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AbstractArticle Info

Importance of the work: The effects of melatonin on fruit maturation are still unclear 
and these effects may vary according to treatment concentrations.
Objectives: To investigate the effects of melatonin treatment on anthocyanin, sugar, 
abscisic acid (ABA) and indole 3-acetic acid (IAA) concentrations and their related 
genes. 
Materials & Methods: In the first and second groups, clusters of ‘Kyoho’ grape vines 
were randomly immersed in 100 μM and 1,000 μM melatonin, respectively, with the 
surfactant Approach BI at 30 d after full bloom. In the third group, clusters of the 
untreated control were treated with Approach BI only.
Results: Treatment with 100 μM melatonin promoted anthocyanin accumulation 
and expression of the VlMYBA1-2 and VvUF3GT genes. In addition, it increased the 
concentrations of sugars, such as fructose, glucose and sucrose, and upregulated the 
expression of sugar biosynthesis-related genes (VvSUT11, VvSUS4, VvAI and VvHT1). 
Melatonin treatment increased ABA concentrations with the upregulation of VvNCED1 at 
24 d after treatment. IAA concentrations and the expression of VvGH3-1 decreased in the 
100 μM melatonin-treated berries. In contrast, the 1,000 μM melatonin treatment did not 
influence the anthocyanin or sugar concentrations. 
Main finding: Melwatonin may affect anthocyanin and sugar metabolism through ABA 
and IAA biosynthesis. Treatment with 100 µM melatonin was most effective at increasing 
the anthocyanin and sugar concentrations in grapes.
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Introduction 

	 Abscisic acid (ABA) is recognized as an important 
hormone that is related to maturation, such as anthocyanin 
and sugar accumulation in grapes (Vitis spp.) (Pilati 
et al., 2017). ABA biosynthesis is regulated by 9-cis-
epoxycarotenoid  dehydrogenase  (NCED), which is the 
main rate-limiting step upstream of ABA biosynthesis. 
ABA is primarily catabolized to 8′-hydroxy ABA by ABA 
8′-hydroxylase, which is encoded by the CYP707A gene and 
then isomerized to phaseic acid (PA) (Saito et al., 2004). It has 
been shown that auxin treatments, such as 1-naphthaleneacetic 
acid (NAA) treatment, delays maturation in grapes; however, 
the effect depends on the timing of treatment (Davies et al., 
2022).
	 Anthocyanins are secondary metabolites synthesized 
in grape berry skins from veraison to maturation (Boss 
and Davies, 2009). The major anthocyanins in grapes are 
delphinidin-3-O-glucoside, cyanidin-3-O-glucoside, petunidin-
3-O-glucoside, peonidin-3-O-glucoside and malvidin-3-O-
glucoside (Escribano - Bailón et al., 2006). Several structural 
genes encoding enzymes in the  anthocyanin biosynthetic 
pathway have been described, including UF3GT, which  
encodes UDP glucose:flavonoid-3-O-glucosyltransferase 
(responsible for  the glycosylation  of anthocyanidin), 
and MYBA1/2 transcription factors, which activate the 
expression of UF3GT and OMT (a structural gene responsible 
for methylation downstream of anthocyanin glycosylation) 
(Walker et  al., 1999; Kobayashi et  al., 2002; Bogs et  al., 
2006; Cutanda-Perez et al., 2009). 
	 Sugar accumulation is known as an important factor in 
fruit quality. Sucrose is the primary sugar transported in the 
phloem of the grapevine and can be hydrolyzed to glucose 
and fructose toward maturation (Liu et al., 2006). In grape 
berries, sucrose generally remains at very low concentrations at 
harvest; consequently, glucose and fructose are recognized as 
the predominant sugars (Conde et al., 2007). Manning (1998) 
suggested that total sugar movement into the fruit depended on 
the rate of sucrose unloading from the phloem and the sucrose 
transporter (SUT) gene in strawberry (Fragaria × ananassa 
Duch.). Sucrose synthase (SUS) is a key gene that regulates 
sucrose metabolism (Geigenberger and Stitt, 1993) and sucrose 
can be cleaved into glucose and fructose by acid invertase (AI) 
in vacuoles (Koch, 2004). In an alternative pathway, sucrose 
is broken down into glucose and fructose by an extracellular 
invertase in the phloem with glucose and fructose being 

