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A B S T R A C T   

Melon (Cucumis melo L.) is an important diploid crop with a wide variety of flavors due to its distinct aromatic 
volatile organic compounds (VOC). To understand the development of VOC profiles during fruit development, we 
performed metabolomic and transcriptomic analysis of two cantaloupe varieties over the course of fruit devel
opment. A total of 130 metabolites were detected in fruit samples, and 449014207 reads were mapped to the 
melon genome. A total of 4469 differentially expressed genes in fruits were identified and used to visualize the 
transition of VOC and transcriptomic profiles during the fruit development. A shift of VOC profiles in both va
rieties was observed from early-fruit profiles enriched in C5-C8 lipid-derived VOCs to late-fruit profiles abundant 
in C9 lipid-derived VOCs, apocarotenoids, and esters. The shift coincided with the expression of specific isoforms 
of lipid and carotenoid metabolizing enzymes as well as transcription factors involved in fruit ripening, 
metabolite regulation, and hormone signaling.   

1. Introduction 

Muskmelon (Cucumis melo L.) is one of the important horticultural 
crops of the Cucurbitaceae family. Global production of melon fruits was 
approximately 27 million tons, with the United States production 
yielding 872080 tons and ranking sixth overall [1]. Of several varieties 
of melons produced in the United States, cantaloupe with orange-fresh 
fruits is the most popular melon. Together with honeydew, melons 
were grown in 33,510 ha and had an economic value of US$ 395 million 
[2]. Melon is diploid (2n = 24) and has an approximate genome size of 
450 Mbp [3]. A high-quality reference genome of melon was first 
released in 2012 [4], and the latest version (DHL92 v4.0) covers 358 
Mbp pseudomolecules [5]. 

Proper development of the fruits is essential for the quality of melon 
fruits. The life cycle of cantaloupe is 80–120 days, and the fruit ripening 
takes 35–45 days after flowering. After pollination, the melon fruits 

drastically increase their volume and then turn soft. Melon varieties are 
classified into two groups, climactic and non-climactic. Climactic melon 
has a peak of ripening, controlled by an increase of respiration and the 
plant hormone ethylene, and non-climatic melon has no such peak. 
Ethylene synthesis is controlled by two major enzymes, ACC synthase 
and ACC oxidase, and ethylene affects the expression of genes related to 
fruit ripening [6]. The climactic reaction causes chlorophyll degrada
tion, abscission, synthesis of aroma volatiles, and softening of fresh. The 
non-climactic ripening reaction causes sugar accumulation, loss of 
acidity, and coloration of the flesh [7]. 

The aroma of melon fruit is a complex mixture of volatile organic 
compounds (VOC), including alcohols, aldehydes, amino acid esters, 
ketones, and hydrocarbons of various origin [8]. Together with soluble 
metabolites, fruit aroma affects the consumer preferences of melons [9]. 
A significant number of aromatic volatiles, including straight-chain es
ters, alcohols, and aldehydes, are produced as cleavage products of 
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carotenoids and polyunsaturated fatty acids [10]. Beta-carotene, a pre
cursor of vitamin A, represents the characteristic orange flesh color of 
the cantaloupe fruits. Carotenoid synthesis pathway is composed of 
multiple enzymes, e.g., phytoene synthase (PSY), phytoene desaturase 
(PDS), and ζ-carotene desaturase (ZDS). A primary factor in carotenoid 
accumulation in the melon fruit is a polymorphism in Orange (OR) gene, 
a regulator protein of chromoplast differentiation in fruits, where a 
conserved amino acid Arg108 is replaced with His [11]. The critical en
zymes for producing the volatile apocarotenoids are Carotenoid Cleav
age Dioxygenase CCD1 and CCD4, which specifically cleave the 9, 10 (9′, 
10′) double bonds of C40-carotenoids. This cleavage results in volatile 
C13-apocarotenoid, such as α- and β-ionone and C14 dialdehyde [12]. 

Polyunsaturated fatty acids (PUFA) are another source of aromatic 
volatiles. The combined action of lipase and lipoxygenase (LOX) will 
initiate the oxylipin production, which will be further processed by a 
suite of enzymes to generate various linear and cyclic VOC [13]. LOX 
isoforms have regiospecificity and are classified to 9-LOX or 13-LOX, 
generating (9S)- and (13S)-hydroperoxides of linoleic and linolenic 
acids [14]. Accordingly, downstream enzymes, an atypical P450 sub
family: the CYP74, are distinguished into 9- or 13-hydroperoxide-spe
cific or unspecific isoforms, generate cyclic allene oxides (allene oxide 
synthase), produce lipid cleavage products (fatty acid hydroperoxide 
lyase) or divinyl esters (divinyl ester synthase) [15]. HPLs are respon
sible for the production of green leafy volatiles (GLVs), which typically 
are linear C6 volatiles (3Z)-hexenal, (3Z)-hexenol, and (3Z)-hexenyl 
acetate, which confer grassy aroma to the melon fruits [16]. 

Metabolomic studies have revealed diverse chemical profiles asso
ciated with different melon varieties [17]. Also, molecular studies 
showed transcriptome in different melon varieties and their dynamics 
during the ripening process [18–20]. Still, little has been documented 
about the relationship of ripening dynamics of melon metabolites and 
gene expression. In this study, we analyzed the fruit development of 
popular cantaloupe varieties by RNA-seq and metabolite profiling. F39, 
a breeding line of commercially important western-shipper cantaloupe, 
and Da Vinci, a commercial Tuscan variety, were chosen for analysis. 
Aromatic VOC and transcript profiling in different fruit ripening stages 
revealed the transition of emitted VOC and dynamism of fruit specific 
transcripts during the melon fruit development. 

