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A B S T R A C T   

Exogenous melatonin application at 0, 1, 10, 100, and 1000 µM retarded cap browning of button mushrooms 
(Agaricus bisporus) by 78.35, 31.40, 30.91, 27.17, and 32.50 %, respectively. Mushrooms treated with 100 µM 
melatonin also had lower weight loss and higher firmness. During the first 5 days of storage at 4 ◦C, higher H2O2 
accumulation may serve as a signal for promoting endogenous melatonin accumulation by triggering the 
expression of TDC, T5H, SNAT, and ASMT genes, beneficial for preserving membrane integrity. Besides, the 
higher accumulation of phenols in mushrooms treated with 100 µM melatonin may be ascribed to higher PAL and 
lower PPO gene expression and enzyme activity. Moreover, higher DPPH scavenging capacity in mushrooms 
treated with 100 µM melatonin may be ascribed to the higher accumulation of phenols and ascorbic acid.   

1. Introduction 

Button mushroom (Agaricus bisporus), with 30% of total mushroom 
production in the world, is a popular food mainly because of its high 
contents of bioactive constituents including vitamins, minerals, essential 
amino acids, and valuable polysaccharides (Zhang, Pu, & Sun, 2018). 
Button mushroom is considered a highly perishable food due to its high 
respiration rate and no naturally existing physical barrier on its surface 
to protect it. This leads to texture softening, moisture loss, and browning 
during postharvest life (Meng, Song, Shen, Zhang, & Sheng, 2012). The 
postharvest senescence of mushrooms is often associated with physio-
logical, biochemical, and molecular changes related to oxidative dam-
age of proteins and lipids by reactive oxygen species (ROS) (Lin, Lu, 
Zhang, Liu, Guan, & Wang, 2017). Cap browning is a major factor 
limiting the shelf life of mushrooms. After harvest, mushroom cap 
browning arising from intracellular ROS over accumulation during 
senescence. Then, accelerating membrane integrity deterioration, rep-
resented by higher electrolyte leakage and malondialdehyde (MDA) 
accumulation. By promoting cellular decompartmentation, polyphenol 
oxidase (PPO) coming into contact with phenols biosynthesized by 
phenylalanine ammonia-lyase (PAL) to form brown pigments. This 

reduces the quality of white button mushrooms during shelf life and cold 
storage (Aghdam, Jannatizadeh, Nojadeh, & Ebrahimzadeh, 2019; 
Dokhanieh & Aghdam, 2016). 

