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A B S T R A C T

In this study, the mechanism activated by melatonin treatment at 100 µM for maintaining nutraceutical prop-
erties in pomegranate fruits during storage at 4 °C for 120 days was investigated. Our results showed that the
higher G6PDH and 6PGDH activities in pomegranate fruits treated with melatonin may be responsible for suf-
ficient supply of intracellular NADPH. Also, higher AA and GSH accumulation in pomegranate fruits treated with
melatonin may ascribe to higher APX and GR activities coincided with lower AAO activity. In addition, po-
megranate fruits treated with melatonin exhibited significantly higher PAL activity resulting in higher phenols
and anthocyanins accumulation as well as higher DPPH scavenging capacity. Additionally, higher AOX gene
expression in pomegranate fruits treated with melatonin may be beneficial for ROS scavenging molecules ac-
cumulation. Therefore, maintaining nutraceutical properties of pomegranate fruits treated with melatonin may
ascribe to sufficient intracellular NADPH supply by promoting G6PDH and 6PGDH activities during cold storage.

1. Introduction

Pomegranate fruits exhibit commercial value and health benefits.
But, due to susceptibility to chilling injury, employing cold storage will
be accompanied by quantitative and qualitative losses at an economical
scale. Therefore, researchers have encouraged to discovery safe proce-
dures for alleviating chilling injury accompanying by maintaining nu-
traceutical properties in pomegranate fruit during cold storage
(Jannatizadeh, 2019). In recent years, melatonin gains considerable
attention for applying as a safe procedure for alleviating chilling injury
accompanying by maintaining quality of horticultural crops. Enhancing
endogenous melatonin accumulation and promoting GABA shunt
pathway activity (Aghdam & Fard, 2017; Sharafi et al., 2019), pro-
moting oxidative pentose phosphate pathway activity (Gao et al.,
2018), triggering reactive oxygen species (ROS) preventing alternative
oxidase (AOX) pathway activity as well as ROS scavenging enzymes
ascorbate peroxidase (APX) and glutathione reductase (GR) activities
resulting in higher ascorbic acid (AA) and glutathione (GSH) accumu-
lation (Aghdam, Jannatizadeh, Nojadeh, & Ebrahimzadeh, 2019; Cao

et al., 2018; Gao et al., 2016; Liu, Zheng, Sheng, Liu, & Zheng, 2018)
and proline, nitric oxide and polyamines accumulation (Aghdam, Luo,
Jannatizadeh, Sheikh-Assadi et al., 2019; Aghdam, Jannatizadeh et al.,
2019) by melatonin treatment have been beneficial for alleviating
chilling injury accompanying by maintaining quality of horticultural
crops during cold storage. Recently, Jannatizadeh (2019) observed that
the alleviating chilling injury in pomegranate fruits manifested by husk
browning by melatonin treatment may ascribe to alleviating H2O2 ac-
cumulation by increasing ROS scavenging enzymes activity, reducing
phospholipase D and lipoxygenase activities, and increasing phenyla-
lanine ammonia-lyase (PAL) activity resulting in higher phenols accu-
mulation as well as higher DPPH scavenging capacity, all are valuable
for protection of membrane integrity.

During postharvest life, NADPH serves as the universal intracellular
reducing power which ensures that sufficient supply of intracellular
NADPH is available to alleviate stresses, postpone senescence and
maintain quality of horticultural crops (Gao et al., 2018; Wang et al.,
2019; Wei et al., 2019). Promotes oxidative pentose phosphate pathway
through the glucose-6-phosphate dehydrogenase (G6PDH) and 6-

https://doi.org/10.1016/j.foodchem.2019.125385
Received 22 May 2019; Received in revised form 13 August 2019; Accepted 17 August 2019

⁎ Corresponding authors.
E-mail addresses: soleimaniaghdam@eng.ikiu.ac.ir (M.S. Aghdam), luozisheng@zju.edu.cn (Z. Luo), lili1984@zju.edu.cn (L. Li),

jannatizadeh@eng.ikiu.ac.ir (A. Jannatizadeh), j.rezapourfard@urmia.ac.ir (J.R. Fard), pirzad_farhad@ut.ac.ir (F. Pirzad).

