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A B S T R A C T

Agaricus bisporus (A. bisporus) has fragile tissues and is highly susceptible to post-harvest decay and spoilage, 
which affecting the development of the industry. Ultraviolet B (UV-B) irradiation, as a typical irradiation 
preservation technology, is effective in inducing the production of endogenous metabolic substances in organ-
isms and enhancing their level of resistance. The objective of this study was to investigate the mechanism of 
activation of the antioxidant defence system in A. bisporus by UV-B irradiation, utilising a range of UV-B irra-
diation doses (0, 25, 50 and 100 kJ m− 2). In this study we found that 50 kJ m− 2 UV-B irradiation effectively 
delayed the accumulation of reactive oxygen species (ROS), inhibited NADPH oxidase (NOX) activity and the 
expression of Rbohf, PXMP2, PXMP4, APO, and MPV17. Moreover, it could increase the accumulation of 
ascorbate (AsA) and glutathione (GSH), enhance the activities of ascorbate peroxidase (APX) and glutathione 
peroxidase (GSH-PX), and it also effectively induce catalase (CAT), superoxide dismutase (SOD) and peroxidase 
(POD) activities and up-regulate the expression levels of related genes. In addition, we found that UV-B irra-
diation upregulated the expression of UVR8 and suppressed the expression of PEX5, PEX11 and PMD1. These 
results suggest that 50 kJ m− 2 UV-B irradiation could stimulate the UV Resistance Loucs 8 (UVR8) receptor, 
regulate peroxisome proliferation, and enhance the ability of A. bisporus to resist oxidative stress, thereby 
maintaining the cellular redox homeostasis, this provides a new strategy for the study of extended postharvest 
storage stability of A. bisporus.

1. Introduction

Agaricus bisporus (A. bisporus) are popular by consumers due to high 
nutritional value, which is rich in protein and it also contains vitamins, 
soluble sugar, polyols, free amino acids and other nutrients, as well as 
unique aroma and flavor. However it is easy to be physically or micro-
biologically damaged, and the skin starts to brown, the cap opens veil, 
and eventually the fruiting body rots and deteriorates, which seriously 
affects its commercial value due to its high moisture content, high 
respiration rate and lack of cuticle protection (Dokhanieh and Aghdam, 
2016; Zhang et al., 2018). Therefore, it is crucial for the development of 
A. bisporus industry through the study of suitable preservation 
techniques.

Rapid accumulation of reactive oxygen species (ROS) is a typical 
oxidative stress response in postharvest A. bisporus and it’s also a key 
factor causing its quality deterioration, which mainly includes hydrogen 
peroxide (H2O2) and superoxide anion radical (O2

•-). Early ROS gener-
ated through the NADPH oxidase (NOX) pathway act as signaling mol-
ecules to activate antioxidant system-related metabolism (Lin et al., 
2024). Meanwhile, the imbalance of physiological metabolism and the 
weakening of antioxidant capacity led to the accumulation of ROS 
during the storage of A. bisporus, which in turn led to protein and DNA 
damage, membrane lipid peroxidation and destruction of cellular 
structure, and ultimately to quality deterioration such as browning, 
stickiness, and umbrella opening (Liu et al., 2013). Therefore, the in-
hibition of ROS accumulation and elimination of excessive ROS in 
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postharvest A. bisporus is the key to delay oxidative damage.
Ultraviolet-B (UV-B) is a medium wave ultraviolet light 

(280–315 nm) that not only has excellent bactericidal effects, but is also 
important for maintaining the quality of postharvest fruits and vegeta-
bles by activating defense system (Usall et al., 2016). The proper doses 
of UV-B radiation have been reported to be ecologically important in 
regulating the growth and development of many plants, whereas high 
doses of UV-B may cause damage to plants at the cellular and molecular 
levels (Zhang et al., 2023; Shoaib et al., 2024). When faced with UV-B 
radiation, organism activate various mechanisms to prevent or miti-
gate the ensuing oxidative damage. It was found that UV-B exposure 
induces the production of antioxidant substances such as ascorbic acid, 
phenols, flavonoids (Vidović et al., 2015). Li et al. (2021) found that 
proper UV-B pre-irradiation promoted polyphenol accumulation and 
maintained blueberry quality. Santin et al. (2018) found through their 
study that postharvest UV-B radiation could regulate metabolites in 
peach fruits thereby inducing phenolic accumulation. In addition, UV-B 
can eliminate excess ROS in the organism by activating antioxidant 
enzymes such as catalase (CAT), superoxide dismutase (SOD). Wu et al. 
(2021) found that postharvest UV-B radiation increased antioxidant 
enzyme activity in honeysuckle.

A lot of studies have found UV-B to be effective in improving post- 
harvest quality and prolonging shelf life of fruits and vegetables. How-
ever, the molecular mechanism of UV-B irradiation on the quality 
enhancement is still unclear. In this study, we investigated the effects of 
UV-B irradiation on the key pathways of peroxisomal antioxidant de-
fense and ROS metabolism by irradiating postharvest A. bisporus with 
different dosages of UV-B irradiation, with the aim of providing theo-
retical basis for the technology of retarding quality deterioration of 
postharvest A. bisporus.

