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Abstract To quantify the eVect of oxygen concentrations
on the quality and antioxidant enzyme system of stored
golden needle mushroom, modiWed atmosphere packaging
(MAP) with low and initial superatmospheric oxygen was
applied during mushroom storage, and physiological
changes associated with postharvest deterioration, activities
of antioxidant enzymes, and of cellulase, were monitored
during subsequent storage for 0–34 days. Golden needle
mushrooms stored in MAP without oxygen or 20–50%
oxygen rate had a poorer sensory quality because of chill-
ing injury and physiological injury. These injuries included
increased levels of malondialdehyde and superoxide anion
whereas some extent of browning was observed. The anti-
oxidant enzyme system, including superoxide dismutase,
catalase, peroxidase, and polyphenol oxidase, was acti-
vated, to scavenge the reactive oxygen species to reduce
injury during the initial storage period. However, these
injuries also induced senescence of the stored golden nee-
dle mushroom during later storage, followed by a decrease
in activities of the antioxidant enzymatic system. The activ-
ities of the antioxidant enzymatic system of the mushroom

stored in MAP with 80% oxygen rate were the most favor-
able to delay the senescence process in the later period of
storage, and the mushrooms had the best quality until the
end of storage. MAP with high oxygen concentrations (e.g.,
80% oxygen rate) can induce relatively high antioxidant
capacity, signiWcantly decrease postharvest quality loss and
improve shelf life of fresh mushrooms.

Keywords Golden needle mushroom · High oxygen 
atmosphere packing (HOAP) · Antioxidant · 
Senescence · Fresh-keeping

Introduction

Golden needle mushrooms (Flammulina velutipes), having
a delicious taste and high nutritional value, is grown exten-
sively, and its consumption in China has increased substan-
tially in recent years [1]. Fresh golden needle mushrooms
are highly perishable, so decreasing losses of fresh mush-
rooms is the main objective of postharvest technology.
Fresh mushrooms are still alive and require oxygen for their
metabolism. The metabolism may cause some physical and
chemical changes such as losses of weight and Wrmness,
browning, veil-opening, sensorial, and nutritional changes,
which reduce the value of mushroom especially at room
temperature [2].

ModiWed atmosphere packaging (MAP) and controlled
atmosphere (CA) storage can potentially reduce respiration
rates [3], but the designs of MAP and CA strongly depend
on the respiration process, so it is necessary to optimize
fresh-keeping conditions to reduce the respiration rate.
Optimal conditions for MAP and CA depend on the meta-
bolic characteristics of the speciWc product to be stored.
Low oxygen levels reduce the rate of metabolic conversion
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and maintain fruit quality longer than in normal air storage.
However, low oxygen levels also have the potential to
induce undesirable eVects. Undesirable responses include
the induction of fermentation, development of disagreeable
Xavors, reduction in aroma biosynthesis, induction of tissue
injury, and alteration in the makeup of microbial Xora [4].
Fermentation occurs when ambient oxygen concentrations
fall below a critical level, which is typically shown by an
increase in respiratory quotient (RQ), ethanol production,
or both [5].

Mushroom senescence is an oxidative process that
involves degradation of the cellular and sub-cellular struc-
tures and macromolecules. Oxidative stress has been impli-
cated in damages in mushroom, fruit, and vegetables during
harvesting and storage [6]. Susceptibility to oxidative stress
depends on the overall balance between oxidants and anti-
oxidant capability of the cell [7, 8].

Reactive oxygen species (ROS), such as superoxide rad-
ical (O2·

¡), hydrogen peroxide (H2O2), hydroxyl radical
(OH·), and singlet oxygen (1O2), have been suggested to
play an important role in lipid peroxidation, damage to
membranes, oxidization of proteins, and DNA, eventually
resulting in senescence [9]. Environmental stress, including
exposure to low or high oxygen levels, chilling, and water
stress [6, 10], can increase the stationary levels of reactive
oxygen–free radicals in cells, and lead to oxidative stress,
which has been associated with damage to the stressed
mushrooms and plants [11, 12]. Reduced activity of the
cell’s antioxidant system causes extensive senescence of
plant tissues [13]. The above mechanism forms the basis of
physiological changes that can occur in stored mushrooms
and may aVect their postharvest shelf life. Enzymatic anti-
oxidant systems provide protection against the toxic eVects
of ROS in the cell, and antioxidant enzyme activities such
as superoxide dismutase (SOD), catalase (CAT), and per-
oxidase (POD) are involved in the scavenging of reactive
oxygen radicals [6, 14]. Of these, SOD is hypothesized to
play a crucial role in antioxidant defense because it cata-
lyzes the dismutation of O2·

¡ into H2O2, whereas CAT and
POD decompose H2O2 [15].

