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Edible mushrooms have long been recognized for their nutritional and health benefits.
However, their high moisture content and active metabolism render them highly perishable
post-harvest, resulting in accelerated quality deterioration, including cap browning, stipe
elongation, texture softening, and microbial spoilage [1]. These issues pose significant
challenges for storage, transportation, and marketability, resulting in substantial economic
losses [2]. Consequently, the development of effective preservation and disease control
strategies is of the utmost importance for the mushroom industry.

Concurrently, mounting scientific evidence highlights the presence of diverse bioac-
tive compounds in mushrooms, including polysaccharides, terpenoids, and phenolic
compounds, which contribute to health-promoting properties such as antioxidant, im-
munomodulatory, and anti-cancer effects [3,4]. The utilization of these compounds in the
development of functional foods, nutraceuticals, and even pharmaceuticals constitutes a
pivotal strategy for enhancing the economic value of mushroom industry [5].

This editorial synthesizes recent advances and outlines future perspectives for ad-
dressing the challenges and opportunities in the edible mushroom sector, emphasizing
sustainable practices and value addition.

This Special Issue, entitled “Edible Fungi: Processing, Storage Preservation, Disease
Control, and Potential Bioactivities,” successfully showcases the latest research advances
in the field. The eight research papers included in this issue explore key challenges and
innovative solutions in the edible mushroom industry from multiple perspectives.

In the area of bioactive component research, Adamczyk et al. conducted an in-depth
structural characterization of (1—3)-o-D-glucan from Pleurotus djamor, revealing that this
polysaccharide with a molecular weight of 552 kDa contains 86.4% (1—3) linked glucosyl
units, laying a theoretical foundation for developing new functional materials.

In the field of nutritional enhancement applications, Hsu et al., through a human
clinical trial, confirmed that pulsed UV-treated Pleurotus citrinopileatus significantly
increased serum vitamin D, levels. The high-dose group (100 g/day) showed a more
than 10-fold increase in vitamin D, levels, while concomitantly reducing parathyroid hor-
mone levels by 37.6%, providing an effective mushroom-based solution for addressing
vitamin D deficiency.

Regarding disease control technologies, Lei Zhang et al. found that carvacrol effec-
tively inhibits Pseudomonas tolaasii. Its mechanism of action includes the disruption of
bacterial cell membranes, the activation of the mushroom’s defense system, and the pro-
motion of the accumulation of antimicrobial substances. The efficacy of low-concentration
fumigation at 20 umol/L in the management of brown blotch disease was demonstrated.

Foods 2025, 14, 3755 1 https://doi.org/10.3390/foods14213755
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In the area of preservation technology optimization, Yuxian Yang et al. demonstrated
that controlled atmosphere storage with 1-3% O, and 15-17% CO, effectively delayed
browning in Agaricus bisporus. In a separate study, Yalong Guo et al. optimized the
best parameters for cold plasma treatment (95 kV, 130 Hz, 10 min) using response surface
methodology, significantly extending mushroom shelf life.

In the field of pathogen genomics, Yufei Lan et al. made a significant contribution by
completing the genome sequencing of three cobweb disease pathogenic fungi for the first
time, revealing characteristics of their pathogenicity-related genes, providing a molecular
basis for disease control.

In terms of processing and utilization innovation, Wenliang Wang et al. discovered
that the incorporation of 10% Flammulina velutipes soluble dietary fiber improved noodle
quality. Concurrently, the review by Akruti Singh et al. systematically summarized the
bioactive components and health benefits of 11 edible mushroom species.

These research findings provide important theoretical support and technical founda-
tions for the sustainable development of the edible mushroom industry, thereby promoting
the transition from fundamental research to its practical application in industry. Future
research will persist in concentrating on green control, precise preservation, and high-value
utilization, thereby further unleashing the development potential of the edible mush-
room industry.

Prospective Research Directions

Despite significant progress, future research should focus on several key areas to
overcome existing challenges and fully exploit the potential of edible mushrooms:

Green and Safe Disease Control Technologies: Developing strategies based on plant
essential oils (e.g., thymol), antagonistic microorganisms, and induced resistance to reduce
reliance on chemical pesticides, ensuring product safety and environmental sustainability.

Integrated Preservation Methods: Combining physical techniques (e.g., cold plasma,
pulsed light, and edible coatings), biological control, and smart packaging to establish a
full-chain quality assurance system from postharvest to consumption.

Efficient Comprehensive Utilization of Bioactive Compounds: Applying advanced
extraction technologies (e.g., ultrasound-assisted, microwave-assisted, enzymatic, and
supercritical fluid extraction) to obtain bioactive compounds. Research should focus on
elucidating their structure-activity relationships and developing high-value products, such
as functional foods, nutraceuticals, and cosmeceuticals, to address product homogenization
and drive industry upgrading.

The mushroom industry is evolving into an independent agricultural system, promis-
ing to form a tripartite agricultural (plant, animal, and mushroom agriculture). As a
high-quality protein source with an amino acid profile comparable to animal proteins,
mushrooms can alleviate protein supply pressures, particularly in developing countries
[4]. Market trends, such as a 223-fold consumption increase in Japan over two decades,
reflect growing consumer awareness and a solid industrial foundation. Supported by
favorable policies, the utilization of abundant agricultural waste, and easily transferable
cultivation techniques, the mushroom industry is poised to become a powerhouse for rural
economic development worldwide. It creates new income streams, diversifies agricultural
production, and provides new momentum for sustainable agricultural transformation,
particularly in developing regions.

Author Contributions: Writing—original draft preparation, D.M.; writing—reveiw and editing, E.S.
All authors have read and agreed to the published version of the manuscript.
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Abstract: Our research focused on the integration of Flammulina velutipes soluble dietary fiber (Fv-
SDF) into wheat flour during the production of dried noodles, delving into the impact of different
addition ratios of Fv-SDF on both dough processing characteristics and the quality of the micro-
fermented dried noodles. The viscometric and thermodynamic analyses revealed that Fv-SDF
notably improved the thermal stability of the mix powder, reduced viscosity, and delayed starch
aging. Additionally, Fv-SDF elevated the gelatinization temperature and enthalpy value of the
blend. Farinograph Properties and dynamic rheology properties further indicated that Fv-SDF
improved dough formation time, stability time, powder quality index, and viscoelasticity. Notably, at
a 10% Fv-SDF addition, the noodles achieved the highest sensory score (92) and water absorption
rate (148%), while maintaining a lower dry matter loss rate (5.2%) and optimal cooking time (142
s). Gas chromatography-ion mobility spectrometry (GC-IMS) analysis showed that 67 volatile
substances were detected, and the contents of furfural, 1-hydroxy-2-acetone, propionic acid, and
3-methylbutyraldehyde were higher in the Fv-SDF 10% group. These 10% Fv-SDF micro-fermented
noodles were not only nutritionally enhanced, but also had a unique flavor. This study provides
a valuable theoretical basis for the industrial application of F. velutipes and the development of
high-quality dried noodles rich in Fv-SDFE.

Keywords: soluble dietary fiber; micro-fermented dried noodles; farinograph properties; dynamic
rheology properties; nutrition; flavor

1. Introduction

Flammulina velutipes is known as enoki mushroom, golden mushroom, belonging to
Basidiomycotina, Agaricales, Tricholomataceae, and Flammulina [1]. It is cultivated at
large scales in East Asia, especially China, Japan, Vietnam and Korea [2]. F. velutipes is also
one of the major edible mushrooms employed in factory cultivation, and it has medicinal,
edible, and ornamental value, with immeasurable commercial potential [3]. F. velutipes
contains many healthy nutrients, including dietary fiber, vitamins, minerals, organic acids,
and other biologically active components [4]. The contents of polysaccharides and peptides
in F. velutipes are 7% and 15%, respectively [5]. There is a wide range of biological as well as
pharmacological activities associated with these compounds, such as antifungal, anticancer,
anti-tumor, anti-inflammatory, and antioxidant properties [6]. Dietary fiber (DF) is one
of the main nutritional components of F. velutipes, accounting for 32% of dry F. velutipes
body [7]. Compared with the polysaccharides and peptides in F. velutipes, the rich content
of DF is rarely mentioned and has not been effectively utilized.

Foods 2024, 13, 2764. https:/ /doi.org/10.3390/foods13172764 4 https://www.mdpi.com/journal/foods
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The term DF refers to indigestible carbohydrates and lignin, which could be catego-
rized as plant dietary fiber, animal dietary fiber, algae dietary fiber, or microbial dietary
fiber [8]. According to the amount of water they can saturate, DF is commonly classified
as insoluble (IDF) or soluble (SDF) [9]. IDF is principally composed of cellulose, lignin,
and insoluble hemicellulose, while SDF is composed of soluble hemicellulose, pectin, gum,
and oligosaccharides [10]. DF is a nonnutritive component of food, and several health
benefits have been associated with DF. Studies have shown that DF can effectively inhibit
the absorption of cholesterol in the digestive tract, prevent it from entering the blood-
stream, and effectively prevent cardiovascular and cerebrovascular diseases caused by
arteriosclerosis [11]. DF has good water and fat solubility and can combine with sugars
and oils in the intestine to reduce the absorption of sugars and oils in the intestine [12].
It has been suggested that DF consumption could contribute to diabetes prevention by
increasing satiety, reducing nutrient absorption, and decreasing weight [13]. In addition,
DF also has a certain role in reducing the incidence of colon cancer, and breast cancer [14].
On the other hand, SDF has a broad application prospect as a food additive, stabilizer,
gelling agent, and thickener in food processing based on its advantages of water retention,
oil retention, and structural characteristics [10]. Moreover, the addition of SDF can extend
the shelf life of fat-rich foods by increasing the antioxidant capacity of the emulsion [15].
The SDF of E. velutipes (Fv-SDF) is mainly composed of glucose, hemicellulose, dextran,
pectin, oligosaccharides, etc, and the application of Fv-SDF in food processing has been
rarely studied.

