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Metabolites have been reported as the main factor that influences the fruit flavor of
watermelon. But the comprehensive study on the dynamics of metabolites during the
development of watermelon fruit is not up-to-date. In this study, metabolome and
transcriptome datasets of ‘Crimson’ watermelon fruit at four key developmental stages
were generated. A total of 517 metabolites were detected by ultrahigh-performance
liquid chromatography–electrospray ionization–tandem mass spectrometry and gas
chromatography–solid-phase microextraction–mass spectrometry. Meanwhile, by
K-means clustering analysis, the total differentially expressed genes were clustered
in six classes. Integrating transcriptome and metabolome data revealed similar
expression trends of sugars and genes involved in the glycolytic pathway, providing
molecular insights into the formation of taste during fruit development. Furthermore,
through coexpression analysis, we identified five differentially expressed ADH (alcohol
dehydrogenase) genes (Cla97C01G013600, Cla97C05G089700, Cla97C01G001290,
Cla97C05G095170, and Cla97C06G118330), which were found to be closely related
to C9 alcohols/aldehydes, providing information for the formation of fruit aroma. Our
findings establish a metabolic profile during watermelon fruit development and provide
insights into flavor formation.

Keywords: watermelon, transcriptome, metabolome, sugars, volatile organic compounds, coexpression

INTRODUCTION

Flavor quality is one of the most important criteria for consumers to select vegetables and fruits
(Barrett et al., 2010) and promotes customers’ desire for reconsumption. However, as flavor
phenotyping is complex, expensive, and not suitable for high-throughput analysis, most breeders
tend to focus more on yield, appearance quality, and plant resistance than fruit flavor quality
(Tieman et al., 2017). The flavor is typically described as a sum of the interactions between taste
and aroma. Generally speaking, the formation of flavor is the result of the interaction of multiple
metabolites. The taste is activated mainly through taste receptors in the mouth. Sugars and acids
are an essential basis for evaluating the taste of fruits such as tomatoes (Zhu et al., 2018). The
aroma is the sense of smell through the nose to perceive volatile organic compounds (VOCs).
Different fruits have different aromas that may result from a combination of multiple metabolites,
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for instance, 2,6-nonadienal is the characteristic VOC in
cucumber (Forss et al., 1962), but it is also detected in other
fruits with different fruit aromas. As the market demand for high-
quality fruit is a feature of modern consumer society, a more
comprehensive understanding of fruit flavor-related metabolites
and their improvement should be an important objective in
breeding programs (Kyriacou and Rouphael, 2018).

Watermelon (Citrullus lanatus) is among the top five most
consumed fresh fruits globally, with unique flavor, rich nutrition,
and health benefits to humans (Guo et al., 2013; Zhang
et al., 2017). Ramirez et al. (2020) conducted a sensory profile
of seven watermelon varieties, and the result indicates that
flavor had an important effect on the refreshing perception of
watermelon. Undoubtedly, the formation of watermelon flavor
is a combination of different metabolites, although the current
understanding of flavor metabolites is still insufficient. Sweetness
is a crucial factor for the commercial value of watermelon, but
studies on sweetness mainly focus on sucrose, fructose, and
glucose (Gao et al., 2018b), and research on watermelon acidity
has focused on malic acid, citric acid, and oxalic acid (Umer
et al., 2020). In parallel, although the acidity in watermelon is
relatively low, it may regulate the feeling of sweetness (Soteriou
et al., 2014). Progress has been made in watermelon breeding
by improving metabolites. Gao et al. (2018a) developed a new
watermelon variety ‘SW’ with a sweet and sour taste, which
is an innovation in the breeding of watermelon taste. VOCs
play a key role in the formation of fruit flavor, Bianchi et al.
(2020) detected a total of 20 VOCs at the ripening stage of
two mini watermelons ‘Rugby’ and ‘Cuoredolce R©’, of which 13
were C9 aldehydes and alcohols [a metabolite with nine C atoms
in the lipoxygenase (LOX) pathway, such as 2,6-nonadienal,
(E,Z)-]. Existing studies have promoted the study of watermelon
flavor; however, it is necessary to conduct a comprehensive and
extensive metabolomic study on the development process of
watermelon to establish watermelon flavor. Related research has
been found in melon and other fruits; for example, approximately
2,000 metabolite signatures and 15 mineral elements were
detected in melon, which provided valuable information for the
study of melon flavor and nutrition (Moing et al., 2011). In recent
years, with the continuous improvement of detection technology,
the widely targeted metabonomics method developed by Chen
et al. (2013) can realize the high-throughput determination
of metabolites, and solid-phase microextraction (SPME)–gas
chromatography (GC)–MS has been widely used in the detection
of VOCs. The progress of detection methods provides a powerful
tool for us to carry out watermelon flavor research.

Transcriptional regulation is the most important regulation
mode of organisms. With the continuous development of
sequencing technology, transcriptome has been widely used.
For instance, Guo et al. (2015) systematically explained the
molecular basis of differences in important traits, such as
sugar content, flesh texture, and color through transcriptome
profiles analysis of wild and cultivated watermelon; Gao
et al. (2018b) identified the key genes of soluble sugars and
organic acids through integrated analysis in a subsequent
study. Notably, integrating of transcriptome data with metabolic
profiles is an effective method to parse metabolic pathways and

plant gene function (Luo, 2015); however, related research in
watermelon is extremely lacking. In plants, metabolites associated
with taste are synthesized and degraded through critical
biological processes such as glycolysis and the tricarboxylic
acid cycle (Nativ et al., 2017). VOCs are synthesized mainly
through methylerythritol phosphate or mevalonate pathway
to generate terpenoids; phenylpropane/benzene compounds
through aromatic amino acids; and C6 and C9 alcohols/aldehydes
formed from unsaturated fatty acids, such as linoleic acid and
linolenic acid (Dudareva et al., 2013; Wei et al., 2016); the
study of metabolic pathways has increased the understanding
of the links between genes and metabolites. In conclusion, data
integration platform is a helpful approach to exploring the
hidden diversity in flavor formation by using transcriptome and
metabolome profiles.

In this study, we generated the metabolome and transcriptome
datasets from the ‘Crimson’ watermelon cultivar at 10, 18, 26,
and 34 days after pollination (DAP). ‘Crimson’ watermelon
cultivar is famous for its nutritionally rich flavor and is
widely used in breeding programs. Ultrahigh-performance
liquid chromatography–electrospray ionization–tandem mass
spectrometry (UPLC–ESI–MS/MS) and GC–SPME–MS detected
a total of 517 metabolites. The accumulation patterns of
flavor-related metabolites, such as sugars, organic acids, and
VOCs, were analyzed. The differentially expressed genes (DEGs)
were clustered into six classes by K-mean clustering analysis.
Furthermore, the metabolites and genes related to flavor enriched
into related metabolic pathways were identified, which provides
more comprehensive information for the formation of flavor
during the development of watermelon fruit. This study provides
molecular insights into the metabolites associated with formation
of watermelon flesh flavor and lays a foundation for further
studies on metabolomics.