Liesbeth reported that high O2 atmospheres (exceeding
70% O2) were particularly eVective in inhibiting enzymatic
browning of fresh-cut vegetables [16]. Strawberries stored
at high oxygen atmospheres pressure (>40 kPa) had higher
antioxidant capacity, total phenolics, less decay, generally
emitted lower levels of volatile compounds and had longer
postharvest life than strawberries stored traditionally in air.
High oxygen atmospheres (70% O2/30% CO2) resulted in
reduced tenderness, juiciness, and proteolysis of meat
stored during 14 days [17]. Although several studies have
been conducted on production of oxidants and antioxidant
activity during senescence, little is known about the eVects
of low and superatmospheric oxygen on antioxidative

mechanisms in stored mushrooms. In our previous studies,
a combination of MAP with high oxygen levels and mois-
ture absorbers was eVective for fresh-keeping and main-
taining the quality of golden needle mushrooms [1]. The
present paper investigates the eVects of MAP with low and
superatmospheric oxygen on the antioxidant enzyme activi-
ties and reactive-free radicals of stored mushrooms, speciW-
cally on the relationship between antioxidant enzyme
activities and quality changes of mushrooms during stor-
age, and the potential value of high oxygen atmosphere
packaging (HOAP) storage as a practical technique for
extending mushroom shelf life.

Materials and methods

Chemicals

Polyvinylpolypyrrolidone (PVPP), nitroblue tetrazolium
(NBT), 2-thiobarbituric acid (TBA), titanium sulfate,
diethyl thiocarbamate, bovine serum albumin, and xan-
thine oxidase were purchased from Sigma St. Louis, MO,
USA. Trichloroacetic acid (TCA), polyethylene glycol
(PEG), ascorbic acid, guaiacol, and catechol were pur-
chased from Merck Chemicals Co. (Beijing, China). Ace-
tonitrile, alcohol, ammonia, H2O2, and H2SO4 were
obtained from Sinopharm Chemical Reagent Beijing Co.,
Ltd (Beijing, China). The other chemicals used were of
analytical grade.

Preparation, packaging, and storage 
of golden needle mushrooms

Golden needle mushrooms (F. velutipes), produced by a
local farm in Beijing (China) and harvested at a commer-
cially mature stage, were purchased and transported to the
laboratory within an hour. After cooled for 3 h at 3 °C,
120 g of fresh mushrooms were packed in polyethylene
bags (PE package, 30 £ 40 cm2, thickness 550 �m) con-
taining 10 g bentonite (a moisture absorber) and 8 g active
carbon (a deodorant), which was an optimized condition
[1]. Each pack was at atmospheric pressure and supplied
with an initial gas mixture [either 100% N2 (without oxy-
gen) or 20% O2 (balanced by N2: 80%, similar to air as a
control group) or high oxygen modiWed atmosphere with
50, 70, 80, 90, 100% O2 (balanced by N2: 50, 30, 20, 10%,
0)]. Subsequently, the packs were heat-sealed (Huhua pack-
ing machinery CO., LTD, Wenzhou, China) and stored in
darkness at optimum storage temperature 3 °C and RH of
85%. Sampling was performed on days 0, 7, 14, 19, 24, 29,
and 34. For each product analysis of quality and antioxidant
system, triplicate containers were used in the storage period
for each treatment.
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Headspace gas analysis and respiration rate measurement

For each treatment, the gas composition during storage was
analyzed by sampling 10 �L of the in-package atmosphere at
diVerent times, using a syringe. Gases were injected into a
gas chromatograph (Agilent GC-6890A, Agilent Technolo-
gies, USA), consisting of two manifolds Wtted with GC112A-
TCD: a molecular sieve 5A PLOT (4 m, 0.32 mm) thermo
stated at 40 °C for O2 detection, and warmed up to 80 °C for
CO2 analysis. Helium was used as the carrier gas at 550 kPa.

The respiration rate, expressed as mg O2 consumed h¡1

g¡1 fw (fresh weight) or mg CO2 produced h¡1 g¡1 fw,
could be calculated by the measured depletion of O2 and
production of CO2. The respiration measurements were
performed in triplicate at diVerent O2-levels.

Ethanol in the headspace was measured using an Agilent
GC-6890A gas chromatography equipped with a Xame ion-
ization detector (FID) and pp-20000 column. N2 was used
as a carrier gas, the Xow rate was 2 mL min¡1, and the col-
umn temperature was 100 °C.

