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Abstract
The shelf life of Dictyophora rubrovolvata (D. rubrovolvata) has been strongly limited by autolysis, a natural process of 
self-degradation. Conventional heat treatment methods (hot water or hot air) are not suitable for D. rubrovolvata fruiting 
bodies because of their fragile and porous structure. Therefore, in this work, we attempted to use microwave treatment 
(MT/100 W, 75 W, 50 W) to delay autolysis and extend the shelf life of D. rubrovolvata fruiting bodies. The results showed 
that MT could delay the decrease in cellulose, chitosan, and β-1,3 glucan contents by inhibiting the corresponding enzyme 
activity and maintaining a high level of energy charge by delaying the decrease in ATP and ADP. Meanwhile, compared 
with the control group (CK), D. rubrovolvata fruiting bodies after MT had improvements in many qualities during storage 
(4 °C, 95% RH), including delayed deterioration of water migration, sensory evaluation, browning, shear force, ethanol, 
malondialdehyde (MDA), relative conductivity, and respiratory rate. Furthermore, D. rubrovolvata fruiting bodies after MT 
maintained contents of umami compounds compared to CK, which included free amino acids, 5′-nucleotides, and equivalent 
umami concentration (EUC). The electronic nose (E-nose) results showed that MT maintained a better flavor. Notably, the 
effect of low power (50 W) was better than that of high power (100 W, 75 W). Thus, microwaves could effectively regulate 
autolysis and energy metabolism of D. rubrovolvata fruiting bodies during the postharvest period. Therefore, microwaves 
can be applied as a pretreatment method, providing valuable insights regarding postharvest mushrooms.
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Introduction

One of the edible mushrooms grown in plantations under 
forests is Dictyophora rubrovolvata (D. rubrovolvata), 
which has excellent edible value due to its unique flavor and 
texture, vitamins, minerals, amino acids, and polysaccharides 

(Zhuang & Sun, 2011). In addition, this mushroom possesses 
antitumor, liver protection, and hypoglycemic (Sun et al., 
2017). Considering that Southwest China has a high forest 
coverage rate, such as in Sichuan, Guizhou, and Yunnan, 
planting D. rubrovolvata under the cover of a forest provides 
economic benefits. Throughout the “China’s 13th five-year 
plan” period, the cultivation of D. rubrovolvata has played a 
pivotal role in the development of the local edible mushroom 
industry. However, fresh D. rubrovolvata possesses a short 
postharvest life due to autolysis.

In fact, autolysis was the most serious problem of 
mushroom during the storage and transportation. It also 
occurs widely in mushroom species, such as Lentinula 
edodes, Agaricus bisporus, and Coprinus comatus. In 
previous studies, researchers focused on various hydrolases 
in mushroom cells, including cellulases, glucanases, 
and chitinase. During the autolysis process, once the 
membrane structure is destroyed, the independence of 
the organelle is broken, and its own enzyme is released. 
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Therefore, enzymatic reactions can occur rapidly because 
of contact with the substrate. When autolysis occurs during 
postharvest storage of mushrooms, the intracellular activity 
of chitinase and β-(1,3)-glucanases is increased (Peng et al., 
2020). Autolysis is also caused by metabolic disorders in 
mushrooms, which leads to a decrease in mitochondrial 
transmembrane potential, a decrease in energy charge 
level, and insufficient energy supply (Decros et al., 2019). 
Furthermore, it has been shown that the autolysis of 
mushroom was also closely related to energy metabolism. 
The sufficient energy supply was key to maintaining the 
physiological metabolism of postharvest mushrooms, which 
can contribute to the integrity of the cell membrane and 
reduce oxidative stress (Wang et al., 2019a, b). However, 
during postharvest storage, mushrooms mainly obtain energy 
by consuming nutrients, which often accelerated autolysis 
(Gong et al., 2020). In Yang et al.’s report, autolysis occurred 
because of downregulation of related proteins during 
autolysis which leaded to the reduction in ATP production 
and caused the disorders of energy metabolism. Therefore, 
it was necessary for mushroom to delay the autolysis and 
maintain the energy metabolism level after postharvest.

Currently, in the realm of postharvest storage, various 
methods are employed to extend the shelf life of mushrooms 
(Lurie & Pedreschi, 2014). Heat shock is one of the physi-
cal methods. Its underlying principle involves placing the 
fruiting bodies at elevated temperatures for a specific dura-
tion and subsequently rapidly cooling them. Hot air and 
hot water have been widely employed. Zhao et al. used hot 
air to Lentinula edodes by short-term partial dehydration 
(STPD). Consequently, the storage life of Lentinula edodes 
was prolonged, which can effectively inhibit the activity of 
polyphenol oxidase (PPO) and maintain the content of fla-
vonoid compounds and flavor substances (Zhao et al., 2021). 
In Barron et al.’s work, Agaricus bisporus was bloped with 
hot water at 90 °C for 60 s. The results showed that hot water 
could effectively inhibit PPO activity and browning in Aga-
ricus bisporus (Barrón-García et al., 2022).

In previous experiments, we found that D. rubrovolvata is 
prone to water absorption because of its fragile and porous 
structure. Therefore, following the application of hot water, 
D. rubrovolvata cannot be dried in a short time as it acceler-
ates the deterioration of fruiting bodies. On the other hand, 
the moisture of D. rubrovolvata is readily evaporated by hot 
air, resulting in shrinkage and wilting of fruiting bodies. 
Microwave treatment (MT) is a new postprocessing method 
that warrants further development (Guzik et al., 2021). MT 
is more efficient than hot air and hot water and has been 
applied to fruits and vegetables. The studies investigated that 
microwave treatment could reduce peaches’ internal brown-
ing caused by chilling injury (Wang et al., 2023), delay the 
softening in persimmon (Chen et al., 2021), and inhibited 
yellowing and transpiration in bok choy (Song et al., 2018). 