2. Materials and methods 

2.1. Plant materials 

Two muskmelon cultivars, namely: a Western-shipper type (Canta
loupe F39) [21] and a Tuscan type (Da Vinci, TTDV; Sakata Seed 
America, Morgan Hill, CA, U.S.A.) were used in the current study. The 
study was conducted during the spring growing season (March–June) in 
fields located at the Texas A&M AgriLife Research Center – Texas A&M 
University System in Weslaco, Texas (latitude 26◦ 9’ N, longitude 97◦

57’ W; elevation 21 m). This region has a humid sub-tropical climate 
regime with over 300 frost-free days. The predominant soil type in the 
study field is a Hidalgo sandy clay loam (pH 7.2–8.3). Six-week-old 
seedlings were transplanted on March 15, 2019 and managed 
following standard commercial practices for melon production which 
include raised beds covered with plastic mulch and subsurface drip 
irrigation. Irrigation scheduling was based on soil moisture depletion 
measured with granular matrix soil moisture sensors (Watermark®, 
Irrometer Co., Riverside, CA). Pre-plant soil analyses indicated adequate 
calcium (Ca) magnesium (Mg) and potassium (K) levels (3.7, 0.38 and 
0.36 g kg−1 respectively). Through the growing season the crop received 
(125 kg N⋅ha−1 using urea ammonium nitrate) in split doses. A micro
nutrient fertilizer (Foli-Gro™ Micro-Mix; Wilbur–Ellis, Co, Fresno, CA, 
USA) containing magnesium (Mg, 0.5 g kg−1), boron (B, 2.5 g kg−1), 
copper (Cu, 2.5 g kg−1), iron (Fe, 5.0 g kg−1), manganese (Mn, 
5.0 g kg−1), molybdenum (Mo, 0.025 g kg−1), and zinc (Zn, 20 g kg−1) 
was applied with foliar pesticide treatments at the vine elongation stage 

at a rate of 4.6 L⋅ha−1. Representative weather conditions during the 
2019 growing season were: air temperature, 25.7 ◦C; air relative hu
midity, 57.9 %; solar radiation, 18.4 MJ m-2⋅d−1; and total precipitation, 
361.7 mm. 

Leaf and fruit samples were obtained at various growth stages for 
analyses. Total RNA samples were prepared from 14-day-old leaves 
(S19, S20, S21) and fruit flesh harvested at 20–25 days (S1, S2, S3, S10, 
S11, S12), 30–35 days (S4, S5, S6, S13, S14, S15), 40 days (S7, S8, S9, 
S16, S17, S18), and 45 days (S59, S60, S61, S62, S63, S64) after flow
ering. The plant tissues were flash-frozen in liquid nitrogen, ground with 
a mortar and a pestle, and stored at -80 ◦C until use. 

2.2. RNA library sequence 

Approximately 0.25 g of the powdered, frozen tissues were mixed 
with 1 mL of Trizol reagent (ThermoFisher) and incubate for 5 min. The 
solution was mixed with 0.5 mL of chloroform and centrifuged at 
12,000 g for 10 min after incubation for 5 min. The aqueous phase was 
mixed with 350 μL of ethanol and loaded to an EconoSpin column 
(Epoch Life Science), and centrifuged at 8000 g for 40 s. The column was 
washed twice with 450 μL of 3 M sodium acetate and with 320 μL of 70 
% ethanol. RNA was eluted with 30 μL of RNase-free water. Subse
quently, RNA samples were treated with DNase and cleaned up with 
phenol-chloroform extraction and ethanol precipitation. cDNA libraries 
were synthesized using Universal Plus mRNA-seq with NuQuant Kit 
(NuGen) according to the manufacturer’s protocol and analyzed by 
Illumina NovaSeq 6000 with 150 bp paired-end mode. 

2.3. RNA read alignment and clustering analysis 

Reads were aligned to the Melonomics genome sequence: 
CM3.6.1_pseudomol.fa (https://www.melonomics.net/melonomics. 
html#/download) along with the annotation reference: CM4.0.gtf, 
using STAR (v2.5.4b) [22] with two allowed mismatches per pair at 
maximum for the alignment (outFilterMismatchNmax = 2), which suc
cessfully generated 7.9–23 million aligned reads/fruit corresponding to 
67–91 % of the total sequence reads/fruit. The uniquely mapped reads 
were used to count the number of reads per gene while mapping, 
considering overlapping one and only one gene according to its genome 
location. Both ends of the paired-end reads were checked for overlaps. 

Principal Component Analysis (PCA) [23], based on the gene 
expression data using the scikit-learn package (v0.22.2.post1) [24], 
revealed the relations between samples from different stages (Fig. 1A). 
Both F39 and TTDV samples exhibited clear separations for early- and 
late-stage samples with 1 sample in the middle. Therefore, subsequent 
analyses were performed using samples grouped into two categories 
(early and late). Early and late groups for F39 were [S1, S2, S3, S4] and 
[S5, S7, S8, S9, S59, S60, S61], respectively, and for TTDV were [S10, 
S11, S12, S13, S14, S15] and [S16, S18, S62, S63, S64], respectively. 

2.4. Analysis of differentially expressed genes 

Differential expression (DE) analysis was performed to identify genes 
that are significantly differentially expressed in the fruits at different 
development stages relative to leaves using edgeR (v3.12.1) [25], based 
on the gene quantification measured by STAR (v2.5.4b) [22]. Differ
entially expressed gene (DEG) was identified if its expression signifi
cantly changed (adjusted p-value < 0.01 and the absolute value of log2 
fold-change > 3). DEGs were termed as "common fruit gene" if a DEG 
was differentially expressed in all fruit stages; otherwise it was called 
"stage-specific gene." We calculated the correlation among samples 
using the pairwise Pearson correlation coefficients using the R function 
"cor" [26] based on the log2 expression level of "stage-specific genes" and 
"common fruit genes," respectively, and visualize the correlation by the 
heatmaps using the R package "gplots" [27]. 

