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As an important appearance trait, the rind color of watermelon fruit affects the commodity
value and further determines consumption choices. In this study, a comparative
transcriptome analysis was conducted to elucidate the genes and pathways involved in
the formation of yellow rind fruit in watermelon using a yellow rind inbred line WT4 and a
green rind inbred line WM102. A total of 2,362 differentially expressed genes (DEGs)
between WT4 and WM102 at three different stages (0, 7, and 14 DAP) were identified and
9,770 DEGs were obtained by comparing the expression level at 7 DAP and 14 DAP with
the former stages of WT4. The function enrichment of DEGs revealed a number of
pathways and terms in biological processes, cellular components, and molecular
functions that were related to plant pigment metabolism, suggesting that there may be
a group of common core genes regulating rind color formation. In addition, next-
generation sequencing aided bulked-segregant analysis (BSA-seq) of the yellow rind
pool and green rind pool selected from an F2 population revealed that the yellow rind gene
(Clyr) was mapped on the top end of chromosome 4. Based on the BSA-seq analysis
result, Clyr was further confined to a region of 91.42 kb by linkage analysis using 1,106 F2
plants. These results will aid in identifying the key genes and pathways associated with
yellow rind formation and elucidating the molecular mechanism of rind color formation
in watermelon.

Keywords: watermelon, yellow rind, transcriptome, BSA-seq, gene mapping
INTRODUCTION

Watermelon (Citrullus lanatus) is an importanthorticultural crop in theCucurbitaceae family and isone
of the top tenmost consumed fresh fruits globally. As one of themost popular fruits in many countries,
more than 117 million tons of watermelon was produced in 2016 according to the latest statistical data
from the FAO (http://www.fao.org). The diploid watermelon has 22 chromosomes (2n = 2x = 22) with
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an estimated genome size of ~425 Mb (Guo et al., 2013). The draft
genome of the East Asia watermelon cultivar 97103 has been
sequenced and assembled using NGS sequencing technology
(Guo et al., 2013), which greatly facilitated genetic and genomics
studies, such as marker development and gene mapping, gene
cloning, and genome-wide association analysis (GWAS). Because
of the extensive diversity in fruit related traits, such as shape, size,
rind thickness and color, flesh texture and color, and content of
sugar and carotenoids, watermelons have become one of themodel
crops for fruit-quality research (Zhu et al., 2016).

Chlorophyll and carotenoids are the main pigments affecting
watermelon rind coloration. Because of their essential role in
harvesting light energy and converting it into chemical energy,
chlorophyll is of great importance inphotosynthesis (Frommeet al.,
2003). Biosynthesis of chlorophyll belongs to a branch of the
tetrapyrrole metabolic pathway (Lange and Ghassemian, 2003)
and four distinct sections are included in the biosynthesis
progress (Masuda and Fujita, 2008). The first section is synthesis
of protoporphyrin IX from 5-aminolevulinic acid (ALA), the
precursor of chlorophyll (Hotta et al., 1997). In this progress,
ALA is condensed to the monopyrrole, porphobilinogen, and
four molecu le s , and then cyc l i c t e t rapyrro l e and
uroporphyrinogen III would be synthesized (Grimm, 1998). After
decarboxylation and oxidation, protoporphyrin IX is formed at the
last step of this section. The second section is the insertion of Mg2+

into protoporphyrin IX for Chl a biosynthesis, which is called “the
Mg branch” (Walker and Weinstein, 1994). At the last step in the
second section, chlorophyllide a would be esterified with a long
chain polyisoprenol (geranylgeraniol or phytol) to synthesize Chl a
(Tamiaki et al., 2007).The third section is the interconversionofChl
a and Chl b known as “Chl cycle.” In this cycle, a portion of Chl a is
converted into Chl b by the activity of Chlide a oxygenase (CAO)
(Rüdiger, 2002). Chl b can also be reversibly converted to Chl a
(Sundby et al., 1986). The last section is the degradation of Chl a
(Takamiya et al., 2000; Hörtensteiner, 2006).

Carotenoids have 40-carbon isoprenoids that play essential
roles in light harvesting and photoprotection in photosynthetic
organisms, and usually provide characteristic colorations of
evolutionary adaptive value in plants, fungi, and animals
(Britton et al., 2008; Rebeille and Douce, 2011). More than 750
structurally defined carotenoids have been identified in various
organisms including bacteria, archaea, fungi, algae, land plants,
and animals (Takaichi, 2011). Chloroplasts of green tissues and
chromoplasts of flower petals, fruits, and roots are the main sites
where carotenoids are synthesized (Yuan et al., 2015). The
carotenoids are initially formed by the synthesis of phytoene
via geranylgeranyl diphosphate (GGPP) through the innermost
isoprenoid pathway (Sundby et al., 1986). Then phytoene is
further metabolized through desaturations, cyclizations, and
hydroxylations to yield various products, such as lycopene,
carotenes, and xanthophylls, by a sequence of tandem
reactions (Schofield and Paliyath, 2005).

Varying degrees of yellow and green color have been observed
in watermelon rind. According to previous studies, the rind color
of many plants in the Cucurbitaceae family is controlled by a
single gene. A gene for orange fruit in cucumber and another gene
Frontiers in Plant Science | www.frontiersin.org 2
for wax gourd pericarp color were fine mapped, respectively (Li
et al., 2013; Jiang et al., 2015). The rind colors of yellow and dark
green inwatermelon also follow themonogenic inheritance pattern.
The genenamedD for dark green is dominant to thed allele for light
green rind (Li et al., 2019). One gene named gowith single recessive
inheritance pattern for yellow rind was first reported in 1956
(Barham, 1956). As the fruit matures, color of the fruit rind will
change fromdark green to golden yellow, and stem and older leaves
will become golden yellow (Barham, 1956). Different with gene go,
another watermelon yellow rind gene following the dominant
pattern was mapped to a region on chromosome 4 (Dou et al.,
2018). But according to information of the primers sequence and
the new released watermelon genome (Watermelon 97103 genome
v2) assembled with the PacBio long reads, the dominant gene for
yellow rind should be within a region of 729.05 kb but not 59.8 kb
(http://cucurbitgenomics.org/organism/21) on the top end of
chromosome 4 (Dou et al., 2018).