MATERIALS AND METHODS

Experimental Material and Sampling
The experimental materials, watermelon cultivar ‘Crimson’ seeds,
were collected from the National Mid-term Genebank for
Watermelon and Melon, Zhengzhou Fruit Research Institute,
Chinese Academy of Agricultural Sciences (Zhengzhou, Henan,
China). ‘Crimson’ has a spherical fruit with red color flesh,
resistance to disease, nutritionally rich taste, and aroma. Plants
of watermelon were planted in the greenhouse (Xinxiang, 35◦18′
N, 113◦55′ E) in Henan Province, China. All the standard
agronomic practices were followed during the developments,
such as irrigation, weeding, and fertilization. The seedling was
raised and transplanted to the field on April 13, 2019. The
experimental design was a completely randomized block design
and plant–plant spacing of 0.8 m and a row–row spacing of 1.5 m.
And pollination work starts on May 11, 2019. After transplanting,
the temperature and humidity of the greenhouse were artificially
adjusted: in the daytime, the temperature was generally 25–35◦C,
and the humidity was 55–70%; in the evening, the temperature
was generally more than 15◦C, and the humidity was 75–80%.
Pollination was done manually: every a second female flower
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was artificially self-pollinated and tagged the pollination date,
only one watermelon fruit allowed to grow on one plant. Flesh
samples were preserved immediately in liquid nitrogen; from all
four key developmental stages 10 DAP (immature white), 18 DAP
(white-pink), 26 DAP (red), and 34 DAP (ripe) (Zhang et al.,
2017), the samples were represented by KL1 (10 DAP), KL2
(18 DAP), KL3 (26 DAP), and KL4 (34 DAP), respectively. The
well-grown watermelon fruit, uniform in appearance and without
visual defects, was cut in the longitudinal direction, and the center
flesh was taken, avoiding seeds. Three biological replicates were
collected for each stage, and a total of 12 samples were collected.
All the flesh samples were grounded in powder and preserved
in liquid nitrogen for further transcriptome and metabolome
analysis. A balanced mixture of 12 collected samples was used as
the mixed sample for quality control.

Measurement of Fruit Weight, Flesh
Firmness, Total Soluble Solids Content,
and pH of Watermelon Flesh
At four key development stages, watermelon fruit weight
was measured by an electronic scale. When the fruit was
cut lengthwise, the center firmness of flesh was determined
by FT 011 fruit firmness tester. And after the center flesh
was homogenized, a laboratory refractometer (HC-112ATC,
Shanghai LICHENKEYI, China) and a PHB-4 (Shanghai
LICHENKEYI, China) instrument was used to determine total
soluble solids content (TSS, Brix%) and pH, respectively
(Gao et al., 2018b). Three separate well-grown fruits were
measured and recorded at each developmental stage. The taste
of watermelon was evaluated by human mouth and the nose to
perceive the aroma of the fruit.

LC–ESI–MS/MS System-Based Widely
Targeted Metabolomics Analysis
Freeze-dried watermelon flesh samples were grided evenly by
using a mixer mill (MM 400, Retsch) for 1.5 min at 30 Hz.
The preparation of watermelon fruit extract was performed
as previously described (Qin et al., 2020). In brief, 100-mg
sample powder was extracted overnight with 1.2 mL 70%
methanol solution at 4◦C. After centrifugation at 10,000 g
for 10 min, the extracts were absorbed (CNWBond Carbon-
GCB SPE Cartridge; Anpel, Shanghai, China) and filtered with
an SCAA-104 membrane (Anpel, Shanghai, China) for further
UPLC–MS/MS analysis.

UPLC–ESI–MS/MS system (UPLC, Shim-pack UFLC
SHIMADZU CBM30A system; MS, Applied Biosystems 6500 Q
TRAP) was used to analyze the sample extracts. The analytical
conditions were as follows: chromatographic column, Waters
ACQUITY UPLC HSS T3 C18 (1.8 µm, 2.1 × 100 mm). The
column temperature was 40◦C, the injection volume was 2 µL,
and the procedure for sample measurements by UPLC was as
follows: the initial condition was that 95% solvent A (pure water
with 0.04% acetic acid), 5% solvent B (acetonitrile with 0.04%
acetic acid); after 10 min, the linear gradient to 5% solvent
A and 95% solvent B was programmed and kept 1 min, and
then solvent B changed to 5% in 0.1 min and kept for 2.9 min,

with a flow rate of 0.35 mL/min. Triple quadrupole-linear ion
trap mass spectrometer (Q TRAP), equipped with an ESI turbo
ion-spray interface, ran in positive and negative ion mode,
and was controlled by analyst 1.6.3 software (AB SCIEX).
The operating parameters of the ESI were as follows: source
temperature was 550◦C, ion spray voltage was 5,500 V in positive
ion mode and −4,500 V in negative ion mode, and curtain
gas (CUR) was set at 50, 60, and 30.0 psi, respectively, and the
collision gas (CAD) was high. The instrument was tuned and
mass calibrated with 10 and 100 µmol/L propanediol solutions
in QQQ and LIT modes, respectively. QQQ scans were used
as MRM experiments, and the collision gas (nitrogen) was set
to as 5 psi. Further declustering potential and collision energy
optimizations were performed for individual MRM transitions.
Based on the metabolites eluted during this period, a specific set
of MRM transitions was monitored in each period.

Qualitative analysis of MS data was based on the comparison
of the retention time (RTS) and fragmentation pattern, accurate
precursor ion (Q1) value, product ion (Q3) value, data of which
were obtained the from standard injection under the same
conditions (Sigma–Aldrich, United States); if no standard, the
analysis was performed using the MWDB database (Metware
Biotechnology Science and Technology Co., Ltd.), the Kyoto
Encyclopedia of Genes and Genomes (KEGG) database1, and the
publicly available metabolite databases online at PLANTCYC2,
etc. MRM mode was used for quantitative analysis. The
characteristic ions of each metabolite were screened by QQQ
MS, and the signal intensity was obtained. The chromatographic
peaks were integrated and corrected using Multiquant version
3.0.2 (AB SCIEX, Concord, Canada). The corresponding relative
metabolite content was expressed by chromatographic peak area
integral. In addition, metaX software3 was used for screening and
quantitative analysis of the differences of metabolites.

Extraction of Volatiles and
SPME–GC–MS Analysis
Fresh samples were gridded into fine powder in liquid nitrogen,
and 1 g of powder was immediately transferred to a 20-
mL headspace vial (Agilent, Palo Alto, CA, United States)
with NaCl saturated solution. The vials were sealed using
crimp-top with TFE-silicone headspace septa (Agilent). During
SPME analysis, each vial was placed at 60◦C for 10 min.
A 50/30 µm divinylbenzene/carboxen/polydimethylsilioxane
fiber (Sigma) was exposed to the sample’s headspace for 20 min
at the temperature of 60◦C. After sampling, desorption was
performed at 250◦C for 5 min at the injection port of the GC
apparatus (Model 7890B; Agilent) in a shunt-free mode. The
model of the mass spectrum was 7000D (Agilent); capillary
column: 30 m × 0.25 mm × 0.25 µm DB-5 ms (5% phenyl
polymethylsiloxane); carrier gas: helium, with a linear velocity
of 1.0 mL/min; injector temperature: 250◦C; and detector
temperature: 280◦C. The oven temperature was programmed
from 40◦C for 5 min and increased at 6◦C/min to 280◦C for

1http://www.kegg.jp/
2http://www.Plantcyc.org/
3http://metax.genomics.cn/
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5 min; electron impact ionization mode: 70 eV; quadrupole mass
detector temperature: 150◦C; ion source temperature: 230◦C;
transfer line temperature: 280◦C. The scanning range of MS
was m/z 50–500 AMU, and the interval was 1 s. The volatile
compounds were identified by comparing MS with the data
system library (MWGC or NIST) and linear retention index.