subsequently transported into vacuoles by hexose transporters 
(HTs) (Atanassova et al., 2003). 
	 In plants, melatonin (N-acetyl-5-methoxytryptamine)  
is a biosynthetic compound from tryptophan that comprises 
steps, such as decarboxylation by tryptophan decarboxylase 
(Harderland, 2016). Melatonin has been shown to promote 
ripening in tomato (Solanum lycopersicum L.) (Sun et al., 
2016). In banana (Musa acuminata L.), melatonin was also 
recognized as an indicator of fruit ripening (Hu et al., 2017). 
Conversely, the application of melatonin delayed postharvest 
senescence in strawberry (Liu et al., 2018) and peach fruits 
(Prunus persica L.) (Gao et al., 2016) through the regulation 
of the antioxidant system. These studies implied that melatonin 
participated in fruit maturation and senescence. It has been 
shown that melatonin is associated with leaf senescence, 
parthenocarpy and plant growth, as well as the phytohormones 
ABA and indole 3-acetic acid (IAA) in horticultural crops 
(Wu et al., 2021). However, the effects of melatonin on fruit 
maturation are still unclear, with such se effects perhaps 
varying according to the treatment concentrations and kinds 
of fruit. Thus, the present study investigated the effects of 
melatonin treatment concentrations on the anthocyanin and 
sugar concentrations in grapes. 

Materials and Methods

Plant materials and treatment

	 In 2019 and 2020, three 15- and 16-year-old ‘Kyoho’ grape 
vines (Vitis lasbruscana L.) grafted onto a ‘Teleki-Kober 
5BB’ rootstock (V. berlandieri Planch. × V. riparia hybrids)  
were used at Chiba University (35°N, 140°E), at an altitude  
of 37 m above mean sea level. The data from 2019 were  
used in the present study because similar data were recorded 
in both years. Each vine had three main stems, with one  
being assigned to each of the three separate treatments.  
A branch on each main stem had one cluster with 30 berries 
at each sampling date. In the first and second groups, the 
clusters (9 clusters per group; 3 replicates of 3 clusters) were 
randomly immersed in 100 μM or 1,000 μM melatonin mixed 
with 0.1% surfactant Approach BI (50% polyoxyethylene 
hexitan fatty acid ester; Kao; Osaka, Japan) on the vine 
for 3 min at 30 d after full bloom (DAFB) and just before 
veraison. In the third group, 9 clusters of the untreated 
control (3 clusters of each replicate at each sampling date) 
were treated with 0.1% Approach BI only. The clusters 
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were sampled at 0 d (before treatment) (30 DAFB), 24 d  
(in veraison) (54 DAFB) and 57 d (after veraison) after 
treatment (DAT; 87 DAFB), frozen in liquid nitrogen and 
stored at -80 °C until analysis. 

Total soluble solids, titratable acidity and firmness

	 The grape berries (3 replications of 60 berries from  
3 clusters at each sampling date) were used to evaluate TSS,  
TA and firmness. Juice was squeezed from the pulp of the 
berries for the measurement of TSS using a refractometer.  
TA was calculated as the tartalic acid concentration. The 
firmness of the peeled berry was measured using a Rheo Meter 
(CR-100; Sun Scientific Co.; Tokyo, Japan). The diameter 
of the spindle used in this study was 3 mm. Additionally,  
the firmness was determined in newtons. 

Anthocyanin analysis

	 Anthocyanin was analyzed according to Kondo et al. 
(2014). First, 0.5 g fresh weight (FW) of skin was extracted 
(3 replications of 90 berries from 3 clusters at each sampling 
date) with 5 mL of 2% volume per volume (v/v)  formic 
acid for 1 d at 4 °C in the dark. The extract was determined 
using high-performance liquid chromatography (HPLC) and 
an HPLC mass spectrometer  (LC-MS; model LCMS-2010 
EV; Shimadzu; Kyoto, Japan) with a Mightysil RP-18 ODS 
column. A column at 40 °C with a flow rate of 1 mL/min  
and an ultraviolet/visible light (UV/VIS) detector at 525 nm 
were used. 