Recently, watermelon with yellow rind has gained increasing
popularity among consumers (Dou et al., 2018), whereas the
genes regulating yellow rind and their molecular mechanisms are
still unknown in watermelon. In the present study,
comprehensive transcriptome analysis for DEG (differentially
expressed genes) screening and function prediction between the
yellow rind inbred line WT4 and the green rind inbred line
WM102 was completed. In addition, with genome resequencing
of two parental lines and two DNA pools from the F2 population,
the yellow rind (Clyr) gene was mapped to a candidate region on
chromosome 4 with F2 population plants by BSA-seq and linkage
analysis. These results provide new insight into the molecular
mechanism of yellow rind formation and aid in elucidating
pigment study in watermelon.
MATERIALS AND METHODS

Plant Materials
WM102 is a watermelon inbred line with a dark green rind, which
was artificially self-pollinated for at least four generations selected
from the Bush Sugar Baby (accession code: Grif15898; provided by
USDA-ARS Germplasm Resources Information Network [GRIN]
[www.ars-grin.gov]), and the dark green phenotype is stably
expressed in this material. WT4 is a yellow rind inbred line,
which was used to cross with WM102 to generate F1 and F2
populations for inheritance analysis and gene mapping. All plants
were grown in the greenhouse at the Maozhuang Research Station
of Henan Agricultural University (Maozhuang, Zhengzhou, at
approximately 113.59°N, 34.87°E). The yellow and green rind
phenotype were visually observed and recorded during fruit
maturation when the different appearance could be easily
distinguished. Segregation ratios of yellow/green rind in the F2
population were analyzed with Chi-square tests (c2).

Chlorophyll and Total Carotenoid
Content Determination
As rind color of WT4 becomes completely yellow and remains
unchanged from 14 days after pollination (Figure 1), 1 g sample
March 2020 | Volume 11 | Article 192
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of fruit rind at 14 DAP was extracted with a mixture of acetone
and alcohol (1:1) using a pestle and mortar till residues became
colorless. After complete extraction, the absorbance of the extract
was read at 663.2, 646.8, and 470 nm on a spectrophotometer
(Shimadzu, Kyoto, Japan) and pigment concentrations were
calculated according to Lichtenthaler (Harmut, 1987). Each
sample was measured with three biological replicates.

DNA and RNA Extraction
Total genomic DNA from young fresh leaves was extracted using
the cetyltrimethylammonium bromide (CTAB) method and the
concentrationwas adjusted to 60ng/ul (Saghai-Maroof et al., 1984).
Fresh samples for RNA extraction were randomly collected from
the rinds of three injury-free watermelon fruits in WT4 and
WM102 at three different developmental stages (0, 7, and 14
DAP) (Figure 1). These samples were immediately frozen in
liquid nitrogen, delivered rapidly to the laboratory, and stored at
−80–until analysis. For qRT-PCRanalysis, total RNAwas extracted
using the EasyPure® Plant RNA Kit (TRANS) as described by the
manufacturer and DNA was removed by digestion with RNase-
free DNase. The quality of RNAwas assessed with a 1% agarose gel
and reverse transcribed to cDNA using a Rever Tra Ace-a-First
Strand cDNA synthesis kit (Toyobo).
Frontiers in Plant Science | www.frontiersin.org 3
RNA-Seq Library Construction,
Sequencing, and Reads Mapping
The extracted RNA samples were sent to the Biomarker
Technologies Co. Ltd (Beijing) for cDNA library construction.
The RNA concentration was measured by NanoDrop 2000
(Thermo) and the integrity was assessed using the RNA Nano
6000 Assay Kit of the Agilent Bioanalyzer 2100 system (Agilent
Technologies, CA, USA). After the assessment, mRNA was
purified from total RNA using poly-T oligo-attached magnetic
beads and eluted in NEB Next First Strand Synthesis Reaction
Buffer. After mRNA was fragmented in small pieces under
elevated temperature, first strand cDNA was synthesized with a
random hexamer primer and M-MuLV Reverse Transcriptase,
and the second strand cDNA synthesis was subsequently
completed using DNA Polymerase I and RNase H. Remaining
overhangs were then converted into blunt ends. The library
fragments were purified with the AMPure XP system
(Beckman Coulter, Beverly, USA) to select cDNA fragments of
preferentially 240 bp in length. Finally, PCR was performed with
Phusion High-Fidelity DNA polymerase. Universal PCR
primers, Index (X) Primer, and PCR products were purified by
the fdAMPure XP system and library quality was assessed with
the Agilent Bioanalyzer 2100 system.
FIGURE 1 | Fruit of watermelon cultivars WT4 and WM102 at critical rind color formation stages. WT4 fruit: 0 DAP (A), 7 DAP (B), and 14 DAP (C). WM102 fruit:
0 DAP (D), 7 DAP (E), and 14 DAP (F).
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After the index-coded samples were clustered on a cBot
Cluster Generation System using a TruSeq PE Cluster Kit v4-
cBot-HS (Illumia), the library preparations were sequenced on
an Illumina HiSeq2000 platform and paired-end reads were
generated. The RNA sequences have been deposited in the
National Center for Biotechnology Information (NCBI) with
the accession number of PRJNA549842. Raw reads were filtered
by removing low-quality reads and reads containing the adapter,
ploy-N. At the same time, Q20, Q30, GC-content, and sequence
duplication level of the clean data were calculated. All
downstream analyses were based on clean data with high
quality score (Q phred) ≥ 30 (Q30). The clean reads were
aligned to watermelon (97103 V1) reference genome sequences
released by the Cucurbit Genomics Data Bank (CuGenDB)
(http://cucurbitgenomics.org/) using TopHat 2.0.12 (Trapnell
et al., 2009). Only reads with a perfect match or mismatches of
no more than two bases were further analyzed and annotated
based on the reference genome.

