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Watermelon domestication was shaped by stepwise selection and
regulation of the metabolome
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Although crop domestication has greatly aided human civilization, the sequential domestication and regulation of most quality
traits remain poorly understood. Here, we report the stepwise selection and regulation of major fruit quality traits that occurred
during watermelon evolution. The levels of fruit cucurbitacins and flavonoids were negatively selected during speciation,
whereas sugar and carotenoid contents were positively selected during domestication. Interestingly, fruit malic acid and citric
acid showed the opposite selection trends during the improvement. We identified a novel gene cluster (CGC1, cucurbitacin gene
cluster on chromosome 1) containing both regulatory and structural genes involved in cucurbitacin biosynthesis, which revealed
a cascade of transcriptional regulation operating mechanisms. In the CGCI, an allele caused a single nucleotide change in
CIERF1 binding sites (GCC-box) in the promoter of C/Bhl, which resulted in reduced expression of C/BAl and inhibition of
cucurbitacin synthesis in cultivated watermelon. Functional analysis revealed that a rare insertion of 244 amino acids, which
arose in C. amarus and became fixed in sweet watermelon, in CIOSC (oxidosqualene cyclase) was critical for the negative
selection of cucurbitacins during watermelon evolution. This research provides an important resource for metabolomics-assisted
breeding in watermelon and for exploring metabolic pathway regulation mechanisms.
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INTRODUCTION

Watermelon (Citrullus lanatus; 2n=2x=22) is native to
Africa (Robinson and Decker-Walters, 1997) and is among
the top five most consumed flesh fruits worldwide, with a
global production of 101.62 million tonnes in 2020 (FAO-
STAT; http://faostat.fao.org). Watermelon fruits are rich in
health-promoting compounds and are considered a valuable
nutritional source for the human diet (Saminathan et al.,
2018; Wechter et al., 2008). For watermelon and many fleshy
fruits, fruit quality traits such as flesh taste and appearance
are very important, which are both ultimately determined by
metabolite composition.

The plant metabolome can be regarded as both a readout of
the physiological status and a bridge spanning the genome-
phenome divide (Luo, 2015). High-throughput metabolic
profiling and its integration with other omics tools, espe-
cially in association with deep genome sequencing, has re-
cently become a powerful forward genetics strategy to reveal
the genetic and biochemical basis of plant metabolism in a
range of species (Chen et al., 2014; Chen et al., 2022; Richter
etal.,2016; Tieman et al., 2017; Wen et al., 2014; Zeng et al.,
2020; Zhou et al., 2019; Zhu et al., 2018). These metabo-
lomic and multi-omics studies have provided valuable in-
sights into the metabolic breeding history of crop plants
(Wang et al., 2022; Xu etal., 2019; Zhu et al., 2018) and have
led to metabolomic-based classification (Moing et al., 2020).
It is anticipated that they could also aid in designing breeding
strategies aimed at selecting valuable compounds and agro-
nomic traits (Chen et al., 2016; Chen et al., 2020; Fernie and
Schauer, 2009; Gong et al., 2020; Jin et al., 2021; Riedel-
sheimer et al., 2012).

Metabolites are very meaningful in fleshy fruits because
they determine taste, quality and nutritional properties. A
few studies have been performed regarding the functional
interpretation of metabolic pathway genes in watermelon.
The CIAGA2, CISWEET3, and CITST2 were identified to be
related to sugar accumulation in watermelon fruits (Ren et
al., 2018; Ren et al., 2021). The elevated chromoplast-loca-
lized phosphate transporter CIPHT4;2 expression level is
necessary for carotenoid accumulation and flesh color for-
mation (Zhang et al., 2017). The decreased level of lycopene
p-cyclase protein results in the appearance of red flesh
(Zhang et al., 2020a). The flesh color and sweetness may
have co-developed during watermelon development and
domestication (Guo et al., 2019). In addition, the cucurbi-
tacin pathway has been analyzed using a comparative
genomic strategy in cucumber, melon and watermelon, re-
vealing an important transcription factor (Bt/Bl) and a gene
cluster (Ma et al., 2022; Xu et al., 2022; Zhou et al., 2016).
However, the global watermelon metabolome and the me-
chanisms that regulate it have yet to be identified in water-
melon.
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Here, we performed comprehensive broadly targeted me-
tabolic profiling and metabolite-GWAS (mGWAS) using a
worldwide collection of 204 watermelon accessions. We
revealed a stepwise selection of flesh taste/appearance-re-
lated metabolites associated with watermelon fruit quality
breeding. This study provides novel insights into the do-
mestication and regulation of major fruit quality-related
metabolic traits for shaping crop improvement and provides
considerable resources for both watermelon genetic im-
provement and plant metabolic biology.

RESULTS

Metabolic profiling of watermelon fruits

We selected 204 representative watermelon accessions from
various geographic regions around the world (Table SI in
Supporting Information) for metabolite quantification using
a widely targeted liquid chromatography-tandem mass
spectrometry (LC-MS/MS)-based metabolomics approach
(Chen et al., 2013). A total of 3,730 metabolic features were
detected in watermelon fruit, among which 346 were anno-
tated, including cucurbitacins, carbohydrates, amino acids
and their derivatives, organic acids, flavonoids, nucleic acids
and their derivatives, vitamins, and lipids (Table S2 and
Figure S1A in Supporting Information). We found that
50.3% of these metabolic features displayed broad-sense
heritability (H2) values greater than 0.5 (Figure S1B in
Supporting Information). Additionally, the coefficients of
variation (CVs) of all metabolites were less than 30% in 12
quality control samples (QC); in contrast, CVs for 87.1% of
the metabolites were greater than 50% (Figure S1C and
Table S2 in Supporting Information), suggesting significant
variation of metabolites in fruits of different watermelon
accessions. Among them, the cucurbitacins in fruit showed
the highest CVs, with an average of 507.7%, ranging from
69.3% to 929.5%, while alcohols and polyols showed the
lowest CVs, with an average of 33.4% (Table S2 in Sup-
porting Information).

