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Watermelon (Citrullus lanatus, 2n = 2 × = 22) is one of the 
most popular fruit crops worldwide. It belongs to the 
Citrullus genus of the Cucurbitaceae family, and origi-

nated in Africa1. Watermelon has been domesticated for more than 
4,000 years, and has been improved by domestication and modern 
breeding from wild watermelons with small fruits harboring hard, 
pale-colored and bitter- or bland-tasting flesh, into modern sweet 
watermelons carrying large fruits with crisp sweet and red flesh and 
a thin rind2. A watermelon fruit captured in a seventeenth-century 
painting by Italian artist Giovanni Stanchi displayed unevenly  
colored pinkish flesh, a thick rind and many dark-colored seeds, 
which may represent a sweet watermelon in the midst of its  
domestication. Modern breeding of sweet watermelon has focused 
primarily on fruit quality traits, such as sugar content, flesh color 
and rind pattern, resulting in a narrow genetic base of sweet water-
melon3. How natural and human selections leading to marked 
phenotypic changes have shaped the watermelon genome remains 
largely unknown.

The genus Citrullus contains seven extant species4. The only 
diecious and most morphologically unique species, Citrullus nau-
dinianus, is commonly found in sub-Saharan Africa3,5. Citrullus 
ecirrhosus and Citrullus rehmii are adapted to a desert environment 

and are endemic to southern Africa. Citrullus colocynthis is grown 
for its medicinal properties and seed oil, and is widely distributed in 
northern Africa and southwestern and central Asia2. The wild form 
of Citrullus amarus can be found in southern Africa, and the culti-
vated types are grown throughout the Mediterranean region, where 
they are used for jam and animal fodder and as a source of water5. 
Citrullus mucosospermus is mainly grown for seed consumption and 
is now distributed in western Africa5. In addition, C. colocynthis, 
C. amarus and C. mucosospermus have been used in breeding pro-
grams to identify new sources of disease and pest resistance for the 
improvement of sweet watermelon3.

Weak reproductive barriers have obscured the taxonomy of 
Citrullus species2,4. Previous studies aiming to elucidate the relation-
ship between the seven Citrullus species are mainly based on genetic 
diversity present at a limited number of nuclear and plastid loci4,5. 
A high-resolution genome variation map is essential for a better 
understanding of the evolution and divergence of Citrullus species. 
In this study, we first assembled an improved genome sequence of 
the watermelon cultivar ‘97103’ using PacBio long reads combined 
with BioNano optical and Hi-C chromatin interaction maps. We 
then resequenced the genomes of 414 watermelon accessions repre-
senting all seven extant Citrullus species and performed population 
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genomic analyses and genome-wide association studies (GWAS)  
for several important fruit quality traits. Our study identifies a  
number of candidate loci associated with fruit quality traits and pro-
vides insights into the speciation and domestication of the modern 
sweet watermelon.

Results
An improved watermelon reference genome. The genome of 
watermelon cultivar ‘97103’ was previously assembled using 
Illumina short reads6. To improve its quality, we assembled the 
‘97103’ genome de novo using PacBio long reads, combined with 
BioNano optical and Hi-C chromatin interaction maps. In total, 
20.3 Gb of PacBio sequences were generated with an N50 length of 
10.8 kb, covering approximately 47.2× of the watermelon genome. 
The PacBio assembly had a total size of 359.8 Mb, containing 367 
contigs with an N50 size of 2.3 Mb. In total, 410.7 Gb cleaned 
BioNano optical map data were generated and assembled de novo 
into BioNano genome maps, which were used to connect PacBio 
assembled contigs, resulting in 149 scaffolds with an N50 size of 
21.9 Mb and a cumulative length of 365.1 Mb. Furthermore, approx-
imately 135.2 million cleaned Hi-C reads were generated, of which 
roughly 92.1 million (68.1%) were uniquely mapped to the assembly, 
resulting in a final set of approximately 69.5 million valid read pairs 
that were used to generate contact information (Supplementary 
Table 1). The Hi-C contact information, combined with previously 
published genetic maps7–9, was used to order and orient the scaffolds 
into chromosome-scale pseudomolecules. Finally, 31 scaffolds with 
a total size of 362.7 Mb (99.3% of the assembly) were clustered into 
11 chromosomes ranging from 27.1 to 37.9 Mb in length (Extended 
Data Figs. 1–3). Comparison with the previous assembly of ‘97103’ 
suggested high collinearity between the two assemblies (Extended 
Data Fig. 4). Comprehensive assessment indicated that the quality of 
this new assembly was high and substantially improved compared to 
the previous assembly (Supplementary Note, Supplementary Tables 
2,3 and Extended Data Figs. 5–7). Approximately 55.55% of the 
assembly was annotated as repeat sequences, a substantially higher 
percentage than in the previous assembly (46.60%) (Supplementary 
Table 4), and 22,596 high-confidence genes were predicted in the 
assembly (Supplementary Note). This much improved ‘97103’ 
genome provides a robust reference for watermelon research and 
genetic improvement.

Genome variation map and phylogeny of Citrullus species. In 
total, 414 Citrullus accessions collected in various geographic 
regions (Fig. 1a) were selected for genome resequencing, includ-
ing 15 C. colocynthis, 31 C. amarus, 19 C. mucosospermus, 345 C. 
lanatus (258 cultivars and 87 landraces), two C. rehmii, one C. ecir-
rhosus and one C. naudinianus accessions (Supplementary Table 5). 
These accessions were sequenced to an average depth of 14.5× and 
coverage of 92.2% of the ‘97103’ genome. In total, 19,725,853 SNPs 
were identified, of which 1,100,803 were located in coding regions, 
causing 502,028 nonsynonymous mutations, 589,735 synonymous 
mutations, 1,031 start codon changes and 6,808 stop codon changes. 
Furthermore, 6,675,290 small indels were identified, of which 
56,115 were located in coding regions.