DEGs Screening and Functional
Annotation
Expression of three biological replicates was calculated using the
DESeq R package to quantify the correlation among biological
replicates. DEGs were analyzed with the DESeq2 program based
upon reads count (Love et al., 2014). The P-value of DEGs
between samples was adjusted using the Benjamini & Hochberg
method (Benjamini and Hochberg, 2000). Genes with an
adjusted P-value ≤ 0.05 were recognized as DEGs. Three pair-
wise comparisons between WT4 (yellow rind) and WM102
(green rind) at three stages (0, 7, and 14 DAP) and
comparisons of the WT4 among these three different stages
were conducted to identify the genes involved in rind color
formation. Gene expression was calculated with well-mapped
reads, and the results were normalized to the fragments per
kilobase of exon per million mapped fragments (FPKM) with the
DESeq2 program (Love et al., 2014). To determine the biological
significance of the DEGs, a Gene Ontology (GO) enrichment
analysis was implemented using the GOseq R package based
Wallenius non-central hyper-geometric distribution (Young
et al., 2010). GO terms with a corrected P < 0.05 were
considered significantly enriched by DEGs. Similarly, KOBAS
software was employed to test the statistical enrichment of DEGs
in the KEGG (Kyoto Encyclopedia of Genes and Genomes)
database (Kanehisa and Goto, 2000). K-means clustering with
9 times repeated was conducted based on Pearson correlation of
gene expression profiles (Walvoort et al., 2010).

Expression Level Validation of DEGs by
qRT-PCR
Real-time quantitative PCR (qRT-PCR) was used to verify the
expression results of the selected genes. RT-qPCR was performed
with ABI SYBR green in a one-step real-time PCR system
according to the manufacturer's instructions. The gene b-actin
was used as the internal reference gene to normalize Ct values of
each reaction. Each reaction was performed in a final volume of
Frontiers in Plant Science | www.frontiersin.org 4
16 µl, containing 8 µl SYBR Green PCR Master Mix (Applied
Biosystems), 250 nM of each primer, and 50 ng cDNA template.
The thermal cycling conditions were 94– for 10 min, followed by
40 cycles of 94– for 15 s, 55– for 30s, and 60– for 1 min, with
fluorescence detection at the end of each cycle. Amplification of a
single product per reaction was confirmed by melting curve
analysis. All reactions were performed with three biological
replicates. Expression of some genes with significant different
expression level according to the RNA-seq result and the genes
within the mapping region were analyzed. Sequences of primers
for qPCR are listed Table S1.

BSA-Seq Analysis and Preliminary
Mapping of Gene Clyr
To screen the candidate genomic region responsible for the
yellow rind of WT4, 30 yellow-rind plants, and 30 green-rind
plants were selected from the F2 population for bulking. The total
genomic DNA for each plant was exacted and quantified using
the NanoDrop 2000 spectrophotometer (Thermo Scientific,
USA). Then, two DNA pools were constructed by mixing
equal amounts of DNA from 30 yellow-rind (Y-pool) and 30
green-rind plants (G-pool). A 5 ug of sample of DNA from the
two bulks and two parental lines were used to construct paired-
end sequencing libraries, which were sequenced on an Illumina
HiSeqTM 2500 platform.

FastQC was used for cleaning and filtering reads (Andrews,
2010). After low-quality and short reads were filtered out, the
remaining high-quality reads of each pool were mapped onto the
watermelon reference genome sequence 97103 (ftp://
cucurbitgenomics.org/pub/cucurbit/genome/watermelon/
97103) by BWA (Li and Durbin, 2009). SNP calling followed
GATK Best-Practices (McKenna et al., 2010). First, the
MarkDuplicates module was used to mark the duplication
alignment. Then the BaseRecalibrator and ApplyBQSR
modules were used to detect and correct for patterns of
systematic errors in the base quality scores, which act as
confidence scores emitted by the sequencer for each base. To
ensure the accuracy of SNPs identified by GATK, SAMtools
software was also used to detect SNPs. The intersection of SNPs
that were detected by both GATK and SAMtools software was
designated as final SNPs for further analysis. The obtained SNPs
and small indels were noted and predicted using SnpEff software
(Cingolani et al., 2012), and only the high-quality SNPs with a
minimum sequence read depth of five were used for BSA-seq
analysis. The SNP-index is an association analysis method to find
the significant differences of genotype frequency between the
pools, indicated by D(SNP-index), and the detail process was
followed as previously (Abe et al., 2012; Takagi et al., 2013). The
SNP-index is calculated as follows: SNP‐index (Green) =
rx/(rX + rx), SNP‐index (Yellow) = rx/(rX + rx), DSNP‐
index = SNP‐index (Yellow) − SNP‐index (Green). The Green
and Yellow represented the green rind bulk and the yellow rind
bulk of the filial generation, respectively. rX and rx indicate the
number of reads of the alleles in the yellow rind and the green
rind parent lines appearing in their pools, respectively. The
March 2020 | Volume 11 | Article 192
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difference in each locus between the two pools can be observed
through the DSNP-index. With respect to the qualitative
character, the correlation threshold is the theoretical DSNP-
index value of the corresponding population and the
correlation threshold of the F2 population is 0.67. The regions
over the threshold were considered as the associated
candidate regions.

