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Abstract
The regulation mechanism of the levels of DNA methylation of CpG islands of ethylene signaling genes
induced by melatonin on postharvest ripening of tomato fruit were studied. The ripening of tomato fruit
was signi�cantly promoted by the melatonin treatment, as revealed by the appearance color, the lycopene
and total soluble solids content of the fruit. In the melatonin treated fruit, the DNA methylation levels of
CpG island of SlACS10 and SlERF-A1 were decreased, and the DNA methylation level of CpG island of
LeCTR1 was increased. In addition, melatonin treatment increased the expression level of SlACS10,
LeEIN3, SlERF-A1 and LeERT10, inhibited the expression level of LeCTR1, and by which the ethylene
signaling was activated and the ripening was promoted. The present study provided valuable information
for understanding the essential role of DNA methylation in the postharvest ripening of tomato fruit. 

Introduction
DNA methylation is an epigenetic modi�cation that adds a methyl group to the cytosine base, and is
related to gene silencing in eukaryotes (Law and Jacobsen 2010). It is catalyzed by a series of DNA
methyltransferases, namely, the Domain Rearranged Methyltransferases, Chromomethylases and the
DNA Methyltransferase 1. In plants, it usually occurs in all sequences of cytosine bases: symmetrical (CG
or CHG) and nonsymmetrical (CHH) contexts (with H: A, T or C) (Lang et al. 2016). DNA methylation
involved in multiple functions, such as act as an imprinting signal, arrest transcript elongation, suppress
homologous recombination and inhibit transcription initiation. The dynamic changes of DNA methylation
play a vital role in �eshy fruit ripening. In grape berries, azacytidine (a methyltransferase inhibitor)
treatment reduced the DNA methylation level and promoted berry ripening 20 d earlier than the control
(Guo et al. 2019). During the development and ripening of sweet orange fruit, DNA methylation increased
globally, and the application of DNA methylation inhibitor delayed the ripening (Huang et al. 2019). In
addition, the treatment of immature tomato fruit with 5-azacytidine led to DNA hypomethylation and
promoted the premature ripening of fruit before seed maturity (Zhong et al. 2013). These researches
indicated the important function of DNA methylation in fruit ripening.

Melatonin or N-acetyl-5-methoxytryptamine, is a derivative of tryptophan, and its chemical structure is
classi�ed as biogenic indoleamine (Lerner et al. 1958). It is named melatonin due to its ability to lighten
the skin in certain reptiles, amphibians and �sh. The biosynthesis of melatonin begins with tryptophan, at
least six different enzymes participated in this process through four different pathways, and N-
acetyltryptamine is an essential intermediate in the synthesis. Melatonin is an effective scavenger of
hydroxyl radicals, which can be considered as a natural preparation to protect organism from oxygen
radicals. Melatonin also exerted the neuroprotective effect on spinal cord injury. In plants, melatonin
resists different biotic or abiotic stresses as a signal molecule, and also stimulates growth and
development, involves in a variety of physiological activities, including photosynthesis, seed germination,
fruit ripening and senescence. The accumulation patterns of melatonin during fruit ripening are different
in varies fruit species, the mechanism by which melatonin regulates fruit ripening is complex. In banana,
melatonin is an indicator of the fruit ripening. Exogenous application of melatonin caused a delay in
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banana ripening after harvest (Hu et al. 2017). In addition, melatonin promoted postharvest ripening and
improved fruit quality of tomato fruit (Sun et al. 2015). The physiological and molecular mechanisms of
tomato fruit ripening mediated by melatonin are revealed by proteomic analysis (Sun et al. 2016).
However, to date, the epigenetic mechanism by which melatonin promotes tomato fruit ripening remains
unknown.