In the past few decades, people have been blindly pursuing fine grains, and many
nutrients of traditional wheat flour have been seriously lost under various fine processing,
especially dietary fiber [16]. The loss of nutrients is directly related to the eating quality
and nutrition of flour products. SDF has high gelation, can be used as an emulsifier, and
is easy to combine with food systems [17]. SDF is filled between the protein matrix and
starch granules in the form of a binder. Although DF content in wheat flour is only 10-15%,
it greatly influences the quality and taste of flour products [18]. Dried noodles are the
staple food of many Asian countries and are one of the most produced and consumed flour
products in China [19]. Considering the deep processing of grain and the sub-health of
people, the importance of DF in grain processing and diet is highlighted [20]. At present,
most of the research focuses on the influence of grain DF on the quality characteristics
of ordinary dried noodles, while research on the influence of fruit and vegetable DF on
the quality of micro-fermented dried noodles is rare. In recent years, micro-fermented
dried noodles are one of the most popular high-quality dried noodles in the market, with a
smooth appearance without depressions, and many fine holes in the internal structure [21].
The main advantages of micro-fermented dried noodles are enhanced nutritional value,
improved digestion and absorption, rich taste, and easy digestion. Micro-fermentation
technology, with its unique production technology, not only retains the advantages of
traditional noodles but also significantly improves the flavor and texture of fermentation.
Micro-fermented dried noodles have great development potential in the dried noodles
market because of their good taste and suitability for both young and old people. However,
no studies have been done to improve the quality of dried noodles by both adding Fv-SDF
and applying micro-fermentation technology.

In this study, the effects of different doses of Fv-SDF on dough processing characteris-
tics and the cooking characteristics of micro-fermented dried noodles were investigated.
The application of Fv-SDF in food processing extended the edible mushroom industry
chain and promoted the development of the edible mushroom industry, which was of great
significance for the development of the edible mushroom processing industry. Fv-SDF
micro-fermented dried noodles not only satisfied consumers” demand for nutritionally
fortified foods but also enriched the varieties of dried noodles, which laid a foundation for
developing dried noodles with more nutritional and health care functions and provided a
reference for the application of edible fungi in food.



Foods 2024, 13, 2764

2. Materials and Methods
2.1. Preparation of Mixed Flour Dough and Fv-SDF Micro-Fermented Dried Noodles

The Fv-SDF was extracted from F. valutipes by ultrasound-assisted subcritical water
extraction following the method of Yan et al. [22]. The noodles of Ginindza et al. [23] were
adopted and improved. The mixed system of Fv-SDF and wheat flour (Jinlongyu Grains
and Oils Food Co., Shanghai, China) was prepared by adding Fv-SDF to wheat flour at the
proportions of 0%, 5.0%, 7.5%, 10.0%, 12.5%, and 15.0%, and mixing them evenly. Then, 1.0%
salt, 1.2% yeast, and 35 mL distilled water were added in proportion. The mixture was mixed
evenly, placed into a bread maker (EGBMO010 bread machine, Electrolux Electric Co., Ltd.,
Shanghai, China), and stirred for 10 min. After the dough was mixed, it was kneaded
by hand, and then put in the fermentation chamber (6D Fermentation chamber, Deer Ma
Appliances, Foshan, China) for 9 min. The noodles were made with a noodle maker. The
noodles were dried in a 40 °C blast drying oven (GZX-9240MBE Electric Blast Drying Oven,
Shanghai, China) for 4 h to prepare Fv-SDF micro-fermented dried noodles.

2.2. Differential Scanning Calorimeter Analysis

DSC (DSC-250, TA Instruments-Waters, New Castle, NC, USA) was used to determine
the thermodynamic properties of the mix powder [24]. The solution of the 4.0 mg sample
(mix powder:water = 5 g:10 mL) was placed in a crucible and stored overnight at 4 °C to
make the sample fully expand. During the measurement, the sample was heated from 25 °C
to 100 °C at the speed of 10 °C/min. The samples were measured three times to obtain
thermodynamic parameters. The thermodynamic parameters included initial gelatinization
temperature (Ty/°C), peak temperature (Tp/°C), terminating gelatinization temperature
(Te/°C), and gelatinization enthalpy (AH, W/g).

2.3. Rapid Analysis of Viscosity

The gelatinization properties of the mixture were measured by RVA [25]. Then, 3 g of
Fv-SDF complex and wheat flour were weighed and 25 mL of distilled water was added
to make the total weight 28 g. Then, it was put into a rapid viscosity analyzer (RVA-Tec
Master, Perten, Australia) for testing. The gelatinization properties included peak viscosity
(cp) trough viscosity (cp), breakdown value (cp), final viscosity (cp), setback value (cp)
peak time (min), and pasting temperature (°C).

2.4. Determination of Farinograph Properties

Farinograph (Micro-dough LAB, Sweden porton corp, Stockholm, Sweden) was
used to measure the farinograph properties of the mixture, following the method of
Zhang et al. [26] with slight modifications. The mixed system of Fv-SDF wheat flour was
prepared by adding Fv-SDF to wheat flour at the ratios of 0%, 5.0%, 7.5%, 10.0%, 12.5%,
and 15.0%. An amount of 50 g of the powder mixture was placed in the farinograph and
the rotation speed was set at 61~65 r/min. The farinograph properties included consistency
(FU), water absorption (%), dough development time (min), stability time (min), weakening
degree (FU), and flour quality index (mm).

2.5. Determination of the Dynamic Rheology Properties

The dynamic rheology properties were measured according to Huang et al. [12,27] with
slight modifications. Then, 4 g of Fv-SDF micro-fermented dough (mix powder:water = 100:40)
was put in a rheometer (HR 20 Rheometer, TA Instruments, Waters Corporation, Milford,
MA, USA) to determine its storage modulus (G'), loss modulus (G”) and loss tangent (tan?).
The frequency scanning was 0.1~500%, and the testing temperature was 25 °C.

2.6. Apparent Color Detection of Dried Noodles

The effect of the addition of Fv-SDF on the chromaticity value of micro-fermented
dried noodles was measured by a portable precision colorimeter (CR-400, Konica Minolta,
Tokyo, Japan) [28]. The CIE-Lab color space represents the color characteristics of noodles,
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with the L* value representing whiteness, the a* value representing red-greenness, and the
b* value representing yellow-blue intensity. The probe of the colorimeter measured the
samples of micro-fermented noodles and recorded the values of L*, a*, and b*. Each sample
was tested 3 times, and the average value of the 3 tests was the final result.

2.7. Determination of the Best Cooking Time for Dried Noodles

The method of Noonim et al. [29] was used and improved. 10 g noodles were boiled
in 500 mL of water for 1 min, and then a noodle was taken out every 15 s. The best cooking
time for noodles is when the white starch core of the noodles disappears.

2.8. Determination of the Cooking Characteristics of Dried Noodles

The cooking characteristics of micro-fermented dried noodles were determined ac-
cording to the method of Wang et al. [30] with slight modifications. 20 g of Fv-SDF
micro-fermented dried noodles were put into 1 L of boiling water and cooked at the best
cooking time. The water absorption and cooking loss rate of the noodles were calculated
according to the following Formulas (1) and (2), respectively.
my —m

22 2 100% (1)

Water absorption =
my

Cooking loss = M= 100% )
mq
where m; is the dry weight/g of Fv-SDF micro-fermented dried noodles; 1, is the cooked
mass/g of Fv-SDF micro-fermented dried noodles; m13 is the dry weight/g of Fv-SDF
micro-fermented dried noodles after cooking.

2.9. Determination of Sensory Evaluation of Dried Noodles

According to the method proposed by Yeoh et al. [31], the sensory evaluation of
Fv-SDF micro-fermented dried noodles was determined. Six men and six women were
selected for sensory evaluation of the noodles, and the scoring criteria are shown in Table S1.
Twelve healthy panelists (6 females and 6 males, 20-28 years of age) were recruited from
the Institute of Agro-Food Sciences and Technology, Shandong Academy of Agricultural
Sciences (Jinan, China). Before the sensory test, these 12 members needed to undergo
a week-long systematic sensory evaluation training according to the GB/T 16291.1-2012
standard [32]. All sensory tests were conducted in an air-conditioned room (22 °C) with
separate compartments. We adhered to the ethical principles of sensory research at the
Agro-Food Sciences and Technology, Shandong Academy of Agricultural Sciences. These
principles were reviewed by the Research Ethics Committee at the Institute of Agro-Food
Sciences and Technology, Shandong Academy of Agricultural Sciences (Statement 11,/2023).
Before participating in this study, each participant provided written informed consent.

2.10. Determination of Flavor Compounds of Dried Noodles

According to the descriptive analysis method of Hou et al. [32], the flavor substances of
Fv-SDF micro-fermented dried noodles were determined. The volatile compounds were an-
alyzed by chromatography ion mobility spectrometry (GC-IMS) instrument (Gesellschaftftir
Analytische Sensorsysteme mbH (G.A.S.), Dortmund, Germany). An amount of 3 g sample
was put in a 20 mL headspace bottle, incubated at 80 °C for 15 min, and then driven by Np
into the chromatographic column for detection. The NIST (2020) and IMS databases (0.4.07)
in the instrument software were used for a qualitative analysis of volatile compounds [33].