In addition, Sisquella et al. (2013) found that the brown 
rot caused by Monilinia fructicola in nectarine fruits was 
decreased 30% by inhibiting the growth of pathogens after 
treated with microwave power of 17.5 kW for 50 s. Based on 
the reported studies, we hypothesized that MT may inhibit 
the activity of relevant autolytic enzymes and regulate the 
energy metabolism level of mushroom fruiting bodies. In 
this study, the effect of MT on the shelf life of D. rubro-
volvata was investigated. The changes in sense, texture, 
physiology, flavor substances, autolytic substrates (cellu-
lose, chitin, and glucan), and enzyme (cellulase, chitinase, 
and glucanase) activities were investigated. Furthermore, 
we studied the regulatory mechanism of MT on autolysis 
and energy metabolism. To the best of our knowledge, this 
technology has rarely been reported for prolonging the post-
harvest life of mushrooms.

Materials and Methods

Mushroom and Chemicals

Dictyophora rubrovolvata fruiting bodies were harvested on 
3 October 2022, picked from Meiweixian Farm (Guiyang 
County, Guizhou Province, 106.71°E, 26.59°W) which 
were selected as experimental samples by uniform in size 
and without mechanical damage, autolysis or browning, 
and transported to the lab within 1 h. Experimental 
fruiting bodies of D. rubrovolvata were selected based on 
their size, shape, and absence of visible disease symptoms 
and mechanical injury. Analytical grade or higher 
purity reagents and chemicals were used throughout the 
experiment and were purchased from Aladdin Chemical 
Reagent (Shanghai, China).

Microwave Equipment and Treatments

As shown in Fig. 1A, we constructed a microwave system 
consisting of a solid-state microwave source, a circulator, a 
directional coupler connected to a microwave power meter, 
and a multi-mode microwave resonant cavity with a rota-
tional plate (Fig. 1B). The solid-state microwave source 
(WSPS-2450-1k-CCWA, Wattsine, Chengdu, China) can 
provide an adjustable power supply at 2.45 GHz. The cir-
culator separates the input and reflected microwave pow-
ers, while the directional coupler, paired with a microwave 
power meter (NRX, R&S, Germany), allows for real-time 
monitoring of these powers. The microwave processing sys-
tem we built boasts three remarkable advantages compared 
to a domestic microwave oven. First, the power transmitted 
from the source to the multi-mode resonant cavity can be 
continuously increased up to 1 kW, with real-time detec-
tion ensuring precise control. Additionally, the rectangular 
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resonant cavity’s larger size allows for processing a greater 
volume of the sample at once. Lastly, the rotational plate in 
the cavity forces the sample to rotate at a consistent speed 
of 4 rpm during microwave treatment, which improves heat-
ing uniformity and ensures consistent quality of microwave 
treatments. Fig. S1 shows the temperature distribution of 
the heated sample D. rubrovolvata; it can be seen that the 
temperature difference does not exceed 5 °C across the entire 
heating area. Based on the temperatures at the sample points 
in the thermal image, the coefficient of variation (COV) 
value is calculated to be approximately 0.0573, which is con-
siderably low (Chen et al., 2016). In microwave engineer-
ing, such a low COV value (< 0.4) indicates that the heating 
uniformity of this microwave equipment is quite high and 

the rotation is indeed effective. Besides, the low temperature 
prevents the microwave heating from damaging the normal 
physiological metabolism of fruits and vegetables.

Firstly, the preliminary experiment was set for choosing 
MT parameters by shear force and sensory evaluation. To 
choose the best conditions and explore the mechanisms, the 
MT parameters chosen by the preliminary experiment were 
further refined. The specific experiments were arranged as 
follows:

Preliminary Experiment

D. rubrovolvata was divided into seven groups. Thirty 
fruiting bodies were selected randomly from each group, 

Fig. 1   A Schematic of the microwave equipment (consisting of microwave source equipment, coax-to-wave guide converter equipment, circula-
tor equipment, directional coupler equipment, microwave cavity, and other equipment). B Schematic of the microwave equipment
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placed in a cylindrical glass container, and then put into 
the microwave equipment, with three replicates performed 
for each group. The MT power was set to 50 W, 75 W, 
and 100 W, and the processing time was 30 s and 60 s, 
respectively. After cooling at 4 °C for 4 h, the fruiting 
bodies were packaged in PE20 modified atmosphere 
packaging. The untreated group was considered the con-
trol group (CK). All groups were stored at 4 °C and 95% 
relative humidity (RH) for 7 days. The changes in shear 
force and sensory evaluation could most directly reflect 
in the physiological quality of D. rubrovolvata during 
storage. Therefore, the shear force and sensory evaluation 
were performed on 7 days. According to the shear force 
(Fig. S2) and sensory evaluation (Fig. S3), the shear force 
of the treatment with microwave at 50 W for 60 s and 75 
W for 30 s was 4.13 N and 4.33 N, which were signifi-
cantly lower than other groups (P < 0.05), and the shear 
force was 32 and 35 points, which were significantly 
higher than other groups (P < 0.05). These results showed 
that these two MT conditions can effectively delay the 
rise in shear force and maintain the sensory evaluation of 
the D. rubrovolvata.