Tomato is a typical respiratory climacteric fruit. The ripening of climacteric fruit is initiated and regulated
by plant hormone ethylene. Due to the vital role of ethylene for fruit ripening, ethylene biosynthetic and
signal pathway have become the attractive target for research aimed at manipulating and understanding
the control of fruit ripening. The direct precursors of ethylene synthesis are ACS and ACO genes (Trivellini
et al. 2011). In the ethylene signal transduction pathway, receptor and CTR1 play a negative regulatory
role (Wang et al. 2003). Transcription factors (EIN3/EIL and ERF) are activated by activated EIN2, the
transcription reaction of ethylene is initiated, and the expression of target genes is activated (Chen et al.
2005). In the present study, the postharvest ripening of tomato fruit treated by melatonin was studied,
and the dynamic changes of DNA methylation in CpG islands of the genes involved in ethylene
biosynthesis and signal pathway, including SlACS10, LeCTR1, LeEIN3, SlERF-A1 and LeERT10, were
detected, respectively.

Materials And Methods

Fruit and treatment
Fresh green ripe tomato fruit (Solanum lycopersicum cv. Fen Gui Fei 455) were harvested from modern
agricultural science and technology demonstration park (Weifang Academy of Agricultural Sciences,
Shandong Province, China). The fruit having uniform weight, size, shape without any defects or injuries
were selected and washed with tap water. All fruit were randomly divided into two batches. The �rst batch
of fruit was immersed in a 0.5 mM melatonin solution at 25 oC for 10 minutes. Under the same
conditions, another batch of fruits were soaked in distilled water as the control group. Every six fruits
placed in a clean polypropylene plastic box, which sealed with a 0.02 mm thick low-density polyethylene
bag. Finally, all fruit stored at 10 oC. Fruit samples were taken for measurement before treatment and
every 5 d during storage. In addition, the fruit sampled was stored at -80 oC for enzyme and gene assays.
To con�rm reproducibility, each experiment was repeated three times, and the entire experiment was
repeated twice.

Lycopene And Total Soluble Solids Content
According to the manufacturer's instructions, the lycopene content was detected by Plant lycopene ELISA
kit (Jingkang Biological Engineering Co. Ltd. Shanghai, China). The result of lycopene content was
expressed as mg per 1 kg FW. The content of TSS of tomato fruit was measured by 0.2 mL juice of each
sample fruit by saccharimeter (WY032R) and expressed as %.
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Methylase And Demethylase Activity
The activities of DNA methylase and demethylase were detected by using the plant methylase kit and the
plant demethylase kit (Gelatins Biotechnology Co. Ltd. Shanghai, China), respectively, and were measured
at 450 nm wavelength with a microplate reader. The concentration of DNA methylase and demethylase
activity were calculated by standard curve, which was expressed by U kg-1.

Expression Analyses Of Ethylene Signaling Genes
Total RNA extraction and quantitative real-time PCR (qRT-PCR) were performed as previously described
Xu et al. (2013), and the expression of �ve genes, including SlACS10, LeCTR1, LeEIN3, SlERF-A1 and
LeERT10, was examined using qRT-PCR. The comparative Ct method (2−ΔΔCt) was adopted to calculate
the expression data with the gene GAPDH as an endogenous control. The primers used for qRT-PCR
analysis were designed with Primer 5.0 and listed in Table 1.

Table 1
Primers used in the qRT-PCR.

Gene Primer Sequence (5’-3’)

GAPDH Forward Primer CCAAGGCTGTAGGGAAAGTGCTA

  Reverse Primer TCAACCACGGACACATCAACAGT

SlACS10 Forward Primer GGTCGCAGAGGCAATCAAGC

  Reverse Primer GCCACAGCCCTCATTCTTATGC

LeCTR1 Forward Primer AAGAGAACCTGGCATCCG

  Reverse Primer TGAGGCAGACAGCGTTAC

LeEIN3 Forward Primer CATTGAAGCCGCCGTACAGA

  Reverse Primer TCAACCAATCTCACCTCGAAAGC

SlERF-A1 Forward Primer CACAGCCACTCAGAAGACCGTT

  Reverse Primer AGCACTTTCCCTACAGCCTTGG

LeERT10 Forward Primer CGTGCCGTAGCGATTGAGC

  Reverse Primer CCAAACCGTCGATACGTCCAAA

Bisul�te Sequencing Pcr And Dna Methylation Analysis
According to the method of Murray and Thompson (1980), total DNA was extracted from tomato tissues.
The CpG islands of �ve genes (SlACS10, LeCTR1, LeEIN3, SlERF-A1 and LeERT10) were predicted by



Page 5/18

online software (http://www.bioinformatics.org/ sms2/cpg_islands.html). The details of the size and
location of CpG island of genes are described in the Supplementary 1. The primers for amplifying the
target DNA regions in the control and treated tomato fruit are attached in Table 2. The PCR products were
cloned into the vector, and more than ten clones of each derivative were sequenced. Clones with the
minimum 95% bisul�te conversion rate and complete sequencing data were aligned and analyzed
through BiQ analyzer.