Sensory quality

The sensory quality was evaluated by the method of Liesbeth
with some modiWcations [18]. A panel of ten trained judges
evaluated the sensory characteristics of all mushrooms. The
typical characteristics of the mushrooms and the possibilities
of deterioration were explained before the evaluation began.
The general appearance was evaluated on a scale of 9–1,
where 9 represents excellent without any rotten or water-
soaked spots, 7 represents good without any rotten or water-
soaked spots, 5 represents fair and limited marketability with
1–2 rotten or water-soaked spots of 0.5 mm2, 3 represents
poor and limited usability with 3–4 rotten or water-soaked
spots of 0.5 mm2, and 1 represents very poor and inedible
with 5 or more rotten or water-soaked spots of 0.5 mm2.

Firmness measurement

Firmness and softening of mushrooms were determined by
penetration test using a Texture Analyser CT3 (BrookWeld,
USA). After removal of the stem of the mushroom, the cap
was compressed with a probe (diameter 50 mm) at
5 mm s¡1. The peak stress at 70% compression and the
maximum force for extrusion were used to determine Wrm-
ness of the mushrooms [19].

Analysis of antioxidant enzymes

SOD activity

SOD was extracted from 1 g mushroom tissue, which was
sampled from the packages with oxygen rate of 0, 20, 50,

70, 80, 90, 100% on storage days 0, 7, 14, 19, 24, 29, and
34, respectively, ground (used sea sand to deal with sam-
ples for 5 min) in 10 mL of 50 mM phosphate buVer, pH
7.8, containing 1% polyvinylpolypyrrolidone (PVPP) at
4 °C and then centrifuged at 15,000g for 15 min at 4 °C.
The supernatant was used to determine SOD activity using
the method reported by Sujatha [20]. The superoxide radi-
cals were generated by xanthine oxidase and NBT was used
as indicator of superoxide radical production. One unit of
enzyme activity is deWned as the amount of enzyme that
gave half-maximal inhibition. In all enzymatic prepara-
tions, protein was determined by the method of Lowry
using bovine serum albumin (BSA, Sigma) as standard
[21].

CAT activity

CAT was extracted from 2.5 g fresh weight of mushroom
tissue ground in 25 mL of 50 mM phosphate buVer, pH 7.8
at 4 °C and then centrifuged at 15,000g for 15 min at 4 °C.
The supernatant was used to determine CAT activity by the
method of Candan [22]. CAT activity was assayed in a
reaction mixture containing 50 mM phosphate buVer (pH
7.0) 10 mM H2O2 and enzyme with a Gold S54T UV–Vis
Spectrophotometer (Shanghai Lingguang Technology CO.
LTD, China) at 240 nm. The unit of CAT activity was deW-
ned as the amount of enzyme, which decomposes 1 mmol
H2O2 per minute at 25 °C.

POD activity

POD was extracted from 50 g fresh weight of mushroom
tissue ground in 50 mL of 50 mM phosphate buVer (pH
7.0) and then centrifuged at 10,000g for 10 min. For POD
activity, the guaiacol was used as an electron donor for oxi-
dation [23]. To 0.1 mL of supernatant, 0.09 mL of 30 mM
H2O2, 50 �L of 1.5 mM of guaiacol, and 2.75 mL of
50 mM phosphate buVer (pH 7.0) was added. The mixture
was shaken gently and the absorbance reading was read
after 15 and 30 s at 470 nm. Enzyme activity was evaluated
as follows: APOD = A470 £ (V £ t)¡1, where, A470—
absorbance at 470 nm, V—volume of the sample, and t—
time of the reaction.

PPO activity

PPO was extracted from 20 g mushroom homogenized in
100 mL of 100 mM of phosphate buVer (pH 7.0) containing
10 mM ascorbic acid and polyethylene glycol (1% of mush-
room in weight). After Wltration of the homogenate through
muslin, the Wltered material was centrifuged at 10,000g for
20 min at 4 °C; the supernatant was used to determine PPO
activity. PPO activity was assayed with catechol as a
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substrate by a spectrophotometric procedure [24]. The
increase in absorbance at 420 nm was recorded for 5 min.
One unit of enzyme activity was deWned as the amount of
the enzyme, which caused a change of 0.001 in absorbance
per minute.