Principal component analysis (PCA) based on the levels of
all metabolic features in fruit grouped the watermelon ac-
cessions into six distinct groups, represented by C. colo-
cynthis (CC), C. amarus (CA), C. mucosospermus (CM), C.
lanatus edible seed watermelon (CL_ES), C. lanatus land-
race watermelon (CL_LR) and C. lanatus improved water-
melon (CL _IM) (Figure 1 A). Further clustering analyses
revealed that CC and CA formed independent clades, while
CL_ES, which has the characteristics of soft, juicy flesh and
giant seeds, formed a subclade with CM (Figure S2 in
Supporting Information). CL_ES is commercially grown in
northwest China for seed consumption (Levi et al., 2017,
Zhang and Jiang, 1990). Clustering analyses using metabolic
data displayed a trend similar to that based on genome-wide
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SNPs but with a unique grouping of the different watermelon
types, wherein CL_ES could be discriminated from CL_LR
(Figure 1B; Figure S2 in Supporting Information). The fruit
metabolite accumulation pattern of this genotype lies be-
tween that of CM and CL LR (Figure 1A; Figure S2 in
Supporting Information). The results of clustering by meta-
bolic features are in close accordance with the three major
evolutionary stages of watermelon: speciation, domestica-
tion, and improvement (Guo et al., 2019).

To study the possible reshaping of the Citrullus metabo-
lome during evolution, we searched for differential meta-
bolites during the processes of watermelon speciation,
domestication, and improvement (Table S3-S10 in Sup-
porting Information), focusing on the identified/annotated
metabolites. We observed stage-related differentiation of
specific metabolites during these processes: first, the sig-
nificant decrease and even “loss” during speciation and do-
mestication, respectively, of the triterpenes cucurbitacin,
flavonoids, and polysaccharides, followed by the substantial
increase in mono- and di-saccharides and carotenoids during
domestication and finally by the significant decrease in malic
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acid and increase in citric acid during the improvement stage
(Figure 1C). Taken together, we suggest a consequent se-
lection of flesh taste- and appearance-related metabolites
during watermelon evolution and the genetic improvement
process.

Genetic basic of natural variation in metabolic traits

To uncover the genetic basis of important metabolic traits in
fruit, mGWAS was performed using a linear mixed model
(LMM). The LMM resulted in fewer false positives by tak-
ing into account the genome-wide patterns of genetic relat-
edness, and we used these results for further analysis. We
used PU\,H\,[=1.16><1077 as the genome-wide significance
threshold for the watermelon population after Bonferroni
correction (Table S11 in Supporting Information). mGWAS
hot spots were located mainly on chromosome 1, chromo-
some 2, chromosome 4, and chromosome 9 (Table S11 and
Figure S3 in Supporting Information). Interestingly, we ob-
served a wide range of co-mapping of metabolites both from
within the same and different metabolite classes (Table S11

cM . CL\ &s
B ‘
X T & —(CE
W \(/9 —eR
& \ ), —OMm
& CL_ES
| CL_LR

—
%5

4
aml =

— CL_IM
I—CN

Y/

N —

0
N Tree scale :10

’
C\’

Py

carotenoids

(_Aﬁ

B-carotene lycopene

organic acids

citric acid flavonoids

O

o

CA -

cMm . .
CL_ES| - |
CLLLR | I
cL_m | _ 3

> il

Figure 1 Phylogeny and metabolic profiling of watermelon accessions. A, Principle component analysis of watermelon accessions based on metabolome
profiles. Different groups were circled with dash dot lines accordingly. B, Neighbor-joining phylogenetic tree of watermelon accessions constructed using
genome-wide SNPs. Colors of branches in the tree indicate different species. C, Distribution of the contents of important metabolites in the six types of
watermelon. Each column represents the average content within each watermelon type. The blue and red columns represent decreasing or increasing
metabolite contents during watermelon evolutionary process (from wild to cultivated). CN, C. naudinianus; CC, Citrullus colocynthis; CA, C. amarus; CM,
C. mucosospermus; CL_ES, C. lanatus edible seed watermelon; CL_LR, C. lanatus landrace; CL_IM, C. lanatus improved.
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in Supporting Information). For example, flavonoids in dif-
ferent subgroups, including flavone, flavonol and flavone
C-glycosides, co-mapped to 12.2 Mb on chromosome 6,
27.6 Mb on chromosome 7, 32.5 Mb on chromosome 9, and
25.4 Mb on chromosome 10. Metabolites in different classes,
such as cucurbitacin, co-mapped with organic acids, carbo-
hydrates, amino acid derivatives and flavanone at 32.4 Mb
on chromosome 9. These observations implied that these
regions can control the synthesis of various metabolites.
The important metabolic traits were reanalyzed by multi-
locus GWAS using FarmCPU software to reduce false po-
sitive and false negative signals and obtain credible results
(Liu et al., 2016) (Table S12 in Supporting Information).
These reliable signals mapped by two analysis methods were
used for the screening of candidate genes. Candidate genes
were mined by a combination of bioinformatics and bio-

Table 1 The full list of 29 candidate genes from mGWAS results
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chemical approaches: (i) searching for a protein or protein
cluster that was biochemically related to the associated me-
tabolic trait encoded at these loci; (ii) performing cluster
analysis of candidate genes relative to homologous genes
with known functions; and (iii) cross-referencing with sta-
tistical results of causal genes from multi-locus GWAS using
FarmCPU. Finally, 29 candidate genes were identified
among 20 significant association loci underlying the varia-
tion in metabolites that are regulators of fruit taste, resistance
quality or human nutritional importance (Table 1).