2.11. Data Analysis

The test results were repeated at least 3 times, and the final results were shown as
mean =+ standard deviation (SD). SPSS 24.0 (SPSS Inc., Chicago, IL, USA) was used for
one-way ANOVA, the Duncan method was used for differences between groups, and
p < 0.05 showed significant differences.
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3. Results and Discussion
3.1. Effect of Fv-SDF Addition on Thermodynamic Properties of Wheat Starch

In order to better understand the effect of Fv-SDF on the quality of dried noodles, the
thermodynamic properties of Fv-SDF on wheat starch were first studied. The thermody-
namic properties can reflect the enthalpy change and moisture form of the mixed dough
during crystallization and melting [34]. The peak temperature is the temperature at which
the sample absorbs heat during gelatinization, the gelatinization enthalpy (AH) reflects the
aggregation degree of protein and also shows the hydrophobic and hydrophilic properties
of protein [35]. The results showed that the peak temperature, gelatinization temperature,
and gelatinization enthalpy of the mix powder increased with the Fv-SDF addition ratio
(Table 1 and Figure 1), but gelatinization enthalpy did not increase significantly. The initial
gelatinization temperature T, peak temperature Tp, terminating gelatinization tempera-
ture Tc, and gelatinization enthalpy AH of the mix powder were 56.32 °C, 63.65 °C, 69.40 °C,
and 1.80 W/g, respectively. With the increase of FV-SDF addition to 15%, the Ty, Tp, Tc, and
AH of the mix powder increased to 61.55 °C, 67.12 °C, 73.26 °C, and 2.22 W/g, respectively.
The increase in gelatinization temperature was consistent with the RVA results, indicating
that a higher gelatinization temperature was required during the gelatinization process
of wheat flour. This was due to the fact that Fv-SDF competed with proteins for water
absorption, which led to the decrease of available water in proteins, thus increasing the
energy needed for protein denaturation and increasing the gelatinization temperature of the
mixture. These results were consistent with the findings of Wang et al. [36], which studied
the effect of soluble soybean polysaccharides on starch gelatinization and found that the
gelatinization temperature of the starch system increased, indicating that the addition of
polysaccharides increased the difficulty of starch gelatinization.

Table 1. Effect of Fv-SDF addition on thermodynamic properties of wheat starch.

Initial Gelatinization Terminating Gelatinization

Fv-SDF Addition/% Temperature Peak Temf erature Temperature Gelatinization
Tol°C Tp/°C Te/°C Enthalpy/(AH, W/g)

0 56.32 +0.23 4 63.65 £ 0.16 © 69.40 £ 0354 1.80 £ 0.45°
5.0 59.58 & 0.16 ¢ 65.38 + 0.23 d 71.60 £ 0.95 ¢ 2.14 + 0432
7.5 59.89 + 0.08 65.89 = 0.20 72.02 £1.10¢ 229 4+0.21°
10.0 60.81 4+ 0.33 P 66.56 + 0.47 P 7347 +1.852 2304 0.292
12.5 61.06 +0.42° 66.66 £ 0.16 P 72.17 £ 0.33 b¢ 229 +0.142
15.0 61.55 + 0.79 2 67.12 +£0.232 73.26 4 0.72 @b 222 40.162

Note: Different letters represent significance in the same column (p < 0.05).

Fv-SDF 0%
Fv-SDF 10%

Fv-SDF 5%
Fv-SDF 12.5%
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Figure 1. Effect of Fv-SDF addition on the thermodynamic properties of wheat starch.
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3.2. Effect of Fv-SDF Addition on Pasting Properties of Wheat Starch

Secondly, the influence of Fv-SDF on the pasting properties of wheat starch was
detected. The pasting properties mainly reflect the swelling ability of starch in the composite
flour system and the binding ability of starch with water. In addition, it can also reflect the
effect of starch gelatinization characteristics on flour products [37]. As shown in Figure 2,
the viscosity of starch paste gradually increased with the extension of heating time; the
viscosity peak appeared at 300-400 s and moved down with the increase of Fv-SDF addition.
With the further extension of heating time, the viscosity of the starch paste decreased and
the viscosity trough appeared at 450-600 s. With the increase of Fv-SDF addition, the
viscosity trough moved down. When the heating time was 450600 s, the fluidity of the
starch paste decreased, while the viscosity increased.

Fv-SDF 0% Fv-SDF 5.0% Fv-SDF 7.5%
2500 Fv-SDF 10.0% Fv-SDF 12.5% Fv-SDF 15.0%_ 100
/ \ / 490
=, [ /- 80 O
51500 F =
(]
2 E
2 2
Q
2 1000 - g
> )
=
500 -
O K 1 L 1 1 1 " 1 L 1 N 1 L 40
0 100 200 300 400 500 600 700 800

Time (s)

Figure 2. Effect of Fv-SDF addition on the pasting properties of wheat starch.

The essence of starch gelatinization is that water enters the crystallization region of
starch particles and the internal structure of starch changes from ordered to disordered [38].
As shown in Table 2, with the increase of Fv-SDF content, the viscosity and setback value
of the mix powder showed a downward trend. The decrease in viscosity may be due
to the fact that the addition of Fv-SDF diluted the starch content of wheat and reduced
the cross-linking degree of the starch structure in the mixed paste, resulting in a decrease
in viscosity of the mixture [39]. In addition, the amylose content also contributed to the
reduction of viscosity, which was consistent with other research results [40]. The setback
value is an important indicator of short-term retrogradation/aging of amylose [41]. Fv-
SDFs, starches, and proteins interacted to form new macromolecules, which hindered the
interaction between starch molecules and delayed the formation of crystals. The breakdown
value reflects the stability of the starch paste, and Fv-SDF improved the thermal stability
of the mixture. Our results were consistent with the findings of Wang et al. [42], that is,
adding polysaccharide to flour can reduce viscosity.

Table 2. Effect of Fv-SDF addition on the pasting properties of wheat starch.

Fv-SDF Peak Trough Breakdown Final Setback Peak Pasting
Addition/% Viscosity/cp Viscosity/cp Value/cp Viscosity/cp Value/cp Time/min Temperature/°C
0 2015.0 £14.24® 10695 £23.54% 9455 £7.782 2250.0 £5091®  1180.5+47.38* 58+£0.14? 64.8 +£1.87°¢
5.0 1962.5 +47.38°>  1168.5 £ 30413  809.0 4 4.24 2237.0 £74952 1106.0 + 8.49 ° 6.1+0862 69.3 +1.00 4
7.5 1876.0 +82.02>  1031.5+30.812  8445+4879" 19720 +38.10® 940.5 4 87.28 59+0372 769 £ 047 ¢
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Table 2. Cont.

Fv-SDF
Addition/%

Peak
Viscosity/cp

Setback
Value/cp

Peak
Time/min

Final
Viscosity/cp

Breakdown
Value/cp

Trough
Viscosity/cp

Pasting
Temperature/°C

10.0
12.5
15.0

861.0 + 52.74 <d
839.0 +11.314
870.0 + 15.56 <

1706.0 4 25.06 ©
1689.5 + 42.43 P
1669.5 + 27.58 P

845.0 + 52.33 b
850.0 + 53.74
799.5 + 12.02 °

1595.0 + 46.67 €
1481.0 +24.04 ¢
1488.0 + 48.08 ©

750.0 £ 5.66 ¢
631.0 £5.66 ¢
688.5 + 12.02 4

58+0.10°
6.0+0.10°
59+0.047

86.2 4+ 1.34°
88.0 £1.232
87.6 + 0.53 2P

Note: Different letters represent significance in the same column (p < 0.05).

3.3. Effect of Fu-SDF Addition on Farinograph Properties of Mix Powder

The farinograph properties of wheat flour reflect the changes in rheological character-
istics during dough mixing and are one of the important indexes to evaluate the processing
characteristics of wheat flour [43]. The farinograph properties of the mixture of Fv-SDF
and wheat flour are shown in Table 3. With the increase of Fv-SDF addition, the dough
stability time, dough development time, and flour quality index increased, while the wa-
ter absorption and weakening degree decreased. The stability time of dough is closely
related to the toughness and gluten strength of the dough [44]. Our results showed that
the addition of Fv-SDF could prolong the stability time of dough, improve the mechanical
stirring resistance of dough, and enhance gluten strength. In addition, Fv-SDF is a kind of
gel polysaccharide, which can connect the gluten network structures, delay the breaking
of disulfide bonds in the dough, and the depolymerization of gluten macromolecules,
making the gluten network more stable [45]. The dough development time refers to the
time required for stirring from the beginning of adding water to the maximum consis-
tency of dough [46]. With the increase of the dosage of Fv-SDEF, the dough development
time tended to increase, which was because the high water-holding capacity of Fv-SDF
reduced the water absorption of the gluten protein, prolonged the dough formation time,
and further affected the formation rate of the gluten network. These results were similar
to those obtained by adding bean dregs, apple dregs, and oats to wheat flour [47]. The
decrease in water absorption of dough caused by Fv-SDF was mainly due to the fact that
Fv-SDF was more hydrophilic than starch. Fv-SDF could form a barrier layer around the
starch granules, which prevented water molecules from contacting the starch granules and
limited the expansion of the starch granules. In addition, previous studies also reported
that adding a high content of sugar and fiber to wheat flour could increase the stability
time of dough and decrease water absorption [48]. To sum up, adding Fv-SDF to wheat
flour was beneficial to the formation of a gluten network, which could not only improve
gluten strength but also enhance the nutritional characteristics of the mixed flour. Therefore,
Fv-SDF could be used as an improver for medium and low gluten flours.

Table 3. Effect of Fv-SDF addition on the farinogram properties of mix powder.

Fv-SDF
Addition/%

Water
Absorption
(Adjust
500 FU/%)

Weakening
Degree
(Firs
10 min/FU)

Weakening Degree
(ICC/after
Reaching the
Maximum 12 min)

Dough
Development
Time/min

Consistency/
FU

Stability
Time/min

Flour Quality
Index/mm

5.0
7.5
10.0
12.5
15.0

4913 £3.18%
505.0 £ 5.66 2
507.8 £15.20°
4975+0.712
490.0 +12.73 2
500.0 £7.072

622 +1522
55.1 +1.38P
51.8 +0.74°¢
492 +0.074
46.6 +£0.12°¢
445+0.85¢

93.5 + 6.36 2P
109.3 + 16.622
92.0 + 12.73 2P
78.8 + 6.01 bc
59.5 +7.78 <d
43544954

2840394
3340254
3.8 +042¢d
4.7 +0.53bc
5.5+ 0.71 2
6.7+ 05742

324+0.14°¢
3.5 4 0.25bc
3.7 +0.04 be
45 +0.39 2
49+ 0212
5.6+ 0.882

126.5+7.782
1375 + 14.852
120.3 + 16.62 2
111.8 + 7.42 abe
97.3 + 10.96 bc

88.0 +2.83°¢

48.0 £141¢
52.3 4 1.77 de
57.0+1.414
66.5+0.71°¢
75.75 + 5.30 P
88.0 +4.24°

Note: Different letters represent significance in the same column (p < 0.05).