Cellulase activity

Cellulase activity (Fpase activity) was determined accord-
ing to the method of Emtiazi [25]. One microliter of the
supernatant (duplicated by section “POD activity”) was
added to a test tube containing 0.05 g Whatman No.1 Wlter
paper strip (1 £ 6 cm2), and 1 mL 0.05 M citrate buVer pH
4.8 and incubated at 50 °C for 1 h. Then, 2 mL DNS were
added to test tube and incubated at 100 °C for 15 min.
Then, 1 mL Sodium Potassium tartrate and 5 mL water
were added to the test tube, followed by measuring the
released glucose by optical density at 575 nm. Enzyme
activity was expressed as U mL¡1 (the amount of reducing
sugars (mM) released mL¡1 Wltrate/hour).

MDA content determined

Malondialdehyde (MDA) content was determined accord-
ing to the method of Shah [26]. Fresh tissue (1 g) was
ground in 0.25% 2-thiobarbituric acid (TBA) in 10% TCA
using a mortar and pestle, which were precooled at 0 °C.
After heating at 95 °C for 15 min, the mixture was quickly
cooled in an ice bath and centrifuged at 10,000g for 10 min.
The absorbance of the supernatant was read at 532 nm and
corrected for unspeciWc turbidity by subtracting the absor-
bance of the blank at 600 nm. The blank was 0.25% TBA in
10% TCA. The concentration of lipid peroxides together
with oxidatively modiWed proteins of plants was thus quan-
tiWed in terms of MDA level using an extinction coeYcient
of 155 mM¡1 cm¡1 and expressed as nmol g¡1 fw (fresh
weight).

Superoxide anion assays

The rate of superoxide anion (O2·
¡) generation was mea-

sured following the method of Chaitanya [27]. About 1 g of
F. velutipes fresh sample was homogenized in 50 mM
sodium phosphate buVer (pH 7.8) containing 1 mM diethyl
dithiocarbamate to inhibit SOD activity. After centrifuga-
tion at 10,000g for 20 min, O2·

¡ in the supernatant was
measured by their ability to reduce nitroblue tetrazolium
(NBT). The assay mixture (total 3 mL) contained 100 mM
sodium phosphate buVer (pH 7.8), 1 mM diethyl thiocarba-
mate, 0.25 mM NBT, and the supernatant. The absorbance
of the end product was measured at 540 nm in a Gold S54T
UV–Vis Spectrophotometer (Shanghai Lingguang Tech-
nology CO. LTD), and the O2·

¡ production rate was

expressed as nmol g¡1 on a fresh weight basis. A standard
curve with NO2 was used to calculate the O2·

¡ production
rate from the reaction equation of O2·

¡ with hydroxyl-
amine.

Browning degree

Mushroom quality was assessed by the extent of browning
of the cap and measured using the reXectometer function of
a Hunter Colormeter (Shanghai precision instrument Co.
Ltd., Shanghai, China). Each mushroom was measured at
three equidistant points from the cap of the mushrooms. To
analyze the reXectance data (L), they were Wrst transformed
by the function: Y = log n (100 L), where Y can be
described as the degree of browning [28]. All experiments
were replicated thrice, and the mean values were used in
the analysis. Data were subjected to ANOVA and LSD
values at P = 0.05.

Statistical analysis

The storage experiment was performed in triplicate per
treatment, where each pack constituted a replicate. Results
of the quality and antioxidant system were presented as the
mean and standard deviation (mean § SD) and analyzed by
a Tukey and Duncan test by applying SAS/STAT® Version
8.2 software (SAS Institute Inc., USA) for Windows XP in
order to determine signiWcant diVerences (P < 0.05) between
the applied modiWed atmosphere packs.

Results and discussion

Respiration rate and gas change in headspace of packs

Figure 1 shows the change of respiration rate (RR) in all
packs during storage of golden needle mushrooms. The
RRs increased rapidly and reached a peak after 7 days stor-
age, dropped rapidly from day 7–14, and remained rela-
tively stable. The respiration was enhanced during the
storage and the breathing peak occurred at day 7; this has
also been called “breathing promotion period” [29]. In
these high oxygen packs, the RRs of initially oxygen
rate of 50 and 80% reached a peak value of 0.093 and
0.043 mg h¡1 g¡1 fw on the day 7, respectively. There was
signiWcant diVerence (P < 0.05) in the RRs between high
oxygen treatment (exceeding 50% oxygen) and the control
groups (20% oxygen and without oxygen). Among these
treatments during the initial 2 weeks storage, the RRs of
50% oxygen packs were higher than that of others. Interest-
ingly, the RR of 80% oxygen packs was the lowest among
the oxygen rates of 70% O2, 90% O2, 100% O2. Moreover,
the O2 depletion rate of 50% oxygen rate packs showed a
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signiWcant increase and was 1.5–2 times higher than that of
70–100% oxygen packs (data not shown).

