bp fragment could be amplified from G42 and 97103 with

primers ClTST2-R8 and ClTST2-F3 (Figure 2D). The ClTST2 gene

(ClG42_02G0107400/Cla97C02G036390) encodes a vacuole-

localized sugar transporter whose expression is positively associ-

ated with sugar accumulation in watermelon fruit flesh (Ren et al.,

2018). This result suggests that the copy number variant at the

TST2 locus in sweet watermelon is very likely to be responsible

for the high sugar content. This hypothesis was confirmed by

analyzing the copy numbers of two unsweet wild watermelon

accessions, PI 595203 and PI 296341-FR. The 5357-bp fragment

could not be amplified (Figure 2C and 2D), indicating that these

two accessions may contain only one copy at the TST2 locus.

Digital PCR (dPCR) has proven to be an exceptional tool for

sensitive and reliable detection of copy number variants

(Cusenza et al., 2021). The results of a dPCR assay further

confirmed the difference in copy number at the TST2 locus

between sweet and unsweet watermelon accessions (Supplem

ental Table 20).
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Phenotypic and genetic evaluation of the G42 EMS
mutation library

A total of 223 observable phenotypic mutants were identified with

a mutation frequency of 3.64% in the first batch of 6126 M1

plants. In M2 evaluation, families with fewer than 8 plants owing

to poor germination were discarded. Among 507 M2 families,

78 (15.38%) had observable phenotypic changes. Phenotypic

variation occurred across all watermelon developmental stages,

and the mutants were classified into 14 categories based on their

primary phenotypes (Figure 3, Supplemental Table 21). Plant

architecture, leaf morphology, and fertility were the top 3 types

of variation, and the most frequent mutation type was for plant

architecture (4.93%). Most plant architecture phenotypes were

associated with leaf morphological changes, such as wrinkled,

thick, and small leaves. During plant development, 49 mutants

were identified with altered leaf morphology, leaf color, plant

architecture, and senescence. Early senescence and rolled leaf

mutants (m5, m6 in Figure 3) have not been reported previously

in watermelon. During the flowering stage, one male-sterile

mutant was identified in M1 and was stably inherited in the

following generations, and its other characters were the same

as the wild type (WT). However, many other male-sterile

mutants identified in M2 families produced weak or compact

plants. Female fertility in some of the mutated plants was also

affected, and seed numbers were thus greatly reduced, even to

zero. Mutants with differences in fruit shape, skin, and flesh

color were also observed. Mutant phenotypes frequently

involved skin stripes, including lost stripes and different stripe

patterns and colors. Some fruit-stripe mutants were also

associated with changes in plant architecture and leaf
r.



Figure 3. Wild-type and mutant phenotypes observed in the G42 EMS mutation population.
(m1, m2, m3, m4) Mutants with altered plant architecture. Scale bar corresponds to 5 cm. (m5) Mutant with early senescence. Scale bar corresponds to

5 cm. (m6,m7, m8,m9,m10) Mutants with altered leaf morphology. Scale bar corresponds to 1 cm. (m11,m12) Anthers ofmale-sterile mutants. Scale bar

corresponds to 1 cm. (m13) Etiolated mutant floral organ, leaf, stem, and fruit. Scale bar corresponds to 1 cm. (m14) Tetraploid mutant leaf, male flower,

and fruit. Scale bar corresponds to 1 cm. (m15,m16)Mutants with altered root system architecture. Scale bar corresponds to 1 cm. (m17,m18,m19,m20)

Mutants with altered skin color. Scale bar corresponds to 1 cm. (m21) Mutant with reduced flesh redness. Scale bar corresponds to 1 cm. WT represents

wild-type plants or organs.
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morphology, which might be due to mutation of pleiotropic

genes. Although EMS treatment usually leads to deleterious

mutations because of loss of gene function, it also generates

favorable traits for crop improvement. Some M1 plants

produced fruits with significantly higher SSC than the WT,

providing a valuable germplasm resource for enhancing
Mole
watermelon fruit quality. Optimization of root system

architecture can improve plant water and nutrient capture

capacity under both normal and extreme climate conditions.

However, mutant library evaluation has often failed to include

root phenotypes. We identified two lethal mutants with

abnormal root development (m15 and m16 in Figure 3). These
cular Plant 15, 1268–1284, August 1 2022 ª 2022 The Author. 1273
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two root mutants were rescued by grafting them onto rootstocks.

They should be useful for elucidating the genetic mechanisms

that modulate watermelon root architecture.

Representativemutations identified in theM1andM2generations

were selected for detailed genetic analysis. Five dominant/partial

dominant monogenic mutants were determined in theM1 andM2

generations (Supplemental Table 22). Recessive mutation can

only be identified in M2 and M3 families, and a total of 43

recessive monogenic mutants were identified from the initial 507

M2 families examined (Supplemental Table 23). All the mutant

phenotypes fitted to a 3:1 segregation ratio in the M2 families

and therefore involved single recessive gene mutations.