3.4. Effect of Fo-SDF Addition on Dynamic Rheological Properties of Dough

The dynamic rheological properties of dough mainly refer to its viscoelasticity. The
viscoelasticity of dough could characterize its structure and physicochemical properties,
that is, the tight combination of moisture and gluten, thus predicting the changes in dough
processing and the quality of products [49]. As shown in Figure 3, with the increase

10
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Elastic modulus (G'/Pa)

of angular frequency, the storage modulus (G') (Figure 3A) and the loss modulus (G”)
(Figure 3B) of the samples showed an upward trend. The increase in dynamic modulus was
due to the fact that the hydroxyl groups in Fv-SDF changed the moisture distribution of
the dough. Besides, Fv-SDF crosslinked with the protein in wheat flour to form a relatively
stable gel structure, which enhanced the elasticity of gluten protein and led to the increase
of G’ and G” [50]. In addition, the G’ of the same sample was obviously higher than that
of G”, and the overall performance was elasticity [51]. When the addition of Fv-SDF was
10%, the viscoelasticity of the dough was better and the quality of the dried noodles was
excellent. As shown in Figure 3C, with the increase of Fv-SDF addition, the values of
loss tangent (tand = G’ /G’) showed an upward trend. However, the tan§ values were
all less than 1, indicating that the elasticity of the dough was dominant. Those results
indicated that the Fv-SDF mixed dough system was more stable and the micro-fermented
dried noodles were not easy to break in the low-frequency scanning range. To sum up, the
addition of Fv-SDF can increase the ductility of the dough.

e
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Figure 3. Effects of Fv-SDF addition on the storage modulus (G') (A), loss modulus (G”) (B), and loss
tangent (tand = G” /G’) (C) of dough.

3.5. Effect of Fo-SDF Addition on Apparent Color of Dried Noodles

The effect of Fv-SDF addition on the whiteness of micro-fermented dried noodles was
determined by colorimeter. Where L* is the whiteness, with a value range of 0-100, and
the greater the value, the whiter the color. a* is the red-green value, the negative value
represents green, and the positive value represents red. b* is the yellow-blue value, the
negative value indicates that the color is blue, and the positive value indicates that the
color is yellow. As shown in Table 4, compared with the control group, with the increase
of Fv-SDF addition, the whiteness value L* of Fv-SDF micro-fermented dried noodles
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decreased significantly, while a* and b* increased significantly. The L* value of Fv-SDF
powder was the lowest, and the values of a* and b* were the highest. Among them, L*, a*,
and b* were all positive values, indicating that the whiteness of Fv-SDF micro-fermented
dried noodles was reduced and that it was reddish and yellowish. Compared with the
high Fv-SDF addition, the effect of low Fv-SDF addition on the apparent color of micro-
fermented dried noodles was more obvious. In summary, when the addition of FV-SDF
was 10%, the appearance of micro-fermented dried noodles was more pleasant.

Table 4. Effect of Fv-SDF addition on the apparent color of dried noodles.

Fv-SDF Addition/% L* a* b*

(FV_SSE?)'SW der) 3821 +7.75f 12.75 + 0.40 2 27.88 +3.924
0 88.25 +1.472 0.19 +0.05¢ 9.89 +0.344

5.0 64.32 + 0.86 P 551 + 0.414 13.61 £ 0.78 €

7.5 58.34 + 1.51°¢ 6.56 + 0.78 13.74 + 0.39 ¢

10.0 52.25 + 0.65 4 892 +056P 17.18 +0.98 b

12.5 47.80 +1.04¢ 953 +0.38b 17.23 +0.48b

15.0 46.84 4 0.67 © 9.56 + 0.22b 1752 +£0.79 b

Note: Different letters represent significance in the same column (p < 0.05).

3.6. Effect of Fu-SDF Addition on the Cooking Quality of Dried Noodles

The best optimum cooking time is the time when the white core of the noodles
disappears completely during steaming [52]. As shown in Figure 4A, with the increase of
the Fv-SDF addition, the optimum cooking time of Fv-SDF micro-fermented dried noodles
gradually decreased. The addition of Fv-SDF diluted the starch content, and the decrease
in starch content led to a decrease in gelatinization temperature. After micro-fermentation,
there were many air holes in the noodles, and the water molecules could easily enter the
inside, which made the starch absorb water and swell rapidly, reducing the optimal cooking
time [53]. When the addition of Fv-SDF was 10%, the optimum cooking time of dried
noodles was 142 s. The addition of Fv-SDF had a significant effect on the water absorption
and cooking loss rate of micro-fermented dried noodles. Our results showed that when
the addition of Fv-SDF was 10%, the dry matter water absorption of micro-fermented
dried noodles was the highest and the cooking loss rate of micro-fermented dried noodles
remained at a low level (Figure 4B). With the further increase of Fv-SDF addition, the
water absorption of micro-fermented dried noodles showed a downward trend, while the
cooking loss rate showed an upward trend. FV-SDF had high water absorption, which
was able to absorb water and form a gelatinous substance, and lock the moisture in the
noodles, making the noodles absorb water and mature faster. The addition of Fv-SDF could
form a protective net around the starch particles, thus reducing the spontaneous rupture of
expanded particles, reducing the dissolution rate of starch, and reducing the loss rate of
micro-fermented dried noodles during the cooking.

The results of the sensory evaluation are shown in Figure 5. With the increase of the
addition of Fv-SDF, the sensory score of Fv-SDF micro-fermented dried noodles generally
showed a trend of increasing first and then reducing. When the addition of Fv-SDF was less
than 10%, the toughness and taste scores were higher. The addition of Fv-SDF enhanced
the gluten strength, chewiness, and elasticity of Fv-SDF micro-fermented dried noodles,
and at the same time made the noodles have mushroom flavor and micro-fermentation
aroma. In addition, the appearance of Fv-SDF micro-fermented dried noodles was uniform,
and the color gradually darkened, giving it an attractive caramel color. The sensory score
of micro-fermented dried noodles decreased with the further increase of Fv-SDF addition,
because excessive addition of Fv-SDF reduced the hardness, chewiness, and toughness,
and the color of micro-fermented dried noodles was dark brown, resulting in a decrease
in the sensory evaluation of Fv-SDF micro-fermented dried noodles. When the addition
of Fv-SDF was 10%, the chewiness, elasticity, flavor, and color of the micro-fermented
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dry noodles were better, and the sensory scores of the micro-fermented dry noodles were

the highest.
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Figure 4. The effect of Fv-SDF addition on the optimum cooking time (A), water absorption, and
cooking loss rate (B) of dried noodles. Different letters represent significance (p < 0.05).
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Figure 5. Effects of Fv-SDF addition on sensory evaluation of dried noodles. Different letters represent
significance (p < 0.05).

3.7. Comparative Analysis of Volatile Flavor Compounds in Dried Noodles

In order to further clarify the differences in volatile flavor compounds in dried noodles,
the GC-IMS was selected to identify the characteristic peak areas of the samples. The three
dried noodle samples were as follows: CK group (unfermented, Fv-SDF addition amount
0%), Fv-SDF 0% (micro-fermentation for 9 min, Fv-SDF addition amount 0%), and Fv-SDF
10% (micro-fermentation for 9 min, Fv-SDF addition amount 10%).

In the three-dimensional spectrum (Figure 6A) and two-dimensional spectral top view
(Figure 6B,C) of volatile flavor compounds of dried noodles, obvious visual differences of
volatile flavor compounds could be observed among different samples (CK, 0% and 10%)
in the GC-IMS spectrum.
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Figure 6. Three-dimensional spectrum of volatile substance composition (A), 2D spectrum of volatile
substance composition (B), 2D differential spectrum of volatile substance composition (C), GC-IMS
fingerprint (D), PCA analysis (E). In (A-C), the samples from left to right are the CK group, Fv-SDF
0% group, and Fv-SDF 10% group, respectively.

Figure 6D was a fingerprint of the volatile components in three samples of dried
noodles, which represented the signal peak of each volatile substance in different samples.
The darker the red color, the higher the concentration of the substance. By comparing and
analyzing the volatile components in three samples of dried noodles, the results showed
that there was no significant difference in the composition and content of flavor components
between the CK group and the Fv-SDF 0% group, but there was a significant difference
in the composition and content of flavor components between the CK group and Fv-SDF
10% group. It could be seen from Figure 6D that there was little difference in the content of
ethanol and butanol in dried noodles. It could be seen from the red frame that compared
with the CK group and Fv-SDF 0% group, the contents of furfural, 1-hydroxy-2-acetone, pro-
pionic acid, and 3-methylbutyraldehyde increased in the Fv-SDF 10% group. Among them,
furfural, 1-hydroxy-2-acetone, and 3-methylbutyraldehyde provided caramel flavor and
sweetness, and propionic acid provided yogurt and vinegar flavors. In addition, propionic
acid may be the sour taste produced by the micro-fermentation, while furfural, 1-hydroxy
-2-acetone, and 3-methylbutyraldehyde were produced by non-starch polysaccharides
contained in Fv-SDF. In the blue frame, it could be seen that compared with the CK group
and Fv-SDF 10% group, the contents of 2-butanol, 2-methylpropionic acid, ethyl acetate,

14




Foods 2024, 13, 2764

2-methylpropanol, 3-methylbutanol, 3-hydroxy-2-butanonend were higher in Fv-SDF 0%
group. Among them, 2-methylpropionic acid provided a sour taste, ethyl acetate provided
a fresh taste, and 2-methylpropionic acid provided a sour taste which was produced during
the micro-fermentation. As can be seen from the black frame in Figure 6D, compared
with the Fv-SDF 0% group and Fv-SDF 10% group, the contents of pentanal, butyl acetate,
benzaldehyde, 2-heptanone, hexyl propionate, octanal, hexanal, and trans-2-heptenal were
higher, which provided a clear fragrance, fruity flavor, and fatty taste. Compared with
the CK group, the content of flavor substances in the Fv-SDF 0% group was higher, and
the types were richer, which were mainly produced by micro-fermentation. Among them,
3-methylbutyraldehyde has a strong malt and yeast flavor, which is a product of protein
hydrolysis and amino acid (isoleucine and leucine) degradation, and it is an important
flavor compound in many fermentation products [54].