Table 2
Primers used in the bisul�te sequencing PCR.

Gene Primer Sequence (5’-3’)

SlACS10 Forward Primer GGTTAGGTAGTTGATTGA(C/T)GTTATATT

  Reverse Primer CAAATACCTAAAATTACCCAATAATT

LeCTR1 Forward Primer GTATTTGATTTGGATTTGATGGATT

  Reverse Primer TACCAATACATCAATCACAAAATCC

LeEIN3 Forward Primer GTGGAGTTTAAGAAGTTGAGTATAAGT

  Reverse Primer CATCATTTTCAACATATACTTCAATAT

SlERF-A1 Forward Primer T(C/T)GGAATTTGTGGTTTTATTAGAGA

  Reverse Primer ATTACTTTATTCCAC(G/A)AACAACCTTC

LeERT10 Forward Primer TGCAATCTCTATGTGATGAAATCAACT

  Reverse Primer TCATAACTAGTCATTTCAAGTTCAAC

Statistical analysis
All data were analysed by one-way analysis of variance (ANOVA). Mean separations were performed by
Duncans multiple range test.

Results

Effects of melatonin on fruit ripening, lycopene and TSS
content
To monitor the effect of melatonin on the ripening process of tomato fruit, mature green tomato fruit was
treated with 0.5 mM melatonin. The most obvious change of tomato fruit during ripening is the alteration
of color. After stored for 10 d, the control fruit began to turn red (Fig. 1A). Compared with that of the
control fruit, the melatonin treated fruit maturity advanced by 5 d, and reached full maturity early at 20 d.
Massive amounts of lycopene were accumulated in mature tomato fruit and mainly responsible for the
red color. In the present results, melatonin treatment increased the lycopene and TSS content compared
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with the control tomato fruit (Fig. 1B and C). During stored from 5 to 20 d, the lycopene content in
melatonin treated fruit increased from 8.2 to 11.3 mg kg− 1, while the lycopene content in the control fruit
increased from 7.6 to 11.8 mg kg− 1. The content of TSS in melatonin treated tomato fruit was higher
than that in the control fruit. During the whole storage, the TSS content in the control fruit was increased
from 4.01 to 4.56%. Compared with that in the control fruit, the TSS content in the melatonin treated fruit
was increased from 4.01 to 4.97%.

Effects Of Melatonin On Methylase And Demethylase
Activities
As shown in the Fig. 2A, melatonin treatment increased the activity of methylase in tomato fruit
compared with that in the control fruit. Signi�cant differences between the melatonin treated and control
fruit were observed. The activity of methylase in control fruit was 19.2, 65.3 and 84.8 U kg-1 at 5, 15 and
20 d, respectively. Compared with that in the control fruit, the activity of methylase in melatonin treated
fruit was 32.0, 71.1 and 93.3 U kg-1 at 5, 15 and 20 d, respectively. The demethylase activity in the
melatonin treated fruit was signi�cantly increased and reached a peak value of 76.5 U kg-1 at 15 d. While,
the demethylase activity in the control fruit was 56.2 U kg-1 at 15 d.

Effects of melatonin on the levels of genes expression and DNA methylation

In order to understand the regulation mechanism of DNA methylation mediated by melatonin in tomato
fruit ripening, the levels of genes expression and DNA methylation of ethylene signal related genes, which
including SlACS10, LeCTR1, LeEIN3, SlERF-A1 and LeERT10, were examined.

