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Multi‑omics analyses unveil dual genetic loci 
governing four distinct watermelon flesh color 
phenotypes
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Abstract 

Watermelon fruit flesh displays various colors. Although genetic loci underlying these variations are identified, the 
molecular mechanism remains elusive. Here, we assembled a chromosome-scale reference genome of an elite water‑
melon and developed integrated genetic maps using single nucleotide polymorphism (SNP) and structural variation 
markers. Several key genetic varients for fruit shape and flesh color were identified. Two variants associated with flesh 
color were further studied, including one copy number variant (CNV, a triplicate of 1.2 kb DNA) in the promoter region 
of REDUCED CHLOROPLAST COVERAGE 2 (ClREC2) and one SNP in Lycopene β-Cyclase (ClLCYB) coding region. These 
two variants together explained 99.7% of the flesh color variations in 314 watermelon accessions. The SNP in ClLCYB 
was the same as previously reported, disrupting ClLCYB function. The CNV could strongly enhance ClREC2 expression, 
consequently increasing the expression of carotenoid biosynthesis genes, the number of plastoglobules within chromo‑
plasts, and carotenoid level in mature fruit flesh. Finally, we proposed a “two-switch” genetic model by integrating two 
major causative loci, which can explain the formation of the four main flesh colors in different watermelon accessions. 
These results provide new insights into the regulation of carotenoid biosynthesis and color formation in plants.

Keywords  Fruit flesh color, Carotenoid biosynthesis, Gene structural variation, Chromoplast development, Marker-
assisted breeding, Citrullus lanatus (watermelon)

Core 
Through systematic integration of dual genetic loci, we 
confirmed the molecular mechanism underlying water-
melon flesh color differentiation. Four phenotypically dis-
tinct flesh colors in various watermelon accessions arise 
through coordinated action of two regulators: Lycopene 
β-Cyclase (ClLCYB) determines which type of carotenoid 
(yellow vs. red), while REDUCED CHLOROPLAST COV-
ERAGE 2 (ClREC2) modulates the level of red carotenoid 
(coral red vs. scarlet red). The new insights offer valuable 
guidance and advance our understanding of carotenoid 
biosynthesis and accumulation in plants.
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Introduction
Watermelon is a major horticultural crop grown 
throughout temperate regions of the world. It exhibits 
wide diversity in fruit traits. The favourable fruit traits 
to watermelon growers and sellers are include good rind 
hardness, which strongly impacts transportability, stor-
ability and shelf life (Liao et  al. 2020). Flesh color, fruit 
shape, rind color and rind stripe pattern of watermelon 
are also important fruit quality traits to filfull consum-
ers’ acceptance (Guo et al. 2019). However, breeding for 
stacking multiple desirable traits is challenging because 
molecular mechanisms underlying many traits are 
unclear.

Previous studies on watermelon fruit traits were 
focused on sugar content (Ren et al. 2018; Ren et al. 2020; 
Ren et al. 2021), fruit size (Ren et al. 2014; Sandlin et al. 
2012; Li et al. 2023), fruit shape (Li et al. 2021; Dou et al. 
2018; Legendre et  al. 2020) and flesh color (Guo et  al. 
2019; Zhang et  al. 2020; Liu et  al. 2022; Li et  al. 2020; 
Bang et  al. 2007; Branham et  al. 2017). However, the 
genetic and molecular bases of most traits are still elusive. 
Taking fruit flesh color as an example, watermelon acces-
sions exhibit extreme diversity in this trait, including 
white, pale-yellow, canary-yellow, salmon-yellow, orange 
and red (coral red and scarlet red) colors. Although sev-
eral genetic loci, including B, C, i-C, Wf, y, yO, YScr and 
Ycrl (Wehner 2012), have been reported to control flesh 
color, only one gene, the lycopene β-cyclase ClLCYB 
gene on chromosome 4 has mapped to flesh color locus 
using accessions with different flesh colors, such as white 
versus red (Zhang et al. 2020) and pale or canary yellow 
versus red (Bang et  al. 2007). The flesh color is deter-
mined by composition and concentration of different 
carotenoids accumulated in the flesh. Lycopene is red 
while xanthophylls is yellow. A single nucleotide poly-
morphism (SNP) mutation in ClLCYB reduces ClLCYB 
protein abundance, block the convertion from lycopene 
to β-carotene, increases lycopene level, and thus con-
fers a red flesh phenotype (Zhang et  al. 2020). Further-
more, a quantitative trait locus (QTL) on chromosome 
6, Yscr, was shown to confer a deep red color, scarlet red, 
fruit flesh (Li et al. 2020) and another locus at the same 
genomic region on chromosome 6 controls white flesh 
(Yi et al. 2023). It is difficult to accurately phenotype scar-
let red vs. coral red in segregating populations because 
the colors are similar. This difficulty presents challanges 
to the identification of the gene underpining the scarlet 
red phenotype. Without the information on the gene and 
casuasive variants for each locus, it is impossible to fully 
understand the relationships among these loci in control-
ling different flesh colors.

Gene structural variations (SVs), including copy num-
ber variants (CNVs), insertions/delections (InDels), 

duplications and inversions, are widely present in 
genomes (Alkan et al. 2011). SVs explain phenotypic vari-
ation as much as or more than SNPs do (Chaisson et al. 
2019). In plants, SVs regulate important traits such as 
male sterility in rice (Xu et  al. 2022), plant architecture 
in cotton (Ji et al. 2021), fruit shape in tomato (Xiao et al. 
2008), and sex determination in melon (Martin et  al. 
2009). However, comprehensive SV catalogs are rare and 
are beginning to appear in rice (Fuentes et al. 2019) and 
maize (Sun et  al. 2018). Genome-wide identification of 
SVs has generally lagged behind that of SNPs because the 
lack of high-quality reference genomes and high-depth 
whole-genome resequencing of many samples (Wang 
et  al. 2018). Although gene presence/absence variations 
were mentioned based on a Citrullus genus super-pange-
nome (Wu et  al. 2023), genome-wide identification of 
SVs for watermelon has not been reported till now.

To fill a major gap in precisely identifying the key 
genetic variants underlying fruit traits in watermelon, 
we de novo assembled a high quality reference genome 
of an elite watermelon cultivar with coral red flesh, and 
then constructed integrated genetic maps using SNP and 
SV markers generated from deep resequencing of core 
watermelon collections. These newly generated resources 
were used to identify a SV underlying the difference 
(between scarlet red and coral red flesh) in watermelon. 
The resources and knowledge generated in this study 
would be invaluable for many further studies.

Results
De novo genome assembly and gene annotation
A de novo assembly of the DR117 genome with coral red 
flesh was achieved by using PacBio long sequence reads 
and a Bionano optical genetic map based on direct label 
and stain technology. The initial assembly using PacBio 
long reads and Illumina short reads (Table  S1) gener-
ated 104 contigs with an N50 length of 28.28 Mb. These 
contigs were assembled into 84 scaffolds using Bionano 
optical mapping data (Table  S2) and subsequently cor-
rected with Illumina sequences. The scaffolds showed an 
N50 size of 35.2 Mb and a cumulative length of 371.8 Mb 
(Table S3) and included 11 superscaffolds corresponding 
to the 11 chromosomes, each with a length greater than 
25 Mb, accounting for 98.88% of the assembled genome 
(Figure S1) (Guo et  al. 2019; Wu et  al. 2019). The esti-
mated genome size was 418 Mb according to 19-mer 
depth distribution analysis (Figure S2), which was lower 
than that reported in earlier analyses (Wu et  al. 2019; 
Guo et  al. 2013; Arumuganathan and Earle 1991). The 
contiguity of the DR117 assembly was similar to that of 
G42 (Deng et  al. 2022), but much greater than that of 
97103v2 (Guo et al. 2019) and Charleston Gray (Wu et al. 
2019) (Table  S3). BUSCO analysis (Simao et  al. 2015) 
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revealed that 92.3% of the core eukaryotic genes were 
present in the watermelon genome. A total of 24,839 
protein-coding genes were predicted (Table  S4), which 
was similar as those in G42 (24,205), but was substan-
tially greater than other previous assemblies (22,596 for 
97103v2 and 22,549 for WCG) (Guo et al. 2019; Wu et al. 
2019; Deng et al. 2022).

