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Abstract

Watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai] is an important vegetable crop
world-wide. Watermelon fruit quality is a complex trait determined by various factors such
as sugar content, flesh color and flesh texture. Fruit quality and developmental process of
cultivated and wild watermelon are highly different. To systematically understand the molec-
ular basis of these differences, we compared transcriptome profiles of fruit tissues of culti-
vated watermelon 97103 and wild watermelon P1296341-FR. We identified 2,452, 826 and
322 differentially expressed genes in cultivated flesh, cultivated mesocarp and wild flesh,
respectively, during fruit development. Gene ontology enrichment analysis of these genes
indicated that biological processes and metabolic pathways related to fruit quality such as
sweetness and flavor were significantly changed only in the flesh of 97103 during fruit de-
velopment, while those related to abiotic stress response were changed mainly in the flesh
of P1296341-FR. Our comparative transcriptome profiling analysis identified critical genes
potentially involved in controlling fruit quality traits including a-galactosidase, invertase,
UDP-galactose/glucose pyrophosphorylase and sugar transporter genes involved in the
determination of fruit sugar content, phytoene synthase, B-carotene hydroxylase, 9-cis-
epoxycarotenoid dioxygenase and carotenoid cleavage dioxygenase genes involved in ca-
rotenoid metabolism, and 4-coumarate:coenzyme A ligase, cellulose synthase, pectinester-
ase, pectinesterase inhibitor, polygalacturonase inhibitor and a-mannosidase genes
involved in the regulation of flesh texture. In addition, we found that genes in the ethylene
biosynthesis and signaling pathway including ACC oxidase, ethylene receptor and ethylene
responsive factor showed highly ripening-associated expression patterns, indicating a pos-
sible role of ethylene in fruit development and ripening of watermelon, a non-climacteric
fruit. Our analysis provides novel insights into watermelon fruit quality and ripening biology.
Furthermore, the comparative expression profile data we developed provides a valuable
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resource to accelerate functional studies in watermelon and facilitate watermelon crop
improvement.

Introduction

Watermelon [Citrullus lanatus (Thunb.) Matsum. & Nakai] is an important vegetable crop in
the Cucurbitaceae family with sweet and juicy fruit containing high content of lycopene [1].
The production of watermelon accounts for approximately 9.5% of total vegetable production
in the world [2]. Watermelon fruit contains a variety of nutrients including fiber, vitamins, an-
tioxidants and minerals, which are essential for human health. The commercial quality of wa-
termelon fruits is determined by many factors such as fruit size and shape, rind color and
thickness, flesh color and texture, sugar content, aroma, flavor and nutrient composition [3].
The sweet, colored and juicy fruit makes it the model system for the study of sugar and caroten-
oid metabolism of non-climacteric fleshy fruit [4].

During the development process, the fruits of cultivated and wild watermelon undergo
highly different biochemical and physiological changes such as sugar and pigment accumula-
tion, fruit softening, and changes of flavor and aromatic volatile contents [1, 5], all of which are
caused by developmentally and physiologically changes in gene expression profiles. These dif-
ferences provide an ingenious system to discover molecular mechanisms and candidate genes
governing the process of fruit quality development. More importantly, gene expression profiles
during fruit development in wild watermelon have not been investigated.

High throughput and low cost of the next-generation sequencing (NGS) technologies offer
unique opportunities for genomics and functional genomics research of economically impor-
tant crops. We have completed the whole genome sequencing of the cultivated watermelon in-
bred line 97103 [6], which provides an essential basis for downstream functional genomics
studies to understand regulatory networks of key biological processes in watermelon.

In this study, we selected cultivated watermelon inbred line 97103 and wild germplasm
PI296341-FR for comparative fruit transcriptome analysis. The line 97103 (C. lanatus subsp.
vulgaris) is a typical early maturing East Asian cultivar that produces medium size, round
shape, thin rind, and green striped fruit with sweet, light red and crispy flesh, which matures at
approximately 30 days after pollination (DAP). P1296341-FR (C. lanatus subsp. lanatus) is a
wild watermelon that produces round shape, medium size, thick and hard rind, and light green
striped fruit with non-sweet and white flesh, which matures at ~50 DAP. C. lanatus subsp.
lanatus are distributed in Southern Africa, a region generally regarded as the center of water-
melon origin. We have compared and analyzed dynamics of sugar accumulation and related
enzyme activities during fruit development of these two subspecies [1]. In this study we per-
formed comparative analysis of fruit transcriptome profiles of the cultivated and wild water-
melon, coupled with the integrative analysis of comprehensive profiles of interesting
metabolites and enzymatic activities during fruit development. Our analysis provided further
insights into the genome-wide gene expression profiles during watermelon fruit quality forma-
tion and ripening.