The PCA analysis of three samples was shown in Figure 6E, which is a dimensionality
reduction method commonly used to reduce the dimension of large data sets. The results
showed that the contribution rates of PC-1 and PC-2 were 63% and 34%, respectively, and
the cumulative variance contribution rate was 97%, which indicated that the PCA results
were reliable. The distribution of the PC-2 axis of the CK, Fv-SDF 0%, and Fv-SDF 10%
group was significantly different. The CK and Fv-SDF 0% groups were close to each other
on the PC-1 axis, and these two groups were farther away from the Fv-SDF 10% group
on the PC-1 axis. There was a great difference in flavor between the CK and Fv-SDF 10%
group, while there was a little difference between the Fv-SDF 0% and 10% group, which
was consistent with the fingerprint analysis.

In order to further clarify the composition of flavor compounds in the three dried
noodle samples, all flavor compounds were classified. As shown in Table 5, 67 volatile sub-
stances, including 20 alcohols, 21 aldehydes, 9 ketones, 4 esters, and 13 other compounds,
were detected in all three samples. There were significant differences in the volatile compo-
nents of the three dried noodle samples, but the flavor components in the CK and Fv-SDF
10% groups were more significant. Consistent with fingerprint analysis, the contents of
furfural, 1-hydroxy-2-acetone, propionic acid, and 3-methylbutyraldehyde were higher in
the Fv-SDF 10% group.

Table 5. Analysis of volatile flavor compounds in three samples of dried noodles.

Name CAS Rt [s] Molecular Odor Description
1-octene-3-ol C3391864 867.68 CgH140 Mushroom aroma
1-hexanol-M C111273 713.00 CeH140 Fresh, fruity, alcohol,
1-hexanol-D C111273 71241 CeH140 Fresh, fruity, alcohol,
1-Pentanol-M C71410 533.20 CsH1,0 balm
1-Pentanol-D C71410 532.28 CsH1,0 balm

1-butanol, 3-methyl-M C123513 457.43 CsH,0 Whisky, banana fruit
1-butanol, 3-methyl-D C123513 456.99 CsHp20O Whisky, banana fruit
1-pentene-3-ol C616251 388.08 CsH;p0 Ethereal, green, tropical fruit
1-butanol-M C71363 369.98 C4H190O Red wine taste
1-butanol-D C71363 369.04 Cy4H190O Red wine taste
Aleohols 1-propanol, 2-methyl-M C78831 311.92 C4H190O Fresh, wine, leather
1-propanol, 2-methyl-D C78831 310.98 C4H190O Fresh, wine, leather
1-propanol-M C71238 260.59 C3HgO Alcohol, pungent odor
1-propanol-D C71238 259.72 C3HgO Alcohol, pungent odor
Ethyl alcohol C64175 191.40 C,HgO toasty
2-fluoro-uranyl alcohol C98000 1358.68 CsHgOy toasty
1-octanol-M C124130 609.80 CgH160 Aldehyde, waxy, fruity, fat
1-octanol-D C124130 609.23 CgH140 Aldehyde, waxy, fruity, fat
2-Pentanol C6032297 339.50 CsH1,0 Fusel oil, fragrant
2-butanol C78922 228.99 C4H;19O fruity
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Table 5. Cont.

Name CAS Rt [s] Molecular Odor Description
Benzaldehyde -M C100527 957.31 C7HgO Bitter almond, cherry and nut notes
Benzaldehyde D C100527 957.31 C;HgO Bitter almond, cherry and nut notes
(E)-2-octenal -M 2548870 809.46 CsH140 Fresh cucumber, fat, green
fragrance
(E)-2-octenal-D Fresh cucumber, fat, green
1-nonaldehyde-D (2548870 807.91 CsH140 fragrance i
1-nonanal-M C124196 759.05 Cy9H;150 Rose, citrus, etc
1-nonaldehyde-D C124196 759.05 CyoH;30 Rose, citrus, etc
(E)-2-heptenaldehyde-M C18829555 660.72 CyH1,0 Green fragrant vegetables, fresh, fat
(E)-2-heptenaldehyd-D C18829555 662.94 C;H,0 Green fragrant vegetables, fresh, fat
(E)-2-hexene-1-aldehyde-M C6728263 476.27 CeH10O Green fragrant vegetables, fresh, fat
Aldehyde (E)-2-hexene-1-aldehyde-D C6728263 476.27 CeH19O Green fragrant vegetables, fresh, fat
3-methyl-2-butenal C107868 447.79 CsHgO fruity
Heptaldehyde -M C111717 42413 CyH140 Fresh, fat, green and fruity
Heptyl aldehyde D C111717 425.00 C7H140 Fresh, aldehyde, fat, green,
1-hexaldehyde-M C66251 302.95 C¢H1,0 Fresh, green, fat,
1-hexaldehyde-D C66251 302.16 C¢H1,0 Fresh, green, fat,
(E)-2-butenal C123739 267.24 C4HsO null
n-valeraldehyde C110623 221.23 CsH1p0 Grass smell, taste exciting
Propanal-M C123386 134.93 C3HgO Pungent smell, grass smell
Propional-D C123386 135.47 C3HgO Pungent smell, grass smell
3-methylbutyraldehyde C590863 182.31 CsH190O Chocolate, fat
(E, E)-2, 4-octanedienal C30361285 1256.70 CgH1,0 Fat, green, pear, melon
2-furfural-M 98011 878.87 CsH40, Sweet, wood, toast
2-furfural-D 98011 879.98 CsH40, Sweetness, wood, bread
2-methyl-2-heptene-6-one C110930 683.56 CgH140 Citrus, fruity, keto
1-hydroxy-2-acetone-M C116096 628.11 C3HzO, Pungent smell, caramel taste
1-hydroxy-2-acetone-D C116096 628.57 C3HO, Pungent smell, caramel taste
3-hydroxy-2-butanone-M C513860 599.09 C4HgO, Buttery, creamy
Ketone 2-butanone, 3-hydroxy-D C513860 599.09 C4H30, Buttery, creamy
2-heptanone C110430 411.30 CyH140 Pear, banana like fruit
2-butanone-M C78933 176.41 C4HgO Fruity, camphor aromas
2-butanone-D C78933 177.48 C4HgO Fruity, camphor aromas
2-acetone C67641 144.05 C3HgO Fresh, apple, pear
Hexyl propionate (C2445763 671.85 CoHy30, Sweet fruity smell, soil fragrance
Esters Butyl acetate C123864 287.17 CeH120, fruity
Ethyl acetate -M C141786 169.26 C4HgO, Fresh, fruity, sweet
Ethyl acetate -D C141786 169.08 C4HgO, Fresh, fruity, sweet

4. Conclusions

In this study, the effects of Fv-SDF on dough processing characteristics and micro-

fermented dried noodles were investigated. The farinograph and rheological properties
tests showed that the addition of Fv-SDF was positively correlated with dough stability
time, development time, and the flour quality index, but negatively correlated with dough
water absorption and weakening degree. When the addition of FV-SDF was 15%, the
dough stability time was 6.7 min and the development time reached 5.6 min. Fv-SDF
could improve the elasticity of dough and enhance the strength of gluten. RVA results
showed that the retrogradation value of the mixed flour decreased with the increase of
Fv-SDF content, which indicated that the addition of Fv-SDF had an anti-aging effect and
prolonged the shelf life of the noodles. The addition of 10% Fv-SDF made noodles more
acceptable with the highest sensory score of 92, including pleasant color and good cooking
characteristics. When the addition of Fv-SDF was 10%, the optimal cooking time was 142 s,
the water absorption rate of dried noodles reached 148%, and the loss rate reached 5.2%.
The results of GC-IMS analysis showed that the unique source of flavor compounds of
noodles was generated by Fv-SDF and micro-fermentation treatment. Adding 10% Fv-SDF
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not only improved the nutritional value of the noodles but also gave them a unique flavor.
This research can provide technical support for the postharvest processing and product
development of Flammulina velutipes and provide a technical reference and theoretical basis
for the application of Fv-SDF in micro-fermented dried noodle products.
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Abstract: Fungal diseases not only reduce the yield of edible mushrooms but also pose potential
threats to the preservation and quality of harvested mushrooms. Cobweb disease, caused primarily
by fungal pathogens from the Hypocreaceae family, is one of the most significant diseases affecting
edible mushrooms. Deciphering the genomes of these pathogens will help unravel the molecular
basis of their evolution and identify genes responsible for pathogenicity. Here, we present high-
quality genome sequences of three cobweb disease fungi: Hypomyces aurantius Cb-Fv, Cladobotryum
mycophilum CB-Ab, and Cladobotryum protrusum CB-Mi, isolated from Flammulina velutipes, Agaricus
bisporus, and Morchella importuna, respectively. The assembled genomes of H. aurantius, C. mycophilum,
and C. protrusum are 33.19 Mb, 39.83 Mb, and 38.10 Mb, respectively. This is the first report of the
genome of H. aurantius. Phylogenetic analysis revealed that cobweb disease pathogens are closely
related and diverged approximately 17.51 million years ago. CAZymes (mainly chitinases, glucan
endo-1,3-beta-glucosidases, and secondary metabolite synthases), proteases, KP3 killer proteins,
lipases, and hydrophobins were found to be conserved and strongly associated with pathogenicity,
virulence, and adaptation in the three cobweb pathogens. This study provides insights into the
genome structure, genome organization, and pathogenicity of these three cobweb disease fungi,
which will be a valuable resource for comparative genomics studies of cobweb pathogens and will
help control this disease, thereby enhancing mushroom quality.