Flesh color and carotenoid biosynthesis genes are related 
to the geographic differentiation
To identify genetic variants underpinning fruit fresh 
color evolution, the genome of 196 Citrullus accessions 
was sequenced. These accessions represented a Citrullus 
core collection, which included one C. naudinianus, one 
C. rehmii, one C. ecirrhosus, nine C. colocynthis, 34 C. 
amarus, 21 C. mucosospermus, and 129 C. lanatus acces-
sions (Table S5), capturing 97.5% of the allele diversity in 
the collection of 1,022 watermelon accessions (Figure S3, 
Table S6). A total of 2.47 Tb of sequence data were gener-
ated using 150 bp paired-end sequence, with an average 
depth of 30.1X (Table S5). In total, 24,497,491 SNPs were 
identified, with an average of 66.6 SNPs per kilobase, of 
which 1,050,977 SNPs were in coding regions, causing 
557,073 missense variations in 23,303 genes. Based on 
these SNPs, a phylogenetic tree was constructed (Figure 
S4), showing a tree structure largely consistent with that 
reported in previous studies (Guo et  al. 2019; Renner 
et  al. 2017). One accession (PI 490375) of the wild spe-
cies C. mucosospermus, collected from Mali (East Africa), 
was most closely related to the cultivated species C. lana-
tus, and grouped into the same clade with two C. lanatus 
accessions PI 226506 and Koresta (Figure S4). Notably, 
C. lanatus accessions were clearly separated into four 
groups, each group showed closely related geographical 
distribution.

To better understand the genetics of watermelon 
improvement resulted from modern breeding, we per-
formed phylogenetic relationship and population structure 
analyses using the 129 accessions of C. lanatus (Fig.  1). 
The inference drawn from phylogenetic analysis (Fig. 1A) 
and population structure (Fig. 1B) supported the classifi-
cation of C. lanatus accessions into four groups. Group 
1 comprised landraces and cultivars mainly from west-
south China and Turkey; Group 2 comprised landraces 

and cultivars mainly from America; Group 3 comprised 
landraces and cultivars mainly from northern China; 
and Group 4 was biased toward cultivars from southern 
China or Japan. When K = 2, the main ancestor compo-
nent of Group 4 was split, indicating that Group 4 had the 
highest level of selection. When K = 3, the main ancestor 
component of Group 2 was split. When K = 4, the main 
ancestor components of Group 1 and Group 3 were split 
(Fig.  1B). These results indicated that geographical dis-
tribution of these accessions was closely related to the 
group classification. Varieties with similar domestication 
levels tended to have more similar genetic backgrounds. 
The nucleotide diversities (θπ) (0.545 × 10–3) was the 
highest for Group 1, followed by Group 3 (0.396 × 10–3), 
Group 2 (0.375 × 10–3), and Group 4 (0.290 × 10–3). This 
pattern was opposite to that of linkage disequilibrium 
(LD) decay and identical-by-state (IBS) values (Fig.  1C, 
D). The lowest Fst value (0.11) was observed for Group 
1 versus Group 2 (Fig. 1E), which is consistent with the 
similar climatic conditions for west-south China and 
America. Group 4 consisted of cultivars derived from 
southern China and Japan, which had the highest level of 
selection and gene exchange.

In addition to SNP analysis, genome-wide SV analy-
sis was performed by leveraging the high-depth genome 
sequence data. A total of 11,620 SVs, ranging from 27 
bp to 6 Mb, were identified, including 6,023 deletions, 
795 duplications, 65 inversions, and 4,737 transloca-
tions (Table  S7). Most Group 2 accessions had coral 
red fleshed fruits, while most Group 3 and Group 4 had 
scarlet red fleshed fruits (Fig. 1F). Pairwise FST analysis 
between different groups of C. lanatus revealed diver-
gent peaks co-located with the genes encoding key 
metabolic enzymes of the methylerythritol 4-phosphate 
(MEP) and the carotenoid biosynthesis (CB) pathway 
(Fig.  1G, Table  S8). Four MEP genes, 2-C-methyl-D-
erythritol 4-phosphate cytidylyltransferase (ClISPD), 
4-hydroxy-3-methylbut-2-en-1-yl diphosphate synthase 
(ClISPG), 4-hydroxy-3-methylbut-2-enyl diphosphate 
reductase (ClISPH1) and isopentenyl-diphosphate 
delta-isomerase I (ClIDI2) were selected in Group 3 
and Group 4. Three CB genes, geranylgeranyl diphos-
phate synthase (ClGGPPS), which overlaps with the epi-
static Wf gene for flesh color (Jie et al. 2014), phytoene 

(See figure on next page.)
Fig. 1  Population diversity and selective sweep analysis. A Phylogenetic tree was constructed based on genome-wide SNPs. The four cultivated 
watermelon accessions were classified into four subgroups, Group 1, Group 2, Group 3 and Group 4. B Population structure of 129 accessions 
with K = 2, 3, and 4. C Decay of LD in each group. D IBS for each group. E θπ and Fst among the four groups. The value in each circle indicates 
the level of θπ for each group, and the value on each line represents the Fst between the two groups. F Distribution of different flesh colors 
in the different groups. G Fst values across the entire genome for pairwise group comparisons. The green dashed line indicates the locations 
of genes
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Fig. 1  (See legend on previous page.)
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desaturase (ClPDS) and β-carotene hydroxyl-lase 
(ClBCH2) was selected in Group 3 and Group 4. A plas-
toglobulin carotenoid-associated protein (ClCHRC), 
which regulates carotenoid sequestration and storage 
and enhances the accumulation of carotenoids (Kilambi 
et al. 2013), was selected in Group 3. Notably, the flesh 
color locus Yscr (Li et al. 2020), was selected in Group3 
and Group 4. In addition, the selective sweeps for flesh 
color overlapped with the corresponding genome-wide 
association study (GWAS) signals (Table S9).

GWAS identified genetic variants underpinning fruit shape 
and flesh color variation
SNP-GWAS (Figure S5A, Table S9) and SV-GWAS (Figure 
S5B, Table  S9) showed that a SNP with a C/T polymor-
phism (S3_29499779) and an InDel with a length of 159 
bp (InDel3_29499687) were strongly associated with fruit 
shape. Both variants were in the third exon of the ClSUN 
gene of different accessions (Figure S5C). It is known that 
SUN controls fruit shape in cucurbits and tomato (Xiao 
et al. 2008; Pan et al. 2020). These variants were the same 
as previously reported by QTL analysis of different segre-
gating populations (Li et al. 2021; Dou et al. 2018; Legendre 
et  al. 2020). Compared to the DR117 reference genome 
(with spheroidal fruit), the sequences of the lines with 
elongated fruits had a 159 bp deletion in exon 3 from 663 
to 882 bp or a C to T mutation in exon 3 at 727 bp (Figure 
S5C). The point mutation was a nonsynonymous resulting 
in an amino acid change from aspartic acid to asparagine. 
To confirm the association between these variants and 
fruit shape, sequencing data of 370 accessions, included 
the 196 core accessions in present study and 174 acces-
sions in previous study (Guo et  al. 2019), was analyzed. 
Accessions being homozygous for the T SNP or for the 159 
bp deletion showed elongated fruit, except for 20 acces-
sions (Table  S10). These two variants explained 94.59% 
of the phenotypic variation. This result was confirmed by 
analyzing of 193 accessions using a CAPS marker previ-
ously developed (Li et al. 2021), which could detect both 
variants simultaneously (Table S10).