Phylogenetic relationships between the Citrullus accessions 
were inferred using 89,914 SNPs at fourfold degenerate sites. The 
placement of the seven species in the phylogenetic tree (Fig. 1b) 
was largely consistent with the previously reported phylogeny4,5, 
with the most morphologically distinct Citrullus species, C. nau-
dinianus, sister to the other six species, followed by C. colocynthis 
and C. rehmii. However, C. ecirrhosus was sister to C. amarus,  
C. mucosospermus and C. lanatus, instead of being most closely related 
to C. amarus, as proposed previously4. Two C. lanatus accessions  
collected in Sudan (PI 481871 and PI 254622) were placed in the 
deepest branch of the C. lanatus clade (Fig. 1b), supporting the 

idea that the primitive watermelons from Sudan and neighboring 
countries of northeastern Africa may be the closest to the progeni-
tor of the sweet watermelon2,5,10. Twelve accessions were clustered 
into unexpected species groups and were therefore excluded from 
downstream analyses (Supplementary Table 5).

Phylogenetic and population structure inferences revealed a 
close relationship and shared ancestry between C. mucosospermus 
and C. lanatus (Fig. 1b,c and Extended Data Fig. 8), suggesting that 
they were derived from the same ancestral population and perhaps 
domesticated for different purposes: one for seed consumption 
and the other for fruit flesh. Furthermore, the fixation index (FST) 
between C. mucosospermus and C. lanatus was only 0.299, whereas 
the pairwise FST between C. amarus and the other species ranged  
from 0.509 to 0.686 (Extended Data Fig. 9). Gene flow analysis fur-
ther suggested admixture between C. mucosospermus and C. lanatus  
(Fig. 1d). Gene flow was also present between C. ecirrhosus and  
C. mucosospermus, and between C. ecirrhosus and C. amarus, whereas 
no significant gene flow was detected between C. amarus and  
C. mucosospermus (Fig. 1d). Combined with previous findings on 
genome organization differences between C. amarus and C. lanatus  
shown by ribosomal DNA chromosome landmarks6,11 and indicated 
by non-Mendelian segregation in genetic populations derived from 
crosses between C. amarus and C. lanatus12, these results suggest 
that C. amarus and the lineage including C. mucosospermus and  
C. lanatus might have been derived from different ancestral popula-
tions or evolved independently after divergence.

Nucleotide diversities (π) in four Citrullus species with mul-
tiple accessions were estimated. C. colocynthis (π = 6.75 × 10−3) and 
C. amarus (π = 2.28 × 10−3) had much greater nucleotide diversity 
than C. mucosospermus (π = 0.792 × 10−3) and C. lanatus landra-
ces (π = 0.56 × 10−3) and cultivars (π = 0.548 × 10−3). This suggests 
that C. colocynthis and C. amarus, which can be intercrossed with  
C. lanatus, are valuable resources for expanding the genetic base for 
watermelon improvement. The linkage disequilibrium (LD) decay 
rates were highest in C. colocynthis and C. amarus, followed by  
C. mucosospermus and C. lanatus landraces, and lowest in C. lanatus 
cultivars (Extended Data Fig. 10), correlating with level of nucleo-
tide diversity. The LD extended further in C. lanatus cultivars than 
in landraces, suggesting a possible bottleneck during the improve-
ment of sweet watermelon.

GWAS. The variation map at single-base resolution empowered 
GWAS for seven important fruit quality traits in watermelon 
(Supplementary Table 6). In total, 43 association signals were 
identified, of which eight overlapped with previously identified 
QTLs. A peak strongly associated with flesh sweetness (measured 
by soluble solid content (SSC)) was identified within the previ-
ously reported QTL, QBRX2-1 (ref. 9), which harbors the sugar 
transporter gene ClTST2 (Cla97C02G036390, Fig. 2a). Two addi-
tional regions strongly associated with flesh sweetness were found 
on chromosome 10 (Fig. 2b), in agreement with previous GWAS 
and QTL studies13,14. These two regions contained the sucrose 
synthase gene Cla97C10G194010 and the raffinose synthase gene 
Cla97C10G196740, which contribute to the synthesis of sucrose 
and raffinose, respectively, the dominant metabolites transported 
in watermelon fascicular phloem tissues15. Two signals significantly 
associated with flesh color were detected on chromosomes 2 and 
4 (Fig. 2c), with the one on chromosome 4 overlapping with the 
flesh color QTL FC4.1 (ref. 16) and harboring a lycopene β-cyclase 
gene (LCYB, Cla97C04G070940). In total, 14 signals associated 
with fruit shape were detected, with the strongest signal near the 
ClFS1 (Cla97C03G066390) gene, which is known to control fruit 
elongation17, and overlapping with fruit shape QTLs Qfsi3, FSI3.1 
and FSI3.2 (refs. 9,16) (Fig. 2d). Three peaks highly associated with 
rind color and rind stripe were found on chromosomes 4, 6 and 8,  
corresponding to the rind trait loci, Dgo, S and D, respectively18  
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(Fig. 2e,f). Candidate genes in these peaks included Cla97C08G161570, 
which encodes a chloroplastic 2-phytyl-1,4-beta-naphthoquinone 
methyltransferase that is required for the conversion of 2-phytyl-
1,4-beta-naphthoquinol to phylloquinone in photosystem I (ref. 19),  
and Cla97C04G068530, which encodes a magnesium-chelatase 
subunit H involved in chlorophyll synthesis20. The strongest  
signal associated with rind stripe was found in a WD40-repeat  
gene, Cla97C06G126710. In total, 13 regions were found to be  

associated with seed coat color (Fig. 2g). The strongest associ-
ated SNP on chromosome 3 overlapped with the seed coat color 
QTL qrc-c8-1 (ref. 21) and was located in Cla97C03G057100, which 
encodes a polyphenol oxidase that polymerizes o-quinones to pro-
duce black, brown or red pigments22.

We then investigated the expression of these candidate genes in 
the flesh and rind of ‘97103’ and in the flesh of a wild watermelon, 
C. amarus ‘PI 296341-FR’, during their fruit development using 
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RNA sequencing (RNA-seq) data that we generated previously23. 
Except Cla97C03G057100, which was associated with seed color, 
all other genes were abundantly expressed in the flesh and rind, 
with those associated with flesh sweetness being expressed at much 
higher levels in the flesh of ‘97103’ than in that of ‘PI 296341-FR’, 
further supporting their potential roles in these fruit quality traits 
(Supplementary Table 7).

