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1  | INTRODUC TION

Pistachio kernels are valuable for human health due to having higher 
health- promoting phytochemicals such as unsaturated fatty acids 
and polyphenols (Gheysarbigi et al., 2020; Rusu et al., 2019; Sheikhi 
et al., 2019). Recently, the world consumption of fresh pistachio fruit 
has been continuously growing, thus the market demand for these 
commodities is also increasing in some regions of the world (Aghdam 
et al., 2020; Molamohammadi et al., 2020). Aflatoxin B1 (AB1) ac-
cumulation as carcinogenic and teratogenic mycotoxin in pistachio 

fruits during Aspergillus flavus infection have been considered as a 
risk for human health which confines kernels consumption (Fountain 
et al., 2015; Nayak et al., 2017). Therefore, the researchers have 
been trying to develop suitable safe strategies to inhibit the fungal 
decay of fresh pistachios during postharvest operation for suppress-
ing AB1 accumulation in kernels (Sheikhi et al., 2019).

Since ROS generating from kernels may be responsible for 
triggering A. flavus growth and AB1 biosynthesis, heightening 
ROS scavenging systems activity in kernels may be effective 
for alleviating fungal decay and suppressing AB1 biosynthesis 
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Abstract
This study aimed to investigate the mechanisms activated by melatonin treatment for 
attenuating Aspergillus decay, suppressing aflatoxin B1 (AB1) accumulation, and pre-
serving nutritional quality in fresh pistachio fruits during storage at 25°C for 18 days. 
At 6- day intervals, samples from each of three replications were selected, and sub-
jected to biochemical analysis. Our results showed that fresh pistachio fruits treated 
with 1,000 µM melatonin and inoculated with Aspergillus flavus, exhibited lower 
Aspergillus decay accompanied by lower endogenous AB1 accumulation. Melatonin 
treated fruit also showed lower H2O2 and malondialdehyde accumulation during stor-
age. Furthermore, higher linolenic acid accumulation accompanied by higher phenols 
and flavonoids accumulation as well as superior DPPH scavenging capacity in fresh 
pistachio fruits treated with 1,000 µM melatonin, could be ascribed to lower lipoxy-
genase and higher phenylalanine ammonia- lyase enzymes activity, respectively, dur-
ing storage. Besides, melatonin applying at 1,000 µM suppressed spore germination 
and germ tube elongation in A. flavus.

Practical applications
Aflatoxin B1 (AB1) accumulation as carcinogenic mycotoxin in pistachio fruits during 
Aspergillus flavus infection have been considered as a risk for human health. Since 
ROS generating from kernels could be responsible for triggering A. flavus growth and 
AB1 biosynthesis. Therefore, alleviating oxidative stress by melatonin treatment not 
only could be operative for attenuating fungal decay and decreasing AB1 accumula-
tion but also could be favorable for maintaining the quality of fresh pistachio fruits.
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by A. flavus (Fountain et al., 2014, 2015; Grintzalis et al., 2014; 
Holmes et al., 2008; Nayak et al., 2017). Suppressing AB1 accu-
mulation by phenols, flavonoids, and anthocyanins may arise from 
the ROS scavenging capacity of the phenylpropanoid pathway 
(Norton, 1999; Passone et al., 2005). Also, the efficiency of es-
sential oils for suppressing AB1 biosynthesis may arise from the 
ROS scavenging capacity of phenols, flavonoids, and anthocyanins 
(Bluma et al., 2008). Therefore, employing strategies efficiency for 
promoting ROS scavenging capacity may be effective for allevi-
ating Aspergillus decay and suppressing AB1 accumulation in pis-
tachio kernels giving rise to preserving kernels quality. Recently, 
Molamohammadi et al. (2020) showed that the fresh pistachio 
fruit in response to exogenous salicylic acid in combination with 
chitosan applying exhibit lower weight loss, peroxide, and free 
fatty acid values and accompanied by higher activity of superox-
ide dismutase, catalase, and peroxidase enzymes along with lower 
PPO enzyme activity. Besides, salicylic acid in combination with 
chitosan significantly decreased the growth of bacteria and fungi 
and browning reactions in fresh pistachio fruit compared with 
the other treatments. Also, Aghdam et al. (2020) reported that 
β- aminobutyric acid treatments reduced AB1 accumulation by 
attenuating fungal decay and decreasing reactive oxygen species 
(ROS) levels of fresh pistachio kernels during storage life.