2. Material and methods

2.1. Pre-treatment for UV-B irradiation

Fresh A. bisporus were purchased from market (Wuhe Zhongxing 
Mushroom Technology Co., Ltd.) and transported to the laboratory 
under refrigeration. Samples of the same size and without external 
damage were selected and randomly divided into four groups of twenty 
mushrooms each. The method of Sheng et al. (2018) was employed for 
the requisite adjustments. UV-B irradiation is performed using a UV-B 
lamp (PHILIPS TL 20 W/12 RS) approximately 0.75 m in length. 
A. bisporus that require irradiation were positioned in a uniform manner 
beneath the lamp, and the irradiation dose was regulated by the irra-
diation time to be 0 kJ m− 2, 25 kJ m− 2, 50 kJ m− 2and 100 kJ m− 2. The 
intensity of UV irradiation at different locations under the lamp is 
monitored in real time using a UV-irradiometer (Shenzhen Lianhuicheng 
Technology Co., Ltd.) to ensure uniformity of irradiation. 0 kJ m− 2 

treatment group without UV-B irradiation treatment, the irradiation 
times for the 25 kJ m− 2, 50 kJ m− 2 and 100 kJ m− 2 groups were 47 min, 
92 min and 184 min, respectively. After completion, all samples were 
stored in a constant temperature and humidity chamber (4◦C and 90 % 
relative humidity) for 18 days. Samples were taken from each group 
every three days during the storage period, measured and analyzed.

2.2. Appearance and browning determination

The color of A.bisporus mushroom cap surface was measured by 
colorimeter. Three points were randomly selected for each mushroom 
cap to measure L*, a* and b* of A.bisporus, and the total color difference 
change of A.bisporus was reflected by ΔE, which was calculated as 
follows. 

ΔE =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

(L∗ − 97)2
+(a∗− (− 2))2

+b∗2
√

(2.1) 

Browning index (BI) represents the degree of browning of A.bisporus 

and was calculated as follows. 

χ =
a∗ + 1.75L∗

5.645L∗+a∗ − 3.102b∗ (2.2) 

BI =
100(χ − 0.31)

0.172
(2.3) 

2.3. Determination of ROS content and observation of distribution

O2
•− content was determined according to the instruction manual of 

the kit (Beijing Solarbio Science & Technology Co., Ltd.) and calculated 
and expressed as mmol kg− 1.

H2O2 content was determined according to the kit instructions and 
(Beijing Solarbio Science & Technology Co., Ltd.), calculated and 
expressed as mol kg− 1.

Fresh A. bisporus were cut into pieces and dripped with the embed-
ding agent OCT, pre-cooled, trimmed and pasted on the embedding 
table, quick-frozen and embedded, and then sliced when they turned 
white and hardened. The embedded blocks were fixed on the sectioning 
table, cut into 4 μm thick slices along the cross-section, pasted on slides, 
and controlled to dry. The slides were treated with autofluorescence 
quencher for 5 min and rinsed under running water for a further 10 min. 
The ROS staining solution was added dropwise to the sections and 
incubated for 30 min at 37◦C in a dark environment. After incubation, 
the slides were placed in phosphate buffer (pH 7.4) and washed 3 times 
for 5 min each by shaking on a shaker. Subsequently, the sections were 
dehydrated and the coverslips were then coated on one side with an anti- 
fluorescence quenching sealer. The images were collected by laser 
confocal microscope (LSCM, FLUOVIEW FV1200, Olympus, Japan) with 
excitation wavelength of 510–560 nm and emission wavelength of 
590 nm.

2.4. NOX activity measurement

The activity of NOX was determined according to the NADPH-OX kit 
instructions (Shanghai Enzyme-linked Biotechnology Co., Ltd.). The 
absorbance at 450 nm was measured and the NOX activity was 
calculated.

2.5. Measurement of AsA and GSH content

Ascorbate (AsA) content was determined according to the instruction 
of the kit (Nanjing Jiancheng Biotechnology Research Institute Co., 
Ltd.). The AsA content in A. bisporus was calculated and expressed as g 
kg− 1.

Glutathione (GSH) content was determined according to the in-
struction of the kit (Nanjing Jiancheng Biotechnology Research Institute 
Co., Ltd.). The GSH content in A. bisporus was calculated and expressed 
as g kg− 1.

2.6. Measurement of CAT, SOD, POD, APX and GSH-PX activity

The activity of CAT was determined according to the kit instructions 
(Beijing Solarbio Science & Technology Co., Ltd.). One unit (U) of CAT 
was defined as one unit of activity per gram of tissue decomposing 1 
µmol of H2O2 per second. CAT activity in A. bisporus was calculated and 
expressed as U kg− 1.

The activity of SOD was determined according to the kit instructions 
(Beijing Solarbio Science & Technology Co., Ltd.). Definition of SOD 
enzyme viability unit: SOD enzyme viability in the xanthine oxidase 
coupling system was defined as one enzyme viability unit (U) at 50 % 
inhibition in the reaction system. SOD activity in A. bisporus was 
calculated and expressed as U kg− 1.

The activity of peroxidase (POD) was determined according to the kit 
instructions (Beijing Solarbio Science & Technology Co., Ltd.). One unit 
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(U) of POD was defined as 0.005 per g of tissue per minute A470 nm 
change per mL of reaction system. POD activity in A. bisporus was 
calculated and expressed as U kg− 1.

The activity of ascorbate peroxidase (APX) was determined accord-
ing to the kit instructions (Beijing Solarbio Science & Technology Co., 
Ltd.). One unit of activity (U) of APX was defined as one unit of enzyme 
activity per gram of tissue catalyzing 1 μmol of AsA per minute per mL of 
reaction system. APX activity in A. bisporus was calculated and expressed 
as U kg− 1.