Constriction of RNA-Sequencing
Libraries
The total RNA was extracted by RNA extraction kit (TIANGEN,
Beijing, Biotech, China) following the manufacturer’s
instructions. Furthermore, 1% agarose gels electrophoresis
was used to analyze the integrity of RNA and any other
contamination. The purity of RNA was detected by Nanodrop
Nano Photometer (IMPLEN, GmbH, Munich, Germany); RNA
concentration was measured by Qubit 2.0 Fluorometer, and
the integrity of RNA was checked accurately by Agilent 2100
biological analyzer. Sequencing libraries were established using
the NEBNext R© UltraTM RNA Library Prep Kit for Illumina R©

(NEB, United States) and sequenced on an Illumina HiSeq
platform, and 125-bp/150-bp paired-end reads were generated.
After the libraries’ detection, the sequencing was performed
on the Illumina HiSeq platform. Raw reads were filtered
to get good quality reads. Data were thoroughly checked
to identify any false reads; moreover, GC content was also
monitored, so that clean reads were obtained and can be used
for the subsequent steps. Hisat2 was used to sequence clean
reads with the reference genome (97103 V2)4. Transcripts or
gene expression levels were measured by calculating FPKM
(fragments per kilobase of transcript per million fragments
mapped) (Mortazavi et al., 2008). Deseq2 (Love et al., 2014; Varet
et al., 2016) was used to analyze differential gene expression
among different samples. After that, multiple hypothesis tests
were used to correct the hypothesis test probability (P-value) by
Benjamin Hochberg to obtain the false discovery rate (FDR), and
the Bioconductor package CusterProfller was used for KEGG
enrichment analysis.

Differential Metabolites and Genes
Analysis
For the analysis of differentially accumulated metabolites
(DAMs), the two developmental stages’ screening criteria
were as follows: (1) The metabolite accumulation levels were
that fold change ≥ 2 or fold change ≤ 0.5; (2) based on
the OPLS-DA model analysis results, metabolites with VIP
(variable importance in project) ≥ 1 (Yuan et al., 2018). The
relative contents of differential metabolites were standardized
and centralized before analysis. For DEGs between two
developmental stages, the screening criteria were | log2fold
change| ≥ 1 and FDR < 0.05. Principal component analysis
(PCA) diagram, hierarchical clustering analysis diagram, and
Venn diagram were drawn by R software package, and the
Pearson correlation coefficient (PCC) of genes and metabolites
was calculated by the COR program in R. Coexpression analysis

4http://cucurbitgenomics.org/organism/21

network diagram drawn by Cytoscape software (version 3.7.1)
(Kohl et al., 2011).

RESULTS

The Ripeness of the Watermelon Fruit Is
Adapted to the Formation of the Flavor
The most notable difference was that as watermelon fruits
develop and ripen, the color of the flesh changes from light
white to bright red (Figure 1A); at the same time, through taste
evaluation, it was found that at 10 DAP, the taste of watermelon
fruit was light, but at 34 DAP, the taste of watermelon became
sweet and delicious; this corresponds to olfactory perception;
at 10 DAP, the intensity of aroma was not much pleasant,
but with a fresh and pleasant aroma at 34 DAP. Notably,
significant phenotypic variation was obtained. Average fruit
weight increased rapidly from 1.57 kg at 10 DAP to 4.04 kg at
18 DAP, and no significant difference was observed from 26 to
34 DAP (Figure 1B). An increasing trend was observed for TSS
content at all development stages, i.e., 4.97, 7.87, 9.77, and 10.67
at 10, 18, 26, and 34 DAP (Figure 1C), respectively, whereas
watermelon flesh’s firmness was measured as 2.72, 2.05, 1.68, and
1.27 kg/cm2 at 10, 18, 26, and 34 DAP (Figure 1D), which has
an opposite trend compared with fruit weight and TSS. pH can
reflect the change of watermelon acidity, high pH is consistent
with low acidity. pH values were recorded as 4.95, 5.14, 5.33,
and 5.66 at 10, 18, 26, and 34 DAP (Figure 1E), respectively,
indicating a decrease in acidity during fruit development. As the
fruit grows heavier and softer during watermelon development
and ripening, the taste and aroma of the fruit become better.
Changes of TSS and pH correspond to an increase in sweetness
and a decrease in acidity, often caused by metabolite changes.

Overview of Metabolite Accumulation
Patterns During Watermelon Fruit
Development and Analysis of Key
Metabolites Related to Taste
With the development of watermelon fruit, a variety of
metabolites were synthesized and degraded. As taste results
from the interaction of multiple metabolites, enhancing
the information of metabolite changes is conducive to a
more comprehensive understanding of watermelon taste
formation. Therefore, we have carried out a widely targeted
metabolomics method to detect metabolites to recognize
metabolite accumulation patterns on a global level. A total of
443 metabolites were detected at different developmental stages,
i.e., 10, 18, 26, and 34 DAP by UPLC–ESI–MS/MS. The PCA
results showed that the first three principal components explain
35.81, 19.94, and 12.22% of the samples’ variance, respectively
(Figure 2A), and the heat map of metabolites can clearly
distinguish the watermelon samples at different developmental
stages (Supplementary Figure 1). These metabolites contain 135
flavonoids, 60 amino acids and derivatives, 56 lipids, 54 phenolic
acids, 53 others, 35 organic acids, 33 nucleotides and derivatives,
and 17 alkaloids (Figure 2B and Supplementary Table 1), which
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FIGURE 1 | Physiological characteristics of ‘Crimson’ watermelon fruit. (A) The appearance of ‘Crimson’ at four key development stages (10, 18, 26, and 34 DAP).
(B–E) Fruit weight, TSS content (Brix%), flesh firmness, and pH during different development stages of ‘Crimson’ watermelon fruit, respectively. And each stage of
these four agronomic traits took three biological replicates.
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FIGURE 2 | The analysis results of the metabolic profiles obtained by LC–MS during the development of watermelon fruit. (A) Principal component analysis (PCA)
score plot of all metabolites in 12 samples. KL1, KL2, KL3, and KL4 represent the samples at 10, 18, 26, and 34 days after pollination, respectively (DAP). The
samples with the same color represent three biological replications of the same period. (B) Pie chart of the classification of 443 metabolites. (C) The number of
differentially accumulation metabolites (DAMs) by comparing KL1 vs. KL2, KL2 vs. KL3, and KL3 vs. KL4. Green represents the number of up-regulated metabolites,
On the contrary, orange stands for down-regulation. (D) Dynamics of Metabolite during four development stages. The bold black line represents the average pattern
of all candidate metabolites in each class; the different colored lines represent different classes, and each line represents the average relative value of the metabolite
over three biological replicates.

shows the diversity of metabolites during watermelon fruit
flesh development.

To further clarify the accumulation pattern of different
metabolites during watermelon fruit development, K-means
clustering algorithm was performed. Three hundred twenty-
one DAMs were obtained by comparing the metabolites at
different developmental stages, and 121, 183, and 124 DAMs
were screened by comparing KL1 (10 DAP) vs. KL2 (18 DAP),
KL2 vs. KL3, and KL3 (26 DAP) vs. KL4 (34 DAP),
respectively (Supplementary Table 2). Significantly, KL2 vs.
KL3 had the most significant down-regulated metabolites
(115), and KL3 vs. KL4 had the largest number of up-
regulated metabolites (96) (Figure 2C), indicating that there
was a more active metabolic activity from 18 to 34 DAP,
which is the key period of watermelon flavor formation.
Nine classes were obtained through the analysis of all the

DAMs, among which the content of candidate metabolites
in classes 1 and 7 presented an increasing trend, with 49
and 52 DAMs, respectively, such as sucrose citrulline and
histidine; in contrast, 65 candidate DAMs in class 4 showed a
decreasing trend, similarly, in classes 5 and 6, the metabolites
also showed a downward trend during the watermelon flesh
development, and there were 30 and 38 candidate DAMs, such
as naringenin chalcone, vanillin, salicylic acid, and adenosine
(Figure 2D and Supplementary Table 1). Watermelon flavor is
derived from the interaction of multiple metabolites, and the
watermelon fruit has better flavor during its development, so
the metabolites in classes 1 and 7 can be used as potential
flavor-related metabolites.

