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ABSTRACT. The catabolism of fatty acid (FA) is regarded as a key pathway of aroma volatile compounds in oriental
sweet melon (Cucumis melo var. makuwa). In our research, two cultivars of oriental sweet melon, Caihong7 and
Tianbao, were employed to illuminate which step of the biosynthetic pathway of aroma compounds could be regulated
by ethylene (ETH). The role of ETH in determining the profiles of straight-chain aroma volatile compounds, levels of
FA as aroma precursors, activities of aroma-related enzymes derived from FA pathway, and expression patterns of
key enzymes were investigated. Overall, exogenous application of ETH increased the production rates of endogenous
ETH and levels of FA. Compared with control, the level of straight-chain esters, especially the acetate, hexanoate, and
hexyl esters, was significantly increased by ETH, whereas the content of alcohol and aldehyde reduced. In addition,
the metabolism of free FA included linoleic acid (LA), linolenic acid (LeA), and oleic acid (OA) appeared to be ETH-
dependent. The activities of lipoxygenase (LOX), alcohol dehydrogenase (ADH), and alcohol acetyltransferase (AAT)
as well as the expression patterns of Cm-ADH1, Cm-ADH2, Cm-AAT1, and Cm-AAT4 were positively regulated by
ETH. In contrast, hydroperoxide lyase (HPL) and Cm-AAT2 and Cm-AAT3 seemed to be independent of ETH
modulation. These results suggested that the dissimilation of FA included LA, LeA, and OA into the acetate,
hexanoate, and hexyl esters mainly through ETH regulating the LOX pathway by enhancing the expression of
particular members of aroma-related key enzyme gene families as well as the activities of dehydrogenation and
esterification.

Oriental sweet melon presents several attractive qualities,
such as a sweet and crisp taste, juicy flesh, edible peel, and
especially the intense aroma (Allwood et al., 2014; Aubert and
Bourger, 2004; Bai et al., 2014). The unique aroma identified in
oriental sweet melon is attributed to several volatile compounds
including alcohols, acids, aldehydes, and esters that are bio-
synthetically derived from FAs, amino acids, carotenoids, and
terpenes (Aubert and Bourger, 2004; Beaulieu and Grimm,
2001). In general, FAs are considered to be major precursors of
aroma volatiles in melon [Cucumis melo (Flores et al., 2002)].
Straight-chain esters are produced from free FA such as LA,
LeA, and OA by the generation of short-chain alcohols and
aldehydes through b-oxidation, hydroperoxyacid cleavage, and
the LOX pathways (Schwab et al., 2008).

Lipoxygenase and HPL are important enzymes produced by
the LOX pathway, which is responsible for the synthesis of

volatile compounds contributing to ‘‘green’’ and ‘‘fresh’’ notes
in ripe fruit (Baldwin et al., 2000). First, LOX produces
hydroperoxide isomers of FA, which are subsequently cleaved
by HPL to form hexanal and hexenal, respectively. Then, these
aldehydes are reduced to alcohols by ADH (Manr�ıquez et al.,
2006). AAT catalyzes the final linkage between acyl CoA and
alcohol to form esters and, thus, is directly responsible for the
production of esters (Khanom and Ueda, 2008).

The plant hormone ETH controls most ripening events in
fruit, and consequently, also controls most of the metabolic
pathways responsible for the development of sensory quality
(Giovannoni, 2004; Klee and Giovannoni, 2011). FA levels are
highly regulated during fruit development and especially
accumulate during fruit ripening, particularly during the cli-
macteric peak (Song and Bangerth, 2003). It is well known that
biosynthesis of some volatile compounds is regulated by ETH.
Melon has climacteric and nonclimacteric genotypes (Beaulieu,
2005; Flores et al., 2002; Pech et al., 2008). Typical climacteric
phenotypes with high ETH production are often highly aro-
matic (P�erin et al., 2002; Portnoy et al., 2008; Shalit et al., 2001;
Wyllie and Leach, 1992), whereas nonclimacteric melon is
consistently less aromatic and unable to produce autocatalytic
ETH (Burger et al., 2006).
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Although the FA pathway is important for the production of
aroma volatile compounds, the hormonal factor of ETH
regulating this biosynthetic pathway in oriental sweet melon
have received relatively little attention. Therefore, the objective
of the present study was to explore the potential biochemical
steps involved in the biosynthesis of straight-chain aroma
volatiles from FA under ETH regulation.

Materials and Methods

PLANT MATERIAL AND TREATMENTS. The oriental sweet
melons used in this study (n = 220) consisted of two cultivars,
orange-fleshed Caihong7 (a highly aromatic cultivar) and
green-fleshed Tianbao (a less aromatic cultivar). The former
is oval in shape, whereas the latter is round. The individual fruit
of both cultivars weigh �0.4 kg. In general, ‘Caihong7’
requires �33 d after anthesis (DAA) whereas ‘Tianbao’ re-
quires 35 DAA to achieve the final ripening stage of develop-
ment (i.e., the ripening stage occurs after the fruit change in
firmness, peel color, and soluble solid content and the abscis-
sion zone develops) (Li et al., 2011; Qi et al., 2011). One plant
was grown per pot (volume of 25 L, soil:peat:compost = 1:1:1)
fromApr. 2012 to July 2012 in a greenhouse at the Horticultural
Research Center, Shenyang Agricultural University, Shenyang,
People’s Republic of China. Freshly opened female flowers
were sprayed with the growth regulator [Fengchanji2, a hor-
mone complex mainly containing 4-chlorophenoxyacetic acid,
which can increase fruit setting rates (Shenyang Agricultural
University)] and tagged on the day of bloom. Oriental sweet
melons were cultivated as single stems, with two or three fruit
per vine and were harvested at 24 DAA (mature-green stage) at
the same node of the plant at a physiologically mature stage.

