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Hydrogen-rich water increases 
postharvest quality by enhancing antioxidant 
capacity in Hypsizygus marmoreus
Hui Chen1,2†, Jinjing Zhang2†, Haibo Hao2, Zhiyong Feng2, Mingjie Chen2, Hong Wang2 and Ming Ye1*

Abstract 

In the present study, we aimed to assess the effect of hydrogen-rich water (HRW) on the physicochemical characteris-
tics and antioxidant capacity of Hypsizygus marmoreus during 12 days of postharvest storage at 4 °C. Different concen-
trations of HRW (25, 50 and 100%) were tested, and our data showed that 25% HRW treatment had the most signifi-
cant effect on preservation of nutrients in H. marmoreus compared with the control group. In addition, 25% HRW 
treatment significantly reduced the relative electrolyte leakage rate and malonaldehyde (MDA) content (P < 0.05) and 
increased anti-superoxide-radical  (O2

−) activity compared with the control group. The activities of antioxidants, super-
oxide dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX) and glutathione reductase (GR) were activated by 
25% HRW treatment, and the expression levels of these genes were also induced. These results suggested that HRW 
treatment could delay rot incidence in mushrooms during storage by regulating antioxidant defense ability. This 
study supplies a new and simple method to maintain the quality and extend the shelf life of mushrooms.
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Introduction
The edible mushroom Hypsizygus marmoreus has 
become very popular due to a wider appreciation of its 
long-recognized organoleptic (Harada et  al. 2004) and 
medicinal attributes (Ikekawa 2001; Ohsawa et al. 2007) 
in East Asia. With the improvements in cultivation tech-
nology of H. marmoreus, there has recently been a large 
increase in production and consumer demand. Accord-
ing to data from the Chinese Edible Fungi Association, 
the daily production of H. marmoreus was 167  tons in 
China in 2012, suggesting a rapidly increasing demand 
for H. marmoreus (Zhang et al. 2016).

Despite its popularity, the fruit bodies of H. marmoreus 
deteriorate rapidly after harvest due to physical damage, 
microbial attack, water loss, browning, softening and so 
on, resulting in greatly reduced consumer acceptability 

(Xing et  al. 2007, 2008). Xing et  al. (2007, 2008) have 
reported that they used 60Co γ-irradiation and differ-
ent packaging films to enhance the postharvest quality 
and improve the shelf life of H. marmoreus. While this 
method increases mushroom shelf life, it also has draw-
backs, such as safety considerations, decreased nutritive 
value, off flavors, high energy consumption, and unsuit-
ability on the industrial scale.

The postharvest senescence of fresh products is often 
associated with increased oxidative damage to proteins, 
lipids and nucleic acids by reactive oxygen species (ROS) 
(Dama et al. 2010; Li et al. 2016; Mittler 2002). ROS were 
considered toxic by-products of aerobic metabolism, 
which were disposed of using antioxidants. To protect 
against ROS damage, mushrooms have developed multiple 
detoxification systems, including antioxidant enzymatic 
systems (SOD, POD, CAT, APX) (André et al. 2010).

Recently, some researchers have reported that  H2 can 
alleviate various abiotic stresses, including high salinity 
(Xie et  al. 2012; Xu et  al. 2013), heavy metal (Cui et  al. 
2013, 2014) and low temperature (Jin et al. 2013), by reg-
ulating the antioxidant defense system. Ren et al. (2016) 
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found that 5% hydrogen-rich water (HRW) treatment 
significantly decreases the content of ROS, maintains the 
biomass and polar growth morphology of mycelium, and 
decreases secondary metabolism under HAc-induced 
oxidative stress. In kiwifruit, 80% HRW treatment exhib-
its the most significant effect, displaying reduced rot 
incidence and better-preserved firmness, and HRW 
treatment also increases the activities of antioxidants and 
maintains radical-scavenging activity in kiwifruit (Hu 
et al. 2014).