Sugars and organic acids play an important role in the
taste formation of watermelon fruits. The K-means cluster
analysis included 9 different sugars and 21 different organic
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acids. Among them, all nine sugars were enriched in class 1
(Supplementary Table 1), such as glucose, trehaloseanhydrous,
trehalose 6-phosphate, and sucrose, and showed the same
trend with TSS, indicating that these sugars were accumulated
during the development of fruit and were responsible for
the sweetness of the mature watermelon. The 11 organic
acids, including shikimic acid and citridic acid, have a
negative accumulation trend and were enriched in classes
4, 5, and 6, which may be adapted to the increase of
pH during watermelon fruit development. These key
metabolites are thought to be related to the formation of
watermelon taste.

As fatty acids are important prerequisites for the generation
of alcohols/aldehydes and other VOCs, we analyze the
accumulation pattern of fatty acids here to increase our
understanding of the synthesis of aroma-related metabolites.
It is worth noting that of 16 differential free fatty acids, all but
pentadecanoic acids were enriched in class 4, suggesting that the
content of free fatty acids decreases during the development of
watermelon fruits. However, the aroma of watermelon increased
during ripening, so the degradation of free fatty acids was
considered related to the synthesis of VOCs. Subsequently,
VOCs, especially the metabolites of the LOX pathway, were
further determined to understand the formation of watermelon
aroma during fruit development.

Eleven of the 74 VOCs Were Significantly
Related to the Formation of Aroma
During the Development of Watermelon
Fruit
To provide insights into the formation of watermelon flesh
aroma, VOCs were measured by GC–SPME–MS. Here, a total
of 74 VOCs were detected, including 27 hydrocarbons, 15
ketones, 7 aldehydes, 5 benzene and its derivatives, 5 esters,
3 alcohols, and 12 others (Figure 3A and Supplementary
Table 3). By comparing KL1 vs. KL2, KL2 vs. KL3, and KL3
vs. KL4, a total of 23 differentially accumulated VOCs were
detected, and there were 12 (11 up-regulated and 1 down-
regulated), 14 (11 up-regulated and 3 down-regulated), and
14 metabolites (all up-regulated), respectively (Figure 3B and
Supplementary Table 4), among which, decane, 5-methyl-; 2-
nonenal, (E)-; and 3-ethyl-3-methylheptane were the different
common metabolites.

Furthermore, hierarchical clustering analysis showed
that the accumulation of DAMs was developmental stage-
specific (Figure 3C). It can be clearly observed that
2-hexenal, (E)- has a higher accumulation at 10 DAP,
whereas 2-heptanone, 4,6-dimethyl-; undecane, 3,9-
dimethyl-; 5,9-undecadien-2-one, 6,10- dimethyl-,(E)-;
2,6-nonadienal,(E,Z)-; 2-nonenal, (E)-; 3-nonen-1-ol, (Z)-;
ethanone, 1-(4-methylphenyl)-; 3-buten-2-one,4-(2,6,6-
trimethyl-1-cyclohexen-1-yl)-; 3,6-nonadien-1-ol, (E,Z)-;
and 1-(Furan-2-yl)-2-methylpentan-1-one were significantly
enriched at 34 DAP. These 11 VOCs were defined as the
top abundant components of aroma. Interestingly, we
found that the important VOCs such as 2-hexenal, (E)-;

3,6-nonadien-1-ol, (E,Z)-; 2,6-nonadienal, (E,Z)-; 3-nonen-
1-ol, (Z)-; and 2-nonenal, (E)-, which were synthesized by
the LOX pathway, were significantly enriched in different
development stages.

K-Means Clustering Analysis Divides the
Expression Pattern of DEGs Into Six
Classes
To further investigate changes in gene expression during
watermelon fruit at four developmental stages, transcriptome
sequencing was performed on 12 samples, and a total of 98.22-
Gb clean data were obtained. The clean data of each sample
reached six Gb, and the Q30 base percentage was 90% or greater.
FPKM was calculated as an index to measure the expression level
of transcripts or genes (Supplementary Table 5). Correlation
analysis was conducted by calculating PCC, and the results
showed that for the three samples in the same period, R2

was all greater than 0.9 (Supplementary Figure 2A), indicating
good reproducibility between test samples. Overall, the obtained
sequencing data were of high quality and could be performed for
further analysis. The transcriptome data of watermelon flesh at
different developmental stages were separated by PCA, and PC1
and PC2 were 45.63 and 16.6%, respectively (Supplementary
Figure 2B). These results suggest that our samples have good
reproducibility, and there are significant differences in gene
expression levels of samples in different development stages.

Different genes in an organism perform different biological
functions through interaction, and the pathway annotation
analysis of DEGs helps to further interpret the functions of genes.
Through KEGG annotation, it was found that the most abundant
KEGG terms were metabolic pathways and biosynthesis of
secondary metabolites (Supplementary Figure 3), implying that
genes were involved in a variety of metabolic activities during
watermelon fruit development.

Similar to metabolite analysis results, hierarchical clustering
analysis showed that DEGs were characterized by specific
expression at different developmental stages of watermelon fruit
(Supplementary Figure 4A), suggesting a potential relationship
between genes and metabolites. To understand gene expression
patterns during watermelon fruit development, the K-means
clustering algorithm was used. K-means cluster analysis results
showed that DEGs were divided into six classes, from 10 DAP
to 34 DAP (Supplementary Figure 4B). Genes of classes 1 and 2
have 2,376 and 3,199 genes, respectively, and showed a downward
expression trend, and these genes may play a regulatory role in
metabolite accumulation during fruit development; conversely,
the DEGs of class 4 (1,549) and class 5 (1,531) was up-regulated
during watermelon development, as metabolites associated
with flavor formation are positively accumulated during the
developmental process of watermelon; therefore, these genes
may play an important role in regulating the metabolites
associated with flavor-related metabolites. Transcription factors
(TFs) may regulate the transcription of multiple genes during
gene regulation; as shown here, it is worth noting that by
comparing KL1 vs. KL2, KL2 vs. KL3, and KL3 vs. KL4,
we found 300, 462, and 258 TFs were identified, respectively.
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FIGURE 3 | Classification of volatile organic compounds (VOCs) detected by GC–MS and analysis of differential metabolites. (A) Pie chart of the classification of 74
VOCs. (B) Venn diagram of the number of differential accumulation VOCs by comparing KL1 vs. KL2, KL2 vs. KL3, and KL3 vs. KL4. (C) Hierarchical clustering heat
map of 23 differential accumulation VOCs in 12 samples, KL1, KL2, KL3, and KL4 represent the samples at 10, 18, 26, and 34 DAP, and -1, -2, and -3 represent
different samples from the same period.

Furthermore, the statistics show that there were 162, 271, 86,
48, 80, and 54 TFs with differential expression from class 1
to class 6 (Supplementary Figure 4C). The same expression
trend was found in TFs and all genes, suggesting that TFs
play an important role in regulating structural genes during
watermelon fruit development. Similarly, genes with the same or
opposite accumulation patterns are more likely to regulate the
accumulation of metabolites.