Materials and Methods
Plant materials

Plants of watermelon C. lanatus (Thunb.) Matsum. & Nakai subsp. vulgaris cv 97103 and C.
lanatus (Thunb.) Matsum. & Nakai subsp. lanatus germplasm P1296341-FR were grown in
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greenhouse in plastic pots containing mixed substrates (peat:sand:pumice, 1:1:1, v/v/v). Flow-
ers were hand-pollinated and tagged. Center flesh and mesocarp samples were collected at 10,
18, 26, 34, 42 and 50 DAP, respectively (Fig 1). Tissues were frozen in liquid nitrogen immedi-
ately and stored at -80°C till use.

Total RNA extraction and RNA-Seq library construction and sequencing

Total RNA was extracted using the Huayueyang Quick RNA isolation Kit (Cat. No.: ZH120;
Huayueyang Biotechnology, Beijing, China) following the manufacturer’s instructions. The
quantity and quality of the total RNA were checked by a NanoDrop 1000 spectrophotometer
(Thermo Fisher Scientific Inc.; USA) and by resolution on a 1% non-denaturing agarose gel, re-
spectively. Strand-specific RNA-Seq libraries were prepared following the protocol described
in Zhong et al. [7] and sequenced on an Illumina HiSeq 2000 system using the single-end, 100
bp mode. Two biological replicates were performed for each sample. The raw sequencing data
has been deposited in NBCI SRA under the accession numbers SRP012849 and SRP051354.

Identification of differentially expressed genes

Raw RNA-Seq reads were first processed to eliminate adapter and low quality sequences using
Trimmomatic [8]. The reads were then aligned to a ribosome RNA (rRNA) database [9] using
Bowtie [10] allowing up to three mismatches and those aligned to rRNA sequences were dis-
carded. The resulting high-quality cleaned reads were aligned to watermelon genome se-
quences [6] using Tophat allowing one segment mismatch [11]. Following alignments, the
number of reads mapped to each watermelon gene model was derived, and then normalized to
reads per kilobase of exon model per million mapped reads (RPKM). To identify differentially
expressed genes (DEGs) during the fruit development, the raw counts were first transformed
using the getVarianceStabilizedData module in DESeq [12]. Then the transformed expression
data were fed to LIMMA [13], and F tests were performed. Raw P values were adjusted for mul-
tiple testing using the Benjamini-Hochberg procedure [14]. GO term enrichment analysis of
DEGs was performed using GO::TermFinder [15], with adjusted p values being less than 0.01.
Significantly changed pathways were identified using the Plant MetGenMAP system [16].

gRT-PCR analysis

qRT-PCR assays were performed with the LightCycler480 RT-PCR system (Roche, Switzer-
land) to validate the gene expression determined by RNA-Seq analysis. Each reaction consisted
of 10 pL SYBR Green I Master Mix, 5 uL cDNA (20 ng/uL) and 5 uL primer mix (2 uM of each
primer). Reactions were performed at 95°C for 3 min, followed by 45 cycles of 95°C for 10 sec,
58°C for 20 sec, and 72° C for 30 sec. Melting curves were performed to detect primer dimers.
The 18S rRNA gene was used as the internal control. Quantification was performed by normal-
izing the number of target genes to 18S rRNA gene using the comparative Ct method [17]. The
ACt was calculated by subtracting the average Ct of each tissue type from the average Ct of 18S
rRNA. The AACt was calculated by subtracting the ACt of each fruit stage from the ACt of the
fruit tissue. The formula 2/-(AACt) was used to calculate the relative fold change between the
fruit development stages. Primer pairs used for QRT-PCR analysis are listed in S1 Table.

Determination of the content of carotenoids

The contents of lycopene, B-carotene and lutein were determined following the protocol of Fra-
ser et al. [18]. Individual carotenoids were separated by HPLC using Waters Nova-Pak C18
column.
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Fig 1. Fruits of the cultivated watermelon 97103 and the wild watermelon P1296341-FR at critical development stages. 97103 fruit: 10 DAP (A), 18
DAP (B), 26 DAP (C) and 34 DAP (D). PI296341-FR fruit: 10 DAP (E), 18 DAP (F), 26 DAP (G), 34 DAP (H), 42 DAP (I) and 50 DAP (J). DAP: days

after pollination.

doi:10.1371/journal.pone.0130267.g001

Determination of the soluble solid content and firmness of mesocarp

Soluble solid content of mesocarp tissues in both 97103 and P1296341-FR was determined
using a hand-held refractometer ATC-1E refractometer (ATAGO, Tokyo) following the manu-
facturer’s instructions. The mesocarp firmness was determined using the FT-327 penetrometer
(Bertuzzi, Facchini, Italy).