As an example of multiple mutations, mutant line 21SW187

segregated for two independent traits, flesh color and root sys-

tem architecture. The light red flesh mutant expressed a domi-

nant monogenic pattern in the M2 generation, whereas no lateral

root mutant exhibited recessive monogenic segregation. It can

be expected that many M2 families will carry multiple mutations

to be examined.
Genome-wide characterization of G42 EMS mutation
library

To analyze the genome-wide distribution of EMS-induced muta-

tions, 39 individuals, including 7 WT, 20 M1, and 12 M2 plants,

were re-sequenced. A total of 1705 Gb of paired-end reads

were obtained, and the average sequencing depth was 118.713

for the 32 EMS mutants and 112.373 for the WT (Supplemental

Table 24). The cleaned short-read sequences were mapped to

the gap-free G42 genome. For the re-sequenced WT plants,

variant loci detected in only one of the seven plants were filtered.

A total of 8039 mutations were identified in the 32 mutant plants

(Supplemental Table 25), distributed almost uniformly on each

chromosome (Figure 4A), and the average mutation frequency

was 21.77 mutations/Mb. Among the 8039 mutations, 6073

SNPs and indels were detected in only one individual of the 32

mutants, whereas the rest (1966) of the SNPs and indels were

detected in two or more individuals (Supplemental Table 26).

One hundred and thirty-six mutations, including 90 C/G to T/A

mutations, 32 non-CG to TA mutations (11 T/A to C/G, 16 T/A

to A/T, 1 C/G to A/T, 3 T/A to G/C, and 1 C/G to G/C), 7 insertions,

and 7 deletions in M2 families, were randomly chosen from 11

chromosomes and validated by Sanger sequencing. All the

selected mutations were confirmed (Supplemental Table 27),

indicating the high reliability of the mutations identified in our

EMS mutation library using the gap-free G42 reference genome.

As shown in Supplemental Table 28, 218 (117–437) SNPs and 82

(60–120) indels were identified in each M1 mutant, with 0.59

(0.32–1.18) SNPs/Mb and 0.22 (0.16–0.32) indels/Mb. In M2 mu-

tants, 343 (104–1018) SNPs were identified in each mutant, with

0.93 (0.28–2.75) SNP/Mb, whereas indel numbers decreased to

58 (33–74) per mutant plant, with 0.16 (0.09–0.20) indels/Mb.

Details of SNP and indel mutations in the M1 and M2 generations

are shown in Figure 4B and Supplemental Table 29. Mutation

types were consistent between the M1 and M2 generations, but

mutation frequency varied. In M1 mutants, C/G to T/A mutation
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was predominant (40.14%), followed by T/A to C/G (11.66%),

T/A to A/T (5.80%), C/G to A/T (8.52%), T/A to G/C (3.98%), and

C/G to G/C (2.61%). In M2 mutants, C/G to T/A transitions

increased to 65.58%, whereas all other mutation types

decreased. The transition to transversion ratios in M1 and M2

mutants were 2.48 (3115/1255) and 5.88 (4222/718), respectively

(Supplemental Table 30). Indel sizes were mostly between 1 and

8 bp. The most frequent indels observed in the 32 mutants were

3 bp deletion (391), followed by 2 bp deletion (195), 1 bp insertion

(184), and 1 bp deletion (176) (Supplemental Table 31).

In addition to the distribution and mutation frequency estimated

through genome-wide mutation number, library quality was

further assessed by taking account of effective functional muta-

tion number and density. Mutation occurred more often in inter-

genic regions (41.80%), followed by upstream (20.44%), down-

stream (20.55%), and intron (11.77%) regions (Supplemental

Table 32). Functional impact was predicted for each mutation

using the SnpEff program (Cingolani et al., 2012). Modifier-

impact mutations were predominant (94.80%), and only 0.61%

of mutations were predicted to have a high impact (Supplem

ental Table 33). Among functional mutations that occurred in

coding regions, 399 (68.79%) were missense, 17 (2.93%) were

nonsense, and 164 (28.28%) were silent (Supplemental Table

34). Phenotypic mutations may be caused mostly by mutations

in functional genic and cis-element regions.

The genome can be well saturated with mutated functional genes

when enough mutant plants are available. The number of mutants

required to construct a saturated watermelon mutant library was

evaluated. According to the G42 genome annotation, the number

of protein-coding geneswas 24205. The total number of functional

mutations in coding regions in 12 M2 mutants was 317 (Supp

lemental Table 34), with an average of 26.42 mutations per mu

tant plant. Given the gene number of 24 205 and an average of

26.42 mutations per mutant, 4219 mutants would be required to

have a 99% chance of mutating every functional gene in the G42

genome. Our watermelon G42 EMS mutation library, with over

200 000 M1 seeds/plants generated in this study, contains

sufficient mutations to cover essentially all functional genes of

agronomic importance.
Gene identification of two selected mutants using the
gap-free G42 genome

Fruit shape isan important trait forwatermelonbecauseof its role in

consumer preference, packaging, and transport. The elongated

fruit mutant in the M1 population had an average fruit shape index

of 1.86, compared with 1.18 in the WT (Figure 5A). Partial

monogenic dominance was confirmed in M2 families. Two alleles

in ClG42_03g0164800 (syn. Cla97C03G066390 in 97103v2),

which encodes protein IQ-DOMAIN 14-like, have been

associated with elongated fruit (Legendre et al., 2020; Dou et al.,

2018). To identify the causal mutation, ClG42_03g0164800 was

sequenced in 11 plants, including 3 wild-like controls, 3 spherical

wild-like types, and 2 oval and 3 elongated fruitmutants. Alignment

of sequences to the gap-free G42 genome revealed a non-

synonymous point mutation at 934 bp in exon 3 (Figure 5B). The

base change from G to A caused an amino acid change from

aspartic acid to asparagine (Figure 5C), owing to the predominant

type of base transition produced by EMS treatment. Plants with
r.