Keywords: edible mushrooms; Hypocreaceae; comparative genome; pathogenesis

1. Introduction

With the development of modern society and the increasing pursuit of healthful
foods, edible mushrooms have become increasingly popular [1,2]. The total production of
mushrooms and truffles worldwide reached 48.34 million metric tons in 2022 according to
the data from the Statista website (statista.com). Most edible fungi are produced through
commercially artificial cultivation [2-4]. Consequently, the outbreaks of diseases caused by
fungal pathogens have continuously increased in recent years [5-7]. Mycopathogens cause
heavy losses in commercial mushroom cultivation worldwide, such as cobweb disease,
dry bubble disease, wet bubble disease, and green mold disease [6]. Cobweb disease is
a significant limiting factor in edible mushroom production [8,9]. The main symptom of
cobweb disease is a cobweb-like growth of fungal mycelia over the mushroom surface. The
fruit body shows discoloration and rot and eventually becomes unsellable. The spores of
pathogenic fungi are easily dispersed through air conditioning systems or by the action
of watering [9]. If left untreated, the disease will spread throughout the mushroom crop
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through airborne spore dispersal [10]. In recent years, cobweb disease has been widespread
and has caused serious losses in Europe, America, Africa, and Asia [9]. In the mid-1990s,
cobweb disease emerged as the most serious disease affecting mushroom cultivation in
the UK and Ireland. The prevalence of cobweb disease in Agaricus bisporus production
has been documented at 33% in Turkey and 32% in Spain. Production losses can reach as
high as 40% [9]. The earliest case of edible mushroom cobweb disease was reported in
A. bisporus [11]. Subsequently, there has been an increasing number of reports describing
the infection of other mushrooms by cobweb disease. Due to the inability to thoroughly
sterilize the soil, mushrooms requiring casing soil in cultivation, such as Coprinus comatus,
Morchella importuna, and Oudemansiella raphanipes, are particularly susceptible to cobweb
disease [12-14]. A strain causing cobweb disease was isolated by Xu et al. and was from
the most widely consumed mushroom Lentinula edodes [15]. Cobweb disease has also been
observed in the widely cultivated Pleurotus spp., such as P. ostreatus, P. pulmonarius, and P.
eryngii [16,17]. Industrially cultivated edible mushrooms, such as Flammulina velutipes and
Hypsizygus marmoreus, could also be infected by cobweb mycopathogens [18,19]. Cobweb
disease has become a serious disease in mushroom crops. Therefore, an in-depth study of
the pathogenic fungi causing cobweb disease is imperative to better control this disease.

Strains from Hypomyces and Cladobotryum genera were the most commonly reported
pathogenic fungi causing cobweb disease [8]. Both genera belong to the family Hypocre-
aceae, Ascomycota Fungi, indicating that the fungi responsible for cobweb disease are
closely related, and that the pathogenic traits are inherited from ancestors. Cladobotryum
mycophilum, the anamorph of Hypomyces odoratus, is currently the most cited causal agent
of cobweb disease. It has been described as a pathogen of various edible mushrooms,
including A. bisporus, P. eryngii, G. lucidum, and Morchella sextelata [13,20-22]. Cladobotryum
dendroides, Cladobotryum protrusum, and Cladobotryum varium were also reported as in-
fecting various species of edible mushrooms, such as C. comatus, M. importuna, L. edo-
des, O. raphanipes, F. velutipes, and H. marmoreus [14,15,19,23,24]. Hypomyces, another
genus of pathogenic fungi causing cobweb disease, has been discovered infecting F. ve-
lutipes, A. bisporus, Auricularia cornea, and Auricularia heimuer with the corresponding
pathogens Hypomyces aurantius, Hypomyces mycophilus, Hypomyces cornea, and Hypomyces
rosellus [11,18,25-27]. Over the past years, studies on edible fungal pathogens have mainly
focused on the identification of pathogens and fungicide resistance, while research on the
pathogenic mechanism of the pathogen is rare. Genome sequencing and analysis have
facilitated the study of the characteristics of edible fungal pathogens and the pathogenicity-
related genes, laying a theoretical foundation and indicating the direction for the further
systematic study of pathogenic mechanisms [28-30].

Recently, the genomes of a few parasitic fungi that cause dry bubble, wet bubble,
and green mold diseases in edible mushrooms have been released [31-33]. Cladobotryum
protrusum is the first fungus genome to be sequenced as the pathogenic fungus causing
cobweb disease [24]. The analysis confirmed that the fungus belongs to the family Hypocre-
aceae, and genes from CAZymes, secondary metabolites, P450, and the pathogen-host
interaction database (PHI) all contribute to its mycotrophic lifestyle. In subsequent stud-
ies, the genomes of two additional cobweb disease pathogenic fungi, C. dendroides and C.
mycophilum, were sequenced [13,15]. Through genome analysis, one can examine genes
that play an important role during the parasitic relationship with mushrooms, such as
carbohydrate-active enzymes (CAZymes), cytochrome P450, peptidases, transporters, and
genes involved in secondary metabolites. Understanding the pathogens at the molecular
level is essential to gain new insights into the mechanisms of disease establishment within
the host. To this aim, additional genomic studies are necessary, encompassing a broader
array of mushroom fungal pathogens.

In the present study, three cobweb pathogenic fungi from different species were iso-
lated from A. bisporus, F. velutipes, and M. importuna, respectively. The genome of the three
fungal strains were sequenced and annotated. The objective of the study was to identify
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key factors causing cobweb disease through genomic and comparative genomic analysis.
The analysis of these strains is also critical for studying and preventing cobweb disease.

2. Materials and Methods
2.1. Fungal Strains and Genomic DNA Preparation

The three strains, C. protrusum, C. mycophilum, and H. aurantius, used in this study were
provided by Tai’an Academy of Agricultural Sciences (Tai’an, China). These strains were
identified as the pathogens of cobweb disease that infect fruiting bodies of M. importuna, A.
bisporus, and F. velutipes, respectively [18,23,34]. The mycelia of these strains were cultured
and maintained on potato dextrose agar (PDA) plates. For genome sequencing, the mycelia
were inoculated on the PDA plates overlaid with a cellophane membrane and cultured for
7 days at 25 °C in darkness. Genomic DNAs were extracted using the NucleoBond HMW
DNA kit (Macherey—Nagel, Diiren, Germany) according to the manufacturer’s instructions.
DNA concentration and purification were measured with the Nanodrop One (Thermo
Fisher Scientific, Waltham, MA, USA).

2.2. Genome Sequencing and Assembly

The extracted genome DNA was sequenced using the technology of Oxford Nanopore
and [llumina platforms. The Nanopore library was constructed using the Oxford Nanopore
LSK-109 kit (Oxford Nanopore Technologies, Oxford, UK), and the Nanopore library was
sequenced on the PromethION platform by Benagen Ltd. (Wuhan, China). After trim-
ming and filtering, in total, clean data of 9.19, 10.75, and 8.18 Gb were generated for C.
protrusum, C. mycophilum, and H. aurantius, respectively. Illumina paired-end sequenc-
ing was performed on an Illumina HiSeq2500 platform under 150 bp mode in the same
company. The raw fastq data were filtered using the fastp software v0.23.2 [35]. After
filtration, a total of 6.40, 6.26, and 6.55 Gb of clean data were kept for C. protrusum, C.
mycophilum, and H. aurantius, respectively. Kmer (19 bp) was calculated using Jellyfish
software v2.2.10, and the genome survey was analyzed using GenomeScope 2.0 (p = 1 and
p =2, m 20,000) [36]. The genome was assembled using Necat software v2020-08-03 with
default parameters (GENOME_SIZE = 40,000,000, PREP_OUTPUT_COVERAGE = 100, and
CNS_OUTPUT_COVERAGE = 90) [37]. Polishing of the assembled genome was performed
in two iterations using Racon v1.5.0 (https:/ /github.com/Ibcb-sci/racon; accessed on 12
December 2023) with Nanopore reads and default parameters. The polished scaffolds were
further polished with Pilon v1.24 through two iterations using filtered Illumina reads [38].

2.3. Gene Prediction and Function Annotation

Augustus software v3.4.0 was used to predict genes with laccaria_bicolor models, and
ab initio-based gene prediction was performed using GeneMark-ES v4.69 with default
parameters [39,40]. The two prediction results were integrated using EVidenceModeler
software v1.1.1 [41]. The completeness of the gene prediction was evaluated using the
BUSCO software v5.1.2 with fungi_odb10. Functional annotation of the three fungi’s
predicted protein-coding sequences (CDS) was performed by using Diamond to search
against several protein databases such as the eggNOG-mapper, the Pfam database, and the
SwissProt database [42,43]. Circular layouts were generated using Circos software v0.69
(http://circos.ca/; accessed on 20 December 2022) [44].

2.4. Comparative Genomic Analysis

Pairwise average nucleotide identity (ANI) was calculated using fastANI software
v1.33 [45]. Collinearity analysis of pathogenic fungi (H. aurantius, H. rosellus, C. mycophilum,
and C. protrusum) causing cobweb disease was conducted using MCScanX software [46].
Gene families and orthogroups were analyzed using the OrthoFinder software v2.5.4 [47].
The phylogenomic tree was constructed by concatenating single-copy orthologous protein
sequences, which were then visualized using the FastTree software v2.1 [48]. Divergent
time analysis was performed using PAML software packages v4 MCMCtree using reference
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divergence time between Lentinula edodes and Saccharomyces cerevisiae (626-806 MYA) and
between Aspergillus niger and Neurospora crassa (233.8-367.0 MYA) obtained from the
Timetree database http://timetree.org (accessed on 10 June 2024).