Selection and regulation of cucurbitacins during water-
melon evolution

Cucurbitacins and flavonoids were negatively selected dur-
ing watermelon evolution. Flavonoids (including flavonoid

Locus Metabolites Causative SNPs Effect P value  Candidate gene Description
L1 Nicotinic acid-hexoside 10:25998301 UTR_3 PRIME 1.2x107" Cla017767  UDP-glycosyl transferase
L1 Methyl nicotinate 10:25931062 Non-Synonymous SNP 3.1x1077 Cla017759 O-methyl transferase
L2 D(+)-Melezitose O-rhamnoside 7:10308825 Non-Synonymous SNP 5.0x10° Cla011774 Membrane transporter
L2 Trehalose 7:10438076 Non-Synonymous SNP 4.0x10°" Cla011768 Membrane transporter
L3 Luteolin-O-hexoside 4:346052 Non-Synonymous SNP 2.6x10° Cla000744 Cytochrome P450
L4 8-Cp —h}_lg_rg%ﬁfggé/guteolin 6:3090248 Non-Synonymous SNP 6.1x10” Cla006682  Flavanone 3-hydroxylase
L5 Luteolin 6-C-glucoside 1:2358146 Synonymous 42x107° Cla008060 Zinc finger protein
L6 Citric acid 11:9068215 UTR_3_PRIME 5.2x107° Cla007935 Auxin efflux carrier
L7 2-Hydroxyisocaproic acid 8:21448038 Intron 9.2x107’ Cla022199 NAD-malic enzyme
L8 Cucurbitacin B/D/I-Hex 1:2693392 Synonymous 0 Cla011464 Glycosyl transferase
L8 Cucurbitacin B/D/E/I/T 1:2925085 Non-Synonymous SNP 0 Cla011487 ERF
L8 Cucurbitacin B/D/E/I/T 1:2952640 Non-Synonymous SNP 0 Cla011488 ERF
L8 Cucurbitacin B/D/E/I/T 1:3168674 Non-Synonymous SNP 4.0x10°° Cla011508 bHLH
L8 Cucurbitacin B/D/E/I/T 1:3271685 Synonymous 3.4x10 2 Cla011510 bHLH
L8 Cucurbitacin B/D/E/I/T 1:3300039 Non-Synonymous SNP 5.1x10 ™" Cla011514 Cytochrome P450
L8 Cucurbitacin B/D/E/l/T 1:3311197 Non-Synonymous SNP 1.0x10°" Cla011515 Cytochrome P450
L9 Lycopene 4:8886977 Non-Synonymous SNP 5.40x10"° Cla005011 Lycopene beta-cyclase
L10 Cyanidin 3-O-glucoside 2:20007972 Non-Synonymous SNP 2.1x107"° Cla000767 MYB
L11 5-O-Caffeoylquinic acid 2:8454940 Intron 6.9x10 " Cla006745 Cytochrome P450
L11 3-O-Caffeoylquinic acid 2:8533020 Introduce stop codon 3.8x10 ™ Cla006748 Cytochrome P450
L12 Phytoxanthin 5:11475678 Non-Synonymous SNP 1.4x10°° Cla013139 Zinc finger protein
L13 Apo-beta-8'-carotenal 2:352440 Non-Synonymous SNP 1.7x107"° Cla007686 Zinc finger protein
L14 Chrysoeriol O-malonylhexoside 5:13501387 Non-Synonymous SNP 1.1x1077 Cla013238 O-malonyl transferase
L15 1-Isoleucine 11:54975899 Synonymous 1.1x10°° Cla011987 Lysine transporter
L16 Quercetin 3-O-glucoside 7:937585 Non-Synonymous SNP 6.9x10 Cla002228  UDP-glycosyl transferase
L17 4-Hydroxy-L-glutamic acid 5:4149324 Splicing 23x107 Clao2iser  Nearbanorel amino acid
L18 Cucurbitacin E/I 6:12688028 Non-Synonymous SNP 42x107" Cla004098 bHLH
L19 Cucurbitacin D 6:26980503 Non-Synonymous SNP 1.4x10° Cla019330 DS synthase
L20 Cucurbitacin B/D/E/I/T 9:32676489 Synonymous 3.12x107" Cla004749 DS synthase
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C-glycosides and flavone/flavonol) were selected during the
watermelon speciation and domestication stages, and low-
level flavonoid alleles were found to be significantly en-
riched in cultivated watermelon (Figure S4 in Supporting
Information). More interestingly, we observed the pre-
dominantly negative selection of cucurbitacins during spe-
ciation from CC to CA or CC to CM, and a relatively weaker
selection during domestication from CM to CL (Figure 2A;
Table S13 in Supporting Information). Cucurbitacins, as
bitter compounds, are highly oxygenated tetracyclic tri-
terpenes produced in the Cucurbitaceae family. A total of 42
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cucurbitacins were found in the identified/annotated meta-
bolites, including cucurbitacin-B (CUB), cucurbitacin-D
(CUD), cucurbitacin-E (CUE), cucurbitacin-I (CUI), and
cucurbitacin-T (CUT) (Table S2 in Supporting Information).

The mGWAS and genomic region selection analysis were
combined to understand cucurbitacin selection at different
evolutionary stages of watermelon. Eight major loci (one
each on chromosomes 1, 2, 3, 4, 6, and 9) for 42 cucurbi-
tacins were identified by mGWAS (Figure 2B; Figures S5A,
S6A and D in Supporting Information). The frequencies of
the most highly associated SNPs were located in cuc3,

& BERERE | [ [ [ [ [ DEEEEEREREEEEEEEEREEEEN | |

Group !

cc CuB
CA 8uIIIE)
u
CM Cul 0
CL_ES || CuT
CL_LR —1
cL_IM H-
cuc32
¥
B cuc12 °
* cuc3 ¥
Y CGCA1 | /CUCZB(OSC:CI3019330) -
°
=
©
>
.,
>
=)
]
T T T T T T T T T T
i 2 3 4 L) 6 T 8 9 10 1
Chromosome
c 1.00 cuc f Zf 12 Sf D 155
G T A T
. 10.0 =
0.75 . G cC A T g
g me cc e«
2 BA c A T o 7.5=
g e
5 0.50 WA cc o =) "
© X 50
= Y
=1
(@]
2.5 - D
0.25 |_I
0:0= T T
0.00 cuc 3 G G A A
CLLES CLIM CL_LR i 97 A c A c
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cucl2, cuc26, and cuc32 of the six watermelon groups
(Figure 2C), suggesting that these four major signals were
selected during watermelon evolution. Interestingly, we
found that cuc3 and cucl2 underwent strong selection (pri-
mitive genotypes were almost completely replaced) from CC
to CM, whereas there was weaker selection (primitive gen-
otypes were only partially replaced) from CC to CA or from
CM to CL (Table S13 in Supporting Information). In addi-
tion, the pairwise epistatic interactions between the four
significant loci were calculated based on the average content
of cucurbitacins. The results indicated that these four loci
may act sequentially in controlling cucurbitacin content, and
cuc3 and cuc26 were identified as two major effective loci
(Figure 2D; Figure S7 in Supporting Information).