Food Chemistry 303 (2020) 125385

Available online 19 August 2019
0308-8146/ © 2019 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03088146
https://www.elsevier.com/locate/foodchem
https://doi.org/10.1016/j.foodchem.2019.125385
https://doi.org/10.1016/j.foodchem.2019.125385
mailto:soleimaniaghdam@eng.ikiu.ac.ir
mailto:luozisheng@zju.edu.cn
mailto:lili1984@zju.edu.cn
mailto:jannatizadeh@eng.ikiu.ac.ir
mailto:j.rezapourfard@urmia.ac.ir
mailto:pirzad_farhad@ut.ac.ir
https://doi.org/10.1016/j.foodchem.2019.125385
http://crossmark.crossref.org/dialog/?doi=10.1016/j.foodchem.2019.125385&domain=pdf


phosphogluconate dehydrogenase (6PGDH) activities (Lin et al., 2018)
and triggers the folate pathway through the methylene-tetrahydrofolate
dehydrogenase activity (Aghdam, Moradi, Razavi, & Rabiei, 2019)
helped maintain sufficient intracellular NADPH supply. Therefore,
promoting oxidative pentose phosphate and folate pathways activity by
employing postharvest procedures may be valuable for ensures that
sufficient supply of intracellular NADPH in horticultural crops. Re-
cently, Aghdam, Moradi, et al. (2019) reported that the alleviating
chilling injury in tomato fruits by phenylalanine treatment may attri-
bute to ensuring sufficient supply of intracellular NADPH by promoting
methylene-tetrahydrofolate dehydrogenase activity. In tomato fruits
treated with phenylalanine, in addition to higher ROS scavenging en-
zymes activity resulting in lower H2O2 accumulation and higher AA
accumulation, higher PAL activity resulting in higher phenols and fla-
vonoids accumulation and higher DPPH scavenging capacity may also
ascribe to sufficient supply of intracellular NADPH. Hence, ensuring
sufficient supply of intracellular NADPH by employing postharvest
procedures may be beneficial for extending the postharvest life of
horticultural crops.

Hence, we proposed that ensuring sufficient intracellular NADPH
supply by melatonin treatment may be valuable for maintaining nu-
traceutical properties of pomegranate fruits. The goal of our experiment
was to investigate the role of intracellular NADPH supply by G6PDH
and 6PGDH activities in maintaining nutraceutical properties of po-
megranate fruits treated with melatonin at 100 µM during cold storage.

2. Materials and methods

2.1. Fruits and treatments

For postharvest immersion of pomegranate fruits, 100 µM melatonin
was selected using the method of Jannatizadeh (2019). Pomegranate
fruits (Punica granatum cv. Malas Saveh) selected according to higher
vulnerability to chilling stress during storage at low temperature, in
addition to wildly cultivation and production in Iran. Pomegranate
fruits were harvested at full mature stage consistent with commercial
practice. For melatonin treatment, 240 health pomegranate fruits were
selected and allocated into 2 lots of 240 fruit for dipping at 0 and
100 µM melatonin solution in triplicate (80 fruit per replicate) for
15min at 20 °C. Then, fruits was allowed to air drying at room tem-
perature and stored at 4 °C (85–90% RH) for 120 days. After 30, 60, 90,
and 120-day storage at 4 °C (85–90% RH), 30 fruits from each treat-
ment (10 fruits from each replicate) were sampled. Husks were care-
fully cut at the equatorial zone with sharp knives, and arils were
manually separated, mixed, powdered in liquid nitrogen, and stored at
−80 °C for biochemical and gene expression analysis.

2.2. Arils G6PDH and 6PGDH activities and NADPH accumulation

For assaying of G6PDH and 6PGDH activities based on NADPH
production according to Šindelář, Šindelářová, and Burketová (1999),
2 g of powder was homogenized with 12mL of 100mM Tris–HCl buffer
(pH 8.0) comprising 2mM MgCl2, 1 mM EDTA, 1mM DTT and 1% PVP
(w/v). Glucose-6-phosphate and 6-phosphogluconate were used as
substrate for G6PDH and 6PGDH activities, respectively. G6PDH and
6PGDH activities were expressed as µkat mg−1 protein. NADPH accu-
mulation was measured following Gibon and Larher (1997) method and
expressed as nmol g−1 FW.