Results and Discussion
Transcriptome sequencing

We previously generated high-throughput RNA-Seq data from the flesh and mesocarp of
97103 fruit at four critical fruit development stages (10 DAP, 18 DAP, 26 DAP and 34 DAP)
[6]. In the present study RNA-Seq data was also generated from the flesh of P1296341-FR fruit,
to explore the differences of transcriptome dynamics during fruit development between 97103
and P1296341-FR. The mesocarp of P1296341-FR fruit was not included in this study since
there is no significant difference regarding fruit quality related phenotypes such as sugar con-
tent, color and texture, between the mesocarp of P1296341-FR and 97103 (Fig 1 and S2 Table).
Four critical fruit development stages, immature white (10 DAP), white-pink flesh (18 DAP),
red flesh (26 DAP) and full-ripe (34 DAP), were examined for 97103. Two additional stages, 42
DAP and 50 DAP, of P1296341-FR were examined considering its late fruit maturity (Fig 1).

The high-throughput Illumina strand-specific RNA sequencing technology was employed
to sequence the 14 samples (two biological replicates for each sample). After trimming adaptors
and removing low quality sequences and rRNA contaminated reads, a total of 321.8 million
high quality, cleaned reads were obtained, with each library having at least 8 million reads.
This high-quality RNA-Seq dataset provided a solid foundation for our comparative transcrip-
tome analysis in an attempt to identify key genes involved in regulating watermelon fruit quali-
ty and ripening process.

Identification of differentially expressed genes during cultivated and wild
watermelon fruit development

RNA-Seq is powerful and efficient for large-scale gene expression analysis. In this study, we
found that 18,198 (77.6%), 18,392 (78.5%) and 17,954 (76.6%) genes were expressed in the
flesh and mesocarp of 97103 fruit and the flesh of PI296341-FR fruit, respectively. The number
of genes covered by our RNA-Seq data was comparable to that in other RNA-Seq studies [19].
Gene expression analysis identified 2,452, 826 and 322 genes that were differentially expressed
in the flesh and mesocarp of 97103 and flesh of P1296341-FR, respectively, during fruit devel-
opment and ripening (S3 Table). Further analysis indicated that 2,064, 530 and 139 genes were
specifically differentially expressed in the flesh and mesocarp of 97103 fruit and the flesh of
P1296341-FR fruit, respectively (Fig 2 and S3 Table). As expected, many more genes were dif-
ferentially expressed in the flesh of 97103, in concordance with the fact that a series of physio-
logical and biochemical changes, such as those in color, texture and sugar content, were only
observed in the flesh of 97103 during fruit development. These results reflected more compli-
cated regulatory networks of gene expression in the 97103 fruit flesh.

To validate gene expression levels determined by RNA-Seq analysis, qRT-PCR assays were
performed on six DEGs involved in sugar metabolism, pigment accumulation and endogenous
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P1296341-FR flesh mesocarp

97103 flesh

Fig 2. Venn diagram of differentially expressed genes in three tissues during watermelon fruit development.

doi:10.1371/journal.pone.0130267.9002

ethylene biosynthesis during fruit development in cultivated and wild watermelon. The results
showed that the gene expression trends of selected genes detected by RNA-Seq and qRT-PCR
analyses were largely consistent (S4 Table). Actually, the high accuracy of RNA-Seq in deter-
mining gene expression levels and the comparability between results of RNA-Seq and
qRT-PCR have been widely validated [19-22]. These results further confirmed the robustness
of our gene expression data.

Functional analysis of differentially expressed genes

To gain further insights into the molecular mechanisms of attractive quality formation during
watermelon fruit development, gene ontology (GO) enrichment analysis was performed on
DEGs to characterize the differences of fruit development and ripening between the cultivated
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and wild watermelon. We found that genes related to biological processes such as cellular
amino acid derivative metabolic process, cellular metabolic process and phenylpropanoid met-
abolic process were highly enriched in DEGs from at least two of the three investigated tissues.
These genes are involved in the basic substance and energy metabolism and response actions
during watermelon fruit development (S5 Table). More importantly, genes related to biological
processes involved in watermelon fruit quality development and ripening were only enriched
in the flesh of 97103 fruit, such as aromatic compound biosynthetic process, carbohydrate met-
abolic process, fatty acid metabolic process, hexose metabolic process, lipid metabolic process,
monosaccharide metabolic process, organic acid metabolic process, and secondary metabolic
process. Differential expression of these genes in the flesh of 97103 should be crucial for fruit
quality differences between the cultivated and wild watermelon. Very few biological processes
were found to be enriched in DEGs of P1296341-FR flesh development. These biological pro-
cesses were mainly related to abiotic stress responses such as response to oxidative stress, high
light intensity, heat acclimation, reactive oxygen species, ethanol, arsenic, cadmium ion, and
hydrogen peroxide (S5 Table), consistent with the fact that PI296341-FR is more tolerant to
various environmental stresses.