Formal Experiment

Chen et al. (2021) reported that high-power short-time 
(HPST) treatments were more effective in maintaining 
the postharvest quality of persimmons than low-power 
long-time (LPLT) treatments. To further investigate the 
effect of MT on fruiting bodies, a formal experiment 
was designed, and the microwave power and treatment 
duration were optimized. The experiments were set in a 
microwave at 100 W for 15 s (M1), 75 W for 30 s (M2), 
75 W for 60 s (M3), 50 W for 60 s (M4), and 50 W for 
90 s (M5) based on our per-experimental results (date is 
shown in Figs. S2 and S3). The method was consistent 
with the previous experiment. Thirty fruiting bodies from 
each group were randomly chosen and arranged in a cylin-
drical glass vessel. Subsequently, they were placed inside 
the microwave equipment and performed three repetitions 
per group. All groups were stored at 4 °C and 95% RH 
for 12 days. Subsequent physiological and biochemical 
assays were performed at 0, 3, 6, 9, and 12 days.

Sensory Qualities, Browning Degree (BD), Shear 
Force, and Ethanol

Based on the methods of Sun et al. (2017), with minor modifi-
cations, a sensory assessment was conducted. To conduct the 
sensory evaluation, 15 trained panelists were selected. Table 1 
shows the sensory evaluation standard for D. rubrovolvata. 
The control group was fresh fruiting bodies (full score = 50). 
The overall acceptability of mushroom quality was judged by 
a sensory score greater than 30 (Wang et al., 2021).

The method of Liu et al. referred to the determination of 
browning degree with slight modification (Liu et al., 2019). 
Five grams of fruiting body sample was accurately weighed 
and ground with 20 mL of 0.2 mol L−1 sodium phosphate 
buffer (pH 6.8). After resting at 4 °C for 15 min, the sam-
ple was centrifuged at 4 °C and 10,000 g for 15 min. The 
absorbance of the supernatant was measured at 420 nm by 
an ultraviolet‒visible spectrophotometer.

Shear force was measured according to the method of 
Dong et al. (2022). Shear force was measured using a texture 
analyzer (EZ-Test, Shimazu, Japan). The P/2 N probe was 
selected; the posttest speed was 10 mm/s; the test speed was 
3 mm/s, and the test distance was 60 mm.

According to Ventura-Aguilar et al.’s (2017) report, the 
ethanol content of fruiting bodies was determined. The sam-
ple to be tested was weighed and placed in a 20-mL head-
space vial, which was then sealed. The sample was incubated 
at 80 °C for 30 min before injection. The temperature of the 
injection needle was maintained at 85 °C, and the injection 
volume was 100 µL. Each set of samples was tested in trip-
licate. The amount of ethanol was calculated as mg kg−1.

Low‑Field Nuclear Magnetic Resonance 
(LF‑NMR) Transverse Relaxation Measurements, 
Malondialdehyde (MDA) Content, Determination 
of Membrane Permeability, and Respiratory Rate

LF-NMR was measured according to the method of Cheng 
et al. (2020). D. rubrovolvata fruiting bodies were placed 
into the LF-NMR (MesoMR23-060H-I, Pneumax, Shanghai) 
spectrometer for detection and repeat the process three times.

The determination of MDA was based on the method of 
Yang et al. (2023). Samples were homogenized in ice bath 
with 5 mL of trichloroacetic acid, followed by centrifugation 

Table 1   Dictyophora 
rubrovolvata sensory evaluation 
standard

Score Color Autolysis degree Off-odor Texture stretchy Consumer acceptance

10–8 White No No Brittle Pleasure
7–4 Slight browning Slight autolysis Slightly Slight softening Ordinarily enjoy
3–0 Severe browning Severe autolysis Obvious Loss brittleness and 

severe softening
Nonacceptance
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at 10,000 g and 4 °C for 20 min. A volume of 2 mL of the 
supernatant was taken and mixed with 2 mL of thiobarbi-
turic acid solution and heated in a boiling water bath for 20 
min. After a further centrifugation at 10,000 g for 20 min, 
the supernatant was collected. The absorbance is measured 
using a spectrophotometer at wavelengths of 450 nm, 532 
nm, and 600 nm, respectively. The amount of MDA was 
calculated as mmol kg−1.

The relative degree of electrolyte leakage was meas-
ured according to the method of Zhu et al. (2024). Sam-
ples were added 40 mL of deionized water and shaked for 
30 min. Measure the electrical conductivity immediately 
(P0). Then, place the mixture in a boiling water bath for 
10 min and measure the electrical conductivity again after 
cooling (P1). The relative degree of electrolyte leakage was 
calculated using the formula P0/P1 × 100 and expressed as 
a percentage.

The respiratory rate was measured by the method of Ye 
et al. (2023). D. rubrovolvata fruiting bodies were placed in 
sealed jars at 25 °C for 2 h. The gas in the jars was measured 
by a headspace analyzer (CheckPoint 3, Ametek, Denmark). 
The respiratory rate was calculated as mg CO2 kg−1 h−1.

Contents of Cellulose, Chitin, and Glucan

Determination of cellulose was used as described previously 
by Yang et al. (2019). The experimental sample was centri-
fuged at 4000 g for 10 min after ground with 10 mL ethanol. 
A colorimetric anthrone assay was used to determine the 
cellulose content of the precipitate after digestion with 60% 
sulfuric acid (H2SO4) for 30 min. The amount of cellulose 
was calculated as g kg−1.

The determination method of chitin was referred to Yang 
et  al. (2022) with slight modification. The sample was 
hydrolyzed by 37% HCl at 110 °C for 4 h. Hydrolysates were 
then mixed with 2% resorcinol and 75% H2SO4. After cool-
ing to room temperature, the mixture was heated in a boiling 
water bath for 30 min, and the absorbance was measured 
at 500 nm. The amount of chitin was calculated as g kg−1.

In addition, the glucan content in fruiting bodies was deter-
mined using a glucan assay kit (Megazyme International, Ire-
land). The amount of glucan was calculated as g kg−1.