CO2 concentrations in the headspace of all packs
increased gradually with increasing storage time and
reached a highest value at the end of storage (Fig. 2). The
CO2 concentration of 50% oxygen packs was the highest
and reached a highest value of 31.3 mL L¡1, whereas the
CO2 concentration in the packs of 80% oxygen was the
lowest among the high oxygen packing during the storage
time. These results were in accordance with those of the
RRs. The changes in ethanol concentration were also
detected in the mushroom storage packages. No ethanol
was detected in the MAP with the high oxygen treatment
(>70% oxygen rates), but ethanol was detected in the MAP
without O2 and with 20% O2 rate after the day 7. The etha-
nol concentration of two treatments was found to increase
with increasing storage time. This indicates that anaerobic
respiration occurred in mushroom packs at the low O2 lev-
els (below 20% oxygen).

Compared with our previous work [1], in all packs the
trends of changing RRs, O2 depletion and CO2 production
in headspace were similar. The results indicated that mush-
room respiration maybe inhibited by high oxygen (>70%
oxygen), with the strongest inhibition by 80% oxygen.
Wszelaki also found that the oxygen atmospheres that are
most eVective for decay control were those close to 80% or
those in combination with carbon dioxide [30]. Ayala con-
Wrmed that applying a high O2 atmosphere did not induce
fermentation, but had a beneWcial eVect on the microbial
composition, and prolonged the shelf life of raspberries and
strawberries [31].

Quality evaluation

Figures 3 and 4 show the sensory evaluation of the mush-
room stored in MAP with diVerent oxygen rates. The scores
for appearance decreased with increasing storage time, irre-
spective of treatments. However, there were signiWcant
eVects (P < 0.05) on the appearance scores between 80%
oxygen and others after 19 days of storage, and the diVer-
ences were associated mostly with the oxygen concentra-
tion. The appearance scores of stored mushrooms decreased
slowly until day 19, and then decreased strongly because of
chilling injury (water-soaked appearance). Among these
treatments, the appearance score in MAP with 80% oxygen
had the slowest decrease during storage. Based on the
acceptable score (5.0), only mushrooms in MAP with 80%
oxygen rate could be stored for 29 days. Li found that poor
atmosphere (under 10 mL L¡1 O2 and over 159 mL L¡1

CO2) resulted in physiological injury and senescence,
which caused another mushroom (A. chaxingu) to have
fragile caps and soft and spongy stems [32]. Several works
reported some beneWcial eVects of gas concentration with
low O2 content (less than 10%) and limited CO2 content
(5% maximum) on controlled atmosphere (CA) storage
potential of fresh mushrooms (Agrocybe chaxingu, Agari-
cus bisporus) [11, 33]. In this study, golden needle mush-
rooms stored at low oxygen rates suVered chilling injury.
The gas composition in the headspace of all packs with low
oxygen conditions was O2 under 40 mL L¡1 and CO2 above
147 mL L¡1, which indicates anaerobic respiration and
unfavorable atmosphere, which further caused physiologi-
cal injury and senescence, and rapid loss of mushroom
quality. It was conWrmed that mushrooms stored in MAP
with 80% oxygen rate at 3 °C had the best sensory quality
as shown in Fig. 4, whereas the mushrooms stored in MAP
without oxygen had the worst sensory quality.

Odor scores and weight loss followed similar trends as
the general appearance (data not shown).

The odor scores of 80% oxygen rate packs remained
above the acceptable value of 5.0 after 24 days of storage,
and weight loss of 80% oxygen rate packs after 30 days of

Fig. 1 Respiration rate (RR) of golden needle mushrooms stored
under MAP with diVerent initial oxygen rates: (blue diamond without
oxygen, pink square 20% oxygen rate, yellow triangle 50% oxygen
rate, aqua cross 70% oxygen rate, purple cross 80% oxygen rate,
brown square 90% oxygen rate, green plus 100% oxygen rate and bal-
anced N2). Vertical lines represent the mean § SD of replicates
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Fig. 2 CO2 concentrations of golden needle mushrooms stored under
MAP with diVerent initial oxygen rates: (blue diamond without oxy-
gen, pink square 20% oxygen rate, yellow triangle 50% oxygen rate,
aqua cross 70% oxygen rate, purple cross 80% oxygen rate, brown
square 90% oxygen rate, green plus 100% oxygen rate and balanced
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storage was less than 3.5%, which would be acceptable in
commercial practice. However, the low O2 atmosphere
packs were accompanied by oV-odors; signiWcant diVer-
ences (P < 0.05) were observed between the odor scores of
the mushrooms stored in MAP with 80% oxygen and in low
oxygen packs. In addition, we found that bentonite (a mois-
ture absorber) and active carbon (a deodorant) were beneW-
cial in maintaining quality of mushroom under MAP with
high oxygen atmosphere, because they absorbed water and
smell substances, produced from respiration and metabo-
lism of fresh mushroom, and could provide protection
against microbial deterioration.