Figure 4. Genome-wide characterizations of EMS-induced M1 and M2 plants of G42 watermelon.
(A) Mutation distribution and density for the mutations identified in 32 mutants on 11 chromosomes. Window size is 1 Mb, and the color depth of each

window represents the range of mutations.

(B) Ratios of different mutations identified in 32 mutants.
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Figure 5. Phenotyping an elongated fruit mutant and detection of a mutation in the ClFS1 gene of G42 watermelon.
(A) Fruit shape of mutant (left) and wild type (right). Scale bar corresponds to 1 cm.

(B) Causal mutation locus for mutant and wild type.

(C) Amino acid change from aspartic acid to asparagine in the mutant.
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elongated fruit were homozygous, and those with oval fruit were

heterozygous. The mutated gene sequence was identical to the

KBS allele (a non-synonymous point mutation in exon 3).

To further illustrate the usefulness of the gap-freeG42 genomeand

mutation library for gene discovery, we performed rapid mapping-

by-sequencing to identify the gene that gives rise to the dominant

male-sterile mutant (21SW5304) (Figure 6A). This mutant showed

good fit to the monogenic dominant pattern. Seventeen male-

sterile plants and six male-fertile plants from three M3 families

were selected for whole-genome re-sequencing, and the cleaned

short-read sequences were mapped to the gap-free G42 genome

(Supplemental Table 35). A total of 2918 variant loci detected only

in 1 of 6 male-fertile plants were filtered out; only 13 candidate

lociwereconsidered tobe inducedmutations, and functional anno-

tation predicted that only 1 SNP had a high impact on protein func-

tion (Supplemental Table 36). For 17 heterozygous male-sterile

individuals, the expected SNP allele frequency was 0.5. The SNP

(Chr9: 35,048,030; G to A) matched the expected zygosity

pattern: heterozygous (G/A) for the mutant allele in all 17 male-

sterile plants but homozygous (G/G) for the reference allele in all 6

WT male-fertile plants (Figure 6B, Supplemental Table 36).

Therefore, the male-sterile mutant was most likely caused by this

SNP mutation. The causal SNP mutation was located at 1,509 bp

in exon 2 of candidate gene ClG42_09g0202400 (designated

ClMS1), and the base change caused an amino acid change from

glycine to serine. ClMS1 was predicted to encode an HSP70

protein (Figure 6C), an interesting and highly conserved protein

(Chen et al., 2019), and the insertion of an HSP70 antisense gene

fragment in tobacco and rice has been confirmed to lead to

pollen abortion and male sterility (Liu et al., 2008; Yi et al., 2016).

Therefore, ClG42_09g0202400 is likely to be the mutated gene

that controls watermelon male sterility.

DISCUSSION

A T2T gap-free watermelon genome can accelerate the
identification of functional genes

Three high-quality watermelon reference genomes have been

released since 2019 (Guo et al., 2019; Wu et al., 2019; Renner
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et al., 2021), but in each case, a portion of the genome

remained unassembled or unplaced. Successful assembly of a

T2T gap-free G42 genome was achieved in this study using a

combination of multiple sequencing platforms. PacBio HiFi

sequencing with highly accurate reads of 16 kb in length on

average, along with ONT sequencing with a long-read length of

76 kb on average, have advantages for the assembly of heterozy-

gous regions and centromeres, as demonstrated by the gapless

assembly of rice, Arabidopsis, and banana (Belser et al., 2021;

Naish et al., 2021; Song et al., 2021). All 11 centromeres and 22

telomeres were captured, and assembly continuity was greatly

improved by HiFi and ONT sequencing, which helped us to

identify 173 novel genes in 220 gaps that were not captured in

the 97103v2 assembly. Our integrated assembly strategy

involving HiFi reads and ONT long reads generated a high-

quality watermelon reference genome, achieving the assembly

goals of high accuracy and T2T completeness.

The gap-free G42 watermelon genome can help to identify genes

located in gaps of the 97103v2 genome. We identified a 30 619-

bp gap (gap202) in the 407 bp upstream of the translation start

site of Cla97C10G197910 (Supplemental Table 13, Supplemental

Figure 9A), located in a previously identified genomic region that

is significantly associated with the rind hardness trait (Liao et al.,

2020), and the gap was confirmed by PCR amplification (Supp

lemental Figure 9B). The Cla97C10G197910 gene encodes an

aquaporin protein 25. The start codon of the ClG42_10g0149500

gene (syn. Cla97C10G197910 in 97103v2) extends into the gap

region, leading to changes in protein structure and function. By

filling this gap, the G42 assembly will accelerate the functional

identification of this gene, which possibly causes G42 to have

higher cracking tolerance than 97103.

Sweetness has been the main impetus for both domestication

and improvement of watermelon. The expression of the sugar

transporter ClTST2 is positively correlated with sugar content

in watermelon fruit flesh and plays a potential dual function in

sugar accumulation and flesh coloration (Guo et al., 2019). A

sequence change (1368 SNP, A/C) in the ClTST2 promoter

was considered to be the main cause of watermelon
r.