As shown in the Fig. 3A, the expression levels of SlACS10 were 0.20 and 0.55 at 15 and 20 d, respectively.
While the expression level of the SlACS10 showed a down-regulation in the control fruit at the whole
storage period, which was 0.17 and 0.16 at 15 and 20 d, respectively. Compared with that in the control
fruit, melatonin treatment decreased the DNA methylation level of CpG island of SlACS10 to 0.4% in
tomato fruit at 15 d (Fig. 3B). The DNA methylation level of CpG island of SlACS10 in control fruit was
1.1% at 15 d. As compared to the control fruit, the changes of DNA methylation sites in CpG island of
SlACS10 of melatonin treated fruit was observed (Fig. 3C).

The expression levels of the LeCTR1 were 0.11 and 0.33 at 15 and 20 d, respectively (Fig. 4A). Compared
with that in the control fruit, the expression level of LeCTR1 in the melatonin treated fruit was increased to
0.86 at 15 d and decreased to 0.19 at 20 d (Fig. 4A). The DNA methylation of CpG island of LeCTR1 was
not occurred in the control fruit at 0 and 15 d (Fig. 4B and C). While, in the melatonin treated fruit, the DNA
methylation level of CpG island of LeCTR1 was increased to 1.3% at 20 d (Fig. 4B).

During the whole storage time, the expression levels of the LeEIN3 showed a down-regulation in the
control fruit, which were 0.18 and 0.04 at 15 and 20 d, respectively (Fig. 5A). Compared with that in the
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control fruit, melatonin treatment increased the DNA methylation level of CpG island of LeEIN3 in tomato
fruit to 25.6% at 15 d (Fig. 5B). In the control fruit, the DNA methylation level of CpG island of LeEIN3 was
12.2% at 15 d. In melatonin treated fruit, the changes of DNA metylation sites in CpG island of LeEIN3
was observed at 15 and 20 d (Fig. 5C).

Melatonin treatment increased the expression level of SlERF-A1 in tomato fruit (Fig. 6A). In the control
fruit, the expression level of SlERF-A1 was �rst decreased and then remained �at at 0.93 at 15 and 20 d.
In the melatonin treated fruit, the expression level of SlERF-A1 was 1.22 and 1.48 at 15 and 20 d,
respectively. The DNA methylation level of CpG island of SlERF-A1 in control fruit was �rst increased and
then remained �at at 0.6% at 15 and 20 d (Fig. 6B). Compared with that in control fruit, the DNA
methylation level of CpG island of SlERF-A1 in melatonin treated fruit was decreased to 0 and 0.3% at 15
and 20 d, respectively. The location and distribution of the DNA methylation sites of the CpG island of
SlERF-A1 were altered by melatonin treatment at 20 d (Fig. 6C).

During the whole storage period, the expression level of LeERT10 in the control fruit was gradually
decreased to 0.03 at 20 d (Fig. 7A). The expression level of LeERT10 in the melatonin treated fruit was
�rst decreased slightly to 0.03 at 15 d and then increased to 0.09 at 20 d. The DNA methylation of CpG
island of LeERT10 in control fruit was not occurred at 15 d (Fig. 7B). In the melatonin treated fruit, the
DNA melthylation of CpG island of LeERT10 was increased to 0.8%. Compared with that in the control
fruit, the DNA methylated sites of CpG island of LeERT10 were changed in the melatonin treated fruit
(Fig. 7C).

Discussion
Melatonin affects fruit ripening and senescence by regulating signaling molecules. Such as melatonin
treatment improved the ripening and quality of tomato fruit by enhanced the expression of genes related
ethylene signal transduction (Sun et al. 2015). In berry ripening, the high concentration of ABA induced by
melatonin promoted the ethylene production (Xu et al. 2018). Melatonin repressed ethylene biosynthesis
and delayed the natural variation of postharvest ripening and quality of banana fruit via repressed the
expression of MaACS1 and MaACO1 (Hu et al. 2017). In the present results, the color changes and the
content accumulations of lycopene and TSS in tomato fruit indicated the role of melatonin in promoting
fruit ripening (Fig. 1). Melatonin treatment also altered the activities of methylase and demethylase,
demonstrated that the co-regulation of methylase and demethylase is the key element affecting the DNA
methylation level in tomato fruit (Lang et al. 2017). In addition, the expression level and the DNA
methylation pro�le of CpG island of genes related to ethylene biosynthesis and signal signi�cantly
changed in melatonin treated tomato fruit (Figs. 3, 4, 5, 6 and 7).