After harvest, fruit were carefully inspected for bruising
and compression damage. Only fruit without visual defects and
uniform shapes and sizes were selected for processing and
randomly divided into three lots, and with a mount of 90
oriental sweet melon fruit of each cultivar per lot. Lot 1 was
left intact (control), Lot 2 was treated with 1 mg�L–1 1-
methylcyclopropene [1-MCP (0.14% w/v, SmartFresh�; Rohm
and Hass, Philadelphia, PA)], and Lot 3 was treated with
8000 mL�L–1 ETH on the day of harvest (day 0). Three replicates,
with five fruit for each replicate, were selected at random from
each treatment (ETH, 1-MCP, or control). Oriental sweet melons
of Lots 2 and 3 were placed in 30-L airtight chambers and treated
with ETH and 1-MCP, respectively, at (mean ± SD) 23 ± 1 �C
and 62% ± 1% relative humidity controlled by an air condi-
tioner. The chamber was sealed for 24 h and then ventilated for
2 h to eliminate any trace of ETH or 1-MCP. Fruit fumigated
with distilled water was used as a control. Control and ETH-/
1-MCP-treated fruit were kept in separate storage areas at 23 �C
to avoid possible contamination by ETH or 1-MCP outgassing.
Sampling was conducted from day 1 (24 h after treatment) to
day 15 at 3-d intervals. On day 9, subsets (20 fruit) of the ETH-
and 1-MCP-treated oriental sweet melon from each cultivar
were then treated with 1-MCP or ETH for 24 h (day 1) at 23 �C,
separately, and after that, sampled on days 3 and 6. All
epidermal (peel) and hypodermal mesocarp (flesh) tissue
samples were separated using a peeler with a sharp stainless
steel blade. Although avoiding excess flesh, the peel of each
oriental sweet melon was sampled to a depth of �1.5 mm. All
peel and flesh samples were immediately frozen in liquid
nitrogen and stored at –80 �C.

MEASUREMENT OF ETH PRODUCTION RATE. The methodology
for ETH production rate was based on the method of Liu et al.
(2012) with modification. ETH production rate was measured
by withdrawing 100 mL samples of internal gas from the seed
cavity of each oriental sweet melon and injecting it into a gas
chromatograph (Varian GC-3800; Agilent Technologies, Palo
Alto, CA), equipped with a flame ionization detector and
a GDX-102 column (3 m · 2 mm i.d.; Dalian Institute of
Chemical Physics, Dalian, China) at 100 �C, using nitrogen as
a carrier gas (20 mL�min–1). Injector and detector temperatures
were 250 and 120 �C, respectively. ETHwas quantified by peak
area, and external standards were used for calibration. The
calibration curve was linear when the concentration of ETH
was in the range of 10% to 50% v/v (microliters per liter) (r =
0.998).

VOLATILE ANALYSIS: HEADSPACE FORMATION, SOLID-PHASE

M ICRO -EXTRACT ION , GAS CHROMATOGRAPHY–MAS S

SPECTROMETRY ANALYSIS. Frozen oriental sweet melon samples
(100 g of flesh or 50 g of peel) were thawed at room temperature
for 30 min. Fresh juice was squeezed with a juicer (JYL-C05;
Joyoung Co., Jinan, China), and juice samples were taken by
filtering juice through a glass funnel and four layers of
cheesecloth. Then 3.5 g sodium chloride (analytical grade)
and an internal standard (50 mL of octan-1-ol, 59.5 mg�L–1,
0.5% v/v; Aladdin Chemistry Co., Tianjin, China) were added
to 10 mL supernatant of the juice. The mixture was homoge-
nized completely and poured into a 20-mL glass vial (Thermo
Fisher Scientific, Waltham, MA). Solid-phase micro-extraction
was used to extract the volatile components of oriental sweet
melon. The volatile compounds were analyzed by gas chroma-
tography–mass spectrometry (Trace GC-Ultra-ITQ 900;
Thermo Fisher Scientific) using a TR-5ms SQC column
(30 m · 0.25 mm i.d. · 0.25 mm thickness; Thermo Fisher
Scientific) and 40-min runs. A sample from five fruit was
measured, and the experiment was repeated three times. The
detailed procedure was as described by Liu et al. (2012).

The data analysis of chromatographic aroma was processed
by using Xcalibur� 2.0 (Thermo Fisher Scientific). The volatile
compounds detected in the oriental sweet melon fruit have been
identified by comparing their mass spectra with those included
in the National Institute for Standards and Technology (NIST05
search version 2.0) data bank and by comparing with linear
retention indices reported in the literature or NIST database
(Chaparro-Torres et al., 2015; Dos-Santos et al., 2013; Obando-
Ulloa et al., 2008). In addition, the Chemical Abstract Service
numbers of the volatiles reported in the NIST98 database were
used to obtain their corresponding International Union of Pure
and Applied Chemistry name. Quantitative analysis of individ-
ual compounds was performed using the peak area of the
internal standard of octan-1-ol. When data were not detected,
empty cells were automatically considered as zero for the
analysis (Allwood et al., 2014; Dos-Santos et al., 2013). Results
were expressed as micrograms per gram.