The activity of glutathione peroxidase (GSH-PX) was determined 
according to the kit instructions (Beijing Solarbio Science & Technology 
Co., Ltd.). One unit of GSH-PX activity (U) was specified as one unit of 
enzyme activity per milligram of tissue that reduced the GSH concen-
tration in the reaction system by 1 μmol L− 1. GSH-PX activity in 
A. bisporus was calculated and expressed as U kg− 1.

2.7. Real-time fluorescence gene expression assay

RNA was extracted using the Fungal RNA kit (Vazyme Biotech Co., 
Ltd), and RNA concentration was determined using an ultra-micro 
spectrophotometer, with a blank control of ddH2O and a sample vol-
ume of 3 μL. RNA was reverse transcribed to cDNA by HiScript lll RT 
SuperMix for qPCR (+gDNA wiper) for use. Relative gene expression 
was detected according to the Taq Pro Universal SYBR qPCR Master Mix 
instructions. 2x Taq Pro Universal SYBR qPCR Master Mix, 10 μM 
Primer, cDNA, ddH2O mix was configured in a qPCR tube and under-
went a pre-denaturation at 95◦C for 30 s. Subsequently, the qPCR tube 
was subjected to 40 cycles of cyclic reactions at 95◦C for 10 s and 60◦C 
for 30 s, finally one cycle of 95◦C for 15 s, 60◦C for 60 s 95◦C for 15 s 
was performed for the melt curve acquisition phase. The reaction Ct 
values were recorded according to the 2 Taq Pro Universal SYBR qPCR 
Master Mix, 10 μM Primer, cDNA, ddH2O mix, and the relative expres-
sion of the target gene mRNA was calculated according to the 2-ΔΔCt 

formula. The internal reference gene was Gapdh, primers were designed 
on NCBI and synthesized by Sangon Bioengineering (Shanghai) Co, Ltd, 
the gene sequences are shown in Table 1.

2.8. Statistical analysis

All determination was done at least three times. Datas were 
expressed as means ± standard errors (SE). One-way analysis of vari-
ance (ANOVA) was performed using IBM SPSS Statistics 26.0 software, 
and significant differences between the two groups were determined 
using Duncan’s test. Differences at P < 0.05 was considered statistically 
significant.

3. Results

3.1. Effect of different doses of UV-B irradiation on the appearance and 
browning degree

The changes in the appearance of A.bisporus after UV-B irradiation at 
different doses during the storage period are shown in Fig. 1A. It can be 
found that 100 kJ m− 2 irradiation dose caused a slight browning and 
yellowing of the cap surface. From D9 onwards, the appearance of the 
treatment groups differed, with the 0 kJ m− 2 and 25 kJ m− 2 groups 
showing brown spots. At D12, the browning of the 0 kJ m− 2 and 
25 kJ m− 2 groups deepened, the surface browning of the 100 kJ m− 2 

group intensified, and the overall appearance of the 50 kJ m− 2 group 
was better. At D18, the control group showed large brown patches and 
almost lost its commercial value, the 25 kJ m− 2 group showed more 
brown spots, the 100 kJ m− 2 irradiated group showed more browning, 
and the 50 kJ m− 2 irradiated group showed only a slight yellowing of 
the cap. In contrast, the browning degree of A.bisporus in the 50 kJ m− 2 

UV-irradiated group was the smallest, indicating that the irradiation 
dose of 50 kJ m− 2 was effective in inhibiting the browning of A.bisporus 
after harvesting and reducing the quality deterioration.

In addition, it can be observed that the L* of the samples decreased 
continuously during the storage period (Fig. 1B), whereas both L* and BI 
increased (Fig. 1C-D). The color difference values of the four groups of 
samples differed from D9 onwards, which is consistent with the 
appearance results. While 50 kJ m− 2 could maintain a low and BI until 
D18, which is consistent with the good appearance maintained in the 
previous section.

3.2. Effects of different doses of UV-B irradiation on the distribution and 
content of ROS in A. bisporus

The distribution of ROS, O2
•− content and H2O2 content of A. bisporus 

mushrooms after harvesting with different doses of UV-B irradiation are 
shown in Fig. 2. The ROS content increased with the increase of storage 
time. After D6, differences were directly observed in different treatment 
groups, and the H2O2 content of the 50 kJ m− 2 group was lower than 
that of the other groups. At D18, the H2O2 contents of 0 kJ m− 2, 
25 kJ m− 2, 50 kJ m− 2 and 100 kJ m− 2 treatment groups were 
0.27 mol kg− 1, 0.28 mol kg− 1, 0.21 mol kg− 1, 0.28 mol kg− 1, respec-
tively. Similarly, the O2

•− content also increased with storage time, and it 
could be found that the O2

•− content of the 50 kJ m− 2 group was lower 
than that of the CK group from D9, and at D18, the O2

•− content of the 
0 kJ m− 2, 25 kJ m− 2, 50 kJ m− 2 and 100 kJ m− 2 treatment groups was 
0.30 mmol kg− 1, 0.30 mmol kg− 1, 0.25 mmol kg− 1, and 
0.30 mmol kg− 1, respectively. These data suggest that 50 kJ m− 2 UV-B 
irradiation treatment can effectively delay ROS accumulation in post-
harvest A. bisporus, which may be due to the UV-B induced the ROS 
scavenging system and reduced ROS accumulation in the organism 
(Yokawa and Baluška, 2015).