To understand the dynamism of DEG expression patterns in fruit 
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stages, we performed k-means clustering analysis and visualized the 
trajectories of gene expression levels. Specifically, for each DEG, the 
log2 fold-change, computed in edgeR based on the expression levels at 
early and late stages compared to the leaf samples, were first used to 
group the "common fruit genes" and "stage-specific genes" separately 
based on their up- or down-regulated patterns at the early and late stage. 
For each pattern, we further performed k-means clustering [28] using 

the built-in R function (v3.6.0) [26], run with 100 times of different 
centroid seeds for random k-means clustering initializations. The num
ber of clusters (k) for each pattern group was determined by the ELBOW 
method [29], where the k-means clustering algorithm was run for 
different values of k, and the total within-cluster sum of squares (wss) of 
Euclidean distances was computed for each k. The curves of wss over 
different k values were plotted, where the location of a bend (knee) is 

Fig. 1. Global assessment of transcriptomic 
data from melon fruit samples. A) PCA analysis 
indicated three distinct groups in transcriptome 
datasets, corresponding leaf, the early stage, 
and the late stage. B) Venn diagram of genes 
differentially expressed between leaf and fruit 
samples. DEGs identified in both fruit stages are 
denoted as "Common fruit genes." Other DEGs 
are denoted as "Stage-specific genes." C) Hier
archical clustering of RNA-seq data from each 
fruit sample. Expression levels of stage-specific 
DEG were used to calculate distances. E and L 
denote early (E) and late (L) maturity stages.   
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generally considered an indicator of the appropriate number of clusters 
[29]. 

The gene ontology (GO) enrichment analysis was performed using a 
plant regulatory data and analysis platform "PlantRegMap" (http: 
//plantregmap.cbi.pku.edu.cn/). The pathways were determined as 
"significant" if their p-values < 0.01. 

2.5. qPCR analysis 

Samples used were leaf (S19, S20, S21), F39 early (S1, S2, S3), F39 
late (S59, S60, S61), TTDV early (S10, S11, S12), and TTDV late (S62, 
S63, S64). For reverse transcription, 500 ng of the total RNA was used 
for cDNA synthesis. qPCR was conducted using BrightGreen 2x qPCR 
MasterMix-No Dye (Applied Biological Materials Inc.), 1/20 of the 
reverse transcription products per duplicate reactions, and the primers 
listed in the Supplemental Data 1 according to the manufacturer’s pro
tocol. The relative expression was calculated by the ΔCt method using 
18 s rRNA as the reference gene. 

2.6. Sample preparation and chromatographic method for the 
quantitation of amino acids 

Amino acids were analyzed according to the published protocol [30]. 
Briefly, melon fruit pulp was cut into small pieces and blended for 1 min. 
Fifteen grams of blended samples were mixed with 10 mL of methanol. 
The sample contents were homogenized (2 min) at 10,000 rpm (850 
Homogenizer, Thermo Fisher Scientific, Waltham, MA) followed by 
sonication (30 min). The extract was centrifuged (7826 x g) for 10 min, 
and supernatants were collected using Whatman filter paper No. 1. The 
same extraction procedure (2 × 7 mL) was repeated to ensure the 
maximum recovery of analytes. Supernatants were pooled, and the final 
volumes were recorded. 

An aliquot (350 μL) of the extracted sample was mixed with 300 μL 
of sodium borate buffer (5 mM), 50 μL of diamino heptane (internal 
standard 500 ppm), and 125 μL DNS-CL (0.01 % in acetone). The reac
tion mixture was vortexed, and the mixture was incubated for 30 min in 
a water bath (60 ± 1 ◦C). An aliquot of 2 N acetic acid (50 μL) was 
added to stop the derivatization reaction. The reaction mixture was then 
centrifuged (10,621 x g) for 5 min, and the supernatant was injected into 
the HPLC-FLD system. HPLC-FLD system comprised of a PerkinElmer 
Series 200 binary pump, an autosampler (Shelton, CT, U.S.A.), and an 
a1260 Infinity fluorescence detector (Agilent Technologies, Santa Clara, 
CA, U.S.A.). The detector excitation and emission wavelengths were set 
at 293 nm and 492 nm, respectively, for peak detection. Column Eclipse 
XDB-C8 (4.6 × 150 mm, 5 μm) and mobile phase, 1% formic acid (sol
vent A) and acetonitrile: formic acid: TEA (solvent B; 98:1:1, v/v) with a 
flow rate of 0.6 mL min−1 at 30 ◦C were used. 

2.7. Sample preparation and HPLC-PDA analysis of carotenoids 

Melon fruit pulp was cut into small pieces and blended for 1 min 
(Oster Blender with 12 speeds, 450 W). The blended sample (10 g) was 
mixed with 10 mL of extraction solvent, CHCl3: acetone (1:1). The 
mixture was homogenized for 2 min at 10,000 rpm and sonicated for 
15 min at 5−10 ◦C. The extract was centrifuged at 7826 g for 10 min 
and passed through Whatman filter paper No. 1 to collect the superna
tant. The residue was re-extracted twice with the above solvents 
(2 × 7 mL) to ensure complete extraction. The resultant supernatants 
were pooled and analyzed using HPLC. Carotenoids were analyzed with 
a Waters 1525 HPLC system (Milford, MA) equipped with a 2996 PDA 
detector and 717 Plus autosampler, as described [30]. Briefly, the sep
aration was performed using a mobile phase of (A) methanol and (B) 
tert-butyl methyl ether (TBME) on a C30 column (3 μm, 
150 mm × 4.6 mm, YMC Column, Waters Corp) with a flow rate of 
0.6 mL/min. An HPLC gradient program as follows: 25–75 % B 
(0–12 min), isocratic for 8 min (75 % B), 75–25 % B (1 min) followed by 

4 min isocratic at 25 % B. Carotenoids were monitored at 286, 350, 400, 
and 450 nm and Empower-2 software was used for data processing. 