Melatonin (N-acetyl-5-methoxytryptamine) is an endogenously 
beneficial indole amine synthesized by tryptophan decarboxylase 
(TDC), tryptamine 5-hydroxylase (T5H), serotonin N-acetyltransferase 
(SNAT), and N-acetylserotonin methyltransferase (ASMT) in plants. 
Exogenous application or endogenous accumulation of melatonin, a safe 
and environmentally friendly signaling molecule, has been wildly 
employed by researchers for the alleviation of detrimental physiological 
effects of biotic and abiotic stresses in plants (Arnao & Hernandez-Ruiz, 
2019; Moustafa-Farag et al., 2020). Melatonin plays prominent roles as a 
(1) highly efficient antioxidant; (2) potent scavenging molecule; and (3) 
signaling molecule in the regulation or adjustment of the activities of 
ROS scavenging enzymes (Arnao & Hernandez-Ruiz, 2019). Recently, 
numerous studies have reported that exogenous treatments with mela-
tonin, plus storage at low temperatures, have improved the postharvest 
preservation of fruits and vegetables (Zhang, Cao, Fan, & Jiang, 2020). 
By exogenous melatonin treatment, higher oxidative pentose phosphate 
pathway activity representing by higher glucose-6-phosphate dehydro-
genase (G6PDH) enzyme activity in peach fruits treated with melatonin 
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may be responsible for supplying intracellular NADPH and erythrose 4- 
phosphate (Er4P). By supplying intracellular NADPH and Er4P, pro-
moting shikimic acid pathway activity representing by higher shikimate 
dehydrogenase enzyme activity may be responsible for supporting suf-
ficient phenylalanine for phenols accumulation by phenylpropanoid 
pathway activity representing by higher PAL enzyme activity. Also, 
higher membrane linoleic and linolenic acids accumulation in peach 
fruits treated with melatonin may arise from sufficient intracellular 
NADPH supplying along with lower lipoxygenase (LOX) enzyme activ-
ity, have benefits in preserving membrane integrity representing by 
lower MDA accumulation (Gao et al., 2018; Aghdam, Palma, & Corpas, 
2020). Moreover, Aghdam and Fard (2017) and Liu, Zheng, Sheng, Liu, 
and Zheng (2018) reported that postharvest treatments of strawberry 
fruits with melatonin had significant effects on the ROS scavenging 
potential of fruits, thus decreasing fruit decay and senescence. The 
postharvest application of melatonin on lychee fruits inhibited pericarp 
browning by delaying senescence and regulating the metabolism of ROS 
during storage (Zhang et al., 2018). The exogenous application of 
melatonin on broccoli enhanced their storage life by adjusting the res-
piratory metabolism and antioxidant system (Zhu, Hu, Luo, Wu, & Li, 
2018). Additionally, on tomato fruits, it enhanced the expression levels 
of phytoene synthase1 (PSY1) and carotenoid isomerase (CRTISO), 
which are crucial for the biosynthesis of lycopene during fruit devel-
opment (Sun et al., 2015). 

Since postharvest oxidative changes, and the defense mechanisms 
countering them, occur at a molecular level and since there is currently 
no information about the molecular response of A. bisporus fruiting 
bodies during postharvest cold storage to oxidative stress following the 
exogenous application of melatonin, we evaluated the effects of exoge-
nous melatonin on qualitative attributes of button mushroom during 
postharvest low temperature storage: cap browning, phenol metabolism, 
melatonin biosynthesis pathway, and gene expression pattern. 

2. Material and methods 

2.1. Mushroom treatment and storage 

White button mushrooms, Agaricus bisporus, at commercial maturity 
stage (cap diameter approximately 3–4 cm) were purchased from a local 
mushroom producer, Tabriz, Iran, in 2019. Fruiting bodies were selected 
based on the uniformity of maturity and size, and any mechanically 
damaged fruiting bodies were discarded. Melatonin (CAS 73–31-4) was 
purchased from Sigma-Aldrich, Spain (solubility in ethanol: 50 mg/ 
mL). For melatonin treatment, the immersion of fruiting bodies was 
applied according to Aghdam, Luo, Jannatizadeh, and Farmani (2019). 
For melatonin treatment, 900 fruiting bodies were divided into 5 lots of 
180 (3 replications; 60 fruiting bodies per replication). Then, they were 
immersed in 0 (control), 1, 10, 100, or 1000 µM of melatonin solution 
for 5 min at 20 ◦C. The fruiting bodies were allowed to completely dry at 
25 ◦C for 1 h and packed in 0.015 mm thick polyethylene bags (20 
mushrooms per bag). The mushrooms were stored in darkness at 4 ±
0.5 ◦C and 80–90% RH for 15 days. Twenty mushrooms per replicate of 
each treatment were taken immediately after 5, 10, and 15 days of 
storage at 4 ◦C. Ten mushroom caps per replicate of each treatment were 
selected for the assessment of cap browning, weight loss, firmness, and 
electrolyte leakage. Another ten mushroom caps per replicate of each 
treatment were separated, mixed, powdered in liquid nitrogen, and 
stored at − 80 ◦C for gene expression and biochemical analysis. 