2.3. Arils AOX gene expression

For RNA extraction by CTAB procedure and cDNA synthesis by
Reverse Transcriptase enzyme (Fermentase, USA), 1 g Powder was used
according to Zarei et al. (2016). For AOX gene expression, StepOne
Real-Time PCR System was used. The final volume of 10 µL, comprising
1 µL of cDNA, 100 nM of primers (Table 1) and 5 µL of 2× SYBR

GREEN I Master Mix (TaKaRa, Japan), was arranged based manu-
facturer’s instruction. For AOX gene expression, the threshold cycle (Ct)
value was normalized to EF1 Ct value and calculated using the formula
2−ΔΔCt.

2.4. Arils AAO activity and AA accumulation

AAO activity was assayed at 265 nm as stated by Rao, Gol, and Shah
(2011) and expressed as µkat mg−1 protein. Protein content was as-
sayed according to Bradford (1976) using BSA as a standard. For as-
saying of AA accumulation, 1 g of powder was homogenized with 15mL
of 5% (w/v) metaphosphoric acid as stated by Wang, Chen, Kong, Li,
and Archbold (2006). AA accumulation was measured according to
Wang et al. (2006) and expressed as µmol g−1 FW.

2.5. Arils APX and GR activities and GSH accumulation

For assaying of APX and GR activities, 2 g of powder was homo-
genized with 10mL of 50mM phosphate buffer (pH 7.8) comprising
0.2 mM EDTA and 2% PVP (w/v). APX activity was assayed as stated by
Nakano and Asada (1981) and expressed as µkat mg−1 protein. GR
activity was assayed according to Sofo, Tuzio, Dichio, and Xiloyannis
(2005) and expressed as µkat mg−1 protein. For assaying of GSH ac-
cumulation, 1 g of powder was homogenized with 15mL of 5% (w/v)
metaphosphoric acid as stated by Wang et al. (2006). GSH accumula-
tion was measured as stated by Wang et al. (2006) and expressed as
nmol g−1 FW.

2.6. Arils PAL activity, phenols, and anthocyanins accumulation and DPPH
scavenging capacity

For assaying of PAL activity according to Chen et al. (2008), 1 g of
powder was homogenized in 15mL of 50mM borate buffer (pH 8.5)
comprising 5mM β-mercaptoethanol and 0.5 g PVPP. PAL activity was
expressed as µkat mg−1 protein. For assaying of phenols and antho-
cyanins accumulation and DPPH scavenging capacity, 5 g of powder
was homogenized with 20mL of methanol and extracted for 24 h in the
dark. Phenols accumulation was measured by the Folin–Ciocalteu
technique according to Singleton and Rossi (1965) and expressed as mg
gallic acid equivalent (GAE) g−1 FW. Anthocyanins accumulation was
measured by pH differential technique as said by Lako et al. (2007) and
expressed as mg cyanidin-3-glucoside equivalents (C3GE) g−1 FW.
DPPH scavenging capacity (%) was measured as said by Nakajima,
Tanaka, Seo, Yamazaki, and Saito (2004).

2.7. Statistical analysis

This research was conducted using a factorial design with melatonin
treatment (0 and 100 µM) and storage time (30, 60, 90, and 120 days)
using triplicate samples (n= 3). All analyses were performed with SPSS
software version 20 (SPSS Inc., Chicago, IL, USA). Means were com-
pared by Tukey’s test and differences at p < 0.05 were considered
significant.

Table 1
The primers used for qRT-PCR.

Gene name Accession numbers Primer sequences (5′-3′)

AOX JZ970386 F: CACTCCCTGAACAGCAAGAA
R: GGAAGCAGAGAATGAGAGGATG

EF1-α KU977461 F: GTACTACTGCACCGTCATCG
R: CATCCTTGGAGATACCAGCC
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3. Results

3.1. Arils G6PDH and 6PGDH activities and NADPH accumulation

As revealed in Fig. 1, NADPH content slightly increased in control
fruits from 1 to 90 days of cold storage and then decreased to the end of
cold storage. In comparison with control fruits, NADPH content in po-
megranate fruits treated with melatonin gradually increased during
cold storage. At the end of storage, pomegranate fruits treated with
melatonin had significantly higher NADPH content (P < 0.01) in
comparison with control fruits. Also, G6PDH and 6PGDH activities had
a similar trend the same as NADPH content in control and treated po-
megranate fruits during control fruits. The G6PDH and 6PGDH activ-
ities of treated fruits gradually increased up to 90 days of cold storage
and then slightly decreased to the end of cold storage (Fig. 1). Fruit
treated with melatonin had higher G6PDH and 6PGDH activities during
cold storage (P < 0.01). Therefore, higher NADPH accumulation in
pomegranate fruits treated with melatonin was accompanied by higher
G6PDH and 6PGDH activities during cold storage (P < 0.01).