In our previous study, we found that HRW treatment 
significantly improved mycelial growth and biomass by 
enhancing antioxidant capacity (Zhang et  al. 2017). In 
this study, we aimed to investigate the effect of HRW on 
the parameters of physical quality and antioxidant capac-
ity of H. marmoreus during storage. Our results indicated 
that HRW treatment delayed the deterioration process, 
reduced lipid peroxidation, increased antioxidant activ-
ity and maintained free-radical-scavenging activity in H. 
marmoreus. These results suggested that HRW treatment 
was a useful and simple method to maintain the quality 
and extend the shelf life of mushrooms. To the best of our 
knowledge, this is the first report on the effect of  H2 on 
mushrooms during storage.

Materials and methods
Mushroom treatment and storage
In the present study, H. marmoreus were collected from 
Shanghai Bright Esunyes Bio-tech Co., Ltd. in China. 
Mature mycelia of H. marmoreus were scraped with a 
scraping machine and then added into 15 mL water or 25, 
50 and 100% HRW. HRW was kindly supplied by Beijing 
Hydrovita Beverage Co., Ltd. (Beijing, China), and the  H2 
concentration of fresh HRW was 1.0 mM in a hermetic 
canister. When the canister was opened, the  H2 concen-
tration fell to 0.8  mM in 30  min. The  H2 concentration 
was maintained at 0.4 mM in 25 °C for at least 12 h. The 
 H2 concentration was analyzed by using gas chromatog-
raphy according to the method of Zhang et  al. (2017). 
After these processes, the mature mycelia were trans-
ferred to a growth room for fruiting bodies. The collected 
mushrooms were transported to the laboratory within 
1 h after harvest and then stored in darkness at 4 ± 1 °C 
and 80% relative humidity (RH) in a crisper.

Analysis of functional components
Weight loss was determined by weighing the whole 
mushroom before and after storage. Every ten fruit 
bodies were considered as one group, and each sample 
had three groups as three repetitions. Weight loss was 
expressed as a percentage of the initial weight.

Firmness of the mushroom cap was detected accord-
ing to (Jiang et  al. 2011). A TA.XTplus texture analyzer 

(Stable Micro Systems Ltd., Co., UK) was used to test cap 
firmness by using a 2-mm diameter cylindrical probe. 
During the pretest and penetration, the speed of the 
probe was kept at 2.0 mm/s. The probe penetrated 5 mm 
into the samples. Texture Export (version 1.0) from sta-
ble micro systems was used to record the force and 
time data. Firmness was defined as the maximum force 
according to the force and time curves. The unit of force 
was N, and each sample was tested ten times.

Relative conductivity and soluble protein
The electrolyte leakage was essentially determined as 
described by (Xing et  al. 2007). The fruit bodies of H. 
marmoreus (5  g) were cut into four pieces, leaving the 
pileus intact, and then they were suspended in 40 mL of 
deionized water in a 100-mL beaker. Electrical conduc-
tivity was measured immediately (P0) and again after 
10  min (P1). Samples were then boiled for 10  min and 
cooled down to room temperature, and a final conduc-
tivity (P2) was measured. The relative electrolyte leakage 
rate (RELR) was calculated according to the equation as 
follows: (P1− P0)

/

(P2− P0) and expressed as a percent-
age. Each sample was detected for three repetitions.

Soluble protein was detected by a protein kit (Nanjing 
Jiancheng Bioengineering Institute) using the Coomas-
sie brilliant blue method and monitored at 595 nm. The 
standard protein concentration used in this assay kit was 
0.563 g/L, and the color solution was Coomassie brilliant 
solution.