The strong selective sweep cuc3 overlapped with the
previously reported locus for fruit bitterness identified from
the watermelon recombinant inbred lines (RIL) population
(Li et al, 2018). In this overlapping region, CIBhl
(Cla011508) is a transcription factor that regulates cucurbi-
tacin accumulation in watermelon (Li et al., 2018; Zhou et
al., 2016). In addition, within close proximity to CIBhl, we
observed two genes annotated as cytochrome P450
(CYP76b1:Cla011514 and CYP76b2:Cla011515). Phyloge-
netic analysis revealed that the two P450s have high se-
quence similarity with the cucurbitacin synthesis genes
CYP712D8/CYP81Q58 in cucumber (Shang et al., 2014)
(Figure S8 in Supporting Information). The spatiotemporal
expression patterns of the related and colocalized genes in
different tissues from colocynth and cultivated watermelon
were measured, and the results showed that seven genes,
including two CIERF genes (CIERFI1:.Cla011487 and
CIERF2:Cla011488), one glycosyltransferase gene (Clgtl:
Cla011464), two bHLH genes (CIBhl:Cla011508 and
CIBh2:Cla011510), and two P450 genes (CYP76blI:
Cla011514 and CYP76b2:Cla011515), were highly co-ex-
pressed in tissues that accumulated high levels of cucurbi-
tacins (Figure 3A and B). In addition, these seven co-
expressed genes were significantly upregulated in water-
melon under ABA, drought, or cold treatment (Figure 3C).
Thus, we suspected that these genes, including both tran-
scription factors and structural genes within a 70-kilobase
region in cuc3 (Figure 3A), may form a cluster involved in
cucurbitacin biosynthesis, hereafter referred to as the cu-
curbitacin gene cluster on chromosome 1 (CGCJ).

In this putative gene cluster, CIERFI and CIERF2 were
shown to belong to the APETALA2 (4P2) subfamily pro-
teins according to phylogenetic and gene conserved domain
analysis (Figures S9 and S10 in Supporting Information).
These two proteins all localized to the nucleus in N. ben-
thamiana leaf epidermal cells, as expected for CIERFI and
CIERF? as transcriptional regulators (Figure S11 in Sup-
porting Information). Transient overexpression of either of
the CIERF's activated transcription of the two C/Bhs within
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the cluster and resulted in an overaccumulation of cucurbi-
tacins in bitter watermelon (Figure S12A in Supporting In-
formation). VIGS results showed that the expression of the
two CIBhs and the accumulation of cucurbitacins were sig-
nificantly decreased in silenced-PV 190z plants (Figure
S13 in Supporting Information). These results suggested that
CIERFs may regulate the expression of bHLHs and the
biosynthesis of cucurbitacins. Further investigation showed
that C/IERFs indeed could directly bind to the promoter of
CIBhs in Y1H assays and luciferase transactivation assays
(LUC) (Figure S12B and C in Supporting Information).

The nuclear localization of C/Bhl and CIBh2 suggests that
they function as transcription factors (Figure S11 in Sup-
porting Information). Phylogenetic analysis indicated that
the two bHLHs are members of clade Ib and are orthologs of
the CsBt (Csa5G157230) and CsBl (Csa5G156220) genes,
which are responsible for the regulation of cucurbitacin
synthesis in cucumber (Figure S14A in Supporting In-
formation) (Shang et al., 2014). Interestingly, the C/IERF1
expression level in colocynth was only ~1.4-fold higher than
that in cultivated watermelon, and there was no significant
difference between colocynth and cultivated watermelon (P-
value=0.065, #-test). The expression level of CIBhl showed
an ~100-fold difference in the two types of watermelon
(Figure 3D). Overexpression of CIERF I increased the RNA
level of CIBhl and promoted the biosynthesis of cucurbita-
cins in the fruit of colocynth but not in cultivated watermelon
(Figure 3E and F). Further co-overexpression of C/ERFI and
CIBhl cloned from colocynth watermelon improved the
content of cucurbitacins by ~42-fold in cultivated water-
melon (Figure 3G). Based on these data, we hypothesized
that CIERF'I might bind the CIBhl promoter differentially
between colocynth and cultivated watermelon due to the
different transcript levels of CIBAl in the two types of wa-
termelon, resulting in a reduction in the accumulation of
cucurbitacins in cultivated watermelon but not in colocynth.
Analysis of the CIBhl promoter region revealed a single
nucleotide mutation in the GCC-box (GCCGCC to
GTCGCC, abbreviated as CIBhlmut), a cis-element to which
ERFs can directly bind, in cultivated watermelon (Figure
3H). We then performed dual-luciferase assays and yeast
one-hybrid (Y1H) assays and demonstrated that the C—T
change in the promoter significantly reduced CIBhlmut in-
ducibility in comparison to the wild-type CIBhl (Figure 31—
K). The EMSAs demonstrated that CIERFI binds to
GCCGCC fragments within the promoter of wild-type
CIBh1, but mutation in the GCC-box resulted in significantly
reduced promoter activity of CIBhlmut (Figure 3L). To-
gether, these results clearly show that the CIERFI protein
binds to the GCC-box in C/Bhl promoter and has a much
higher affinity for colocynth CIBhl than the cultivated wa-
termelon CIBhImut.