In recent years, exogenous melatonin (N- acetyl- 5- 
methoxytryptamine) applying or endogenous melatonin accumulation 
have been employed as an efficacy strategy for triggering ROS scav-
enging systems activity, in addition to melatonin ROS scavenging cas-
cade (García et al., 2014; Reiter et al., 2014; Sharafi et al., 2019), which 
are crucial for keeping membrane fluidity and integrity representing by 
lower	MDA	content	(Galano	&	Reiter,	2018;	Tan	et	al.,	2013).	Recently,	
increasing endogenous melatonin accumulation arising from higher 
SNAT gene expression in tomatoes in response to Botrytis cinerea in-
fection has been reported by (Liu et al., 2019). Also, Liu et al. (2019) 
showed that alleviating gray mold decay caused by B. cinerea in toma-
toes in response to exogenous melatonin (50 µM) applying stored at 
25°C for 7 days may attribute to lower H2O2 content arising from higher 
SOD and APX enzymes activity. Also, Li et al. (2019) showed that the 
alleviating gray mold decay in tomato fruits caused by B. cinerea by ex-
ogenous melatonin (100 µM) applying may be ascribed to higher endog-
enous melatonin accumulation giving rise to promoting endogenous SA 
accumulation beneficial for triggering PRs response activity represent-
ing by higher chitinase and β-	1,3-	glucanase	enzymes	activity	accompa-
nied by increasing phenylpropanoid pathway activity representing by 
higher PAL and 4Cl enzymes activity giving rise to higher phenols and 
flavonoids content beneficial for cell wall fortification.

To our knowledge, there has been no report on the effect of mel-
atonin treatment on alleviating fungal decay and suppressing AB1 
accumulation in pistachio fruits, inoculated with A. flavus. Therefore, 
this study aimed to investigate the effect of melatonin treatment 
on Aspergillus decay and AB1 accumulation and oxidative status 
representing by H2O2 and MDA accumulation, PAL enzyme activ-
ity regulating bioactive compounds as well as antioxidant capacity, 
accompanying by LOX enzyme activity regulating unSFA/SFA ratio.

2  | MATERIAL S AND METHODS

2.1 | Fruit selection

Fresh pistachio fruits (Pistacia vera cv. Akbari) were hand- picked at 
the	commercial	harvest	time	from	an	orchard	in	Buin	Zahra	(35°46′N,	
50°4′E),	Qazvin	province,	Iran,	according	to	Ferguson	and	Haviland	
(2016). The fruits freedom from defects and decays by the uniform-
ity of size, color, and maturity were selected for in vivo melatonin 
application and A. flavus inoculation. The fresh pistachio fruits were 
disinfected by immersion in 70% ethanol and 2% (v/v) sodium hy-
pochlorite for 5 min, and rinsed with autoclaved ddH2O to eliminate 
residual ethanol and hypochlorite, and air- dried for 2 hr before use 
(Panahirad et al., 2014).

2.2 | Inoculum preparation

A. flavus with higher pathogenic and toxigenic in pistachio fruits were 
achieved from the plant pathology laboratory of Higher Education 
Center Shahid Bakeri Miyandoab, Urmia University, Urmia, Iran. The 
pathogen was cultured on potato dextrose agar (PDA) at 25°C for 
9 days. By adding 10 ml autoclaved ddH2O and submerging the sur-
faces of 9- day- old A. flavus culture, the spore suspension was pro-
vided. By hemocytometer, the concentration of spores was adjusted 
to 1 × 105 per milliliter spores using autoclaved ddH2O containing 
0.05% (v/v) Tween 80 (Panahirad et al., 2014).

2.3 | Spore germination and germ tube elongation

The effect of melatonin treatment on spore germination and germ 
tube elongation of A. flavus was measured following the method of 
Osman et al. (1989). Aliquots (0.1 ml) of spore suspension (5 × 10 5 
spore mL−1) of A. flavus was added to Petri dishes (8 mm in diameter) 
containing 20 ml PDA plus melatonin solution at 0, 1, 10, 100, and 
1,000 µM. Then, approximately 200 spores of A. flavus were assayed 
for spore germination (%) and germ tube elongation (µm) after inocu-
lation at 25°C for 16 hr.

