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Abstract

Background: As an important agronomic trait affecting breeding and consumption choice, the rind color
of watermelon [Citrullus lanatus (Thunb.) Matsum. and Nakai] receives considerable attention from
breeders. Although rind color occupies an important place in watermelon breeding work, the underlying
molecular mechanism governing this complex trait has still not been determined.

Results: In the present study, chlorophyll and carotenoid contents were hypothesized to be the main
factors determining rind color. Clearly different structures and numbers of chloroplasts and grana
lamellae were found among materials with different rind colors. To study the genes involved in the
coloration process of the yellow, dark green, light green, and light green-gray rinds, 84,516 unigenes were
obtained from the rind transcriptome. Through DEGs screening and pathway analysis of chlorophyll and
carotenoid mechanism, the genes with abnormal expression levels were identified. Then, the nucleotide
sequences and expression levels of the putative genes responsible for different rind colors were studied.

Conclusions: This study provides a comprehensive insight on the factors affecting rind coloration and
investigated expression levels of the critical genes concerning pigment metabolism in watermelon. These
results would help to analyze the molecular mechanisms of rind coloration regulation and development
of the related organelles.

Background

As one important vegetable crops around this world, watermelon (Citrullus lanatus (Thunb.) Matsum. &
Nakai.) provides abundant carotenoids to worldwide consumers and plays important economical roles in
many countries [1]. Various phenotypes including size and shape of fruit, color and pattern of rind, and
flavour and color of flesh give the breeders chances to develop kinds of elite cultivars. Rind color of
watermelon is an extremely important characteristic for markets and breeders choice. Although yellow
and green are the basic colors of watermelon rind, different degrees of the basic colors are existed in
different plants [1, 2].

A number of genes and QTLs concerning rind color have been detected or identified in various
horticultural crops, such as citrus, pummelo, chrysanthemum, and cherry [3, 4] [5, 6]. In cucurbitaceae
plants, rind color is often controlled by one single gene. Orange rind color of cucumber is dominant to
creamy color in mature fruit, and the R2R3-MYB transcription factor was identified as the candidate gene
[7]. In wax gourd, the dark green fruit skin is controlled by the gene named pc[8]. In watermelon, sorts of
inheritance patterns of fruit skin color have been raised. A general background color and various types of
mottling and stripping form different pictures on the watermelon rind. Take the background color ‘green’
for example, it can be sorted as light green, light green-gray, and dark green [9, 10]. With genetic analysis,
Porter found that the light green is recessive to dark green [11]. Weetman proposed the hypothesis that
there existing two genes responsible for the foreground stripe pattern and background color, respectively
[12]. With help of GWAS analysis, Oren found that a 16-bp deletion in gene CICG09G072330 is the key
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factor for the light/dark green appearance [13]. With two constructed families, Kumar found that the solid
dark green appearance follows a duplicate dominant epistasis fashion [14]. Being less complex than dark
green rind, yellow rind in watermelon is controlled by one single gene, which is dominant to green [1].
Through BSA-seq and GWAS methods, the gene controlling yellow rind was delimited to a region of

91.42 kb on chromosome 4, but no candidate gene was obtained in this region [15].

Rind color in watermelon has always gained increasing attention from consumers and breeders, but still
little knowledge of the molecular mechanism accounting for the fruit rind coloration was revealed until
now. In the present study, a comparative transcriptome analysis was completed for DEGs screening and
gene functional analysis of the dark green background rind material WM102, light green background rind
material WT2, light green-gray background rind material WT13, and yellow background rind material
WT4. In association with the pigment formation pathway, the key genes and pathways affecting rind
coloration in different materials were studied. These results would provide new insight about the
molecular mechanisms and key potential pathways involved in fruit rind coloration.

Results
Quantification of chlorophylls and carotenoids

Different color performance of plant organs and tissues is mainly caused by the pigment difference [16].
Content of chlorophylls and carotenoids in four watermelon materials was measured. In accordance with
the visual appearance, material WM102 which shows a dark green skin owns the highest content of
chlorophylls (chlorophyll a and chlorophyll b) (Fig. 2). The other ones, ranging from high to low
chlorophyll content are WT2 (light green rind), WT13 (light green-gray rind), and WT4 (yellow rind) in turn.
Compared with the other three materials, the chlorophyll content in WT4 was significantly reduced. In
contrast to chlorophylls, content of carotenoids in WT4 is considerably higher than that in the other three
materials which show a similar carotenoids content (Fig. 2). These result indicates that different rind
color appearance in watermelon was due to the varying content of chlorophylls and carotenoids.