3.2. Arils AOX gene expression

As revealed in Fig. 2, AOX gene expression increased in control and
treated pomegranate fruits from 1 to 90 days of cold storage and then
decreased to the end of cold storage. A significant difference
(P < 0.01) was observed between treated and control fruits during
cold storage. In comparison with control fruits, the increasing trend of
AOX gene expression was gradually and decreasing trends of AOX gene
expression was slightly in treated fruits. Overall, fruits treated with
melatonin had a significantly higher AOX gene expression during cold
storage (Fig. 2).

3.3. Arils AAO activity and AA accumulation

As revealed in Fig. 2, AAO activity increased gradually in control
fruits and slightly in treated fruits from during cold storage. However,
pomegranate fruits treated with melatonin had significantly lower AAO
activity (P < 0.01) in comparison with control fruits during cold sto-
rage. Also, AA content slightly increased in control fruits from 1 to
90 days of cold storage and then decreased gradually to the end of cold
storage. In comparison with control fruits, AA content in pomegranate
fruits treated with melatonin gradually increased from 1 to 90 days of
cold storage and then decreased slightly to the end of cold storage. At
the end of storage, accompanied by lower AAO activity, pomegranate
fruits treated with melatonin had significantly higher AA content
(P < 0.01) in comparison with control fruits (Fig. 2).

3.4. Arils APX and GR activities and GSH accumulation

As revealed in Fig. 3, APX and GR activities in pomegranate fruits
treated with melatonin gradually increased during cold storage, in
comparison with control fruits. At the end of cold storage, pomegranate
fruits treated with melatonin had significantly higher APX and GR ac-
tivities (P < 0.01) in comparison with control fruits. Also, GSH content
had a similar trend same as APX and GR activities in control and treated
pomegranate fruits during cold storage. Pomegranate fruits treated with
melatonin had significantly higher GSH content (P < 0.01) in com-
parison with control fruits during cold storage (Fig. 3).

3.5. Arils PAL activity, phenols, and anthocyanins accumulation and DPPH
scavenging capacity

As revealed in Fig. 4, PAL activity slightly increased in control fruits
from 1 to 30 days of cold storage, remained relatively constant from 30

Fig. 1. Arils G6PDH and 6PGDH activities and NADPH accumulation in pomegranate fruits treated with melatonin during cold storage. Data revealed are mean
values of n=3 and the error bars represent standard errors of the means. Tukey test at P= 0.05 level.
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to 60 days of cold storage before it slightly increased to the end of cold
storage. But, in pomegranate fruits treated with melatonin, PAL activity
gradually increased during cold storage. Pomegranate fruits treated
with melatonin had significantly higher PAL activity (P < 0.01) in
comparison with control fruits at the end of cold storage. Also, phenols
and anthocyanins content have similar trends in control and treated
pomegranate fruits during cold storage. Phenols and anthocyanins
content slightly increased in control and treated fruits from 1 to 90 days
of cold storage and then remained relatively constant to the end of cold

storage (Fig. 4). Also, DPPH scavenging capacity was relatively constant
during cold storage. Pomegranate fruits treated with melatonin had
significantly higher DPPH scavenging capacity (P < 0.01) in compar-
ison with control fruits during cold storage (Fig. 4).

4. Discussion

During cold storage, the higher sensitivity of pomegranate fruits to
chilling injury can be an economical challenge for the pomegranate

Fig. 2. Arils AAO activity, AOX gene expression and AA accumulation in pomegranate fruits treated with melatonin during cold storage. Data revealed are mean
values of n=3 and the error bars represent standard errors of the means. Tukey test at P= 0.05 level.