Abscisic acid and indole 3-acetic acid extraction quantitation 

	 The ABA and IAA concentrations (3 replications of 
90 berries from 3 clusters at each sampling date) were 
analyzed using the method of Durgbanshi et al. (2005), 
with modification. The skin sample was mixed with 5 mL 
distilled water and internal standard ((±)-2 cis, 4-trans-d6 ABA 
(Shokotsusho Co.; Tokyo, Japan), d5 IAA (Wako Co.; Tokyo, 
Japan), homogenized on ice, and centrifuged at 15,000×g  
at 4 °C for 10 min. The supernatant was transferred to a new 
tube and the pH was adjusted to 3.0 using 30% acetic acid.  
The acidified extract water was partitioned twice against  
3–5 mL of diethyl ether. Then, the organic layer was transferred 
to a glass tube and evaporated using a heating block (37 °C). 
Before LC-MS analysis, the dry residue was redissolved in  
1 mL of 100% MeOH and filtered through a membrane  

(0.45 μm; Sigma-Aldrich Inc.; St. Louis, MO, USA).  
The LC-MS conditions were: mobile phase of 80% MeOH 
with 20 mM formic acid; column, Mightysil RP-18 (5 μm, 
2 mm internal diameter × 150 mm; Kanto Chemical; Tokyo, 
Japan); flow rate of 0.3mL/min; auto-sampler temperature  
at 4 °C; detector pressure at 1.5 kV; nebulizer g as (N2) 
flow rate of 1.5 L/min; ESI voltage of 4.5 kV; and block 
heater temperature at 250 °C. The ABA concentrations were 
determined from the ratio of the peak areas for m/z 263 (ABA) 
/ 269 (ABA-d6). The IAA concentrations were determined from 
the ratio of the peak areas for m/z 176 (IAA) / 181 (IAA-d5). 

Sugar analysis

	 Sugar concentrations were detected according to the  
method of Kondo et al. (2014). Skin samples (1  g FW;  
3 replications of 90 berries from 3 clusters at each sampling 
date) in 5  mL 80% (v/v) ethanol were heated at 60 °C  
for 10 min and homogenized after cooling. The homogenate 
was filtered, evaporated and analyzed using HPLC (model 
L-6200; Hitachi; Tokyo, Japan). 

RNA extraction, cDNA synthesis and quantitative real-time 
reverse transcriptase polymerase chain reaction analysis

	 Total RNA was extracted using a cetyltrimethylammonium 
bromide (CTAB)-based method based on Wang et al. (2018). 
The sample (0.5 g FW; 3 replications of 90 berries from 
3 clusters at each sampling date) and was purified using  
a MicroElute Clean-Up Column (Favorgen Biotech Co.; Tokyo, 
Japan) and RQ1 RNase-Free DNase (Promega Corp.; Tokyo, 
Japan). cDNA synthesis followed the instruction manual of 
ReverTra Ace® qPCR RT Master Mix (Code No. FSQ-201; 
Toyobo Co., Ltd.; Osaka, Japan). Quantitative PCR was 
performed on a StepOnePlus™ system (Applied Biosystems 
Inc.; Foster City, CA, USA). The primers listed in Table 1  
were used for quantitative real-time reverse transcriptase 
polymerase chain reaction analysis.

Statistical analysis

	 Each result was presented as the mean of three replications 
± SD and subjected to analysis of variance procedures,  
with mean comparison based on the Tukey-Kramer test 
using the SAS statistical analysis package (version 8.2; SAS  
Institute; Cary, NC, USA). The tests were considered significant 
at p < 0.05.
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Results

Skin coloration and physiological changes 

	 At 24 DAT and 57 DAT, the coloration of the berries treated 
with 100 μM melatonin was superior to those in the other two 
groups (Fig. 1). At 57 DAT, the 100 μM melatonin-treated 
grape berries had significantly more TSS (16.8 °Brix) than the 
untreated control (16.1°Brix) (data not shown). At 24 DAT, 
although there were no significant differences in berry weight, 
berry firmness or TA among all treatments (data not shown).