Numerous biological functions of ethylene have been found, the most studied function of ethylene is the
promotion in fruit ripening (Gontia-Mishra et al. 2014). In the ethylene biosynthetic pathway, ACS catalyze
the reaction from S-adenosylmethionine to ACC. From the molecular level, the role of positive feedback
regulation of ACS in ethylene biosynthesis has been elucidated in fruit, such as apple, plum and
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watermelon fruit (Yang et al. 2013; El-Sharkawy et al. 2008; Zhou et al. 2016). In the ripening of tomato
fruit, the abundance of LeACS2 and LeACS4 increased with the soaring in ethylene production
(Nakatsuka 1998). In the present study, the decrease of DNA methylation level of CpG island may lead to
the increase of SlACS10 expression, which might be one of the reasons for melatonin treatment promoted
the ripening of tomato fruit.

CTR1 is a putative MAP-kinase kinase kinase that acts downstream of the receptor in the ethylene signal
transduction pathway and suppress the ethylene signal cascade. In Arabidopsis, AtCTR1 is a negative
regulatory gene of ethylene signal transduction and is involved in the regulation of senescence (Kou et al.
2012). Similarly, LeCTR1 plays a negative role in the ethylene signaling pathway and participates in the
ripening process of tomato fruit. In the present results, the expression level of LeCTR1 in the melatonin
treated fruit was increased at 15 d (Fig. 4A). The most reasonable explanation is that, in the ripening fruit,
the induction of negative expression regulator may be a damping mechanism to response the sharp
increase in ethylene production to slow down the ripening process (Klee 2002). A probably correlation
between the methylation level of CpG island and the gene expression level was observed in LeCTR1 at 20
d. The inhibition of gene expression might be associated with the increase of the DNA methylation of
CpG island of LeCTR1. This is probably also one of the reasons for melatonin treatment positively
regulates tomato fruit ripening.

EIN3 is an important downstream component of ethylene signal pathway and the transcription factor
which regulates the transcription of ethylene responsive genes (Guo and Ecker 2004). The EIN3/EIN3-like
(EIL) transcription factors converges on ethylene signaling to regulate a series of plant developmental
processes. PpEIN3 involved in the development and ripening of peach fruit (Zhang et al. 2019). LeEILs
are positive regulators of ethylene responses of the tomato fruit ripening. In the present study, melatonin
treatment increased the expression level of LeEIN3 in tomato fruit at 20 d as that compared with the
control fruit. The increased gene expression of LeEIN3 may related to changes of the DNA methylated
sites, which may be one of the reasons for melatonin positively regulates tomato fruit ripening.

The ethylene response factor genes (ERF) represents one of the largest gene families of plant
transcription factors, which is downstream of ethylene signal pathway and activated by a linear
transduction pathway of ethylene signaling (Pirrello et al. 2012). Many reports indicate that, ERF genes
have been shown associated with fruit ripening. MaERFs were involved in banana fruit ripening through
interaction with ethylene biosynthesis genes or transcriptional regulation (Xiao et al. 2013). ERF4 controls
maturity date of various climacteric fruit such as peach and apricot. In the ripening of apple fruit, the
increased expression of MdERF1 and MdERF2 was inhibited via 1-methylcyclopropene treatment,
indicating that transcription is positively regulated by the ethylene signaling system (Wang et al. 2007).
SlERF-A1 is the member of the B3 subgroup of ERF genes in tomato. In the present study, melatonin
treatment increased the expression of SlERF-A1 at 15 and 20 d. The increased expression level of SlERF-
A1 may be due to the decreased level of DNA methylation of its CpG island. This is probably also one of
the reasons for melatonin positively regulates tomato fruit ripening.
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ERT genes were the clone series of Early Ripening Tomato (ERT) in tomato fruit, and the mRNAs of ERT in
wild-type immature green fruit were present at a substantial level (Picton et al. 1993). The mRNAs
homologous to LeERT10 in tomato fruit showed mature speci�c accumulation, and reached the peak
value at 3 to 5 d postbreaker (Picton et al. 1993). In the melatonin treated fruit, the expression level of
LeERT10 was increased at 20 d. The variations of the expression level of LeERT10 in melatonin treated
fruit might relate to the changes in methylated CpG sites, which may be related to melatonin promoting
fruit ripening.