Figure 6. Identification of a new male-sterility mutation in G42 watermelon.
(A) Male flower of wild type (left) and male-sterile mutant (right). Scale bar corresponds to 1 cm.

(B) The causal SNP (Chr9: 35048030; G to A) of the male-sterile mutant. The orange arrow indicates the position of the G1509A SNP on

ClG42_09g0202400.

(C) Causal mutation locus for male-fertile wild type and male-sterile mutants.

(D) Amino acid change from glycine to serine in the male-sterile mutant.
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sweetness domestication from unsweet to sweet (Ren et al.,

2018), but it could not explain low-sugar-content accessions

among C. mucosospermus and C. lanatus landraces. With the

help of the gap-free G42 watermelon genome, we identified

two copies of the ClTST2 gene in the sweet cultivated

watermelons G42 and 97103. Further experiments showed

that only one copy of ClTST2 was present in the unsweet

C. mucosospermus accession (PI 595203) and C. amarus

accession (PI 296341-FR). During domestication and diversifi-

cation of watermelon, the sweetness trait underwent strong se-

lective pressure (Ren et al., 2018). However, de novo

duplications of the ClTST2 gene could immediately adapt to

this selection by increasing gene products (Saxena et al.,

2014). This hypothesis needs to be tested using a broader

range of germplasm.
Pollen-EMS mutagenesis facilitates mutation library
construction

Compared with staple cereal crops, Cucurbitaceae crops have

very fewmutants available. Although many attempts at mutagen-

esis have been made using conventional EMS treatment of

seeds, the ideal mutation library has not been obtained

(Tadmor et al., 2007; Galpaz et al., 2013; Chen et al., 2018). In

this study, we developed a mutation protocol for watermelon

by treating pollen with EMS, a method only successfully used in

maize. Unlike maize, there are two difficulties with pollen-EMS

treatment in watermelon. Sticky watermelon pollen grains are

difficult to collect, and the mineral oil used to prevent the pollen

grains from breaking harms female watermelon flowers. These

two difficulties were overcome in this study with two measures:

a large amount of pollen was obtained by eluting watermelon

anthers with mineral oil, and after EMS treatment, the mineral

oil was filtered out to retain only the treated pollen grains. With
Mole
these two key improvements, a large number of M1 seeds were

generated.

Using pollen-EMS mutagenesis, the watermelon phenotypic mu-

tation frequency (15.38%) was similar to that reported in the

maize inbred RP125 mutant library (16.26%) (Nie et al.,

2021) but much higher than that for the tropical maize inbred

ML10 mutant library (6.16%) (Tran et al., 2020). The gap-free

genome assembled in this study facilitated our identification

and characterization of genome-wide mutations. The genome-

wide mutation types and frequency were also similar to those

of maize (Lu et al., 2018). Compared with EMS treatment of

seeds, pollen treatment produced a lower frequency of G/C to

A/T transitions, with 51.47% and 45.9% in watermelon and

maize (Lu et al., 2018), respectively. The frequency of non-G/C

to A/T transitions increased correspondingly, and the frequency

of indels increased to 21.56%. High-impact effects on gene func-

tion were also similar to the reported 0.52% in rapeseed (Tang

et al., 2020). However, with EMS seed treatment, the frequency

of G/C to A/T transition reached 86.5% in rapeseed (Shirasawa

et al., 2016) and 68.4% in tomato (Tang et al., 2020). Pollen-

EMS treatment may be more likely to produce large-effect muta-

tions. The difference inmutation types between seed- and pollen-

EMS treatments has been suggested to be crop specific (Lu et al.,

2018), but this needs to be validated in more crops. Our improved

protocol can be used to develop EMS mutation libraries in other

crops.

The T2T gap-free genome combined with a mutation
library facilitates the identification of functional genes
and crop improvement

A gap-free reference genome plays an important role in mini-

mizing false mutations caused by differences in genetic back-

ground. We identified 34 486 potential mutations in 32 mutants
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by mapping to the 97103v2 genome (Supplemental Table 37),

and C/G to T/A mutations accounted for only 33.14%

(Supplemental Table 38). But the number of mutations was

significantly reduced to 8039 when mapping to the gap-free

G42 genome, and C/G to T/A mutations increased to 51.47%,

indicating a high frequency of false positives when using the

genome assembly with gaps. By randomly selecting 64 of the

34 486 mutations mapped to the 97103v2 genome, only 16

(25.0%) were verified, and the other 48 (75.0%) were false posi-

tives (Supplemental Table 39). However, 136 randomly selected

mutations of the 8039 mapped to the G42 genome were all

confirmed. The validation of small samples was consistent with

that of the mutant library, further demonstrating that assembly

of the gap-free G42 genome can significantly reduce false

positives in mutation screening.