To analysis the evolution history of fruit shape, these 
two variants were analyzed in 196 core accessions rep-
resenting different watermelon species. The result sum-
marized in Table S11 showed that 33 accessions of five 
wild species (1 C. naudinianus, 1 C. rehmii, 1 C. ecirrho-
sus, 9 C. colocynthis and 21 C. mucosospermus) had the 
spheroidal fruit shape and wild-type alleles of both vari-
ants S3_29499779 (C/C) and InDel3_29499687 (without 
the 159 deletions). This result indicated that the muta-
tion might not happen in these wild species. From the 
wild species C. amaus, 34 accessions were analyzed, 
none had mutation at InDel3_29499687, but 16 acces-
sions had mutation at S3_29499779. However, only 8 of 

them showed elongated fruit, indicating other unknow 
factors might prevent elongate fruit development. 
From the cultivated species C. lanatus, 129 accessions 
were analyzed, 103 had no mutation at either varia-
tion site, 10 had mutation at S3_29499779, another 16 
had mutation at InDel3_29499687. One accession had 
mutation at InDel3_29499687, but had no elongated 
fruit, whereas two accession had no mutation at either 
site, but had elongated fruit. Once again, this result 
suggests other unknow factors affecting fruit shape of 
watermelon.

For fruit flesh colors, SNP-GWAS identified three 
strong peak clusters on chromosomes 4, 6 and 10 
(Fig.  2A, B), respectively. The most strongly associated 
SNP was S4_15004427 (Fig.  2A) in ClLCYB showing a 
nonsynonymous G-T variation that converted pheny-
lalanine (F) to valine (V) at the 226th amino acid posi-
tion; which was the same as previously reported (Guo 
et  al. 2019). A second signal associated with flesh color 
was found on chromosome 10, which is near the novel 
chromoplast phosphate transporter ClPHT4;2 (Zhang 
et  al. 2017) and is required for flesh color development 
in watermelon. A third signal separating coral red from 
scarlet red accessions was found on chromosome 6 
(Fig. 2B) within the flesh color QTL Yscr (Li et al. 2020). 
Furthermore, we identified an SV (SV6_24272046) was 
within the QTL Yscr (Fig.  2C). A comparison of the ref-
erence genome sequences of G42 (scarlet red flesh) and 
DR117 (coral red flesh) revealed that SV6_24272046 was 
a CNV, a triplicate of a 1.2 kb segment spanning from 
–1842 bp to –3105 bp in the promoter region of Chr6.
g13111 gene in G42 (Fig.  2D). Chr6.g13111 encodes a 
tetratricopeptide repeat protein (TRP) protein of 1,920 
amino acids and contains a TPR domain with three TPR 
repeats, a CLUstered mitochondria protein N-terminal 
domain, and a CLU central domain. Phylogenetic analysis 
indicated Chr6.g13111 was closely related to the Arabi-
dopsis REDUCED CHLOROPLAST COVERAGE 2 
protein (REC2) (Fig. 2E). Hereafter, Chr6.g13111 is desig-
nated ClREC2. To confirm the presence of SV6_24272046 
in different watermelon accessions, two PCR-based 
markers, dupFC1.3 and dupFC2.2, were developed based 
on the CNV, and used to genotype 41 coral red fleshed 
and 70 scarlet red fleshed watermelon accessions using 
PCR analyses (Fig.  2F, Table  S12). It was found that all 
41 coral red accessions had no triplication of the 1.2 kb, 
while 64 of the 70 scarlet red accessions had the triplica-
tion genotypes (Table S13). The other 6 scarlet red acces-
sions had other types of duplications as showed by IGV 
analysis (Fig. 2G). These results confirmed the CNV was 
presence in all scarlet red watermelon accessions but not 
in coral red accessions, indicating an important role for 
this CNV in regulating flesh color.
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To understand the domestication history of fruit flesh 
color, we further analyzed the allele distribution of these 
two variations in watermelon collections. We found 
one C. colocynthis, PI 195927, which exhibited segre-
gation of flesh color (white and coral red flesh) (Figure 
S6A). Coral red fleshed PI 195927 had S4_15004427GG 

(coral−red−allele), while white fleshed PI 195927 had 
S4_15004427TT(white−allele) (Figure S6B); thus, the coral 
red allele appeared earliest in C. colocynthis. We also 
found segregation of flesh color (white flesh and coral 
red flesh) in C. mucosospermus accessions, PI 249010 
and PI 247398 (Figure S6C, D). We found that the ear-
liest CNV mutation occurred in one C. lanatus, PI 
502319 with scarlet red flesh and collected from the 
Republic of Cameroon in the southeastern region of 
Africa. These results suggested that coral red flesh and 
its allele appeared during speciation and domestica-
tion but were largely fixed during improvement, while 
scarlet red flesh and its allele appeared and were largely 
fixed during improvement.

The CNV for flesh color enhances the expression of ClREC2
As several putative cis-acting regulatory elements 
were identified in the 1.2 kb segment (Figure S7), we 

speculated that CNV (SV6_24272046) might directly 
regulates the expression of the downstream gene. A dual-
luciferase reporter assay was performed to analyze the 
activity of promotors with different numbers of the 1.2 kb 
units. The two promoter fragments, 1.8 and 3.1 kb were 
PCR amplified from coral red accession 8R003 and con-
tained none and one 1.2 kb unit, respectively. All primer 
sequences are listed in Table S12. The longest promotor 
of 5.4 kb was PCR amplified from scarlet red accession 
8R001 and contained three 1.2 kb units (Fig.  2D). The 
5.4 kb PCR amplicon was sequenced by PacBio Sequel II 
(Table S14) and confirmed to contain the triplicated unit 
(Fig. 2D). The dual-luciferase reporter assay showed that 
the promoter containing the triplicate had significantly 
higher activity than other two promoters (Fig. 3A), which 
suggested the triplicate CNV could enhance the expres-
sion of the downstream gene.

The enhancement of ClREC2 expression by the trip-
lication CNV was further confirmed by quantitative 
reverse transcription PCR (qRT-PCR) and transcrip-
tome analyses. The relative expression of ClREC2 was 
analyzed using qRT-PCR in 19 scarlet red (with the 
triplication) and 16 coral red (without the triplication) 
accessions. With exception of two coral red accessions 

Fig. 2  The CNV (SV6_24272046) was associated with flesh color in watermelon. A-B SNP-GWAS for flesh color. C SV-GWAS for flesh color. The 
horizontal red lines in A-C indicate the genome-wide threshold of GWAS signals. D CNV variation in the promoter of ClREC2 between coral red 
and scarlet red fleshed watermelons. Three duplications of 1264 bp were found in scarlet red fleshed accessions. The P1.8k, P3.1k and P5.4k 
DNA fragments were PCR amplified and used as promoter target sequences to drive the expression of reporter gene LUC. Black, blue and red 
arrows represent positions of PCR-primers used to amplify target promoter target sequences and two markers dupFC1.3 and dupFC2.2. E 
Neighbor-joining phylogenetic tree of tetratricopeptide repeat proteins. The Arabidopsis sequences were retrieved from TAIR (www.​arabi​dopsis.​org). 
All other sequences were retrieved from Phytozome v13 (https://​phyto​zome-​next.​jgi.​doe.​gov/). The tree was rooted by midpoint rooting. F PCR 
products were detected using primers for dupFC1.3 and dupFC2.2 and template DNA of a coral red flesh accession (lane 1,3) and scarlet red flesh 
watermelon (lane 2, 4). G A snapshot of IGV shows DNA sequence reads of 1 coral red and 4 scarlet red fleshed watermelons mapped to DR117 
reference genome. It shows five patterns, each representing for 41, 64, 1, 4, and 1 watermelon accession(s) as indicated in the brackets. [0–80] 
shows the coverage of sequence depth

http://www.arabidopsis.org
https://phytozome-next.jgi.doe.gov/
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(8R048 and 8R120), the ClREC2 expression levels were 
significantly higher in scarlet red accessions with the 
triplication compared to coral red accessions with-
out the triplication (Fig.  3B). Transcriptome analy-
ses revealed that the transcript levels of ClREC2 in 11 
scarlet red accessions with the triplication were sig-
nificantly higher than those in 8 coral red accessions 
without the triplication (Fig. 3C, log2foldchange = 6.42, 
p = 3.6E-305). ClREC2 has two closely related homolo-
gous in watermelon, ClREC1 and ClREC3 (Fig.  2E). 
However, ClREC1 and ClREC3 exhibited a much lower 
level of expression (0.1 – 21 fragments per kilobase 
of transcript per million mapped reads (FPKM)) than 
ClREC2 (240 – 1000 FPKM) and did not show differen-
tial expression between coral red and scarlet red acces-
sions (Fig. 3D, E). Although ClREC1, ClREC2, ClREC3 
may have similar function, approximate 100-fold 
increase of ClREC2 expression caused by the triplica-
tion can mask any effect of ClREC1 and ClREC3, and 
can confer a new phenotype.