FAS ANALYSIS. The total FA profile was determined by FA
methyl ester analysis, and the total lipid fractions were ex-
tracted from 5 g of flesh and peel tissues based on the method of
Nie et al. (2005) and Zhang et al. (2009) with modifications.
Briefly, the lipids were extracted with petroleum ether:ether
(4:3, v/v) for 24 h at 0–4 �C. After that, methyl esterification
was done by adding 10 mL of potassium hydroxide-methanol
solution (0.4 mol�L–1) for 2 h at room temperature. Then, it was
centrifuged at 4000 gn for 10 min. The upper organic phase was
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recovered and analyzed in a gas chromatograph (Varian GC-3800),
equipped with a CP 7485 column (25 m · 0.32 mm i.d. ·
0.52 mm thickness; Dalian Institute of Chemical Physics).
Conditions for chromatography were 1 mL of injection, split
injection (split ratio 30:1), and nitrogen as gas carrier. The
injector and detector temperature were at 240 and 250 �C.
Initial oven temperature started at 100 �C held for 1 min,
increased to 205 �C at 8 �C�min–1 held for 0.1 min, increased to
240 �C at 3 �C�min–1 held for 10 min, with 20 min of total
running time. Identification of standard compounds was con-
firmed by a comparison of collected mass spectra with those of
authenticated reference.

ENZYME ACTIVITIES. LOX activity was determined as pre-
viously described (Chen et al., 2003; Liu et al., 2012) with some
modifications. Oriental sweet melon flesh and peel tissues [3 g
fresh weight (FW)] were ground to a fine powder in 8 mL of
50-mmol�L–1 potassium phosphate buffer (pH 7.0). The homo-
genate was centrifuged at 15,000 gn for 15 min at 4 �C. The
supernatant was analyzed using LA as the substrate by an
ultraviolet/visible spectrophotometer (Cary 100; Agilent Tech-
nologies). The reaction was started by addition of 0.2 mL of
crude tissue extract to 25 mL of substrate containing 2.775 mL
of 0.1 mol�L–1 sodium acetate buffer (pH 6.0) as reaction buffer.
The increase in absorbance at 234 nm was measured to monitor
the formation of conjugated dienes. One activity unit (U) was
defined as the increase in one unit of absorbance per minute,
and results were expressed as specific activity (milliunits per
milligram protein).

HPL activity was assayed using the method of Salas and
Sanchez (1999) with some modifications. Oriental sweet melon
flesh and peel tissues (3 g FW) were ground to a fine powder in
6 mL of 150-mmol�L–1 HEPES-KOH buffer (pH 8.0). The
homogenate was centrifuged at 15,000 gn for 30 min at 4 �C. In
the final volume of 3.5 mL, the following were present: 2 mL
of 150-mmol�L–1 HEPES-KOH (pH 8.0), 0.75 mL of LA
hydroperoxide sodium substrate, 0.15 mL of 1.6-mmol�L–1

nicotinamide adenine dinucleotide hydrogen, 0.1 mL ADH
enzyme liquid (0.5 mg�mL–1 borate buffer, pH 8.6), and 0.5 mL
of crude tissue. Reaction velocities were determined from the
decline in absorbance at 340 nm.

Oriental sweet melon flesh and peel tissues (3 g FW)
were homogenized with mortar and pestle in 2.4 mL of
100-mmol�L–1MES-Tris buffer (pH 6.5) containing 2mmol�L–1

dithiothreitol and 1% (w/v) of polyvinylpyrrolidone. After
filtration and centrifugation (15,000 gn, 4 �C) for 30 min, the
supernatant was recovered and used for the ADH enzyme assay
as previously described by Longhurst et al. (1990).

Oriental sweet melon flesh or peel tissues (3 g FW) were
homogenized with mortar and pestle in 6 mL of 100-mmol�L–1

potassium Tris-HCI (pH 8.0) and 1 mg�g–1 of polyvinyl
polypyrrolidone. After filtration and centrifugation (16,000 gn,
4 �C) for 30 min, the supernatant was recovered and used for
the AAT enzyme assay as previously described by Fellman
et al. (2000). The protein concentration of enzyme extracts was
determined using the method described by Bradford (1976).

RNA ISOLATION. Total RNA from fruit samples was extracted
based on the method of Li et al. (2016) and Tian et al. (2012).
Peel and flesh tissues (3 g each) were ground in liquid nitrogen
using a baked mortar and pestle. The ground powder was
transferred to 50-mL polypropylene tubes with 15 mL of
guanidine isothiocyanate extraction buffer that had been pre-
viously incubated at 65 �C. Tubes were briefly vortexed for

1 min, and samples were separated with a centrifuge (Biospec
Products, Bartlesville, OK) at 12,000 gn. The supernatant was
mixed with 1.5 mL of 2 mol�L–1 sodium acetate, 15 mL of
water-saturated phenol, and 3 mL of chloroform:isoamyl
alcohol (24:1, v/v). The tubes were inverted for mixing and
then incubated at 4 �C for 15min. Eachmixture was centrifuged
at 12,000 gn for 20 min at 4 �C, and the supernatant was
transferred to a clean tube. A half volume of water-saturated
phenol and chloroform:isoamyl alcohol was added to this
solution, and the mixture was again centrifuged for 20 min.
After repeating the chloroform extraction process, an equal
volume of isopropyl alcohol was added to the mixture, and the
RNA was allowed to precipitate at –20 �C for 45 min before
centrifugation at 12,000 gn for 20 min. The supernatant was
discarded, and the RNA pellet was washed twice with 3 mL of
75% ethanol. After washing, the tubes were centrifuged at
12,000 gn for 5 min at 4 �C. The precipitate was dissolved in
1 mL of RNase-free water and one-third volume of 10 mol�L–1

lithium chloride was added. Extracts were stored at –20 �C
overnight. The total RNA concentration was determined using
a spectrophotometer (NanoDrop ND-100; Thermo Fisher
Scientific), and the RNA quality was verified by agarose gel
electrophoresis.