Nutrient component detection
The contents of water, polysaccharide, crude fiber, pro-
tein, total sugar and amino acids were detected by the 
supervision and testing center for edible fungi quality 
(Shanghai, China), Ministry of Agriculture. Water con-
tent detection was performed using a DHG Series Heat-
ing and Drying Oven (Shanghai, China); the detection of 
polysaccharide, crude fiber, protein and total sugar used 
a Synergy HT microplate reader (Bio-Tek, USA); and the 
test of amino acid content was performed using an A200 
automatic Amino Acid Analyzer (amino, Germany). The 
test standards for detecting these items were listed in 
Table 2.

Malondialdehyde (MDA) and anti‑superoxide anion 
activity assay
During the storage process, the fruit bodies were col-
lected at 0, 3, 6, 9 and 12  days. The fruit bodies were 
ground into a fine powder in liquid nitrogen, and then 
the fruit body tissue (1.0  g) was homogenized with 
9.0  mL of normal saline. The homogenates were cen-
trifuged at 1000g for 10 min at 4  °C. Lipid peroxidation 
was assayed by estimating the MDA concentration in the 
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supernatant using a commercially available kit (Nanjing 
Jiancheng Bioengineering Institute, Nanjing, China). The 
mixture containing mushroom supernatant and reagents 
was heated at 95 °C for 40 min. The sample was quickly 
cooled to room temperature and then centrifuged at 
4000g for 10 min. The absorbance of the supernatant was 
determined at a wavelength of 532 nm.

The inhibition of superoxide anion  (O2
−) activity was 

performed as described by the inhibition and produced 
 O2

− Assay Kit (Nanjing Jiancheng Bioengineering Insti-
tute, Nanjing, China). In this reaction system, the amount 
of  O2

− that was inhibited by 1  g of mycelial protein at 
37 °C for 40 min was related to the amount of  O2

− inhib-
ited by 1 mg of vitamin C as monitored at 550 nm, and 
this value was taken as one unit of  O2

− inhibition activity.

Enzyme activity assay
To test for changes in antioxidant activity, the fruit bodies 
of H. marmoreus were collected at 0, 3, 6, 9 and 12 days 
during the storage process and immediately ground into 
a fine powder in liquid nitrogen. Then, the fruit body 
tissue (1.0  g) was homogenized with 9.0  mL of nor-
mal saline, and the sample was centrifuged at 2500g for 
10 min. The supernatant (50 μL) was used to detect cata-
lase (CAT), superoxide dismutase (SOD), ascorbate per-
oxidase (APX) and glutathione reductase (GR) activity 
by using the corresponding assay kits (Nanjing Jiancheng 
Bioengineering Institute, Nanjing, China). One unit of 
CAT was defined as the amount of enzyme that decom-
posed 1 μmol of  H2O2 as monitored at 405 nm. One unit 
of SOD activity was defined as the amount of oxidative 
inhibition by SOD up to 50% per gram tissue in 1 mL of 
reaction solution, and the SOD activity was monitored at 
550  nm. One unit of APX was defined as the oxidation 
of 1 μmol AsA per milligram of protein per minute and 
was monitored at 290 nm. One unit of GR was defined as 
1.0 mg protein, which catalyzes the reduction of 1 nmol 
NADPH per minute and was monitored at 340 nm.

Gene expression analysis by qRT‑PCR
Approximately 2 μg of total RNA purified from the sam-
ples was reverse-transcribed into cDNA by M-MLV 
reverse transcriptase (Takara) using oligo (dT) as the 
primer. The expression of four antioxidants at the mRNA 
level was assessed by quantitative real-time PCR (qRT-
PCR), and the 18S ribosomal RNA was selected as the 
housekeeping gene. Table  1 lists the primer sequences 
and accession numbers of these genes. The amplification 
was carried out using the conditions previously described 
by (Zhang et al. 2015a, b). Three independent biological 
replicates were performed for each gene, and the relative 

gene expression was analyzed using the  2−ΔΔCt method 
described by (Livak and Schmittgen 2001).

