Scientia Horticulturae 254 (2019) 222–227

Contents lists available at ScienceDirect

Scientia Horticulturae
journal homepage: www.elsevier.com/locate/scihorti

Melatonin treatment promotes endogenous melatonin accumulation and
triggers GABA shunt pathway activity in tomato fruits during cold storage
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Higher H2O2 accumulation in tomato fruits during storage at 4 °C for 7 days by melatonin treatment at 100 μM
may serve as signaling molecule for promoting endogenous melatonin accumulation by trigerring melatonin
biosynthesis TDC, T5H, SNAT, and ASMT genes expression during storage at 4 °C for 28 days. Also, higher GABA
shunt pathway activity demonstrating by higher GAD, GABA-T and SSADH enzymes activity in tomato fruits
treated with melatonin may be responsible for promoting phenylpropanoid pathway activity demonstrating by
higher PAL gene expression and enzyme activity giving rise to higher phenols accumulation and higher DPPH
scavenging capacity during storage at 4 °C for 28 days. Hence, exogenous melatonin treatment may serve as
beneficial procedure for response to chilling stress in tomato fruits by signaling H2O2 accumulation responsible
for promoting endogenous melatonin accumulation accompanying by stimulating GABA shunt pathway activity.

1. Introduction
Cold storage has been employed for extending postharvest life accompanying by keeping sensory and nutritional quality of tomato fruits.
But, tomato fruits suffer from chilling injury during cold storage. Due to
the high socio-economic value of tomato fruits, promising procedures
have been employed for ameliorating chilling injury in tomato fruits
during cold storage (Aghdam et al., 2019c; Aghdam et al., 2019d).
In plants, melatonin (N-acetyl-5-methoxytryptamine) exerts as a
universal biostimulator and signaling biomolecule (Galano and Reiter,
2018). Owing to melatonin superior reactive oxygen species (ROS)
scavenging cascade, exogenous melatonin application as well as endogenous melatonin accumulation may be pivotal for ameliorating
oxidative stress in horticultural crops during cold storage (Aghdam
et al., 2019a; Cao et al., 2018b; Gao et al., 2018; Jannatizadeh, 2019;
Liu et al., 2018). In addition to ROS scavenging cascade, melatonin
serves as signaling molecule via perception by G protein-coupled receptor (PMTR1) at plasma membrane giving rise to cytosolic Ca2+
raising and signaling H2O2 accumulation via NADPH oxidase enzyme
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activity (Wei et al., 2018). So, exogenous melatonin application, as well
as endogenous melatonin accumulation, may be beneficial for ameliorating stresses, delaying senescence and keeping sensory and nutritional quality of horticultural crops during cold storage. In recent years,
exogenous melatonin application has been employed for ameliorating
stresses, delaying senescence and keeping sensory and nutritional
quality of horticultural crops during cold storage (Aghdam and Fard,
2017; Aghdam et al., 2019a,c; Cao et al., 2018a; Cao 2016; Gao et al.,
2018; Gao et al., 2016, Hu 2018; Jannatizadeh, 2019; Jannatizadeh
et al., 2019, Liu 2019; Zhang et al., 2018). Cao et al. (2018b) stated that
the ameliorating chilling injury in peach fruits by melatonin treatment
(100 μM) may attribute to signaling H2O2 accumulation during 7 days
of cold storage which may be responsible for provoking ROS scavenging
system activity giving rise to lower O2− and H2O2 accumulation during
28 days of cold storage. Liu et al. (2018) stated that the delaying
strawberry fruits senescence by melatonin treatment (100 μM) may
attribute to promoting endogenous melatonin accumulation arising
from higher melatonin biosynthesis tryptophan decarboxylase (TDC),
tryptamine 5-hydroxylase (T5H), serotonin N-acetyltransferase (SNAT)
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and N-acetylserotonin methyltransferase (ASMT) genes expression accompanying by higher phenols and flavonoids accumulation giving rise
to higher DPPH and ABTS scavenging capacity, which both are pivotal
for ameliorating H2O2 accumulation. Beneficial effects of exogenous
melatonin application for ameliorating chilling injury in tomato fruits
during cold storage may ascribe to keeping membrane integrity demonstrating by lower electrolyte leakage and malondialdehyde (MDA)
accumulation attributing to supplying sufficient intracellular energy
arising from promoting higher H+-ATPase, Ca2+-ATPase, cytochrome c
oxidase (CCO), and succinate dehydrogenase (SDH) enzymes activity,
preserving membrane unsaturated/saturated fatty acids (unSFA/SFA)
ratio owing to higher linoleic and linolenic acids accumulation concomitant with lower palmitic, stearic and oleic acids accumulation
arising from higher fatty acid desaturase 3 (FAD3) and 7 (FAD7) genes
expression accompanying by lower phospholipase D (PLD) and lipoxygenase (LOX) genes expression and enzymes activity and eliciting endogenous polyamines, proline, and nitric oxide accumulation by triggering ZAT2/6/12 genes expression giving rise to prompting CBF1
signaling pathway (Aghdam et al., 2019c; Jannatizadeh et al., 2019).
During postharvest life, functioning γ-aminobutyric acid (GABA)
shunt pathway activity is fundamental for ameliorating stresses, delaying senescence and keeping sensory and nutritional quality of horticultural crops during cold storage ((Aghdam et al., 2019b; Han 2018;
Palma et al., 2019). During senescence and stresses, GABA shunt
pathway is initiated by glutamate decarboxylase (GAD), which is responsible for GABA biosynthesis. Then, GABA transaminase (GABA-T)
is responsible for the production of succinic semialdehyde (SSA) in
mitochondria, which enter the tricarboxylic acid cycle by succinic
semialdehyde dehydrogenase (SSADH) as succinate, accompanying
with NADPH production. The GABA shunt pathway activity under
oxidative stress operates as an electron donor to mitochondrial electron
transport chain in addition to NADH production (Shelp et al., 2017).
Insufficient energy and skeleton carbons during chilling stress may ascribe to succinyl-CoA ligase and oxoglutarate dehydrogenase enzymes
vulnerability to damaging ROS accumulation (Sweetlove et al., 2002).
Since ameliorating chilling stress require higher intracellular ATP and
carbon skeletons, functioning GABA shunt pathway is fundamental for
furnishing NADH and succinate for mitochondrial tricarboxylic acid
cycle and electron transport chain, which is pivotal for providing sufficient intracellular ATP and carbon skeletons accompanying by ameliorating H2O2 accumulation (Michaeli and Fromm, 2015; Palma et al.,
2019).
The goal of our study was to evaluating the roles of endogenous
melatonin accumulation and GABA shunt pathway activity in tomato
fruits treated with melatonin in response to chilling stress during cold
storage.