Fig. 3. Arils APX and GR activities and GSH accumulation in pomegranate fruits treated with melatonin during cold storage. Data revealed are mean values of n=3
and the error bars represent standard errors of the means. Tukey test at P=0.05 level.
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fruits industry (Sayyari, Aghdam, Salehi, & Ghanbari, 2016). Chilling
injury in pomegranate fruits during cold storage manifesting by husk
browning (Jannatizadeh, 2019; Sayyari et al., 2016; Sayyari, Castillo,
Valero, Díaz-Mula, & Serrano, 2011), maybe due to insufficient energy
(ATP) and reducing power (NADPH) supply giving rise to higher ROS
accumulation (Aghdam, Jannatizadeh, Luo, & Paliyath, 2018). Higher
ROS accumulation in pomegranate fruits during cold storage may be
responsible for declining membrane integrity representing by higher
electrolyte leakage and MDA accumulation (Aghdam, Luo,
Jannatizadeh, & Farmani, 2019). During cold storage, pomegranate
fruits not only exhibits husk browning which results in lower sensory
quality and marketability, but also nutraceutical properties of pome-
granate fruits declines, which may be due to higher ROS accumulation
giving rise to lower AA, GSH, phenols and flavonoids accumulation
(Sayyari et al., 2011, 2016). During recent years, it has been approved
that the sufficient intracellular NADPH supply is crucial for alleviate
stresses, postpone senescence and maintain quality of horticultural
crops during postharvest life (Aghdam, Moradi, et al., 2019). During
postharvest life of horticultural crops, sufficient intracellular NADPH
supply may promote ROS preventing and scavenging systems activity
accompanying by activates phenylpropanoid pathway activity may be
crucial for alleviate stresses, postpone senescence and maintain quality
by promoting AA, GSH, phenols and flavonoids accumulation (Gorelova
et al., 2017; Wang et al., 2019; Wei et al., 2019). Due to the beneficial
effects of melatonin treatment in alleviating chilling injury manifesting
by lower hulk browning during cold storage (Jannatizadeh, 2019), we
presume that melatonin treatment may also be favorable for main-
taining nutraceutical properties of pomegranate fruits during cold sto-
rage. Therefore, we investigate the pentose phosphate pathway activity
representing by G6PDH and 6PGDH activities in pomegranate fruits in
response to melatonin treatment which is crucial for sufficient

intracellular NADPH supply during cold storage. In our present study,
maintaining nutraceutical properties of pomegranate fruits treated with
melatonin, higher AA, GSH, phenols, and flavonoids accumulation,
during cold storage may ascribe to sufficient intracellular NADPH
supply by higher G6PDH and 6PGDH activities. Sufficient intracellular
NADPH supply may be crucial for maintaining horticultural crops
quality by promoting ROS preventing and scavenging systems activity
accompanying by activating phenylpropanoid pathway activity (Gao
et al., 2018; Wang et al., 2019; Wei et al., 2019). Recently, Lin et al.
(2018) reported that the sufficient intracellular NADPH supply in
longan fruits treated with propyl gallate may be implicated in higher
ROS scavenging system activity resulting in lower O2

− and H2O2 ac-
cumulation (Lin et al., 2015) and higher phenylpropanoid pathway
activity resulting in higher phenols and flavonoids accumulation (Lin
et al., 2013) during cold storage. Also, Gao et al. (2018) reported that
the sufficient intracellular NADPH supply by higher G6PDH activity in
peach fruits treated with melatonin may be implicated in activating
shikimate pathway activity representing by higher shikimate dehy-
drogenase activity resulting in sufficient phenylalanine supply. Higher
phenylpropanoid pathway activity representing by higher PAL activity
resulting in higher phenols accumulation in peach fruits treated with
melatonin may be due to sufficient phenylalanine supply during cold
storage. Therefore, our results clearly demonstrated that the higher
G6PDH and 6PGDH activities may be crucial for NADPH accumulation
in pomegranate fruits treated with melatonin, which may be implicated
in activating ROS preventing and scavenging systems activity accom-
panying by promoting phenylpropanoid pathway activity resulting in
higher AA, GSH, phenols, and anthocyanins accumulation as well as
higher DPPH scavenging capacity. Higher AA, GSH, phenols and an-
thocyanins accumulation arising from sufficient intracellular NADPH
supply in pomegranate fruits treated with melatonin is valuable for