Data presentation and statistical analysis
Values are shown as the mean ± SD of three independ-
ent experiments with three replicates each. Differences 
among treatments were analyzed by one-way analysis of 
variance (ANOVA) combined with Duncan’s multiple 
range test at a probability of P < 0.05.

Results
Effects of HRW on the fruit bodies of Hypsizygus marmoreus
Figure  1 shows the sensory quality of mushrooms with 
HRW treatment. The mushrooms treated with running 
water (Con) exhibited a certain degree of cap opening, 
and there were many aerial mycelia on the cap and stipe 
in the Con group after 12 days of storage at 4 °C. In con-
trast, 25% or 50% HRW treatment significantly reduced 
cap opening as well as the growth of aerial mycelia on the 
cap and stipe. However, 100% HRW treatment acceler-
ated the rot incidence, and there was a little cap open-
ing. Moreover, reduced growth of aerial mycelia was 
also observed from 100% HRW treatment. The results 
suggested that  H2 was beneficial to the alleviation of 
wounding.

Weight loss, firmness, relative electrolyte leakage 
and soluble proteins
There was a strong relationship between these experi-
mental indexes and the edible quality of mushrooms. Fig-
ure 2a shows that weight loss was increased as the storage 
period was extended in both treatments. The weight loss 
of the three HRW treatment groups was lower than that 
of the control group. After 9 and 12 days of storage, the 
HRW treatments had significantly reduced weight loss 

Table 1 The primers used in qRT-PCR

Sequences (5′–3′) Accession number

cat-F CAACCGTCCGTTTCTCCACT GBCL00039326

cat-R CCAATCCCAATTACCTTCCTC

sod-F GCAATGGCGGCACTCTGAAA GBCL00008983

sod-R CAAGAGCGGGTCCTGGTTCG

apx-F TGAACCTCCACCGTACACCA KYQ43457

apx-R GGCTTCCGAACCATCCAC

gr-F AGCAAGCCTTCCGACGAGCAA GBCL00010302

gr-R CGACGGCGATGTAGCCAGCA

18 s-F GAGGGACCTGAGAAACG KC510993

18 s-R ATAAGACCCGAAAGAGCC
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(P < 0.05), among which 25% HRW was the most efficient 
treatment for maintaining weight.

As one of the major factors limiting the quality and 
postharvest shelf life of mushrooms, the firmness of the 
cap was also tested in the present study. Figure 2b shows 
the changes in firmness between controls and treated 
fruit bodies during 12  days of storage. The 25% HRW 
treatment significantly increased the firmness of mush-
room caps compared with the Con group (P  <  0.05). 
However, the 50 and 100% HRW treatments had little 
effect on the firmness compared with the Con group.

The RELR slowly increased during the first 6  days of 
storage and continued to increase throughout storage 
(Fig. 3a). The RELR in the HRW-treated groups was sig-
nificantly lower than that of the Con group after 9 and 
12  days of storage. In addition, the protein contents 
in both the HRW and Con treatments were slightly 
decreased during the 12 days of storage, after which the 
protein was rapidly decomposed (Fig.  3b). The protein 
content of the HRW-treated mushrooms was higher than 
that of the Con group, and the 25% HRW treatment had 
the most significant effects on maintenance of protein 
content.

Nutrient components
The contents of polysaccharide, protein and total sugar 
were increased at different levels after 25% HRW, 50% 
HRW and 100% HRW treatments compared with the 

Fig. 1 Effects of HRW on sensory quality of Hypsizygus marmoreus after 12 days of storage. a, e Control group; b, f 25% HRW; c, g 50% HRW; d, h 
100% HRW