Ultrastructural changes in the rind of watermelon

TEM of chemically fixed rind samples could help to reveal the ultrastructural differences. The most
noticeable difference focuses on the chloroplast number and structure. Material WM102 with dark green
rind contains the most chloroplasts with approximately eight chloroplasts in each field of a microscope
(Fig. 3A), and chloroplast granas of WM102 are composed of a set of compact grana lamellae (Fig. 3E).
In WT2 and WT13, the number of grana and grana lamellae decreased slightly, but the structure of
chloroplasts was not significantly changed compared with that in WM102 (Fig. 3B, 3C, 3F, 3G). In the
yellow-rind material WT4, the number of grana is significantly decreased, and the number of grana
lamellae in each grana is also seriously decreased (Fig. 3D, 3H). Except for the number of grana and
grana lamellae, the structure of grana also changed considerably. Because lacking grana lamellae, the

Page 3/33



size of the grana is observed to be smaller, and the shape appears to be a ball (Fig. 3H), which is
obviously different from that in WM102, WT2, and WT13. The ultrastructural results illustrate that the
difference in chloroplast number and structure may be the a reason for the different pigment content and
rind color appearance.

De novo assembly of RNA-Seq reads

In the previous research, the gene responsible for yellow skin was delimited to the region of 1-91.42 kb
on chromosome 4 of watermelon, but no candidate genes were found in this region [15]. We proposed
that the target gene may not be assembled into the watermelon reference genome of cultivar 97103 [17]
or cultivar Charleston Gray [18]. To provide possible reference information for the related gene study, the
clean reads were de novo assembled and 542,314,676 clean reads were obtained after the 586,255,040
raw reads were screened (Additional file 1: Table S2). The 202,841 transcripts assembled with Trinity
software [16] has a length of 325,191,335 bp (Additional file 1: Table S3) and 84,516 unigenes were
obtained based on the assembled transcripts. Among the unigenes, 77.61% (65,595) are shorter than
1,099 bp, 20.90% (17,663) ranges from 1,099 to 4,999 bp, and only 1.49% (1,258) are longer than 4,000
bp (Additional file 1: Table S4). Compared with the 22,596 and 22,567 genes of the watermelon reference
genome of cultivar 97103 and cultivar Charleston Gray, respectively, many more novel genes were
obtained through de novo assembly. The newly assembled transcriptome would provide a reference
resource for gene functional study in watermelon.

Functional annotation of the unigenes

After assembly, unigenes were aligned to the six functional databases (Additional file 2: Fig. ST;
Additional file 1: Table S5). To further evaluate the BLAST result, the E-value and similarity distributions
to the Nr database were calculated. Results revealed that about 39.05% of the sequences were matched
with the database (E-value<10-45) (Fig. 4a) and 67.92% of the sequences had similarities over 80% (Fig.
4b). Species distribution analysis showed that Cucumis melo and Cucumis sativus are highly similar with
BLASTX hit score of 24.66% and 21.17%, respectively (Fig. 4c).

In GO classification, 28,095 unigenes (33.12%) were assigned to 65 GO term subcategories. The
molecular function process contained 15 (23.08%) subcategories, and cellular component (32.31%) and
category biological process (44.62%) are the three mostly enriched GO terms (Additional file 3: Fig. S2).
The Cellular Component category contains 21 subcategories, and the Cellular Component category
includes the most enriched subcategories. The top five enriched GO terms were cell, cell part, membrane,
organelle, and membrane part (Additional file 3: Fig. S2). In the Biological Process Process, 29
subcategories were found, and the most enriched term was metabolic process followed by cellular
process (Additional file 1: Table S6, Additional file 3: Fig. S2). In the eukaryote-specific COG (KOG)
classification, 40,522 unigenes were classified into 26 KOG categories (Additional file 4: Fig. S3). General
function prediction accounted for the largest proportion (22.57%) followed by posttranslational
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modification, protein turnover, chaperones (9.80%) and signal transduction mechanisms (8.16%)
(Additional file 4: Fig. S3; Additional file 1: Table S7). 21352 (25.23%) unigenes were mapped into 33
categories of pathway hierarchy level 2 and 5 categories of hierarchy level 1 (Additional file 5: Fig. S4).
Among the 33 pathways, translation (10.84%) and carbohydrate metabolism (10.32%) were the most
dominant groups followed by signal transduction (9.78%), overview (8.40%), energy metabolism (8.28%),
and folding, sorting and degradation (7.52%) (Additional file 5: Fig. S4, Additional file 1: Table S8).