2.8. HS-SPME-GC-MS analysis of volatile compounds 

Volatile compounds were identified using a Thermo Finnigan GC–MS 
(Thermo Fisher Scientific, Inc., San Jose, CA, USA) coupled with a Dual- 
Stage Quadrupole (DSQ II) mass spectrometer (Thermo Scientific, Aus
tin, TX, USA). Approximately 1 g of melon pulp was weighed in GC–MS 
vial (20 mL) containing 30 % NaCl (1 mL) and internal standard (5 μL; 
nootkatone). A solid-phase microextraction (SPME) fiber coated with 
50/30 μm Divinylbenzene/Carboxen/ Polydimethylsiloxane (DVB/ 
CAR/PDMS) of 2 cm was used for extraction. Separation of compounds 
was achieved on a Restek Rtx-Wax column (30 m x 0.25mmID with 
0.25 μm film thickness; Restek Corp., Bellefonte, PA, USA). The GC–MS 
sequence was set up, and the method started with the vials being placed 
into a thermostatic stirrer for 30 min maintained at 80 ◦C. Helium was 
used as the carrier gas at a constant flow rate of 1 mL min-1 in splitless 
mode. The initial oven temperature was maintained at 40 ◦C for 2 min 
and then increased to 210 ◦C at a rate of 5 ◦C/min with a holding time of 
1 min and analysis time was 37 min. The inlet temperature was main
tained at 225 ◦C. The ion source temperature and mass transfer line 
temperature were maintained at 285 and 280 ◦C, respectively. The 
ionization voltage was 70 eV, the mass range was 30–300 amu, and the 
scan rate was 11.7 scans per second. The data were recorded using 
Xcalibur software (v. 2.0.7., Thermo-Fisher Scientific, San Jose, CA, 
USA). 

3. Results 

3.1. Transcriptome-based maturity indexing of fruit samples 

For RNA and VOC analyses, fruits of F39 and Tuscan-type da Vinci 
(TTDV) were harvested during the year 2018 from the field in Weslaco, 
TX, at different maturation stages. The set of harvested fruits consist of 
12 fruit samples of three early (~20 DAP), three middle (~30 DAP), 
three late (~40 DAP), and three mature (~45 DAP/full slip) stages for 
each variety, respectively. Three leaf samples of F39 were included in 
the analysis as the reference. Total RNA samples extracted from the flesh 
of fruits and leaves were subjected to RNA-seq analysis using the Illu
mina Nova seq platform. The sequencing run produced a total of 79 Gb 
of paired-end data for 27 samples. Alignment of sequence reads to the 
Melon reference genome (CM.3.6.1_pseudomol.fa) using STAR (v2.5.4b) 
[22] successfully generated 7.9–23 million aligned reads/fruit corre
sponding to 74–91 % of the total sequence reads/fruit (Supplemental 
Data 1). Principal Component Analysis (PCA) [23] of RNA-seq data 
using the scikit-learn package (v0.22.2.post1) [24] revealed relations 
between samples from different stages (Fig. 1A). Both F39 and TTDV 
samples exhibited clear separations for early- and late-stage samples 
with 1 sample in the middle. To properly align the fruit samples in the 
order of maturity, we use transcriptome patterns. Fruit gene sets used for 
the sample indexing were differentially expressed genes (DEGs) in 
melon fruits using leaf transcriptome as the reference. For this purpose, 
samples of each variety were grouped into two subsets (early and late) 
according to the grouping in PCA of the whole transcriptome. Early and 
late groups for F39 were [S1, S2, S3, S4] and [S5, S7, S8, S9, S59, S60, 
S61], respectively, and for TTDV were [S10, S11, S12, S13, S14, S15] 
and [S16, S18, S62, S63, S64], respectively. 

Fruit-specific genes were identified by differential expression ana
lyses comparing fruit datasets with leaf datasets using edgeR (v3.12.1) 
[25]. DEGs were defined as the genes whose expression significantly 
changed (adjusted p-value < 0.01 and the absolute value of log2 
fold-change > 3) in fruits relative to leaves. This analysis identified 2531 
and 2842 DEGs (differentially expressed genes) for early and late F39 
fruits, respectively, and 2322 and 3248 DEGs for TTDV fruits (Supple
mental Data1). The total number of DEG was 3731 for F39 and 3979 for 
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TTDV. Of these, 1642 (F39) and 1591 (TTDV) DEGs were detected in 
both early and late samples and denoted as "common fruit genes." The 
remaining 2089 (F39) and 2388 (TTDV) DEGs were denoted as 
"stage-specific genes" (Fig. 1B). Overall, 4469 unique DEGs from 2 va
rieties were identified. To confirm the data grouping and overall DEG 
expression profile, RNA-seq datasets were subjected to hierarchical 
clustering analysis using DEGs. We calculated the correlation among the 
samples based on the expression levels of the stage-specific genes, and 
hierarchical clustering results were visualized as the heatmaps (Fig. 1C). 
The heatmaps showed that expression patterns of stage-specific genes 
are distinct in RNA-seq data for leaves, early and late stages. The sam
ples S6 and S17 produced intermediate profiles, consistent with PCA 
plot results. According to the clustering, we grouped the samples as 
early-stage (E) and late-stage (L). Datasets S6 and S17 with intermediate 
profiles were excluded from the grouping. 