Y 1H assays and luciferase transactivation assays revealed
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Figure 3 Identification of a cucurbitacin gene cluster and functional elucidations of the regulation of C/ERFI and CIBhl. A, Schematic map of cucurbitacin
gene cluster identified in the genomic regions on chromosome 1 (CGC1I). Specific genes are indicated by arrows, and the other irrelevant genes are not shown
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(Cla011464); CIERFI (Cla011487); CIERF2 (Cla011488); CIBhl (Cla011508); CIBh2 (Cla011510); CYP76b1 (Cla011514); CYP76b2 (Cla011515);
CYP76t1 (Cla011547).
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that CIBhs could bind to the promoters of CYP76bl,
CYP76b2, and Clgtl (Figure S12D-G in Supporting In-
formation). The transcripts of the two CYP450s and Clgtl
were upregulated, and cucurbitacin content was increased in
the CIBhs transient overexpression plants. However, in the
silenced plants with pV190-CIBhs constructs, the expression
of Clgtl and two CYP450s showed a significant reduction,
and the accumulation of cucurbitacins was reduced by ~2.1-
fold when compared to the empty pV190-transformed plants
(Figures S12A and S13 in Supporting Information). To in-
vestigate the functions of the two P450s, CYP76b1 and
CYP76b2 were transiently overexpressed in bitter water-
melon fruits, and the accumulation of cucurbitacins (Cul,
CuB, and CuE) was significantly upregulated (Figure S15A
and B in Supporting Information). Furthermore, the down-
regulation of CYP450s (CYP76b1 and CYP76b2) resulted in
a decrease in cucurbitacin concentration in the silenced lines
compared to the pV190 control lines (Figure S15C and D in
Supporting Information). The results suggested that the
CYP76b1 and CYP76b2 genes indeed possess regulatory
functions involved in cucurbitacin biosynthesis.

To demonstrate whether the function of the candidate
glycosyltransferase (Clgtl, Cla011464) in the CGCI pos-
sessed enzymatic activities involved in cucurbitacin bio-
synthesis. Significantly elevated accumulation of Cul and
CuD glucoside was observed in bitter watermelon fruit that
transiently overexpressed Clgt!/ (Figures S16A and B in
Supporting Information). The Cul and CuD glucoside con-
tents showed a significant reduction in Clgt/-silenced plants
compared to pV190 control plants (Figures S16C and D in
Supporting Information). The in vitro enzymatic assays
showed that Cigt! displayed higher glycosyl transfer activ-
ities for Cul than CuD, with an ~6-fold difference in their
Kcat/Km values (Figures SI6E-G in Supporting Informa-
tion). These results indicated that Clgt/ has the capacity to
glycosylate cucurbitacins.

In addition to characterizing the CGCI gene cluster, we
also identified Cla019330 (CIOSC) in cuc26 encoding a
putative oxidosqualene cyclase (OSC, responsible for cy-
clization of 2,3-oxidosqualene into cucurbitadienol) with a
high sequence identity to isomultiflorenol synthase 1 (a tri-
terpene synthase) in loofah (Li et al., 2018) (Figure 2B;
Figure S17 in Supporting Information). C/OSC is co-ex-
pressed with the CGC/ cluster and activated by C/ERFs and
CIBhs in fruits (Figure S12A in Supporting Information). To
identify genetic variants of C/IOSC, we cloned and sequenced
the coding region of CIOSC from bitter and nonbitter wa-
termelon accessions. Interestingly, compared to CIOSC in
colocynth, the coding region of Closc in nonbitter water-
melon has a 244 amino acid insertion that results in the
addition of five exons in the resulting protein (Figures 4A;
Figure S18 in Supporting Information). After expressing
these two alleles (CIOSC and Closc) in yeast, we found that
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the production of cucurbitadienol occurred only in the yeast
harboring CIOSC (Figure 4B), with a Km of 36.56 umol L'
and Kcat of 0.0353 s ' (Figure 4C). In-depth analysis of the
CIOSC gene in all watermelon groups showed that functional
CIOSC was highly enriched in CC and CA, while a higher
proportion of nonfunctional Closc was observed in CM and
CL watermelons, suggesting that C/OSC was mainly selected
at the speciation stage (Figure 4D). The selection process of
cucurbitacins was further demonstrated by investigating the
combination types of functional mutation sites in C/Bhl and
CIOSC in watermelon domestication (Figure 4E and F).
Analysis of the two well-characterized selection genes re-
vealed that the sweeps for cucurbitacin between CC-CA and
CC-CM are nonidentical (Figure 4E), consistent with the
idea that CA and CM may have evolved independently after
their divergence (Guo et al., 2019).

In summary, a regulatory model for cucurbitacin bio-
synthesis in watermelon was built based on all the above
results from the cucurbitacin research in this study. Abiotic
stress induced the expression of CIERFs, CIERF's regulated
the transcription of two bHLHs, and bHLHs activated the
expression of the structural genes CYP76b1, CYP76b2,
Clgtl, and CIOSC, thereby regulating the accumulation level
of cucurbitacins in watermelon plants (Figure S12H in
Supporting Information).

Selection of fruit sugar, acid, and carotenoid during
watermelon domestication and improvement

The composition of sugars, acids, and carotenoids ultimately
determines fruit taste and flesh color, thereby determining
watermelon quality and contributing significantly to con-
sumer preferences. We identified 12 carbohydrates, includ-
ing monosaccharides (fructose, glucose and their derivatives,
and threose), disaccharides (sucrose and trehalose), and
polysaccharides (raffinose and raffinose O-rhamnoside)
(Table S2 in Supporting Information), which were positively
selected for sweetness during domestication (Figure 5A).
Additionally, raffinose showed a decreasing pattern during
domestication and improvement, which is consistent with
that reported in a previous study (Guo et al., 2019). Com-
bining the results of Tassel v5.2.43 and FarmCPU, eleven
major reliable signals (one each on chromosomes 1, 3, 4, 5,
6,7,9, and 10 and three on chromosome 11) were identified
(Figure 5B; Figures S5B, S6B and E in Supporting In-
formation). Among them, raf3-5, raf5-10, and suc7-10 were
under the selection region during domestication (from
CL_CM to CL_ES), raf10-11, mon11-9, and mon11-24 were
located in the overlapping selective sweeps for improvement
I (from CL_ES to CL_LR), and rafl-18, raf9-29, and mon11-
24 were under the selection region during the improvement II
stage (from CL_ES to CL_LR) (Figure S19 in Supporting
Information). These sweep signals showed genomic regions
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with a drastic reduction in nucleotide diversity and high Fg;
values (Figure S19 in Supporting Information), indicating
successive selection for fruit sweetness during different
evolutionary transitions. Two membrane transporter genes
located in the suc7-10 locus are homologous to the grape
berry VvHT gene, which was reported to be involved in
hexose transport (Davies et al., 2012) (Figure S20 in Sup-
porting Information). Further in-depth analysis is needed to
explore the possible roles of these two genes in sugar
transport and sweetness regulation in watermelon.