2.4 | Pathogen inoculation and melatonin treatment

For	melatonin	treatments,	1,350	fresh	pistachio	fruits	were	divided	
into five groups of 270 fruits for each treatment. Then, fruits were 
immersed at 0 (control), 1, 10, 100, and 1,000 µM melatonin solu-
tions for 10 min. The wounding hulls of fruits were done longitu-
dinally by 4 mm in length and 4 mm in depth with a sterile nail in 
the shell gap site (Panahirad et al., 2014). Then, the fruit was inocu-
lated with 100 μL of A. flavus at a spore concentration of 5 × 10 5 
spore mL- 1. After inoculation, the fruits were kept in conventional 
polyethylene packaging and stored at room temperature (25 ± 2°C) 
for 18 days (Aghdam et al., 2020). Fresh pistachio fruits Aspergillus 
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decay (%) and kernels AB1 content were determined after 18 days 
at 25°C. Oxidative status representing by H2O2 and MDA accumula-
tion, PAL enzyme activity regulating phenols and flavonoids content 
as well as antioxidant capacity, accompanying by LOX enzyme activ-
ity regulating unSFA/SFA ratio of fresh pistachio fruits were meas-
ured during 6, 12, and 18 days at 25°C.

2.5 | Aspergillus decay and kernels AB1 content

Fresh pistachio fruits Aspergillus decay was analyzed according to 
the method described by Panahirad et al. (2014). AB1 content in 
fresh pistachio fruits was measured by high- performance liquid 
chromatography according to Panahirad et al. (2014), and AB1 con-
tent was expressed as µg/kg FW.

2.6 | H2O2 and MDA content, fatty acids status, and 
LOX enzyme activity

H2O2 content was measured as stated by Patterson et al. (1984). 
H2O2 content was expressed as μmol/g FW. MDA content was es-
timated (μmol/g FW) using the method of Nepote et al. (2004) with 
thiobarbituric acid reagent and measured spectrophotometrically at 
532	nm.	Oil	was	extracted	on	ground	pistachio	 for	6	hr	using	pe-
troleum ether as solvent according to Arena et al. (2007). FAMEs 
were prepared by refluxing 0.05 g of oil samples with 5 ml of 1N 
sodium hydroxide solution in methanol. Five minutes after boiling, 
5 ml of BF3– methanol were added, and, after a further 5 min, 5 ml of 
heptane. After cooling the mixture, 5 ml of saturated NaCl solution 
were added and the organic layer with the FAMEs was recovered 
and dried over anhydrous Na2SO4 and then analyzed by a gas chro-
matograph equipped with a flame ionization detector (GC- FID model 
6,890 N; Agilent Technologies, Santa Clara, CA, USA) according to 
Arena et al. (2007). Fatty acid content was expressed as g/kg. LOX 
enzyme activity was assayed by linoleic acid as substrate according 
to Phetsirikoon et al. (2012), and expressed as katals produced per 
kilogram protein.

2.7 | PAL enzyme activity, flavonoids, and phenols 
content and antioxidant capacity

PAL enzyme activity was measured by phenylalanine as substrate as 
stated	by	Nguyen	et	al.	(2003).	PAL	enzyme	activity	was	expressed	
as katals produced per kilogram protein. Phenols content was de-
termined by Folin– Ciocalteu technique as stated by Singleton and 
Rossi (1965) and expressed in gram gallic acid equivalents (GAE) 
per kilogram fresh weigh. Flavonoids content was assayed by alu-
minum chloride technique as stated by Petriccione et al. (2015) and 
expressed as gram quercetin equivalents (QE) per kilogram fresh 
weigh. Antioxidant capacity was assayed by DPPH radical technique 
as stated by Wilkin et al. (2014).

2.8 | Data analysis

The investigation was carried out as factorial (melatonin concen-
trations and storage times) in the form of a completely randomized 
design. The experiments were conducted at least twice with three 
replications for each treatment. The data were analyzed by SPSS 
(version 20) software (SPSS Inc., Chicago, IL, USA), and mean com-
parisons were done by Tukey's test at p < .05 significant level.