2.2. Cap browning, weight loss, and firmness 

The surface color of mushroom caps was evaluated every 5 days 
during storage at 4 ̊C by assessing 10 mushrooms per replicate with a 
Minolta spectrophotometer (CR-400). To analyze the L* (light/dark), a* 
(red/green), and b* (yellow/blue) values, each mushroom was 
measured at three equidistant points on the cap. The cap browning (%), 

which represents the purity of brown color, was evaluated as stated 
by Dokhanieh and Aghdam (2016). The button mushroom weight loss 
was determined by weighing the fruiting bodies on days 5, 10, and 15 
according to Nasiri, Barzegar, Sahari, and Niakousari (2017). Results 
were expressed as the percentage of loss of weight concerning the initial 
weight. Button mushroom firmness (indicating softening) was evaluated 
following a penetration test according to Nasiri et al. (2017) and was 
expressed as newton (N). 

2.3. Electrolyte leakage and MDA and H2O2 accumulation 

Electrolyte leakage (%) was determined as described by Meng et al. 
(2012). For the assessment of MDA accumulation using the thio-
barbituric acid (TBA) reagent, 1 g of powder was homogenized in 25 mL 
of 5% (w/v) trichloroacetic acid, as stated by Hodges, DeLong, Forney, 
and Prange (1999). MDA accumulation was expressed as μmol kg− 1 

fresh weight (FW). For the assessment of H2O2 accumulation following 
the titanium (IV) method, 1 g of the frozen powder was homogenized in 
5 mL of acetone at 0 ◦C as described by Patterson, MacRae, and Ferguson 
(1984). The H2O2 accumulation was expressed as μmol g− 1 FW. 

2.4. Endogenous melatonin accumulation 

For the study of endogenous melatonin accumulation as stated 
by Sun et al. (2015), 1 g of the frozen powder was homogenized in 10 mL 
methanol. After ultra-sonication (80 Hz) for 35 min at 45 ◦C following 
centrifugation at 10,000 × g and 4 ◦C for 15 min, the supernatant was 
collected for the measurement of the endogenous melatonin accumu-
lation by Knauer HPLC equipment (2050, Germany) using a Knauer C18 
column (150 × 4.6 mm) with fluorescence detection (Knauer). The 
mobile phase was a mixture of acetonitrile: 50 mmol l− 1 Na2HPO4/ 
H3PO4 buffer pH 4.5 (15:85), which was delivered at a flow rate of 1 mL 
min− 1. The injection volume of the extract was 10 µl. Melatonin was 
detected using excitation and emission wavelengths at 280 and 348 nm, 
respectively. The endogenous accumulation of melatonin was expressed 
in ng g− 1 FW. 

2.5. Accumulation of phenols and ascorbic acid and DPPH scavenging 
capacity 

For the measurement of phenol accumulation following 
Folin–Ciocalteu method according to Singleton and Rossi (1965), 1 g of 
the frozen powder was homogenized in 8 mL of methanol and extracted 
for 24 h in the dark. Phenol accumulation was expressed in mg gallic 
acid equivalent (GAE) g− 1 FW. For the assessment of ascorbic acid 
accumulation following the dinitrophenyl hydrazine (DNPH) method, 1 
g of the frozen powder was homogenized in 15 mL of 5% (w/v) meta-
phosphoric acid according to Terada, Watanabe, Kunitomo, and Hayashi 
(1978). Ascorbic acid accumulation was expressed as mg kg− 1 FW. For 
the assessment of DPPH radical scavenging capacity (%), 1 g of the 
frozen powder was homogenized in 8 mL of methanol and extracted for 
24 h in the dark according to Dokhanieh and Aghdam (2016). 