Identification of DEGs and validation of RNA-Seq Data

Gene expression levels of the samples were estimated with the FPKM value and the correlation
coefficients of the twelve samples were also analyzed and are listed in Additional file 1: Table S9. As
shown in Fig. 5, comparison of gene expression between WT13 and WM102 showed that 5,905 genes
were significantly differentially expressed, with 3,690 up-regulated and 2,215 down-regulated. For WT13
vs WT2, there were 5,811 DEGs, with 3,101 being up-regulated and 2.710 down-regulated. For WT13 vs
WT4, 6179 genes were significantly differentially expressed, with 3486 being up-regulated and 2693
down-regulated. In the comparison group of WT2 and WM102, 3,954 up-regulated and 2,627 down-
regulated DEGs were identified. For WT2 vs WT4, 8149 genes were significantly differentially expressed,
with 4313 up-regulated and 3836 down-regulated. In the comparison group of WT4 and WM102, 1961 u-
pregulated and 1111 down-regulated DEGs were identified (Fig. 5). In all the comparison groups, only 62
DEGs in common were found (Fig. 6). A total of 14 unigenes were selected to validate the RNA-Seq data
using qRT-PCR with three biological replicates. The gRT-PCR results showed that the gene expression
patterns of the 14 unigenes had similar trends with the RNA-Seq data with a positive correlation
coefficient of 1.124 (Additional file 6: Fig. S5), implying the accuracy of the data.

Expression of genes involved in chlorophyll metabolism

In higher plants, chlorophyll metabolism, including chlorophyll biosynthesis, chlorophyll cycle, and
chlorophyll degradation, is catalyzed by a series of enzyme complexes. Changes in the expression
patterns of any of these reactions may affect rind color appearance. In this experiment, chlorophyll and
carotenoid content also varied in WM102, WT2, WT13, and WT4 in accordance with the different color
appearances. Accordingly, the core genes that encoded the enzymes involved in the chlorophyll metabolic
pathway were investigated. A total of 50 unigenes encoding 23 chlorophyll metabolism-related enzymes
were identified (Fig. 7; Additional file 1: Table S10).

Among these unigenes, 9 enzymes (i.e., GSA, HEMC, HEMG, CHLH/D/I, CHLG, CAOQ, and RCCR) were found

to belong to a single gene family, and the remaining ones belong to multigene families. As shown in Fig.

7, almost all the genes related to chlorophyll metabolism were highest expressed in WM102, which has

the darkest rind and the highest chlorophyll content and number of chloroplasts. In WT4, expression of

CHLD s considerably down-regulated compared with materials WM102, WT2, and WT13, with a similar

expression pattern as other material(s). In WT 13, the expression of the HEMD gene was down-regulated in
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the chlorophyll biosynthesis part but up-regulated in the chlorophyll degradation part of the SGR gene
compared with materials WM102, WT2, and WT4. In WT2, the gene expression of HEME was up-regulated
compared with the other three materials. Except for the above particular genes, the expression levels of all
the related genes in these four materials appear to be similar (Fig. 7; Additional file 1: Table S10).

Expression of genes involved in carotenoid metabolism

Carotenoids can be biosynthesized by many living organisms, such as photosynthetic bacteria,
cyanobacteria, algae, and higher plants. Carotenoids usually play vital roles in light harvesting,
photoprotection, photomorphogenesis, nonphotochemical quenching, and lipid peroxidation [19, 20]. The
various kinds and contents of carotenoids impart different colors to organisms, ranging from colorless to
yellow, orange, and red. Because of the different coloration expression and carotenoids content in the
four watermelon materials, the expression levels of genes involved in carotenoid metabolism were
investigated.