2. Materials and methods
2.1. Fruits and melatonin treatment
The tomato fruits cv. Izmir were harvested at mature green stage
and then treated with 100 μM according the previous study by Aghdam
et al. (2019c). For melatonin treatment, fruits were immersed in 10 L of
fresh melatonin solution for 5 min and in distilled water as a control.
Fruit were allowed to completely dry at room temperature before storage at 4 ± 0.5 °C and 85–90% RH for 28 days. For biochemical and
gene expression analysis, 15 fruit per replicate of each treatment were
sampled after 7, 14, 21 or 28 days’ cold storage.
2.2. Endogenous H2O2 and melatonin accumulation
The titanium (IV) procedure at 410 nm was employed for analyzing
H2O2 accumulation according to Patterson et al. (1984). The H2O2 accumulation was expressed as μmol g−1 fresh weight. The melatonin
accumulation was analyzed by HPLC as stated by Sun et al. (2015). The
melatonin accumulation was expressed as ng g−1 fresh weight.
2.3. GABA shunt pathway activity
Pseudomonas fluorescens GABase (Sigma) at 340 nm was employed
for analyzing of GABA accumulation enzymatically as suggested by
Deewatthanawong et al. (2010). GABA accumulation was expressed as
μmol g−1 fresh weight. GAD enzyme activity was analyzed based on
GABA production, as stated by Bartyzel et al. (2003). GAD enzyme
activity was expressed as μmol GABA mg−1 protein s−1. GABA-T enzyme activity was analyzed based on alanine production according to
Ansari et al. (2005). GABA-T enzyme activity expressed as μmol alanine
mg−1 protein s−1. SSADH enzyme activity was analyzed based on
succinate production as stated by Thorburn et al. (1993). SSADH enzyme activity was expressed as μmol succinate mg−1 protein s−1.
2.4. Phenols accumulation and DPPH scavenging capacity
Phenylalanine ammonia lyase (PAL) enzyme activity was analyzed
as stated by Chen et al. (2008). PAL enzyme activity was expressed by U
mg−1 protein. Phenols accumulation was analyzed by the Folin–Ciocalteu procedure (Singleton and Rossi, 1965). Phenols accumulation
was expressed as mg gallic acid equivalent (GAE) g−1 fresh weight.
DPPH scavenging capacity (%) was analyzed as stated by Nakajima
et al. (2004).
2.5. Genes expression assay by RT-qPCR
Total RNA extraction and cDNA synthesis was performed as stated