2.6. PAL and PPO activities 

For the measurement of PAL activity using the method described by 
Nguyen, Ketsa, and van Doorn (2003), 1 g of the frozen powder was 
homogenized in 15 mL of borate buffer (50 mM; pH 8.5) containing 5 
mM β-mercaptoethanol and 0.5 g PVPP. The activity of PAL was 
calculated from a standard curve of trans-cinnamic acid. The absorbance 
was measured at 280 nm. The activity of PAL was expressed as U mg− 1 

protein. For the assay of PPO activity following the method described by 
Nguyen et al. (2003), 1 g of the frozen powder was homogenized in 15 
mL of phosphate buffer (0.1 M; pH 7.8) containing 1 g PVP. The 
absorbance was read at 480 nm. The activity of PPO was expressed as U 
mg− 1 protein. 
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2.7. RNA extraction and qRT-PCR assay 

Total RNA was extracted by using the Denazist® kit (Mashhad, Iran) 
according to the manufacturer’s procedure. The cDNA synthesis was 
carried out as stated by Meng et al. (2017). EF1-α was used as a 
housekeeping gene. The relative expression level was calculated 
following the comparative threshold cycle (Ct) value method. The 
changes in target gene cDNA of qRT-PCR products were normalized by 
EF1-α, and the expression was calculated using the formula 2− ΔΔCT 

(Supplementary Table 1). 

2.8. Statistical analysis 

This study was carried out as a factorial trial based on a completely 
randomized design (CRD) with three replications. One-way analysis of 
variance (ANOVA) and Duncan’s multiple range test at P < 0.05 were 
selected to conduct multiple mean comparisons with SAS software. 

3. Results 

3.1. Cap browning 

As depicted in Fig. 1, exogenous melatonin treatment at 0, 1, 10, 100, 
and 1000 µM retarded cap browning in mushrooms by 78.35, 31.40, 
30.91, 27.17, and 32.50%, respectively. Our results showed that cap 
browning was significantly lower in mushrooms treated with exogenous 
100 µM melatonin. So, melatonin treatment at 100 µM was the most 
effective in retarding mushroom cap browning. For this reason, 100 µM 
melatonin was chosen for biochemical and gene expression analyses. In 
this experiment, we found the lowest cap browning in mushrooms 
treated with 100 µM melatonin, but owing to the high gradient between 
100 and 1000 µM, further investigation should be required for selecting 
suitable melatonin concentration for retarding cap browning in mush-
rooms during cold storage. 

3.2. Weight loss and firmness 

As shown in Fig. 2A, besides lower cap browning, mushrooms treated 
with 100 µM melatonin exhibited a significantly (p < 0.05) lower weight 
loss. The highest weight loss (5.51%) was observed in the control on day 
15 of storage, while it was 3.19% in 100 µM melatonin treated mush-
rooms. Besides, the firmness of all mushrooms significantly (p < 0.05) 
decreased during 15 days of storage at 4 ◦C, but those treated with 100 
µM melatonin exhibited a significantly (p < 0.05) higher firmness 
(Fig. 2B). At the end of the storage, firmness decreased in all mushrooms, 
measuring 3 and 9.56 N in control and 100 µM melatonin treated 

mushrooms, respectively (Fig. 2B). 

3.3. Electrolyte leakage and accumulation of MDA and H2O2 

As shown in Fig. 3A and B, electrolyte leakage and MDA accumula-
tion continually increased during 15 days of storage at 4 ◦C. However, 
mushrooms treated with 100 µM melatonin exhibited a significantly (p 
< 0.01) lower electrolyte leakage (21.31% vs. 32.8%) and MDA accu-
mulation (8.85 μmol kg− 1 FW vs. 15.48 μmol kg− 1 FW). As displayed in 
Fig. 3C, mushrooms treated with 100 µM melatonin exhibited a signif-
icantly (p < 0.01) higher H2O2 accumulation during the first 5 days of 
storage at 4 ◦C, which may serve as a signaling molecule. However, 
besides lower electrolyte leakage and MDA accumulation, mushrooms 
treated with 100 µM melatonin exhibited a significantly (p < 0.01) lower 
H2O2 accumulation (35.35 μmol g− 1 FW vs. 50.65 μmol g− 1 FW; Fig. 3C). 