All identified SNPs shared across the bulk were considered
polymorphic in association studies and two methods were used
to identify the candidate regions associated with yellow rind in
watermelon: a Euclidean Distance (ED) algorithm and SNP-
Index analysis. The calculation of ED was completed using
MMAPPR (Mutation Mapping Analysis Pipeline for Pooled
RNA-seq) (Hill et al., 2013) and the high ED value suggested
that the SNPs in the genomic regions were closely associated with
the targeted genes. D (SNP-index) was also used to calculate the
association at each SNP position between Y-bulk and G-bulk,
and previous detailed processes were followed (Abe et al., 2012;
Takagi et al., 2013).

To validate the BSA-seq results and further map the target
gene, 30 pairs of SSR markers in the candidate region were
selected from a genome-wide SSR development (Zhu et al., 2016)
and 30 pairs of Indel primers to screen for polymorphism
between WT4 and WM102 (Table S1). The 30 pairs of Indel
primers between WT4 and WM102 were developed using the
newly released watermelon genome (ftp://cucurbitgenomics.org/
pub/cucurbit/genome/watermelon/97103/v2/) as reference
genome. The markers with good polymorphism were further
used to genotype an F2 mapping population containing 1,106
plants. PCR amplification of molecular markers and gel
electrophoresis were conducted as described in Zhu et al. (2016).
RESULTS

Quantification of Chlorophyll and
Carotenoids in the Fruit Rind of Two
Parental Lines
To investigate the difference between chlorophyll and carotenoid
content in WT4 and WM102, we measured the content of
chlorophyll and carotenoid in the fruit rind at 14 DAPs. The
content of chlorophyll a and chlorophyll b was significantly
reduced in the yellow rind line WT4, which was detected at a
very low level, whereas the carotenoids were dramatically
increased in WT4 at the same developmental stage (Figure 2).
The chlorophyll in the green rind line WM102 was at a much
higher level compared with that of WT4, and the carotenoids
were almost undetectable. This indicated the formation of yellow
rind in WT4 was probably because of the reduced chlorophyll
and increased carotenoids.

RNA-Seq and Transcript Assembly Identify
Novel Genes
To investigate the transcriptomic difference between WT4 and
WM102, a total of 18 cDNA libraries were constructed and
sequenced for three developmental stages during rind color
Frontiers in Plant Science | www.frontiersin.org 5
formation at 0, 7, and 14 DAP for two parental lines.
Approximately 124.71 Gb clean reads were obtained for the 18
cDNA libraries, ranging from 5.96 to 7.98 Gb reads per library.
All the clean reads were deposited in the NCBI Short Read
Archive (SRA) database under number PRJNA549842.

The clean reads of each sample were separately mapped to the
watermelon reference genome 97103 with a mapping rate
ranging from 78.31 to 95.83% (Table S2). Compared with
23,440 predicted genes in the previous annotations of the
watermelon genome, a total of 24,805 genes were identified in
the assembly of 18 transcriptomes including 1,365 novel
isoforms of unknown genes detected in our study (Table S3).
The 24,805 genes were used as reference transcripts to determine
the read count with HTSeq (Anders et al., 2015). The 1,365 novel
genes were further functionally annotated by aligning the
sequence to the NCBI non-redundant (Nr) (Pruitt et al., 2005),
SwissProt (Boeckmann et al., 2003), GO (Harris et al., 2004),
Pfam (Finn et al., 2013), and KEGG (Kanehisa and Goto, 2000)
protein databases (e-value <1e-5) by BLAST software. As a result,
818, 429, 433, 387, and 217 genes were successfully annotated in
the five above protein databases, respectively (Table S4). In
addition to the genes whose function is unknown, most of the
novel genes were related to “Replication, recombination, and
repair,” “Transcription,” “Translation, ribosomal structure, and
biogenesis,” “Defense mechanisms,” and “Extracellular
structures” (Figure 3).

The correlation coefficients among three replicates of each
period ranged from 0.91 to 0.99, except the coefficients in group 2
(Table S5), indicating that most of the three replicates were
consistent. The PCA (principal component analysis) analysis
indicated that most of the variation in gene expression among
different plants was a consequence of the developmental stage.
Furthermore, six distinct groups formed within each group,
indicated that the transcriptomes of the yellow-rind and green-
rind clearly differed from each other (Figure 4).
FIGURE 2 | Chlorophylls and carotenoids content in WT4 and WM102 at 14
DAP. Asterisks indicate that the pigment content in WT4 plants was
significantly different from that in WM102 plants (**P < 0.01).
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DEGs Analysis of WT4 and WM102 During
Fruit Rind Coloring
To screen the genes affecting rind color formation, a stringent
value of FDR ≤ 0.05 and an absolute value of log2 Ratio ≥ 2 was
used as the thresholds to identify the DEGs between WT4 and
WM102 at the three stages (0, 7, and 14 DAP). The DEGs
between two close stages during fruit rind coloring of WT4 (the
earlier stage was considered the control sample, and the later
stage was the treated sample). At 0 DAP, the color of WT4 is
green-yellow, whereas it is green in WM102. Correspondingly,
581 DEGs betweenWT4 andWM102 were obtained. Among the
581 DEGs, 302 genes were up-regulated and 279 genes were
down-regulated in WT4 (Figure 5A). At 7 DAP, the color of
WT4 was yellow but it was stil l green in WM102.
Correspondingly, the number of DEGs between WT4 and
WM102 was 396, 142 genes, and 254 genes that were up-
regulated and down-regulated in WT4 (Figure 5B). At 14
DAP, the color of WT4 changed to golden yellow and it is
dark green in WM102. A total of 1,385 DEGs were obtained
through screening. Among the 1,385 DEGs, 873 were up-
regulated and 512 were down-regulated (Figure 5C). Because
the color of WT4 obviously changed at the three stages, the gene
expression level of WT4 at different stages was analyzed.
Compared with the genes at 0 DAP, 4,010 DEGs were
obtained at 7 DAP in WT4, 2,069 were up-regulated and 1,941
were down-regulated (Figure 5D). At 14 DAP, 5,760 DEGs were
Frontiers in Plant Science | www.frontiersin.org 6
compared with the genes at 7 DAP, 3,063 were up-regulated and
2,697 were down-regulated (Figure 5E). The number of DEGs of
WT4 at different stages is much more than that of WT4 and
WM102 at the same periods.