Table 1
The primers used for qRT-PCR.
Gene name

Accession numbers

Functional annotations

Primer sequences (5′-3′)

TDC

Solyc09g064430

Melatonin biosynthesis

F: TGCTCTAGACTCCGTCACCACAAAGC
R: CGCGGATCCCCCAGAAATCCAGCCAC

T5H

Solyc09g014900

Melatonin biosynthesis

F: TGCTCTAGATGATTTCGTCTCGTTCT
R: CGCGGATCCCTCTTCTTCATCCCACT

SNAT

Solyc10g074910

Melatonin biosynthesis

F: TGCTCTAGATCTTCCCTACCCACTAT
R: CGCGGATCCACATCAACATCTCCTCC

ASMT

Solyc03g080180

Melatonin biosynthesis

F: TGCTCTAGAGCTTTCTTGTTCGCTAT
R: CGCGGATCCGTCCATCAGGGAGTGTC

PAL

Solyc03g042560

Phenols biosynthesis

F: ATTGGGAAATGGCTGCTGATT
R: TCAACATTTGCAATGGATGCA

Actin

Solyc03g078400

Marker gene

F: TGGTCGGAATGGGACAGAAG;
R: CTCAGTCAGGAGAACAGGGT
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(Table 3; P < 0.01) and higher DPPH scavenging capacity (Table 3;
P < 0.01) during cold storage.
4. Discussion
Higher H2O2 accumulation in tomato fruits during storage at 4 °C for
7 days by melatonin treatment may serve as signaling molecule for
response to chilling stress. Signaling H2O2 accumulation in tomato
fruits treated with melatonin during 7 days of cold storage may arise
from perception of melatonin on plasma membrane by PMTR1 receptor
giving rise to cytosolic Ca2+ raising and signaling H2O2 accumulation
via NADPH oxidase enzyme activity. Signaling H2O2 accumulation in
tomato fruits treated with melatonin during 7 days of cold storage may
serve as defense response to chilling stress in tomato fruits by promoting endogenous melatonin accumulation (Lee and Back, 2017; Yuan
et al., 2016). Also, lower damaging H2O2 accumulation after 7 days of
cold storage in tomato fruits treated with melatonin demonstrates
ameliorating oxidative stress in tomato fruits which may arise from
endogenous melatonin accumulation exhibiting superior ROS scavenging attributes (Galano and Reiter, 2018). Melatonin exhibits ROS
scavenging cascade, so one melatonin molecule can scavenge up to 10
ROS, compared to ascorbic acid, tocopherols, and glutathione antioxidants, which can only scavenge one ROS per one molecule (Galano
and Reiter, 2018). Also, owing to the amphiphilic nature, melatonin
exhibits higher intracellular distribution, causing bidirectional recycling of ascorbic acid, tocopherols, and glutathione antioxidants,
giving rise to heightening cellular ROS scavenging capacity. Melatonin
is fundamental for the formation of the cellular antioxidant network,
which operations as a bridge for joining cellular hydrophilic and lipophilic antioxidants, which are pivotal for bidirectional recycling of
antioxidants, giving rise to heightening cellular ROS scavenging capacity (Galano and Reiter, 2018; Tan et al., 2013). As well as direct ROS
scavenging cascade, melatonin is efficient for heightening ROS
scavenging systems activity (Galano and Reiter, 2018; Tan et al., 2013).
Accordingly, after 7 days of cold storage, lower damaging H2O2 accumulation in tomato fruits treated with melatonin may attribute to
melatonin operation in heightening cellular ROS scavenging capacity.
Higher endogenous melatonin accumulation in tomato fruits treated
with melatonin may ascribe to signaling H2O2 accumulation during 7
days of storage at 4 °C (Lee and Back, 2017; Wei et al., 2016). Higher
melatonin biosynthesis TDC, T5H, SNAT, and ASMT genes expression in
tomato fruits treated with melatonin may ascribe to signaling H2O2
accumulation giving rise to higher melatonin accumulation during cold
storage. In plants, tryptophan is a precursor in melatonin biosynthesis
(Back et al., 2016). TDC is responsible for the decarboxylation of
tryptophan to tryptamine or 5-hydroxytryptophan to serotonin in the
cytoplasm. T5H is responsible for the hydroxylation of tryptamine to
serotonin in the endoplasmic reticulum. SNAT is responsible for the
acetylation of serotonin to N-acetylserotonin or 5-methoxytryptamine
to melatonin in chloroplasts. ASMT is responsible for O-methylation of
N-acetylserotonin to melatonin or serotonin to 5-methoxytryptamine in
cytoplasms. Accordingly, SNAT is responsible for melatonin biosynthesis in cytoplasm and ASMT is responsible for melatonin biosynthesis in
chloroplast, so cytoplasm and chloroplast are prevailing cellular site for
melatonin biosynthesis in plants (Back et al., 2016). In addition to cytoplasm and chloroplast, plants mitochondria have melatonin biosynthesis capacity by SNAT enzyme activity (Wang et al., 2017). During
higher ROS accumulation in response to drought stress in apple, higher
mitochondrial melatonin accumulation operation as a powerful ROS
scavenging strategy for ameliorating drought stress (Wang et al., 2017).
Also, transgenic Arabidopsis ectopically expressing apple SNAT gene
exhibited higher melatonin accumulation in mitochondria, ameliorating drought stress by acting as a powerful ROS scavenger (Wang
et al., 2017). Since electron transport chain in mitochondria during
postharvest respiration is prevailing ROS producing sites by electron
leakage, having melatonin biosynthesis capacity in mitochondria is