Malic acid and citric acid are the two main organic acids in
watermelon fruits (Chisholm and Picha, 1986). We observed
decreased malic acid levels and increased citric acid levels

during watermelon improvement (Figure 5C and D). Five
association signals were assessed for citric acid levels (one
each on chromosomes 7, 9, and 10 and two on chromosome
11, marked as cit7-10, cit9-32, cit10-16, citl11-9, and citll-
24, respectively) (Figure 5E; Figures S5C, S6C and F in
Supporting Information). Cit9-32 and cit11-9 were under the
selective sweep regions during improvement stage 1 (from
CL_ES to CL_LR), and citl1-24 was within the selection
regions from CL ES to CL IM (Figure SF-M). We also
revealed one GWAS signal underlying malic acid contents
(mal8-5) that was located in a selective sweep during the
improvement stage (from CL_ES to CL_IM) (Figure S21 in
Supporting Information), suggesting a successive selection
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Figure 5 Fruit taste-related metabolites selected during domestication and improvement. A, Heatmap of the contents of carbohydrates detected in this
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for malic acid during improvement. Notably, a series of fruit sugar and acid accumulation coevolved through shared ge-
sugar- and citric acid-related loci were found to overlap with netic regulation under human selection.
domestication and improvement sweeps (Figure 5B and E; Watermelon flesh color is a vital visual quality trait and is

Table S11 in Supporting Information), suggesting that fruit determined by carotenoid composition. We observed that
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lycopene and f-carotene levels were positively selected
during domestication (Figure 1C). It is worth noting that in
genetic mapping of the flesh color trait, f-carotene, p-
apocarotenal, and lycopene gave significant signals in the
same region on chromosome 4 (Figures S22A-F in Sup-
porting Information) that contains the previously reported
lycopene f-cyclase (LCYB; Cla005011) (Bang et al., 2007;
Zhang et al., 2020a). Furthermore, this locus was under the
selection region during the domestication stage (Figures
S22G in Supporting Information). Two nonsense mutations
(SNP1 and SNP2) were present in the coding region of LCYB
(Table S14 in Supporting Information). Compared with
varieties harboring the C allele at the SNP1 (C/G) locus,
varieties that harbor the G allele produced 6.5- and 7.5-folds
increases in f-carotene and f-apocarotenal, respectively,
leading to yellow- or orange-fleshed watermelon. SNP2 (A/
C) has been identified in previous studies (Bang et al., 2007).
Here, varieties harboring the C allele had 8.6-fold more ly-
copene than varieties with the A allele, resulting in red-fle-
shed watermelon (Tables S14 and S15 in Supporting
Information). We further analyzed the allele distribution of
SNP1 and SNP2 in the six types of watermelon (Figure S22H
in Supporting Information). All CC, CA, and CM accessions
had pale-colored flesh and harbored the allele combination of
C,A, (SNP1:C and SNP2:A), whereas all CL_LR and
CL_IM accessions showed colored flesh and possessed al-
lelic combinations of G,A, (orange- or canary yellow-fle-
shed) or C,C, (red- or pink-fleshed), corresponding to the
overaccumulation of f-carotene/f-apocarotenal and lyco-
pene, respectively (Figure S22I in Supporting Information).

Three allelic combinations were demonstrated in CL-ES
(C,A,, G|A,, and C,C,) (Table S15 and Figure S22H in
Supporting Information), suggesting that the alleles re-
sponsible for colorful flesh already existed in the CL_ES
genotype and were subsequently further selected and largely
fixed in landrace and modern sweet watermelons. Similarly,
the alleles related to higher sugar content (two nonsynon-
ymous SNP sites in two membrane transporter genes on
chromosome 7 shown in Figure S20 in Supporting In-
formation) were selected and became the predominant alleles
in CL_ES (71%) and were further fixed in CL_LR (~100%)
(Figure S23 in Supporting Information). These results sug-
gested that watermelon fruit quality is gradually being se-
lected and fixed in breeding history. In addition, we also
provided the potentially causal gene lists on the above-
mentioned loci for these fruit quality related metabolic traits
in Table S16 in Supporting Information.

Evolution and genetic improvement of watermelon fruit
quality

The above results have demonstrated a stepwise selection of
fruit quality-related metabolomes during watermelon evo-
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lution. We next analyzed the selective sweeps (domestica-
tion loci) on each chromosome related to watermelon fruit
quality. Cucurbitacins were mainly selected at the specia-
tion stage, and four cucurbitacin-related speciation sweeps
were identified in the speciation process (Table S17 in
Supporting Information). In addition, SNPs from 18 major
loci that control fruit taste and quality-related metabolites
located within watermelon domestication and improvement
sweeps (Table S18 in Supporting Information) were de-
tected in the domestication and improvement processes.
Detailed examination of 11 domestication loci underlying
major selected metabolites from CM to CL LR revealed
that six loci were selected from CM to CL_ES, while the
remaining five loci and one extra (citl1-9) were subse-
quently selected from CL_ES to CL_LR (Figure S24 in
Supporting Information).

DISCUSSION

Although a large number of evolution/domestication-related
traits have been explored (Abbo et al., 2014; Beleggia et al.,
2016; Chen et al., 2015; Doebley et al., 2006; Lenser and
Theillen, 2013; Zhang et al., 2020b; Zhu et al., 2018), their
order of selection remains mysterious. Using watermelon as
a case study, we here demonstrated the stepwise selection of
taste/appearance-related metabolites during evolution and
revealed the underlying genetic and molecular bases. It
seems that the later selected traits are masked until the earlier
ones have been selected (Li et al., 2006). Given that marker-
assisted/whole genome selection breeding will accelerate the
selection process and allow the breeding of varieties with
novel combinations of traits, our current study provides an
intriguing stepwise model of changes in the metabolome
associated with watermelon domestication.