Significantly changed biochemical pathways

Fruit development is a genetically programmed event defined by a series of physiological and
biochemical changes that ultimately alter fruit color, texture, and aroma and nutrition compo-
nents. In total, 204, 88 and 34 pathways were represented by DEGs in the flesh and mesocarp
0f 97103 and the flesh of P1296341-FR, respectively, among which 50, 17 and 5 were signifi-
cantly changed (S6 Table). Several fruit quality or signal transduction related pathways, such as
cellulose biosynthesis, UDP-D-xylose biosynthesis, melibiose degradation, sucrose degrada-
tion, brassinosteroid biosynthesis, phenylalanine biosynthesis, flavonoid biosynthesis, plant
sterol biosynthesis and spermine biosynthesis, were significantly changed only in the flesh of
cultivated watermelon 97103. These significantly changed pathways in the cultivated watermel-
on flesh should be the key metabolic networks leading to the fruit quality difference between
the cultivated and wild watermelon. Only two unique pathways, glutamine biosynthesis and ni-
trate reduction VI (assimilatory), were significantly changed in the flesh of PI296341-FR.
These pathways may contribute to the higher vigor of the wild watermelon than that of the cul-
tivated watermelon [23, 24].

Comparison of gene expression profiles during fruit development and
ripening

The maturation and ripening of watermelon fruit are highly coordinated developmental pro-
grams. One of the key phases of fruit development is ripening, a slowed and prolonged form of
senescence. When fruits matured physiologically, their growth terminates and the ripening
process is initiated. The ripening process leads to fruit cellular metabolism changes, causes the
development of an edible soft fruit with attractive qualities.

Sugar metabolism and accumulation. The sweetness of cultivated watermelon fruit flesh
is among its most attractive characteristics. Sugars are the main component of the dry matter
of watermelon fruit flesh and are highly accumulated in the fruit flesh of cultivated watermelon
97103 during ripening. In contrast, the wild PI296341-FR has no obvious changes in fruit flesh
sweetness [1]. Sugar content in watermelon fruit is determined by phloem unloading and me-
tabolism within the fruit flesh. Stachyose, raffinose and sucrose are the main sugars transported
in the phloem of cucurbit plants [25, 26]. Stachyose and raffinose are the main sugars trans-
ported to the fruit sink, where they are rapidly metabolized [27]. A total of 62 sugar metabolism
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genes were annotated in the watermelon genome. Twenty-two genes, including those encoding
o-galactosidase, invertase and UDP-galactose/glucose pyrophosphorylase (UDP-Gal/Glc
PPase) were differentially expressed during fruit development and ripening (S7 Table).

o-galactosidase is the main enzyme hydrolyzing stachyose and raffinose and determining
sink strength in cucurbit plants [28]. A total of nine a-galactosidase genes were identified in
the watermelon genome [6]. We found that the expression of one of them, Cla006123, in 97103
flesh was 3-9 fold higher than that in PI296341-FR flesh and 97103 mesocarp during fruit de-
velopment and ripening (Fig 3). Cla006123 showed high identity (94%) at the amino acid se-
quence level to the melon alkaline a-galactosidase (S1 Fig), CmAGA2, which functions in key
processes of galactosyl-oligosaccharide metabolism, such as raffinose family oligosaccharide
(RFO) photosynthate translocation [29]. These results indicated that the Cla006123 gene might
be a key element involved in phloem unloading and sink strength determination during water-
melon fruit development.

In sucrose-translocating plants, such as tomato and carrot [30, 31], both phloem unloading
and sucrose translocation to fruit sinks need insoluble acid invertase. Our previous study indi-
cated that the enzyme activity of insoluble acid invertase and sucrose content were highly cor-
related in the fruit flesh tissue of 97103 and P1296341-FR [1]. A total of five insoluble acid
invertase genes were found in the watermelon genome. One of them, Cla020872, was up-regu-
lated in the 97103 flesh before the full-ripe stage. In contrast, its expression remained constant
and was much lower in 97103 mesocarp and P1296341-FR fruit flesh (Fig 3). The expression
profile of Cla020872 was positively correlated with the enzyme activity of insoluble acid inver-
tase in the flesh and the mesocarp of 97103 and the flesh of P1296341-FR [1]. These results
supported that Cla020872 could be involved in the extracellular sucrose degeneration which
facilitates fructose and glucose translocation and the intercellular sugar accumulation in
watermelon fruit.