SOD activity and superoxide anion (O2·
¡) generation

Table 1 shows the eVect of oxygen levels and storage con-
ditions on total SOD activity. All packs had a similar SOD
activity pattern. SOD activities all increased and reached

their maximum after 14 days, and thereafter decreased in
all groups. DiVerent oxygen concentrations had signiWcant
eVect on SOD activity of the golden needle mushrooms at
the storage time (P < 0.05), especially, high oxygen rates
had a positive eVect on enhancing the SOD activity during
the storage.

SOD is regarded as the key enzymatic antioxidant in
mushroom responses to stress factors to eliminate superox-
ide radicals and is the Wrst line of defense against damage
caused by superoxide radicals [31, 32]. SOD catalyzes the
dismutation of superoxide anion (O2·

¡) into H2O2, and this
might be the primary step for the defense against chilling
injury. Therefore, changes in SOD activity are induced
by the substrate level-superoxide radical, which increases
in stress conditions [34]. Our results correspond with the
measured O2·¡ generation (Fig. 5). The O2·

¡ generation
increased slowly during the initial 7 days storage, and then
increased quickly and reached a highest value at the end of
storage. Therefore, maintaining a high SOD activity might
be a more eYcient factor of mushroom tolerance to unfa-
vorable environmental conditions, and the antioxidant
activity decreases with the progress of senescence. It was
reported that a high degree of senescence of mushrooms
(Agaricus bisporus, Agrocybe chaxingu), vegetables, and
fruit resulted in low antioxidant activity, and that storage
stress was caused by increased O2·

¡ generation [11, 32]. Of
all our experimental packs, those stored in 80% oxygen
had the highest SOD activity and lowest O2·

¡ generation
throughout the storage time. Therefore, mushrooms in
MAP with 80% oxygen rate having the highest SOD activ-
ity during the latter part of the storage period had a delayed
progress of senescence and consequently had the best
quality.

CAT activity and Malondialdehyde (MDA) generation

The increases in CAT activity were found during the initial
14 days of storage, followed by a decrease (Table 1). No
statistically signiWcant diVerences were detected among the
treatments on the initial 14 days of the storage (P > 0.05),
but with the extension of storage time, small diVerences
appeared. The signiWcant diVerences of CAT activity were
observed after 21 days. All of the above observations indi-
cated that senescence induced a decline of CAT activities in
golden needle mushroom during the later stage of storage.
The initial enhancement of CAT activity might be an adap-
tive response to oxygen rates and cold storage.

The levels of lipid peroxides were measured in terms of
malondialdehyde (MDA) content throughout the storage
(Fig. 6). The MDA content increased slowly from the ini-
tial value of 2 nmol g¡1 fw to values between the highest
terminal value of 11 nmol g¡1 fw (without oxygen) and the
lowest value of 5 nmol g¡1 fw (80% oxygen), respectively.

Fig. 3 Appearance scores of golden needle mushrooms stored under
MAP with diVerent initial oxygen rates: (blue diamond without oxy-
gen, pink square 20% oxygen rate, yellow triangle 50% oxygen rate,
aqua cross 70% oxygen rate, purple cross 80% oxygen rate, brown
square 90% oxygen rate, green plus 100% oxygen rate and balanced
N2). Vertical lines represent the mean § SD of replicates
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Fig. 4 Golden needle mushrooms stored under MAP with diVerent
oxygen concentrations after 30 days of storage at 3 °C. a 80% oxygen,
b without oxygen
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There were signiWcant diVerences (P < 0.05) between the
outcomes of the two conditions at the end of storage. The
results indicated that high oxygen rates (i.e., >70% O2)
could prevent the existence of the mushroom oxidative
injury to some extent.

The level of lipid peroxidation products in mushroom
samples was expressed as MDA content, and CAT activity
was relative to the level of H2O2 [11, 26]. CAT participates
in the main defense system against accumulation and toxicity
of hydrogen peroxide and can play a role in controlling
the H2O2 level in cells, but more rapid increase in H2O2

content at later senescence phase might cause the SOD
activity and CAT activity following decline [35]. In this

work, unfavorable atmosphere resulted in a relatively high
content of MDA and generation of superoxide anion which
induced oxidative injury, and SOD and CAT scavenged the
active oxygen species to alleviate these injuries. The MAP
with 80% oxygen rate could alleviate the oxidative injury
of golden needle mushroom to higher degree and helped
maintain the quality of mushrooms.