Abscisic acid and indole 3-acetic acid concentrations and the 
expressions of related genes

	 Endogenous ABA accumulation was detected at 30 
DAFB before veraison (0 DAT). The ABA concentrations 
had increased significantly in berries treated with 100 μM 

melatonin at 24 DAT, accompanied by increased expression 
levels of VvNCED1 and VvCYP707A1 (Fig. 2). Although the 
ABA concentrations in the berries treated with 1,000 μM 
melatonin were lower than those in the untreated control at  
24 DAT, there were no significant differences in the expression 
levels of VvNCED1 and VvCYP707A1.
	 At 24 DAT, the endogenous IAA concentrations had 
decreased in berries treated with 100 µM melatonin, although 
there were no significant differences between the 1,000 µM 
treatment and the untreated control (Fig. 3). The expression 
of VvGH3-1 (IAA amido-transferase enzyme gene; Gretchen 
Hagen 3) in the 100 µM melatonin-treated berries was lower  
at 24 DAT than in the other treatments. VvTAR2 (tryptophan  
aminotransferase-related gene) expression was lower in the 
100 µM melatonin treatment than in the 1,000 µM treatment. 

Sugar concentrations and the expression of related genes 

	 The concentrations of total sugar, fructose, glucose and 
sucrose increased significantly in berries treated with 100 
μM melatonin and more than in the untreated control at 24 
DAT (Fig. 4). However, at 57 DAT, there were no significant 
differences among any of the treatments.
	 The expression levels of VvAI, VvSUS4, VvHT1 and 
VvSUT11 were upregulated significantly at 24 DAT in the 
100 μM melatonin-treated berries (Fig. 5). At 57 DAT, the 
expression levels of VvHT1 and VvAI were slightly upregulated 
in the 1,000 μM melatonin-treated berries compared to the 
untreated control, whereas there were no significant differences 
in the expression levels of the VvSUT11 and VvSUS4 genes.

Table 1	 Real-time polymerase chain reaction forward (F) and reverse (R) primers 
Gene Primer Sequences (5' -3') Accession number or Reference
VvNCED1 (F) TTTGTGCACGACGAGAAGAC Speirs et al., 2013

(R) TCTGCAATCTGACACCAAGC
VLMYBA1-2 (F) TGGTCACCACTTGAAAAAGA Azuma et al., 2012

(R) GAATGTGTTAGGGGTTTATT
VvUFGT (F) GGGATGGTAATGGCTGTGG Jeong et al., 2004

(R) ACATGGGTGGAGAGTGAGTT
VvCYP707A1 (F) AAGTCCTGAAGCTGCAAGCTG NM_001281052

(R) AAGCTTCCTCAACTTGGCATGG
VvSUS4 (F) CAAATGTTGGCAATCCACAG

Da Silva et al., 2013
(R) AGATGGACCGTGTCAGGAAC

VvSUT11 (F) CTACAGTGGTTGGTTCAGG
Venturini et al., 2013

(R) GTTGACTCTGCCATTTCTTC
VvAI (F) GCTGTGCCCAAAAATCTCTC

Venturini et al., 2013
(R) CCAAGCAGTCGTAGGGTCTC

VvHT1 (F) CGTTGTTCACATCGTCGCTTTATC
Venturini et al., 2013

(R) GAGCAGTCCTCCGAATAGCATTG
VvUbiquitin (F) TCTGAGGCTTCGTGGTGGTA Fujita et al., 2006

(R) AGGCGTGCATAACATTTGCG

Fig. 1	 Effects of melatonin application on coloration in untreated control 
and in 100 μM and 1,000 μM melatonin-treated grape berries
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Fig. 2	 (A) Effects of melatonin application in untreated control and in 100 μM and 1,000 μM melatonin-treated grape berries on: (A) abscisic acid (ABA) 
concentrations; (B) normalized expression of ABA biosynthesis-related gene VvNCED1; (C) normalized expression of ABA biosynthesis-related gene 
VvCYP707A1, where error bars represent SD; different lowercase letters above bars indicate significant (p < 0.05) differences within each time point; ns 
= non-significant difference; FW = fresh weight

Fig. 3	 (A) Effects of melatonin application in untreated control and in 100 μM and 1,000 μM melatonin-treated grape berries on: (A) indole  
3-acetic acid (IAA) concentration; and normalized expression of IAA biosynthesis-related genes: (B) VvGH3-1 and (C) VvTAR2, where error bars 
represent SD; different lowercase letters above bars indicate significant (p < 0.05) differences within each time point; ns = no significant difference;  
FW = fresh weight