3  | RESULTS AND DISCUSSION

3.1 | Spore germination and germ tube elongation 
of A. flavus

The results presented in Figure 1 indicated that exogenous melatonin 
at 0, 1, 10, 100, and 1,000 µM significantly inhibited spore germina-
tion (p < .01) of A. flavus in PDA medium by 4, 18, 27, 45, and 100%, 
respectively, after 16 hr of incubation at 25°C. Similarly, germ tube 
elongation was significantly inhibited by melatonin treatments at all 
concentrations, with the greater inhibitory effects at the higher con-
centration (p < .01). It has been approved that the oxidative stress 
representing by higher H2O2 and MDA accumulation is crucial for  
A. flavus growth whereas attenuating oxidative stress have efficiency 
for repressing A. flavus growth (Fountain et al., 2014, 2015, 2016; 
Hong	et	al.,	2013;	Santos	et	al.,	2015;	Sun	et	al.,	2016).	Accordingly,	
repressing in vitro spore germination and germ tube elongation of 

F I G U R E  1   Spore germination and germ tube elongation of 
Aspergillus flavus after incubation for 16 hr at 25°C by melatonin 
treatments. Values are the mean ± SE (n =	3).	Bars	followed	by	
different letters are significantly different by Tukey's test at p < .05
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A. flavus by melatonin treatment at 1,000 µM could be ascribed to 
triggering ROS avoiding and scavenging systems activity, in addition 
to melatonin ROS scavenging cascade (Galano & Reiter, 2018), which 
are crucial for attenuating oxidative stress giving rise to repressing 
spore germination and germ tube elongation of A. flavus.

3.2 | Aspergillus decay and kernels AB1 
accumulation

The results showed that postharvest application of melatonin re-
duced Aspergillus decay in fresh pistachio fruits, inoculated with  
A. flavus, and stored at 25°C for 18 days (Figure 2; p < .01). In gen-
eral, Fruit immersion in 1,000 µM melatonin solution was the most 
effective treatment in this respect (Figure 2). Also, fresh pistachio 
fruits, inoculated with A. flavus, by melatonin treatment at 1,000 µM 
exhibited lower kernels AB1 accumulation during the storage period 
(Figure 2; p < .01).

According to the results of the effects of melatonin treatment 
on Aspergillus decay, melatonin treatment at 1,000 µM was selected 
for evaluation of H2O2 and MDA content, PAL and LOX enzyme ac-
tivity, phenols and flavonoids content as well as antioxidant capacity 
in fresh pistachio fruits inoculated with A. flavus and stored at 25°C 
for 18 days.

In response to A. flavus infection, higher chitinase activity in 
kernels may be responsible for releasing chitin from fungi cell walls 

which may serve as a signaling molecule by the perception of re-
ceptor kinase in kernels plasma membrane giving rise to triggering 
cAMP signaling pathway. Then, promoting NADPH oxidase in ker-
nels plasma membrane giving rise to H2O2 accumulation in kernels 
that triggers PRs genes expression accompanying by ROS scaveng-
ing genes expression, in addition to promoting WRKY transcription 
factors expression. Higher H2O2 accumulation in kernels may be 
responsible for triggering ROS/cAMP signaling pathway in A. flavus 
giving rise to triggering AB1 biosynthesis genes expression (Fountain 
et al., 2014, 2015; Nayak et al., 2017). Also, α- amylase enzyme ac-
tivity from A. flavus may be responsible for providing glucose and 
sucrose from kernels for triggering ROS/cAMP signaling pathway in  
A. flavus. Then, secreting AB1 from A. flavus into kernels giving rise 
to DNA damage and cell death in kernels by cytochrome P450 mono-
oxygenase enzyme activity. AB1 accumulation not only in danger 
for kernels but also is a warning for A. flavus itself. Therefore, AB1 
biosynthesis occurs in aflatoxisome organelle in A. flavus, also, AB1 
biosynthesis and accumulation in A. flavus are accompanying by ROS 
scavenging gene expression. AB1 biosynthesis promotes pathoge-
nicity of A. flavus by accelerating cell death in kernels during infec-
tion. Since ROS generating from kernels is responsible for triggering 
A. flavus growth and AB1 biosynthesis, heightening ROS scavenging 
systems activity at genes, proteins, and metabolites scale in kernels 
may be effective for attenuating Aspergillus decay and suppressing 
AB1 biosynthesis by A. flavus (Fountain et al., 2014, 2015; Grintzalis 
et al., 2014; Holmes et al., 2008; Nayak et al., 2017). Triggering ROS 
scavenging gene expression and enzyme activity in maize kernels in 
response to A. flavus may be effective for suppressing AB1 biosyn-
thesis by attenuating oxidative stress representing by lower MDA 
content (Zhao et al., 2018). Also, cinnamaldehyde exhibits antiafla-
toxigenic activity by attenuating ROS accumulation by promoting 
SOD/CAT enzyme activity giving rise to lower MDA content (Kim 
et al., 2018; Sun et al., 2016). Accordingly, attenuating Aspergillus 
decay and suppressing AB1 biosynthesis in fresh pistachio fruits, 
inoculated with A. flavus and stored at 25°C for 18 days could be as-
cribed to attenuating oxidative stress by promoting ROS scavenging 
systems activity.