Chromoplast development and carotenoid contents are 
strongly associated with flesh color
Watermelon flesh color is caused by carotenoids accumu-
lated in chromoplasts of the flesh. Ultrastructure analysis 
of chromoplasts in flesh cells of mature fruits showed 
obviously visible carotenoid crystals and plastoglobu-
lus in both scarlet red and coral red fleshed accessions 
(Fig.  4A-H). Plastoglobulus are carriers of carotenoid 
synthesis and accumulation (Bréhélin and Kessler 2008). 
Notably, more plastoglobulus were observed in the cells 
of two scarlet red fleshed watermelons than in two coral 
red fleshed genotypes (Fig.  4A-H). Thus, we further 
examined the carotenoid contents of four these water-
melon accessions. Two scarlet red accessions accumu-
lated significantly higher level of total carotenoids than 
two coral red accessions (Fig. 4I). The scarlet red fleshed 
accessions had significantly higher level of lycopene, 
(E/Z)-phytoene, β-carotene and γ-carotene than coral 
red fleshed accessions (Fig. 4J-M). In both type of acces-
sions, most carotenoids are lycopene (Fig. 4J). Consistent 

Fig. 3  The CNV (SV6_24272046) regulated the expression ofClREC2. A Relative LUC/REN ratio was determined after watermelon protoplasts were 
transiently transformed with three constructs (35S:REN-P1.8k-LUC, 35S:REN-P3.1k-LUC and 35S:REN-P5.4k-LUC). The LUC/REN is the average ratio 
of the bioluminescence of firefly luciferase to that of Renilla luciferase. The values are the means ± SDs, with n = 3. Statistically significant differences 
were determined by one-way ANOVA; the different lower letters indicate significant differences according to Duncan’s test (P < 0.05). B The relative 
expression levels of ClREC2 in mature flesh of 19 and 16 accessions as determined by qRT-PCR. Scarlet red fleshed 8R118 and coral red fleshed 8R020 
was also used in RNA-seq analysis. The values are the means ± SDs (n = 3 biological replicates). Statistically significant differences were determined 
by one-way ANOVA; the different lower letters indicate significant differences according to Duncan’s test (P < 0.05). C-E FPKM value of ClREC2, ClREC1 
and ClREC3 in 11 scarlet red and 8 coral red fleshed watermelon accessions. The values are the means ± SDs, with n = 3
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with the increases plastoglobulus number in scarlet red 
fleshed watermelons, the expression level of genes encod-
ing chromoplast proteins, ClREC2 (Fig.  3B, C), and 
ClCHRC (Fig. 4N), and encoding plastid lipid-associated 
proteins (ClPAP13, ClPAP3 and ClPAP6) (Fig.  4O-Q) 
were significantly higher in scarlet red fleshed accessions 
than in coral red accessions. These results indicated that 
enhanced expression of ClREC2 and gene encoding other 
chromoplast proteins is positively correlated with the 
number of chromoplasts and carotenoid accumulation in 
fruit flesh cells.

The expression of the MEP and CB genes are strongly 
associated with flesh color
To further investigate the molecular mechanisms under-
lying the difference between scarlet red and coral red 
fleshed watermelons, we conducted comparative tran-
scriptomic (Table  S15) and metabolomic analyses. The 
expression matrix of 57 samples (11 scarlet red and 
8 coral red accessions, and each with three biological 
duplicates) and 8247 expressed genes were used to con-
struct a hierarchical clustering tree (Figure S8A) and 

a total of 16 co-expression modules were found (Fig-
ure S8B). Weighted gene coexpression network analysis 
(WGCNA) revealed that the blue module of the 16 co-
expression modules showed the highest correlation with 
flesh color, carotenoid content and lycopene content, 
with Pearson’s correlation coefficient of 0.861 (p = 6.85E-
17), 0.758 (p = 3.21E-11) and 0.763 (p = 1.99E-11), respec-
tively (Fig. 5A), implying the potential importance of the 
genes in the blue module in controlling flesh color and 
carotenoid accumulation. In the blue module, ClREC2 
was a key hub gene connecting to the MEP and CB path-
way genes (Fig. 5B). The blue model contained 796 genes, 
which included ClREC2, chromoplast genes (ClCHRC, 
ClPAP13, ClPAP3 and ClPAP6) and almost MEP and 
CB genes, including 1-deoxy-D-xylulose-5-phosphate 
synthase 2 (ClDXS), ClISPD, 4-diphosphocytidyl-2-C-
methyl-D-erythritol kinase (ClISPE), 2-C-methyl-D-
erythritol 2,4-cyclodiphosphate synthase (ClISPF), 
ClISPG, ClISPH, ClGGPPS, ClPDS, z-carotene isomerase 
(ClZ-ISO), z-carotene desaturase (ClZDS), carotenoid 
isomerase (ClCRTISO) and Beta-carotene 3-hydroxylase 
(ClBCH) (Table S16).

Fig. 4  Comparison of chromoplast ultrastructure, carotenoid contents and expression level of chromoplast genes in different watermelons. A-D 
Photographs show longitudinal cross-sections of two scarlet red (8R050, 8R112) and two coral red (8R018, 8R117) accessions. Bars = 5 cm for A-D. 
E–H Electron microscopy image of chromoplasts in the flesh cells. The box covers one chromoplast and the red arrow points to a plastoglobulus 
within the chromoplast. Bar = 1 µm for E–H. I-M Content of total carotenoids, lycopene, (E/Z)-phytoene, β-carotene and γ-carotene in two scarlet 
red and two coral red accessions. N-Q The FPKM value of ClCHRC, ClPAP13, ClPAP3 and ClPAP6 in two scarlet red and two coral red accessions. The 
values are the means ± SDs, with n = 3 (I-Q). Statistically significant differences were determined by one-way ANOVA; the different lower letters 
indicate significant differences according to Duncan’s test (P < 0.05)
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Comparative transcriptome analysis of 11 scarlet red 
and 8 coral red fleshed accessions identified a total of 
970 differentially expressed genes (DEGs), 824 of which 
were upregulated in the scarlet red fleshed accessions. 
Of the 824 upregulated genes, 354 were in the blue coex-
pression module (Fig. 5C, Table S16), including 8 and 3 
genes involved terpenoid backbone biosynthesis and 
carotenoid biosynthesis (Fig.  5C), respectively. DEGs in 
the blue coexpression module included ClREC2 (Fig. 3C), 
ClCHRC, ClPAP13, ClPAP3, ClPAP6 (Fig. 4N-Q), ClDXS, 
ClISPE, ClISPF, ClISPG, ClISPH1, ClISPH, geranylgera-
nyl reductase (ClGGR​), ClGGPPS, ClZ-ISO, ClBCH and 
CBS domain-containing protein (ClCBSX1) (Fig. 5D-N). 
The log2fold changes of expression level for other 6 MEP 
and CB pathway genes (1-deoxy-D-xylulose 5-phosphate 
reductoisomerase (ClDXR/ClISPC), ClISPD, ClPDS, 
ClIDI2, ClZDS and ClCRTISO) were 0.60, 0.51, 0.86, 
0.67, 0.96 and 0.90, respectively (Figure S9), which were 
lower than the threshold for defining DEGs. Moreover, 
of the 354 DEGs in the MEblue hub, 218 DEGs had been 
classified with function in chloroplast and chromoplast 
development (Table S16), which supports the conclusion 
that plastids play an important role in watermelon flesh 
color formation.