The same mutants frequently exhibit distinct phenotypes in

different genetic backgrounds (Buescher et al., 2014;

Anderson et al., 2019). A high-quality genome combined with

corresponding large mutant collections will facilitate the identifi-

cation and cloning of genes. This strategy has been used to

clone many genes from EMS libraries in maize (Nie et al.,

2021) and rapeseed (Tang et al., 2020). In our study, taking

advantage of the gap-free G42 genome, a dominant male-

sterility gene ClMS1 was quickly identified from the EMS mutant

library by whole-genome re-sequencing of only 23 individual

plants with an average sequence depth of 57.23. Only 13 loci

were selected as candidates, of which 1 SNP matched the ex-

pected allele frequency. This procedure provides a reference for

identifying dominant mutants induced by pollen-EMS treatment.

The dominant genic male-sterile mutant may be used as a fe-

male parent for hybrid breeding and seed production in water-

melon (Fox et al., 2017; An et al., 2020). Further research

should seek to clone and decipher the functional mechanism

underlying ClMS1.

Our work also revealed that 187 of the 8039 mutations were

located in gaps in the previous genome assembly; they could

not be detected using the 97103v2 genome, and thus the corre-

sponding functional genes could not be discovered. The gap-free

G42 watermelon genome and mutations located in the insertion

SVs will facilitate the identification of more functional genes in

watermelon.

In this study, a T2T gap-free reference genome of watermelon

was assembled with high reliability and quality and used for mu-

tation characterization and gene discovery. In addition, the po-

tential of EMS-pollen treatment to generate a high-quality muta-

tion library was demonstrated, with a large number of mutations

identified. The T2T gap-free reference genome combined with

the mutation library is powerful not only for genetic analysis of

gene function but also for genetic improvement of watermelon.
METHODS

Plant materials, DNA extraction, library construction, and
sequencing

Four watermelon accessions named G42, 97103, PI 595203, and PI

296341-FR were used in this study. The small-fruited diploid watermelon

inbred line G42 was chosen as the genetic stock for mutation. G42 was

developed by selfing for 13 generations after initial release. G42 WT, mu-
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tants, and other accessions were planted at the Experimental Station of

the Peking University Institute of Advanced Agricultural Sciences, Wei-

fang, Shandong (36�500N, 119�440E) in a plastic green house in 2020,

2021, and 2022. Flesh SSC was measured using a handheld digital

PAL-1 refractometer (Atago).

For de novo assembly, fresh young leaf tissue was collected fromG42WT

plants. For SMRT sequencing, high-molecular weight DNA was extracted

using the CTAB method, and a standard SMRTbell library was prepared

using 50 mg of DNA and a SMRTbell Express Template Prep Kit 2.0 ac-

cording to the manufacturer’s recommendations (Pacific Biosciences,

CA, USA). SMRTbell libraries were sequenced on a PacBio Sequel II sys-

tem. For ONT and Hi-C sequencing, genomic DNA was extracted using

the CTABmethod, and the ONT and Hi-C libraries were prepared accord-

ing to themanufacturers’ instructions. The genomewas sequenced on the

Nanopore PromethION and Illumina HiSeq X Ten platforms according to

standard ONT and Illumina (Illumina, San Diego, CA, USA) protocols.

BioNano optical mapping was performed by digesting and labeling

high-molecular weight DNA with the single-stranded nicking endonu-

clease Nt.BspQI according to BioNano’s standard protocol. The labeled

DNAmolecules were stretched and imaged using the BioNano Irys system

(BioNano Genomics) at Nextomics Biosciences.

For whole-genome re-sequencing, total genomic DNA was isolated from

fresh young leaf tissue of WT and mutant individuals using the CTAB

method. A 150-bp paired-end library with insert sizes of 350 bp was con-

structed for each individual following standard Illumina library preparation

protocols (Illumina). Meanwhile, PCR-free libraries were prepared with the

Illumina TruSeq DNA PCR-free library prep kit (Illumina) according to the

manufacturer’s instructions. The qualified libraries were then sequenced

using an Illumina Hi Seq X Ten platform to produce 150-bp paired-end

reads.

For RNA-seq, six different tissues (leaf, tendril, flower, stem, fruit flesh,

and root) were sampled at four time points: 10, 30, 60, and 90 days after

sowing. Each sample had three biological replicates. Total RNA was iso-

lated using the RNAprep Pure Plant Kit (TIANGEN, Beijing, China). RNA-

seq library construction was performed as described by Zhong et al.

(2011). All sequencing was carried out at BerryGenomics (http://www.

berrygenomics.com/, Beijing, China).

For the dPCR assay, genomic DNA was extracted from four watermelon

materials using a DNeasy Plant Mini Kit (QIAGEN, Hilden, Germany) ac-

cording to the manufacturer’s guidelines. The DNA concentration and pu-

rity of each sample were determined using a NanoDrop 2000 spectropho-

tometer (Thermo Fisher Scientific, Wilmington, DE, USA).