Fig. 1. Endogenous H2O2 accumulation in tomato fruits treated with melatonin
during cold storage. Data shown as mean ± SE (n = 3). Significantly values
were shown according to Tukey’s test at P < 0.05.

by Zhao et al. (2011). TDC, T5H, SNAT, ASMT and PAL genes expression (Table 1) was assayed according to Aghdam et al. (2019c).
2.6. Statistical analysis
The investigate was conducted using a factorial design with melatonin treatment (0 and 100 μM) and storage time (7, 14, 21 and 28
days) as the two factors (n = 3, 120 fruits per each replicate, 30 fruits
per each sampling time). All analyses were performed with SPSS software version 20 (SPSS Inc., Chicago, IL, USA). Means were compared
by Tukey’s test and differences at p < 0.05 were considered significant.
3. Results
3.1. Endogenous H2O2 accumulation
As shown in Fig. 1, tomato fruits treated with melatonin at 100 μM
exhibited significantly higher signaling H2O2 accumulation during 7
days of cold storage. After 7 days of cold storage, tomato fruits treated
with melatonin exhibited significantly lower damaging H2O2 accumulation (Fig. 1; P < 0.01) demonstrates ameliorating oxidative stress in
tomato fruits which may arise from endogenous melatonin accumulation exhibiting superior ROS scavenging attributes (Galano and Reiter,
2018).
3.2. Endogenous melatonin accumulation
As seen in Fig. 2, tomato fruits treated with melatonin at 100 μM
exhibited significantly higher melatonin accumulation (P < 0.01)
during cold storage. Higher melatonin accumulation in tomato fruits
treated with melatonin at 100 μM may ascribe to higher melatonin
biosynthesis TDC, T5H, SNAT, and ASMT genes expression during cold
storage (Fig. 2; P < 0.01).
3.3. GABA shunt pathway activity
As seen in Table 2, tomato fruits treated with melatonin at 100 μM
exhibited significantly higher GABA shunt pathway activity demonstrating by higher GAD, GABA-T and SSADH enzymes activity
(P < 0.01) during cold storage.
3.4. Phenols accumulation and DPPH scavenging capacity
Tomato fruits treated with melatonin at 100 μM exhibited significantly higher PAL gene expression (Fig. 3; P < 0.01) and enzyme
activity (Table 3; P < 0.01) giving rise to higher phenols accumulation
224
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Fig. 2. Endogenous melatonin accumulation accompanying by TDC, T5H, SNAT and ASMT genes expression in tomato fruits treated with melatonin during cold
storage. Data shown as mean ± SE (n = 3). Significantly values were shown according to Tukey’s test at P < 0.05.