To validate ClREC2 function, watermelon plants were 
infiltrated with the pV190-ClREC2 virus-induced gene 
silencing (VIGS) construct to silence ClREC2, while 
plants infiltrated with the pV190 construct served as 
controls. ClREC2-silenced plants exhibited a chlorotic 

phenotype compared to the control plants (Figure 
S10A). Additionally, these plants showed reduced 
expression levels of chlorophyll-related genes (Figure 
S10B), but maintained normal chloroplast ultrastruc-
ture and chlorophyll content (Figure S10C, D). Nota-
bly, the expression levels of not only ClREC2, but also 
MEP and CB pathway genes were significantly reduced 
in pV190-ClREC2 plants compared to pV190 plants 
(Figure S10E). These results further confirmed that 
ClREC2 functions as a positive regulator of carotenoid 
biosynthesis.

A “two‑switch” model regulating flesh color in watermelon
Our analysis of the 196 watermelon core accessions 
began to reveal an integrated genetic model of the 
SV6_24272046 and S4_15004427 variants for regulation 
of flesh color. The analysis showed that 76 white fleshed 
(9 C. lanatus and one C. naudinianus, one C. rehmii, one 
C. ecirrhosus, 9 C. colocynthis, 34 C. amarus and 21 C. 
mucosospermus) had the wild-type allele for both vari-
ants (Fig.  6A). All 41 coral red accessions of C. lanatus 
had mutant allele of S4_15004427 containing a point 
mutation in ClLCYB. This indicated that the point muta-
tion in ClLCYB may convert white flesh to coral red 
flesh. In addition, 4 yellow fleshed C. lanatus accession 
had the mutant allele of SV6_24272046 containing the 
1.2 kb triplicate, indicating that the triplication could 
convert white flesh to yellow flesh. Finally, all 70 scar-
let red accessions of C. lanatus had the mutant allele of 

Fig. 5  Hub genes related to flesh color in watermelon. A Heatmap of the correlation coefficient between WGCNA model eigengenes and flesh 
color, carotenoids and lycopene. The blue module MEblue was the most positively correlated with these traits. B Co-expression network of MEblue 
Showing the hub gene ClREC2 connection to MEP and CB pathway genes. C KEGG pathway of 354 DEGs in MEblue. Terpenoid backbone 
biosynthesis and carotenoid biosynthesis were in red dashed box. D-N The transcript level of ClDXS, ClISPE, ClISPF, ClISPG, ClISPH, ClISPH1, ClGGR, 
ClGGPPS, ClZ-ISO, ClBCH and ClCBSX1 in 11 scarlet red and 8 coral red fleshed watermelon accessions. The values are the means ± SDs, with n = 3
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both SV6_24272046 and S4_15004427 (Fig.  6A), indi-
cating both mutations together could enhance red color 
development.

To support the above genetic model, we further ana-
lyzed the flesh color and genotype of 314 accessions 
with different fruit flesh colors (Table  S13). This analy-
sis showed that these two variants explained 99.7% of 
the phenotypic variation in all four flesh-colored groups 
of accessions. Only one accession, the Chinese landrace 
8R095 (Daoxianhongzigua) had white flesh color but 
showed the 1.2 kb triplication. The 1.2 kb triplicate in 
8R095 was confirmed by IGV and PCR analysis with the 
dupFC2.2 marker (Table S13).

Further support of the genetic model came from anal-
yses of two BC1F1 populations. First, analysis of a BC1F1 
(19QB12) population derived from the cross between 

a scarlet red fleshed accession (B85, Xiaoxigua) and a 
yellow fleshed line (B10, CHHX) detected a signifi-
cant QTL (FCw4.1; LOD score = 19.6; R2 = 82.76%) 
on chromosome 4 (Fig.  6B), which co-located with 
S4_15004427. This result indicated that mutation of 
ClLCYB can convert yellow flesh to scarlet red flesh 
(Fig. 6A). Secondly, analysis of another BC1F1 (19QB9) 
derived from a cross between a coral red fleshed acces-
sion (J) and a white fleshed accession (CreamSuika) also 
detected a significant QTL (FCw4.2; LOD score = 20.3; 
R2 = 94.71%) on chromosome 4 (Fig.  6C), co-located 
with S4_15004427 and FCw4.1. This result indicated 
that mutation of ClLCYB can convert white flesh to 
coral red flesh (Fig. 6A).

Different fruit flesh colors of watermelon is determined 
by the different carotenoids accumulated in the flesh, so 

Fig. 6  Two genetic variants together regulate the formation of four flesh colors of watermelon. A The genetic model for four flesh colors 
in watermelon. B QTL mapping using a BC1F1 population derived from a cross between a scarlet red and a yellow fleshed accession. C QTL mapping 
using a BC1F1 population derived from a cross between a coral red and a white accession. D Heatmap of carotenoid content in 25 watermelon 
accessions with four different flesh colors. E The heatmap of genes in MEP and CB pathways. The number in heatmap was the log2FoldChange 
in FPKM between scarlet red and coral red, between yellow and coral red watermelon accessions. F A proposed two-switch model explaining 
the regulation of watermelon flesh color. The dashed box shows the simplified of MEP, CB and xanthophyll pathways, respectively. Two variants 
SV6_24272046 and S4_15004427 act as switches to turn on or off ClREC2 and ClLCYB, respectively. The combinations of the on and off of the two 
genes determine the four colors (white, coral red, scarlet red and yellow) of watermelon fruit flesh
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we analyzed the carotenoid composition and contents 
of 3 white, 3 yellow, 8 coral red and 11 scarlet red water-
melon accessions. The result (Fig.  6D) showed that the 
three white accessions accumulated a very low level of 
total carotenoids (4—17 µg/g), mainly the yellow pigment 
xanthophylls. The three yellow accessions accumulated a 
slightly higher level of carotenoids (18—55 µg/g), again 
mainly xanthophylls. In contract, the eight coral red 
accessions accumulated a high level of carotenoids (574 
– 1432 µg/g), mainly the red pigment lycopene. The 11 
scarlet red accessions accumulated even higher levels of 
carotenoids (1833 – 3324 µg/g) compared to the coral red 
accessions, again mainly lycopene (Fig. 6D). These results 
indicate that the four main flesh colors of watermelon, 
white, yellow, coral red and scarlet red, are correspond to 
a very low level of any carotenoid, low level of xantho-
phylls, high level of lycopene, and even higher level of 
lycopene, respectively.

By integrating the results of genomic, transcriptomic, 
and metabolic analyses, we developed a “two-switch” 
model for explaining the regulation of flesh color in 
watermelon. In the model, the transcript level of ClREC2 
and all MEP and CB pathway genes are upregulated in 
scarlet red accessions compared to coral red accessions, 
and in yellow accessions compared to coral red acces-
sions (Fig. 6E). This indicates that SV6_24272046 mutant 
allele containing the 1.2 kb triplicates in the promoter 
of ClREC2 enhances the expression of ClREC2 and sub-
sequently MEP and CB pathway genes, like “switch on”. 
When ClREC2 is on, watermelon accessions have SNP 
(S4_15004427) mutant allele blocking ClLCYB function, 
like “switch off”, their flesh accumulates a very high level 
of lycopene, thus showing scarlet red color. If accessions 
have SNP (S4_15004427) WT allele maintaining ClLCYB 
function, like “switch on”, their flesh accumulates xantho-
phylls, thus showing yellow color. When both switches 
are on, the yellow accessions are expected to accumulate 
a good level of xanthophylls. However, the yellow acces-
sions accumulated a relative low level of xanthophylls 
(Fig. 6D). This may be explained by a high instability of 
these compounds in watermelon, which needs to be ana-
lyzed in future studies.