Operon-like clusters in higher plants, simply called gene
clusters, are important tools for pathway discovery through
genome mining, metabolic engineering, and synthetic biol-
ogy (Boycheva et al., 2014; Field et al., 2011). To date, all the
gene clusters identified consist solely of structural genes
encoding enzymes that catalyze different and often con-
secutive steps in the same pathway and are mainly associated
with specialized metabolites (Boycheva et al., 2014; Chen et
al., 2019; Shang et al., 2014; Zheng et al., 2015; Zhu et al.,
2018). These new results were different from the gene
clusters on chromosome 6 (1.53—1.56 Mb) in watermelon
reported by Zhou et al. (2016) using comparative genomics
analyses, and the possible reason could be the absence of a
large natural mutation near the site of chromosome 6 during
watermelon domestication and improvement. However, here
we discovered a considerably more complicated gene cluster
for cucurbitacin biosynthesis, consisting of a cascade of
regulation machinery comprised of consecutive transcription
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factors and a number of downstream cucurbitacin biosyn-
thetic genes, thereby elucidating a novel regulatory structure
in eukaryotic genomes.

MATERIALS AND METHODS

Plant materials

The 354 representative watermelon accessions were col-
lected in different locations throughout the world, including
10 C. colocynthis, 31 C. amarus, 22 C. mucosospermus
(Egusi), one C. naudinianus, and 290 C. lanatus (10 C. la-
natus edible seed, 64 C. lanatus landrace, 216 C. lanatus
improved). Information about the accessions is provided in
Table S1 in Supporting Information. The accessions were
maintained at the National Mid-term Genebank for Water-
melon and Melon (Zhengzhou Fruit Research Institute,
Chinese Academy of Agricultural Sciences, Zhengzhou,
China).

Metabolite profiling

For metabolite analysis, two biologically replicated sample
sets of 204 watermelon accessions (Table S1 in Supporting
Information) were grown at Xinxiang Experimental Station.
At the mature stage, the fruit flesh tissues were harvested
from three different plants per line as one biological re-
plicate, snap frozen in liquid nitrogen, and freeze-dried for
metabolite profiling with two biological replicates for each
accession.

The freeze-dried tissues were crushed using a mix mill
(MM 400, Retsch, Germany) with zirconia beads for 1.5 min
at 30 Hz. 100 mg of powder was weighed and extracted
overnight at 4°C with 1.0 mL of 70% aqueous methanol.
Following centrifugation at 10,000g for 15 min, the extracts
were filtered (SCAA-104, 0.22 um pore size; ANPEL,
Shanghai, China, http://www.anpel.com.cn/) before LC-MS
analysis. A previously described relative quantification
method of widely targeted metabolites was used to analyze
the samples (Chen et al., 2013).

Extraction and measurement of carotenoids

Carotenoid extraction and determinations were based largely
on a previously reported protocol (Inbaraj et al., 2008; Petry
and Mercadante, 2017) with minor modifications. The
weighed frozen flesh powder (100 mg fresh weight) was
extracted with n-hexane-acetone-ethanol (2:1:1, V/V/V)
containing 0.1% butyl hydroxytoluene (BHT). The sample
extracts were analyzed using a UPLC-APCI-MS/MS system
(Ultra Performance Liquid Chromatography, UPLC, Shim-
pack UFLC SHIMADZU CBM30A system, http://www.
shimadzu.com.cn/, Agilent Technologies, USA; Tandem
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mass spectrometry, MS/MS, Applied Biosystems 6500
Quadrupole Triple, http://www.appliedbiosystems.com.cn/,
AB Sciex, USA). The quantification of the individual car-
otenoids was determined using dose-response curves con-
structed with authentic standards, S-carotene, lycopene, and
f-apocarotenal.

Phylogenetic and population structure analysis

A subset of 2,108,752 SNPs (bi-allelic with a missing data
rate <20% and a minor allele frequency >5%) were used to
build a neighbor-joining tree for 354 watermelon accessions
using PHYLIP (version 3.695) with 100 bootstrap replicates
(Retief, 2000). A data matrix representing the contents of
3730 metabolites from 204 watermelon accessions was used
to construct a neighbor-joining tree using PHYLIP with
default settings. iTOL (https://itol.embl.de/tree) was used for
visualizing the phylogenetic trees.

Principal component analysis (PCA) was performed with
log, transformed metabolite data for 204 accessions to de-
monstrate the structure of the watermelon population using
SIMCA-P version 14.1 (Wu et al., 2010).

Metabolite-based genome-wide association studies

We used 429,811 SNPs (minor allele frequency =0.05 and
missing data rate <10%) for 204 accessions to perform the
mGWAS. A compressed mixed liner model was used to
detect a trait-marker association (Yu et al., 2006; Zhang et
al., 2010) with the Q matrix and kinship matrix as covariates
by TASSEL v5.2.43 (Bradbury et al., 2007). Population
structure (Q) was determined using ADMIXTURE version
1.3 (Alexander et al., 2009) with K=8. The kinship matrix
(K) was estimated using Tassel V 5.2.43. Furthermore, to
eliminate the influence of the subpopulation on the signals
for metabolite traits, we added subpopulations as cofactors
with k=7. The signals were stable with adjustment on the
subpopulation effects.

To further reduce false positive and false negative signals
and obtain credible results, 52 important metabolic traits,
including cucurbitacins, carbohydrates, and organic acids,
were analyzed by multi-locus GWAS using FarmCPU soft-
ware (Liu et al., 2016). The two commonly used multiple
comparison methods to select for the significant threshold
level in association mapping studies are Bonferroni correc-
tion (Holm, 1979) and false discovery rate (Benjamini and
Hochberg, 1995). In the present study, based on the calcu-
lated Bonferroni correction, the threshold was set to
3.11x10""". However, using this very strict threshold can lead
to high false negative error rates. Therefore, we used the
FDR method to determine the threshold P-value for GWAS
(Kaler and Purcell, 2019), which can identify signals that are
truly associated with metabolite traits.
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Identification of selective sweeps

The nucleotide diversity () was measured using a 100-kb
window and a step size of 10 kb. The ratio of © was calculated
in the three comparisons representing different watermelon
domestication (from C. mucosospermus to C. lanatus edible
seed) and improvement stages (from C. lanatus edible seed to
C. lanatus landrace and from C. lanatus landrace to C. lanatus
improved watermelon), and genome regions with the top 5%
highest ratios (6.25, 3.12, and 2.71 for the three comparisons,
respectively) were selected as candidate selective sweeps. To
reduce the false-positive rate and retain true selection signals,
we further calculated the population differentiation statistics
(Fgr) using a 100-kb window and a step size of 10 kb in each
of the three comparisons. Candidate selective sweeps identi-
fied using the = ratio that also had the top 5% highest Fgp
values were defined as final selective sweeps.