Contents of Free Amino Acids, 5′‑Nucleotides, 
Equivalent Umami Concentration (EUC), 
and Analysis of Electronic Nose

The composition of free amino acids within the D. rubro-
volvata fruiting bodies was analyzed employing a modified 
version of the technique introduced by Liu et al. (2021), with 
slight adjustments. A lyophilized sample was mixed with 6 
mol/L HCl acid to initiate the procedure. After introducing 
nitrogen into the bottle for 1 min, the bottle was sealed and 

hydrolyzed at 110 °C for 22 h. As a result of hydrolysis, the 
supernatant was collected by centrifugation at 5000 g for 
10 min. This supernatant was then combined with H2SO4. 
After standing in darkness at 25 °C for 30 min, the resulting 
mixture was centrifuged for 10 min at 5000 g. Following 
filtration using a 0.22-mm filter membrane, the filtrate was 
analyzed using an amino acid analyzer (A388pro, Mem-
brapure, Germany). The amount of free amino acids was 
calculated as g kg−1.

5′-Nucleotides were extracted from the sample and quan-
tified following the method outlined by Zhang et al. (2019), 
with minor adjustments. Freeze-dried mushroom samples 
were combined with 25 mL of distilled water and subjected to 
boiling water immersion for a duration of 10 min. Following 
this step, the mixture was centrifuged (1000 g, 15 min) and 
then filtered through a 0.45-mm membrane. RIGOL L-3000 
(Puyuan, Beijing, China) was used for high-performance liq-
uid chromatography analysis of the extraction solution. The 
amount of free amino acids was calculated as g kg−1.

Monosodium glutamate (MSG) was used to standard-
ize umami sensory effects between compounds using the 
EUC value, which corresponded to the umami intensity of 
a mixture of amino acids and 5′-nucleotides. The EUC value 
is calculated according to the method of Mau (2005) and 
expressed by g MSG kg−1.

Electronic noses (Portable Electronic Nose Pen3, 
Airsense, German) have ten sensors which can detect fresh, 
salty, sour, sweet, and bitter samples. In order to detect and 
analyze its taste characteristics, the electronic nose system 
was used after volatilizing the mushroom gas.

Activities of Cellulase, Chitinase, and Glucanase

Mushrooms were ground in an ice bath with 0.1 mol/L pre-
cooled phosphate buffer (pH 7.0) and centrifuged for 20 min 
at 12,000 g (4 °C). For enzyme activity analysis, the super-
natant was collected as a crude enzyme extract solution.

The determination of cellulase followed the method 
described by Nguyen and Nguyen (2021) with slight 
modification. One cellulose activity unit was defined as 
the amount of enzyme that produced 1.0 g of glucose by 
hydrolyzing sodium carboxymethylcellulose (CMC) per 
minute at 37 °C. As a result, the crude enzyme extract 
solution and CMC were heated at 37 °C for 1 h. The methods 
of Jiang et al. (2010) were based on the determination of 
glucose. Into the extract, 0.5 mL of laminarin solution 
was added and incubated in a 40  °C water bath for  
30 min as a blank control group. Then, 3 mL of DNS reagent 
was added, and the mixture was placed in a boiling water 
bath for 15 min for color development. Immediately after 
the color development was completed, the solution was 
cooled and made up to a volume of 25 mL with distilled 
water. The absorbance was measured at a wavelength of 
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550 nm. The methods of Wang et al. (2018) were based on 
the determination of chitinase. The mixture of 0.5 mL of 
acetic acid-sodium acetate buffer and 0.5 mL of colloidal 
chitin suspension was incubated in a 37 °C water bath for 
1 h. Subsequently, 3 mL of DNS reagent was added, and 
the mixture was boiled for 15 min to develop color. After 
cooling, the absorbance of both groups was measured 
at a wavelength of 520 nm. The units of all enzymes 
were represented by U g−1. All the contents of chemical 
components and enzymes are based on fresh weight.

Contents of ATP, ADP, AMP, and Energy Charge

The contents of adenosine triphosphate (ATP), adenosine 
diphosphate (ADP), and adenosine monophosphate (AMP) 
were determined according to Li et al. (2018) and by a 
RIGOL L-3000 high-performance liquid chromatography 
system (RIGOL L-3000, Puyuan, Beijing, China) equipped 
with a Diamonsil C18 column. The supernatants were col-
lected after 5.0 g frozen samples were homogenized in 10 
mL of 0.6 mol/L perchloric acid and centrifuged for 20 
min at 4 °C. The supernatants were then neutralized to pH 
6.4–6.8 with 1 M KOH and incubated at 37 °C for 24 h. 
The composition of mobile phase A included 0.03 mol/L 
K2HPO4 and 0.02 mol/L KH2PO4, whereas mobile phase 
B consisted of methanol. A gradient elution schedule was 
employed, starting with 100% A at 0 min, changing to 80% 
A and 20% B at 7 min, then to 75% A and 25% B at 9 min, 
and finally reaching 100% B at 10 min. The flow rate was 
maintained at 1 mL/min, and the volume injected was set at 
10 µL. The amount of ATP, ADP, and AMP were calculated 
as g kg−1. Energy charge (EC) was calculated as follows:

Statistical Analysis

Data were presented as mean ± SE (standard error). Duncan’s 
multiple range tests (P < 0.05) were used to analyze data 
differences using SPSS software version 20.0 (SPSS Inc., USA).