The model (Fig. 6F) further predicts that SV6_24272046 
wild type allele does not enhance the expression of 
ClREC2 or the pathway genes, like “switch off”. When 
ClREC2 is off, watermelon accessions also have SNP 
(S4_15004427) at “switch off”, the accessions accumulate 
a good level of lycopene, thus showing coral red flesh. If 
SNP (S4_15004427) is at “switch on”, the accessions accu-
mulate little β-carotene or xanthophylls, thus showing 
white flesh.

Discussion
A high-quality reference genome of watermelon, DR117, 
was reported and used to develop integrated genetic 
maps with SNP and SV markers in this study. A total of 
11 superscaffolds corresponding to the 11 chromosomes 
were assembled, with scaffold N50 = 35.2 Mb. The conti-
guity and the number of predicted genes for DR117 refer-
ence genome are comparable to G42 (Deng et al. 2022), 
and higher than other six assembled reference genomes 
(Guo et  al. 2019; Wu et  al. 2023; Wu et  al. 2019; Ren-
ner et al. 2021). High-quality reference genomes are the 
basis for understanding genome structure, genetic varia-
tion, evolution and domestication of an organism. Using 
the DR117 reference together with SNP and SV mark-
ers, we identified a major QTL on chromosome 6 con-
trolling watermelon flesh color. The QTL is the same as 
that reported previously (Li et  al. 2020; Yi et  al. 2023). 
However, the novelty of this study is that we identi-
fied a CNV, SV6_24272046 marker in ClREC2 promo-
tor within the QTL and further showed that the CNV 
is a triplicate of 1.2 kb DNA fragment by comparing the 
reference genome sequence of DR117 (coral red flesh) 
and G42 (scarlet red flesh). The CNV could enhance the 
expression of ClREC2 (Fig. 3B, C) because of increasing 
the number of cis-acting regulatory elements (Figure 
S7), sharing a similar mechanism reported for the apple 
MdMYB10 allele containing 6 repeats of a minisatellite in 
the promotor (Espley et al. 2009).

The CNV (SV6_24272046) variant of ClREC2 explained 
100% of the phenotypic variation in 70 scarlet red and 41 
coral red fleshed watermelon accessions. The CNV with 
triplication significantly enhanced the expression of the 
downstream reporter gene compared to that without 
triplication in a dual-luciferase reporter assay (Fig.  3A). 
Furthermore, transcript analysis revealed that ClREC2 
expression levels were significantly higher in 29 scarlet 
red accessions with the triplication than in 23 coral red 
accessions without the triplication (Fig.  3B, C). These 
results strongly suggested that the CNV in ClREC2 
promoter directly infulences ClREC2 expression level, 
thereby underlies flesh color variation in watermelon.

ClREC2 is a member of the a tetratricopeptide repeat 
protein family, cluster together with REC2 protein (Lar-
kin et  al. 2016) and REDUCED CAROTENOID PIG-
MENTATION 2 (RCP2) (Stanley et  al. 2020) through 
phylogenetic analysis (Fig.  2E). Loss of function REC 
mutants in Arabidopsis have reduced chlorophyll con-
tents and smaller chloroplast compartment size (Larkin 
et  al. 2016). Loss of function mutants in RCP2 in mon-
keyflowers (Mimulus) cause drastic down-regulation of 
the all genes in the CB pathway, thus reduces carotenoid 
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biosynthesis (Stanley et  al. 2020). In the rcp2 mutant 
of monkeyflowers, the chromoplast are skinny, irrgu-
larly shaped and contain few plastoglobuli (Stanley et al. 
2020). Repression of RCP2 translation and transcription 
by siRNAs produced from the YELLOW UPPER locus 
ultimately led to the lack of yellow pigment accumation 
in the petals of Mimulus lewisiii (Liang et al. 2023). These 
observations suggested that REC and RCP2 are master 
regulators of pigmentation through control plastid devel-
opment. The present study showed that the triplicate of 
CNV (SV6_24272046) contained in scarlet red watermel-
ons could enhance the expression of ClREC2 and genes 
in both MEP and CB pathways. These two pathways 
produce precursors or products of carotenoid biosyn-
thesis. As a consequence, scarlet red fleshed watermel-
ons produced a significantly higher level of carotenoids 
than coral red watermelons without the triplicate CNV 
(Fig.  6D). The expression levle of MEP and CB genes 
were significantly lower in ClREC2-silenced plants com-
pared to control plants (Figure S10D). The previous 
study showed that knockout of RCP2 reduced carotenoid 
accumilation (Stanley et al. 2020) while our study showed 
that activation of ClREC2 increased carotenoid accumi-
lation. Our findings support the role of RCP2 and REC 
poteins in regulation of carotenoid accmuliation and fur-
ther show that ClREC2 plays a core role in the formation 
of different flesh colors in watermelons.

Chromoplasts and chloroplasts are known to be inter-
convertible, chromoplasts are special organelles being 
the location for the synthesis and accumulation of carot-
enoid pigments in many colored flowers, fruits, and veg-
etables (Li and Yuan 2013). Plastoglobules is a lipoprotein 
particle within chromoplasts and is suggested to be 
involved in chromoplast biogenesis, and carotenoid syn-
thesize, sequestration and storage (Bréhélin and Kessler 
2008; Ytterberg et al. 2006). Our results showed that the 
number of plastoglobules per chromoplast was higher 
in scarlet red watermelons than in coral red watermel-
ons (Fig.  4A-H). The plastoglobule number is positively 
correlated with the expression level of genes encoding 
chromoplast proteins and the content of catotenoids in 
watermelon flesh, thus flesh color. Our results suggested 
that ClREC2 upregulation might affect plastoglobules 
formation as well as carotenoid accumulation.

In addition to the CNV (SV6_24272046), a SNP vari-
ant (S4_15004427) in the coding sequence of ClLCYB 
is also critial to watermelon flesh color variation. Previ-
ous studies have suggested that a decrease in the abun-
dance of the ClLCYB protein caused by the SNP on 
chromosome 4 contributes to red flesh color in domes-
ticated watermelon (Guo et al. 2019; Zhang et al. 2020). 
The same locus was also detected by using comparisons 

between white and red, and between pale or canary yel-
low and red (Zhang et  al. 2020; Branham et  al. 2017). 
The present study detected the same SNP on chromo-
some 4 (S4_15004427) by using comparison between 
scarlet red and yellow, and between white and coral red 
watermelon accessions (Fig.  6B, C). The present study 
further confirmed the strong association between these 
two major markers (SV6_24272046, and S4_15004427) 
and flesh color by analyzing 314 watermelon accessions 
with different flesh colors (Table  S13). Our study, along 
with previous research (Zhang et al. 2020), revealed that 
the white, orange and yellow fleshed accessions carry 
the S4_15004427TT alleles (corresponding to “ClLCYB” 
off), while pink (coral red) and red (scarlet red) fleshed 
accessions possessed the S4_15004427GG alleles (corre-
sponding to “ClLCYB” on). Downregulation of ClLCYB 
through genetic transformation of watermelon changed 
the flesh color from pale yellow to red, whereas overex-
pression of ClLCYB in the red fleshed accessions resulted 
in an orange flesh color (Zhang et al. 2020). These find-
ings collectively establish ClLCYB as the molecular 
switch governing the lycopene/β-carotene branching 
point in watermelon carotenogenesis.

Integrating the results of genomic, transcriptomic, and 
metabolic analyses of this study together with previous 
reported ClLCYB and REC2 function (Zhang et al. 2020; 
Larkin et  al. 2016; Stanley et  al. 2020), we proposed a 
two-switch regulatory model to explain how the two var-
iants (SV6_24272046 and S4_15004427) control water-
melon flesh color together (Fig. 6F). The model suggestes 
that scarlet red fruit flesh is resulted from switching on 
the CNV marker to increase the biosynthesis of lycopene 
and switching off the SNP marker to block the conver-
tion of lycopene to β-carotene, thus accumulation of a 
very high level of the red piaments lycopene. When both 
marker are on, a yellow flesh is produced due to conver-
tion of lycopene to the yellow pigment β-carotene. When 
both switchers are off, a coral red flesh is produced due 
to a ccumulation of a medium level of lycopene. When 
the CNV switcher is off, but the SNP switcher is on, a 
white flesh is produced due to little accumulation of any 
pigment.