A total of 80 unigenes encoding 18 carotenoid metabolism-related enzymes were identified (Fig. 8;
Additional file 1: Table S11). Among these unigenes, only one gene (CCS) was found to belong to a single
gene family, and the remaining genes were demonstrated to be from multigene families. Carotenoids are
a diverse class of lipid-soluble isoprenoids built from the 5-carbon compound IPP [21, 22]. Biosynthesis
of isoprenoid is limited by the first committed step catalyzed by DXS [23]. Six members were found in the
DXSfamily. DXS7 and DXS5 were up-regulated in WT13 and WM102, respectively. Gene DXR catalyzes the
first committed step of the MEP pathway for isoprenoid biosynthesis in plants [24]. The expression levels
of DXR7and DXRZ2in WT13 are considerably higher than those of the other three materials. As the
terminal gene of the MEP pathway, LytB can enhance the production of carotenoids [25]. Both LytB (LytB1
and LytB2) were down-regulated compared with the other three materials. Four members exist in the IPI
family. A varied expression level was exhibited by materials WT4, WM102, WT2, and WT13 in genes /PI7
and /P/2. As a key enzyme in carotenoid biosynthesis, PSY belongs to the branching enzyme that
determines the flux of carbon source toward carotenoids [26, 27]. The expression level of PSY1 in WT13
is up-regulated. Xanthophylls are produced from B-carotene with reactions of epoxidation-catalyzed ZEP
[28]. In contrast to the similar expression level in WT13, the expression of the ZEPT gene was significantly
up-regulated (Fig. 8; Additional file 1: Table S11). Except for the mentioned genes with different
expression levels above, similar expression levels were presented by most of the materials. Although the
rind color of WT4 turns yellow and carotenoid content is higher than those of the other three green
materials, no gene with significantly different expression levels was found.

Discussion

As an important visual characteristic of watermelon, rind color generally affects consumption customs.
Pigment kind and content are the two primary elements determining rind color expression. In this study,
we attempted to elucidate the mechanism of differential pigmentation of watermelon rinds. The
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expression profiles of four materials named WT4, WM102, WT2, and WT13 with different background
rind colors were studied. Our findings suggest that the different rind colors are the result of a combination
of multiple pigments.

Chlorophyll and carotenoid are the main pigments affecting watermelon rind color. Varying the
chlorophyll and carotenoid contents would change the color expression in many plants. For example, Cui
found that in the Arabidopsis mutant gdc1-3, whose leaves turned pale green, the total chlorophyll
content was reduced by approximately 82% compared with wild-type plants [29]. Similar to the
Arabidopsis gdc1-3 mutant, the content of both Chl a and Chl b in the wheat yellow leaf color mutant is
considerably lower than that in the wild type [30]. In this study, we also measured the chlorophyll and
carotenoid content. Results showed that the content of both Chl a and Chl b decreased considerably
compared with the other three green rind materials, especially compared with WM102, a material with
dark green rind. However, the carotenoid content was higher in WT4 than in WM102, WT2, and WT13.
Light green and light green-gray colors are exhibited by WT2 and WT13, not as dark green in WM102.
Accordingly, the contents of Chl a and Chl b are lower than WM102 but higher than WT4. However, a
similar carotenoid content was observed for materials WM102, WT2, and WT13. These results show that
in accordance with other yellow-mutant plants, the chlorophyll and carotenoid contents may affect the
color expression of the green tissues of plants.

In material WT4, we found that the number of grana and grana lamellae decreased significantly and that
the structure of grana changed notably. A similar abnormal grana structure could be found in wheat
mutant Y [30], indicating the important role for rind coloration of grana structure. In WT2 and WT13,
although chlorophyll content also decreased, the structure of the chloroplast did not change as much as
that of WM102. These results indicate that abnormal chloroplast development occurs in WT4 and that
the decreased chlorophyll number may be a result of abnormal chloroplast development.