3.4. Endogenous melatonin and ascorbic acid accumulation 

As shown in Fig. 4A, endogenous melatonin accumulation in all 
mushrooms significantly (p < 0.01) enhanced during 15 days of storage 
at 4 ◦C, buy mushrooms treated with 100 µM melatonin exhibited higher 
endogenous melatonin accumulation (2352 ng g− 1 FW vs. 1141.33 ng 
g− 1 FW). Furthermore, mushrooms treated with 100 µM melatonin 
exhibited higher expression of TDC, T5H, SNAT, and ASMT genes (p <
0.01; Fig. 2B-E), which may be the reason for the higher endogenous 
melatonin accumulation in response to 100 µM melatonin treatment 
(Fig. 2A). As shown in Fig. 6A, ascorbic acid accumulation in all 
mushrooms significantly (p < 0.01) decreased during 15 days of storage 
at 4 ◦C, but mushrooms treated with 100 µM melatonin exhibited higher 
ascorbic acid accumulation (24.5 mg kg− 1 FW vs. 19.63 mg kg− 1 FW; p 
< 0.05). 

Fig 1. Cap browning of mushrooms treated with 0, 1, 10, 100, and 1000 µM 
melatonin during storage at 4◦C for 15 days. Each value is expressed as mean ±
standard error (n = 3). Different letters indicate significant differences among 
the treatments according to Duncan’s multiple range test (P < 0.05). 

Fig 2. Weight loss (A) and firmness (B) of mushrooms treated with 100 µM 
melatonin during storage at 4◦C for 15 days. Each value is expressed as mean ±
standard error (n = 3). Different letters indicate significant differences among 
the treatments according to Duncan’s multiple range test (P < 0.05). 
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Fig 3. Electrolyte leakage (A), MDA (B), and H2O2 accumulation (C) of mushrooms treated with 100 µM melatonin during storage at 4◦C for 15 days. Each value is 
expressed as mean ± standard error (n = 3). Different letters indicate significant differences among the treatments according to Duncan’s multiple range test (P 
< 0.05). 

Fig 4. Endogenous melatonin accumulation (A) and TDC, T5H, SNAT, and ASMT expression (B-E) of mushrooms treated with 100 µM melatonin during storage at 
4◦C for 15 days. Each value is expressed as mean ± standard error (n = 3). Different letters indicate significant differences among the treatments according to 
Duncan’s multiple range test (P < 0.05). 
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Fig 5. PAL and PPO activity (A and C) and expression (B and D) of mushrooms treated with 100 µM melatonin during storage at 4◦C for 15 days. Each value is 
expressed as mean ± standard error (n = 3). Different letters indicate significant differences among the treatments according to Duncan’s multiple range test (P 
< 0.05). 

Fig. 6. Ascorbic acid (A) and phenols accumulation (B) and DPPH scavenging capacity of mushrooms treated with 100 µM melatonin during storage at 4◦C for 15 
days. Each value is expressed as mean ± standard error (n = 3). Different letters indicate significant differences among the treatments according to Duncan’s multiple 
range test (P < 0.05). 
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3.5. Expression and activities of PAL and PPO, phenol accumulation, and 
DPPH scavenging capacity 

As shown in Fig. 6B, mushrooms treated with 100 µM melatonin 
exhibited higher phenol accumulation (1.61 mg GAE g− 1 FW vs. 1.43 mg 
GAE g− 1 FW) during storage at 4 ◦C for 15 days (p < 0.05), which may be 
ascribed to higher PAL gene expression and enzyme activity (Fig. 5A and 
B) accompanied by lower PPO gene expression and enzyme activity 
(Fig. 5C and D) (p < 0.05; Fig. 2). Besides, higher accumulation of 
phenols and ascorbic acid may be the reason for the higher DPPH 
scavenging capacity (79.51% vs. 75.09%) in mushrooms treated with 
100 µM melatonin (p < 0.05; Fig. 4). 