In summary, the DNA methylation changes of CpG islands of genes in ethylene biosynthesis and signal
pathway were involved in regulating ripening of melatonin treated fruit. The present results provide
foundation for understanding the epigenetic target sites of fruit ripening and controlling fruit ripening and
senescence.
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Figure 1

Effects of melatonin on (A) ripening phenotype changes, (B) lycopene content and (C) TSS content of
tomato fruit. Vertical bars represent standard deviations of the mean. Asterisks indicate statistical
difference of the values at P ≤ 0.05 (*) or P ≤ 0.01 (**).
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Figure 2

Effects of melatonin on methylase (A) and demethylase (B) activity of tomato fruit. Vertical bars
represent standard deviations of the mean. Asterisks indicate statistical difference of the values at P ≤
0.05 (*) or P ≤ 0.01 (**).
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Figure 3

The expression and DNA methylation levels of SlACS10 in tomato fruit. (A) The relative expression level
of SlACS10. (B) The DNA methylation level of CpG island of SlACS10. (C) Sequencing of DNA
methylation sites of CpG island of SlACS10. Each line represents 1 clone, and 1 circle represents 1 CpG
site. The black circle represents the methylated CG, and the white circle represents the unmethylated CG.
Vertical bars represent standard deviations of the mean. Asterisks indicate statistical difference of the
values at P ≤ 0.05 (*) or P ≤ 0.01 (**).
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Figure 4

The expression and DNA methylation levels of LeCTR1 in tomato fruit. (A) The relative expression level of
LeCTR1. (B) The DNA methylation level of CpG island of LeCTR1. (C) Sequencing of DNA methylation
sites of CpG island of LeCTR1. Each line represents 1 clone, and 1 circle represents 1 CpG site. The black
circle represents the methylated CG, and the white circle represents the unmethylated CG. Vertical bars
represent standard deviations of the mean. Asterisks indicate statistical difference of the values at P ≤
0.05 (*) or P ≤ 0.01 (**).
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Figure 5

The expression and DNA methylation levels of LeEIN3 in tomato fruit. (A) The relative expression level of
LeEIN3. (B) The DNA methylation level of CpG island of LeEIN3. (C) Sequencing of DNA methylation sites
of CpG island of LeEIN3. Each line represents 1 clone, and 1 circle represents 1 CpG site. The black circle
represents the methylated CG, and the white circle represents the unmethylated CG. Vertical bars
represent standard deviations of the mean. Asterisks indicate statistical difference of the values at P ≤
0.05 (*) or P ≤ 0.01 (**).



Page 17/18

Figure 6

The expression and DNA methylation levels of SlERF-A1 in tomato fruit. (A) The relative expression level
of SlERF-A1. (B) The DNA methylation level of CpG island of SlERF-A1. (C) Sequencing of DNA
methylation sites of CpG island of SlERF-A1. Each line represents 1 clone, and 1 circle represents 1 CpG
site. The black circle represents the methylated CG, and the white circle represents the unmethylated CG.
Vertical bars represent standard deviations of the mean. Asterisks indicate statistical difference of the
values at P ≤ 0.05 (*) or P ≤ 0.01 (**).
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Figure 7

The expression and DNA methylation levels of LeERT10 in tomato fruit. (A) The relative expression level
of LeERT10. (B) The DNA methylation level of CpG island of LeERT10. (C) Sequencing of DNA
methylation sites of CpG island of LeERT10. Each line represents 1 clone, and 1 circle represents 1 CpG
site. The black circle represents the methylated CG, and the white circle represents the unmethylated CG.
Vertical bars represent standard deviations of the mean. Asterisks indicate statistical difference of the
values at P ≤ 0.05 (*) or P ≤ 0.01 (**).
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