As the product of RFO catabolism, galactose is the key regulatory element of sugar metabo-
lism in cucurbits [32]. In the proposed pathway of galactose metabolism, UDP-Gal/Glc PPase
plays an important role in melon fruit sink metabolism by catalyzing UDP-Gal synthesis from
Gal-1-P and the subsequent reaction from UDP-Glc to Glc-1-P [32]. A UDP-Gal/Glc PPase
gene, Cla013902, was consistently up-regulated in the flesh of 97103 during watermelon fruit
development, while its expression kept relatively constant and was lower in the flesh of
PI296341-FR and 97103 mesocarp, indicating that Cla013902 may contribute to fruit sugar
metabolism in watermelon (Fig 3).

A total of 23 sugar transporter genes differentially expressed during fruit development and
ripening in 97103 and PI296341-FR were identified in the watermelon genome (S7 Table).
Two SWEET like sugar transporters (Cla004909 and Cla001496) and two major facilitator su-
perfamily sugar transporters (Cla015835 and Cla015836) were highly up-regulated in the flesh
0f 97103. In contrast, their expression in 97103 mesocarp was much lower than that in 97103
flesh and almost undetectable in the P1296341-FR flesh tissue (Fig 3). In addition, their expres-
sion profiles were highly correlated with sugar accumulation in watermelon fruit [1]. More-
over, Cla015835 and Cla015836 were located at the flanking region of the fruit sugar content
major QTL Qbrix2-2 on watermelon chromosome 2 [33]. These results suggested that these
transporter genes might play an important role in increasing the fruit flesh sweetness by facili-
tating the active transmembrane transport of sugars.

In summary, our comprehensive comparative analysis of the fruit transcriptome dynamics
between the cultivated and wild watermelon provided novel clues to help us understand the
complex gene networks involved in sugar unloading, metabolism and partitioning during
sugar accumulation in watermelon fruit.
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Fig 3. Expression profiles of sugar metabolism genes during watermelon fruit development. AGA: a-galactosidase; |Al: insoluble acid invertase;
UGGP: UDP-Gal/Glc PPase; SUT: sugar transporter.

doi:10.1371/journal.pone.0130267.g003

Flesh carotenoid biosynthesis and metabolism. Recently increasing studies focus on the
carotenoid regulatory networks of food crops considering their nutrition value for human
health [34]. Watermelon is one of the few species that accumulate a large amount of caroten-
oids in its fruits. The major carotenoid accumulated in red flesh watermelon is lycopene and its
average concentration is approximately 60% more than that in tomato fruit [35]. In this study,
we determined the content of lycopene, B-carotene and lutein in the fruit flesh of the cultivated
watermelon 97103 and the wild watermelon P1296341-FR. The lycopene and B-carotene con-
tent in the 97103 flesh progressively increased during fruit development and ripening, whereas
their content in the flesh of P1296341-FR remained relatively constant and was much lower at
the later stages of fruit development. The content of lutein in 97103 flesh increased slightly
while displayed no significant difference between 97103 and P1296341-FR (S8 Table).

A total of 26 carotenoid metabolism pathway genes were identified in the watermelon ge-
nome, among which seven were differentially expressed during fruit ripening, including phy-
toene synthase, B-carotene hydroxylase, 9-cis-epoxycarotenoid dioxygenase and carotenoid
cleavage dioxygenase genes (59 Table). There are three phytoene synthase genes in the water-
melon genome. The expression of one of them, Cla009122, in fruit flesh of 97103 was very low
at 10 DAP (white flesh) but increased dramatically and peaked at 26 DAP (red flesh), and then
decreased slightly at 34 DAP. This is consistent with the finding in the watermelon cultivar
Dumara [19]. In contrast, the expression of Cla009122 in the flesh of PI296341-FR and meso-
carp of 97103 was stable during fruit development and much lower than that in 97103 flesh
(Fig 4). Our results confirmed that Cla009122, which corresponds to the tomato PSY-1 gene,
plays an important role in determining watermelon flesh color.

The watermelon genome contains three -carotene hydroxylase genes. Two of them,
Cla006149 and Cla011420, were differentially expressed during watermelon fruit development.
They were highly up-regulated in the flesh of 97103 during fruit development and ripening.
Similar trends were also found in the watermelon cultivar Dumara [19]. In contrast, the expres-
sion of the two B-carotene hydroxylase genes in the flesh of PI296341-FR and mesocarp of
97103 was stable and significantly lower than that in 97103 flesh in fruit ripening process
(Fig 4). This result suggested that the higher expression level of Cla006149 and Cla011420 in
97103 might help to maintain the sustainable concentration of carotenes as intermediate me-
tabolites for the generation of downstream compounds.