POD activity and reactive-free radicals

POD activities of the golden needle mushrooms stored in
MAP with diVerent oxygen rates increased slowly until
they peaked on day 7, followed by a decline from day 7–14

Table 1 The activities of antioxidant enzymes of golden needle mushrooms stored under MAP with diVerent initial oxygen rates (0–100%) on
days 1, 7, 14, 19, 24, 29, 34; the mean values of replicates, n = 3

Storage times (day) Storage times (day)

1 7 14 19 24 29 34 1 7 14 19 24 29 34

SOD (U/g) (%) POD (U/g) (%)

0 4.84 5.33 6.13 3.62 2.69 2.47 1.71 0 2.12 3.87 1.87 2.15 3.84 4.87 5.67

20 4.84 5.88 6.53 4.43 3.24 2.56 1.98 20 2.12 3.35 1.35 2.12 3.56 5.35 5.89

50 4.84 5.55 6.93 4.55 3.26 3.04 2.31 50 2.12 3.44 1.44 2.44 3.77 5.21 6.05

70 4.84 6.13 7.34 4.22 3.01 2.80 2.14 70 2.12 2.67 1.67 2.35 3.01 4.23 4.98

80 4.84 6.88 8.24 5.35 4.07 3.67 3.42 80 2.12 2.01 2.01 1.76 1.99 2.23 4.26

90 4.84 6.33 7.89 5.03 3.6 3.47 3.05 90 2.12 2.87 1.67 2.34 2.34 3.01 5.21

100 4.84 6.58 7.69 4.77 3.79 3.04 2.62 100 2.12 2.45 1.45 2.14 2.12 3.21 5.32

CAT (U/g) (%) PPO(U/g)

0 0.36 2.64 4.39 2.98 1.45 0.72 0.12 0 1.21 1.24 1.87 2.63 3.19 3.73 4.33

20 0.36 2.5 4.08 3.05 1.21 0.57 0.27 20 1.21 1.32 1.21 2.18 3.52 4.87 5.27

50 0.36 3.31 4.58 3.23 1.31 0.64 0.34 50 1.21 1.66 2.17 3.15 3.17 3.98 5.27

70 0.36 3.16 3.98 3.13 1.25 0.69 0.46 70 1.21 1.55 2.31 2.68 3.11 3.75 4.51

80 0.36 3.75 4.25 3.45 1.98 1.54 0.73 80 1.21 1.34 2.55 2.53 2.76 2.99 3.25

90 0.36 2.98 4.02 3.24 1.77 0.96 0.43 90 1.21 1.44 2.34 2.64 3.25 3.53 4.31

100 0.36 3.14 4.21 2.95 1.89 1.26 0.21 100 1.21 1.22 2.15 2.77 3.11 3.55 4.05

Fig. 5 O2·¡ generation of golden needle mushrooms stored under
MAP with diVerent initial oxygen rates: (blue diamond without oxy-
gen, pink square 20% oxygen rate, yellow triangle 50% oxygen rate,
aqua cross 70% oxygen rate, purple cross 80% oxygen rate, brown
square 90% oxygen rate, green plus 100% oxygen rate and balanced
N2). Vertical lines represent the mean § SD of replicates
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Fig. 6 MDA generation of golden needle mushrooms stored under
MAP with diVerent initial oxygen rates: (blue diamond without oxy-
gen, pink square 20% oxygen rate, yellow triangle 50% oxygen rate,
aqua cross 70% oxygen rate, purple cross 80% oxygen rate, brown
square 90% oxygen rate, green plus 100% oxygen rate and balanced
N2). Vertical lines represent the mean § SD of replicates
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(Table 1). Although POD activities of all treatments peaked
on the same day, mushrooms stored with 80% oxygen had
higher peaks and declined faster, which indicated that they
provided a more suitable environment for storing golden
needle mushrooms. Free radical reactions have been sug-
gested to play an important role in the degradation process
of membrane polar lipids in senescence [36, 37]. POD
belongs to enzymes involved in growth, development, and
senescence processes of mushrooms, and it is an important
active-free radical scavenging enzyme [32, 38]. Liu
reported that the POD activity was highest in high oxygen
at eighth day, then reduced. High oxygen, especially 100%
O2, was eVective at maintaining the quality of mushroom
[31].