3.2. VOC profiles in transcriptome-indexed fruit samples 

To visualize the levels of aromatic VOC production during fruit 
development, we performed metabolite analysis, and the metabolite 
profiles of individual fruit samples were generated (Supplemental Data 
2). To compare the overall relationship of fruit metabolite levels (μg/kg 
fresh weight) in two varieties, PCA was performed (Fig. 2). The first two 
components were able to explain 43.9 % of the variation (Fig. 2A). The 
PCA was interpreted according to loading scores of variables on each 
component (Fig. 2B). The PCA was able to cluster variables that were 
positively correlated, and that contributed similar information to 
describe the melon variety (Fig. 2A). The first two components grouped 
the early-stage fruits towards the left of the plot, whereas late-stage 
fruits were grouped towards the right of the plot. For instance, early- 
stage fruits had higher values of GLV/lipid derivatives, including alde
hyde "green compounds," which are correlated to unripe fruits [31,32], 
and low values for carotenoids and brix. Late-stage fruits had higher 
values for carotenoids, esters, terpenoids, apocarotenoids, and alcohols, 

Fig. 2. Principal component analysis A) score plot B) loading plot of melon fruit metabolites at different maturity stages. Explained variance for PC 1 and PC 2 are 
indicated as the percentages in the X- and Y-axis, respectively. 
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indicating that these volatiles are highly correlated to fruity/sweet 
flavors. 

Relative levels of individual metabolites during the fruit develop
ment were visualized using heatmap (Fig. 3). The samples were aligned 

using the transcriptome-based ordering of fruit maturation. The overall 
profiles were similar between F39 and TTDV when samples from the 
equivalent stages (early and mature) were compared, whereas S6 (F39) 
and S17 (TTDV) showed intermediate profiles. Within GLV/lipid 

Fig. 3. Levels of aromatic VOCs in F39 and TTDV fruits in early (E) and late (L) maturity stages. The log10 values of metabolite levels (μg/kg) were used to generate 
the heatmap. 
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derivatives, C5-C8 VOCs are more enriched in the early stage samples 
whereas C9 volatiles, such as (E)-2-nonenal, (E,Z)-2,6-nonadienal, and 
nonanal persisted throughout the fruit development. Some C9 VOC, 
such as (Z)-6-nonenal and (E,Z)-3,6-nonadien-1-ol and (Z)-3-nonen-1-ol 
levels increased in the late-stage samples. Mono and sesquiterpenes are 
generally persistent throughout the fruit development, but several 
matured-fruit-specific/enriched terpenoids were identified, including 
β-cyclocitral and dihydroactinidiolide. β-carotene and apocarotenoids 
(β-ionone and β-ionone epoxide, 6-methylhept-5-en-2-one, farnesyl 
acetone, and geranylacetone), and esters (ethyl butanoate, ethyl 2-meth
ylbutanoate, ethyl 3-(methylthio)propionate) were also abundant in 
mature samples. Other notable metabolites were ubiquitous benzalde
hyde and benzylalcohol, and late-stage-specific 2-Phenyl-2-butenal and 
3-Hydroxybutan-2-one (acetoin). 

3.3. Expression levels of VOC biosynthetic pathway genes 

To analyze relationships of the timing of VOC production and the 
expression of VOC biosynthesis pathway genes, levels of VOC biosyn
thetic gene expression in RNA-seq data were inspected. Genes 

potentially involved in VOC productions, namely, lipoxygenase (LOX), 
HPL, E-Z isomerase, ADH, and AAT responsible for green leafy volatiles 
(GLV), prenyltransferases and terpene cyclases for mono and sesqui
terpenes, carotenoid biosynthetic and cleavage enzymes for apocar
otenoids, and pyruvate decarboxylase and acyltransferases for ester 
biosynthetic genes were chosen for the analysis. Out of 125 genes 
identified in the melon genome v4.0, RNA-seq reads were detected for 
77 genes, for which count per million (cpm) levels were shown as the 
heatmap (Fig. 4), and the correlations between expression of individual 
genes with VOC levels were shown in Table 1. 

For GLV biosynthetic lipoxygenases, the expressions of LOX8 (13- 
lipoxygenase), LOX7 (9-lipoxygenase), and ADH10 (alcohol dehydro
genase) were observed throughout the fruit development, with a slight 
increase of LOX7 in the late stage samples. LOX8 and LOX18 showed a 
high correlation (p < 0.01) with GLV/lipid-derived VOCs (Table 1). The 
9/13-HPL catalyzing the step following LOX showed stage specificity, 
MELO3C010910 expressed higher in the early stage and correlated with 
C9 GLVs, whereas MELO3C018413 and 3Z-2E-enal isomerase 
MELO3C019470 were expressed in the late stage samples and correlate 
with 3-Hexenyl acetate and 3-Hexen-1-ol. In the terpenoid biosynthesis 

Fig. 4. Heatmap of expression profiles of genes involved in VOC biosynthesis. The log10 of count per million (cpm) value for each gene was used to calculate relative 
expression levels. E and L denote early (E) and late (L) maturity stages. Genes shown with red texts were included in RT-qPCR analysis in Fig. 6. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web version of this article). 
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pathway, isoforms of geranylgeranyl diphosphate synthases 
(MELO3C013320 and MELO3C020952) and terpene cyclase 
(MEL3C024270) were more prevalent throughout the fruit develop
ment, and terpene synthase 10-like isoform X1 (MEL3C023275) showed 
late stage-specific expression correlating with several mono and ses
quiterpenoids. For carotenoid/apocarotenoid biosynthesis, isoform- 
specific expression was observed with phytoene synthase, and 
enhanced expression of ζ-carotene isomerase and ζ-carotene desaturase 
in the late stage. Furthermore, significant correlations were observed 
with carotenoid cleavage dioxygenases (CCD) (MELO3C023555 and 
MELO3C016224) and carotenoid/apocarotenoid levels. Finally, high 
expression of alcohol acyltransferases isoforms (MELO3C024771 and 
MELO3C024766) in the late stage correlated with ethyl hexadecanoate 
and benzyl acetate ester productions in mature fruits. 