Integrating Related Genes and
Metabolites in the Glycolytic Pathway
Provides Molecular Insights Into the
Formation of Sweet Taste
Sweetness is the most important taste in fruit, and it is the
most attractive characteristic of the cultivated watermelon fruit
flesh (Guo et al., 2015). The synthesis and degradation of
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sugars are usually dependent on glycolytic pathways, which
provide energy for living organisms and provide substrates to
synthesize many metabolites. To explore the potential links
between the metabolome and the transcriptome data, sugars
and DEGs were allocated to glycolysis pathways (Figure 4).
Through data integration analysis, for genes, we observed that
important genes in glycolytic pathway were highly expressed
in 26 and 34 DAP. Most of these genes were enriched in
classes 4 and 5 (with up-regulated expression trend, marked
in Figure 4), suggesting that vigorous metabolic activities were
carried out during fruit development; sugars, such as glucose
and sucrose, positively accumulated with fruit development. As
the expression of genes and the accumulation of sugars have
the same trend, the accumulation of sugars may be mainly
the regulation from the transcriptional level. In conclusion,
sugars provide substrates for the active development of glycolytic
pathway, and the positive expression of glycolytic pathway genes
also promotes the accumulation of sugars; the formation of
sweet taste in watermelon fruit was relatively consistent with the
vigorous gene activity.

Coexpression Analysis of Lipid
Metabolites Related Genes in LOX
Pathway Provided Insights Into the
Formation of Watermelon Aroma
C9 alcohols and aldehydes produced by the LOX pathway
are important aroma metabolite components in watermelon
development. LOX pathway uses linolenic acid as the precursor
to synthesizing related VOCs under the regulation of a series of
genes. LOX and ADH (alcohol dehydrogenase) have been shown
to play a key role in the synthesis of alcohols and aldehydes
(Dudareva et al., 2013).

For further clarification of this study, we screened DEGs
by reference genome (see text footnote 4) search combined
with FPKM having a period greater than at least 10. Thus, 3
LOX and 11 ADH were screened (Figure 5). We can observe
that the contents of C6 VOCs (hexanal and 2-hexenal, (E)-)
are higher when the watermelon was immature, whereas the
contents of C9 VOCs (2,6-nonadienal, (E,Z); 2-nonenal, (E)-;
3,6-nonadien-1-ol, (E,Z)-; and 3-nonen-1-ol (Z)-) are higher
when the watermelon was mature, indicating that the C9 alcohols
and aldehydes were the main aroma metabolites of watermelon.
LOX (Cla97C06G115570) and eight ADHs (Cla97C09G172570,
Cla97C01G013600, Cla97C05G092340, Cla97C05G089700,
Cla97C01G001290, Cla97C05G095170, Cla97C08G152400,
Cla97C06G118330) in class 4 or 5 showed the same trend as the
C9 VOCs. It is worth noting that the results of PCC analysis
between genes and metabolites showed that five ADH genes,
i.e., Cla97C01G013600, Cla97C05G089700, Cla97C01G001290,
Cla97C05G095170, and Cla97C06G118330 were associated
with the metabolite 2,6-nonadienal, (E,Z); 2-nonenal, (E)-;
3,6-nonadien-1-ol, (E,Z)-; and 3-nonen-1-ol, (Z)- and had a
highly positive correlation (Supplementary Figure 5), which
suggests that these genes may play an important regulatory
role in the synthesis of metabolites. In conclusion, four key C9
aldehyde/alcohol compounds to the formation of watermelon

aroma are closely related to five ADHs with the same expression
trend, providing new ideas and important data on the formation
of watermelon aroma.

DISCUSSION

Metabolome is often thought of as a ‘readout’ of physiological
states (Fang et al., 2019). Therefore, it is widely used in the
study of plant growth and development, biological and abiotic
stress, etc. The metabolome provides an essential means for the
study of the nutrition and flavor of watermelon. In previous
study, 18 kinds of lycopene, 3 kinds of sugars, 5 kinds of organic
acids, and 16 kinds of VOCs were detected in 12 watermelon
cultivars by HPLC, GC–flame-ionization detection, and GC–
MS (Liu et al., 2012), which increased the understanding of
the difference of metabolites in flesh of different flesh color.
Although metabolome detection technology has made rapid
progress, studies on metabolites in watermelon were usually
focused only on a small number of metabolites, such as sucrose,
glucose, and malic acid (Gao et al., 2018b; Umer et al., 2020).
And the overall understanding of the metabolic profile during
watermelon fruit development remains rare. Metabolic profiles
of the four developmental stages showed that the levels of 321 of
the 443 metabolites differed in at least one developmental stage by
LC–MS analysis. Simultaneously, 23 of 74 VOCs had differences,
which were analyzed by GC–MS. Such significant changes in
multiple metabolites during development have also been found
in fruits such as apples (Xu et al., 2020). Here, we have built a
global map of the significant metabolic changes that occur during
watermelon fruit development.

Flavor is the sum of taste and aroma; moreover, sweet and
sour taste is an important index to measure the taste of fruit,
and VOCs can cause the production of fruit aroma. The mature
watermelon had better taste, so the metabolites in classes 1 and
7 were more likely to be taste related. Sugar accumulation is an
important feature of watermelon development and maturation.
All the nine different accumulated sugars were enriched in class
1, which was consistent with the accumulation trend of TSS by
Guo et al. (2015). Furthermore, we found that most essential
amino acids such as L-tryptophan, L-proline, L-histidine, and
other metabolites were also enriched in these two classes, which
combined with watermelon had better taste at maturity stage. The
increase in pH indicates that the acidity of watermelon decreases
during the development process, which may be related to the
decrease of 11 organic acids obtained by our analysis. However,
malic acid and citric acid were closely related to acidity formation
(Gao et al., 2018b), with the former having no significant change
and the latter increasing in content. Consider that the acidity may
also be related to the concentration of hydrogen ions and the
concentration of the buffer. Therefore, during the development
of commercial watermelon fruit, the increase of acidity may result
from the comprehensive action of many factors. VOCs are closely
related to aroma, we screened 11 metabolites that may be more
strongly associated with flavor from 23 different VOCs. Along
with them, 2-hexenal, (E)- was thought to have the scent of leaves
(Bianchi et al., 2020), and unsaturated C9 aliphatic aldehydes
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FIGURE 4 | The expression profile of important regulatory genes and the accumulation patterns of sugars in the glycolytic pathway during four important
developmental periods. In the color scale, each cube metabolized the average of three replicates in the same period. The metabolite data were standardized by the
logarithm of 10, and the gene was the logarithm of 2; red or orange represents a higher relative content, but blue or green represents a lower relative content, from
left to right represents the average relative content of metabolites at 10, 18, 26, and 34 DAP, respectively. The red triangle represents that the enriched genes in class
4 and class 5 are in the K-means clustering analysis, showing a tendency of up-regulation.
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FIGURE 5 | Accumulation patterns of C6 and C9 alcohols/aldehydes synthesized by lipoxygenase pathway and expression patterns of key genes. LOX,
lipoxygenase; ADH, alcohol dehydrogenase; ISO, isomerase. In the color scale, each cube metabolized the average of three replicates in the same period. The
metabolite data were standardized by the logarithm of 10, and the gene was the logarithm of 2; red and orange represent a higher relative content, and blue
represents a lower relative content. From left to right represents the average relative expression of metabolites at 10, 18, 26, 34 DAP, respectively. The gene
expression profile information is shown in Supplementary Table 6.

and alcohol are considered to be the prevalent compounds in
watermelon (Hatanaka et al., 1975). Besides, 5,9-undecadien-2-
one,6,10- dimethyl-,(E)- and 3-buten-2-one,4-(2,6,6-trimethyl-
1-cyclohexen-1-yl)- were thought to be related to the content
of carotenoids (Liu et al., 2012). Our study provides a more
comprehensive VOC profile of watermelon than before. Further,
we could combine sensory evaluation, as in tomatoes (Tieman
et al., 2017), to mine for metabolites associated with flavor, in line
with consumer preferences.