Fig. 2 Effects of HRW on weight loss (a) and firmness (b) in fruit 
bodies of Hypsizygus marmoreus during storage at 4 °C. Con control 
group. The data are presented as the mean ± SD. Bars with different 
letters denote a statistically significant difference compared with the 
control according to multiple comparisons (P < 0.05)
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control group (Table  2). The 50% HRW treatment had 
the best effects in increasing the contents of polysaccha-
ride, protein and total sugar compared to the 25% HRW 
and 100% HRW treatments. In addition, the content of 
eight amino acids, including aspartic acid, serine, glu-
tamic acid, alanine, methionine, tyrosine, phenylalanine 
and lysine, was increased significantly by HRW treat-
ments compared with the control group, and the fruit 
bodies treated with 50% HRW had the highest levels of 
amino acids. Among these amino acids, methionine and 
phenylalanine are essential amino acids for humans, and 
glutamic acid and methionine were important flavoring 
material in the fruit bodies of H. marmoreus.

MDA and  O2
− contents

Figure 4a shows that the MDA content rapidly increased 
during the 9  days of storage and continued to increase 
throughout storage. Mushrooms treated with HRW had 
significantly lower MDA contents compared with the 
Con group (P < 0.05). Among the three HRW treatments, 
the 25% HRW treatment had the lowest MDA content 
compared with the Con group. After 12 days of storage, 
the MDA content of mushrooms treated with 25% HRW 
was 1.911 mol/mg protein, which was 19.06% lower than 
that of the Con group.

The anti-hydrogen-peroxide ability was not changed in 
both control and HRW treatment groups during the first 
3 days of storage (Fig. 4b). During the 6–9 days of stor-
age, the anti-hydrogen-peroxide ability was remarkably 
increased in both the Con and HRW treatment groups 
(Fig.  4b). After 9  days of storage, the anti-hydrogen-
peroxide ability of the 25% HRW group was 292.62 U/L, 
which was 12.65% higher than that of the Con group. 
After 12 days of storage, the anti-hydrogen-peroxide abil-
ity was reduced, and its lowest level was detected in the 
Con group (Fig.  4b). The 25% HRW treatment had the 
highest anti-hydrogen-peroxide ability among the three 
HRW treatments, and it was 207.87  U/L and 32.42% 
higher than that of the Con group.

Antioxidant activities
SOD, CAT, APX and GR are important active free-rad-
ical-scavenging enzymes. Figure 5 shows the changes in 
the activities of these enzymes. The mushrooms treated 
with 25% HRW showed remarkably higher SOD activ-
ity during storage (Fig. 5a). CAT activity in both the Con 
and HRW treatment groups was decreased during stor-
age, and the highest CAT activity was detected in the 25% 
HRW treatment (Fig. 5b). APX activity was significantly 
increased in the 25% HRW treatment group compared 
with the Con group (P < 0.05) (Fig. 5c). The highest APX 
activity was detected in mushrooms on the 9th day of 
storage. GR activity was similar to CAT activity, which 
decreased during storage (Fig. 5d). The highest GR activ-
ity was detected in the 25% HRW treatment group during 
storage, while its lowest activity was detected on the 12th 
day of storage.

Gene expression of antioxidants
In the present study, we also examined the expressions 
of sod, cat, apx and gr at the mRNA level during stor-
age (Fig. 6). The expression of cat was higher in the 25% 

Fig. 3 Effects of HRW on RELR (a) and soluble protein (b) in fruit 
bodies of Hypsizygus marmoreus during storage at 4 °C. Con control 
group. The data are presented as the mean ± SD of three independ-
ent experiments. Bars with different letters denote a statistically sig-
nificant difference compared with the control according to multiple 
comparisons (P < 0.05)
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HRW treatment group compared with the Con group. 
After 12  days of storage, the expression of cat in the 
HRW treatment group was 2.03-fold that of the Con 
group (Fig. 6a). The expression of sod during 3–9 days of 
storage was slightly higher than that of the Con group, 
and its expression of the HRW treatment group after 
12  days of storage was 3.18-fold that of the Con group 
(Fig. 6b). Similar to cat expression, the expression of apx 
in the 25% HRW treatment group was higher than that in 
the Con group, and its expression in the 25% HRW treat-
ment group after 12 days of storage was 2.0-fold that of 
the Con group (Fig. 6c). The expression of gr in the 25% 
HRW treatment group was 2.34-fold and 5.09-fold that of 
the Con group after 9 and 12 days of storage, respectively 
(Fig. 6d).