3.4. Analysis of global transcriptome shift during the transition 

The whole transcriptome and metabolite PCA indicated that the 
early- and late-stage fruits are under distinct physiological states and 
have distinct gene expression profiles. To understand the transcriptome- 
wide dynamism in the transition of fruit stages, we performed k-means 
clustering analysis of DEG expression patterns [28] and visualized tra
jectories of gene expression levels using the built-in R function (v3.6.0) 
[26] with the ELBOW method [29] (Fig. 5A). We grouped DEGs into 10 
and 6 groups for stage-specific and common fruit genes, respectively 
(Supplemental Data 3-1). These clusters were termed as ssC1-ssC10 and 
cfC1-cfC6 for each of F39 and TTDV. Corresponding clusters in each 
variety showed similar expression profiles; for example, DEGs in ssC1 in 
F39 and TTDV exhibited overall upregulation and upward trends during 
fruit maturation relative to the leaf samples. When we compared genes 
included in each cluster of F39 and TTDV, the corresponding clusters in 
each variety showed the highest level of overlap, suggesting overall gene 
expression pattern is conserved between F39 and TTDV. Fig. 5B provides 
the heatmap visualization based on the overlap percentage of the 

Table 1 
Correlation between levels of representative metabolites and potential biosyn
thetic transcripts.  

Gene Annotation Compound cora P-value 

MELO3C011885 LOX8 3-Hexenyl acetate 0.618 1.30E- 
03 

MELO3C024348 LOX18 (E,E)-2,6-nonadienal 0.838 3.14E- 
07 

MELO3C024348 LOX18 (E)-2-(2-Pentenyl)furan 0.578 3.11E- 
03 

MELO3C024348 LOX18 (E,Z)-2,6-nonadienal 0.530 7.72E- 
03 

MELO3C024348 LOX18 (E)-4-Nonenal 0.528 8.03E- 
03 

MELO3C018413 HPL 3-Hexenyl acetate 0.677 2.77E- 
04 

MELO3C018413 HPL 3-Hexen-1-ol 0.645 6.63E- 
04 

MELO3C018413 HPL (Z)-6-Nonenal 0.592 2.29E- 
03 

MELO3C010910 HPL (E,Z)-2,6-nonadienal 0.639 7.79E- 
04 

MELO3C010910 HPL (E)-4-Nonenal 0.621 1.21E- 
03 

MELO3C010910 HPL (Z)-2-Nonenal 0.619 1.26E- 
03 

MELO3C010910 HPL (Z,Z)-3,6-nonadienal 0.564 4.07E- 
03 

MELO3C010910 HPL (E,E)-2,6-nonadienal 0.553 5.02E- 
03 

MELO3C010910 HPL (E)-2-Nonenal 0.529 7.83E- 
03 

MELO3C026553 ADH6 1-Hexadecanol 0.751 2.37E- 
05 

MELO3C026553 ADH6 (E)-Cinnamaldehyde 0.738 3.79E- 
05 

MELO3C026553 ADH6 6,10-Dimethyl-5,9- 
undecadien-2-ol 

0.688 2.02E- 
04 

MELO3C026553 ADH6 3-(Methylthio)propanol 0.682 2.40E- 
04 

MELO3C026553 ADH6 2-Phenylpropenal 0.642 7.12E- 
04 

MELO3C026553 ADH6 β-Ionol 0.641 7.39E- 
04 

MELO3C026553 ADH6 2-Methylbutanol 0.567 3.86E- 
03 

MELO3C026554 ADH10 (E,E)-2,4-Nonadienal 0.519 9.43E- 
03 

MELO3C019470 3Z-2E 
Isomerase 

3-Hexenyl acetate 0.738 3.85E- 
05 

MELO3C019470 3Z-2E 
Isomerase 

3-Hexen-1-ol 0.477 1.84E- 
02 

MELO3C023275 TPS10 × 1 (E)-Citral 0.842 2.54E- 
07 

MELO3C023275 TPS10 × 1 α-Eudesmol 0.651 5.76E- 
04 

MELO3C023275 TPS10 × 1 (Z,E)-Farnesal 0.606 1.70E- 
03 

MELO3C023275 TPS10 × 1 1,8-Cineole 0.521 9.12E- 
03 

MELO3C014677 PYS (E)-α-Ionone 0.832 4.74E- 
07 

MELO3C017709 zCI β-Ionone 0.682 2.42E- 
04 

MELO3C017709 zCI β-Ionone epoxide 0.645 6.62E- 
04 

MELO3C017709 zCI Zeta carotene-1 0.631 9.49E- 
04 

MELO3C017709 zCI Phytofluene 0.598 2.05E- 
03 

MELO3C017709 zCI (E)-α-Ionone 0.529 7.81E- 
03 

MELO3C024674 zCD (E)-α-Ionone 0.693 1.75E- 
04 

MELO3C023555 CCD1 β-Ionone 0.682 2.39E- 
04 

MELO3C023555 CCD1 Zeta carotene-1 0.659  

Table 1 (continued ) 