Statistical analyses

The coefficient of variation values were computed in-
dependently for each metabolite in the entire population. The
calculation formula is as follows: o/u, where ¢ and u re-
present the standard deviation and the mean of the levels of
each metabolite in the population, respectively. The broad-
sense heritability (Hz) was calculated using the following
formula by treating accessions as a random effect and the
biological replication as a replication effect using one-way
analysis of variance: H2=Var(G)/ [Vargy+Varg ], where Varg,
and Var;, are the genetic and environmental variances, re-
spectively.

Yeast one-hybrid assay

Yeast cells were cotransformed with the pHIS2 bait vector
harboring the promoter of the target gene and the pGADT7
prey vector harboring the CDS of bHLHs or ERFs. As ne-
gative controls, yeast cells were transformed with the empty
pGADT7 vector and pHIS2 harboring the corresponding
promoter. Transformed yeast cells were grown in SD-Leu-
Trp medium and SD-Leu-Trp-His medium plates supple-
mented with 3-AT (Sigma, USA), respectively. The plates
were then incubated for three days at 30°C.

Transient expression of heterologous protein in
N. benthamiana and enzyme activity assay

The recombinant Agrobacterium tumefaciens EHA105 har-
boring the Cla019330 transient expression construct at a
concentration of Ag=0.8 was infiltrated into the young
leaves of six N. benthamiana plants, which were sampled 4
days post infiltration. The Agrobacterium-mediated infiltra-
tion of N. benthamiana leaves was performed as previously
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described (Chen et al., 2011). These experiments were re-
peated with three times, independently. For gene expression
analysis, the Nicotiana benthamiana GAPDH (glycer-
aldehyde 3-phosphate dehydrogenase) gene was used as a
reference gene (Rhee et al., 2016). The empty PEAQ-HT-
DEST?2 vector was processed with the same treatments as a
negative control.

To determine the kinetic constants of OSC/osc for 2,3-
oxidosqualene, a series of concentration of the substrate 2,3-
oxidosqualene at 0.0, 1.0, 2.0, 3.0, 4.0, 5.0, 10.0, 15.0, 20.0,
25.0 and 30.0 umol L' was used. The enzyme was purified
from tobacco leaves by the affinity purification with His tag
(Valdez-Ortiz et al., 2005; Pagliano et al., 2017). Reactions
were initiated by different concentrations of substrate, 30 pg
purified OSC/osc in a total volume of 200 pL (250 Mm
MOPSI, pH=7.2), and 15 mmol L' MgCl, and 2 mmol L™’
DTT as co-factors, and were incubated with shaking at 35°C
for 60 min. All kinetic parameters were calculated using
Michaelis-Menten model (Sigma Plot, version 12.5). All the
reactions were run with 3 replicates, and each experiment
was repeated 3 times.

Virus-induced gene silencing

For the virus-induced gene silencing (VIGS) experiment, a
cucumber green mottle mosaic virus-based pV190 VIGS
vector was obtained from Professor Qinsheng Gu at
Zhengzhou Fruit Research Institute, CAAS. The gene-spe-
cific fragments were amplified using the primers listed in
Table S19 in Supporting Information. The pV190 VIGS
vectors harboring different gene fragments were constructed
via homologous recombination with BamHI in the sense
orientation, respectively, using a ClonExpress® Ultra One
Step Cloning Kit (Vazyme Biotech, Nanjing, China) (Liu et
al., 2020). All resulting error-free constructs were separately
introduced into the Agrobacterium tumefaciens strain
GV3101. The single clones were picked, transferred into
500 pL. of LB liquid media containing 50 ug mL™" kana-
mycin and 50 pug mL™ rifampicin and cultured in a shaker at
28°C for 16 h. The bacterium was inoculated into 50 mL of
LB medium containing antibiotics and cultured for 16 h. The
bacteria were collected and resuspended in inducing buffer
solution (10 mmol L™' MgCl,, 10 mmol L™' MES, and
100 pmol L Acetosyringone) at an Ag, =0.8. The Agro-
bacterium suspension was maintained for 3 h at 25°C and
infiltrated into cotyledons of 7-day-old watermelon seedlings
from the adaxial side using a needleless syringe.

The pV190 vectors carrying PDS fragments (pV190-PDS)
were injected simultaneously as a positive control to check
the silencing efficiency, and the empty pV190 vector was
used as the negative control. The pV190-PDS infected plants
first exhibited a photobleaching phenotype at 20 days post
inoculation (dpi). The upper younger leaves and fruits were
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sampled, the cucurbitacin content was determined by LC-
MS, and the target gene expression level was examined by
gRT-PCR. Each experiment was repeated at least six times
with the same results. The bitter watermelon accessions
P1632751 and PI386015 were used as the inoculated plants
for the VIGS experiment in this study.

Electrophoretic mobility shift assay (EMSA)

The full-length CDS of ERF-487 was ligated into the
pET30a vector with a His-tag. The recombinant vectors were
transformed into Escherichia coli strain BL21 (PG-KJES)
competent cells. Expression of the recombinant His-tagged-
ERF487 proteins was induced by isopropyl-p-D-thioga-
lactoside and purified using a HisPur™ Ni-NTA Purification
Kit (Thermo Scientific, USA). A Light Shift Chemilumi-
nescent Electrophoretic Mobility Shift Assay Kit (Thermo
Fisher Scientific, USA) was used in this experiment. Biotin
was labeled at the 5’ end of the cis-element (Table S19 in
Supporting Information). The biotin-labeled DNA probes
were synthesized by Sangon Biotech Co., Ltd (Shanghai,
China). The detailed procedure for EMSA followed the
manufacturer’s instructions and methods reported in the lit-
erature (Li et al., 2020).
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