4. Discussion 

Cap browning progression in mushrooms during storage may be 
attributed to membrane integrity losses, represented by higher electro-
lyte leakage and MDA accumulation. This may be due to the higher H2O2 
accumulation leading to the peroxidation of membrane unsaturated 
fatty acids. Besides, membrane integrity losses in mushrooms was 
accompanied by a higher accumulation of phenols due to a higher PAL 
gene expression and enzyme activity. Therefore, higher PPO gene 
expression and enzyme activity may be responsible for the oxidation of 
phenols, resulting in cap browning in mushrooms during storage at 4 ◦C 
for 15 days. Therefore, the preservation of membrane integrity by pro-
moting the activities of ROS scavenging systems via hiring postharvest 
procedures during low temperature storage would be valuable for 
retarding mushroom cap browning (Aghdam, Luo, et al., 2019; Dokha-
nieh & Aghdam, 2016). Recently, Shekari, Naghshiband, and Aghdam 
(2021) reported that the exogenous application of GABA retarded cap 
browning in mushroom during 15 days of storage at 4 ◦C by promoting 
phenols accumulation and DPPH scavenging capacity by triggering PAL 
and suppressing PPO genes expression and enzymes activity accompa-
nied by promoting endogenous GABA accumulation by triggering GAD 
and suppressing GABA-T genes expression, both were beneficial for 
preserving membrane integrity representing by lower electrolyte 
leakage and MDA accumulation arising from lower H2O2 accumulation. 

In recent years, fruitful studies have inferred that melatonin exhibits 
reactive oxygen and nitrogen species (ROS and RNS) scavenging ca-
pacity (Arnao & Hernandez-Ruiz, 2019). In addition to ROS and RNS 
scavenging capacity, since the discovery of PMTR1 as a phytomelatonin 
receptor in Arabidopsis (Wei et al., 2018), melatonin has been consid-
ered to be a phytohormone that exhibits receptor-dependent signaling 
function. TDC, T5H, SNAT, and ASMT genes expression are responsible 
for melatonin biosynthesis from tryptophan in the cytosol, chloroplast, 
and mitochondria by decarboxylation, hydroxylation, N-acetylation, 
and O-methylation (Tan et al., 2013; Wang et al., 2017). Following the 
exogenous application of melatonin and ATP, the accumulation of 
signaling H2O2 (due to higher activity of NADPH oxidase) may be 
responsible for the alleviation of (1) chilling injury in anthurium cut 
flowers; (2) chilling injury in tomato fruits; and (3) cap browning in 
mushrooms, by promoting endogenous melatonin accumulation, prob-
ably by triggering the expression of TDC, T5H, SNAT, and ASMT genes. 
Endogenous melatonin accumulation activates the phenylpropanoid 
pathway, (represented by higher PAL and lower PPO gene expression 
and enzyme activity) for the accumulation of phenols, hence higher 
DPPH scavenging capacity. This protects membrane integrity, already 
shown by lower electrolyte leakage and MDA accumulation (Aghdam, 
Jannatizadeh, et al., 2019; Aghdam, Luo, et al., 2019; Sharafi et al., 
2019). Therefore, we can assume that the higher H2O2 accumulation in 
mushrooms treated with 100 µM melatonin during the first 5 days of 
storage, which is probably due to higher activity of NADPH oxidase, may 
serve as a signaling molecule for promoting endogenous melatonin 
accumulation by triggering the expression of TDC, T5H, SNAT, and 
ASMT genes. In addition to the higher endogenous melatonin accumu-
lation exhibiting superior ROS avoiding and scavenging capacity, 