Lycopene is the predominant carotenoid in both coral 
red and scarlet red watermelon varieties (60%-78% of 
total carotenoids), whereas yellow-fleshed fruits accu-
mulated primarily violaxanthin (40–45%). At 10  days 
after pollination (DAP), fruit flesh of all varieties is 
unpigmented with white flesh containing no detectable 
carotenoids according to Yuan et  al. (2021). Based on 
reanalyzing the data of Yuan et al., lycopene content sig-
nificantly increases from 20 to 32 DAP in coral red (2.37-
fold) and scarlet red (2.34-fold) varieties, with scarlet red 
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accumulating 42% more lycopene than coral red (Figure 
S11A). Yellow-fleshed fruits showed a 1.35-fold increase 
in violaxanthin accumulation from 20 to 32 DAP (Figure 
S11B). Intriguingly, ClREC2 expression displayed culti-
var-specific regulation rather than being strictly develop-
mental-stage dependent. Within each flesh color group, 
ClREC2 transcript levels remained stable across 10, 20, 
and 32 DAP (Figure S11C). However, ClREC2 expression 
was significantly higher in scarlet red and yellow varieties 
(CNV switcher “on”) compared to white and coral red 
cultivars (CNV switcher “off”). These findings suggests 
that ClREC2 alone is not sufficient to initiate carotenoid 
biosynthesis, implying the involvement of additional reg-
ulatory factors beyond ClREC2-mediated control.

In conclusion, we report an assembly of high-qual-
ity watermelon reference genome, integrated genetic 
maps with SNP and SV markers, and the use of these 
resources to uncover key genetic variants and molecu-
lar mechanisms underlying flesh color and other fruit 
traits. We also propose a two-switch regulatory model 
elucidating the coordinated control of flesh color and 
carotenoid biosynthesis in watermelon flesh. Our find-
ings not only provide novel insight into the molecular 
mechanisms underlying the historical domestication and 
improvement of watermelon fruit characteristics, but 
also establish a robust genomic foundation for targeted 
manipulation of carotenoid synthesis and nutritional 
quality in plants. The developed resources and mechanis-
tic model offer valuable tools for both fundamental plant 
biology research and precision breeding applications.

Methods
Plant materials and sequencing
The diploid watermelon inbred line DR117 showing coral 
red flesh was selected for assembling a reference genome. 
From young fresh leaves, high-molecular-weight DNA 
was isolated and used to make a 20 kb library that was 
sequenced on the Pacific Biosciences Sequel platform. 
For optical mapping, high-molecular-weight DNA was 
isolated from young yellow leaves after dark treatment 
and labeled with the DLE-1 enzyme (BioNano Genom-
ics). The labeled DNAs were scanned with the Saphyr 
system. For PacBio Iso-Seq, a total of 11 samples of 
sprout, leaf, ovary, seed, and fresh fruit tissue at 1 and 2 
days after flowering and fruit flesh and rind at 15, 20 and 
30 DAP were collected. The Iso-Seq libraries were con-
structed following the standard SMRT bell construction 
protocol and sequenced on 2 SMRT cells (for 1–10 kb 
and 4–10 kb libraries) using the Sequel platform.

A total of 196 watermelon accessions from the National 
Mid-term Genebank for Watermelon and Melon (Zheng-
zhou, China) with diverse genetic backgrounds were used 
for resequencing (Table S5). Genomic DNA was extracted 

from fresh young leaves using a Plant Genomic DNA Kit 
(Tiangen). Libraries with 350 bp inserts was prepared and 
sequenced on an Illumina NovaSeq6000 platform for 150 bp 
paired-end reads. In addition, 175 watermelon accessions, 
which had been sequenced previously (Guo et  al. 2019), 
were used to confirm the key variations in important traits.

For transcriptome sequencing, total RNA (each with 
three biological replications) was extracted from flesh 
of mature fruit using the QIANEN RNase Plant Mini 
Kit (Qiagen). Strand-specific RNA-seq libraries were 
prepared and sequenced on an BGISEQ platform with 
150 bp paired-end reads.

To locate the major QTLs for flesh color, two BC1F1 
(19QB9, 19QB12) were used, of which the genomes of 
individuals were sequenced via restriction-site-associ-
ated DNA sequencing.

Planting and phenotyping
In total, 196 watermelon accessions were grown in Zheng-
zhou (Henan Province), Changji (Xinjiang Province) and 
Sanya (Hainan Provence) in 2018 and 2019. Phenotyping 
of 129 C. lanatus accessions was performed at six loca-
tions, while the other accessions were evaluated in Zheng-
zhou in 2018. Three replicates with 10 plants each were 
planted at each location. We phenotyped watermelons for 
the qualitative traits of flesh color (white, coral red, scar-
let red and yellow), fruit shape (elongated and spheroidal). 
Each fruit was cut lengthwise and measured at harvest. 
Fruit length (cm) and fruit width (cm) were measured 
using a ruler. The fruit shape index was calculated as the 
ratio of fruit length to fruit width. All lines were pheno-
typed following a Chinese specification for evaluating 
watermelon (Ma and Liu 2005).

De novo assembly and gene annotation
De novo assembly was conducted with PacBio SMRT 
long reads and Canu software (Koren et al. 2017). Pilon2 
(Walker et  al. 2014) was used to perform the second 
round of error correction with Illumina short read data. 
BioNano optical maps labeled by DLE-1 were assembled 
into consensus physical maps with the Assembler tool in 
the BioNano Solve package. The Bionano Solve software 
imports the assembly and identifies putative nick sites in 
the sequence based on the nicking endonuclease-specific 
recognition site. These in silico maps for the sequence 
contigs are aligned to the de novo Bionano genome 
maps. Protein annotations were carried out by searching 
the NCBI nonredundant protein, InterPro, and KEGG 
databases. GO information was extracted from InterPro 
annotation (Zdobnov and Apweiler 2001; Quevillon et al. 
2005). Jellyfish (Marcais and Kingsford 2011) was used 
to perform k-mer analysis on the Illumina sequencing 
error-corrected data.
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Core collection selection
The program Core Hunter 3 (Beukelaer et al. 2018) was 
used to identify a subset of accessions that captures the 
majority of the allelic diversity of the 1022 watermel-
ons. SnpReady software (Granato et  al. 2018) was used 
to assess the diversity captured in the core collections 
relative to the initial collection using multiple evaluation 
indices. The core collection was further evaluated by phy-
logenetic analysis.

SNP and SV detection
Paired-end reads were mapped to DR117 using BWA 
(Li and Durbin 2009). SNP calling was performed using 
GATK HaplotypeCaller, and genotyping was performed 
with GenotypeGVCFs (DePristo et  al. 2011). LUMPY 
(Layer et  al. 2014) was used to detect SVs with the 
except of insertions. The SV results were then geno-
typed in the population using SVTyper (Chiang et  al. 
2015). SURVIVOR (Jeffares et  al. 2017) was applied 
to define and merge SVs. A manual check by compar-
ing 499 deletions and 55 duplications on chromosome 
6 with the PacBio long read mapping results using the 
IGV program (Robinson et al. 2011) revealed an accu-
racy rate of 85.2%.

Genetic diversity and selective sweep analysis
Population genetic analyses were performed based on 
representative SNPs. The whole genome was divided into 
5,000 fragments of equal length. From each fragment, 
15 SNPs were randomly selected. If the number of SNPs 
was less than 15 in a fragment, all SNPs were selected. 
The phylogenetic tree was generated with the neighbor-
joining method. STRU​CTU​RE (Falush et  al. 2003) was 
used to infer population structure by using 10,000 itera-
tions with K values ranging from 2 to 10. LD analyses for 
each subpopulation were performed using PopLDdecay 
(Zhang et  al. 2019). Pairwise IBS calculations were per-
formed using PLINK (Chang et al. 2015). θπ and FST val-
ues were calculated with VCFtools (Danecek et al. 2011). 
The average Fst value was calculated in each 1-Mb length 
window with 100-kb length steps and sliding windows 
with the top 5% of the Fst were selected as candidate 
highly divergent regions.