QUANTITATIVE REAL-TIME POLYMERASE CHAIN REACTION. DNase-
treated RNA (3 mg) was reverse transcribed in a reaction
volume of 20 mL using the Omniscript Reverse Transcription
Kit (Tiangen, Beijing, China) (Li et al., 2016; Tian et al., 2012).
Real-time quantitative polymerase chain reaction (qPCR) was
performed using 100 ng of total RNA in a 20-mL reaction
volume with the SYBR Green PCR MasterMix (PE-Applied
Biosystems, Foster City, CA) on an ABI PRISM 7500 real-time
PCR (RT-PCR) system. The sequences of all primers used for
qPCR are described in Table 1. The RT-PCR conditions were as
follows: 40 cycles of 94 �C for 4 min followed by 94 �C for 25 s
and 60 �C for 30 s.

STATISTICAL ANALYSIS. Experiments were performed in a
completely randomized design. All individual volatile com-
pounds data for different tissues from both treated and control
oriental sweet melon fruit were log transformed to improve
normality (Bernillon et al., 2013), and then, were submitted to
an analysis of variance (ANOVA), using SPSS 11.0 (IBM
Co., Armonk, NY), and two factors with treatment and time
and interaction and P values were estimated following Student–
Newman–Keuls’s multiple range tests. The charts were
performed by using Origin (version 7.5; Microcal Software,
Northampton, MA). Levels of straight-chain aroma volatile
compounds and FA as well as aroma-related enzymes for peel
tissue from both treated and control ‘Caihong7’ and ‘Tian-
bao’ oriental sweet melon fruit are reported in supplemental
data.

Results

RATE OF ETH PRODUCTION. The rate of ETH production was
increased by ETH treatment but was inhibited by 1-MCP in
both cultivars (Fig. 1). Moreover, the climacterics of the ETH
production rate in ETH-treated and control fruit of Caihong7
developed 3 d earlier than in Tianbao, and significantly higher
values were observed in the former cultivar than in the latter.
According to the ANOVA data, the combined treatment did not
result in significantly different effects, apart from 1-MCP +
ETH-treated ‘Caihong7’.
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STRAIGHT-CHAIN AROMA VOLATILES PRODUCTION. Three alco-
hols and two aldehydes with six straight-chain carbons were
identified in the headspace of the ‘Caihong7’ and ‘Tianbao’
fruit. Moreover, higher levels of aldehydes and alcohols were
found in ‘Tianbao’ compared with those in ‘Caihong7’ fruit
after ETH or 1-MCP treatment. The concentrations of alde-
hydes and alcohols gradually decreased with longer duration
of storage in ETH-/1-MCP-treated and untreated ‘Caihong7’
and ‘Tianbao’ fruit (Tables 2 and 3; Fig. 2; Supplemental
Tables 1 and 2; Supplemental Fig. 1). The total levels of
aldehydes were significantly higher in 1-MCP-treated fruit
from both cultivars than in ETH-treated and control fruit after
9 d of storage (P < 0.05). In contrast, the total levels of
straight-chain alcohols was significantly higher in ETH-
treated samples but was significantly lower in 1-MCP-treated
samples, especially after 6 d of storage (P < 0.05) from both
cultivars.

There were moderate ester production rates in the ETH-
treated and control ‘Caihong7’ fruit at the initial stages of
storage, with rapid increases in this production during the

middle stages of storage and maxi-
mal production on day 12 (Fig. 3).
Increasing trends were observed
throughout the experimental period
in the ETH-treated and control
‘Tianbao’ fruit. Compared with the
controls, 1-MCP effectively sup-
pressed the production of straight-
chain esters in both ‘Caihong7’ and
‘Tianbao’ (P < 0.05), thereby lead-
ing to relatively lower levels of
straight-chain ester accumulation.
Additionally, 1-MCP + ETH did
not completely reverse the original
trend of volatiles observed in their
corresponding treated fruit.

Straight-chain esters in the peel
and flesh tissues of ETH-/1-MCP-
treated or control ‘Caihong7’ and
‘Tianbao’ fruit were predominantly
composed of acetate esters; in par-
ticular, ‘Caihong7’ contained a large

amount of ethyl acetate. The ethyl acetate content in the peel
and flesh of ETH-treated ‘Caihong7’, was about six and four
times higher than that of the corresponding 1-MCP-treated
tissues and reached maximal values on days 15 and 12 of
storage, respectively (Table 2; Supplemental Table 1). The
majority of the levels of acetate, hexanoate, and hexyl esters,
such as ethyl acetate, butyl acetate, hexyl acetate, ethyl
hexanoate, butyl hexanoate, (Z)-hex-2-enyl acetate, and (E)-
2-hexenyl butanoate, tended to vary coinciding with the change
of ETH production rate in ETH-/1-MCP-treated or untreated
‘Caihong7’ and ‘Tianbao’ fruit (Tables 2 and 3; Supplemental
Tables 1 and 2). Most butyrate levels followed an increasing
trend in both ETH-/1-MCP-treated and untreated ‘Caihong7’
and ‘Tianbao’ fruit throughout the postharvest period.

FA CONTENT. In our study, the major FA component
identified in oriental sweet melon fruit was LeA, followed by
LA and then OA. As shown in Fig. 4 and Supplemental Fig. 2,
the FA content was significantly higher in Tianbao than in
Caihong7, except for the level of OAmeasured in the peel from
the latter cultivar. Further, a higher FA content was found in
peel tissues than in flesh tissues from both cultivars (P < 0.05).
The data showed that the levels of FA gradually decreased in
peel and flesh tissues of ETH-/1-MCP-treated and control
‘Caihong7’ fruit during storage. Conversely, the content of
OA was highest on day 6 in peel and flesh tissues of ETH-
treated ‘Tianbao’ fruit, and LeA and LA concentrations reached
maximum levels on day 9. In the 1-MCP-treated fruit, the levels
of LA and OA were significantly lower than those in control
(P < 0.05), and this was higher than those of ETH-treated fruit.