3.3. Effect of different doses of UV-B irradiation on activity of NOX and 
gene expression of Rbohf

NOX is also known as respiratory burst oxidase homolog (RBOH), is 
an important potential enzymatic source of ROS during the oxidative 
burst (Chapman et al., 2019). NOX is responsible for O2

•− production, 

Table 1 
The primer sequences for quantitative real-time PCR.

Gene name Primer sequences (5’-3’)

Gapdh F: TCACGCCACCACCGCTACTCAA 
R: CGGGCTTCTCAAGACGAACAACAA

Rbohf F: CGTCCACCTTACTGCTCATACAAC 
R: CAATCCAGATGACACCACCGATAAG

PXMP2 F: AGCTAATTGTACGCACGCAGAC 
R: CATCTTTCTTCGCCTTCTCCTTCTC

PXMP4 F: TAGACTCATCTGCCGTTCCTTCC 
R: TGCGTGCTCCCTTTAGAATTGC

MPV17 F: TCTCATCGCAAATTGGAAGGTCTG 
R: TGGGTAAATGGAACTCGGTAGGG

APO F: CATGGCGATAACTGGCAATTCAAC 
R: TCAGCGAACTTTGGCAAGGTAAG

CAT2 F: CGAACAACTCCAGCAGGGTTTAATC 
R: TGAGGTCAAGATCATCGGTGAGAAG

SODc F: TGCGGTGGGTCTCATTGTCTTC 
R: ATCACACCACATGCGACTCTAGC

PrxQ F: ATTGATTCCGAGTGCGTGATTAGAG 
R: TCACTGCTAAGCCTCCGACTTC

UVR8 F: TCCGTTGAGTGAGATACCTGAAGG 
R: ACTCCGCTCGTTGCCTCTTG

PEX5 F: TGAATGTGGATCAAGGTGCTGTTC 
R: TGAATGTGGATCAAGGTGCTGTTC

PEX11 F: AGACAGTCAGGCTCAACGAGGAG 
R: GCGGCAAGGGCACTCAGTTTAG

PMD1 F: CCATTTCAATGTCACGAAGCAAAGC 
R: TCCGTTGTTTCTCTCCACCACTG
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and NOX is activated by various cellular stresses such as chemical fac-
tors, cellular stimuli, or UV irradiation, etc (Wang et al., 2016). A study 
by Glady et al. (2018) found that knockdown of Nox1 inhibited 
UV-B-induced p38 activation, suggesting that NOX may be involved in 
UV-B-induced intracellular signaling.

Through Fig. 3A, it can be found that NOX activity decreased 
continuously from D3 to D9, and has been increasing since then, 
reaching a peak at D18, with four groups of enzyme activities of 
159.93 U kg− 1, 170.80 U kg− 1, 108.62 U kg− 1, and 121.81 U kg− 1, 
respectively. At D0, the 50 kJ m− 2 and 100 kJ m− 2 groups of NOX ac-
tivity was higher than in the CK group, which may be influenced by the 
oxidative stress generated in the organism due to UV-B irradiation stress. 
From D3 onwards, the NOX activity of the 50 kJ m− 2-treated group was 
lower than that of the control group over time, while the relative 
expression of Rbohf in the 50 kJ m− 2-treated group was

lower than that of the control group and the other treatment groups 
(Fig. 3B). These results indicated that 50 kJ m− 2 UV-B irradiation had a 
more pronounced inhibitory effect on NOX activity and gene expression 
thereby reducing the accumulation of ROS in the membrane.

3.4. Effects of different doses of UV-B irradiation on the peroxisomal ROS 
metabolic pathway

The relative expression of PXMP2 and PXMP4 in different irradiation 
treatment groups during storage is shown in Fig. 4A and Fig. 4B, which 
peaked at D9 and D12, respectively, and the 50 kJ m− 2 irradiation group 
exhibited lower expression levels of PXMP2 and PXMP4 throughout the 
storage period relative to the other three groups. This suggests that less 
H2O2 produced by the peroxisome of A. bisporus passes through the 
PXMP2, PXMP4 pathway after being subjected to 50 kJ m− 2 UV-B 
irradiation stress.

It can be observed that the relative expression level of MPV17 in-
creases and the relative expression level of APO decreases in A. bisporus 
after UV-B irradiation stress. During the entire storage period, the 
expression level of MPV17 first decreased and then increased, with the 
50 kJ m− 2 irradiation group lower than the CK group (Fig. 4C and 
Fig. 4D). At D15, the expression of MPV17 reached 1.28 in the CK group 
and 1.02 in the 50 kJ m− 2 group, suggesting that 50 kJ m− 2 UV-B irra-
diation may have retarded peroxisomal ROS metabolism.

Fig. 1. Effect of different doses of UV-B irradiation on the appearance of A. bisporus (A), L* (B), ΔE (C), BI (D). Dates are expressed as mean ± SD (n = 3). According 
to Duncan’s multiple range test, different lowercase letters indicate significant differences between different treatment groups for the same storage period (P < 0.05).
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Fig. 2. Effect of different doses of UV-B on ROS distribution (A), H2O2 content (B) and O2
•− content (C) and relative expression of UVR8 (D) in A. bisporus. Dates are 

expressed as mean ± SD (n = 3). According to Duncan’s multiple range test, different lowercase letters indicate significant differences between different treatment 
groups for the same storage period (P < 0.05).