Discussion
Mushrooms are highly perishable and tend to lose quality 
immediately after harvest (Wang et al. 2015). In the pre-
sent study, we found that treatment with 25% HRW could 
effectively reduce the rot incidence of H. marmoreus, 

showing reduced growth of aerial mycelia (Fig. 1). Mean-
while, this treatment maintained a lower weight loss 
(Fig.  2a) and a higher firmness (Fig.  2b) and increased 
the contents of polysaccharide, protein, total sugar and 
amino acids (Table  2) in H. marmoreus compared with 
the control group, suggesting that  H2 was beneficial for 
delaying senescence in mushrooms.

However, we found that HRW treatment at higher con-
centrations (75 and 100%) had no effects on inhibiting 
rot incidence or extending the shelf life of H. marmoreus, 
indicating that HRW did not have dose-dependent 
effects. In Medicago sativa, the maximum inducible 
response was observed in 10% HRW-pretreated plants 
(Cui et al. 2013). In Arabidopsis, the maximum inducible 
response was observed when a 50% saturation of  H2 was 
applied alone or followed by NaCl, whereas higher con-
centrations (75 and 100%) were less effective (Xie et  al. 
2012). In kiwifruit, treatment with 100% HRW aggra-
vated the rot incidence of fruits (Hu et al. 2014). There-
fore, we suggest that the higher level of  H2 provided 
by higher concentration HRW (100%) might exceed 

Table 2 Effects of HRW on the nutrient components in the fruit body of Hypsizygus marmoreus

The lowercase letters denote a statistically significant difference compared with the control according to multiple comparisons (P < 0.05)

Test item Con 25% HRW 50% HRW 100% HRW Test standard

Water content (%) 89.6 ± 2.31a 89.6 ± 1.92a 89.7 ± 2.12a 89.8 ± 3.28a GB 5009.3-2010

Polysaccharide (%) 0.84 ± 0.032a 0.91 ± 0.020b 1.13 ± 0.017c 0.86 ± 0.030a NY/T 1676-2008

Crude fiber (%) 1.2 ± 0.091a 1.1 ± 0.082a 1.1 ± 0.075a 1.1 ± 0.029a GB/T 5009.10-2003

Protein (%) 2.84 ± 0.152a 2.88 ± 0.156a, b 2.90 ± 0.201a, b 2.87 ± 0.198a GB 5009.5-2010

Total sugar (%) 45.6 ± 3.78a 50.8 ± 4.98b 52.7 ± 6.09b 49.6 ± 2.99a, b GB/T 15672-2009

Aspartic acid (%) 0.128 ± 0.0081b 0.115 ± 0.0132b 0.138 ± 0.0201c 0.095 ± 0.0063a GB/T 5009.124-2003

Threonine (%) 0.100 ± 0.0071a 0.096 ± 0.0044a 0.098 ± 0.0066a 0.098 ± 0.0072a GB/T 5009.124-2003

Serine (%) 0.051 ± 0.0056b 0.041 ± 0.0042b 0.090 ± 0.0081c 0.027 ± 0.0029a GB/T 5009.124-2003

Glutamic acid (%) 0.328 ± 0.0246a 0.336 ± 0.0311a, b 0.354 ± 0.0382b 0.348 ± 0.0471b GB/T 5009.124-2003

Glycine (%) 0.095 ± 0.0071a 0.091 ± 0.0091a 0.091 ± 0.0055a 0.092 ± 0.0060a GB/T 5009.124-2003

Alanine (%) 0.147 ± 0.0186a 0.143 ± 0.0092a 0.152 ± 0.0118a 0.147 ± 0.0181a GB/T 5009.124-2003