Evolution and domestication of fruit quality traits. To investigate 
how environment and human selection have shaped the genomes 
of Citrullus species, we searched for signatures of selection in the 
watermelon genome. C. mucosospermus is the closest relative of  
C. lanatus. Although C. mucosospermus has been domesticated for 

seed consumption, its fruit flesh characteristics such as sweetness and  
coloration have not been subjected to human selection. Therefore, 
C. mucosospermus was used as a representative of the progenitor of 
C. lanatus. C. mucosospermus was first compared with C. colocynthis 
to uncover genomic regions under selection mostly during specia-
tion from C. colocynthis to C. mucosospermus (referred to hereafter 
as speciation sweeps). In total, 172 sweeps in C. mucosospermus were 
identified, covering 14.0 Mb and 416 genes (Fig. 3a, Supplementary 
Fig. 1 and Supplementary Tables 8,9). C. lanatus landraces was then 
compared with C. mucosospermus to identify selective sweeps asso-
ciated with domestication-related traits (domestication sweeps). In 
total, 151 domestication sweeps with a cumulative size of 24.8 Mb 
(containing 771 genes) were detected (Fig. 3b, Supplementary Fig. 2  
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and Supplementary Tables 10,11). Comparison between modern 
C. lanatus cultivars and landraces identified 125 selective sweeps 
(17.2 Mb and 667 genes) related to sweet watermelon improve-
ment (improvement sweeps) (Fig. 3c, Supplementary Fig. 3 and 
Supplementary Tables 12,13). In total, 620 genes in selective sweeps 
were unique to the improvement process of sweet watermelon 
(Supplementary Fig. 4). The enriched biological processes for these 
improvement-specific genes included glucose import and cell wall 
modification (Supplementary Table 14).

Fruit size. The large size of harvestable plant organs is one of the 
most important characteristics that farmers choose when keeping 
and propagating seeds. The average fruit weight of C. colocynthis  
accessions in this study was approximately 0.21 kg. By contrast,  
C. amarus, C. mucosospermus and C. lanatus landraces and cultivars  
produced larger fruits with average weights of approximately 3.3, 
1.7, 3.7 and 3.4 kg, respectively (Supplementary Fig. 5). Five water-
melon fruit weight QTLs, Qfwt2-1, Qfwt2-2, Qfwt3, Qfwt5-1 and 
Qfwt5-2, have been identified using segregating populations9,24. 
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However, whether these loci have contributed to watermelon fruit 
size enlargement during speciation, domestication or improvement 
remains unknown.

Qfwt2-1 and Qfwt3 overlapped with both speciation and domes-
tication sweeps (Fig. 3a,b). Another fruit weight QTL, Qfwt5-1, was 
found to be under selection only during watermelon improvement 
(Fig. 3c). Qfwt2-2 and Qfwt5-2 were not found in domestication 
or improvement sweeps, indicating their potential in the future 
improvement of sweet watermelon fruit size.

The fruits of C. amarus are larger than those of C. colocynthis, 
suggesting that fruit enlargement has also been selected for in  
C. amarus after its split from the ancestor of C. mucosospermus  
and C. lanatus. Among the selective sweeps detected between  
C. colocynthis and C. amarus, three regions overlapped with  
Qfwt2-1 and Qfwt3 (Fig. 3d), suggesting their importance in con-
trolling fruit size and parallel evolution of these loci in different 
Citrullus species.

Fruit taste and flavor. Selection for non-bitter fruits probably 
occurred during the initial domestication of sweet watermelon. 
Among the 374 Citrullus accessions evaluated for flesh bitterness, 
all nine C. colocynthis and 25 C. amarus accessions produced bitter 
fruits, whereas 12 of 16 C. mucosospermus accessions and all 324 
C. lanatus landraces and cultivars accessions had non-bitter fruits 
(Supplementary Fig. 6). The previously identified bitterness QTL, 
qbt-c1-1 (ref. 21), contains the ClBt gene (Cla97C01G003400), which 
encodes a basic helix-loop-helix transcription factor and is homol-
ogous to the cucumber bitterness regulatory genes CsBt and CsBl 
(refs. 25,26). The genomic region near ClBt was highly differentiated 
between C. lanatus landraces and C. mucosospermus (Supplementary 
Fig. 7), and genetic diversity was substantially higher in C. muco-
sospermus than in C. lanatus landraces (Supplementary Fig. 8).  
At the SNP site leading to a premature stop codon of ClBt associated 
with non-bitterness25 (Chr01:3,216,322C to T), all C. colocynthis,  
C. amarus and C. mucosospermus accessions carrying bitter fruits 
had the homozygous bitter allele (C), whereas the homozygous 
non-bitterness allele (T) was found in all 12 non-bitter C. muco-
sospermus and all C. lanatus accessions, suggesting that this non-
bitterness allele arose in the progenitor of C. lanatus and is fixed 
in sweet watermelons. Interestingly, the expression of ClBt was not 
detectable in the fruit flesh and rind (Supplementary Table 15). 
Exploring the public RNA-seq datasets in the Cucurbit Genomics 
Database27 revealed that the expression of ClBt was detected in the 
leaf but not in the flower, fruit, seed or root tissues, suggesting that 
the mechanisms by which ClBt regulates watermelon fruit bitterness 
may be complicated.

Improvement of fruit flesh sweetness is an important focus in 
modern watermelon breeding. The average SSC of C. colocynthis, 
C. mucosospermus and C. lanatus landraces and cultivars was about 
1.6, 3.4, 8.3 and 10.1 °Brix, respectively (Supplementary Fig. 9). 
Stachyose and raffinose, in addition to sucrose, are the major sugars 
translocated in cucurbits28. Stachyose and raffinose, arriving at the 
fruit sink, are rapidly metabolized into disaccharides and monosac-
charides by α-galactosidases29. The fruit of C. colocynthis had low 
levels of disaccharides and monosaccharides, but abundant raffi-
nose and stachyose, whereas the fruit of C. lanatus showed an oppo-
site pattern (Supplementary Fig. 10). An alkaline α-galactosidase 
gene, Cla97C04G070460 (ClAGA2), which is orthologous to melon 
CmAGA2 (ref. 30), was found in a genomic region with greatly 
reduced nucleotide diversity in C. mucosospermus and C. lanatus 
compared with C. colocynthis (Supplementary Fig. 11). The expres-
sion of ClAGA2 in the flesh of ‘97103’ was substantially increased 
during fruit development, and was much higher than that in the 
rind of ‘97103’ and the flesh of ‘PI 296341-FR’ (Supplementary  
Fig. 12a). To functionally characterize the role of ClAGA2 in fruit 
flesh sugar accumulation, we generated ClAGA2-mutated C. lanatus 

lines using CRISPR–Cas9 (Supplementary Fig. 12b,c). The mutants 
showed substantially reduced soluble sugars, glucose, fructose and 
sucrose contents in fruit flesh, but had increased raffinose con-
tent (Supplementary Fig. 12d). Together, these results indicate that 
ClAGA2 contributes to sugar accumulation in watermelon fruit 
flesh through facilitating the metabolism of raffinose into glucose, 
fructose and sucrose, and could have already been selected for 
early on in the progenitor of sweet watermelon, as indicated by the 
already reduced genetic diversity in C. mucosospermus.