Due to C-terminal calmodulin (CaM)-binding domain, higher Ca2+/
CaM may be pivotal for stimulating GABA shunt pathway activity by
enhancing GAD enzyme activity (Igamberdiev and Hill, 2018; Shelp
et al., 2017). Higher GABA shunt pathway activity demonstrating by
higher GAD, GABA-T and SSADH enzymes activity in tomato fruits
treated with melatonin may ascribe to cytosolic Ca2+ raising by melatonin perception on plasma membrane by PMTR1 receptor. Higher
GABA shunt pathway activity is responsible for furnishing NADH and
succinate for mitochondrial tricarboxylic acid cycle and electron
transport chain, which is pivotal for providing sufficient intracellular

pivotal for ameliorating oxidative stress by detoxifying mitochondrial
ROS in horticultural crops during postharvest life (Wang et al., 2017).
Accordingly, higher endogenous melatonin accumulation by trigerring
melatonin biosynthesis TDC, T5H, SNAT, and ASMT genes expression in
tomato fruits treated with melatonin may be beneficial for ameliorating
oxidative stress during cold storage. So, keeping membrane integrity as
shown by lower electrolyte leakage and MDA accumulation in tomato
fruits treated with melatonin as stated by Aghdam et al. (2019c) may
arise from higher endogenous melatonin accumulation exhibiting ROS
scavenging capacity.
225
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Table 2
GAD, GABA-T and SSADH enzymes activity in tomato fruits treated with melatonin during cold storage.
Time (day)

Treatment

GABA shunt pathway activity

Melatonin (μM)

GAD activity (μ mol mg−1
protein s−1)

GABA-T activity (μ mol mg−1
protein s−1)

SSADH activity (μ
mol mg−1 protein s−1)

GABA accumulation
(μ mol g−1 FW)

7

0
100

10.27 ± 0.46 f
12.48 ± 0.44 ef

24.21 ± 1.42 d
28.85 ± 1.25 d

32.32 ± 1.65 f
36.58 ± 1.07 f

0.55 ± 0.028 e
0.53 ± 0.036 e

14

0
100

15.32 ± 0.66 e
18.58 ± 0.62 d

30.25 ± 1.19 d
38.53 ± 1.48 c

46.24 ± 1.38 e
50.25 ± 0.62 de

0.87 ± 0.055 de
0.95 ± 0.055 d

21

0
100

20.58 ± 0.98 d
29.52 ± 0.83c

37.04 ± 1.18 c
42.54 ± 1.43 c

55.49 ± 1.58 cd
65.84 ± 1.60 b

1.42 ± 0.096 c
1.12 ± 0.067 cd

28

0
100

38.31 ± 1.1 b
48.67 ± 0.93 a

52.24 ± 1.99 b
84.19 ± 2.79 a

62.57 ± 1.20 bc
76.57 ± 1.42 a

2.86 ± 0.172 a
2.12 ± 0.135 b

Mean values ± SE (n = 3). Different letters indicate significant differences among samples determined by Tukey’s test (P < 0.05).