Melatonin biosynthesis in chloroplast and mitochondria may be 
crucial for decreasing oxidative stress by scavenging ROS produc-
tion in chloroplast and mitochondria in horticultural crops during 
the storage period. Exogenous melatonin application and endoge-
nous melatonin accumulation supplies efficiency protection front 
oxidative stress as a firewall by superior ROS scavenging attributes 
(Galano	&	Reiter,	2018;	Tan	et	al.,	2013).	The	melatonin	antioxidant	
family	 including	melatonin,	c3OHM,	AFMK,	AMK,	6OHM,	4OHM,	
and 2OHM displays ROS scavenging cascade, so the melatonin anti-
oxidant family has the capability for scavenging 12 molecules of ROS 
(Galano & Reiter, 2018). Also, melatonin as an amphiphilic molecule 
displays higher intracellular distribution giving rise to bidirectional 
recycling of antioxidants such as AA and GSH effectual for fortify-
ing cellular ROS scavenging activity. Melatonin is pivotal for engi-
neering cellular ROS scavenging network by function as a bridge for 
connecting cellular hydrophilic and lipophilic antioxidants which is 

F I G U R E  2   Aspergillus decay incidence and AB1 content in fresh 
pistachio fruits inoculated with Aspergillus flavus stored at 25°C for 
18 days by melatonin treatment. Values are the mean ± SE (n =	3).	
Bars followed by different letters are significantly different by 
Tukey's test at p < .05
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responsible for bidirectional recycling of AA and GSH giving rise to 
fortifying cellular ROS scavenging activity (Galano & Reiter, 2018; 
Tan	et	al.,	2013).	In	addition	to	direct	ROS	scavenging	activity,	mela-
tonin has the capability for fortifying cellular ROS scavenging capac-
ity indirectly by triggering ROS detoxifying AOX gene expression and 
enzyme activity companying by stimulating ROS scavenging genes 
expression and enzymes activity along with hindering pro- oxidative 
LOX gene expression and enzyme activity (Galano & Reiter, 2018; 
Rodriguez	et	al.,	2004;	Tan	et	al.,	2013).	Hence,	in	our	present	study,	
attenuating Aspergillus decay and suppressing AB1 accumulation in 
fresh pistachio fruits, inoculated with A. flavus, by melatonin treat-
ment at 1,000 µM during storage at 25°C for 18 days may arise from 
promoting ROS detoxifying and scavenging activity. Recently, Liu 
et al. (2019) stated that reducing gray mold decay caused by B. cine-
rea in tomatoes in response to melatonin treatment stored at 25°C 
for 7 days may attribute to lower H2O2 accumulation arising from 
higher activities of SOD and APX enzymes. Also, Lin et al. (2019) re-
ported that the citrus fruits in response to postharvest Penicillium 
digitatum infection exhibit higher H2O2 content giving rise to higher 
endogenous melatonin accumulation. Higher H2O2 accumulation in 
P. digitatum in citrus fruits may be crucial for reducing green mold 
decay caused by P. digitatum infection in citrus fruits during posthar-
vest life by promoting cell wall strengthening and triggering defense 
strategies operation such as HSP90 gene expression. Lin et al. (2019) 
indicated that the melatonin treatment aggregates green mold decay 
caused by P. digitatum infection in citrus fruits by triggering endoge-
nous melatonin accumulation giving rise to lowering H2O2 accumula-
tion, by decreasing SOD enzyme activity or scavenging endogenous 
H2O2 accumulation, leading to hampering cell wall strengthening 
and impeding defense strategies operation such as HSP90 gene 
expression. Accordingly, attenuating oxidative stress by increasing 
ROS scavenging systems activity by melatonin treatment could be 
effective for attenuating Aspergillus decay and suppressing AB1 bio-
synthesis in pistachio fruits.