Fig. 3. Effect of different doses of UV-B irradiation on NOX (A), Rbohf (B)in A. bisporus. Dates are expressed as mean ± SD (n = 3). According to Duncan’s multiple 
range test, different lowercase letters indicate significant differences between different treatment groups for the same storage period (P < 0.05).
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3.5. Effects of different doses of UV-B irradiation on AsA and GSH 
content and APX and GSH-PX activities

Fig. 5A shows the trend of AsA content during storage. The AsA 
content decreased continuously at the beginning of storage, and the four 
groups of content decreased from 0.90 g kg− 1, 1.05 g kg− 1, 1.10 g kg− 1, 
and 0.92 g kg− 1 to 0.80 g kg− 1, 0.87 g kg− 1, 0.89 g kg− 1 and 
0.72 g kg− 1 respectively, and then increased, which may be due to 
backfilling of monodehydroascorbic acid (MDHA) (Hasanuzzaman 
et al., 2018). The levels peaked again at D12 and remained high 
throughout the storage period in the 50 kJ m− 2 UV-B irradiation treated 
group, and at D18, the AsA level in the 50 kJ m− 2 irradiation treated 
group was 20 % higher than that of the control group.

Fig. 5B shows the trend of changes in APX during storage. There was 
an increasing trend of APX content from D0 to D15, with a maximum at 
D15. The APX content of the four treatment groups was 15.56 × 103 

U kg− 1、15.36 × 103 U kg− 1、17.51 × 103 U kg− 1and 15.88 × 103 

U kg− 1 respectively, 50 kJ m− 2 UV-B irradiation treatment group was 
higher than the other groups during storage.

Fig. 5C shows that the levels of glutathione content varied among the 
different treatments and control groups. The GSH content increased with 
the increase of storage time and reached the maximum peak at D15, with 
the levels of 36.42 g kg− 1, 40.81 g kg− 1, 46.36 g kg− 1, and 39.39 g kg− 1 

for the four groups, respectively. 50 kJ m− 2 UV-B irradiation treatment 
group was higher than the other groups during storage, and at D18 the 
level of glutathione was 20 % (P < 0.05) higher in the 50 kJ m− 2 irra-
diated group was 66.42 %, 23.17 % and 10.83 % higher than the control 

group, 25 kJ m− 2 and 100 kJ m− 2, respectively.
Fig. 5D shows a trend of increasing and then decreasing changes in 

GSH-PX，and reaches its maximum value at D12, the APX content was 
47.52 U kg− 1、46.95 U kg− 1、51.48 U kg− 1 and 47.93 U kg− 1, respec-
tively. From D9 to D18, GSH-PX was higher in the 50 kJ m− 2 UV-B- 
treated group than the other treatment groups, and at D12, it was 
1.08, 1.10, and 1.07 times higher than that of the other three groups, 
respectively.

3.6. Effects of different doses of UV-B irradiation on CAT, SOD, POD 
activities and expression of related genes

Changes in CAT and SOD activities during storage of A. bisporus are 
shown in Fig. 6A and Fig. 6C. The overall content of CAT increased 
slightly at first and then decreased rapidly. At D6 of storage, the CAT 
activity of the control group was higher than that of the UV-B-treated 
group; after D12 of storage, the CAT activity of the control group 
decreased rapidly, whereas that of the UV-B-treated group decreased 
relatively slowly; at D18 of storage, the CAT activities of the CK, 
25 kJ m− 2 and 100 kJ m− 2 UV-B-treated groups were 23.40 × 103 

U kg− 1, 18.53 × 103 U kg− 1 and 18.06 × 103 U kg− 1, which were 
70.5 %, 35.1 % and 31.6 % higher than the control group, respectively. 
In addition, the SOD activity of the UV-B treated group was always 
higher than that of the control group throughout the storage process, 
and the 50 kJ m− 2 UV-B treated group was higher than the other two 
UV-B treated groups. CAT2 and SODc are genes that regulate the syn-
thesis of CAT and SOD, respectively. From Fig. 6B and Fig. 6D, it can be 

Fig. 4. Effect of different doses of UV-B irradiation on the enzyme activities of CAT (A), SOD (B), POD (C) and the relative expression of CAT2 (D), SODc (E) and Prxq 
(F) in A. bisporus. Dates are expressed as mean ± SD (n = 3). According to Duncan’s multiple range test, different lowercase letters indicate significant differences 
between different treatment groups for the same storage period (P < 0.05).
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observed that the gene expression of the 50 kJ m− 2 UV-B-treated group 
was consistently higher than the other treatment groups throughout the 
storage process, which was basically consistent with the trend of CAT 
and SOD.

Guaiacol peroxidase (POD) activity is likewise an important antiox-
idant enzyme in delaying ROS accumulation (Liu et al., 2014). The POD 
activity in the 50 kJ m− 2 UV-B treated group was always higher than 
that in the control group throughout the storage process, and the highest 
POD activity was observed at D12, which was 4.02×103 U kg− 1 and 
5.67×103 U kg− 1 for the 0 kJ m− 2 and 50 kJ m− 2 UV-B treated groups, 
respectively (Fig. 6E). PrxQ belongs to the Peroxidized Reductase pro-
tein Q family, which plays an important role in defense against oxidative 
stress (Su et al., 2018). With the increase of storage time, the gene 
expression of PrxQ increased and then decreased, and reached the 
highest peak at D12 (Fig. 6F), with the relative expression of the four 
groups being 1.05, 1.07, 1.10, and 1.07, respectively. The relative gene 
expression of PrxQ in the 50 kJ m− 2 UV-B-treated group was higher than 
the other three groups during the whole storage process. It can be seen 
that UV-B treatment enhanced the activities of CAT, SOD and POD, and 
the 50 kJ m− 2 UV-B treatment had the best effect. This perhaps because 
the moderate oxidative stress of UV-B promoted the early antioxidant 
enzyme activities and enhanced the cellular oxidative stress defense 
capacity thus reducing cellular damage.