GWAS and QTL mapping
To improve the accurate of the GWAS results, we fil-
tered the SNP and SV datasets by removing those with 
minor allele frequency < 0.01. The association analysis 
for SNP was performed using the mixed linear model 
(MLM) method incorporated into TASSEL (Bradbury 
et al. 2007) software. The Q matrix was determined using 
STRU​CTU​RE (Falush et  al. 2003). The pairwise kinship 
coefficients were estimated in TASSEL software. The 

association analysis for SV was performed using MLM, 
GLM, CMLM and FarmCPU models in GAPIT (Lipka 
et  al. 2012), which also integrates PCA and kinship 
analyses. A stringent Bonferroni correlation was used to 
screen obvious association signals based on P value (sig-
nificant threshold: -log10(P) ≥ 7.35 for SNP and 6.13 for 
SV) divided by 0.05. Only the SNPs whose segregation 
patterns were aa × bb were used to construct the genetic 
map. The genetic map was constructed using MSTmap 
(Wu et al. 2008). QTL mapping was performed using the 
composite interval mapping in the R/qtl package (Arends 
et al. 2010).

Development of PCR‑based markers and genotyping
The primers for dupFC1.3 designed to span the entire 
CNV fragment and amplify based on elongation time 
to distinguish different flesh color. The primers for 
dupFC2.2 designed to span the CNV breakpoint could 
amplify the expected fragment in scarlet red watermel-
ons, but could not in coral red watermelons. The geno-
typing of markers were performed as previously (Li et al. 
2020). The elongation time for PCR amplification varied 
from the length of the products and usually amplified 1 
kb per min. Products with lengths less than 1 kb were 
separated on an 8% polyacrylamide gel and visualized 
by silver staining. Products with lengths greater than 1 
kb were separated on a 1% agarose gel and visualized by 
Goldview.

Dual‑luciferase reporter assays in protoplasts
The target sequences of P1.8k and P3.1k were ampli-
fied from coral red watermelon 8R003 and the target 
sequences of P5.4k were amplified from scarlet red 
watermelon 8R001. The target sequences were inserted 
into the PUC57-StrigoQuant-like backbone vector 
(Zheng et  al. 2020) using an in-Fusion HD cloning kit 
through the use of SpeI and HpaI. The vectors of P1.8k 
and P3.1k were sequenced by Sanger sequencing. The 
vector of P5.4k was sequenced by PacBio Sequel II and 
assembled by smrtlink11.0.0. The vectors were used to 
transforme watermelon protoplasts as previously (Tian 
et al. 2017) with minor improvement. The Renilla (REN) 
and LUC activities were measured using a dual-luciferase 
reporter assay system (Promega).

Quantification of gene expression and WGCNA
Transcriptome sequence was aligned to DR117 using 
HISAT2. Subread software was used to count the reads 
mapped to each gene, and FPKMs were calculated (Trap-
nell et  al. 2010). Expressed genes were defined using 
a threshold of 0.5 in FPKM. The WGCNA was car-
ried out utilizing the Majorbio Cloud Platform (https://​
cloud.​major​bio.​com/​page/​tools/). Differential expression 

https://cloud.majorbio.com/page/tools/
https://cloud.majorbio.com/page/tools/
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analysis was performed using the DESeq R package (Love 
et  al. 2014). DEGs between groups were determined by 
absolute fold change of fragments per kilobase million 
(FPKM) > 1 and pval ≤ 0.05.

VIGS assay and qRT‑PCR
We used VIGS technique with cucumber green mot-
tle mosaic virus-based vectors (pV190) to silence the 
ClREC2 gene, following the method described previously 
(Liu et  al. 2020). qRT-PCR was performed as described 
previously (Li et  al. 2020) using the watermelon actin 
gene as reference gene. The primer sequences were listed 
in Table S12. The chlorophyll and carotenoid content in 
leaf was measured according to methods described previ-
ously (Arnon 1949).

Transmission electron microscopy
Watermelon fruit flesh or leaf was treated with a fixative 
and then washed with Pipes buffer (PB, PH = 7.4). Tissues 
were then post-fixed in 1% OsO4 in 0.1 M PB for 7 h at 
room temperature in dark. After three washes with PB 
for 15 min each, the fruit flesh or leaf was dehydrated in a 
concentration gradient of ethanol. The samples were pen-
etrated in 3:1 acetone: EMBed 812 for 2–4 h, 1:1 acetone: 
EMBed 812 overnight, 1:3 acetone: EMBed 812 for 2–4 
h, pure EMBed 812 for 5–8 h, and polymerized in pure 
EMBed at 60 °C for 48 h. Ultrathin sections were cut and 
stained sequentially in a 2% uranium acetate saturated 
alcohol solution and 2.6% lead citrate for 8 min each. 
Images of the samples were captured using a transmis-
sion electron microscope (HITACHI, Japan).

Determination of carotenoid composition 
and concentrations
Carotenoid contents were detected based on the AB Sciex 
QTRAP6500 LC–MS/MS platform. Mature fruit flesh 
(each with three biological replications) was collected, 
freeze-dried and ground into fine powder. 50 mg powder 
was extracted with mixture of n-hexane:acetone:ethanol 
(1:1:1, V/V/V). After two extractions, the supernatant 
was evaporated to dryness under nitrogen, and recon-
stituted in 100 μL dichloromethane. The solution was 
filtered through a 0.22 μm membrane filter for further 
UPLC-APCI-MS/MS system. The analytical condi-
tions were as follow, LC: column, YMC C30 (3 μm, 100 
mm × 2.0 mm i.d); solvent system, methanol:acetonitrile 
(1:3, v/v) with 0.01% BHT and 0.1% formic acid (A), 
methyl tert-butyl ether with 0.01% BHT (B); gradient pro-
gram, started at 0% B (0–3 min), increased to 70% B (3–5 
min), then increased to 95% B (5–9 min), finally ramped 
back to 0% B (10–11 min); flow rate, 0.8 mL/min; tem-
perature, 28°C; injection volume: 2 μL. Linear ion trap 
and triple quadrupole scans were acquired on a triple 

quadrupole-linear ion trap mass spectrometer (QTRAP), 
QTRAP® 6500 + LC–MS/MS System, equipped with an 
APCI Heated Nebulizer, operating in positive ion mode 
and controlled by Analyst 1.6.3 software. The APCI 
source operation parameters were as follows: ion source, 
APCI + ; source temperature 350°C; curtain gas was 
set at 25.0 psi. Carotenoids were analyzed using sched-
uled multiple reaction monitoring. Data acquisitions 
were performed using Analyst 1.6.3 software. Multi-
quant 3.0.3 software was used to quantify all metabolites. 
Mass spectrometer parameters including the declutter-
ing potentials (DP) and collision energies (CE) for indi-
vidual MRM transitions were done with further DP and 
CE optimization. A specific set of MRM transitions were 
monitored for each period according to the metabolites 
eluted within this period. The database was built based 
on authentic carotenoid standards for the qualitative 
analysis of MS data. Then, for absolute quantification, 
we prepared the solutions for each carotenoid standard 
with several different concentrations and obtained the 
peak area values corresponding to each concentration. 
Next, we separately constructed standard curves for all 
authentic carotenoid standards. Thereafter, we calculated 
the concentration values for all carotenoids using their 
respective standard curves. Finally, we determined the 
contents of the targeted carotenoids (µg/g) in different 
biological samples using the formula c*V/1000/m, where 
c represents the concentration value (µg/mL) calculated 
using the standard curve, V represents the reconstitution 
volume (µL), and m represents the sample weight (g). The 
carotenoid determination service was provided by Bioyi 
Biotechnology Co., Ltd. Wuhan, China.
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