Results

Changes in Sensory Qualities, Browning Degree 
(BD), Shear Force, and Ethanol Contents

Sensory evaluation is an important index with which to 
evaluate the quality of mushrooms during postharvest 
storage. As illustrated in Fig. S4 and 2A, the quality of 
fruiting bodies declined with storage time during the stor-
age period. Among them, M1 represents 100 W for 15 s, 

EC =
ATP + 0.5 × ADP

ATP + ADP + AMP

M2 represents 75 W for 30 s, M3 represents 75 W for 60 
s, M4 represents 50 W for 60 s, M5 represents 50 W for 
90 s, and the untreated group was considered the control 
group (CK). Compared with the CK, the overall sensory 
scores of the fruiting bodies after MT were significantly 
higher than those of CK, except for M3, and all groups. 
M4 showed the highest overall sensory scores on 12 days 
(Fig. 2A). According to the report of Wang et al. (2021), 
other groups were not accepted by consumers except for 
M4 and M2 (overall sensory scores < 30).

Similar to Agaricus bisporus (Li et  al., 2019), D. 
rubrovolvata fruiting bodies are gradually browned after 
harvest. From Fig. 2B, BD increased with the extension 
of storage time. However, MT effectively inhibited BD 
in comparison with CK. On 12 days, the BD values of 
all MT samples were significantly lower than that of 
CK, while the BD values of M1 and M3 were signifi-
cantly higher than those of M4, M5, and M2 (P < 0.05). 
This may be because MT could effectively reduce 
enzyme activity, which inhibited enzymatic browning 
(Baltacıoğlu et al., 2015).

The effect of MT on shear force during storage is shown 
in Fig. 2C. The shear force of fruiting bodies provided an 
upward trend; two main factors contributed to this, which 
were the loss of water and fast softening of fruiting bod-
ies (Zivanovic & Buescher, 2004). The results indicated 
that MT inhibits the rise in shear force compared with 
CK (8.09 N). Likewise, M4 (6.03 N) exhibited significant 
inhibition of the increase in shear force compared with the 
other groups (P < 0.05).

Ethanol is a byproduct of anaerobic respiration in plants, 
which could disrupt the normal metabolism of mushroom 
cells (Ventura-Aguilar et al., 2017). Mature fruiting bod-
ies exhibit ethanol odors of their own. As demonstrated in 
Fig. 2D, the ethanol content gradually increased with time, 
leading to a decline in quality. However, the accumulation 
of ethanol was inhibited by MT. Notably, among all MT, M4 
exhibited the strongest inhibition of the rise in ethanol con-
tent, while that of M1 was the weakest. This phenomenon 
could result from MT reducing the anaerobic respiratory rate 
by inactivating respiratory pathway-related enzymes (Zhang 
et al., 2016; Song et al., 2018).

Changes in Low‑Field Nuclear Magnetic Resonance 
(LF‑NMR) Transverse Relaxation, Malondialdehyde 
(MDA) Content, Relative Conductivity, 
and Respiratory Rate

Cell integrity is disrupted when mushroom fruiting bodies 
undergo autolysis, leading to moisture loss and a reduc-
tion in free water (Gui et al., 2022). In the study of Cheng 
et al. (2019), the relaxation times of T21 (bound water), 
T22 (immobile water), and T23 (free water) of mushrooms 
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were detected, but in our study, only bound water and free 
water were detected, which was consistent with our previous 
research (Xia et al., 2023). It can be seen from Fig. 3A that 
the T23 peak area of D. rubrovolvata fruiting bodies for each 
group was lower than that of each initial sample. Among 
them, the T23 peak area of M4 was significantly 45.17% 
higher than that of CK (P < 0.05), which showed that M4 
could effectively maintain cell integrity. However, there was 
no significant difference between M3 and CK (P > 0.05), 
which indicated that the effect of M3 was poor in the main-
tenance of cellular integrity.

MDA is generally considered a measure of the degree 
of lipid peroxidation. In Fig. 3B, the MDA content showed 

an upward trend, which indicated that lipid peroxidation 
occurred during storage. However, the MDA content of 
fruiting bodies after MT was significantly lower than CK 
(P < 0.05), especially in M4 and M2, which was reduced by 
34.71% and 26.46%, respectively.

Cell membrane permeability is commonly evaluated 
by relative conductivity. It could be seen from the data in 
Fig. 3C that the relative conductivity of all samples gradu-
ally increased with the prolongation of storage time; how-
ever, the increasing rate in the CK was significantly higher 
than that of MT (P < 0.05). After storage, M4 significantly 
inhibited the increase in relative conductivity compared with 
the other groups (P < 0.05). M4 exhibited the lowest relative 
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Fig. 2   Effect of MT on overall sensory scores (A), browning degree 
(BD) (B), shear force (C), and ethanol content (D) of D. rubrovolvata 
fruiting bodies during storage. Among them, M1 represents 100 W 
for 15 s, M2 represents 75 W for 30 s, M3 represents 75 W for 60 s, 
M4 represents 50 W for 60 s, M5 represents 50 W for 90 s, and the 

untreated group was considered the control group (CK). The vertical 
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conductivity, with only a 21.64% change, which was con-
sistent with the respiration results, while the relative con-
ductivities of M1, M2, M3, and M5 were 32.95%, 32.36%, 
43.32%, and 38.33%, respectively, which were higher than 
that of M4.

The respiration rate is related to water migration and 
cellular metabolism. Autolysis occurred concomitantly 
with an increase in the respiration rate (Gui et al., 2022). 
Therefore, the main purpose of mushroom preservation 
is to inhibit the postharvest respiration rate (Shen et al., 
2019). From the data in Fig.  3D, the respiratory rate 
exhibited a trend of first increasing and then decreas-
ing over 12 days. The respiration rate of D. rubrovolvata 
fruiting bodies after MT was significantly lower than 
that of CK (P < 0.05). It is worth noting that the respira-
tory peak of CK was the highest (18.89 mg kg−1 h−1), 
while those of M4 (10.29 mg kg−1 h−1) and M2 (11.46 

mg kg−1 h−1) were significantly lower than those of the 
other groups (P < 0.05). In addition, M4 inhibited the res-
piration rate compared with the other groups, while there 
was no significant difference between M1 and CK on 12 
days (P > 0.05).