mushrooms treated with 100 µM melatonin exhibited higher membrane 
integrity represented by lower electrolyte leakage and MDA accumula-
tion, which may be attributed to lower endogenous H2O2 accumulation. 
Hence, the retarded cap browning in mushrooms treated with 100 µM 
melatonin may be ascribed to the endogenous melatonin accumulation, 
which is beneficial for preserving membrane integrity, represented by 
lower electrolyte leakage and MDA accumulation by attenuating 
endogenous H2O2 accumulation. Recently, Li et al. (2021) have reported 
that the exogenous melatonin application delayed senescence and pre-
served consumer acceptability in mushrooms by promoting the endog-
enous accumulation of melatonin, thereby increasing the activities of 
SOD, CAT, APX, and GR and the accumulation of AA and GSH. This also 
triggers gene expression and activities of NADH dehydrogenase and 
cytochrome c reductase, thereby reducing O2

− accumulation and 
increasing the intracellular ATP supply. 

With higher PAL and lower PPO expression/activity, higher accu-
mulation of phenols, flavonoids, and anthocyanins fortify the cellular 
ROS scavenging capacity, represented by ABTS, FRAP, and DPPH 
scavenging capacity (Aghdam, Palma, et al, 2020). Following the 
exogenous application of melatonin, the delayed senescence in straw-
berry, litchi, and sweet cheery fruits, as well as broccoli florets, may be 
attributed to the endogenous accumulation of melatonin due to higher 
expression of TDC, T5H, SNAT, and ASMT genes. This sufficiently sup-
plies NADPH and Er4P through the activities of G6PDH and 6-phospho-
gluconate dehydrogenase (6PGDH), which promote the activity of the 
shikimate pathway, which provides phenylalanine and tryptophan for 
promoting the endogenous accumulation of salicylic acid, melatonin, 
phenols, flavonoids, and anthocyanins. It also increases DPPH and ABTS 
scavenging capacity by enhancing the activities of PAL, SOD, CAT, APX, 
and GR while reducing that of PPO. It thus enhances the accumulation of 
AA and GSH and reduces that of O2

− and H2O2. All of these are beneficial 
for protecting membrane integrity as shown by lower electrolyte leakage 
and MDA accumulation (Liu et al., 2018; Zhang et al., 2018; Wang, 
Zhang, Yang, & Zhao, 2019; Wei, Liu, Wang, Younas, Zheng, & Zheng, 
2020; Aghdam, Luo, Li, Jannatizadeh, Fard, & Pirzad, 2020; Gao et al., 
2018). Our results showed that mushrooms treated with 100 µM mela-
tonin had the higher accumulation of phenols, which was associated 
with higher PAL and lower PPO gene expression and activity. Besides, 
mushrooms treated with 100 µM melatonin exhibited higher DPPH 
scavenging capacity. Therefore, the triggering of the endogenous accu-
mulation of melatonin due to higher expression of TDC, T5H, SNAT, and 
ASMT genes in mushrooms treated with 100 µM melatonin may be 
responsible for promoting the activity of the phenylpropanoid pathway, 
represented by higher PAL and lower PPO gene expression and activity. 
This increases DPPH scavenging capacity. 

In addition to the accumulation of phenols, flavonoids, and accu-
mulation, the higher ABTS, FRAP, and DPPH scavenging capacity in 
horticultural crops may arise from a higher accumulation of ascorbic 
acid. During postharvest life, higher L-galactono-1,4-lactone dehydro-
genase (GLDH) and lower ascorbic acid oxidase (AAO) gene expression 
and activity may be responsible for the higher accumulation of ascorbic 
acid, which fortifies the ROS scavenging capacity, as assayed by ABTS, 
FRAP, and DPPH scavenging capacity (Aghdam, Sayyari, & Luo, 2020). 
Higher ascorbic acid accumulation due to higher expression of GLDH 
gene and a suppressed expression of AAO gene has been beneficial for 
(1) alleviating chilling injury in peach fruits treated with melatonin; (2) 
retarding floret yellowing in broccoli treated with PSKα; and (3) pre-
serving nutritional quality in pomegranate fruits treated with melatonin. 
Melatonin has a positive effect in the protection of membrane integrity 
as shown by the lower accumulation of MDA, O2