ENZYME ACTIVITY. LOX activity reached maximal levels on
days 9 and 6 in all tissues in ETH-treated and control
‘Caihong7’ fruit, respectively (Fig. 5A and B; Supplemental
Fig. 3). However, the peak LOX activity of control ‘Caihong7’
fruit was much lower than that of ETH-treated fruit. The LOX
activity peaked on day 9 in all tissues in ETH-treated and
control ‘Tianbao’ fruit.

HPL activity peaked after 3 d of treatment, and then
decreased in all tissues of ‘Caihong7’ fruit (Fig. 5C and D),
whereas it fluctuated and then peaked on day 9 in samples of
treated and control ‘Tianbao’ fruit.

Table 1. Sequence of primers used for gene expression analysis in peel and flesh tissues of ‘Caihong7’
and ‘Tianbao’ oriental sweet melon fruit by real-time quantitative polymerase chain reaction.

Primerz Oligonucleotide sequence

Cm-actin-344 (F) 5#-GTGATGGTGTGAGTCACACTGTTC-3#
Cm-actin-426 (R) 5#-ACGACCAGCAAGGTCCAAAC-3#
Cm-ADH1-518 (F) 5#-GTGTTCTTAGCTGCGGCATTT-3#
Cm-ADH1-588 (R) 5#-TTGACCCTTTTTAGGCTTTGCA-3#
Cm-ADH2-145 (F) 5#-GCGGAATCGTTAAAGGGTGTACT-3#
Cm-ADH2-216 (R) 5#-AGCCGCCTCTCTCTCTTCTTC-3#
Cm-AAT1-1181 (F) 5#-CCACAGGGGCCAGAATTACA-3#
Cm-AAT1-1284 (R) 5#-TGGAGGAGGCAAGCATAGACTT-3#
Cm-AAT2-1175 (F) 5#-CTATAATTGGAGGGTGTGGAATTATC-3#
Cm-AAT2-1311 (R) 5#-AACATTTGCCCTAAATCTTTCCAT-3#
Cm-AAT3-677 (F) 5#-CGCTTGATGACATGGCACAT-3#
Cm-AAT3-744 (R) 5#-GGCCTTACGGATAGCAGAGATC-3#
Cm-AAT4-659 (F) 5#-CAGTTGTACCCCCGTCGAGTA-3#
Cm-AAT4-734 (R) 5#-AATATCGCTTCTGATCGGAACAC-3#
zADH = alcohol dehydrogenase; AAT = alcohol acetyltransferase; F = forward primer; R = reverse
primer. GenBank accession numbers: Cm-ADH1 (ABC02081), Cm-ADH2 (ABC02082), Cm-AAT1
(CAA94432), Cm-AAT2 (AAL77060), Cm-AAT3 (AAW51125), and Cm-AAT4 (AAW 51126).

Fig. 1. Effects of ethylene (ETH) and 1-methylcyclopropene (1-MCP) on ETH
production rates in (A) ‘Caihong7’ and (B) ‘Tianbao’ oriental sweet melon
fruit during storage at room temperature (23 �C) for up to 15 d. Values are
means ± SE (n = 3). Distilled water was the control [CK (h)], 10 mg�L–1

ETH treatment (d), 1 mg�L–1 1-MCP (:), ETH followed by 1-MCP (ETH +
1-MCP, .d.), and 1-MCP followed by ETH (1-MCP + ETH, .:.).
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ADH activity increased rapidly during the first 6 d of
postharvest storage, and then reached maximal levels on day
6 in all tissues of ETH-treated and control ‘Caihong7’ fruit as
well as the ETH-treated ‘Tianbao’ fruit (Fig. 5E and F). The
activity of this enzyme then decreased over the rest of the
monitoring period, thereby showing an overall declining trend
for both cultivars.

A sharp increase in AAT activity was observed on days 9
and 12 in peel and flesh tissues of ETH-treated/control fruit of

‘Caihong7’ and ‘Tianbao’, respectively (Fig. 5G and H). AAT
activity further showed similar patterns in all tissues of both
cultivars subjected to different treatments.

The enzymatic activity was relatively higher in ETH-treated
fruit throughout the storage period compared with the con-
trol fruit of both cultivars. In general, most of the 1-MCP-treated
fruit exhibited lower levels of enzymatic activity compared with
control. ETH + 1-MCP treatment reduced the HPL, ADH, and
AAT activities compared with those of fruit treated with ETH
alone in peel and flesh of ‘Caihong7’ and ‘Tianbao’. Conversely,
the opposite tendency was found in peel and flesh of ‘Caihong7’
and ‘Tianbao’ treated with 1-MCP + ETH.

GENE EXPRESSION. Apart from day 6 samples, the expression
of Cm-ADH1 was significantly higher in peel and flesh tissues
of ‘Tianbao’ than in the corresponding tissues of ‘Caihong7’
(P < 0.05). Moreover, the expression of Cm-ADH2 showed
a similar pattern. After day 6, the expression of Cm-ADH1
dramatically decreased in peel tissue of ‘Caihong7’ fruit treated
with ETH and control. A similar expression pattern was
observed in flesh tissues of this cultivar (Fig. 6). The transcript
levels of Cm-ADH1 peaked on day 9 of storage in peel and flesh
samples of ETH-treated and control ‘Tianbao’ fruit, this trend
was followed by a decline over the remaining observation
period. The expression of Cm-ADH2 followed a tendency
similar to that of Cm-ADH1. The expression patterns of both
Cm-ADH and Cm-AAT were upregulated by ETH during
postharvest ripening in peel and flesh tissues. The transcript
levels of Cm-ADH1 and Cm-ADH2 significantly increased after
ETH treatment but were significantly suppressed by 1-MCP
treatment compared with control (P < 0.05).