3.3 | H2O2 and MDA content, fatty acids status, and 
LOX enzyme activity

As	shown	in	Figure	3,	melatonin	treatment	at	1,000	µM significantly 
attenuated oxidative stress representing by lower H2O2 (p < .01) and 
MDA (p < .01) accumulation in fresh pistachio fruits, inoculated with 
A. flavus and stored at 25°C for 18 days.

Since ROS generating from kernels is responsible for triggering 
A. flavus growth and AB1 biosynthesis, heightening ROS scaveng-
ing systems activity at genes, proteins, and metabolites scale in 
kernels may be effective for attenuating Aspergillus decay and sup-
pressing AB1 biosynthesis by A. flavus (Fountain et al., 2014, 2015; 
Grintzalis et al., 2014; Holmes et al., 2008; Nayak et al., 2017). 
Therefore, employing strategies efficiency for promoting ROS 
scavenging capacity in kernels may be effective for decreasing 
Aspergillus decay and suppressing AB1 accumulation in pista-
chio kernels giving rise to preserving kernels nutritional quality 

(Fountain et al., 2014, 2015; Nayak et al., 2017). Triggering ROS 
scavenging gene expression and enzyme activity in maize kernels 
in response to A. flavus may also effectual for suppressing AB1 
biosynthesis by attenuating oxidative stress representing by lower 
MDA content (Zhao et al., 2018). Also, cinnamaldehyde exhibits 
antiaflatoxigenic activity by attenuating ROS accumulation by pro-
moting activities of SOD/CAT enzymes giving rise to lower MDA 
content (Kim et al., 2018; Sun et al., 2016). Melatonin treatment or 
endogenous melatonin accumulation have been employed as ef-
ficacy strategy for triggering ROS scavenging activity, in addition 
to melatonin, ROS scavenging cascade (García et al., 2014; Reiter 
et al., 2014), which are crucial for keeping membrane integrity 
representing by lower MDA content (Galano & Reiter, 2018; Tan 
et	al.,	2013).	 In	addition	to	direct	ROS	scavenging	activity,	mela-
tonin has the capability for fortifying cellular ROS scavenging ca-
pacity indirectly by triggering ROS avoiding AOX gene expression 
and enzyme activity companying by stimulating ROS scavenging 
genes expression and enzymes activity along with hindering pro- 
oxidative LOX gene expression and enzyme activity (Galano & 
Reiter,	 2018;	 Rodriguez	 et	 al.,	 2004;	 Tan	 et	 al.,	 2013).	 Recently,	
Ahammed et al. (2019) stated that the lower membrane integ-
rity representing by lower electrolyte leakage and MDA content 
in transgenic tomato plants silencing COMT1 gene expression in 
response to heat stress may attribute to lower endogenous mel-
atonin accumulation giving rise to higher H2O2 content arising 
from lower CAT, APX and GR genes expression and enzymes ac-
tivity companying by lower AA/DHA and GSH/GSSG ratios. Also, 
Ahammed et al. (2019) reported that the attenuating heat stress 

F I G U R E  3   Oxidative stress representing by H2O2 and MDA 
content in fresh pistachio fruits inoculated with Aspergillus flavus 
stored at 25°C for 18 days by melatonin treatment. Values are 
the mean ± SE (n =	3).	Bars	followed	by	different	letters	are	
significantly different by Tukey's test at p < .05
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in transgenic tomato plants silencing COMT1 gene expression in 
response to melatonin treatment may arise from endogenous mel-
atonin accumulation displaying ROS scavenging capacity compa-
nying by promoting ROS scavenging systems activity. Therefore, 
our results demonstrated that the melatonin treatment could be 
effective in attenuating Aspergillus decay and suppressing AB1 
biosynthesis in pistachio fruits, inoculated with A. flavus, by at-
tenuating oxidative stress representing by lower H2O2 and MDA 
content.