− , and H2O2 (Cao et al., 
2018; Aghdam, Sayyari, et al., 2020; Aghdam, Luo, et al., 2020). Our 
results showed that the mushrooms treated with 100 µM melatonin 
accumulated the higher level of ascorbic acid accumulation. This, 
together with the higher accumulation of phenols, may be responsible 
for the higher DPPH scavenging capacity. In addition to the higher 
endogenous melatonin accumulation, higher ascorbic acid 
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accumulation in mushrooms treated with 100 µM melatonin may arise 
from higher GLDH and lower AAO gene expression and activity as well 
as by higher activities of APX and GR. 

During postharvest senescence, cap browning is associated with 
higher weight loss and softening, which seriously confines mushrooms’ 
commercial value (Zhang et al., 2018). Recently, Miranda et al. (2020) 
have reported that the exogenous application of melatonin delayed 
water and weight loss in sweet cherry fruits during storage at 0 ◦C for 21 
days through (1) improving cuticle integrity via promoting epicuticular 
cutin and wax biosynthesis; (2) suppressing the expression of plasma 
membrane aquaporin (AQP) genes, thereby preventing intracellular 
water outflow; (3) triggering NCED1 gene expression responsible for 
endogenous ABA accumulation; and (4) keeping fruit firmness by sup-
pressing respiration rate and ethylene production. Accordingly, the 
lower weight loss in mushrooms treated with 100 µM melatonin during 
storage at 4 ◦C for 15 days may be ascribed to lower expression of AQPs 
genes, preserved cuticle integrity, and promoted endogenous ABA 
accumulation. Besides, with the exogenous application of melatonin, 
lower ethylene biosynthesis (due to lower gene expression and activities 
of ACC synthase (ACS) and ACC oxidase (ACO) and lower endogenous 
accumulation of ABA (due to lower activity of NCED) may be the reasons 
for the maintenance of firmness in pear fruits (Liu et al., 2019), mango 
fruits (Liu, Huang, Huber, Pan, Shi, & Zhang, 2020), and jujube fruits 
(Tang et al., 2020). It suppresses gene expression and activities of cell 
wall degrading enzymes polygalacturonase (PG) and pectin methyl-
esterase (PME). Therefore, the preserved firmness in mushrooms treated 
with 100 µM melatonin may be ascribed to lower gene expression and 
activities of cell wall degrading enzymes PG and PME, which may be 
leading to lower ethylene biosynthesis. 

5. Conclusion 

Our results shed light on the effectiveness of the exogenous appli-
cation of 100 mM melatonin in retarding cap browning, minimizing 
weight loss, and preserving firmness in mushrooms during storage. The 
higher H2O2 accumulation in mushrooms treated with 100 µM mela-
tonin during the first 5 days of storage at 4 ◦C may serve as a signal for 
promoting the endogenous accumulation of melatonin by triggering the 
expression of TDC, T5H, SNAT, and ASMT genes. In addition to the 
higher endogenous accumulation of melatonin, mushrooms treated with 
100 µM melatonin had higher membrane integrity, represented by lower 
electrolyte leakage and MDA accumulation. Moreover, the promoted 
activity of the phenylpropanoid pathway represented by the higher 
accumulation of phenols due to higher PAL and lower PPO gene 
expression and activity in mushrooms treated with 100 µM melatonin 
may be ascribed to the endogenous accumulation of melatonin. 
Furthermore, higher DPPH scavenging capacity in mushrooms treated 
with 100 µM melatonin may arise from the higher accumulation of 
phenols and ascorbic acid. Therefore, the exogenous application of 
melatonin would be employed as a promising procedure for retarding 
cap browning and preserving nutritional quality in mushrooms during 
storage at 4 ◦C for 15 days. 
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