112 S. Wang et al. / Agr. Nat. Resour. 57 (2023) 107–116

Fig. 5	 Normalized expression of sugar biosynthesis-related genes in the untreated control and in 100 μM and 1,000 μM melatonin-treated grape berries: 
(A) VvAI; (B) VvSUS4; (C) VvHT1; (D) VvSUT11, where  error bars represent SD; different lowercase letters above bars indicate significant (p < 0.05) 
differences; ns = non-significant difference

Fig. 4	 Effects of melatonin application in untreated control and in 100 μM and 1,000 μM melatonin-treated grape berry on: (A) total sugar; (B) fructose; 
(C) sucrose; (D); glucose, where error bars represent SD; different lowercase letters above bars indicate significant (p < 0.05) differences within each time 
point; ns = non-significant difference; FW = fresh weight
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Fig. 6	 Effects of melatonin application in untreated control and in 100 μM and 1,000 μM melatonin-treated grape berries on: (A) total anthocyanin;  
(B) petunidin-derived anthocyanin; (C) cyanidin-derived anthocyanin; (D) malvidin-derived anthocyanin; (E) peonidin-derived anthocyanin, where error 
bars represent SD; different lowercase letters above bars indicate significant (p < 0.05) differences within each time point; FW = fresh weight

Anthocyanin accumulation and expression of related genes

	 The total anthocyanin concentrations as well as malvidin-
derived, cyanidin-derived, petunidin-derived and petunidin-
derived anthocyanin concentrations were highest in berries 
treated with 100 μM melatonin at 24 DAT (Fig. 6). In general, 
anthocyanin concentrations in berries treated with 1000 
μM melatonin did not significantly differ from those in 
the untreated control. At 24 DAT, the expression levels of 

VvUF3GT and VlMYBA1-2 were significantly higher in the 
100 μM melatonin-treated berries than at the other time points  
(Fig. 7). From these results, a schematic diagram of the effects 
of the melatonin treatment on ABA, IAA, anthocyanin and 
sugar concentrations is shown in Fig. 8. The application of 
100µM melatonin induced a decrease in IAA and an increase 
in ABA. Both a decrease in IAA and an increase in ABA may 
have had a synergistic effect on the anthocyanin and sugar 
accumulations. 

Fig. 7	 Normalized expression of anthocyanin biosynthesis-related genes in the untreated control and in 100 μM and 1,000 μM melatonin-treated grape 
berries: (A) VlMYBA1-2; (B) VvUF3GT, where  error bars represent SD; different lowercase letters above bars indicate significant (p < 0.05) differences  
within each time point; ns = non-significant difference
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Fig. 8	 Schematic diagram of effects of melatonin treatments on 
abscisic acid (ABA), indole 3-acetic acid (IAA) anthocyanin and sugar 
concentrations in ‘Kyoho’ grape berries, where dark arrow indicates 
factor that each compound has an effect upon and direction of blank arrow 
indicates increase or decrease

Discussion

	 ABA is a key hormone that regulates the accumulation of 
anthocyanin and sugar in grape berries (Murcia et al., 2016; 
Pilati et al., 2017). Exogenous ABA or nordihydroguaiaretic 
acid (an inhibitor of ABA biosynthesis) induced or delayed 
grape maturation, respectively (Jia el al., 2017; Lin et al., 
2018). Light irradiation induced maturation concomitant 
with the increases in ABA and anthocyanin concentrations 
by upregulating VvNCED1 and VvCYP707A1, respectively, 
in ‘Kyoho’ grape berries (Kondo et al., 2014).  Melatonin 
treatment increased ABA, H2O2 and ethylene concentrations 
in the wine grape ‘Moldova’ (Vitis teutonica L.) according to 
Xu et al. (2018). In the present study, melatonin increased the 
ABA concentrations with the upregulation of VvNCED1 and 
VvCYP707A1 at 24 DAT. Therefore, melatonin may affect the 
maturation of grape berries by acting on the levels of ABA 
through the VvNCED1 and VvCYP707A1 genes. 
	 Auxin inhibited anthocyanin biosynthesis genes, such 
as VvUF3GT, and softening-related genes, such as VvPG 
and VvPE (Jia et al., 2017). The present study showed that 
100 µM melatonin treatment decreased IAA concentrations 
and VvGH3-1 gene expression. The expressions of VvTAR2 
and VvGH3-1 have been correlated with IAA concentrations 
(Bottcher et al., 2013). These results suggested that the 
decrease in IAA concentration through the decrease in VvGH3-
1 for the 100 µM melatonin treatment resulted in increases in 
the anthocyanin and sugar concentrations.