Chlorophyll metabolism is comprised of three steps: chlorophyll biosynthesis, chlorophyll cycle, and
chlorophyll degradation. Comparisons of the expression levels of chlorophyll metabolism-related genes
among the four materials were carried out. Some genes with particularly different expression levels were
identified. With the F2 population, Liu confined the gene for yellow rind to a region of 91.42 kb on
chromosome 4 and found three genes, named Cla97C04G068450, Cla97C04G068460, and
Cla97C04G068470 in this region. However, the RT-gPCR result showed that the expression of the three
genes was not significantly regulated [15]. Another gene, termed CHLH (Cla97C04G068530/ Cla002769),
near this region was speculated to be correlated with rind color in watermelon through GWAS analysis
[31]. The DNA sequence and gene expression level were studied. The results showed that no sequence
changes were found in the coding or promoter region of the C/la97C04G068530/ Cla002769 gene in WT4
compared with WM102 and 97103. However, the expression level was considerably lower in WT4 than in
WT2, WT13, and WM102 (Fig. 9B), and the relationship between the CHLH gene and the yellow rind
phenotype warrants further research. The RNA-Seq results show that the expression of CHLD
(Cla97C02G049100/ Cla008566), a gene in the chlorophyll metabolism pathway, is notably down-
regulated in WT4 compared with materials WM102, WT2, and WT13. However, the CHLD
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(Cla97C02G049100/ Cla008566) gene was located on chromosome 2, not within the 91.42 kb region of
chromosome 4. Regarding the relationship between the yellow rind trait and the CHLD and CHLH genes,
further study is required.

In a previous study, the gene for dark green rind in inbred line material ‘9904’ was narrowed to a candidate
region to 31.4 kb on chromosome 8, which contains 4 genes. One nonsynonymous SNP mutation (C—G)
of gene CICG08G017810 (ClabD008174) at 29,880,100 bp and a 16-bp insertion from the position of -

207 bp was identified. Therefore, the gene numbered C/ICG08G017810 (ClaD00814) was selected as the
candidate gene for the dark green rind [32]. The transcriptome analysis results showed that the
expression level of the CICG08G017810 gene (Cla0008174) in the dark-green material WM102 was also
higher than that in the other three materials (Fig. 9C). Sequencing results show that the same SNP (C—G)
at 27994761 and the same insertion of 16 bp in the promoter region as in material ‘9904’ was also found
in dark green material WM102, but none of the above mutation styles was found in materials WT2, WT13,
and WT4. Because the mutation style is found in both the dark rind materials 9904 and WM102, the
factors causing this trait are still unknown. Determining whether the SNP or the insertion of 16 bp in the
promoter region is the key factor responsible for darkened rind coloration requires further work.

The important roles of transcription factors in plant pigment formation have been stressed recently. For
example, the R2R3-MYB transcription factor in kiwifruit (Actinidia deliciosa) was observed to modulate
chlorophyll and carotenoid accumulation by activating the promoter of the kiwifruit lycopene beta-
cyclase (AdLCY-PB) gene, which plays a key role in the carotenoid biosynthetic pathway [33]. In birch, the
GLKT transcription factor directly interacts with the promoter of genes related to antenna protein,
chlorophyll biosynthesis, and photosystem subunit synthesis and regulates their expression, thereby
further affecting chloroplast development [34]. In the present study, the main reason for carrying out a de
novo assembly of the transcriptome is to screen for the gene responsible for the yellow rind of
watermelon that may not be assembled into the watermelon reference genome of cultivar 97103. The
sequences of all the unigenes were blasted with those of the genes of the watermelon reference genome
of cultivar 97103. According to the BLAST results, a unigene (TRINITY_DN39858_c0_g4) belonging to the
ERF (ethylene response factor) gene family with a higher expression level in material WT4 than in WT2,
WT13, or WM102 was identified (Fig. 9D). The expression results showed that a low and stable
expression level of the unigene TRINITY_DN39858_c0_g4 was detected in WT4, but no expression was
found in WT2, WT13, or WM102 (Fig. 9D). Genes from the ERF gene family encode transcriptional
regulators concerning a variety of functions that participate in plant developmental and physiological
processes. Yin found that transient and stable overexpression of CitERF13 resulted in rapid chlorophyll
degradation in Nicotiana tabacum leaves and made leaves yellow. Expression of the gene CitERF13
sharply increases, and the fruit color also changes to yellow with ethylene treatment [34]. Except for the
unigene TRINITY_DN39858_c0_g4, another transcription factor (TRINITY_DN41795_c0_g5) belonging to
the MYB gene family with higher expression levels in material WT4 was also found (Fig. 9E). A number of
MYB-type transcription factors participate in plant pigment development and rind coloration in cucumber,
sweet cherry, tomato, apple, and rice [35, 36] [37, 38] [39] [40, 41]. Transcription factors are also important
elements involved in the light green phenotype in Cucurbitaceae plants. With a GWAS study, Oren found
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that the APRR2 gene is associated with fruit pigment accumulation in both melon and watermelon, and
the gene CICG09G012330 in watermelon was selected as the candidate gene for the light green
phenotype. Alternative splicing was speculated to be responsible for a 16-bp deletion in the mRNA of the
light rind parent [13]. In the present study, the transcriptional level in the light green material WT2 was
also considerably different from that in the dark green material WM102 (Fig. 9F).