QTLs Qfru2-3, QBRX2-1 and QBrix6, which are known to control 
fruit flesh sugar content9,24, overlapped with domestication sweeps 
(Fig. 3b). Based on the identified improvement sweeps, QBRX2-1 
was also under selection during the breeding of modern cultivars, 
whereas QBrix6 was probably only selected for during domestica-
tion (Fig. 3c and Supplementary Table 15). In addition, a sweet-
ness locus, FCE10.1 (ref. 14), was found in the improvement sweeps  
(Fig. 3c). Several fruit quality-related genes were found in these and 
other sweeps, indicating their potential contribution to the aromatic 
flavor, texture and nutritional profiles of cultivated watermelon fruit 
(Supplementary Note).

Flesh color. Different from wild and primitive watermelons that 
produce pale-colored mature fruit, sweet watermelons produce 
abundant carotenoids in fruit flesh and accumulate them in chro-
moplasts during ripening, leading to a spectrum of flesh colors such 
as red, orange and yellow31. Phytoene synthase (PSY) is the first rate-
limiting enzyme in the carotenogenesis pathway and defines the size 
of the carotenoid pool32. A PSY1 gene, Cla97C01G008760, within 
the flesh color QTL qFC.1 (ref. 33) was highly expressed in fruit 
flesh and its expression levels positively correlated with increased 
lycopene accumulation during fruit ripening23 (Supplementary  
Fig. 13a). Cla97C01G008760 was located in a genomic region that 
was highly differentiated between C. lanatus landraces and C. muco-
sospermus (Supplementary Figs. 7,13b). These results suggest that 
the regulation of PSY1 expression might contribute to the transition 
from pale-colored to red, orange or yellow flesh by increasing total 
carotenoid production in the ripening fruit of sweet watermelon.

Our GWAS analysis identified a strong signal on chromo-
some 4 associated with flesh color, which contained the LCYB 
gene Cla97C04G070940 (Fig. 2c). The most highly associated SNP 
(Chr04:15442987) was located in LCYB, and leads to an amino acid 
change from a conserved phenylalanine to valine (F226V)34. All 
209 red- or pink-fleshed C. lanatus accessions carried the F226V  
substitution in LCYB, whereas the 14 orange- and 20 yellow-fleshed  
C. lanatus accessions and all C. colocynthis, C. amarus and  
C. mucosospermus accessions had the wild-type allele. These results  
suggested that this mutation in LCYB, which possibly leads to 
increased lycopene accumulation, was selected for and largely 
fixed in sweet watermelon, resulting in the red flesh color in most  
modern cultivars.

A second GWAS signal associated with flesh color was found 
on chromosome 2 within the sweetness QTL QBRX2-1 (Fig. 2c); 
this QTL harbors the candidate gene ClTST2, which, when overex-
pressed, causes elevated sugar levels in fruit and also leads to flesh 
color development35. A previous study showed that an elevated 
sugar level activates the watermelon fruit chromoplast-localized 
phosphate transporter ClPHT4;2 (Cla97C10G205070), the function 
of which is necessary for carotenoid accumulation in fruit flesh36. It 
is possible that the sugar transporter gene ClTST2 in the sweetness 
QTL QBRX2-1, which was selected for during both domestication 
and improvement (Fig. 3b,c), could promote carotenoid accumula-
tion through ClPHT4;2 by increasing sugar content in fruit flesh. 
Taken together, these results suggest that pathways controlling 
vibrant fruit flesh color and increased sweetness, two highly cor-
related traits (Supplementary Fig. 14), might be interconnected 
through shared genetic components.
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Resistance evolution in C. amarus and introgression into  
C. lanatus. Modern sweet watermelons are susceptible to many dis-
eases and pests. C. amarus has been used in watermelon breeding as 
a source of resistance to Fusarium wilt, powdery mildew and nema-
todes, and tolerance to drought3. To investigate genome changes 
during evolution that may underlie the disease resistance present in 
C. amarus, we searched for signatures of selection in C. amarus from 
C. colocynthis and identified 151 selective sweeps, covering 10.9 Mb 
and 364 genes (Fig. 3d, Supplementary Fig. 15 and Supplementary 
Tables 16,17). Among these selective sweeps, 71 selective sweeps 
containing 146 genes were unique to C. amarus and not under selec-
tion during the speciation of C. mucosospermus from C. colocynthis, 
including four encoding receptor-like kinases (Supplementary Table 
18). It is worth noting that the Fusarium oxysporum race 1 resistance 
locus Fo-1.3 (ref. 8) and the Fusarium oxysporum race 2 resistance 
locus qFon2-2 (ref. 7) overlapped with these unique sweeps.

Introgression of genomic regions containing beneficial alleles 
from wild relatives has contributed to the improvement of culti-
vated crops37,38. We identified an introgression from C. amarus to  
C. lanatus on chromosome 6 at around 28.3–29.3 Mb (Supplementary 
Fig. 16a), containing 136 genes, including genes encoding acetolac-
tate synthase, purple acid phosphatase, calcium-binding protein, 
glyoxal oxidase and receptor-like protein kinases that may function 
in powdery mildew resistance or tolerance to hypoxia or low phos-
phate conditions (Supplementary Table 19). Moreover, a genome 
introgression from C. colocynthis to C. lanatus was identified at 
9.66–10.32 Mb of chromosome 4 (Supplementary Fig. 16b), over-
lapping with the Fusarium oxysporum race 1 resistance QTL Fo-1.4 
(ref. 8). These results imply that genomic regions of C. colocynthis 

and C. amarus related to disease resistance might have been selected 
for and used in the improvement of elite watermelon cultivars.