Genome de novo assembly and quality assessment

De novo assembly: for the PacBio assemblies, consensus reads (HiFi

reads) were generated using CCS software (https://github.com/pacific

biosciences/unanimity) with the default parameter. These long (�15

kb) and highly accurate (>99%) HiFi reads were assembled using Hi-

fiasm (0.16.1) with default parameters to generate a draft contig genome

(Cheng et al., 2021). NextDenovo was used to assemble the ONT data

with the parameters genome_size = 380 M, read_cutoff = 50 000, seed_-

cutoff = 55 959, seed_depth = 45. Two sets of primary contig genomes

were generated. Hi-C data were used to anchor and remove some short

contigs. Hi-C data were classified as valid or invalid interaction pairs us-

ing HiC-Pro v2.11.1 (Servant et al., 2015), and only valid interaction pairs

were retained for subsequent assembly. Lachesis (Burton et al., 2013)

was used to cluster, order, and orient the contigs. The genomes

generated with ONT data formed 11 contigs representing 11

chromosomes. The gap-free ONT genome was used to fill the gaps in

the genome generated by Hifiasm (Song et al., 2021). Finally, a

heatmap of genomic interactions was plotted with HiCPlotter software

(Akdemir and Chin, 2015).
r.
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For telomere identification, plant telomeric sequences (CCCTAAA) were

identified, and 18 of the expected 22 telomeres (11 chromosomes) were

identified using the telomere pipeline developed by the VGP (https://

github.com/VGP/vgp-assembly). Telomeric reads (HiFi and ONT reads)

were manually identified, and telomeric sequences were patched for

the telomere-missing chromosomes. Both Racon and Merfin were

used to polish the G42 assembly with six iterative rounds (Cartney

et al., 2022).

Using TandemRepeats Finder and hmmer, we identified a cluster with five

candidate centromeric tandem repeats, whichwere continuous and occu-

pied the majority in each chromosome from the G42 genomic sequence

(Supplemental Table 3). Approximate locations of centromeric regions

were estimated by the frequency of all candidate centromeric tandem

repeats.

The genome completeness was evaluated by BUSCO using the embry-

ophyta_odb10 database (Manni et al., 2021). The genome continuity

was evaluated by calculating contig N50 length. The accuracy of the

genome was evaluated by mapping the WGS sequencing data to the

genome with BWA-MEM (Li and Durbin, 2010) and calculating

mapping rate and coverages with qualimap2 (Okonechnikov et al.,

2016). HiFi sequencing data were mapped to the genome with

minimap2 (Li, 2018). The LTR assembly index value, which uses

repeat sequences, was evaluated for the assembled genome (Ou

et al., 2018). We also assessed the genome assembly using the

Merqury quality value based on the 19-mer ‘‘hybrid’’ Merqury k-mer

database combining Illumina PCR-free and HiFi reads (Rhie et al.,

2020; Cartney et al., 2022).
Genome annotation

RepeatMasker was used to mask the genome and annotate the TE ele-

ments using a de novo high-quality non-redundant TE library for the G42

watermelon genome, which was predicted by de novo repeat library

construction using RepeatModeler (Flynn et al., 2020) and EDTA (Ou

et al., 2019). The protein-coding gene structure of the G42 genome

was predicted using three methods: ab initio gene prediction,

homology-based gene prediction, and RNA-seq data gene prediction.

Before gene prediction, the assembled genome was hard and soft

masked using RepeatMasker (Tarailo-Graovac and Chen, 2009).

Augustus (Stanke et al., 2006) (unsupervised training), Braker2 (Br�una

et al., 2021), and GlimmerHMM (Majoros et al., 2004) (models

available) were used to perform ab initio gene prediction, and

Exonerate (v2.2.0) (Slater and Birney, 2005) was used for homology-

based gene prediction. Protein sequences from watermelon

‘‘97103v2’’ (Guo et al., 2019), cucumber (Li et al., 2019), melon

(Garcia-Mas et al., 2012), Arabidopsis, and Swiss-Prot (Bairoch and

Apweiler, 1999) were aligned to our genome assembly, and coding

genes were predicted using Exonerate with default parameters.

Transcriptome evidence included de novo assembly of transcripts

(based on Trinity to PASA) (Haas et al., 2003, 2013; Grabherr et al.,

2011) and genome-guided assembly (HISAT2 to StringTie to Transde-

coder) (Pertea et al., 2016; Kovaka et al., 2019). The PacBio transcrip-

tome sequence data were processed using SMRT Analysis software

(IsoSeq3). Reads of insert (ROIs) were generated from subread BAM

files with the parametersmin_length 300,min_accuracy 0.9, min_passes

1. Based on whether the sequence contained 50 primers, 30 primers, and

poly(A) tails, the ROIs were divided into full-length and non-full-length

sequences. Only ROIs without any adapter sequences were considered

to be full-length non-chimeric reads. Full-length fasta files were pro-

duced, fed into the clustering step, and classified into high-quality iso-

forms and polished low-quality isoforms. Finally, the high-quality iso-

forms and polished low-quality isoforms were combined for

subsequent analyses. EVidenceModeler was used to integrate all pre-

diction results using the three methods to predict gene models (Haas

et al., 2008).
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Three methods were used to predict the functions of protein-coding

genes. First, BlastP (Altschul et al., 1997) was used to search against

protein sequences at the NCBI nonredundant protein database (Finn

et al., 2008) and the Swiss-Prot database (Bairoch and Apweiler, 1999).

Second, protein domain and gene ontology term annotations were

performed using InterProScan (Quevillon et al., 2005). Third, KEGG

annotation was performed with the KEGG Automatic Annotation Server

(Moriya et al., 2007). tRNAscan-SE (Lowe and Eddy, 1997) was used to

identify tRNA genes with default parameters. RNAmmer (Lagesen et al.,

2007) was used to predict rRNA sequences, and INFERNAL (Nawrocki

et al., 2009) was used to search snRNAs from the Rfam database.