Contents of Cellulose, Chitin, and Glucan 
and Activities of Cellulase, Chitinase, and Glucanase

As shown in Fig. 4A, C, and E, the contents of cellulose, chi-
tin, and glucan gradually decreased with prolonged storage 
time, while the reduction in content was inhibited by MT, 
which was consistent with the changes in MDA content and 
relative conductivity. The contents of cellulose, chitin, and 
glucan in CK were 58.75 g kg−1, 20.85 g kg−1, and 36.14% 
on 3 days; 54.13 g kg−1, 16.77 g kg−1, and 33.54% on 6 
days; 50.02 g kg−1, 13.65 g kg−1, and 30.14% on 9 days; and 
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46.99 g kg−1, 8.11 g kg−1, and 20.41% on 12 days, respec-
tively. However, the contents of cellulose, chitin, and glu-
can in M4 were significantly higher than those in the other 
groups (P < 0.05). Especially on 12 days, they were 23.26%, 
29.01%, and 128.23% higher than those in the CK. Hence, 
MT could delay fruiting body softening by maintaining the 
components of the cell wall.

As shown in Fig. 4B, D, and F, the activity of cellulase 
and chitinase displayed a tendency to first increase and then 
decrease, while β-1,3-glucanase had a continuous increasing 
trend. The activities of cellulase on 3 days and 6 days and 
chitinase on 3 days in M1 were not significantly different 
from those in CK (P > 0.05), but the enzymatic activities 
of the other MT groups were significantly lower than those 
in CK (P < 0.05). In contrast, M3 significantly elevated the 
activity of β-1,3-glucanase compared with CK (P < 0.05) on 
3 days. After 12 days of storage, D. rubrovolvata fruiting 
bodies after MT had lower activities of cellulase, chitinase, 
and β-1,3 glucanase compared with CK. In particular, those 
in M4 and M2 were significantly lower than that in CK 
(P < 0.05). Therefore, MT could inactivate cellulase, chi-
tinase, and β-1,3 glucanase, which was helpful in inhibiting 
autolysis, especially under M4 and M2.

Content of Free Amino Acids, 5′‑Nucleotides, 
Equivalent Umami Concentration (EUC), 
and Analysis of Electronic Nose

In Tab. S1, alanine acid (Ala), serine acid (Ser), threonine 
acid (Thr), and phenylalanine acid (Phe) all showed higher 
contents in fruit bodies at harvest, and Ala, Ser, and Thr 
were sweet amino acids. Thus, the sweet amino acid was 
the main amino acid of D. rubrovolvata. In Fig. 5A, the total 
free amino acid content increased by hydrolyzing proteins 
on 6 days. The accumulation of total free amino acids was 
inhibited after MT. This indicated that MT was likely to 
inhibit protein hydrolase activity, with M4 being the most 
efficient compared with CK. The content of free amino acids 
in fruiting bodies decreased along with serious quality dete-
rioration at the end of storage and was lower than that in the 
initial sample. However, MT could inhibit the reduction of 
total free amino acid. In addition, the total free amino acid 
contents of the M4 and M2 samples were 17.57 g kg−1 and 
15.21 g kg−1, respectively, which were significantly higher 
than that of CK on 12 days (P < 0.05).

5′-Nucleotides were also important umami substances 
which were consisted of 5′-inosine monophosphatem (5′-
IMP), 5′-guanosine monophosphate (5′-GMP), 5′-xanthosine 
monophosphate (5′-XMP), and 5′-adenosine monophosphate 
(5′-AMP). As shown in Fig. 5B, MT maintained the contents 
of 5′-nucleotides compared with CK during 6 days of 
storage. At the end of storage, the decrease in 5′-nucleotides 
of fruiting bodies was inhibited after microwave treatment, 

except for M3. M4 was the highest among them, which 
was 1.21 g kg−1 and 39.91% lower than the initial group 
(fruiting bodies on 0 day), while the CK was only 0.44 g 
kg−1, which was 77.78% lower than the initial group. Thus, 
the trend of umami nucleotides was consistent with that of 
free amino acids (Fig. 5A), and MT could also inhibit the 
decrease in umami nucleotides, especially in M4. In contrast, 
M3 decreased nucleotides faster than CK during the end of 
storage, especially in 5′-XMP. The EUC value was based on 
the synergistic effect of monosodium glutamate (MSG)-like 
components and 5′-nucleotides (Zhang et al., 2019). Figure 5C 
shows the EUC value for D. rubrovolvata fruiting bodies, 
which decreased gradually during storage. The EUC value 
of fruiting bodies after MT significantly increased compared 
with CK on 6 days (P < 0.05). On 12 days, the EUC values 
of M4 and M2 were 194.41 g MSG kg−1 and 128.32 g MSG 
kg−1, respectively, which were significantly higher than that of 
CK (P < 0.05). However, there were no significant differences 
in M1, M4, and M5 compared with the CK group (P > 0.05). 
From the above results, it could be inferred that M4 and M2 
could inhibit the loss of umami taste.

The radar map of Fig. 5D illustrates that there were more 
significant responses for sensors when D. rubrovolvata 
fruiting bodies underwent autolysis (Table S1, Fig. S4). 
The samples under different MTs showed similar profiles 
in the radar images, which indicated that there were some 
similarities between each group. At the end of 12 days of 
storage, the response values and shapes of the radar plot in 
each group were significantly lower than the initial value 
(P < 0.05). Notably, the response value and profiles of the 
radar map in M4 and M2 were close to the initial sample (0 
day, CK), while M1 was close to CK on 12 days. The results 
showed that M4 and M2 could effectively maintain the fla-
vor substances. This result was further confirmed using PCA 
analyses (Fig. 5E).