2.5. Analysis of Secretory Protein and Pathogenicity-Related Genes

CAZymes were annotated using dbCAN v3.0.2 software with the Hmmer search
engine and default parameters [49]. Protein-signal peptides were predicted using SignalP
v5.0b software, and transmembrane structures were predicted using TMHM v2.0c [50,51].
Signal-peptide proteins without transmembrane structures are considered secretory pro-
teins. The proteins from PHI were downloaded from https://www.phi-base.org Version
4.17 (released on 1 May 2024; accessed on 20 June 2024) [52]. Proteins from the database
of fungal virulence factors (DFVF) were downloaded from http://sysbio.unl.edu/DFVF
(released in 2019, with 2058 entries; accessed on 20 June 2024) [53]. Genes in PHI and DFVF
were identified using BlastP software v2.2.28 against these databases with an E-value of
0.00001.

3. Results and Discussion
3.1. Genome Information of Three Cobweb Disease Pathogens

Three mycoparasites causing cobweb disease were isolated and identified previously.
Hypomyces aurantius CB-Fv was isolated from F. velutipes [18], C. mycophilum CB-Ab was
isolated from a white button mushroom (A. bisporus) [34], and C. protrusum CB-Mi was
isolated from cultivated M. importuna [23] (Figure 1).
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Figure 1. Infected mushrooms and colony morphology of three cobweb disease pathogens used
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in this study. (A) Field symptoms of cobweb disease on F. velutipes and colonies of the cobweb
disease strain H. aurantius CB-Fv on PDA media at 25 °C. (B) Field symptoms of cobweb disease on
A. bisporus and colonies of the cobweb disease strain C. mycophilum CB-Ab. (C) Field symptoms of
cobweb disease on M. importuna and colonies of the cobweb disease strain C. protrusum CB-Mi.
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The pathogenicity of the three strains for cobweb disease was confirmed according
to Koch’s postulate previously. Here, the genome sequences of the three strains were
sequenced using Oxford Nanopore and Illumina sequencing platforms. As shown in
Supplementary Figure S1, a genome survey by GenomeScope was used to evaluate the
heterozygosity of the three strains. The heterozygous rate was 0.073%, 0.128%, and 0.101%
for H. aurantius, C. mycophilum, and C. protrusum, respectively. These results confirmed the
homokaryotic nature of the three strains. The de novo assembly of the H. aurantius genome
yielded 33.19 Mb, consisting of 10 contigs with a contig N50 length of 5.18 Mb and a contig
N90 length of 2.99 Mb. The genome size of C. mycophilum was 39.83 Mb, consisting of 10
contigs with a contig N50 length of 5.50 Mb and a contig N90 length of 4.24 Mb. The C.
protrusum genome contains a total length of 38.10 Mb, containing 10 contigs with a contig
N50 length of 5.55 Mb and a contig N90 length of 2.41 Mb (Table 1, Figure 2). The genomes
of the two Cladobotryum pathogens sequenced in this study exhibited similar genome
sizes and GC content compared to those previously reported for the Cladobotryum species
(Supplementary Table S1). This also suggested the completeness of the genomes sequenced
in this study. The genome size of H. aurantius was smaller than that of other reported
cobweb disease pathogens from the genus Cladobotryum (>36 Mb), and it was also smaller
than the genomes of the other two sequenced strains from Hypomyces genus (>38.48 Mb)
(Supplementary Table S1). In addition, the GC content of the H. aurantius genome was
the highest among these reported strains. Hypomyces aurantius represents the first cobweb
pathogen from the Hypomyces genus to be sequenced, providing valuable information for
gaining deeper insights into cobweb disease pathogens. Most fungal diseases are attributed
to filamentous fungi, primarily due to the similarity in their nutritional requirements
to those of edible mushrooms. These fungi can secrete numerous proteins, allowing
them to parasitize edible mushrooms by outcompeting for nutrients and through direct
invasion. The genomes of these fungi generally range from 35 to 45 Mb, likely owing to the
requirement to encode an extensive array of CAZymes and other pathogenic genes [54-57].
In contrast, yeast-like pathogenic fungi, such as Saccharomycopsis phalluae, possess a genome
size of merely 14 Mb. Analyses of published filamentous fungal genomes indicate that
various pathogenic fungi exhibit similar potential pathogenic mechanisms [58].

Table 1. De novo genome assembly and features of H. aurantius, C. mycophilum, and C. protrusum.

H. aurantius CB-Fv C. mycophilum CB-Ab C. protrusum CB-Mi
Genome size 33.19 Mb 39.83 Mb 38.10 Mb
Total contig number 10 10 11
Longest contig 6.38 Mb 7.44 Mb 7.53 Mb
Contig N50 5.18 Mb 5.50 Mb 5.55 Mb
Genome size 33.19 Mb 39.83 Mb 38.10 Mb
Contig N90 2.99 Mb 4.24 Mb 2.41 Mb
GC content 49.00% 48.00% 48.00%
Sequencing platform Napopore, Illumina Napopore, [llumina Napopore, Illumina
Isolation host F. velutipes A. bisporus M. importuna

3.2. Genome Annotation

The protein-encoding genes in the assembled genomic sequence were predicted based
on sequence homology and de novo gene predictions. Gene models of 9791, 11,365, and
113,038 were predicted with a total length of 15.66 Mbp (47.2% of the genome), 18.11 Mbp
(45.5% of the genome), and 17.86 Mbp (46.9% of the genome) for H. aurantius, C. my-
cophilum, and C. protrusum (Figure 2, Table 2). The predicted genes in H. aurantius, C.
mycophilum, and C. protrusum genomes showed an average length of 1590.3 bp, 1593.5 bp,
and 1618.1 bp, an average exon length of 554.7 bp, 561.1 bp, and 572.9 bp, an average
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intron length of 83.6 bp, 88.5 bp, and 83.1 bp, and an average intron number of 1.87, 1.84,
and 1.82, respectively (Table 2). The completeness of assemblies was evaluated using
BUSCO v5.1.2 (fungi_odb10, ascomycota_odb10, sordariomycetes_odb10) [59]. The results
of BUSCO analysis of H. aurantius CB-Fv, C. mycophilum CB-Ab, and C. protrusum CB-Mi
based on sordariomycetes_odb10 were 98.2%, 98.4%, and 98.8%, respectively. The high
BUSCO completeness indicated the quality of the genome assembly and high fidelity of

gene prediction.
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Figure 2. Genome maps of three cobweb disease pathogens H. aurantius CB-Fv, C. mycophilum CB-Ab,
and C. protrusum CB-Mi. Layer 1, contigs; Layers 2 and 3, predicted genes in forward and reverse
strand; Layer 4, gene density; Layer 5, repeat sequences; Layer 6, GC content; Layer 7, CAZymes.
Links within and between contigs represent collinear blocks generated from MCScanX. The plot was
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Table 2. Characteristics of the gene prediction of H. aurantius, C. mycophilum, and C. protrusum.

H. aurantius CB-Fv C. mycophilum CB-Ab C. protrusum CB-Mi
Gene number 9791 11,365 11,038
Total length 15.57 Mb 18.11 Mb 17.86 Mb
Average length 1590.3 bp 1593.1 bp 1618.1 bp
Average exon length 554.7 bp 561.1 bp 572.9 bp
Average exon number 2.87 2.84 2.82
Average Intron length 83.6 bp 88.5 bp 83.1bp
Average intron number 1.87 1.84 1.82

Functional annotations of the predicted genes were performed using publicly available
databases of Swissprot, GO, KEGG, eggNOG, and Pfam. Of the identified genes, the largest
number of genes was annotated by the eggNOG database, and the least number of genes
was annotated by GO analysis (Supplementary Table S2). There were 5843, 6580, and
6511 genes of H. aurantius, C. mycophilum, and C. protrusum annotated in the SwissProt
database, accounting for 59.68%, 57.90%, and 58.99% of the total number of genes. Based on
the similarity of protein domains, 7278 (74.33%), 8390 (73.82%), and 8214 (74.42%) genes of
H. aurantius, C. mycophilum, and C. protrusum were annotated by Pfam database. There were
3951 (40.35%), 4148 (36.50%), and 4092 (37.07%) genes of H. aurantius, C. mycophilum, and C.
protrusum annotated by the KEGG pathway, of which most genes involved in metabolism
(Supplementary Table S2).

3.3. Evolution and Comparative Genomic Analysis

Both Cladobotryum and Hypomyces come from the family Hypocreaceae. Genomes of
seven genera, including Cladobotryum and Hypomyces, of the Hypocreaceae family have
been published in the NCBI database (May 2024). The comparison of all genomes from
Cladobotryum and Hypomyces and the representative strains from the other five genera
were performed using fastANI software. While the ANI value is typically employed to
determine species boundaries of prokaryotic genomes [45], the software was simply used
to present the genome similarities between different fungal genomes in this study. Figure 3
reveals that strains from the same species showed high ANI values (>98%) with each
other. Cladobotryum protrusum strain CB-Mi shared the highest ANI value of 98.96% with C.
protrusum strain CCMJ2080, also a cobweb pathogen isolated from C. comatus, while the
ANI values with other fungi were all lower than 85%. Strain CB-Ab showed the highest ANI
values of 98.49% and 98.95% with strain ATHUM6906 and strain CCM]J2923, respectively,
while ANI values with other strains were all below 90%. Strain CB-Fv, the first sequenced
strain of H. aurantius, exhibited its highest ANI value of 79.59% with H. perniciosus HP10.
Thus, ANI analysis corroborates taxonomic classifications to some extent, reflecting the
evolutionary relationships among different strains.