	 There have been few studies on the effect of melatonin 
on sugar synthesis. Hu et al. (2017) and Yang et al. (2019) 
reported that melatonin had a positive effect on soluble sugar 
content during postharvest ripening in banana and apple 
(Malus domestica cv.) and Xu et al. (2018) found that fructose 
and glucose were induced by melatonin treatment in the wine 
grape ‘Moldova’ (Vitis teutonica L.) and the genes encoding 
putative sucrose transporters, VvSUC11 and VvSUC12, had 
similar expression patterns in that fruit. Their mRNAs were 
upregulated with the accumulation of hexose, which was 
released from the phloem and might be taken up by parenchyma 
cells prior to hydrolysis derived from sucrose (Manning et al., 
2001).
	 The expression of VvSUS has been induced concomitantly 
with the increase in glucose during maturation (Wang  
et al., 2017). The high expression level of  the AI gene may 
have caused the high soluble sugar content (glucose and 
fructose) in grapes (Shangguan et al., 2014). VvHT1 encodes a 
putative hexose transporter expressed during the maturation of 
grapes, with both ABA and hexose treatment being positively 
regulated by this transporter (Atanassova et al., 2003; Conde 
et al., 2006). The present results suggested that melatonin 
treatment increased sugar concentrations by regulating the 
gene expression of VvSUT11, VvSUS4, VvAI and VvHT1.
	 In tomato fruits, melatonin treatment promoted the 
accumulation of flavonoids, including carotenoid and 
anthocyanin, and accelerated fruit softening (Sun et al., 2016, 
2020). In cabbage (Brassica oleracea L.), melatonin treatment 
enhanced the anthocyanin concentration by activating the 
expression levels of the transcription factors MYB, bHLH 
(basic-helix-loop-helix) and WD40, which were responsible 
for the cooperative regulation of anthocyanin biosynthesis 
(Zhang et al., 2016). In addition, melatonin treatment increased 
the anthocyanin accumulation in crabapple leaves (Malus cv.), 
with flavonoid biosynthetic genes and related transcription 
factors, such as MYB4, MYB10, MYB12, HLH3, chalcone 
synthase (CHS), flavonone 3-hydroxylase (F3H) and UF3GT 
(Chen et al., 2019). The concentration of 100 µM melatonin 
in the present study suggested that melatonin treatment 
increased anthocyanin accumulation via the gene expression 
of VlMYBA1-2 and VvUF3GT. However, the 1,000 µM 
concentration did not significantly affect the anthocyanin 
concentrations. These results suggested that the effect of 
melatonin on anthocyanin formation in grape berries depends 
on the melatonin concentration. In the present study, the 1,000 
µM melatonin treatment showed different effects on ABA 
and IAA concentrations compared to the 100 µM melatonin 
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treatment. It has been shown that IAA promotes plant growth 
at low concentrations, whereas conversely, high concentrations 
of IAA inhibit plant growth (Zafar et al., 2020). Furthermore, 
auxin application to grapevines prior to veraison delayed 
berry maturation, including sugar accumulation (Davies  
et al., 2022). Both melatonin and IAA are synthesized from 
tryptophan and have similar structures (Harderland, 2016; 
Zafar et al., 2020; Jahn et al., 2021). Therefore, similarly 
to IAA, high concentrations of melatonin may affect grape 
maturation because phytohormones can exhibit promotive 
effects following suitable concentrations. Specifically, low 
concentrations of melatonin may be effective at promoting 
berry maturation in grapes. Thus, the effects of melatonin 
treatment on maturation in grape berries depend on the 
concentrations used and are complicated. 

Conclusion

	 The anthocyanin and sugar concentrations in grape berries 
were improved by the application of 100 µM melatonin 
but not by applying 1,000 µM. These results suggested that 
melatonin treatment with suitable concentrations can regulate 
the maturation in grapes.
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