Transcriptome has made progress in studies on watermelon
flesh hardness, color, soluble solids, etc. (Guo et al., 2015; Zhu
et al., 2017; Gao et al., 2018b; Sun et al., 2020). The transcriptional
profiling analysis by K-means clustering has been applied to
tomato and other crops earlier (Srivastava et al., 2010). Still,
there is a lack of relevant research reports in watermelon. We
obtained a total of six classes through cluster analysis, among
which, the DEGs in classes 4 and 5 tended to be up-regulated.
In order to confirm the reliability of the clustering results, we
found that an α-galactosidase, Cla97C04G070460, can metabolize
stachyose and raffinose into disaccharides and monosaccharides,
located in class 4 (Supplementary Figure 6A; Guo et al.,
2019). A PSY gene, Cla97C01G008760, belonging to class 5, was
the first rate-limiting enzyme in the carotenoid pathway and
showed a consistent expression pattern with the accumulation
of carotenoids (Supplementary Figure 6B; Sun et al., 2018;
Guo et al., 2019). Similarly, Cla97C10G20570 is a phosphate
transporter located in class 5, which is essential for carotenoid

accumulation in fruits, showing a continuous accumulation
pattern (Supplementary Figure 6C; Zhang et al., 2017). Besides
this, we found the LCYB gene, Cla97C04G070940, a vital gene
controlling carotenoid synthesis, had no significant difference,
which was consistent with previous studies (Supplementary
Figure 6D; Zhang et al., 2020). The results can reflect that our
analysis method is effective; genes with the same trend have a
regulatory effect on metabolites.

Combined transcriptome and metabolome analysis provides
an important tool for the mining of metabolic networks
and key genes. For example, in mulberry, the key genes
regulating anthocyanins and proanthocyanidins were mined
through integration analysis, and further verification showed that
the abnormal expression of bHLH3 could disrupt the homeostasis
network of flavonoids and lead to differential accumulation of
pigments in mulberry with different colors (Li et al., 2020).
Wei et al. (2016) discovered the key genes that regulate VOCs
in cucumber through integrated analysis and confirmed that
functional heteromeric geranyl pyrophosphate synthase played
a regulatory role in the accumulation of monoterpenes. In this
study, we established the relationship between carbohydrate
and glycolysis pathway genes through integration analysis, and
the coexpression analysis found that five ADH genes regulate
the synthesis of volatile C9 alcohols/aldehydes. ADH is an
important gene involved in the conversion of alcohols and
aldehydes;the expression of CMADH3 and CMADH12 was
positively correlated with the key volatile compounds in melon
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(Chen et al., 2016). Our research has provided important data
support for the formation of watermelon fruit flavor. Next,
we will further combine biochemical experiments to verify the
function of candidate genes.

CONCLUSION

In summary, our results provide a global map of
the transcriptome and metabolome during watermelon
development. Five hundred seventeen metabolites were detected
to be specifically accumulated at different developmental
stages, and 344 metabolites were differentially accumulated,
indicating that active metabolic activities occurred during
development. Besides, genes with similar expression trends were
identified by K-means clustering analysis. With the increase of
sweetness and the decrease of acidity during the development
process, watermelon tastes better, and 9 sugars with positive
accumulation mode and 11 negative accumulation mode organic
acids with negative accumulation mode are thought to play
important roles. Eleven different VOCs, such as 5,9-undecadien-
2-one,6,10-dimethyl- and 2,6-nonadienal, (E,Z)-, were positively
accumulated during watermelon fruit development and were
identified as key metabolites for watermelon aroma formation.
Further, the integration of important genes in the glycolytic and
LOX pathways provides molecular insights into the formation of
flavor formation. In conclusion, we constructed a global map of
transcriptome and metabolome changes during watermelon fruit
flavor formation and provide valuable data resources for further
studies on multi-omics linked with metabolomics.

DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online
repositories. The names of the repository/repositories and
accession number(s) can be found below: NCBI BioProject,
accession no: PRJNA703434.

AUTHOR CONTRIBUTIONS

WL and CG conceived and designed the experiments. WL,
SZ, NH, and XL collected the watermelon accessions and
participated in the material preparation. CG, WD, HZ, PY,
and DY performed the experiments and analyzed the data. WL
and CG wrote the manuscript. MU, MA, and MK proofread
manuscripts. All authors contributed to the article and approved
the submitted version.

FUNDING

This research was supported by the Agricultural Science and
Technology Innovation Program (CAAS-ASTIP-2021-ZFRI),
the China Agriculture Research System (CARS-25-03), the
National Key R&D Program of China (2018YFD0100704),
and the National Nature Science Foundation of China
(31672178 and 31471893).

ACKNOWLEDGMENTS

We sincerely thank the editors and reviewers for their
contributions. We thank the staff of Wuhan Metware
Biotechnology Co., Ltd. (Wuhan, China), for their support
of the determination and analysis of metabolites. We
also thank Henan Key Laboratory of Fruit and Cucurbit
Biology for providing transcriptome detection and analysis in
our experiment.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fpls.2021.
629361/full#supplementary-material

Supplementary Figure 1 | Hierarchical clustering analysis of all 443 metabolites.

Supplementary Figure 2 | Correlation analysis of transcriptome data in
watermelonflesh at four key developmental stages.

Supplementary Figure 3 | KEGG pathway statistical analysis of differentially
expressed genes (DEGs).

Supplementary Figure 4 | Gene expression profile during the development of
‘Crimson’ watermelon fruit.

Supplementary Figure 5 | Network representation of genes related to lipids.

Supplementary Figure 6 | The FPKM of the gene has been previously reported.

Supplementary Table 1 | The relative expression of 443 metabolites detected by
UPLC-ESI-MS/MS of 12 samples.

Supplementary Table 2 | The information of differential accumulation of
metabolites detected by UPLC-ESI-MS/MS.

Supplementary Table 3 | Relative expression levels of volatile organic
compounds in 12 samples.

Supplementary Table 4 | Differential expression of volatile organic compounds at
four development stages.

Supplementary Table 5 | The FPKM value of the gene was found in 12 samples.

Supplementary Table 6 | The Pearson correlation coefficient between lipidS and
genes.