Fig. 2. Effects of ethylene (ETH) and 1-methylcyclopropene (1-MCP) on
content of (A, B) straight-chain aldehydes and (C, D) alcohols in flesh tissues
of ‘Caihong7’ (left) and ‘Tianbao’ (right) oriental sweet melon fruit during
storage at room temperature (23 �C) for up to 15 d. Values are means ± SE

(n = 3). Distilled water was the control [CK (h)], 10 mg�L–1 ETH treatment (d),
1 mg�L–1 1-MCP (:), ETH followed by 1-MCP (ETH + 1-MCP,.d.), and
1-MCP followed by ETH (1-MCP + ETH, .:.).

Fig. 3. Effects of ethylene (ETH) and 1-methylcyclopropene (1-MCP) on
content of (A–D) straight-chain esters in peel (upper) and flesh (lower) tissues
of ‘Caihong7’ (left) and ‘Tianbao’ (right) oriental sweet melon fruit during
storage at room temperature (23 �C) for up to 15 d. Values are means ± SE (n =
3). Distilled water was the control [CK (h)], 10 mg�L–1 ETH treatment (d),
1 mg�L–1 1-MCP (:), ETH followed by 1-MCP (ETH + 1-MCP,.d.), and
1-MCP followed by ETH (1-MCP + ETH, .:.).

Fig. 4. Effects of ethylene (ETH) and 1-methylcyclopropene (1-MCP) on (A,B)
linoleic acid, (C, D) linolenic acid, and (E, F) oleic acid in flesh tissue of
‘Caihong7’ (left) and ‘Tianbao’ (right) oriental sweet melon fruit during
storage at room temperature (23 �C) for up to 15 d. Values are means ± SE

(n = 3). Distilled water was the control (CK).
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The relative expression of the Cm-AAT genes showed
similar patterns in peel and flesh tissues of Caihong7 and
Tianbao fruit, and was significantly higher in the former
cultivar than in the latter (P < 0.05), except for Cm-AAT3
(Fig. 7; Supplemental Fig. 4). A massive accumulation of AAT
transcripts was observed to occur concomitantly with the ETH
production rate. A significant reduction in the AAT transcript
accumulation was observed in ETH-treated and control
‘Caihong7’ fruit after day 6. The expression of Cm-AAT was
significantly increased in ETH-treated fruit compared with the
corresponding control (P < 0.05). Suppression of ETH action
by 1-MCP significantly inhibited AAT transcript accumula-
tion, especially those of Cm-AAT1, Cm-AAT2, and Cm-AAT4;
in comparison, Cm-AAT3 was not completely suppressed by
1-MCP.

Discussion

Flores (2008) investigated antisense melon fruit with
inhibited autocatalytic ETH production and found that expos-
ing it to ETH catalyzed the biosynthesis of endogenous ETH
and promoted the respiratory climacteric. Our results were
consistent with some parts of previous studies. Contrarily, ETH
can advance the onset of the climacteric peak of ETH pro-
duction in cantaloupe (Cucumis melo var. cantalupensis) (Pech
et al., 2008), and the onset of the peak for the rate of ETH
production was not changed by ETH treatment in Caihong 7
and Tianbao in our study, probably due to the differences in the
plant species or cultivars and physiological behavior.

Aldehydes are known to serve as key aroma compounds in
fruits, in which they impart a cucumber-like flavor (Kemp et al.,
1974); they are also known to be higher in concentration in
immature melon fruit (Beaulieu and Grimm, 2001). In the
present study, Tianbao was found to exhibit more of a cucumber-
like flavor, which was mainly due to the significantly higher

Fig. 5. Effects of ethylene (ETH) and 1-methylcyclopropene (1-MCP) on
activities of (A, B) lipoxygenase, (C, D) hydroperoxide lyase, (E, F) alcohol
dehydrogenase, and (G, H) alcohol acetyltransferase in flesh tissue of
‘Caihong7’ (left) and ‘Tianbao’ (right) oriental sweet melon fruit during
storage at room temperature (23 �C) for up to 15 d. Values are means ± SE

(n = 3). Distilledwater was the control [CK (h)], 10mg�L–1 ETH treatment (d),
1 mg�L–1 1-MCP (:), ETH followed by 1-MCP (ETH + 1-MCP,.d.), and
1-MCP followed by ETH (1-MCP + ETH, .:.).

Fig. 6. Effects of ethylene (ETH) and 1-methylcyclopropene (1-MCP) on
expression of (A–D) Cm-ADH1 and (E–H) Cm-ADH2 in peel (upper) and
flesh (lower) tissues of ‘Caihong7’ (left) and ‘Tianbao’ (right) oriental sweet
melon fruit during storage at room temperature (23 �C) for up to 15 d. Values
are means ± SE (n = 3). Distilled water was the control (CK).
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contents of C6 aldehydes and alcohols than Caihong7, this
appeared to be a key factor affecting the flavors of both
cultivars. Esters are important contributors to the aroma of
oriental sweet melon (Li et al., 2011) and similar to the results
from a previous study (Li et al., 2014), our data confirmed that
the amount of esters produced by oriental sweet melon fruit
increased dramatically during storage; in contrast, the amount
of aldehydes formed under the same conditions was lower. The
ANOVA data demonstrated that the levels of esters produced
from C1 and C2 alcohols as well as C6 and C9 acyl CoAs
increased the most during storage in both cultivars. Coinciden-
tally, most of these compounds confer aroma properties to
melon fruit (Liu et al., 2009; Obando-Ulloa et al., 2009; Shieh
and Chang, 2001). Moreover, significantly higher levels of
these esters were detected in the highly aromatic ‘Caihong7’
relative to the less aromatic ‘Tianbao’. Esters behavior may
also play a role in discriminating ‘Caihong7’ from ‘Tianbao’
using volatiles.