Valine (%) 0.101 ± 0.2601a 0.098 ± 0.0111a 0.100 ± 0.0125a 0.099 ± 0.0087a GB/T 5009.124-2003

Methionine (%) 0.094 ± 0.0117a 0.117 ± 0.0124b 0.123 ± 0.0133c 0.109 ± 0.0167b GB/T 5009.124-2003

Isoleucine (%) 0.089 ± 0.0047a 0.084 ± 0.0055a 0.088 ± 0.0023a 0.086 ± 0.0086a GB/T 5009.124-2003

Leucine (%) 0.144 ± 0.0163a 0.137 ± 0.0135a 0.141 ± 0.0116a 0.138 ± 0.0214a GB/T 5009.124-2003

Tyrosine (%) 0.029 ± 0.0013a 0.068 ± 0.0034b 0.068 ± 0.0055b 0.065 ± 0.0074b GB/T 5009.124-2003

Phenylalanine (%) 0.074 ± 0.0037a 0.076 ± 0.0024a, b 0.080 ± 0.0062b 0.079 ± 0.0091b GB/T 5009.124-2003

Lysine (%) 0.027 ± 0.0026a 0.049 ± 0.0035c 0.036 ± 0.0063b 0.028 ± 0.0019a GB/T 5009.124-2003

Histidine (%) 0.059 ± 0.0032a 0.058 ± 0.0041a 0.058 ± 0.0073a 0.065 ± 0.0056a, b GB/T 5009.124-2003

Arginine (%) 0.100 ± 0.0123a 0.149 ± 0.0172b 0.154 ± 0.0148b 0.181 ± 0.0191c GB/T 5009.124-2003

Proline (%) 0.074 ± 0.0043a 0.070 ± 0.0064a 0.072 ± 0.0025a 0.071 ± 0.0043a GB/T 5009.124-2003

Total amino acids (%) 1.64 ± 0.1623a 1.69 ± 0.1732a, b 1.84 ± 0.1280b 1.66 ± 0.0991a GB/T 5009.124-2003
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physiological requirements. In addition, the delay of rot 
incidence in H. marmoreus might be dependent on  H2 
homeostasis.

In kiwifruit, 80% HRW treatment can effectively reduce 
rot incidence and maintain a higher firmness (Xing et al. 
2007), which is similar to our results. In addition to  H2, 
the single molecule NO can also improve the quality of 
Agaricus bisporus (Jiang et  al. 2011). Further studies 
have found that  H2 and NO decrease ROS content and 
increase antioxidant ability in fruits and mushrooms. In 
addition, 5% HRW treatment significantly decreases ROS 
content, maintains the biomass and polar growth mor-
phology of mycelium, and decreases secondary metabo-
lism under HAc-induced oxidative stress in G. lucidum 

(Ren et  al. 2016). In plants,  H2 can also enhance the 
tolerance of plants to multiple environmental stresses, 
including drought, cold and salt stresses (Jin et al. 2013). 
Therefore, HRW might play a role in enhancing antioxi-
dant ability and scavenging ROS.

The production of ROS, such as hydrogen peroxide, is 
considered as an important effector in mushrooms dur-
ing storage (Singh and Singh 2013). In our study, we found 
that HRW treatments could increase anti-hydrogen-per-
oxide activity, and the 25% HRW treatment led to signifi-
cant hydrogen peroxide scavenging (Fig. 4b). In kiwifruit, 
80% HRW treatment can effectively reduce rot incidence 
and maintain higher firmness (Hu et  al. 2014), leading 
to increased radical  (O2

− and.OH)—scavenging activ-
ity in kiwifruit. Similar with  H2, NO significantly reduces 
both  O2

− production rate and  H2O2 content (Xuan et al. 
2012; Lai et al. 2011). Ripening in mushrooms and fruits 
has been described as an oxidative phenomenon, which 
requires a turnover of ROS, such as  H2O2 and  O2

−. How-
ever, if excessive ROS were produced, oxidative damage 
might ensue, making fruits and mushrooms rot quickly. 
HRW had a positive effect on ROS scavenging and main-
taining ROS at a relatively low level.