REFERENCES
Barrett, D. M., Beaulieu, J. C., and Shewfelt, R. (2010). Color, flavor, texture,

and nutritional quality of fresh-cut fruits and vegetables: desirable levels,
instrumental and sensory measurement, and the effects of processing. Crit. Rev.
Food Sci. Nutr. 50, 369–389. doi: 10.1080/10408391003626322

Bianchi, G., Provenzi, L., and Rizzolo, A. (2020). Evolution of volatile compounds
in ‘Cuoredolce§’ and ‘Rugby’ mini- watermelons (Citrullus lanatus (Thunb.)
Matsumura and Nakai) in relation to ripening at harvest. J. Sci. Food Agric. 100,
945–952. doi: 10.1002/jsfa.10023

Chen, H., Cao, S., Jin, Y., Tang, Y., and Qi, H. (2016). The relationship between
CmADHs and the diversity of volatile organic compounds of three aroma

Frontiers in Plant Science | www.frontiersin.org 12 May 2021 | Volume 12 | Article 629361

https://www.frontiersin.org/articles/10.3389/fpls.2021.629361/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2021.629361/full#supplementary-material
https://doi.org/10.1080/10408391003626322
https://doi.org/10.1002/jsfa.10023
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


fpls-12-629361 May 11, 2021 Time: 13:45 # 13

Gong et al. Formation of Watermelon Flavor

types of melon (Cucumis melo). Front. Physiol. 7:254. doi: 10.3389/fphys.2016.
00254

Chen, W., Gong, L., Guo, Z., Wang, W., Zhang, H., Liu, X., et al. (2013). A novel
integrated method for large-scale detection, identification, and quantification of
widely targeted metabolites: application in the study of rice metabolomics. Mol.
Plant 6, 1769–1780. doi: 10.1093/mp/sst080

Dudareva, N., Klempien, A., Muhlemann, J. K., and Kaplan, I. (2013). Biosynthesis,
function and metabolic engineering of plant volatile organic compounds. New
Phytol. 198, 16–32. doi: 10.1111/nph.12145

Fang, C., Fernie, A. R., and Luo, J. (2019). Exploring the diversity of plant
metabolism. Trends Plant Sci. 24, 83–98. doi: 10.1016/j.tplants.2018.09.006

Forss, D. A., Dunstone, E. A., Ramshaw, E. H., and Stark, W. (1962). The flavor of
cucumbers. J. Food Sci. 27, 90–93. doi: 10.1111/j.1365-2621.1962.tb00064.x

Gao, L., Zhao, S., Lu, X., He, N., and Wenge, L. (2018a). ‘SW’, a new watermelon
cultivar with a sweet and sour flavor. HortScience 53, 895–896. doi: 10.21273/
HORTSCI12857-18

Gao, L., Zhao, S., Lu, X., He, N., Zhu, H., Dou, J., et al. (2018b). Comparative
transcriptome analysis reveals key genes potentially related to soluble sugar
and organic acid accumulation in watermelon. PLoS One 13:e0190096. doi:
10.1371/journal.pone.0190096

Guo, S., Sun, H., Zhang, H., Liu, J., Ren, Y., Gong, G., et al. (2015).
Comparative transcriptome analysis of cultivated and wild watermelon during
fruit development. PLoS One 10:e0130267. doi: 10.1371/journal.pone.0130267

Guo, S., Zhang, J., Sun, H., Salse, J., Lucas, W. J., Zhang, H., et al. (2013). The
draft genome of watermelon (Citrullus lanatus) and resequencing of 20 diverse
accessions. Nat. Genet. 45, 51–58. doi: 10.1038/ng.2470

Guo, S., Zhao, S., Sun, H., Wang, X., Wu, S., Lin, T., et al. (2019). Resequencing
of 414 cultivated and wild watermelon accessions identifies selection for fruit
quality traits. Nat. Genet. 51, 1616–1623. doi: 10.1038/s41588-019-0518-4

Hatanaka, A., Kajiwara, T., and Harada, T. (1975). Biosynthetic pathway
of cucumber alcohol: trans-2,cis-6-nonadienol via cis-3,cis-6-nonadienal.
Phytochemistry 14, 2589–2592. doi: 10.1016/0031-9422(75)85230-7

Kohl, M., Wiese, S., and Warscheid, B. (2011). Cytoscape: software for visualization
and analysis of biological networks. Methods Mol. Biol. 696, 291–303. doi:
10.1007/978-1-60761-987-1_18

Kyriacou, M. C., and Rouphael, Y. (2018). Towards a new definition of quality for
fresh fruits and vegetables. Sci. Horticult. 234, 463–469. doi: 10.1016/j.scienta.
2017.09.046

Li, H., Yang, Z., Zeng, Q., Wang, S., Luo, Y., Huang, Y., et al. (2020). Abnormal
expression of bHLH3 disrupts a flavonoid homeostasis network, causing
differences in pigment composition among mulberry fruits. Hortic. Res. 7:83.
doi: 10.1038/s41438-020-0302-8

Liu, C., Zhang, H., Dai, Z., Liu, X., Liu, Y., Deng, X., et al. (2012). Volatile chemical
and carotenoid profiles in watermelons [Citrullus vulgaris (Thunb.) Schrad
(Cucurbitaceae)] with different flesh colors. Food Sci. Biotechnol. 21, 531–541.
doi: 10.1007/s10068-012-0068-3

Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold
change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15:550.
doi: 10.1186/s13059-014-0550-8

Luo, J. (2015). Metabolite-based genome-wide association studies in plants. Curr.
Opin. Plant Biol. 24, 31–38. doi: 10.1016/j.pbi.2015.01.006

Moing, A., Aharoni, A., Biais, B., Rogachev, I., Meir, S., Brodsky, L., et al.
(2011). Extensive metabolic cross-talk in melon fruit revealed by spatial and
developmental combinatorial metabolomics. New Phytol. 190, 683–696. doi:
10.1111/j.1469-8137.2010.03626.x

Mortazavi, A., Williams, B. A., Mccue, K., Schaeffer, L., and Wold, B. (2008).
Mapping and quantifying mammalian transcriptomes by RNA-Seq. Nat.
Methods 5:621. doi: 10.1038/nmeth.1226

Nativ, N., Hacham, Y., Hershenhorn, J., Dor, E., and Amir, R. (2017). Metabolic
investigation of Phelipanche aegyptiaca reveals significant changes during
developmental stages and in its different organs. Front. Plant Sci. 8:491. doi:
10.3389/fpls.2017.00491

Qin, G., Liu, C., Li, J., Qi, Y., Gao, Z., Zhang, X., et al. (2020). Diversity of metabolite
accumulation patterns in inner and outer seed coats of pomegranate: exploring
their relationship with genetic mechanisms of seed coat development. Hortic.
Res. 7:10. doi: 10.1038/s41438-019-0233-4

Ramirez, J. L., Du, X., and Wallace, R. W. (2020). Investigating sensory properties
of seven watermelon varieties and factors impacting refreshing perception
using quantitative descriptive analysis. Food Res. Int. 138:109681. doi: 10.1016/
j.foodres.2020.109681

Soteriou, G. A., Kyriacou, M. C., Siomos, A. S., and Gerasopoulos, D.
(2014). Evolution of watermelon fruit physicochemical and phytochemical
composition during ripening as affected by grafting. Food Chem. 165, 282–289.
doi: 10.1016/j.foodchem.2014.04.120

Srivastava, A., Gupta, A., Datsenka, T., Mattoo, A., and Handa, A. (2010). Maturity
and ripening-stage specific modulation of tomato (Solanum lycopersicum) fruit
transcriptome. GM Crops 1, 237–249. doi: 10.4161/gmcr.1.4.13737

Sun, L., Zhang, Y., Cui, H., Zhang, L., Sha, T., Wang, C., et al. (2020). Linkage
mapping and comparative transcriptome analysis of firmness in watermelon
(Citrullus lanatus). Front. Plant Sci. 11:831. doi: 10.3389/fpls.2020.00831

Sun, T., Yuan, H., Cao, H., Yazdani, M., Tadmor, Y., and Li, L. (2018). Carotenoid
metabolism in plants: the role of plastids. Mol. Plant 11, 58–74. doi: 10.1016/j.
molp.2017.09.010