9-cis-epoxy-carotenoid dioxygenase (NCED) is involved in the catabolic process which con-
verts 9-cis-violaxanthin or 9-cis-neoxanthin to xanthoxin, a precursor of plant hormone ab-
scisic acid (ABA) [36, 37]. Four NCED genes were identified in the watermelon genome. The
expression of two of them, Cla005404 and Cla009779, in the flesh of 97103 was significantly
up-regulated during fruit development and peaked at 26 DAP; in contrast, their expression de-
creased in the flesh of PI296341-FR and 97103 mesocarp during fruit development and was
much lower than that in the corresponding 97103 flesh tissues (Fig 4). The up-regulated ex-
pression of the two NCED genes may facilitate the streaming from carotenoid metabolism to
ABA metabolism during fruit development, consistent with the increased ABA content in wa-
termelon fruit during its development and ripening as reported previously [38].

Carotenoid cleavage dioxygenase (CCD) catalyzes the oxidative cleavage of carotenoids and
leads to the production of apocarotenoids. This process helps to maintain the stable level of ca-
rotenoids in tissues [39]. Apocarotenoids, including B-cyclocitral, B-ionone, geranial, geranyl
acetone, theaspirone, o-damascenone and -damascenone, all contribute to fruit flavor. There
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are three CCD genes in the watermelon genome. We found that one of them, Cla015245, was
highly up-regulated during fruit development in the flesh of 97103 and its expression peaked at
26 DAP and 34 DAP, the best fruit quality stages, while its expression kept constantly lower in
the flesh of P1296341-FR and 97103 mesocarp (Fig 4). These results indicated that Cla015245
might function as an important tie between the flesh pigmentation and flavor during watermel-
on fruit development and ripening.
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Our genome wide comparative expression analysis of the carotenoid biosynthesis and me-
tabolism pathway genes suggests the complex gene expression and regulatory networks gener-
ating a flux of lycopene accumulation and consumption during watermelon fruit development
and ripening process.

Flesh texture. Fruit flesh texture, such as firmness and crispness, is an important quality
trait because it is directly related to fruit commercial values including mouth feel, fruit storabil-
ity, transportability and shelf-life. Fruit softening and textural changes during ripening are
mainly caused by progressive cell wall depolymerization and solubilization and loss of cell
structure. Fruit cell walls are interlaced networks consisting of polysaccharides and proteins.
The fruit primary cell wall contains approximately 35% pectin, 25% cellulose, 20% hemicellu-
lose, and 10% structural protein [40]. Fruit softening, caused by cell wall degradation and inter-
cellular adhesion reduction, is the precondition to forming the attractive high-quality fruits
during fruit development and ripening.

Cell wall modifications include de-esterification and depolymerization, and consequently
loss of galacturonic acid and neutral sugars followed by solubilization of oligosaccharides and
remaining sugar residues [41-43]. These changes lead to the progressive degradation of cell
wall polymers and the loss of integrity of the middle lamella, which is rich in pectins that con-
trol cell-to-cell adhesion, thus influencing fruit texture [44].

We previously determined the firmness, the content of pectin and crude fiber and the activi-
ty of the fruit softening related enzymes in the flesh of 97103 and P1296341-FR [45]. Our tran-
scriptome analysis here identified a total of 79 cell wall metabolism genes that were
differentially expressed during fruit development, including 4-coumarate:coenzyme A ligase
(4CL), cellulose synthase, pectinesterase, pectinesterase inhibitor, polygalacturonase inhibitor
and o-mannosidase genes (S10 Table).

Lignification has a negative impact on fruit commercial quality, leading to adverse effects
on fruit digestibility. 4CL is a key enzyme in lignin biosynthesis [46]. There are seven 4CL
genes in the watermelon genome. One of them, Cla007400, showed significantly decreased ex-
pression in the 97103 flesh during fruit development; whereas its expression displayed no sig-
nificant changes during fruit development but was much higher in the flesh of PI296341-FR
and mesocarp of 97103 (Fig 5). These results indicated that the 4CL gene Cla007400 might
play an important role in determining the watermelon fruit texture and firmness by regulating
the lignin biosynthesis.

Cellulose is the major component of plant cell walls, providing mechanical strength to the
structural framework of plants. Cellulose synthase play a key role in the biosynthesis of cellu-
lose [47]. A total of 13 cellulose synthase genes were found in the watermelon genome. One of
them, Cla010448, showed increased expression in the 97103 flesh during fruit development
and ripening while this gene was not expressed or expressed at a very low level in the flesh of
PI296341-FR and mesocarp of 97103 (Fig 5). The unique expression pattern of Cla010448 indi-
cated that this gene might be involved in regulating the construction of cell wall architecture in
the 97103 fruit flesh during fruit ripening.