Meanwhile,  H2 treatment can induce the activities of 
antioxidants, such as SOD, CAT and APX, thereby lim-
iting oxidative processes during the storage of fruits (Xu 
et  al. 2013; Hu et  al. 2012; Hu et  al. 2014). In the pre-
sent study, we found that 25 and 50% HRW treatments 
increased the activities of antioxidants, including SOD, 
CAT, APX and GR (Fig. 5). In addition, we also assessed 
the gene expression levels of sod, cat, apx and gr and 
found that 25% HRW treatment induced the expression 
of these genes (Fig.  6), which was consistent with the 
changes in the activities of these antioxidants. The results 
were also consistent with those obtained from ani-
mals and plants, showing that low doses of  H2 enhance 
the activities of antioxidants and the levels of the well-
known antioxidant glutathione (GSH), thereby increas-
ing endogenous antioxidant defenses against (Chen et al. 
2014; Hong et al. 2010; Jin et al. 2013; Lin et al. 2014; Xu 
et al. 2013; Wang et al. 2016). These results indicated that 
HRW treatment could help control ROS content by acti-
vating the antioxidant defense system, thereby alleviating 
oxidative damage and delaying senescence.

Moreover, ROS accumulation in the cell damages 
membrane structure and function, triggering membrane 

Fig. 4 Effects of HRW on the MDA content (a) and the inhibition 
of anti-hydrogen-radical activity (b) in fruit bodies of Hypsizygus 
marmoreus during storage at 4 °C. MDA malonaldehyde, Con control 
group. The data are presented as the mean ± SD of three independ-
ent experiments. Bars with different letters denote a statistically sig-
nificant difference compared with the control according to multiple 
comparisons (P < 0.05)



Page 8 of 10Chen et al. AMB Expr  (2017) 7:221 

lipid peroxidation and inducing membrane breakdown 
(Juan et al. 2011; Oz et al. 2015). In this study, MDA con-
tent (Fig.  4a) and RELR (Fig.  3a) increased during stor-
age, which was consistent with the increased ROS level 
(Fig.  4b). HRW treatment significantly reduced these 
increases in MDA and RELR. During the process of 
fruit storage, lipoxygenase activity, conjugated diene and 
MDA contents are positively correlated with ROS levels, 
indicating that the extent of membrane lipid peroxida-
tion depends on the ROS level (Chomkitichai et al. 2014). 
These results suggested that HRW treatment could 

reduce the rot incidence in mushrooms by decreasing 
membrane permeability and lipid peroxidation.

In conclusion, our study showed that pretreatment 
with 25% HRW could effectively inhibit rot incidence 
and extend the shelf life of H. marmoreus. Moreover, 25% 
HRW treatment maintained higher firmness and delay 
weight loss. In addition, 25% HRW treatment reduced 
lipid peroxidation by decreasing the MDA content and 
increasing anti-hydrogen-radical activity. Furthermore, 
25% HRW treatment also increased the activities of 
antioxidants, including SOD, CAT, APX and GR. These 

Fig. 5 Effects of HRW on the antioxidant enzyme activities of SOD (a), CAT (b), APX (c) and GR (d) in fruit bodies of Hypsizygus marmoreus during 
storage at 4 °C. SOD superoxide dismutase, CAT catalase, APX ascorbate peroxidase, GR glutathione reductase, Con control group. The data are pre-
sented as the mean ± SD of three independent experiments. Bars with different letters denote a statistically significant difference compared with 
the control according to multiple comparisons (P < 0.05)
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results suggested that HRW treatment had a potential 
role in the preservation of H. marmoreus by enhancing 
the antioxidant ability.
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