Discussion
The improved watermelon ‘97103’ reference genome and rese-
quencing of 414 accessions enabled the capture of genetic variations 
among the seven extant species of Citrullus and the reconstruction 
of their divergence history. Using GWAS, genomic regions associ-
ated with key fruit quality traits were identified, providing useful 
information for watermelon breeding and further identification of 
causal variations. Signatures of selection in the watermelon genome 
were revealed for speciation, domestication and improvement of the 
watermelon, the fruit characteristics of which changed during specia-
tion and more significantly after domestication (Fig. 4). The ancestor 
of sweet watermelon probably produces small and bitter fruits, which 
can be seen in the extant wild watermelons such as C. colocynthis. As 
shown in Fig. 4, fruit size enlargement occurred in C. lanatus and 
C. mucosospermus and in C. amarus lineages, involving different but 
overlapping sets of QTLs. Flesh bitterness is a protective trait for wild 
watermelon but undesirable for humans and was selected against 
during the domestication process. Accompanying the disappear-
ance of flesh bitterness, fruits of watermelon landraces became sweet. 
The alkaline α-galactosidase ClAGA2, which functions in phloem 
unloading of stachyose and raffinose in the watermelon fruit sink 
and rapid metabolism of these oligosaccharides, was under selection 
in the progenitor of sweet watermelon, providing an important pre-
requisite for increased soluble sugar levels in fruit flesh. The sugar 
transporter ClTST2 has been selected for during both domestication 
and improvement, facilitating sugar accumulation in the vacuoles of 
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Fig. 4 | Proposed model of watermelon speciation and breeding history. The featured fruit characteristics are shown below the fruit images. The direction 
of the speciation, domestication, improvement and introgression processes are indicated by the arrows. The selected loci and candidate genes involved in 
each process are shown above and below the arrows, respectively. Scale bar, 5 cm. ALS, acetolactate synthase; BEBT, benzyl alcohol O-benzoyltransferase; 
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CRTISO, carotenoid isomerase; GLOX, glyoxal oxidase; HSF, heat stress transcription factor; LAX, auxin transporter; LCYB, lycopene β-cyclase; PAP, purple 
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fruit flesh cells. Fruit flesh coloration in sweet watermelon has been 
realized during domestication by first expanding the total carotenoid 
pool via the key biosynthetic enzyme PSY, and then by increasing 
carotenoid accumulation indirectly through ClTST2. Red fruit flesh 
color was later selected for in sweet watermelons by maintaining an 
amino acid substitution in the lycopene metabolism enzyme LCYB. 
The potential dual function of ClTST2 in sugar accumulation and 
flesh coloration may have provided an easily accessible target for 
human selection, especially after the mutation in LCYB arose and 
lycopene became the dominant carotenoid, because the more intense 
red color can serve as a straightforward indicator of sweeter taste. 
Collectively, our findings shed important light on the evolution 
and domestication history of watermelons and reveal genome bases 
underlying the formation of fruit quality traits in sweet watermelon. 
The resources generated in this study provide a genomic framework 
for future germplasm use and watermelon improvement.

Online content
Any methods, additional references, Nature Research reporting 
summaries, source data, statements of code and data availability and 
associated accession codes are available at https://doi.org/10.1038/
s41588-019-0518-4.
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Methods
Plant materials and phenotyping. Watermelon accessions were obtained from 
the Germplasm Bank of National Engineering Research Center for Vegetables of 
China, the National Mid-term Genebank for Watermelon and Melon of China 
and The U.S. National Plant Germplasm System. For de novo assembly, seedlings 
of watermelon cultivar ‘97103’ were grown in a greenhouse and transferred 
to a dark room for 24 h before sample collection. For genome resequencing 
and phenotyping, 117 watermelon accessions were planted, in triplicate, in a 
randomized block design, in Yanqing Experiment Station (40° 46′ N, 115° 90′ 
E) of the National Engineering Research Center for Vegetables, and another 298 
watermelon accessions were planted in Xinxiang Experiment Station (35° 18′N, 
113° 55′E) of the Zhengzhou Fruit Research Institute of Chinese Academy of 
Agricultural Sciences in 2015. All accessions were sown on 1 May and fruits were 
harvested at the end of August. One fruit per plant was harvested 30 d after self-
pollination. Each fruit was cut lengthwise, photographed and sampled to evaluate 
flesh sweetness, bitterness, fruit shape, rind color, rind stripe, seed color and 
flesh color. Plants from some accessions showed abnormal fruit growth and were 
therefore excluded from the phenotypic analysis. Flesh SSC was measured using a 
hand-held digital PAL-1 refractometer (Atago). Fruit bitterness was determined by 
tasting as described by Zhang et al.39. Briefly, a small piece of flesh from the mature 
fruit was tasted by three people trained to detect bitterness, and the fruit samples 
were categorized into bitter and non-bitter groups. Fruit weight, length and width 
were recorded, and fruit shapes were categorized into spheroidal and elongated 
groups on the basis of the ratio of fruit length to width. Rind color, rind stripe, 
seed color and flesh color were determined by visual observation. Rind colors were 
categorized into yellow, white, light green, middle green, green and dark green. 
Rind stripes were categorized into no-stripe, netted, narrow, middle and wide 
stripe. Seed coat colors were divided into red, rufous and non-red. Flesh colors 
were divided into white, pale yellow, yellow, orange, pink and red.

Genome library construction and sequencing. For PacBio sequencing, high 
molecular weight (HMW) DNA was extracted from young fresh leaves of ‘97103’ 
with the cetyltrimethylammonium bromide method40. The DNA was randomly 
sheared to fragments with an average size of 20 kb using g-TUBE (Covaris) and 
the sheared DNA was used to construct the PacBio SMRT libraries following the 
standard SMRT bell construction protocol (PacBio). The libraries were sequenced 
using the P6-C4 chemistry on a PacBio Sequel sequencing platform (PacBio) at 
Nextomics Biosciences (Wuhan, China).

Hi-C libraries were prepared following the proximo Hi-C plant protocol 
(Phase Genomics) and sequenced on an Illumina HiSeq X platform (Illumina) at 
Nextomics Biosciences.