Changes in ATP, ADP, AMP, and Energy Charge

As depicted in Fig. 6A–C, the content of adenosine triphos-
phate (ATP) and adenosine diphosphate (ADP) gradually 
declined, while the adenosine monophosphate (AMP) 
content increased during the storage period, which led to 
a decrease in energy charge (Fig. 6D). On 6 days, there was 
no significant difference between MT and CK (P > 0.05). 
This was probably because autolysis did not occur. On 12 
days, the ATP and ADP contents of M4 were significantly 
higher than those of the other groups, which were 1.52 times 
and 1.60 times higher than those of CK (P < 0.05). MT also 
inhibited the increase in AMP. In addition, the energy charge 
of D. rubrovolvata fruiting bodies after MT was significantly 
higher than that after CK (P < 0.05). Among them, the M4 
and M2 groups increased by 17.19% and 10.17%, respec-
tively, compared with the CK group. Therefore, M4 and M2 
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effectively delayed the decrease in ATP and ADP and the 
increase in AMP, thereby maintaining the energy charge.

Correlation Analysis

The correlation among the different parameters of D. rubro-
volvata fruiting bodies was analyzed with Pearson’s correla-
tion analysis. As shown in Fig. 7, autolysis was closely cor-
related with energetic metabolism, umami substances (free 
amino acids, 5′-nucleotides, and EUC), sensory index (sen-
sory qualities, browning degree, shear force, and ethanol), 
and physiological indicators (moisture migration, MDA, rel-
ative electrical conductivity, and respiratory rate). The cel-
lulose, chitin, and glucan contents had positive correlations 
with ATP content, energy charge, sensory qualities, water 
migration, umami substances, and EUC in D. rubrovolvata 
fruiting bodies. The activities of cellulase, chitinase, and 
glucanase had positive correlations with ATP and AMP con-
tent, browning degree, and ethanol content in the samples.

Discussion

Heat shock is a common method for preserving fruit, 
vegetables, and mushrooms. In previous studies, both 
hot air and hot water were employed in the fresh-keeping 
of mushrooms (Lurie & Pedreschi, 2014; Zhao et  al., 
2021). Indeed, D. rubrovolvata fruiting bodies, which 
have fragile and porous structures, are affected by hot air 
and hot water susceptibly. MT heat shock is an innovative 
heat method that has been confirmed to improve the 
postharvest quality of fruits and vegetables (Chen 
et al., 2021). However, its effect on mushrooms during 
postharvest storage is currently unknown. In this study, 
we investigated the feasibility of using MT to maintain 
the postharvest quality of fruiting bodies by regulating 
autolysis and energy metabolism. Our results suggested 
that compared with CK, MT could inhibit autolytic 
enzymes and regulate energy metabolism. In addition, we 
found a strong correlation between autolysis and energetic 
metabolism (Fig. 7). By correlation analysis (Fig. 7), a 
close connection was observed between the sensory index 
(Fig. 2) and physiological indicators (Fig. 3) with energy 
metabolism (Fig. 6). The results indicated that an increase 
in respiration rate accelerated metabolic processes which 
triggered autolysis. Autolysis further leaded to the 

destruction of cell structure which caused the increase 
in MAD and relative electrical conductivity and resulted 
in disorders in energy metabolism. In appearance, D. 
rubrovolvata fruiting bodies exhibited browning, increased 
shear force and ethanol content, and decreased sensory 
quality. These changes directly reflect the negative impact 
of autolysis on the quality of D. rubrovolvata, which 
highlighted the importance of controlling the autolysis 
and maintaining energy metabolism balance to extend its 
shelf life.

The increase in BD, shear force, and ethanol content were 
the main deterioration characteristics of fruiting bodies dur-
ing storage (Cheng et al., 2022). Our analysis suggested that 
sensory evaluation declined with the extension of storage 
time, as indicated by the increase in shear force, browning 
degree, and ethanol content (Fig. 2). This observation was 
consistent with the results established by Wang et al. (2019a, 
b), substantiating that in the case of shiitake mushrooms, 
the degradation of quality gained momentum as storage 
time lengthened, as evidenced by the escalation in browning 
degree. It is worth noting that MT delayed the increase in 
BD, shear force, and ethanol content by inhibiting the res-
piratory rate and moisture migration over 12 days (Figs. 2 
and 3). According to a study by Wang et al. (2022), the pro-
cess of autolysis was strongly associated with a decrease in 
the permeability of the membrane. Therefore, MT could 
also delay the accumulation of MDA and the rise in relative 
conductivity (Fig. 3). Among MT, M4 maintained a better 
physiological state than the other groups, with no occurrence 
of autolysis and browning phenomena. However, M1 had 
the weakest effect because high power could destroy the D. 
rubrovolvata fruiting body cells and lead to quality reduction.

The mushroom samples could be evaluated objectively 
using electronic noses, and the free amino acids and umami 
nucleotides were the main umami substances of the mush-
rooms (Xia et al., 2021). The content of umami substances 
was lost, and odor compounds were released by autolysis. 
In this study, the electronic nose profiles of MT were close 
to the initial sample (0 day, CK), suggesting that MT helped 
delay changes in odor. Our study suggested a trend that the 
content of free amino acids initially increased and then sub-
sequently declined as the storage period was extended. The 
increase on 6 days could be attributed to the fact that pro-
teins could be broken down into free amino acids by protein-
ases. However, the decrease in free amino acids on 12 days 
was connected to the deterioration of fruiting body quality. 
The content of umami nucleotides and the value of EUC 
decreased during storage. The alterations observed in the 
aforementioned flavor compounds align with the research 
findings reported by Xia et al. (2023). Notably, MT could 
effectively delay the decrease in the content of umami sub-
stances, especially in M4, which was consistent with the 
E-nose and PCA results.