Since various rind colors are exhibited in different watermelon materials, a complex functional and
regulatory mechanism may affect the coloration process in watermelon rinds. Several gene related to rind
color variety was mapped recently, but the complex regulatory network and metabolic mechanism is still
unknown. Concerning the important roles rind color plays in affecting consumption choice and plant
coloration, future research should investigate the key genes and pathways participating in pigment
metabolism and formation.

Conclusions

In this study, the different content of chlorophyll and carotenoids was speculated to be the key factors
affecting watermelon rind color appearance, and the abnormal chloroplast development and decreased
chloroplast number should be the reasons for the decreased chlorophyll content. 202,841 transcripts with
a total length of 325,191,335 bp were obtained with the de novo assemble result. In all the comparison
groups, only 62 DEGs in common were found among thousand of the DEGs, indicating the core function
the 62 DEGs may play in watermelon rind coloration. Some key genes with different expression level in
the pigment metabolic pathways were identified. All these genes may be involved in the complex
regulatory network and metabolic mechanism during watermelon rind coloration.

Methods
Pigment content determination and RNA extraction

Four watermelon inbred lines with different background rind colors were used as the materials in this
study. WM102 is an inbred line after eight generations of self-cross from bush sugar baby with dark green
background rind. WT2, WT4 and WT13 are three inbred lines with light green background rind, yellow
background and light green-gray background rind, respectively (Fig. 1); and they are generated from local
watermelon germplasm with at least six generations of self-crossing. Chlorophylls and total carotenoid
content determination and RNA extraction was completed at 14 DAP [15].

Ultrastructural analysis

The rind was cut into T mm x T mm x 3 mm pieces and fixed with 2.5% glutaraldehyde (v/v) at 4 °C until

the tissues sank in the solution. All the tissues were dehydrated using a graded series of ethanol (30%,

50%, 70%, 80%, 90%, and 95% for 1 hour each) followed by 100% ethanol solution (twice for 1 hour each).

Next, samples were soaked in a graded series of mixtures of ethanol and acetone (3:1, 1:1, 1:3) for three
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30-min cycles followed by 100% acetone solution for 1 hour. Finally, the samples were immersed
overnight in embedding medium. Ultrathin slices (60 nm) were cut using an ultramicrotome (Leica UC7)
and collected on copper grids. Subsequently, the slices were stained with uranyl acetate and lead citrate
for 15 minutes. After air drying overnight, the samples were observed using a transmission electron
microscope (HT7700; Hitachi).

RNA-Seq library construction, sequencing, and read
mapping

For RNA-Seq library construction, the extracted RNA samples were sent to Personal Technologies Co.
(Shanghai). After RNA concentration and integrity assessment, mMRNA was purified. RNA-Seq library
construction was completed followed the steps previous described [15].

The library preparations were sequenced on an lllumina HiSeq2000 platform. Clean reading were
obtained after low-quality reads and reads containing the adapter poly-N were removed from raw reads.
The clean reads were subsequently assembled de novo using Trinity software [43], and the constructed
unigenes were referred to as genes in this study. All unigenes were functionally annotated with the NR
[44], Pfam [45], Swiss-Prot [46], COG [47], KEGG [48], and GO [49] databases.