In addition, only 6 DEGs were shared by the above five DEGs
groups. Approximately 47 DEGs were shared by the 0-DAP and
7-DAP groups, 142 DEGs were shared by 7-DAP and 14-DAP
groups, and 92 DEGs were shared by 0-DAP and 14-DAP groups
(Figure 6). This further suggested that a common group of genes
was activated or deactivated concerning fruit rind coloring.

Identification of DEGs Expression Patterns
To study the DEG expression patterns, the relative expression
level of DEGs in WT4 were analyzed by K-means clustering
algorithm (Hartigan and Wong, 1979). Results show that there
mainly existed nine DEGs expression patterns (subclusters) in
WT4 (Figure 7). The most prominent group was subcluster_8, in
which 2,375 genes were expressed with slight increase levels from
stage 1 to stage 3 (Figure 7H). In subcluster_6, 1,465 genes were
expressed with a slight higher level at 7 DAP than that at both 0
DAP and 14 DAP (Figure 7F). In subcluster_7, 969 genes were
significantly expression-upregulated at 14 DAP compared with 7
DAP, but with no obvious expression level changes at 7 DAP
compared with 0 DAP (Figure 7G). A similar pattern was
observed for subcluster_4, where genes revealed a significant
higher expression level at 14 DAP compared with 0 DAP but a
FIGURE 3 | eggNOG Function Classification of novel genes.
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light higher expression level at 7 DAP compared with 0 DAP
(Figure 7D). Different from subcluster_4 and subcluster_7, 622
genes in subcluster_5 were significantly up-regulated at 7 DAP
and 14 DAP compared with expression level at 0 DAP
(Figure 7E). Contrary to subcluster_5, 671 genes in
subcluster_3 were down-regulated at 7 and 14 DAP (Figure
7C). A similar expression pattern was exhibited in subcluster_9,
but the expression level recovered to a light higher level at 14
DAP (Figure 7I). Genes in subcluster_1 were down-regulated at
14 DAP, but the expression level at 7 DAP was similar to that at 0
DAP (Figure 7A). Similarly, in subcluster_2, 2,207 genes were
significantly down-regulated at 14 DAP, the expression level at 7
DAP was slightly lower than that at 0 DAP, but it was higher
than that at 14 DAP (Figure 7B). These dynamic gene expression
patterns further suggest that yellow rind color is formed via a
highly complex process.

GO Term Enrichment Analysis of DEGs
To further characterize the function of the DEGs, GO
enrichment analysis was completed with GOseq. The top 10
enrichment terms in biological process, cellular component, and
molecular function of 0, 7, and 14 DAP were selected as the main
Frontiers in Plant Science | www.frontiersin.org 7
nodes of the directed acyclic graph, respectively (Table S6). Of all
these enrichment terms, some regarding the metabolism and
function of chlorophyll and carotenoids were identified as
significant ones. At 0 DAP, the chloroplast membrane was
identified as one of the important terms in cellular
components, and the gene Cla011368 (Cla97C01G001920)
belonging to chloroplast membrane term participates the
chlorophyll biosynthetic process and protochlorophyllide
reductase activity according to the watermelon genome
(Table S6). At 7 DAP, the important term chloroplast
photosystem II was identified among the enrichment terms in
biological process, cellular component, and molecular function
(Table S6). The chloroplast photosystem II is composed of an
inner complex, which contains five chlorophyll a molecules,
which have an inner antenna function (Bassi and Dainese,
1992). Genes Cla001715 (Cla97C05G096030) and Cla021166
(Cla97C05G081100) in this term contains the photosystem II
oxygen domain and belong to the oxygen evolving enhancer
protein 3 family. Except the two important terms above, some
other terms, such as photosystem I, plasma membrane,
chloroplast inner membrane, light harvesting, photosynthesis,
and chlorophyll binding are also recognized (Table S6).
FIGURE 4 | PCA of transcriptomic dataset. Since each sample was repeated three times, Group 1, 3, and 5 contains the repeated samples of WT4 at 0 DAP,
7 DAP, and 14 DAP; Group 2, 3, and 6 contains the repeated samples of WM102 at 0 DAP, 7 DAP, and 14 DAP.
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KEGG Pathway Enrichment Analysis
of DEGs
A KEGG pathway enrichment analysis of DEGs was conducted
to identify the biological pathways of incompatible interaction.
The 20 top KEGG pathways with the most representation are
shown in Figure 8. At 0 DAP, the gene number of plant hormone
signal transduction and phenylpropanoid biosynthesis were
significantly higher than that of the other pathways
(Figure 8A). As a major component of plant specialized
metabolism, phenylpropanoid biosynthetic pathways provide
anthocyanins for pigmentation, flavonoids (Ferrer et al., 2008).
The pathways with most genes at 7 DAP are for carbon
metabolism, glyoxylate, and dicarboxylate metabolism,
photosynthesis, and carbon fixation in photosynthetic
organisms (Figure 8B). The pathways, such as glyoxylate and
dicarboxylate metabolism, photosynthesis, and carbon fixation
in photosynthetic organisms were closely related to chlorophyll
metabolism. Similar to 0 DAP, the phenylpropanoid biosynthesis
pathway, which is concerned with the anthocyanins for
pigmentation and flavonoids biosynthesis at 14 DAP contained
Frontiers in Plant Science | www.frontiersin.org 8
many DEGs (Figure 8C). Compared with the former stage, the
KEGG pathways at 7 DAP and 14 DAP are mainly focused on
carbon metabolism and plant hormone signal transduction. The
phenylpropanoid biosynthesis pathway was also enriched at 7
DAP (Figure 8D). Differently, the pathways, including protein
processing in the endoplasmic reticulum and ribosomes also
contained many more genes than other pathways (Figure 8E).