Gene Annotation Compound cora P-value 

4.59E- 
04 

MELO3C023555 CCD1 (E)-α-Ionone 0.624 1.13E- 
03 

MELO3C023555 CCD1 Zeta carotene-2 0.574 3.38E- 
03 

MELO3C023555 CCD1 β-carotene 0.568 3.81E- 
03 

MELO3C023555 CCD1 Phytofluene 0.552 5.14E- 
03 

MELO3C023555 CCD1 β-Ionone epoxide 0.524 8.55E- 
03 

MELO3C016224 CCD4 Zeta carotene-3 0.680 2.56E- 
04 

MELO3C016224 CCD4 β-Ionone epoxide 0.642 7.26E- 
04 

MELO3C016224 CCD4 Phytofluene 0.600 1.96E- 
03 

MELO3C016224 CCD4 β-Ionone 0.571 3.55E- 
03 

MELO3C016224 CCD4 Zeta carotene-1 0.550 5.41E- 
03 

MELO3C016224 CCD4 Phytoene 0.527 8.14E- 
03 

MELO3C016224 CCD4 β-carotene 0.521 9.03E- 
03 

MELO3C024771 AAT2 Ethyl hexadecanoate 0.604 1.79E- 
03 

MELO3C024766 AAT 3-Hexenyl acetate 0.731 4.88E- 
05 

MELO3C024766 AAT Benzyl acetate 0.721 7.04E- 
05  

a Correlation coefficient. 
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Fig. 5. Expression profiles of DEG in melon 
fruits. A) K-means clustering of stage-specific (ss, 
black lines) and common fruits (cf, blue lines) 
DEGs. B) Heatmap analysis of common tran
scripts shared between F39 and TTDV in each 
cluster identified in (A). C) Expression profile of 
regulatory proteins commonly identified in indi
vidual gene clusters. D) Expression profile of 
ethylene biosynthetic genes prepared as (C). The 
log10 of count per million (cpm) value for each 
gene was used to calculate relative expression 
levels. Genes shown with red texts were included 
in RT-qPCR analysis in Fig. 6. (For interpretation 
of the references to colour in this figure legend, 
the reader is referred to the web version of this 
article).   
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corresponding cluster pairs of F39 and TTDV. The DEGs overlapping 
between corresponding clusters were summarized in Supplemental Data 
3-1. 

To determine if a specific gene expression signature is associated 
with biological functions, we conducted gene ontology enrichment 
analysis for each cluster (Supplemental Data 3-2). The notable enrich
ments were found with photosynthesis-related GOs (cfC4, cfC5, cfC6), 
ABA signaling (ssC1, ssC6), peptide transport (ssC2), transcription 
(ssC4, ssC5), ammonium transport (ssC6), protein kinase/auxin signal/ 
molybdate transport (ssC7), aminoacyl tRNA synthesis (ssC9), ovary 
development (cfC1). Heatmap of expression levels for selected regula
tory proteins such as transcription factors (TFs) are shown in Fig. 5C. 
Higher expression of genes below was found at the early stage: 
MELO3C021306 (Ethylene-responsive transcription factor 3, ERF3), 
MELO3C017064 (BZIP transcription factor family protein), 
MELO3C009309 (Nuclear transcription factor Y subunit B-8, NFYB8- 
like), MELO3C019590 (ERF), MELO3C006852 (Phosphatase 2C family 
protein). On the other hand, MELO3C008175 (WRKY transcription 
factor) showed higher expression at the late stage. In the cfC1 cluster, 
five ripening regulator genes were identified. MELO3C016540 (NAC 
domain-containing protein) is a homolog of tomato NOR (NO 
RIPENING), and its expression gradually increased during the fruit 
development. Four MADS-box TFs were found encoding 2 RIN 
(RIPENING INHIBITOR) homologs and two Agamous-like proteins 
(TAGL1 and AGL15). One of RIN homolog and TAGL1 showed high 
expression throughout the development, whereas AGL15 expression 
increased in the late stage. 

Since the ripening process in many cantaloupes is regulated by 
ethylene production, we checked ethylene biosynthetic gene expression 
(Fig. 5D). Expression of aminocyclopropane carboxylate (ACC) synthase 
was generally weak, but several isoforms showed expression in later 
stage samples. Several isoforms of ACC oxidase expression showed high 
expression in the late-stage fruits, particularly MELO3C014437 and 
MELO3C026436. 

One unexpected finding was the alternating expression pattern of 
ammonium transporters (MELO3C009140 and MELO3C023074, the 

early stage) and nitrate transporter NRT (MELO3C012471 and 
MELO3C009190, the late stage). The importance of the NRT family 
transporter during embryogenesis has been shown in Arabidopsis [33]. 
By contrast, the function of ammonium transporter in reproduction is 
not very clear. Female flower-specific expression of poplar AMT1;6 and 
pollen-specific expression of poplar AMT1;5 and Arabidopsis AMT1;4 
have been reported [34,35], suggesting a specific role of AMT isoforms 
in reproductions. 

3.5. Validation of gene expression using RT-qPCR 

To confirm the expression pattern observed with RNA-seq datasets, 
we conducted RT-qPCR analysis of 31 selected genes (Fig. 6). Three 
samples were chosen from leaf, early-stage fruits, and late-stage fruits 
for analysis. Of 31 genes analyzed, 29 confirmed the profile suggested 
from RNA-seq analysis. MELO3C001489 failed to amplify in multiple 
samples, whereas MELO3C004253 (LOX7) levels were not consistent 
with the RNA-seq data and showed that LOX7 expression declined over 
the course of fruit development. However, the overall transcript levels 
detected by RT-qPCR in these samples were very low; therefore, they 
may not be suitable for comparing the expression levels between 
samples. 