Pectins are the major components of the primary cell wall and middle lamella, determining
fruit texture and quality. Pectin depolymerization was reported as the main reason for the loss
of fruit firmness [48, 49]. The enzymes mainly responsible for the pectin changes in fruit cell
wall are pectinesterase and polygalacturonase. Pectinesterase catalyzes the hydrolytic de-esteri-
fication of pectins causing pectic chain esterification, which is further hydrolyzed to pectate by
polygalacturonase, causing tissue softening during fruit ripening. Comparative analysis of the
fruit transcriptomes identified three watermelon pectinesterase genes, Cla010310, Cla015103
and Cla012554, whose expression was increased in the flesh of 97103 during the fruit ripening
process and was much higher than that in the flesh of PI296341-FR and mesocarp of 97103
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Fig 5. Expression profiles of flesh texture related genes during watermelon fruit development. 4CL: 4-coumarate:coenzyme A ligase; CESA: cellulose
synthase; PE: pectinesterase; PEI: pectinesterase inhibitor; PGI: polygalacturonase inhibitor; MANA: a-mannosidase.

doi:10.1371/journal.pone.0130267.g005

(Fig 5). The activity of pectinesterases can be regulated by pectinesterase inhibitors [50, 51],
which bind to the active site of pectinesterases, generating a 1:1 complex [52]. Seven pectines-
terase inhibitor genes were identified in the watermelon genome. One gene, Cla008440, showed
higher expression level in the flesh of PI296341-FR compared to that in the flesh of 97103. In
addition, this gene was down-regulated in the flesh of 97103 during fruit ripening (Fig 5). Poly-
galacturonase is the main enzyme causing pectin solubilization by hydrolyzing o.-1,4-glycosidic
bonds that hold galacturonic acid residues in de-esterified galacturonan chains produced by
pectinesterase. Polygalacturonase inhibitor proteins have been found in the cell wall of dicoty-
ledonous plants. Two polygalacturonase inhibitor genes were found in the watermelon ge-
nome. One of them, Cla000745, was up-regulated in PI296341-FR flesh whereas its expression
in the 97103 flesh was significantly lower than that in PI296341-FR flesh and was decreased
throughout the fruit development process (Fig 5). The above results suggested that these genes
might play critical roles in regulating the pectic composition of watermelon fruit cell wall dur-
ing the ripening process.

A total of three o-mannosidase genes were identified in the watermelon genome. One of
them, Cla014297, had stably low expression throughout the fruit development and ripening in
the PI1296341-FR flesh and 97103 mesocarp; whereas its expression was up-regulated in the
97103 flesh tissue (Fig 5). It has been reported that acidic o-mannosidase activity increased
during fruit ripening in mango and tomato and was highly associated with fruit softening and
ripening [53, 54]. The expression pattern of watermelon o-mannosidase gene Cla014297 sug-
gested that it might be one of the key genes determining fruit texture and firmness.

Ethylene biosynthesis and signal transduction. Fruits have been classified as climacteric
and nonclimacteric based on the presence or absence of massively increased ethylene synthesis
and an accompanying rise in the respiration rate during ripening [55]. Ethylene has been re-
garded as the ripening hormone in climacteric fruits; however, more and more evidence im-
plies that ethylene is also involved in the ripening of nonclimacteric fruits such as strawberry
and citrus [56-58]. Watermelon is a nonclimacteric fruit but its fruit is very sensitive to exoge-
nous ethylene, exhibiting extensive placental and pericarp softening following short exposure
to the ethylene gas [59, 60], indicating a possible role of ethylene in regulating watermelon
fruit quality.

During the process of fruit development and ripening of 97103 and PI296341-FR, 22 genes
in the ethylene biosynthesis and signaling pathway were identified as differentially expressed
(S11 Table), among which were ACC synthase (ACS), ACC oxidase (ACO), ethylene receptor
(ETR) and ethylene responsive factor (ERF) genes. ACS and ACO are key genes in the ethylene
biosynthesis pathway. ACS has eight homologs in the watermelon genome. One of them,
Cla011522, was differentially expressed in 97103 mesocarp, while no significant differential ex-
pression of Cla011522 was observed in the flesh of 97103 and P1296341-FR during watermelon
fruit development and ripening. However, its expression profiles during fruit development
were largely similar in 97103 and P1296341-FR and its expression level in PI296341-FR flesh
was relatively lower than that in 97103 flesh (Fig 6). The expression of all other ACS genes
(Cla000483, Cla006245, Cla006634, Cla011230, Cla014057, Cla014652 and Cla022653) was also
low in watermelon fruit (Data not shown). It was reported that the concentration of released
ethylene in watermelon fruit was significantly lower than that in tomato fruit [3, 61]. Our data
suggested that the low level of released ethylene in watermelon fruit might be due to the low ex-
pression level of the ACS genes. ACO has five homologs in the watermelon genome. Two ACO
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Fig 6. Expression profiles of ethylene biosynthesis and signal transduction genes during watermelon fruit development. ACS: ACC synthase; ACO:
ACC oxidase; ETR: ethylene receptor; ERF: ethylene responsive factor.