Particularly, UVR8 is a plant-specific UV-B photoreceptor (Chen 
et al., 2022). Fig. 6G showed that UV-B irradiation increased the 
expression of UVR8 in A. bisporus, and exhibited a tendency of 
decreasing and then increasing. At D18, the relative expression of UVR8 

in the 50 kJ m− 2 treatment group reached 1.46, which was higher than 
the CK group with an expression of 1.08, the result indicated that UV-B 
radiation could activate the expression of UVR8.

3.7. Effects of different doses of UV-B irradiation on the proliferation and 
division of peroxisome

The changes in the relative expression of PEX5 are shown in Fig. 7A. 
It can be found that from D9, the expression of the 50 kJ m− 2 group was 
lower than that of the CK group and remained low, and at D18, the 
expression of the four groups was 1.28, 1.29, 1.07, and 1.38, respec-
tively. PEX11 is an important factor in regulating the division of per-
oxisomes (Mindthoff et al., 2016), from Fig. 7B, it can be found that the 
relative expression of PEX11 basically showed a trend of increasing and 
then decreasing during the storage process, and the expression levels of 
the 50 kJ m− 2 treatment groups were all maintained at a lower level. At 
D18, the gene expression of the four groups was 1.28, 1.29, 1.07, and 
1.38, respectively. Compared with the other three groups, the relative 
gene expression of the 50 kJ m− 2 treatment group decreased by 
19.86 %, 20.52 % and 29.24 %, respectively.

As shown in Fig. 7C, the relative expression of PMD1 gradually 
increased from D3 to D15 and reached a peak at D15, with the expres-
sion of 1.15, 1.18, 1.13 and 1.36 in the four groups, respectively, which 
indicated that after being subjected to the stress of UV-B irradiation, the 
50 kJ m− 2 treatment group delayed peroxisomes proliferation and di-
vision compared with the other three groups. This indicates that the 
peroxisomes in the 50 kJ m− 2 group maintained a balanced level of 

Fig. 5. Effect of different doses of UV-B irradiation on AsA content (A), APX activity (B), GSH content (C), and GSH-PX activity (D) of A. bisporus. Dates are expressed 
as mean ± SD (n = 3). According to Duncan’s multiple range test, different lowercase letters indicate significant differences between different treatment groups for 
the same storage period (P < 0.05).
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Fig. 6. Effects of different doses of UV-B irradiation on the relative expression of PXMP2 (A), PXMP4 (B), MPV17 (C) and APO (D) of A. bisporus. Dates are expressed 
as mean ± SD (n = 3). According to Duncan’s multiple range test, different lowercase letters indicate significant differences between different treatment groups for 
the same storage period (P < 0.05).
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proliferation and autophagy, thus maintaining their metabolic 
homeostasis.

4. Discussion

4.1. Peroxisomes are important sites for alleviating oxidative stress in 
postharvest A. bisporus

Peroxisomes contain a variety of enzymes involved in the production 
and degradation of ROS, which regulate cellular redox homeostasis. The 
ascorbate-glutathione (AsA-GSH) cycle is an important metabolic 
pathway of the redox system, and it has been shown to occur in perox-
isomes. Romero-Puertas et al. (2006) found the immunocytochemical 
localization of glutathione reductase (GR) in pea leaf peroxisomes by 
electron microscopy. Corpas et al. (1994) found the immunocytochem-
ical localization of APX in cucumber cotyledon leaf peroxisomes. 
Following oxidative stress in organisms, H2O2 may be overproduced in 
the peroxisomal matrix, leading to oxidation of proteins, lipids, me-
tabolites, etc. In the matrix, peroxisomal membranes, and possibly 
oxidative diffusion to other organelles during transmembrane exposure. 
Thus, the presence of the AsA-GSH cycle in peroxisomes plays an 
important role in the maintenance of H2O2 as well as redox homeostasis 
in cells (Reumann and Corpas, 2010). GSH is widely distributed in 
different subcellular compartments, Ferreira et al. (2023) found that 
GSH could be transported from the cytosol to peroxisomes by 
non-selective diffusion. Zechmann and Müller (2008) found 1.7 times 
higher GSH levels in peroxisomes compared to control cells in pumpkin 

plants infected with zucchini yellow mosaic virus. Furthermore, H2O2 
has been widely shown to act as a signaling molecule in different 
physiological and phytopathological processes. Moreover, H2O2 can 
diffuse freely between organelles and is not only controlled by the 
compartmentalized function of peroxisomal membranes, but also acts as 
a signaling molecule in the peroxisomal matrix (Fritz et al., 2007). This 
suggests that peroxisomes can modulate the body’s oxidative stress de-
fense system through H2O2, thereby alleviating oxidative stress. PXMP is 
a widely expressed and abundant homologous peroxisomal membrane 
protein, and in A. bisporus PXMP2, PXMP4 synergistically regulate ROS 
metabolism and can act as a membrane channel for H2O2 (Lismont et al., 
2019). Krick et al. (2008) found that Mpv17 prevents mitochondrial 
oxidative stress and apoptosis through activation of Omi/HtrA2 prote-
ase, and that deletion of Mpv17 protein does not affect peroxisome 
biogenesis, but instead leads to a decreased ability to produce ROS, 
while overexpression leads to a dramatic increase in intracellular ROS 
levels. In this study, it was found that when A. bisporus was stressed by 
UV-B irradiation an increase in MPV17 expression could be detected, 
which decreased and then increased throughout the storage period, and 
was lower in the 50 kJ m− 2 irradiated group than in the CK group, 
suggesting that 50 kJ m− 2 UV-B irradiation may have retarded peroxi-
somal ROS metabolism.