For genome resequencing, DNA was extracted using the Plant DNA Mini 
Kit (Aidlab Biotechnologies). Illumina DNA libraries with an insert size of 
approximately 400 bp were constructed using the TruSeq Nano DNA High 
Throughput Library Prep Kit following the manufacturer’s instructions (Illumina), 
and sequenced on an Illumina HiSeq X or HiSeq 2000 platform at Berry Genomics 
(Beijing, China).

BioNano data generation. HMW DNA was extracted from young fresh leaves 
of ‘97103’ using a BioNano Prep Plant DNA isolation kit (BioNano Genomics). 
The DNA was purified on Percoll (Sigma) cushions, washed by HB+ buffer and 
embedded in an agarose layer, digested with Nb.BssSI and labeled with IrysPrep 
labeling mix and Taq polymerase according to standard BioNano protocols 
(BioNano Genomics). The molecules were counterstained using the protocol 
provided with the IrysPrep reagent kit. Samples were then loaded into IrysChips 
(BioNano Genomics) and imaged on an Irys imaging instrument (BioNano 
Genomics) at Nextomics Biosciences.

Transcriptome sequencing. Watermelon ‘97103’ plants were grown in a 
greenhouse. Six different tissues (apical point, carpopodium, fruit flesh, stem, leaf 
and root) were sampled at four time points: 10, 18, 26 and 34 d after pollination. 
Each sample had three biological replicates. Total RNA was extracted from these 
samples using the QIAGEN RNeasy Plant Mini Kit (QIAGEN). Strand-specific 
RNA-seq libraries were prepared as described by Zhong et al.41 and sequenced on 
an Illumina HiSeq 2000 platform (Illumina). Trimmomatic42 (v0.36) was used to 
trim low-quality and adapter sequences. Reads aligned to sequences in the SILVA 
rRNA database43 were removed.

For PacBio Iso-Seq, full-length complementary DNA was synthesized from a 
mixture of total RNA from the six tissues using the SMARTer PCR cDNA Synthesis 
Kit (Takara Bio). The cDNA product was filtered using the BluePippin DNA Size 
Selection System (Sage Science). The Iso-Seq libraries were constructed following 
the standard SMRT bell construction protocol (PacBio) and sequenced on the 
PacBio RS II platform (PacBio) at Nextomics Biosciences.

De novo assembly of the ‘97103’ genome. PacBio SMRT reads were de novo 
assembled into contigs using Falcon44 (v1.8.7) with the following parameters: 
‘length_cutoff = 4000 length_cutoff_pr = 4000 pa_HPCdaligner_option=‘-v 
-w8 -M24 -e.75 -k18 -h280 -l2800’ ovlp_HPCdaligner_option=‘-v -k18 -h180 
-e.96 -l2800’ falcon_sense_option = ‘-output_multi -min_idt 0.75 -min_cov 2 

-max_n_read 300’ overlap_filtering_setting = ‘-max_diff 50 -max_cov 70 -min_cov 
1 -bestn 10’’. PacBio reads were aligned to the raw assembly using BLASR (v5.1)45 
with parameters ‘-bam -bestn 5 -minMatch 18 -nproc 6 -minSubreadLength 
1000 -minAlnLength 500 -minPctSimilarity 70 -minPctAccuracy 70 -hitPolicy 
randombest -randomSeed 1’, followed by correction of errors in the assembled 
contigs with Arrow (v2.2.2; PacBio). Illumina reads were then aligned to the 
assembled contigs using BWA-MEM (v0.7.12)46 with default parameters, and 
the resulting alignments were used to further polish the assembled contigs using 
Pilon47 (v1.22) with parameters ‘-diploid -fix bases -mindepth 10’. The assembled 
contigs were then compared against the NCBI non‐redundant nucleotide 
database, and those with more than 95% of their length similar to sequences of 
microorganisms, mitochondria or chloroplasts were considered contaminants  
and removed.

Raw BioNano data were cleaned by removing molecules matching any of the 
following rules: length less than 150 kb, molecule signal-to-noise ratio less than 
2.75 and label signal-to-noise ratio less than 2.75, or label intensity greater 0.8. 
De novo assembly of BioNano molecules into genome maps was performed using 
the script pipelineCL.py in the BioNano Solve package v3.0 (BioNano Genomics) 
with parameters ‘-d -U -N 6 -y -i 3 -F 1 -a optArgs.xml’. Hybrid scaffolds were 
assembled from PacBio assembly and BioNano genome maps using the script 
hybridScaffold.pl in the Solve package with parameters ‘-c hybridScaffold_config_
aggressive.xml -u CACGAG -B 2 -N 2 -f ’.

Hi-C read pairs were filtered using programs ‘filter_data_parallel’ with 
parameters ‘-y -B 50 -a 3 -b 2 -c 3 -d 2 -l 400 -q 33’ and ‘duplication150’ with 
default parameters, in the SOAPdenovo2 package (r240)48. The cleaned Hi-C 
read pairs were aligned to the hybrid scaffolds using Bowtie2 (v2.3.2)(ref. 49) with 
parameters ‘-very-sensitive -L 30 -score-min L,-0.6,-0.2 -end-to-end -reorder 
-phred33-quals’. On the basis of the alignments, the hybrid scaffolds were further 
assembled into super-scaffolds using SALSA (v2.2)50 with parameters ‘-e GATC -i 
2’. Finally, genetic maps7–9 were used to generate pseudochromosomes.

Repeat annotation and gene prediction in the ‘97103’ genome. Miniature 
inverted-repeat transposable element (MITE) and long terminal repeat (LTR) 
libraries were constructed by scanning the ‘97103’ genome using MITE-Hunter 
(v11-2011)51 and LTRharvest (v1.5.9)52, respectively. The identified MITE and 
LTR libraries were used to mask the ‘97103’ genome with RepeatMasker (v4.0.7; 
http://www.repeatmasker.org/). The unmasked genome sequences were then fed to 
RepeatModeler (v1.0.11; http://www.repeatmasker.org/RepeatModeler/) to build 
a de novo repeat library. Repeat sequences in the MITE, LTR and de novo repeat 
libraries were combined and compared with the UniProt database53 to remove 
those homologous to non-TE proteins. The final repeats were classified using 
the RepeatClassifier program of RepeatModeler and then used to identify repeat 
sequences in the ‘97103’ genome using RepeatMasker.