The variations in the total level of straight-chain esters
coinciding with the ETH production rate in our research
suggested that the total ester production was regulated by
ETH in oriental sweet melon. The levels of hexyl acetate were
significantly increased by ETH but suppressed by 1-MCP in the
present study, indicating that levels of hexyl esters derived from
hexanal followed an ETH-dependent pattern. A certain contri-
bution of ethyl acetate is necessary for the aroma of oriental

sweet melon (Liu et al., 2009). Several previous studies have
shown no significant differences in the levels of ethyl acetate
during ripening in fruit of related climacteric melons with
introgression of an oriental one (Fern�andez-Trujillo et al.,
2013), and this compound has also been associated with
senescence (Obando-Ulloa et al., 2009). However, ethyl acetate
was emitted to a greater extent in ETH-treated ‘Caihong7’ fruit
than in ‘Tianbao’ fruit in the present study. It seemed that the
accumulation of this compound was partly dependent on the
plant cultivar and the physiological behavior of the fruit, and
further studies are required to confirm this. On the other side,
these results suggested that there was a concentration-dependent
response of aroma volatile production to ETH by comparing
the individual melon results to the combined fruit results. Part
of the response to ETH may have been due to better coordi-
nation of ripening compared with control and 1-MCP fruit,
leading to higher apparent levels of the features measured
because the changes were occurring at closer to the same time
in all melons in the ETH treatment. This could be verified in
our future work. The majority of the butyrate levels showed an
increasing tendency in the ETH-/1-MCP-treated and untreated
fruit of ‘Caihong7’ and ‘Tianbao’ throughout the storage period,
which showed that butyrate levels were primarily affected by
senescence instead of ETH.

A previous study showed that treatment of immature apple
(Malus ·domestica) fruit with ETH increased their FA con-
centration (Song and Bangerth, 2003), and similar findings
were observed in the present work. The increase in FA levels
after ETH treatment suggested that ester formation and up-
stream steps in the ester biosynthetic pathway were dependent
on ETH. Similar patterns of reductions in LA, LeA, and OA
during storage could explain the decrease in the total levels of
aldehydes. However, the decline in C6 aldehydes from the
ETH-treated ‘Tianbao’ fruit was not likely to have been caused
by changes in FA precursors during fruit ripening, although
previous studies have shown that modification of FA profiles
can cause changes in the levels of volatile compounds (Canoles
and Beaudry, 2006). Such a result may be due to the higher
activities of ADH or AAT in fruit treated with ETH, which can
catalyze the conversion of more aldehydes to downstream
products, although increased levels of LOX and HPL activity
have been simultaneously observed in ETH-treated fruit.

The biosynthesis of straight-chain esters largely depends on
an adequate supply of lipid-derived precursors (Schwab et al.,
2008). As previously stated, the positive effect of ETH on LOX
activity suggested that this enzyme was dependent on ETH,
which was consistent with the results of Dandekar et al. (2004).
No significant differences in HPL activity in flesh tissues were
observed in both cultivars, which may demonstrate the rela-
tively weak regulatory role of ETH on this enzyme, and further
studies are needed to prove this. Contrary to the higher activity
observed in peel than in flesh of both cultivars, other re-
searchers have observed different tissue-specific diversity in
the HPL activity found in peel and flesh from peach [Prunus
persica (Ortiz et al., 2010)]. The activity of this enzyme may
thus depend on the species. Zhang et al. (2010) showed that
decreases in PpHPL1 expression may contribute to the re-
duction of C6 aldehydes. In contrast, the present study showed
higher concentrations of C6 aldehydes in ETH-treated fruit of
both cultivars, as well as lower levels of HPL activity at the
initial stage of experiment. As such, further tests on HPL
activity should be conducted at the transcriptional level in

Fig. 7. Effects of ethylene (ETH) and 1-methylcyclopropene (1-MCP) on
expression of (A, B) Cm-AAT1, (C, D) Cm-AAT2, (E, F) Cm-AAT3, and
(G,H) Cm-AAT4 in flesh tissue of ‘Caihong7’ (left) and ‘Tianbao’ (right) oriental
sweet melon fruit during storage at room temperature (23 �C) for up to 15 d.
Values are means ± SE (n = 3). Distilled water was the control (CK).
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oriental sweet melon during postharvest ripening. Moreover,
with the exception of LOX, the pH of reaction solution for
enzymes HPL, ADH, and AAT was not optimized for oriental
sweet melon fruit tissue; the effect of optimal pH could have
species dependence for the same enzyme, and further studies
should be needed to verify these speculations (Lester et al.,
2004).

Rapid increases in the emissions of hexanoate, hexenyl, and
hexyl esters may have arisen from the extensive hexanal and
hexenal availability in both ETH-treated cultivars. According
to the ANOVA data, the significantly lower level of hexanal in
both ETH-treated cultivars after treatment indicated that
hexanal was diverted to the production of hexanoate and may
be reduced to hexan-1-ol, a direct precursor of hexyl esters, by
the specific action of ADH. Therefore, the increased production
of hexyl esters may have resulted from the increased ADH
activity (Ortiz et al., 2010).

Decreased levels of AAT activity were followed by a re-
markable increase in emitted ETH, as determined from the total
emission of straight-chain esters. This result was in agreement
with that of El-Sharkawy et al. (2005) who concluded that AAT
was regulated by ETH. AAT expression has also been reported
to be dependent on ETH in apple (Defilippi et al., 2005). The
availability of alcohols was believed to be a bottleneck for ester
production. Inhibition of ADH provided less alcohol substrates
for ester biosynthesis and decreased AAT; thus, the aldehyde
compounds accumulated in 1-MCP-treated fruit. In general, our
results strongly suggested the relevance of the substrate supply
for the biosynthesis of volatile compounds. This result was in
accordance with that of a previous report (Lara et al., 2003,
2007), in which an adequate supply of precursors was observed
to be a key factor influencing aroma volatile compound
production when sufficient AAT activity was present. Taken
together, these data suggested that significant reductions in
ester compounds observed under ETH suppression conditions
could also be caused by reductions in AAT activity levels and
not just by limiting the availability of the precursors.