Fig. 4   Effect of microwaves on the content of cellulose (A), chitin 
(C), and glucan (E) and the activities of cellulase (B), chitinase (D), 
and β-1,3 glucanase (F) in D. rubrovolvata during storage at 4 °C. 
The vertical bars represent the standard errors of the means (n = 3). 
Different lettering indicates statistically significant differences 
(P < 0.05) between groups, while identical lettering indicates no dif-
ference between groups
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in D. rubrovolvata during storage at 4 °C. The vertical bars represent 
the standard errors of the means (n = 3). Different lettering indicates 
statistically significant differences (P < 0.05) between groups, while 
identical lettering indicates no difference between groups
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Cellulose, chitin, and glucans within the cell wall of 
mushrooms play key roles in maintaining the cell structure 
(Yang et al., 2022). Once they are destroyed, cells are dam-
aged by osmotic pressure and undergo autolysis (Zhang 
et al., 2019). The increase in glucanase, cellulase, and chi-
tinase activities in mushrooms could cause polysaccharides 
and glycosaminoglycans to turn into monosaccharides, 
which will lead to autolysis (Liu et al., 2021). In our study, 
the activities of cellulase, chitinase, and glucanase were 
gradually activated during storage, which resulted in the 
autolysis of D. rubrovolvata fruiting bodies and a decline 
in the content of cellulose, chitin, and glucans (Fig. 4). The 
same phenomenon is also observed in Lentinula edodes 
and Coprinus comatus (Li et al., 2022; Yang et al., 2022). 

Interestingly, MT inhibited the enzyme activities of cel-
lulase, chitinase, and glucanase and delayed the decrease 
in cellulose, chitosan, and β-1,3 glucan contents. The ther-
mal effect of MT could passivate autolytic enzymes, which 
inhibited autolysis, especially in M4. However, among all 
MT, M1 showed the weakest inhibition of autolysis, while 
it instead increased glucanase activity compared with CK on 
3 days. Therefore, MT, such as 50 W or 75 W, could reduce 
the degree of autolysis, but higher powerful MT, such as 
100 W, would show the weakest passivation of the enzyme. 
Moreover, the correlation between shear force and the activi-
ties of cellulase, chitinase, and β-1,3 glucanase showed that 
these enzymes also played a significant role in leading to 
the softening of samples. According to findings by Zhao 
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et al. (2021), MT treatment reduced the cellulase activity of 
persimmon by 36.8% compared with CK and delayed fruit 
softening on 9 days. These findings were similar to those we 
found. Here, it was not observed that MT could passivate 
enzymes, which could lead to the inhibition of autolysis.

There have been reports in the literature that reducing 
energy loss and keeping energy charge in mitochondria 
are crucial for delaying the autolysis of mushroom quality  
(Li et al., 2021a, b; Yang et al., 2022). Increasing evidence 
has shown that metabolism disturbances observed in 
mushrooms could be due to an insufficient energy 
supply. There were studies found that Coprinus comatus 
and Volvariella volvacea were prone to autolysis after 
postharvest. Proteomic and transcriptomic analyses have 
revealed significant changes in carbon metabolism during 
autolysis which highlighted a key role in energy metabolism 
(Gong et al., 2022; Yang et al., 2022). Further study found 
that chilling stress disrupted physiological metabolic  
processes mediated by downregulate related proteins which 

leaded to disorder in energy metabolism and promoted 
autolysis. Consequently, ATP production diminished, leading 
to insufficient energy supply, cell senescence, and ultimately  
apoptosis. These findings showed that autolysis could cause 
disorder in energy metabolism, reduce ATP content, and lead 
to the decrease in the quality of mushroom. In the present 
study, a gradual decrease in ATP and ADP contents was 
observed, which converted into AMP and led to a decrease 
in the energy charge level (Fig. 6A–D). This corresponded 
to the results in Coprinus comatus and Volvariella volvacea 
reported by Yang et al. (2022) and Gong et al. (2022). As 
shown in Fig. 6, MT significantly delayed the decline in ATP, 
ADP, and energy charge (P < 0.05). Additionally, we found 
that M4 and M2 had better effects than M1, M3, and M5, 
which indicated that MT was beneficial for the maintenance 
of energy metabolism in fruiting bodies. According to the  
correlation analysis (Fig. 7), a higher energy charge level  
could contribute to delaying the deterioration of quality  
and autolysis.

Fig. 7   Correlation matrix of the relationship among the different 
parameters of D. rubrovolvata fruiting bodies. Dots with large and 
dark blues indicate strong positive correlations, whereas dots with 

large and dark reds indicate strong negative correlations. Asterisks 
represent significant differences (P < 0.05)
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Conclusions

In summary, in the present study, we developed a novel 
microwave treatment tool that showed better effectiveness in 
delaying D. rubrovolvata fruiting body autolysis during the 
postharvest period. MT (M4/50 W, 60 s) effectively delayed 
autolysis and decreased the sensory qualities and umami 
substances of D. rubrovolvata fruiting bodies by thermal 
and nonthermal effects. MT delayed autolysis by inhibit-
ing cellulase, chitinase, and glucanase enzyme activity. MT 
maintained a relatively higher energy charge by delaying 
the decrease in ATP and ADP. Therefore, the delay of post-
harvest autolysis in the D. rubrovolvata after MT may be 
attributed to the regulation of energy metabolism. These 
findings have important implications for the mushroom 
industry, especially in the D. rubrovolvata fruiting bodies 
industry. Future research could explore the applicability of 
MT to other mushroom species and deeper into the underly-
ing mechanisms.
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