Prediction of protein-coding genes was performed on the repeat-masked 
‘97103’ genome using Maker (v3.01.02)54. Illumina RNA-seq reads were assembled 
using Trinity (v2.5.1)55 with the de novo mode and the genome-guided mode, 
respectively. The resulting two transcriptome assemblies and the PacBio Iso-Seq 
full-length cDNA sequences were used as transcript evidence. Ab initio gene 
predictions were performed using Augustus (v3.2.3)56, GeneMark-ET (v4.33)57 
and SNAP (v2006-07-28)58. Proteins from SwissProt and from Arabidopsis, 
watermelon, cucumber and melon were aligned to the ‘97103’ genome using Spaln 
(v2.1.4)59, and the resulting alignments were used as protein homology evidence. 
Maker was then run to generate high-confidence gene models by integrating ab 
initio predictions, transcript mapping evidence and protein homology evidence.

Genome read mapping and variant calling. Raw Illumina reads were processed 
to remove adapter sequences using Picard v2.0.1 (https://broadinstitute.github.io/
picard/). The cleaned reads were aligned to the ‘97103’ genome using BWA-MEM46 
(v0.7.12) with default parameters. Duplicated read pairs were marked with Picard 
(v2.0.1) with the parameter ‘OPTICAL_DUPLICATE_PIXEL_DISTANCE=250’. 
The HaplotypeCaller function of GATK60 (version 20171018) was then used 
to generate GVCF files for each accession with parameters ‘-genotyping_mode 
DISCOVERY -max_alternate_alleles 3 -read_filter OverclippedRead’, followed 
by population variant calling using the function GenotypeGVCFs of GATK 
with default parameters. Hard filtering was applied to the raw variant set using 
GATK, with parameters ‘QD < 2.0 || FS > 60.0 || MQ < 40.0 || MQRankSum 
<−12.5 || ReadPosRankSum <−8.0’ applied to SNPs, and ‘QD < 2.0 || FS > 200.0 || 
ReadPosRankSum <−20.0’ applied to small indels.

Phylogenetic and population analyses. Bi-allelic SNPs with a missing data rate 
less than 15% and a minor allele count greater than three were kept for population 
genomic analyses. Additionally, only SNPs at fourfold degenerated sites (89,914 
SNPs) were used to construct a neighbor-joining phylogenetic tree using MEGA7 
with 500 bootstraps61. Principal component analysis was performed using Plink62 
(v1.9) with the entire set of SNPs (19,725,853 SNPs). Population structure analysis 
was performed using STRUCTURE63 (v2.3.4). The optimal K, which indicates the 
most likely number of clusters in the population, was calculated. STRUCTURE 
analyses were run 20 times for each K value ranging from 2 to 20, using 8,000 
randomly selected SNPs at fourfold degenerated sites. After the best K was 
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analyzed, the population structure of the watermelon accessions was inferred  
using fastStructure64 (v1.0) with all SNPs at fourfold degenerated sites for  
each K (K = 2–4).

The π and FST were calculated using VCFtools65 (v0.1.15) based on the high-
confidence filtered SNPs (19,725,853 SNPs). The π value for each SNP was 
calculated and the nucleotide diversity level was measured using a 100-kb window 
with a step size of 10 kb for each sub-population. LD decay was calculated for all 
pairs of SNPs within 500 kb using PopLDdecay66 (v3.27) with parameters ‘-MaxDist 
500 -Het 0.1 -Miss 0.1’.

Putative introgressions between two groups were identified using a likelihood 
ratio test approach67 with all SNPs. The average ratio of shared variation sites  
of the two groups was calculated in each of the 200-kb windows with a step size of 
20 kb. Regions with ratios of 0.7 or less and five or more SNPs were defined  
as introgressions.

Identification of selective sweeps. A cross-population composite likelihood 
ratio test (XP-CLR; v1.0)68 was used to scan the ‘97103’ genome for selective 
sweeps. Briefly, selective sweeps were identified in the following four comparisons 
representing different watermelon speciation and breeding processes: C. colocynthis 
versus C. amarus, C. colocynthis versus C. mucosospermus, C. mucosospermus versus 
C. lanatus landrace and C. lanatus landraces versus C. lanatus cultivars. Genetic 
distances between adjacent SNPs were calculated on the basis of proportionally 
increased physical distance of adjacent surrounding markers in an integrated 
genetic map9. For each chromosome, the XP-CLR score was calculated with 
parameter ‘-w1 0.0005 100 100 1 -p0 0.7’. The XP-CLR scores per 100 bp were 
averaged in each non-overlapping 10-kb window across each chromosome. 
Adjacent 10-kb windows with an average XP-CLR score no less than 80% of 
the genome-wide average were joined, and were further merged if two regions 
were separated by only one low-score 10-kb window. The maximum window-
wise average XP-CLR score in a merged region was assigned as the region-wise 
XP-CLR score. Merged regions with region-wise XP-CLR scores in the top 
10% were considered candidate selective sweeps. To improve the accuracy, only 
candidate selective sweeps with the top 50% of π ratios between the two compared 
populations were kept.

Gene flow analysis. Potential gene flow between different groups was identified 
using the ABBA-BABA test69 (also called the D test) with all SNPs. For each group, 
the D value (sum(ABBA)-sum(BABA))/(sum(ABBA) + sum(BABA)) was weighted 
using the genotype frequency of the outgroup. Standard errors and significance 
of the weighted D values were calculated based on Z scores obtained using the 
jackknife method70.

GWAS. In total, 10,195,082 SNPs with a minor allele frequency of 0.01 or greater 
and a missing data rate of 50% or less in the entire population were used for 
GWAS. A kinship (K) matrix generated with the FaST-LMM program (v2.07)71 
was used to correct the population structure. GWAS analyses were performed 
using the linear mixed model algorithm implemented in the FaST-LMM program. 
The modified Bonferroni correction was used to determine the genome-wide 
significance thresholds of the GWAS, based on a nominal level of α = 0.05 and  
α = 0.01 (ref. 72), corresponding raw P values of 4.90 × 10−9 and 9.81 × 10−10,  
or −log10(P) values of 8.31 and 9.00, respectively.