As shown in Figure 4, fresh pistachio fruits, inoculated with  
A. flavus, in response to melatonin treatment at 1,000 µM signifi-
cantly showed lower LOX enzyme activity (p < .01) during the stor-
age period. Also, lower palmitic acid (16:0), stearic acid (18:0), and 
oleic acid (18:1) accumulation accompanying by higher linoleic acid 
(18:2)	and	linolenic	acid	(18:3)	accumulation	(Table	1;	p < .01) in fresh 
pistachio fruits, inoculated with A. flavus, in response to melatonin 
treatment at 1,000 µM after 18 days of storage at 25°C for could be 
ascribed to lower LOX enzyme activity (p < .01). In response to A. 
flavus infection, promoting LOX enzyme activity in kernels may be 
responsible for kernels unSFA peroxidation giving rise to oxidative 
rancidity in kernels. Also, promoting LOX enzyme activity in kernels 
in response to A. flavus infection may be responsible for ROS ac-
cumulation giving rise to promoting AB1 accumulation, in addition 
to kernels unSFA peroxidation (Ballistreri et al., 2011; Fountain 
et al., 2015; Nayak et al., 2017). Higher LOX enzyme activity in pis-
tachio kernels is responsible for kernels unSFA peroxidation giving 
rise	to	lower	linoleic	acid	(18:2)	and	linolenic	acid	(18:3)	accumulation	
accompanying by higher palmitic acid (16:0), stearic acid (18:0), and 
oleic acid (18:1) accumulation giving rise to oxidative rancidity rep-
resenting by higher peroxide value in kernels deteriorating kernels 
nutritional quality (Ballistreri et al., 2011). Therefore, reducing oxi-
dative stress representing by lower H2O2 and MDA content in fresh 
pistachio fruits, inoculated with A. flavus, by melatonin treatment at 
1,000 µM stored at 25°C for 18 days could be ascribed to hinder-
ing LOX enzyme activity giving rise to higher linoleic acid (18:2) and 
linolenic	acid	(18:3)	accumulation	(García	et	al.,	2014;	Jannatizadeh	
et al., 2019; Reiter et al., 2014). Also, higher linoleic acid (18:2) and lin-
olenic	acid	(18:3)	accumulation	in	fresh	pistachio	fruits	by	melatonin	

treatment at 1,000 µM stored at 25°C for 18 days was accompanied 
by attenuating Aspergillus decay and suppressing AB1 accumulation.

For AB1 biosynthesis in A. flavus, peroxisomal fatty acids  
β- oxidation is responsible for Acetyl- CoA providing and oxidative 
pentose phosphate pathway is responsible for NADPH providing 
in peroxisome (Zhao et al., 2018). Suppressing AB1 biosynthesis in 
A. flavus by gallic acid may ascribe to suppressing peroxisomal fatty 
acids β- oxidation giving rise to lower Acetyl- CoA providing for AB1 
biosynthesis, in addition to suppressing AB1 biosynthesis genes 
expression. Besides, promoting the oxidative pentose phosphate 
pathway by gallic acid promotes NADPH providing for fatty acid 
biosynthesis, instead of AB1 biosynthesis (Zhao et al., 2018). Thus, 
attenuating Aspergillus decay and suppressing AB1 accumulation in 
fresh pistachio fruits by melatonin treatment at 1,000 µM stored at 
25°C for 18 days could be ascribed to promoting oxidative pentose 
phosphate pathway in A. flavus.

3.4 | PAL enzyme activity, flavonoids, and phenols 
content and antioxidant capacity

As presented in Figure 5, fresh pistachio fruits, inoculated with  
A. flavus, in response to melatonin treatment at 1,000 µM signifi-
cantly showed higher PAL enzyme activity (p < .01) giving rise to 
higher phenols and flavonoids content (p < .01) as well as higher 
DPPH scavenging capacity (p < .01) during the storage period.

In response to A. flavus infection, higher chitinase activity in 
kernels may be responsible for releasing chitin from fungi cell walls 
which may serve as a signaling molecule by the perception of re-
ceptor kinase in kernels plasma membrane giving rise to trigger-
ing MAP kinase pathway and promoting WRKY genes expression. 
In kernels, stimulating shikimate and phenylpropanoid pathways 
activity may arise from triggering WRKY transcription factors 
expression which is effective for phenols and flavonoids biosyn-
thesis displaying ROS scavenging capacity (Fountain et al., 2015; 
Nayak et al., 2017; Perumal et al., 2017). Also, promoting starch 
degradation in maize kernels in response to A. flavus infection 
may be crucial for stimulating phenylpropanoid pathway in ker-
nels by providing sufficient energy ATP, reducing power NADPH 
and skeleton carbons (Windham et al., 2018). Higher glycolysis 
and oxidative pentose phosphate pathways activity by phosphoe-
nolpyruvate and erythritol- 4- phosphate providing respectively 
are effectual for triggering shikimate pathway activity for pro-
viding phenylalanine for increasing phenylpropanoid pathway ac-
tivity representing by higher PAL enzyme activity giving rise to 
higher phenols and flavonoids accumulation exhibiting ROS scav-
enging capacity suppressing A. flavus growth and AB1 biosynthe-
sis (Windham et al., 2018). Nayak et al. (2017) showed that the 
promoting PAL activity and higher endogenous SA accumulation, 
resulting in higher PRs genes expression, accompanied by higher 
ROS scavenging capacity, were responsible for higher resistance of 
groundnut to A. flavus infection. Aghdam and Fard (2017) showed 
that the enhancing decay resistance in strawberries by melatonin 