doi:10.1371/journal.pone.0130267.g006

genes, Cla018620 and Cla018621, were differentially expressed in 97103 flesh and their expres-
sion peaked at 26 DAP; while the expression of these ACO genes was not significantly changed
in 97103 mesocarp and P1296341-FR and was much lower than that in 97103 flesh (Fig 6). Dif-
ferential expression patterns of these ACO genes indicated that they may be involved in the
phenotype changes of watermelon fruit by regulating endogenous ethylene biosynthesis during
fruit development and ripening. In addition, one of the three ETR homologous genes,
Cla021550, was down-regulated in 97103 flesh during fruit development and ripening, and its
expression level in P1296341-FR flesh remained constantly higher (Fig 6). ETR act as a negative
regulator of ethylene responses in tomato [62]. The relatively high expression of Cla021550 in
P1296341-FR flesh may decrease its sensitivity to ethylene.

ERFs belong to the AP2/ERF superfamily, one of the largest transcription factor families in
plants, and represent the last step in the ethylene signaling pathway. More and more studies
have shown the possible involvement of ERF proteins in fruit ripening. In tomato, an ERF
gene, SIERF6, has been shown to play an important role in controlling carotenoid accumulation
and fruit ripening [22]. In banana, two ERFs, MaERF9 and MaERF11, were suggested to be in-
volved in fruit ripening via transcriptional regulation of or interaction with ethylene biosynthe-
sis genes [63]. In the present study, we identified a total of 16 ERF genes that were differentially
expressed during fruit development and ripening and these ERFs genes showed distinct expres-
sion patterns in the cultivated and wild watermelon (S11 Table). An ERF gene, Cla020969, was
highly expressed and its expression was increased during fruit ripening in 97103 flesh; whereas
its expression was relatively lower and stable in P1296341-FR flesh and 97103 mesocarp. Two
additional ERF genes, Cla009283 and Cla017389, were highly expressed in P1296341-FR, while
down-regulated during the ripening in 97103 flesh (Fig 6).

In summary, the highly ripening-associated expression patterns of genes in the ethylene bio-
synthesis and signaling pathway further indicated a possible role of ethylene in watermelon
fruit development and ripening. However, due to the fact that ACS genes, key genes in ethylene
biosynthesis, had low expression levels and similar expression patterns in cultivated and wild
watermelon, as well as very low levels of released ethylene in watermelon fruit, further func-
tional studies are required to investigate the exact roles of these ethylene pathway genes in
non-climacteric watermelon fruit ripening.

Conclusions

Watermelon is an important fruit crop and becomes a model system for studies of non-climac-
teric fruits, while the molecular mechanisms of its fruit development and ripening remain
largely unknown. Genome-wide comparative gene expression analysis between the cultivated
and wild watermelon would provide a better understanding of the genetic bases contributing to
the differences of their fruit development. Using the high-throughput RNA-Seq technology, we
have generated approximately 321.8 million high quality reads from key stages of fruit develop-
ment in both cultivated and wild watermelon. This dataset provided a much more elaborate
transcriptional status during watermelon fruit development, and for the first time, provided
gene expression profiles during fruit development of a wild watermelon. Analysis of gene ex-
pression profiles indicated that many of the processes associated with watermelon fruit quality
were regulated at the transcriptional level. Comparative RNA-Seq analysis between cultivated
and wild watermelon identified a number of key genes potentially involved in determining wa-
termelon fruit qualities including sugar metabolism and transport, carotenoid biosynthesis,
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fiber and pectin degeneration. Some of these genes are the direct target of the regulators of wa-
termelon fruit qualities thus our analysis provides an infrastructure that could lead to the iden-
tification of the causal genes. Regulatory genes, such as those in the ethylene biosynthesis and
signaling pathway with highly ripening-associated expression patterns were also identified.
Expression dynamics of these genes indicated that ethylene might be involved in regulating wa-
termelon fruit quality although watermelon is classified as a non-climacteric fruit. Our com-
parative transcriptome analysis provided genome-wide novel insights into the molecular
mechanisms of fruit development and ripening and the regulatory mechanisms of several im-
portant fruit quality traits of watermelon such as sugar accumulation, flesh color and flesh
texture.
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