Metabolite measurement. Fruit sugar content was determined using the ultra-
HPLC (UHPLC)-Quadrupole-Orbitrap MS/MS-based method as described by 
Wang et al.73. Briefly, frozen ground powdered samples (200 mg) were extracted 
with 1 ml of methanol containing 0.1% formic acid (v/v). The extraction mixture 
was vortex-mixed and sonicated for 30 min at room temperature (26 ºC) and 
then centrifuged at 5,000 r.p.m. for 15 min. The supernatant was filtered through 
a 0.22 μm PVDF syringe filter (Waters) and used for UHPLC–MS/MS analysis of 
fructose, sucrose, raffinose and stachyose on a DIONEX Ultimate 3000 UHPLC 
system and Q Exactive Quadrupole-Orbitrap mass spectrometer (Thermo  
Fisher Scientific).

Functional characterization of ClAGA2. Watermelon plants carrying 
mutations in the ClAGA2 gene were generated using CRISPR–Cas9 gene editing 
technology following our previously established protocol74. A DNA construct was 
designed to target the coding sequence of ClAGA2 using a guide RNA (gRNA), 
5′-CTGACCCCAGGATCAGGCCT-3′. The gRNA was cloned into pBSE401  
(ref. 75) to be expressed under the Arabidopsis U6 promoter, alongside the Zea mays  
codon-optimized Cas9 driven by the double CaMV 35S promoter. The binary 
vector was then transformed into an explant of watermelon cultivar ‘ZZJM’ 
mediated by the Agrobacterium strain EHA105. Plant regeneration and greenhouse 
care were performed as described by Tian et al.74. CRISPR–Cas9-positive lines 
selected on the basis of Basta herbicide resistance were further genotyped using 
primers flanking the gRNA targeting sequence (Supplementary Table 20). PCR 
amplicons were used to genotype the ClAGA2 mutant plants by Sanger sequencing. 
The Cas9-free homozygous Claga2 mutant lines were obtained by selecting against 
the transgene in the segregating T2 generation using primers binding to the 35S 
and Cas9 sequences (Supplementary Table 20). Plants with wild-type ClAGA2 in 

the same segregation population were used as negative controls. Fruit flesh SSC 
was measured using a sample of juice collected from the center of each watermelon 
with a hand-held digital PAL-1 refractometer (Atago).

Reporting Summary. Further information on research design is available in the 
Nature Research Reporting Summary linked to this article.

Data availability
The genome sequence of ‘97013’ has been deposited at DDBJ/ENA/GenBank 
under the accession AGCB00000000. The version described in this paper is version 
AGCB02000000. Raw genome and transcriptome sequencing reads have been 
deposited into the NCBI sequence read archive (SRA) under accessions SRP188834 
and SRP192188. The genome sequence of ‘97103’ (version 2) is also available at the 
Cucurbit Genomics Database (http://cucurbitgenomics.org/organism/21). SNPs 
and small indels are available at ftp://cucurbitgenomics.org/pub/cucurbit/reseq/
watermelon/v2/.
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Extended Data Fig. 1 | Hi-C interaction heatmap of the ‘97103’ genome (v2). Color bar at the bottom represents the density of Hi-C interactions, which 
are indicated number of links (N links) at the 100-kb resolution.
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Extended Data Fig. 2 | Hi-C interaction heatmap for each of the 11 chromosomes of the ‘97103’ genome (v2). White crosses in heatmaps are gaps in the 
‘97103’ genome assembly introduced during the scaffolding step by BioNano genome maps.
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Extended Data Fig. 3 | Collinearity between genetic maps and C. lanatus ‘97103’ assembly. Map1: elite watermelon HMw017 (Fon race 1 
resistant) × HMw013 (susceptible)8; Map2: integrated genetic map9; Map3: C. amarus USVL246 × USVL114 (ref. 7).
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Extended Data Fig. 4 | Synteny between the improved (v2) and previous (v1) ‘97103’ genomes. Each dot represents a homologous region between the 
two genomes. Purple dots represent forward alignments, while blue dots represent reverse alignments.
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Extended Data Fig. 5 | Scatterplot of GC content on read depth. GC content of non-overlapping 500-bp sliding windows in the ‘97130’ v2 assembly and 
the average per-base sequencing coverage by ‘97103’ Illumina reads are plotted.
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Extended Data Fig. 6 | Genome coverage evaluated by fully sequenced BACs. Alignments of fully sequenced BACs, JN402338 (a), JN402339 (b), 
JX027061 (c) and JX027062 (d), to the ‘97103’ v1 (top) and v2 (bottom) genome assemblies.

NATuRe GeNeTiCS | www.nature.com/naturegenetics

http://www.nature.com/naturegenetics


ArticlesNATurE GENETicS

Extended Data Fig. 7 | Mapping of BioNano maps and mate-pair reads to the ‘97103’ assembly. a, Alignments of BioNano maps to chromosome 11 of 
the ‘97103’ assembly. b, c, Alignments of 20-kb insert size mate-pair reads at the potential inversion breakpoint regions. Uniquely aligned read pairs are 
indicated by orange color. Green lines represent reads aligned to multiple locations.
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Extended Data Fig. 8 | Principal component analysis (PCA) of Citrullus accessions. PCA plots of the first three components of Citrullus accessions 
excluding C. naudinianusand (PC1 × PC3, PC2 × PC3) (a) and C. mucosospermus and C. lanatus accessions (PC1 × PC3, PC2 × PC3) (b), and all accessions in 
the seven Citrullus species (PC1 × PC2, PC1 × PC3, PC2 × PC3) (c). CA, C. amarus; CC, C. colocynthis; CE, C. ecirrhosus; CL_CUL, C. lanatus cultivar; CL_LR,  
C. lanatus landrace; CM, C. mucosospermus; CN, C. naudinianus; CR, C. rehmii.
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Extended Data Fig. 9 | Multidimensional scaling of pairwise FST values between different Citrullus species. Value near each dot indicates the nucleotide 
diversity (π) of the corresponding group. CC, C. colocynthis; CA, C. amarus; CM, C. mucosospermus; CL_LR, C. lanatus landrace; CL_CUL, C. lanatus cultivar.
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Extended Data Fig. 10 | Linkage disequilibrium (LD) decay patterns of different Citrullus species. The decays of LD (r2) with physical distance  
(kilobases) for SNPs in five different Citrullus groups are shown. CC, C. colocynthis; CA, C. amarus; CM, C. mucosospermus; CL_LR, C. lanatus landrace; 
CL_CUL, C. lanatus cultivar.
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