Tieman, D., Zhu, G., Resende, M. F. R., Lin, T., Nguyen, C., Bies, D., et al. (2017).
A chemical genetic roadmap to improved tomato flavor. Science 355, 391–394.
doi: 10.1126/science.aal1556

Umer, M. J., Bin Safdar, L., Gebremeskel, H., Zhao, S., Yuan, P., Zhu, H., et al.
(2020). Identification of key gene networks controlling organic acid and sugar
metabolism during watermelon fruit development by integrating metabolic
phenotypes and gene expression profiles. Hortic. Res. 7:193. doi: 10.1038/
s41438-020-00416-8

Varet, H., Brillet-Guéguen, L., Coppée, J.-Y., and Dillies, M.-A. (2016). SARTools:
a DESeq2- and EdgeR-based R pipeline for comprehensive differential analysis
of RNA-Seq data. PLoS One 11:e0157022. doi: 10.1371/journal.pone.0157022

Wei, G., Tian, P., Zhang, F., Qin, H., Miao, H., Chen, Q., et al. (2016). Integrative
analyses of nontargeted volatile profiling and transcriptome data provide
molecular insight into VOC diversity in cucumber plants (Cucumis sativus).
Plant Physiol. 172, 603–618. doi: 10.1104/pp.16.01051

Xu, J., Yan, J., Li, W., Wang, Q., Wang, C., Guo, J., et al. (2020). Integrative analyses
of widely targeted metabolic profiling and transcriptome data reveals molecular
insight into metabolomic variations during apple (Malus domestica) fruit
development and ripening. Int. J. Mol. Sci. 21:4797. doi: 10.3390/ijms21134797

Yuan, H., Zeng, X., Shi, J., Xu, Q., Wang, Y., Jabu, D., et al. (2018). Time-course
comparative metabolite profiling under osmotic stress in tolerant and sensitive
Tibetan Hulless Barley. BioMed Res. Int. 2018:9415409. doi: 10.1155/2018/
9415409

Zhang, J., Guo, S., Ren, Y., Zhang, H., Gong, G., Zhou, M., et al. (2017). High−level
expression of a novel chromoplast phosphate transporter ClPHT4;2 is required
for flesh color development in watermelon. New Phytol. 213, 1208–1221. doi:
10.1111/nph.14257

Zhang, J., Sun, H., Guo, S., Ren, Y., and Xu, Y. (2020). Decreased protein
abundance of lycopene β-cyclase contributes to red flesh in domesticated
watermelon. Plant Physiol. 183, 1171–1183. doi: 10.1104/pp.19.01409

Zhu, G., Wang, S., Huang, Z., Zhang, S., Liao, Q., Zhang, C., et al. (2018). Rewiring
of the fruit metabolome in tomato breeding. Cell 172, 249–261.e12. doi: 10.
1016/j.cell.2017.12.019

Zhu, Q., Gao, P., Liu, S., Zhu, Z., Amanullah, S., Davis, A. R., et al. (2017).
Comparative transcriptome analysis of two contrasting watermelon genotypes
during fruit development and ripening. BMC Genomics 18:3. doi: 10.1186/
s12864-016-3442-3

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2021 Gong, Diao, Zhu, Umer, Zhao, He, Lu, Yuan, Anees, Yang, Kaseb
and Liu. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Plant Science | www.frontiersin.org 13 May 2021 | Volume 12 | Article 629361

https://doi.org/10.3389/fphys.2016.00254
https://doi.org/10.3389/fphys.2016.00254
https://doi.org/10.1093/mp/sst080
https://doi.org/10.1111/nph.12145
https://doi.org/10.1016/j.tplants.2018.09.006
https://doi.org/10.1111/j.1365-2621.1962.tb00064.x
https://doi.org/10.21273/HORTSCI12857-18
https://doi.org/10.21273/HORTSCI12857-18
https://doi.org/10.1371/journal.pone.0190096
https://doi.org/10.1371/journal.pone.0190096
https://doi.org/10.1371/journal.pone.0130267
https://doi.org/10.1038/ng.2470
https://doi.org/10.1038/s41588-019-0518-4
https://doi.org/10.1016/0031-9422(75)85230-7
https://doi.org/10.1007/978-1-60761-987-1_18
https://doi.org/10.1007/978-1-60761-987-1_18
https://doi.org/10.1016/j.scienta.2017.09.046
https://doi.org/10.1016/j.scienta.2017.09.046
https://doi.org/10.1038/s41438-020-0302-8
https://doi.org/10.1007/s10068-012-0068-3
https://doi.org/10.1186/s13059-014-0550-8
https://doi.org/10.1016/j.pbi.2015.01.006
https://doi.org/10.1111/j.1469-8137.2010.03626.x
https://doi.org/10.1111/j.1469-8137.2010.03626.x
https://doi.org/10.1038/nmeth.1226
https://doi.org/10.3389/fpls.2017.00491
https://doi.org/10.3389/fpls.2017.00491
https://doi.org/10.1038/s41438-019-0233-4
https://doi.org/10.1016/j.foodres.2020.109681
https://doi.org/10.1016/j.foodres.2020.109681
https://doi.org/10.1016/j.foodchem.2014.04.120
https://doi.org/10.4161/gmcr.1.4.13737
https://doi.org/10.3389/fpls.2020.00831
https://doi.org/10.1016/j.molp.2017.09.010
https://doi.org/10.1016/j.molp.2017.09.010
https://doi.org/10.1126/science.aal1556
https://doi.org/10.1038/s41438-020-00416-8
https://doi.org/10.1038/s41438-020-00416-8
https://doi.org/10.1371/journal.pone.0157022
https://doi.org/10.1104/pp.16.01051
https://doi.org/10.3390/ijms21134797
https://doi.org/10.1155/2018/9415409
https://doi.org/10.1155/2018/9415409
https://doi.org/10.1111/nph.14257
https://doi.org/10.1111/nph.14257
https://doi.org/10.1104/pp.19.01409
https://doi.org/10.1016/j.cell.2017.12.019
https://doi.org/10.1016/j.cell.2017.12.019
https://doi.org/10.1186/s12864-016-3442-3
https://doi.org/10.1186/s12864-016-3442-3
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Metabolome and Transcriptome Integration Reveals Insights Into Flavor Formation of `Crimson' Watermelon Flesh During Fruit Development
	Introduction
	Materials and Methods
	Experimental Material and Sampling
	Measurement of Fruit Weight, Flesh Firmness, Total Soluble Solids Content, and pH of Watermelon Flesh
	LC–ESI–MS/MS System-Based Widely Targeted Metabolomics Analysis
	Extraction of Volatiles and SPME–GC–MS Analysis
	Constriction of RNA-Sequencing Libraries
	Differential Metabolites and Genes Analysis

	Results
	The Ripeness of the Watermelon Fruit Is Adapted to the Formation of the Flavor
	Overview of Metabolite Accumulation Patterns During Watermelon Fruit Development and Analysis of Key Metabolites Related to Taste
	Eleven of the 74 VOCs Were Significantly Related to the Formation of Aroma During the Development of Watermelon Fruit
	K-Means Clustering Analysis Divides the Expression Pattern of DEGs Into Six Classes
	Integrating Related Genes and*0.5pt Metabolites in the Glycolytic Pathway*0.5pt Provides Molecular Insights Into the*0.5pt Formation of Sweet Taste
	Coexpression Analysis of Lipid Metabolites Related Genes in LOX Pathway Provided Insights Into the Formation of Watermelon Aroma

	Discussion
	Conclusion
	Data Availability Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