PPO activity and extent of browning

Mushroom browning is an important cause of loss quality
during postharvest storage. Oxidation of phenol by poly-
phenol oxidase (PPO) and POD results in the formation of
browning complexes. The inXuences of diVerent oxygen
concentrations on the activity of PPO, POD, and the extent
of browning of stored mushrooms are shown in Table 1 and
Fig. 7, respectively. Both PPO activities and browning
increased slowly during the storage. After day 19, signiW-
cant diVerences of PPO activity were found among the
seven treatment groups (P < 0.05), whereas after day 24
signiWcant diVerences of browning were found. The mush-
rooms in MAP with 80% oxygen showed a relatively lower
PPO activity and browning degree, and a longer shelf life.
Liu reported that high oxygen, especially 100% O2, was
eVective at inhibiting discoloration. The PPO activity of
mushroom was signiWcantly (P < 0.05) higher in 100% O2

compared with air treatment [31]. Application of high oxy-
gen atmosphere packaging (i.e., >70% O2) for fresh-cut

vegetables was evaluated as an alternative technique for
low O2 modiWed atmosphere (3% O2—5% CO2—balance
N2); high O2 concentrations (>70% O2) were found to be
particularly eVective in inhibiting enzymatic browning of
fresh-cut vegetables [16].

Cellulase (Cx) activity and Wrmness

The Cx activities of the mushrooms increased with pro-
longed storage time and reached their peak on day 14 in
packs with 50% oxygen rate and on day 19 in the other
treatments, and then declined until the end of storage
(Fig. 8). There were no signiWcant diVerences (P > 0.05) in
Cx activities in all packs during the initial 19 days storage,
but in the period 19–34 days, signiWcant diVerences
(P > 0.05) between the treatments occurred.

Cellulase can degrade mushroom tissue and decrease its
Wrmness. Abeles described that a sixfold increase in cellu-
lase activity, measured as the reduction in viscosity of car-
boxymethyl cellulose, was associated with maturation and
softening in strawberry fruit [39]. In addition, the improved
Wrmness of calcium-treated vegetables could be due to
enzymatic demethylation of cellulose and pectins followed
by the formation of bridge bonds [40]. Perhaps high oxygen
packs also had eVect on enzymatic demethylation of cell
framework and extending postharvest life, but the potential
eVects need further research.

Conclusions

Golden needle mushrooms stored in MAP without oxygen
or 20–50% oxygen had a poorer sensory quality because of
physiological injuries. These injuries induced a relatively
high MDA content, O2·

¡ generation, and browning. These
injuries also induced senescence of the stored mushrooms,

Fig. 7 Browning of golden needle mushrooms stored under MAP
with diVerent initial oxygen rates: (blue diamond without oxygen, pink
square 20% oxygen rate, yellow triangle 50% oxygen rate, aqua cross
70% oxygen rate, purple cross 80% oxygen rate, brown square 90%
oxygen rate, green plus 100% oxygen rate and balanced N2). Vertical
lines represent the mean § SD of replicates
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Fig. 8 Cx activities of golden needle mushrooms stored under MAP
with diVerent initial oxygen rates: (blue diamond without oxygen, pink
square 20% oxygen rate, yellow triangle 50% oxygen rate, aqua cross
70% oxygen rate, purple cross 80% oxygen rate, brown square 90%
oxygen rate, green plus 100% oxygen rate and balanced N2). Vertical
lines represent the mean § SD of replicates
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which was accompanied by lower activities of antioxidant
enzyme system. Gas atmosphere of mushroom packs with
greater than 40 mL L¡1 O2 and lesser than 147 mL L¡1 CO2

resulted in anaerobic respiration and physiological injury
and a rapid loss of mushroom quality.

The antioxidant enzyme system, including SOD, CAT,
POD, and PPO, was activated to scavenge ROS and reduce
injury during the initial storage period. However, these
injuries also induced senescence of golden needle mush-
rooms in the later part of storage period, which decreased
the activities of antioxidant enzymatic system. The storage
of golden needle mushrooms under initial 80% oxygen con-
centrations signiWcantly aVected the antioxidant capacity,
overall quality, MDA content, and O2·¡ generation. Data
presented in this study suggest that the high O2 increases
the oxidative stress so induce the activities of the antioxi-
dant enzymes. Especially, the activities of antioxidant
enzyme system of the mushroom stored in MAP with 80%
oxygen were the most favorable to delay the senescence
process in the latter part of the storage period. This treat-
ment resulted in mushrooms of the best quality until the end
of storage.
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