Fig. 4. Arils PAL activity, phenols, and anthocyanins accumulation and DPPH scavenging capacity in pomegranate fruits treated with melatonin during cold storage.
Data revealed are mean values of n=3 and the error bars represent standard errors of the means. Tukey test at P=0.05 level.
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human health, owing to its superior ROS scavenging capacity.
In pomegranate fruits treated with melatonin, sufficient in-

tracellular NADPH supply was accompanied by higher AOX gene ex-
pression. Higher AOX gene expression in pomegranate fruits treated
with melatonin may ascribe to sufficient intracellular NADPH supply.
Sufficient NADPH providing is crucial for NADPH thioredoxin re-
ductase activity. Sufficient intracellular NADPH supply serves as an
electron donor for NADPH thioredoxin reductase activity, which is re-
sponsible for reducing thioredoxin h in mitochondria for activating
AOX (Da Fonseca-Pereira, Daloso, Gago, Nunes-Nesi, & Araujo, 2019).
In pomegranate fruits treated with melatonin, AOX may serve as effi-
cient ROS preventing and ATP supplying strategy during cold storage
(Geigenberger, Thormahlen, Daloso, & Fernie, 2017). Recently, Hu,
Yan, He, and Xi (2019) argued that the sufficient intracellular NADPH
supply in pepper by brassinolide treatment promotes NTR activity re-
sulting in higher AOX pathway activity. In addition to ROS preventing
and ATP supplying, higher AOX is crucial for promoting AA biosynth-
esis by sufficient cytochrome c providing which serves as an electron
acceptor for 1-galactono-1,4-lactone dehydrogenase activity by en-
hancing cytochrome c oxidase activity (Bartoli et al., 2006). Recently,
Cao et al. (2018) showed that the higher AA accumulation in peach
fruits treated with melatonin may be ascribed to higher galactono-1,4-
lactone dehydrogenase gene expression. Therefore, in our present
study, higher AA accumulation in pomegranate fruits treated with
melatonin may attribute to higher AOX gene expression. In addition to
promoting AA biosynthesis, melatonin treatment may promote higher
AA accumulation in pomegranate fruits during cold storage by pre-
venting AA degradation by AAO activity. Rao et al. (2011) observed
that the lower AAO activity in sweet pepper fruits treated with salicylic
acid and CaCl2 may be responsible for higher AA accumulation. Ac-
cordingly, higher AA accumulation in pomegranate fruits treated with
melatonin may ascribe to higher AOX gene expression accompanying
by lower AOX enzyme activity, which partially dependent on sufficient
intracellular NADPH supply during cold storage.

During cold storage, sufficient intracellular NADPH supply in po-
megranate fruits treated with melatonin was accompanied by higher
GSH accumulation which may ascribe to higher APX and GR activities.
Kaur and Bhatla (2016) reported that melatonin treatment promotes
GSH accumulation in sunflower seedling by enhancing GR activity.
Wang et al. (2019) observed that the sufficient intracellular NADPH
supply by higher G6PDH and 6PGDH activities in grape berry fruits
treated with β-aminobutyric acid may be implicated in triggering AA/
GSH cycle activity resulting in higher GSH accumulation. AA/GSH
cycle activity is crucial for alleviating oxidative stress in horticultural
crops by scavenging H2O2 via APX activity which expending AA as an
electron donor. In AA/GSH cycle, monodehydroascorbate reductase is
responsible for the regeneration of AA from monodehydroascorbate by
consuming NADPH. Also, dehydroascorbate reductase is responsible for
the regeneration of AA from dehydroascorbate by consuming GSH re-
sulting GSSG. Then, GR is responsible for the regeneration of GSH from
GSSG by consuming NADPH. GR enzyme activity is essential for pro-
moting GSH accumulation for overcoming oxidative stress. Also, Li
et al. (2018) observed that the higher GSH accumulation in tea plants
treated with melatonin may ascribe to promoting GR expression and
activity. Therefore, in our present study, higher GSH accumulation in
pomegranate fruits treated with melatonin may ascribe to promoting
GR activity. Also, Wei et al. (2019) observed that sufficient intracellular
NADPH supply by higher G6PDH activity in apple fruits treated with
acibenzolar-S-methyl may be implicated in triggering AA/GSH cycle
activity resulting in higher AA and GSH accumulation. Also, Chumyam,
Shank, Faiyue, Uthaibutra, and Saengnil (2017) observed that sufficient
intracellular NADPH supply by higher G6PDH and 6PGDH activities in
longan fruits treated with chlorine dioxide may be implicated in trig-
gering AA/GSH cycle activity resulting in higher AA and GSH accu-
mulation. Therefore, in our present study, higher AA and GSH accu-
mulation in pomegranate fruits treated with melatonin may attribute to

sufficient intracellular NADPH supply which is implicated in triggering
APX and GR activities during cold storage.