Synteny analysis

NUCmer was used to perform comparisons between genomes with pa-

rameters –mum –mincluster 200 –minmatch 100. Delta-filter was used

to filter the results of the alignment file produced by NUCmer with param-

eters -i 95 -l 100 -1. A dotplot was generated with the mummer function

mummerplot (Marcais et al., 2018).

Genome-wide comparisons and identification of SNPs, indels,
and SVs

MUMmer4 was used to compare the G42 and 97103v2 genomes with the

parameters -maxmatch -c 100 -l 50. Then, delta files were filtered using

the delta filter -1 parameter, which left only the best alignments. Finally,

SNPs and indels were identified using show-snps (with the -ClrT param-

eter) for the filtered delta files (Marcais et al., 2018). AnchorWave (Song

et al., 2022) was used with default parameters to identify SVs between

the genomes. A Perl script was used to extract information about the

locations and sizes of the variations.

Distribution of SVs relative to gene position and annotation

Based on their overlapping regions in the genome, we classified SVs into

five categories: coding regions, introns, ±2 kb of genes, and intergenic re-

gions. If an SV overlapped with two or more genomic regions, then it was

classified into multiple genomic regions at the same time. We then calcu-

lated the percentage of each SV category. If an SV overlapped with a gene

region or a 2-kbp upstream or downstream region, it was considered to

affect this gene and was annotated as the gene it affected.

EMS pollen treatment

Pollen grains were treated by EMS as described by Settles (2020) with

modifications. Sufficient anthers were collected from blooming male

flowers in the early morning. EMS treatment was performed by

immersing anthers in 5 ml mineral oil containing the required volume of

EMS. The EMS dilution was made by first preparing a 1:15 suspension

of EMS (Sigma M0880-5G) in mineral oil (v/v) (Sigma M8410-1L) and

then further diluting it to treatment concentrations of 0%, 0.1%, 0.15%,

and 0.2% (v/v). After stirring with a glass rod for 5 min, anthers and debris,

if any, were filtered out using a fine-mesh kitchen strainer. The mixture of

pollen and EMS treatment solution was transferred to a 50-ml glass bottle

with a tightly closing lid, and the pollen grains were then stirred gently in

the solution using a magnetic stirrer for the required times (0, 40, 60,

and 80 min).

EMS-treated pollen grains were cultured on medium comprising 1% (w/v)

agar, 2 g sucrose, 20 mg H3BO3, 41.6 mg Ca(NO3)2, 21.7 mg

MgSO4$7H2O, and 10 mg KNO3 in 1000 ml of distilled water (pH 8.0). Pol-

len grain samples in mineral oil (10 ml) were pipetted onto 100 ml of the

germination solution in a 48-well tissue culture plate, with each well acting

as a replicate of one treatment. Samples were left unsealed but covered.

After 2 h, samples were scored for percent pollen germination. A pollen

grain was classified as ‘‘germinated’’ if the length of the pollen tube was

more than twice the width of the pollen grain. A random sample of 50 pol-

len grains per replicate was scored. The pollen germination rate for the 60-

min 0.1% EMS treatment was about 50% (Supplemental Figure 10),
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closest to the median lethal dose, and was selected as the optimal

condition for subsequent experiments.

Large-scale EMS treatment and phenotypic evaluation of
mutagenic population

A total of 2000 G42 plants were pollinated with pollen grains treated with

optimized conditions. The treatment process followed the pre-

experiment. After pollen grains were stirred in EMS solution for 40 min

with a magnetic stirrer, the mixed solution was allowed to stand for

5 min. The supernatant liquid was discarded by pouring it out of the flask,

filtering it through filter paper to retain only the treated pollen grains. The

treated pollen grains were transferred onto the stigmas of female flowers

using a long-handled paintbrush. Pollination was completed within 30 min

after the mutagenesis treatment. Protective equipment was necessary

throughout the procedure. Mature fruits were harvested with a standard

procedure. We harvested approximately 180 000 M1 seeds in Spring

2020. A similar EMS mutagenesis was performed in Autumn 2020, and

approximately 20 000 M1 seeds were harvested.

During Autumn 2020, 6126 M1 and 50 WT plants were grown. All the M1

plants were self-pollinated, when possible, to develop M2 families. A total

of 507 M2 families, each with 24 seeds, were sown in the plastic house in

Spring 2021. Mutants with altered phenotypes were surveyed throughout

the growth period as described byGuo et al. (2019). TheM1 andM2 plants

with male sterility or abnormal female flowers were crossed with theWT to

preserve the mutants and test their inheritance. Mutants with abnormal

roots were grafted onto rootstock to complete the development cycle

and produce seed. All the M2 plants were self-pollinated to develop M3

families. For each M3 line with a recessive monogenic mutation, 24 seeds

were sown in the plastic house in Autumn 2021 for further evaluation. Field

management, including seedling production, fertilization, irrigation, and

disease management, was carried out following the recommendations

for commercial production.

Genetic analysis of mutations

Chi-square analysis was used to test the goodness-of-fit to the expected

ratios for the inheritance of each mutation phenotype in the M2 genera-

tion; when two different mutation phenotypes were observed in the

same family, independent segregation of the mutation alleles was also

examined by chi-square test. A 10% chance of type II error in monogenic

inheritance was considered.