The onset of Cm-ADH and Cm-AAT expression in peel and
flesh, which was responsible for aroma biosynthesis, coincided
with the accumulation of ETH production. Cm-ADH1 and Cm-
ADH2 followed the same pattern in peel of both ETH-treated
and control fruit, but peaked on day 6 in ‘Caihong7’ and day 9
in ‘Tianbao’, respectively. This appeared to be a cultivar-
dependent response that corresponded with the peak of ETH
production rate. The expression of Cm-ADH1 and Cm-ADH2
genes was upregulated by ETH and reduced by 1-MCP, thereby
indicating positive regulation by ETH. This result was consis-
tent with that found in a previous study on melon (Manr�ıquez
et al., 2006), although it was contradictory to the results from
another similar study in apple (Defilippi et al., 2005), and this
was likely dependent on the plant species.

The diversity of volatile esters has been demonstrated to
arise from the multiplicity of genes encoding AAT enzymes
with differing specific substrate selectivity (D’Auria, 2006;
Lucchetta et al., 2007). The AAT1 locus was found to be critical
for the biosynthesis of esters, and contributes to a ‘‘ripe apple’’
flavor (Souleyre et al., 2014). Galaz et al. (2013) studied
CmAAT proteins in melon, and found that CmAAT1 preferen-
tially leads to the synthesis of hexyl acetate, CmAAT3 to benzyl
acetate, and CmAAT4 to cinnamyl acetate, whereas CmAAT2 is
inactive. Lee et al. (2014) studied AAT genes in oriental sweet
melons but was related with the shikimate pathway in the flesh,

stalk, and peel. Moreover, the expression of Cm-AAT1-4 was
confirmed to be positively regulated by ETH in kiwifruit
[Actinidia sp. (G€unther et al., 2015)]. However, in our study,
the inhibition of Cm-AAT3 expression in 1-MCP-treated fruit
was relatively weak compared with that of Cm-AAT1, Cm-
AAT2, and Cm-AAT4. This result implied that the regulation of
Cm-AAT3 by ETH was relatively weak, and Cm-AAT1 and Cm-
AAT4 may be involved in important functions in the aromatic
volatile compound formation regulated by ETH. The activity of
AAT in 1-MCP-treated fruit was significantly reduced com-
pared with that in control fruit. However, the degree of
suppression of enzymatic activity was less than that of the
mRNA levels, suggesting that there are likely as yet unidenti-
fied AAT genes within the oriental sweet melon genome, which
was in agreement with the work of Shan et al. (2012). Changes
in AAT activity in all treatments of ‘Caihong7’ and ‘Tianbao’
oriental sweet melon were not consistent with the pattern
observed in AAT expression. This finding implied that AAT
activity was partially depended on ETH (Flores et al., 2002). In
contrast with the AAT translation levels observed, ETH sup-
pression and enhancement did not affect the translation levels
of ADH. This tendency suggested that the dramatic changes in
ADH translation were not completely regulated by ETH; other
plant hormones or metabolites may be involved in this
mechanism. As the LOX gene is found in many species, more
research is required to describe the presence and function of the
LOX gene in oriental sweet melons.
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Supplemental Fig. 1. Effects of ethylene (ETH) and 1-methylcyclopropene
(1-MCP) on content of (A, B) straight-chain aldehydes and (C, D) alcohols in
peel tissues of ‘Caihong7’ (left) and ‘Tianbao’ (right) oriental sweet melon
fruit during storage at room temperature (23 �C) for up to 15 d. Values are
means ± SE (n = 3). Distilled water was the control [CK (h)], 10 mg�L–1

ETH treatment (d), 1 mg�L–1 1-MCP (:), ETH followed by 1-MCP (ETH +
1-MCP, .d.), and 1-MCP followed by ETH (1-MCP + ETH, .:.).

Supplemental Fig. 2. Effects of ethylene (ETH) and 1-methylcyclopropene
(1-MCP) on (A, B) linoleic acid, (C,D) linolenic acid, and (E, F) oleic acid in
peel tissue of ‘Caihong7’ (left) and ‘Tianbao’ (right) oriental sweet melon
fruit during storage at room temperature (23 �C) for up to 15 d. Values are
means ± SE (n = 3). Distilled water was the control (CK).
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Supplemental Fig. 3. Effects of ethylene (ETH) and 1-methylcyclopropene
(1-MCP) on activities of (A, B) lipoxygenase, (C,D) hydroperoxide lyase, (E, F)
alcohol dehydrogenase, and (G,H) alcohol acetyltransferase in peel tissue of
‘Caihong7’ (left) and ‘Tianbao’ (right) oriental sweet melon fruit during
storage at room temperature (23 �C) for up to 15 d. Values are means ± SE (n =
3). Distilled water was the control [CK (h)], 10 mg�L–1 ETH treatment (d),
1 mg�L–1 1-MCP (:), ETH followed by 1-MCP (ETH + 1-MCP,.d.), and
1-MCP followed by ETH (1-MCP + ETH, .:.).

Supplemental Fig. 4. Effects of ethylene (ETH) and 1-methylcyclopropene
(1-MCP) on expression of (A, B) Cm-AAT1, (C, D) Cm-AAT2, (E, F) Cm-AAT3,
and (G,H) Cm-AAT4 in peel tissue of ‘Caihong7’ (left) and ‘Tianbao’ (right)
oriental sweet melon fruit during storage at room temperature (23 �C) for up to
15 d. Values are means ± SE (n = 3). Distilled water was the control (CK).
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