In addition to AA and GSH accumulation, maintaining nutraceutical
properties of pomegranate fruits treated with melatonin during cold
storage may ascribe to higher phenols and anthocyanins. In horti-
cultural crops, triggering shikimate and phenylpropanoid pathways
activity is key for promoting phenols, flavonoids and anthocyanins
accumulation. Sufficient intracellular NADPH supply is vital for shiki-
mate dehydrogenase activity in shikimic acid pathway activity and
cinnamate-4-hydroxylase, p-coumaroyl-5-O-shikimate 3′-hydroxylase,
and cinnamoyl-CoA reductase activities in phenylpropanoid pathway
activity (Aghdam et al., 2018). Therefore, higher phenylpropanoid
pathway activity representing by higher PAL activity in pomegranate
fruits treated with melatonin may attribute to sufficient intracellular
NADPH supply, resulting in higher phenols and anthocyanins accu-
mulation during cold storage.

In addition to triggering AOX activity, sufficient intracellular
NADPH supply in pomegranate fruits treated with melatonin may be
vital for promoting NADPH thioredoxin reductase activity. Higher
NADPH thioredoxin reductase activity triggers shikimate pathway ac-
tivity by promoting DHAP synthase and ATP-citrate lyase activities
resulting in sufficient phenylalanine and Acetyl-CoA supply for phe-
nylpropanoid pathway activity (Geigenberger et al., 2017). Accord-
ingly, in our present study, higher phenols and anthocyanins accumu-
lation, as well as higher DPPH scavenging capacity in pomegranate
fruits treated with melatonin may achieve by sufficient intracellular
NADPH supply, which by triggering NTR activity resulting in higher
shikimate and phenylpropanoid pathways activity. In agreement with
our results, Lin et al. (2018) argued that ensuring sufficient intracellular
NADPH supply in longan fruits treated with propyl gallate may be
implicated in activating phenylpropanoid pathway activity resulting in
higher phenols and flavonoids accumulation. Also, Gao et al. (2018)
argued that ensuring sufficient intracellular NADPH supply by higher
G6PDH activity in peach fruits treated with melatonin may be im-
plicated in activating shikimate pathway activity representing by
higher shikimate dehydrogenase activity resulting in sufficient pheny-
lalanine supply for phenylpropanoid pathway activity representing by
higher PAL activity resulting in higher phenols accumulation.

According to ROS preventing and scavenging capacity of en-
dogenous melatonin, maintaining the nutraceutical properties of po-
megranate fruits treated with melatonin may be due to higher en-
dogenous melatonin accumulation by triggering TDC, T5H, SNAT, and
ASMT genes expression. In addition to maintaining nutraceutical
properties of pomegranate fruit, higher endogenous melatonin accu-
mulation is beneficial for human health. Therefore, the investigation of
endogenous melatonin status and its biosynthesis genes expression in
pomegranate fruits in response to exogenous melatonin treatment
during cold storage are ongoing at our laboratory.

5. Conclusion

The results shed lights on the valuable efficiency of melatonin
treatment at 100 µM for maintaining nutraceutical properties of po-
megranate fruits during cold storage by sufficient supply of intracellular
NADPH which may be due to the combined activities provided by
G6PDH and 6PGDH. Also, sufficient supply of intracellular NADPH in
pomegranate fruits treated with melatonin may be implicated in pro-
moting ROS preventing and scavenging systems activity concomitant
with promoting phenylpropanoid pathway activity during cold storage
which may be responsible for higher phenols, anthocyanins, AA and
GSH accumulation resulting in higher DPPH scavenging capacity.
Therefore, sufficient supply of intracellular NADPH may be responsible
for maintaining nutraceutical properties in pomegranate fruits treated
with melatonin by promoting phenylpropanoid pathway activity con-
comitant with promoting ROS preventing and scavenging systems ac-
tivity during cold storage.
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