Mutation identification and annotation

The clean reads were aligned to the 97103v2 and G42 genomes using the

BWA-MEM tool (Bwa-mem2, version 2.2.1) (Vasimuddin et al., 2019) with

default parameters. Picard (https://broadinstitute.github.io/picard/, version

2.25.2) was used to identify and remove duplicated reads caused by PCR

in the process of library construction. Mutation naming was performed

according to the Genome Analysis Toolkit (version 4.2.0.0) (McKenna

et al., 2010) with parameters ‘‘QD < 2.0 || MQ < 40.0 || FS > 60.0 ||

MQRankSum < -12.5 || ReadPosRankSum < -8.0’’ for SNPs and

‘‘QD < 2.0 || FS > 200.0 || ReadPosRankSum < -20.0’’ for small indels. Raw

mutations were filtered using VCFtools (version 0.1.16) (Danecek et al.,

2011) with parameters ‘‘–min-alleles 2 –max-alleles 2 –max-missing 0.7

–minDP 5 –minGQ 20 –mac 6 –minQ 30 –remove-filtered-all –recode-

INFO-all’’. Variant loci detected in any one of the seven WT plants were

filtered. The SnpEff program (version 5.0) (Cingolani et al., 2012) was used

to annotate and classify genetic polymorphisms based on their effects on

annotated genes.

Number of plants needed to construct a saturated watermelon
mutation library

The number of mutant plants required to construct a saturated water-

melon mutation library was estimated. The probabilities were calculated

using the following formula (Krysan et al., 1999): P = 1 � [1 � (L/C)]nf,

where P is the probability of finding one functional effect mutation within
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a given gene, L is an average length for the gene in kilobases, C is the

haploid genome size, n is the number of independent mutants, and f is

the average number of mutations per mutant. In this study, L/C was

replaced by the gene number of the G42 genome. This calculation

assumes that mutation is random.
Identification of gaps, SVs, and candidate genes for two
selected mutants

Specific primers were designed for PCR amplification to validate 100 gaps

and 13 SVs between 97103 and G42 (Supplemental Tables 12 and 15,

Supplemental Figure 4), and primer pair ClTST2-R8/ClTST2-F3 was

designed for PCR amplification to determine the presence of a 17.5-kb

tandem duplication sequence in G42, 97103, PI 595203, and PI 296341-

FR (Supplemental Table 40). These primers were synthesized at Tsingke

Biotech (Qingdao, China).

To determineClTST2 copy number variation, a dPCRassay was carried out

at Apexbio Biotechnology (Beijing, China). All primers and probes

(Supplemental Table 40) were synthesized at Sangon Biotech (Shanghai,

China). For dPCR methods, refer to Long et al. (2021), with modifications.

AfluorescentCY5-BHQ3probewasusedtodetect the referencegeneActin,

whichhasonecopy, fornormalization.ThedPCRreactionmixturecontained

1.6 ml PerfeCTa Multiplex qPCR ToughMix (53) (Quanta Biosciences, Gai-

thersburg, MD, USA), 0.16 ml fluorescein sodium salt (Apexbio Biotech-

nology, China), 800 nM each of six primers, 200 nM each of three probes,

0.1ml EcoRV, and0.5ml of templateDNA.Waterwasadded toa total volume

of 8 ml. The PCR mix was loaded in an OPAL Chip (Stilla Technologies,

France). The chips were placed in theNaica Geode system (Stilla Technolo-

gies) for droplet generation followed by thermal cycling. The PCR thermal

cycling procedures were 95�C for 10 min, followed by 45 cycles of 95�C
for 10 s and 60�C for 15 s. Fluorescence readout was accomplished using

the Naica Prism3 System (Stilla Technologies). Each sample was analyzed

in three parallel assays. Concentration (copies/ml) was calculated and

normalized to that of the referencegene.Copynumber values for theClTST2

gene were subsequently obtained from the ratios of these three

concentrations.

To identify the sequence variants of fruit shape candidate genes, the

exons and introns of the candidate genes were amplified from corre-

sponding mutant materials. PCR was performed according to the proto-

col of Phanta Max Master Mix (Vazyme, Nanjing, China) using their

sequencing primers (Supplemental Table 40). The reaction consisted

of 13 Phanta Max Master Mix, 10 mM of each primer, 50 ng of

genomic DNA, and ddH2O added to a total volume of 50 ml. The

reaction was pre-denatured at 95�C for 3 min and then continued with

37 cycles of 30 s of 94�C denaturation, 30 s of 55�C annealing, and

3 min of 72�C extension. After the reaction, PCR products were excised

from the gel and purified using an Agarose gel DNA column Recovery Kit

(TIANGEN), then sequenced by Sanger sequencing (Tsingke Biotech).

Sequence chromatograms of the WT and mutant were compared using

SnapGene software. The mapping of male sterility mutants was per-

formed as described for EMS-induced mutation identification and

annotation.
Resource distribution

All the raw sequencing data generated for this project have been depos-

ited in the Genome Warehouse at the National Genomics Data Center,

Beijing Institute of Genomics, Chinese Academy of Sciences, under

BioProject accession no. PRJCA008083. The datasets generated during

the current study are available at http://www.watermelondb.cn. All the

materials in this study are available upon request.
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