Because metabolism becomes increasingly active in fruit
growing and ripening at 7 DAP and 14 DAP, many DEGs are
related with other characters. The chlorophyll a and chlorophyll b
content in theWT4rindwasmuch lower than thatofWM102 in the
maturation period, whereas the carotenoid content in WT4 was
much higher than that of WM102. A total of 56 and 9 DEGs
concerning chlorophyll and carotenoid metabolism between WT4
andWM102 at the three stages were obtained (Figure 9). Many of
these DEGs play important roles in plants chlorophyll and
carotenoid biosynthesis. For example, gene Cla013942
(Cla97C08G148420) codes for the Photosystem II Protein.

Photosystem II is the multi-component enzyme of
cyanobacteria, algae, and plants that catalyze the light-driven
FIGURE 5 | Volcano plot showing DEGs between different libraries. P < 0.05 was used as the threshold to judge the significance of difference in gene expression.
Red plots represent up-regulated genes; green plots represent down-regulated genes; black plots represent genes with no significant difference. (A–C) present
genes at 0 DAP, 7 DAP, and 14 DAP between WT4 and WM102; (D, E) present genes of WT4 at 7 and 14 DAP compared with 0 and 7 DAP, respectively.
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oxidation of water to molecular oxygen. This complex consists of
more than 20 proteins, including both integral membrane and
extrinsically associated proteins (Roose et al., 2007). Gene
Cla008566 (Cla97C02G049100) is responsible for coding of
magnesium chelatase subunit D. Magnesium chelatase inserts
Mg2+ into protoporphyrin IX in the chlorophyll and
bacteriochlorophyll biosynthetic pathways, which is the key
step during chlorophyll a biosynthesis (Willows and Beale,
1998). The chlorophyll and carotenoid mechanisms are very
complex, concerning multiple metabolic activities, abnormal
expression of each gene in the process may affect pigment
biosynthesis and rind color formation.

To validate the RNA-Seq data, qRT-PCR was performed for
13 DEGs identified by RNA-seq analysis. The 13 genes were
selected to reflect some of the functional categories and pathways
related to chlorophyll and carotenoid biosynthesis. Comparison
with the RNA-Seq data showed that the trends in these gene
expression patterns were consistent and had a strong positive
correlation coefficient (R2 = 0.9558), indicating that the DEGs
detected from RNA-Seq analysis were reliable (Figure 10).
Frontiers in Plant Science | www.frontiersin.org 9
Mapping of Clyr Gene by BSA-Seq
Analysis and Linkage Analysis
The yellow rind phenotype in the F2 population could be easily
identified after fruit maturation, and a total of 1,106 plants of the
F2 population were investigated in terms of rind color. Among
them, 818 plants were observed with yellow rind, and 288 of
them were green rind plants. This was consistent with a 3 to 1
segregation ratio (P = 0.583 in a c2 test against 3:1). These results
suggested that the yellow rind (Clyr) in watermelon was
controlled by a dominant gene. To explore further the
candidate gene regulating yellow rind formation in WT4, a
BSA-seq strategy was used to identify the candidate region
harboring the Clyr gene. We randomly selected 30 yellow rind
plants and 30 green rind plants from the F2 population to mix the
Y-bulk and G-bulk for NGS sequencing. After filtering low-
quality reads, the resequencing of the two parental lines
generated 79,907,647 and 73,483,217 clean reads with 23.94
and 22.02 Gb for WT4 and WM102, respectively. For the two
bulks, a total of 30.97 Gb clean data were obtained (15.43 Gb for
the Y-bulk and 15.43 Gb for the G-bulk) with an average depth of
FIGURE 6 | Venn diagram of the relationship between DEG groups. The numbers indicate the DEG number in each DEG group. Group 1, 2, and 3 contains DEGs
at 0, 7, 14 DAP between WT4 and WM102, respectively. Group 4 and 5 contains DEGs at 7 and 14 DAP compared with 0 and 7 DAP of WT4, respectively.
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29 × the genome assembly. There were 111,074 high-quality
SNPs detected after filtering SNPs with low coverage and
discrepancy between parental lines and bulks. To identify the
genomic region associated with yellow rind phenotype, we used
the ED algorithm and the SNP-Index to measure the allele
segregation of SNPs between the two bulks. In the SNP-index
analysis, there was no significant region identified associated
with the yellow rind trait. However, there was an obvious peak
under the significant threshold which was located in the same
candidate region detected by ED analysis. The most significant
region associated with yellow rind detected by ED algorithm was
on watermelon chromosome 4 from 0 to 8.83 Mb (Figure 11A),
and the candidate region detected by the SNP-Index was from
4.63 to 7.77 Mb of chromosome 4 (Figure 11B).