leakage and MDA accumulation in tomato fruits treated with melatonin
as stated by Aghdam et al. (2019c) may arise from higher GABA shunt
pathway activity beneficial for ameliorating H2O2 accumulation and
providing intracellular ATP. Sufficient NH4+ supplying by PAL enzyme
activity is key for supplying glutamate for GABA shunt pathway activity
via GS/GOGAT cycle (Aghdam and Fard, 2017). Therefore, higher
GABA shunt pathway activity in tomato fruits treated with melatonin
may attribute to higher PAL enzyme activity serving as glutamate
supplier by GS/GOGAT cycle activity. Also, Aghdam and Fard (2017)
stated that the ameliorating fungal decay in strawberry fruits by melatonin applying attributed to higher GABA shunt pathway activity
serving as sufficient intracellular ATP and skeleton carbons supplier for
PAL enzyme activity leading to higher phenols and anthocyanins accumulation and higher DPPH scavenging capacity. Accordingly, higher
PAL enzyme activity in tomato fruits treated with melatonin may arise
from higher GABA shunt pathway activity serves as sufficient intracellular ATP and skeleton carbons supplier for phenylpropanoid
pathway activity. Higher phenols accumulation in tomato fruits treated
with melatonin not only are vital for response to chilling stress but also
are favorable for human health. According to Wei et al. (2018), perception of melatonin on plasma membrane by PMTR1 receptor giving
rise to cytosolic Ca2+ raising and signaling H2O2 accumulation via
NADPH oxidase enzyme activity. Hence, in addition to higher GABA
shunt pathway activity, higher PAL enzyme activity in tomato fruits
treated with melatonin may ascribe to signaling H2O2 accumulation
(Wang et al., 2015).

Fig. 3. PAL gene expression in tomato fruits treated with melatonin during cold
storage. Data shown as mean ± SE (n = 3). Significantly values were shown
according to Tukey’s test at P < 0.05.
Table 3
Phenols accumulation and DPPH scavenging capacity in tomato fruits treated
with melatonin during cold storage.
Time
(day)

Treatment

Phenolic Metabolism

Melatonin
(mM)

Phenols
accumulation
(mg GAE g−1
FW)

DPPH scavenging
capacity (%)

PAL activity (U
mg −1 protein)

5. Conclusion

7

0
100

1.49 ± 0.092 c
1.85 ± 0.038 c

36.79 ± 2.83 d
42.07 ± 2.51 cd

17.87 ± 2.14 d
24.87 ± 1.53 d

14

0
100

1.68 ± 0.062 c
2.03 ± 0.083 c

38.58 ± 2.16 d
48.67 ± 0.91 bc

22.62 ± 1.46 d
34.47 ± 1.64 c

21

0
100

1.9 ± 0.044 c
2.96 ± 0.127 ab

42.53 ± 1.42 cd
55.78 ± 1.47 b

36.13 ± 1.38 c
45.73 ± 2.24 b

28

0
100

2.54 ± 0.116 b
3.44 ± 0.26 a

49.2 ± 1.69 bc
70.57 ± 3.58 a

40.7 ± 0.95 bc
58.45 ± 2.56 a

Our results demonstrated the valuable effects of melatonin treatment at 100 μM on triggering defense response to chilling stress in
tomato fruits during cold storage. So, stimulating GABA shunt pathway
activity in tomato fruits treated with melatonin may serves as sufficient
intracellular ATP and skeleton carbons supplier for phenylpropanoid
pathway activity and ameliorating damaging H2O2 accumulation
during cold storage. Also, promoting endogenous melatonin accumulation by trigerring melatonin biosynthesis TDC, T5H, SNAT and ASMT
genes expression in tomato fruits treated with melatonin may serves as
powerful ROS scavenging strategy during cold storage. Signaling operation of melatonin by perception on plasma membrane by PMTR1
receptor giving rise to cytosolic Ca2+ raising and signaling H2O2 accumulation via NADPH oxidase enzyme activity. Signaling H2O2 accumulation may be responsible for promoting endogenous melatonin
accumulation and stimulating GABA shunt pathway activity in tomato
fruits during cold storage. Therefore, exogenous melatonin treatment
may serve as beneficial procedure for response to chilling stress in tomato fruits during cold storage by signaling H2O2 accumulation responsible for promoting endogenous melatonin accumulation accompanying by stimulating GABA shunt pathway activity.

Mean values ± SE (n = 3). Different letters indicate significant differences
among samples determined by Tukey’s test (P < 0.05).

ATP and carbon skeletons accompanying by ameliorating H2O2 accumulation during chilling stress (Aghdam and Fard, 2017; Palma et al.,
2016, 2019; Palma et al., 2015). Accordingly, higher GABA shunt
pathway activity in tomato fruits treated with melatonin may be a
defense response to chilling stress in tomato fruits during cold storage
by contribution to ameliorating H2O2 accumulation and providing intracellular ATP and carbon skeletons for phenylpropanoid pathway
activity. So, keeping membrane integrity as shown by lower electrolyte
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