4. Discussion 

Production of aromatic VOC in melon fruits greatly contributes to the 
fruit flavor and can significantly influence the consumer choices. The 
melon aroma has been profiled with climactic and non-climactic vari
eties, and more than 240 VOC has been detected [10]. Yet, little is 
known about how aromatic VOC profiles change during the fruit 
maturation. In this study, fruit samples were collected over the course of 
development, and metabolite profiles of fruits were determined. Also, 
RNA-seq data were generated using the same fruit samples to assess the 
correlation between levels of metabolites and transcripts in different 
fruit maturation stages. Our data indicated that melon fruit metabolites 
and transcripts undergo a clear transition from early stage to late stage 

Fig. 6. Expression profiles of select DEG determined by RT-qPCR. Three RNA samples from leaves, early-stage fruits (E), or late-stage fruits (L) were used to represent 
each stage. Expression levels were calculated as a relative value to ribosomal 18S RNA. Bars indicate the standard error of the triplicate. 
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during the fruit development. The early-stage fruits were characterized 
by an abundance of lipid-derived GLVs, whereas late-stage fruits are rich 
in C9 GLVs, apocarotenoids, and esters. While gene expression does not 
always mean production of encoded proteins, our data are consistent 
with previous biochemical studies of melon fruits [36,37]. 

The comparison of early- and late-stage fruits revealed that stage 
specificities exist even within the same class of molecules, such as lipid- 
derived GLVs. The observed shift was caused by a decline of C5-C8 VOCs 
and an enrichment of C9 VOCs. Transcriptome changes associated with 
the shift are a decrease of 13-lipoxygenase LOX18 and 9/13-HPL 
(MELO3C01090) expression, an increase in 9/13-HPL 
(MELO3C018413) and alcohol dehydrogenease (MELO3C014897) in 
the late-stage fruits. Interestingly, the expression of 9-lipoxygenase 
(LOX7) responsible for producing 9-hydroperoxylipid, was relatively 
stable and observed throughout the development (or declined at the 
late-stage based on the RT-qPCR data). The expression of other LOX 
isoforms was very low in all fruit samples, suggesting LOX7, 8, and 18 
could be LOX isoforms responsible for the fruit GLV biosynthesis. Also, 
the strong expression of 3Z:2E-enal isomerase and alcohol de
hydrogenases may contribute to the derivatization of GLVs in late-stage 
fruits. These lipid-derived volatiles render the characteristic green and 
cucumber-like odors to melon fruits that may negatively affect consumer 
preference. By contrast, fruity flavors rendered by apocarotenoids and 
esters are preferred characters of mature melon fruits. Enhanced carot
enoids and apocarotenoid production by the late-stage fruits in both 
varieties are supported by the induction of PSY isoform and carotenoid 
cleavage enzyme CCD1 and CCD4. CCD4 is known to cleave β-carotene 
at 9,10 and 9′,10′ positions to yield β-ionone and geranylacetone [38]. 
The CCD1 family has less strict substrate and cleavage specificities and 
can catabolize a wide range of all-trans- and 9-cis-carotenoids [39–42]. 
Ilg et al. reported that tomato CCD1A and CCD1B have a relaxed 
double-bond specificity and can produce geranylacetone, farnesylace
tone, and citral [43]. Also, geraniol production via geranial, a cleavage 
product of C7–C8 double bonds of apolycopenals by rice CCD1, has been 
reported [44]. Therefore, our data is consistent with the model that 
CCD1 and CCD4 are important for the late-stage-associated apocar
otenoid VOCs. Esters like ethyl butanoate and ethyl 2-methylbutanoate 
are likely generated from acyl CoA [45] and alcohol via the function of 
alcohol acyltransferase (AAT). We detected strong expression of AAT2 
(MELO3C24771) and another AAT isoform (MELO3C024776). Inter
estingly, AAT2 in our varieties is an inactive enzyme due to T268A 
mutation in its amino acid sequence [46], leaving MELO3C024776 as a 
candidate for ester production in the melon fruit. 

Clustering analysis of DEGs indicated that expression patterns of 
many transcripts were conserved between two varieties. Notably, fruit- 
specific expression of NAC and MADS-box TFs were empirically identi
fied by this analysis, with NOR expression increasing over the fruit 
development. In contrast to the fruit-specific expression of develop
mental regulators, stage-specific transcriptional regulators include 
many TFs in ERF family, WRKY family, bZip family, NF-Y, MYB, and 
others typically related to response to environmental signals with higher 
expression in the early-stage in general. These TFs likely form the second 
level regulators in the signaling cascade to orchestrate various aspects of 
fruit growth and ripening, such as flavor production, wall softening, 
sugar metabolism. For example, a bZip TF (MELO3C005173) is homol
ogous to tomato bZip TF ABZ1, a target of RIN [47]. Tomato ABZ1 is 
induced by anaerobic treatment [48]; therefore, the expression of ABZ1 
in melon fruit may be related to the production of 3-hydroxybuta
n-2-one, which is produced by anaerobic metabolism. Tomato ABZ1 is 
a transcriptional repressor, and MELO3C005173 is expressed in the 
early stage, where 3-hydroxybutan-2-one is not produced. This implies 
that the production of some aromatic VOC is actively repressed at the 
early stage. As an important point to note, we analyzed samples from a 
single year in this study and therefore some variability of the results 
might be observed in other years. However, we identified number of 
similarly regulated genes in two cultivars grown in the different plots in 

the field, supporting the general conclusion of this study is reproducible. 
Overall, genes identified in our analysis likely form regulatory layers of 
gene expression during melon fruit ripening, influencing the fruit aro
matic VOC profiles. These genes are targets of further functional char
acterizations and engineering using gene knockout by CRISPR/CAS9. 
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