To validate the BSA-seq results, 30 SSR markers and 30 indel
markers in this region on chromosome 4 were selected for
polymorphism screening between the two parental lines, WT4
and WM102. Six markers showed clear bands and good
polymorphism, and they were further used for genotyping the
F2 segregating population containing 1,106 plants. As a result,
Frontiers in Plant Science | www.frontiersin.org 10
the Clyr gene was mapped between primer Indel590358 and the
terminal of chromosome 4, covering a physical distance of 91.42
Kb (Figure 11C). According to the watermelon reference
genome information, a total of three genes exist in the mapped
region (Figure 11C). But expression analysis shows that
expression level of the three genes are not obviously different
between WT4 and WM102 (Figure 12).
DISCUSSION

Color is a focused trait of consumers for fruits and vegetables.
Watermelon with yellow rind has become increasingly
desirable for its delightful appearance and high carotenoid
contents (Dou et al., 2018). Variation in rind color, including
black, dark green, light green, and yellow are exhibited in
watermelon (Guo et al., 2013). Chlorophylls and carotenoids
are the main pigments influencing the color appearance of
plants. According to the different content of these two
pigments, the color of plants can vary from dark-green to
FIGURE 7 | The main clustering of DEGs expression patterns. T1, T2, and T3 in each picture are the gene expression levels of the three repetitions at 0 DAP of
WT4; T4, T5, and T6 in each picture are the gene expression levels of the three repetitions at 7 DAP of WT4; T7, T8, and T9 in each picture are the gene expression
levels of the three repetitions at 14 DAP of WT4. (A–I) present the different expression patterns of the relative expression level of DEGs in WT4.
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FIGURE 8 | Scatter plot of the KEGG pathway enrichment of DEGs. Rich factor is the ratio of the DEG number to the background number in a certain pathway. The
size of the dots represents the number of genes, and the color of the dots represents the range of the q-value. (A–C) present the significant terms at 0 DAP, 7 DAP,
and 14 DAP between WT4 and WM102; (D, E) present the significant terms of WT4 at 7 and 14 DAP compared with 0 and 7 DAP, respectively.
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yellow (Jabeen et al., 2017). In WT4, we found a dramatic
reduction in chlorophyll a and chlorophyll b, but an increase
in carotenoids, implying a close relationship between the
yellow appearance and pigment content changes.

Thekey rolesofmetabolicpathwaysduring rind color formation
were studied with RNA-Seq technology to explore the
transcriptomic differences between the two contrasting cultivated
watermelon genotypes. A total of 581, 396, and 1,385 DEGs were
obtained at 0, 7, 14DAP.Because color ofWT4 changes obvious for
the three stages, the gene expression level ofWT4 at 7 DAP and 14
DAPwere also analyzed. Compared with the genes at 0 DAP, 4,010
DEGs were obtained at 7 DAP and 5,760 DEGs at 14 DAP were
obtained compared with the genes at 7 DAP. The number of DEGs
forWT4 at different stages wasmuch greater than that ofWT4 and
WM102 in the same periods, implying amore activemetabolism in
the later stages and a group of genes that contribute to the
FIGURE 9 | DEGs involved in chlorophyll and carotenoid metabolism during the ripening of WT4 and WM102 fruit rind.
FIGURE 10 | Correlation of expression levels between RNA-Seq and qRT-PCR.
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development and color formation of these two watermelon
cultivars. There were different DEG expression patterns in WT4.
Some genes were up-regulated during the experimental stages, but
some were down-regulated, and different patterns were also
Frontiers in Plant Science | www.frontiersin.org 13
exhibited, suggesting a highly complex process concerning yellow
rind color formation. Functional enrichment analysis of the DEGs
was conducted to identify themost important pathways involved in
rind color formation. In addition to the extensively enriched
FIGURE 11 | BSA-seq analysis and preliminary mapping of the candidate regions by linkage analysis. BSA-seq analysis using Euclidean Distance (ED) algorithm (A) and
SNP-Index method (B). The candidate gene was confined to a region of 228.7 kb on the top end of chromosome 4 (C). The colored dots represented the calculated
SNP-index (or DSNP-index) value, and the black line is the fitted SNP-index (or DSNP-index) value. The red dashed line represents the significant threshold.
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pathways in WT4 and WM102, some DEGs were found to be
involved in chloroplast membrane, plant hormone signal
transduction, photosynthesis, carbon fixation in photosynthetic
organisms, and might have unique functions in pigment
mechanism. These metabolic pathways are also important for
color formation in apples and Arabidopsis (Miura et al., 2010;
El-Sharkawy et al., 2015). In rice, the membrane localized short
chain dehydrogenase encoded by gene NYC1 represents a
chlorophyll b reductase that is necessary for catalyzing the first
step of chlorophyll b degradation. For the reason that
chlorophyll b degradation was required for the degradation of
light‐harvesting complex II and thylakoid grana in leaf
senescence, the rice nyc1 mutant shows the stay‐green
phenotype (Sato et al., 2009).