F I G U R E  4   LOX enzyme activity in fresh pistachio fruits 
inoculated with Aspergillus flavus stored at 25°C for 18 days by 
melatonin treatment. Values are the mean ± SE (n =	3).	Bars	
followed by different letters are significantly different by Tukey's 
test at p < .05
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application may arise from higher PAL activity, resulting in higher 
phenol and anthocyanins accumulation and higher antioxidant ca-
pacity, which are key not only for cell wall reinforcing but also for 
preserving fruits quality. Thus, our results clearly showed that the 
reducing oxidative stress representing by lower H2O2 and MDA 
accumulation in fresh pistachio fruits, inoculated with A. flavus, 
by melatonin treatment at 1,000 µM stored at 25°C for 18 days 
could be ascribed to promoting phenylpropanoid pathway activity 
representing by higher PAL enzyme activity giving rise to attenu-
ating Aspergillus decay and suppressing AB1 accumulation. Also, 
higher phenols and flavonoids accumulation and higher DPPH 
scavenging capacity in fresh pistachio fruits by melatonin treat-
ment at 1,000 µM arising from higher PAL enzyme activity could 
be favorable for preserving quality of fresh pistachio fruits stored 
at 25°C for 18 days.

4  | CONCLUSION

In summary, our results demonstrated the favorable impacts of 
melatonin treatments on repressing in vitro spore germination 
and germ tube elongation accompanying by attenuating in vivo 
Aspergillus decay and suppressing AB1 accumulation in fresh 
pistachio fruits, inoculated with A. flavus during storage at 25°C 
for 18 days. Besides, hindering LOX enzyme activity giving rise 
to keeping higher unSFA content in fresh pistachio fruits. Also, 
higher phenols and flavonoids content by promoting phenylpro-
panoid pathway activity representing by higher PAL enzyme ac-
tivity giving rise to higher DPPH scavenging capacity could be 
responsible for attenuating in vivo Aspergillus decay and suppress-
ing AB1 accumulation in fresh pistachio fruits. Also, higher phe-
nols and flavonoids accumulation accompanying by higher unSFA 

TA B L E  1   Fatty acids status in fresh pistachio fruits inoculated with Aspergillus flavus after 18 days of storage at 25°C by melatonin 
treatment

Treatment Fatty acids status (g/kg)

Melatonin Palmitic acid (16:0) Stearic acid (18:0) Oleic acid (18:1) Linoleic acid (18:2)
Linolenic acid 
(18:3)

0 µM 100.47 ± 1.11 a 20.41 ± 1.11 a 704.12 ± 1.95 a 120.46 ± 1.42 a 4.16 ± 1.04 a

1,000 µM 98.57 ± 1.29 a 20.16 ± 1.08 a 698.47 ± 1.85 a 145.37	±	1.34	b 5.75 ± 1.05 b

Note: Mean values of n =	3.	Different	letters	in	the	same	column	indicate	significant	differences	at	significance	level	p = .05.

F I G U R E  5   PAL enzyme activity, phenols and flavonoids content, and DPPH scavenging capacity in fresh pistachio fruits inoculated with 
Aspergillus flavus stored at 25°C for 18 days by melatonin treatment. Values are the mean ± SE (n =	3).	Bars	followed	by	different	letters	are	
significantly different by Tukey's test at p < .05
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accumulation is favorable for maintaining the nutritional quality 
of fresh pistachio fruits. Therefore, postharvest application of 
melatonin (1,000 µM) could be used commercially to attenuating 
Aspergillus decay, suppressing AB1 accumulation, and keeping the 
quality of fresh pistachio fruits during postharvest life.
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