Screening and expression level validation of DEGs

FPKM was used to normalize the mapped read counts for the gene expression level estimation. DEGs
were obtained with DEGSeq2 program [50] and P-value < 0.05, with the Benjamini and Hochberg method
[15]. To further study the biological significance of the DEGs, Go and KEGG enrichment analysis was
completed with GOseq R package [52] and KOBAS software [53], respectively. Accuracy of the expression
levels of some DEGs was determined [15] and sequences of primers for gRT-PCR are listed in Additional
file 1: Table S1.
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Figure 1

Fruit of watermelon cultivars at 14 DAP. (A) WM102; (B) WT2; (C) WT13; (D) WT4.
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Figure 2

Chlorophyll and carotenoid content in rind of watermelon material WM102, WT2, WT13, and WT4.
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Figure 2

Chlorophyll and carotenoid content in rind of watermelon material WM102, WT2, WT13, and WT4.
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Figure 3

TEM scope of the rind of four materials. A, B, C, and D shows the low-magnification TEM images of
material WM102, WT2, WT13, and WT4, respectively. Scale bar=20 um. E, F, G, and H shows the high-
magnification TEM images of material WM102, WT2, WT13, and WT4, respectively. Scale bar=2 pm.
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Number of DEGs among four watermelon lines.
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Venn maps of DEGs.

Page 26/33



WT2 vs WM102

WT4_vs_WM102

228

1294 846

\N‘T.?_vs_WTzl
'-_\\- : /,/’/;.

Figure 6

Venn maps of DEGs.

Page 27/33



HEMA S Ga T =
L-Glutamyl-tRNA > Glutamate-1-semialdehyde > 5-Aminolevulinic acid >| Porphobilinogen
HEMF wiwowmown HEME s R JaEMe

T I&

thybilane

CICHLG

Hydroxymethyl chlorophyll a

[ —"—
W4 WMIDZ WT13 WT2

aci _CAO i W4 WMIOZ WTI3 W2 i W4 W, W SR
W4 WATIOL WTTE Wi NOL w‘_lmmm'_': m}g‘éﬂ O TIEL W 1) Wiz 7 SGR ppH WA
Chlorophyllide b C h |0ro phy Il Chlompl:)\flhde a Pheophytin > Pheophorbide a
cLH] TCHLG acun CLH| [CHLG B (———
S i cyc Ie T W4 WMIO2 W13 WT2 A WV wrawanier wris wrz”
v W4 WAIIO2 WT13 W2 Red chl hvil
Chlorophyll b Chlorophyll a Chloro p hy' i e ! :ta ;;:Ji}t)e y
e HCAR Degradation T
m, ! ' ! : WT4 WHMI0Z W13 WT2 aﬁi% \ RCCﬂ‘ ““l” “‘TI’ “Tz
\ WT4WMI02 WTI13 W2 Hydmxymeﬂ]yl chlomp hy]l a / \ Fluorescent ch lorophy“ catabolite /
—
Figure 7

The Chl metabolic pathway in higher plants.

— i -
I_] E W4 WMI0Z WT13 WT2 GS HEMB _uﬂw
L-Glutamyl-tRNA > Glutamate-1-semialdehyde > 5-Aminolevulinic acid >| Porphobilinogen

Hydroxymethyl chlorophyll a

Hydroxymethyl chlorophyll a

oo ] 1
\ WT4WM102 WT13 WT2

WT4 WHMI02 WTI3 W2

s

CAO el ; P
vt s NOL ;:v\no:u;; wr2 ez R Wii'l'l'sil WII Wiz Yy SGRW" R PPH R
. Chlorophyllide a Pheophytin > Pheophorbide a
hl hyll
CHSHITGED Chlorophyll =l e e
mmm ay “"'“i
CLHV bHL(iF 1 ms;n“:""m CyCIG “ wrwne wnis iz A Y h:‘%ﬁm#! i
Chlorophyll b Chlorophyll a Chlo rophyll Re(‘l: :tl;l;);;lt);lm
NOL HCAR I E—— ek Degradatlon W4 WMIDZ W13 M‘zm.‘
cvorr ] WT4 WALO2 WTI3 WT2 ik RECE

Fluorescent chlorophyll catabolite

4

A

=

Page 28/33



Figure 7

The Chl metabolic

pathway in higher plants.
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Expression of watermelon rind coloration related genes detected in the transcriptome data.
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