Genes involved in peroxisome formation and proliferation are 
commonly referred to as the peroxisome functionally regulated protein 
family PEXs, most of which are involved in the translocation of perox-
isomal enzymes to the peroxisome matrix (Kim and Hettema, 2015). 
Peroxisome matrix proteins contain two intrinsic peroxisome-targeting 

Fig. 7. Effect of different doses of UV-B irradiation on the relative expression of PEX5 (A), PEX 11 (B) and PMD 1 (C) in A. bisporus. Dates are expressed as mean ± SD 
(n = 3). According to Duncan’s multiple range test, different lowercase letters indicate significant differences between different treatment groups for the same storage 
period (P < 0.05).
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signal peptides (PTS, Peroxisome Targeting Signal, PTS1). Most perox-
isome matrix proteins, in turn, are transported into the enzyme body 
mainly through their carried signal peptides and receptor proteins with 
PEX5 binding to PTS1 of peroxisome proteins in the cytoplasm or PEX7 
binding to PTS2 of peroxisome proteins in the cytoplasm before being 
transported into the enzyme body via the PEX13 and PEX14 docking 
complexes on the oxisomal membrane (Cross et al., 2016; Skowyra and 
Rapoport, 2022). Multiple stress conditions induced proliferation of 
peroxisomes, and it has been shown that PMD1 affects the number and 
cellular distribution of peroxisomes through cytoskeletal-peroxisomal 
junctions after exposure to external stress (Frick and Strader, 2018). 
PEX11 can maintain peroxisome size by triggering peroxisome fission, 
and the number and size of peroxisomes are closely related to PEX11 
protein levels (Galiani et al., 2016; Opaliński et al., 2011). In the present 
study, PEX5, PEX11 and PMD1 were found to be at low levels in the 
50 kJ m− 2 group as compared to other treatment groups. This indicates 
that the peroxisome in the 50 kJ m− 2 irradiation group maintains a 
balanced level of proliferation and autophagy, thus maintaining its 
metabolic homeostasis.

4.2. UV-B irradiation reduces oxidative stress by activating the 
antioxidant defense system

ROS play a dual role in the response to UV-B which depends on the 
severity of the stress. When ROS exceed the body’s ability to maintain 
cellular redox homeostasis and exceed the body’s ability to scavenge 
them, it leads to oxidative stress caused by lipid peroxidation, as well as 
oxidative occurrences of proteins and DNA ultimately leading to struc-
tural abnormalities and cellular dysfunction ROS (Gill and Tuteja, 
2010). NOX is an important source of ROS production and is known to 
be involved in responding to ROS production via NADPH oxidase and 
induced elevated antioxidant enzyme activities in Arabidopsis were 
found by Rao et al. (1996). UV-B irradiation enhanced APX activity in 
Arabidopsis (Haskirli et al., 2021) and POD activity in licorice leaves (Wu 
et al., 2021). The results of this study showed that O2

•− and H2O2 
accumulated during postharvest storage of A. bisporus. NOX activity and 
expression of the gene Rbohf were suppressed after UV-B irradiation 
compared to the CK group, they showed an increasing trend in the 
pre-storage period and were lower than the control when reaching the 
late storage period. After UV-B irradiation, it could be found that the 
ROS accumulation in the 50 kJ m− 2 irradiation treatment group was 
lower than that in the blank control group, suggesting that UV-B irra-
diation reduced oxidative stress by decreasing ROS accumulation.

Excess ROS are mainly eliminated by cellular antioxidant systems, 
including enzymatic antioxidant systems and non-enzymatic antioxi-
dant systems. Enzymatic antioxidant systems, which mainly include 
CAT, SOD, APX, GSH-PX, etc., these components could reduce the 
content of intracellular ROS (Wang et al., 2019; Dvořák et al., 2021). 
SOD detoxifies O2

•− , and CAT does so by catabolizing H2O2 into H2O and 
oxygen. In addition, POD and APX also have antioxidant functions. The 
ascorbate-glutathione (AsA-GSH) pathway plays a crucial role in 
detoxifying ROS and interacts with other defense systems and protects 
the body from oxidative stress damage (Hasanuzzaman et al., 2019). The 
non-enzymatic antioxidant system mainly consists of substances with 
reducing capacity, such as ASA, GSH and phenolics (Chirinos et al., 
2023). Enhancement of the antioxidant system maintains ROS homeo-
stasis in postharvest fruits, thereby preventing oxidative damage (Huan 
et al., 2017; Zhang et al., 2018).