Most of the typical color appearance in cucurbitaceous plants is
controlled by a single dominant/recessive gene. In a previous
research, the gene for watermelon yellow rind was mapped to a
59.8Kb interval, but no target genewas found (Douet al., 2018). But
according to the newly released watermelon genome and primer
information, the interval in the previous research should be 711.96
kb, not 59.8 kb. Bulked-segregant analysis (BSA) is an efficient
method for screening markers tightly linked with the target genes
for a given phenotype. It has been widely used for gene mapping
study, but utilization of BSA methods requires DNA marker
development and genotyping, which is time consuming and labor
intensive. Next generation sequencing (NGS) technology could
provide new ways to accelerate progress in gene mapping and
isolation (Trick et al., 2012). With the BSA method, the gene Clyr
was quickly mapped to the top end of chromosome 4. To further
narrow down the mapped region, a large F2 population that
provides more recombinants was analyzed with the polymorphic
primers. There are three genes located in the mapped region. Gene
Cla97C04G068450 (Cla002781), Cla97C04G068460 (Cla002779),
and Cla97C04G068470 (Cla002778) encodes the DNA
glycosylase, the ATPase family AAA domain-containing protein,
and DNA-binding storekeeper-related protein, respectively. The
Frontiers in Plant Science | www.frontiersin.org 14
magnesium chelatase reaction is one of important step in
chlorophyll biosynthesis pathways. The proteins BchI, BchD, and
BchH are required to catalyze the insertion of Mg2+ into
protoporphyrin IX upon ATP hydrolysis during the magnesium
chelatase reaction (Willows et al., 1996; Hansson et al., 2013). AAA
proteins areMg2+-dependentATPases, whichusually play essential
roles in proteolysis, membrane fusion, cytoskeletal regulation,
protein folding, and DNA replication (Neuwald et al., 1999; Vale,
2000; Ogura and Wilkinson, 2001). Suppression of the ER-
Localized NgCDC48, a member of the AAA ATPase superfamily,
would make the leaves yellowish and inhibits tobacco growth and
development (Bae et al., 2009). The above information suggests that
geneCla97C04G068460 (Cla002779) can be the target gene. But the
same expression level of Cla97C04G068460 between WT4 and
WM102 implicates that Cla97C04G068460 may not be the target
gene.And the unchangednucleotide sequenceof the cDNA, gDNA,
and about 2,000bp bases before gene Cla97C04G068460 in WT4
according to the resequecing result further confirmed that gene
Cla97C04G068460 would not be the gene for Clyr. With GWAS
analysis, three candidate genes associated with rind color and rind
stripewere foundonchromosomes4, 6, and 8, corresponding to the
rind trait loci S (foreground stripe pattern), D (depth of rind color),
andDgo(backgroundrindcolor) (Park etal., 2016;Guoetal., 2019).
Since Dgo gene (Cla97C04G068530/Cla002769) encodes a
magnesium-chelatase subunit H involved in chlorophyll
synthesis, which was not mapped in the candidate region, so the
relationship between Dgo and yellow-rind trait in WT4 should be
further studied.

In recent studies, a couple of transcription factors regulating
plant rind color were identified. For example, a few of MYB-type
transcription factors have been reported to affect plant pigment
development and rind coloration in cucumber, sweet cherry,
tomato, apple, and rice (Furukawa et al., 2007; Adato et al., 2009;
Ballester et al., 2010; Li et al., 2013; Jin et al., 2016; Lun et al., 2016;
Meng et al., 2016). Except the MYB-type transcription factors,
many other transcription factors could determine plant coloration.
Such as CsMADS6, a MADS transcription factor in sweet orange
(Citrus sinensis), couldmodulate carotenoidmetabolismbydirectly
regulating carotenogenic genes (Lu et al., 2018). The F-box gene
numbered MELO3C011980 in melon was also speculated to
negatively regulates flavonoid accumulation (Feder et al., 2015).
Inwatermelon, a genenumberedClCG08G017810 that encodes a 2-
phytyl-1,4-beta-naphthoquinone methyltransferase protein was
speculated to be associated with formation of dark green rind
color (Li et al., 2019). But according to another study, the
transcription factor CmAPRR2 was identified as causative for the
qualitative difference between dark and light green rind both in
melonandwatermelon (Orenet al., 2019).The transcription factors
oftenparticipatepigmentdevelopment and rind coloration inplant,
but according to the watermelon genome information, no
transcription factor was found in the mapped region, the gene for
watermelon yellow rind may be not a transcription factor.

Non-protein-coding transcripts including small noncoding
RNAs and long noncoding RNAs are reported to play pivotal
roles in the epigenetic and post-transcriptional regulation of gene
expression during growth, development, and stress response in
FIGURE 12 | Relative expression level of genes Cla97C04G068450
(Cla002781), Cla97C04G068460 (Cla002779), and Cla97C04G068470
(Cla002778) in WT4 and WM102. The date represents the means ± standard
deviations of three replicates.
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plants. Xu found that the expression level of lncRNAs was
tightly linked to DNA methylation and that endosperm
hypomethylation could promote the expression of linked
lncRNAs (Xu et al., 2018). In a dominant wax-less cabbage
mutant, the target gene (NWGL) was confined to a region
approximately 99-kb on the end of cabbage chromosome C08,
but no DNA variance was found of the candidate gene
(Bol018504) in this region. However, its reduced expression
abundance and altered DNA methylation level was detected,
which was speculated to be one of the possible reasons account
for the mutant phenotype (Zhu et al., 2019). Considering the
similar dominant mutant style and the no nucleotide changed in
the target gene of NWGL gene, we predict that appearance of the
yellow rind character in WT4 may also be the result of
methylated modification. As how the regulators play its key
roles during watermelon yellow rind formation, much more
work needs to be done. Such as to further narrow down the
mapped region and the functional study of the genes and the
non-protein-coding transcripts in the mapped region.
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