Both SOD and CAT enzyme activities were significantly up-regulated 
after UV-B irradiation, and these increases coincided with the reduction 
of O2

•− and H2O2. Thus, our results suggest that UV-B treatment enhances 
enzymatic and non-enzymatic antioxidant systems, including SOD, CAT, 
POD, APX and GSH-PX activities as well as ASA, GSH and phenolic 
contents to alleviate oxidative stress in postharvest A. bisporus. We also 
investigated the effect of UV-B treatment on SOD and CAT gene 
expression. As expected, the expression of SODc and CAT2 was 

significantly elevated in the UV-B irradiation-treated group compared 
with the control group. Comparable reference could be reported by Chen 
et al. (2019), who found that up-regulation of the expression of anti-
oxidant systems, such as SOD, CAT, GPX, and GR, was up-regulated in 
the organism of winter wheat by irradiating winter wheat with 
10.3 kJ m− 2 UV-B. Meanwhile, Ma et al. (2019) showed that activation 
of the antioxidant enzyme systems, such as SOD, CAT, and POD, and the 
antioxidant enzymes, such as isoflavones, were up-regulated in soybean 
by UV-B irradiation, enzyme systems as well as non-enzymatic systems 
such as isoflavones in soybean. Thus, our data suggest that UV-B treat-
ment increases enzyme activities by up-regulating their encoding genes 
at the transcriptional level. UV-B irradiation may be responsible for the 
up-regulation of SOD and CAT enzyme functions, which is due to the 
increase in the transcription of the encoding genes and reduces the 
accumulation of ROS through the scavenging of O2

•− and H2O2, thereby 
alleviating Oxidative stress.

4.3. UVR8 is a key target for activation of the antioxidant system by UV- 
B irradiation

UV-B can regulate downstream protein and substance metabolic 
pathways through induced DNA alterations and its repair mechanisms 
(Liang et al., 2020). UVR8 is a UV-B receptor responsible for 
UV-B-triggered signaling in plants (Mishra et al., 2023; Liang et al., 
2018), under UV-B irradiation, UVR8 can be converted from a homo-
dimer to a monomer, which triggers the signaling pathway for UV 
protection (Wu et al., 2012). Its role in photomorphogenesis, acclima-
tion, and UV-B stress tolerance has been well characterized in recent 
years (Bernula et al., 2017; Liao et al., 2020). It interacts with Consti-
tutively Photomorphogenic 1 (COP1) to initiate UV-B-specific light 
signaling and regulate UV-B-responsive gene expression, inducing stress 
protection and repair mechanisms (Favory et al., 2009; Wang et al., 
2022). It has been shown that UVR8 is subject to stress-induced gene 
up-regulation and participates in the phenylpropane pathway to regu-
late the accumulation of antioxidants such as anthocyanins and flavo-
noids (Mariz-Ponte et al., 2018). Wu et al. (2016) found that H2O2 
mediates UV-B-induced anthocyanin biosynthesis in radish sprouts and 
interacts with UVR8. In addition, Jiang et al. (2022) found that SlUVR8 
was necessary for UV-induced gene expression of CuZnSOD, FeSOD, and 
CAT1, and that the enhancement of antioxidant enzyme activities was 
dependent on SlUVR8. In the present study, UV-B irradiation was found 
to significantly activate and efficiently maintain a higher level of UVR8 
expression, this is consistent with the trend of changes in the activity of 
antioxidant enzymes and the expression of related genes, and thus we 
inferred that UV-B irradiation activated the UVR8 receptor in response 
to UV stress and regulated the downstream antioxidant defense system 
to delay the oxidative stress damage in postharvest A. bisporus. The 
peroxisome is an important part of the intracellular oxidative defence 
system. The expression of PEX5, PEX11 and PMD1 in A. bisporus was 
inhibited by 50 kJ m− 2 UV-B irradiation, so UVR8 may have a role in 
regulating the proliferation of peroxisomes. And we mapped the defense 
mechanism of postharvest A. bisporus in response to UV stress by UV-B 
irradiation in combination with the previous data (Fig. 8). However, 
the specific regulation of UVR8 and downstream proteins as well as the 
interaction between UVR8 and downstream proteins still need to be 
investigated.

5. Conclusion

In this study, we further revealed the mechanism of UV-B regulation 
of oxidative stress defense in postharvest A. bisporus by measuring the 
activities of major enzymes of the antioxidant system, such as CAT, SOD, 
POD, APX, GSH-PX, and the contents of antioxidant substances, such as 
AsA and GSH. By exploring the expression levels of key genes for 
peroxisomal ROS metabolism, we found that 50 kJ m− 2 UV-B irradiation 
down-regulated the relative gene expression of PXMP2, PXMP4, MPV17, 
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and APO in A. bisporus, which delayed the peroxisomal ROS metabolic 
pathway, while the relative gene expression of PEX5, PEX11 and PMD1 
in the A. bisporus irradiation group was down-regulated at 50 kJ m− 2 

UV-B irradiation. It can be seen that peroxisomes maintained a lower 
level of proliferation and division, and the accumulation of ROS such as 
H2O2 and O2

•− was reduced. Moreover, 50 kJ m− 2 UV-B irradiation could 
effectively induce the activities of key antioxidant enzymes such as CAT, 
SOD and POD, and up-regulate the expression levels of UVR8 and 
antioxidant enzyme-related genes in A. bisporus. At the same time, it 
promotes the AsA-GSH cycle, and increase the accumulation of antiox-
idant substances such as AsA and GSH, as well as the activities of APX 
and GSH-PX, which enhance the level of anticorrosive resistance of 
postharvest A. bisporus. In conclusion, moderate UV-B irradiation plays 
an important role in reducing the damage of postharvest oxidative stress 
in A. bisporus and maintaining cellular redox homeostasis. The role of 
UVR8 and downstream response factors in the regulation of the perox-
isome needs to be further investigated.
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