To further investigate the evolutionary relationships of the three fungi and the diver-
gent time from a common ancestor, phylogenetic analyses were conducted between the
three fungi and 24 other fungi species (20 Ascomycetes and 4 Basidiomycetes). A total of
101 single-copy orthologous genes were identified using OrthoFinder and used for phylo-
genetic reconstruction, and species divergence time was estimated based on amino-acids
sequences using mcmctree (Figure 3A). The results indicated that strains from the Sordari-
omycetes class cluster together. The genera Hypomyces and Escovopsis diverged 17.51 million
years ago. Based on ANI analysis and genomic phylogenetic analysis, strain CCM]J2808
should belong to the genus Cladobotryum. The genera Hypomyces and Cladobotryum sepa-
rated 17.12 million years ago. This suggests that cobweb disease pathogens share genetically
similar, indicating a common infection mechanism at the genetic level.
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Collinearity analysis of the three strains revealed a high degree of synteny conser-
vation, as illustrated in Figure 3C: Contig02 and contig04 of strain CB-Ab were highly
conserved, exhibiting almost no chromosomal recombination events among the three
strains. Portions of contig01 and contig05 of strain CB-Ab displayed collinearity with
contig01 of strains CB-Mi and contig01 of strain CB-Fv, whereas the remaining parts of
the two contigs are dispersed across different locations in the other two strain genomes.
Contig06 of strain CB-AB showed high collinearity with contig04 of strain CB-Mi but
was fragmented across different positions in the genome of strain CB-Fv. Contigs03 and
contig07 of strain CB-Ab exhibited numerous fragmentation events compared to the other
two genomes. Overall, fewer genomic rearrangement events occurred between strains
CB-Mi and CB-Ab compared to CB-Fv and the other two strains, which was consistent with
the previous phylogenetic analysis. The results indicated that there are conserved contigs
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and variable contigs at the chromosomal level, with more rearrangement events occurring
in the non-conserved variable contigs.

3.4. Comparative Analysis of CAZymes

The genome of H. aurantius CB-Fv, C. mycophilum CB-Afb, and C. protrusum CB-Mi
contained 358, 399, and 401 CAZymes with a high diversity of families, including a to-
tal of six classes: glycoside hydrolases (GHs = 173, 184, and 197), glycosyl transferases
(GTs = 82, 81, and 80), carbohydrate esterases (CEs = 17, 19, and 19), auxiliary activities
(AAs =72,101, and 91), carbohydrate-binding molecules (CBMs =9, 6, and 6), and polysac-
charide lyases (PLs = 5, 8, and 8) (Figure 4A, Supplementary Tables S4-56). The family
with the highest number of genes was the AA7 family. The three strains, H. aurantius CB-Fv,
C. mycophilum CB-Ab, and C. protrusum CB-Mi, had 36, 51, and 45 genes, respectively,
in this family. Genes in this family are primarily involved in the synthesis of secondary
metabolites, such as the antifungal substance trichoxide, the defense-related metabolite
zearalenone, and chanoclavine [60,61]. Cell wall-degrading enzymes have been reported
to be associated with mycoparasitism. The white mildew disease fungus Calcarisporium
cordycipiticola could degrade the hyphase of its host Cordyceps militaris [57]. Genes from
the GH18 family numbers were 27, 22, and 27 in the three pathogens, respectively, second
only to the AA7 family (Figure 4B, Supplementary Tables S4-56). The enzymes of this
family were mainly annotated as endochitinases and chitotriosidases. These enzymes can
hydrolyze the 3-(1, 4)-linkage between adjacent N-acetyl glucosamine residues of chitin,
playing a pivotal role in the context of infectious diseases [62]. The induction of chitinolytic
enzymes were observed in the interaction between Trichoderma harzianum and Sclerotium
rolfsii [63]. A transcriptome analysis of the wet bubble disease Mycogone perniciosa revealed
that several GH18 chitinases were significantly upregulated during the infection process
targeting A. bisporus [64]. Calonje et al. [65] reported that hydrolytic enzymes, including
chitinases, were produced by Verticillium fungicola, a dry bubble pathogen, in cultures
with A. bisporus vegetative mycelial cell walls as the only carbon source. Similar results
were also reported for the green mould disease fungus Trichoderma aggressivum [66]. The
results were consistent with our genomic analysis results, indicating that genes in the GH18
family play a crucial role in cobweb disease pathogenicity [67]. Another gene family, GH55,
mainly consists of glucan endo-1,3-beta-glucosidase, which are also pathogenesis-related
genes involved in the degradation of beta-1,3-glucan in host cell walls [68]. The enzyme
activity of 1,3-beta-glucanase was also detected in the culture of V. fungicola with A. bisporus
myvelial cell walls as the substrate [65]. The three pathogens had five, seven, and eight
genes, respectively, in the GH55 family, which is also higher than the number in F. velutipes
(3), A. bisporus (1), and P. ostreatus (2), suggesting a possible link to their pathogenicity.
Overall, genomic analysis confirmed that cell wall-degrading enzymes play key roles in
the infection of mushrooms.

3.5. Pathogenicity-Related Genes

As secreted proteins are critical virulence determinants in fungal pathogens, we
compared the secreted proteins of three strains to gain information about their composition
and conservation. A total of 717, 882, and 936 secreted proteins (with signal peptide and
without transmembrane structure) were predicted in the genomes of strain CB-Fv, CB-Ab,
and CB-Mi, respectively (Figure 5A, Supplementary Tables 5S4-56). To identify potentially
pathogenic genes in these cobweb disease fungi, the whole genomes were analyzed via
BLASTP against the PHI and DFVF databases, which predict protein function during host
infection. There were 2506, 2758, and 2736 genes annotated in the PHI database for H.
aurantius CB-Fv, C. mycophilum CB-Ab, and C. protrusum CB-Mi, respectively, based on
sequence identity = 30% and alignment coverage > 50% (Figure 5A, Supplementary Tables
54-56). The DFVF database is an inclusive database of recognized fungal virulence factors.
It collects 2058 pathogenic genes released by 228 fungal strains from 85 genera. Currently,
there were 746, 846, and 829 genes identified in the genomes of H. aurantius, C. mycophilum,
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and C. protrusum, respectively (sequence identity > 30% and alignment coverage > 50%),
against the DFVF database (Figure 5A, Supplementary Tables S4-56). In the genomes of H.
aurantius CB-Fv, C. mycophilum CB-Ab, and C. protrusum CB-Mi, 89, 109, and 112 secreted
proteins (common genes) were identified in both the PHI and DFVF databases, respectively.
Among the common genes, the majority of proteins (>90%) of each strain had homologs in
the common genes of the other two strains, indicating that these proteins (core genes) were
essential to the pathogenicity of the three web blight pathogens. Some of the core genes
were CAZymes, including the previously mentioned chitinases and glucanases, while most
of the other genes were annotated as proteases (peptidases), lipases, hydrophobins, KP4
killer proteins, and ROS-related enzymes (Figure 5B, Supplementary Tables S4-56). The
induction of a laccase gene, lcc2, by A. bisporus can provide defense against T. aggressivum,
a green mould disease. The expression of proteases might selectively degrade the defensive
enzymes secreted by the host mushroom [69]. The upregulated expression of a proteinase
gene, prbl, was detected when T. aggressivum was co-cultured with A. bisporus [66]. The
results suggested that these genes have roles in pathogenicity. Lu’s study revealed that
ROS levels increased when Phallus rubrovolvatus was co-cultured with a pathogenic fungus
Trichoderma koningiopsis [70]. Therefore, ROS-related enzymes in cobweb disease may be
associated with stress defense against host mushrooms.
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Figure 4. Distribution of CAZymes genes in three cobweb pathogens. (A) Distribution of CAZymes

genes in H. aurantius Cb-Fv, C. mycophilum CB-Ab, and C. protrusum CB-Mi. (B) Heatmap representing
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binding molecules, PL: polysaccharide lyases.
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Figure 5. Distribution of pathogenicity-related genes in three cobweb disease strains. (A) The
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distribution of secreted proteins, genes identified in the PHI database, and genes identified in the
DFVF database in H. aurantius Cb-Fv, C. mycophilum CB-Ab, and C. protrusum CB-Mi, respectively.
Common genes were genes that belong to all these categories. (B) The gene distribution in common
genes of the three cobweb disease strains.

Based on the analysis of genome, we can infer that the cobweb disease pathogens may
inhibit the growth of host cells by secreting antifungal metabolites (compounds synthesized
by enzymes from the AAs family and KP4 killer proteins [71]). Subsequently, they secrete
chitinases, glucan endo-1,3-beta-glucosidases, and other enzymes (such as proteases and
lipases) to degrade the host cell walls, providing nutrients for their own growth and, thus,
completing the infection process. Additionally, hydrophobins are deeply involved in and
regulate the infection processes. In future research, it will be essential to investigate the
specific secreted proteins and CAZymes related to pathogenicity through transcriptomics
or proteomics.

4. Conclusions

In summary, high-quality genomes of three cobweb disease fungi, H. aurantius Cb-Fv,
C. mycophilum CB-Ab, and C. protrusum CB-Mi, were sequenced using the Illumina and
Nanopore platforms. Genomic and comparative analysis indicate that the pathogens of
cobweb disease might inhibit the growth of host mycelia by secreting antifungal substances
and cell wall-degrading enzymes to hydrolyze the host mycelia, thereby completing the
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Abstract: Postharvest Agaricus bisporus is susceptible to browning, water loss, and microbial infection.
In order to extend its shelf life, cold plasma technology was used to treat and evaluate A. bisporus.
Firstly, according to the results of a single factor test and response surface analysis, the optimal
conditions for cold plasma treatment were determined as a voltage of 95 kV, a frequency of 130 Hz, and
a processing time of 10 min. Secondly, storage experiments were carried out using the optimized cold
plasma treatment. The results showed that the cold plasma treatment in the packaging significantly
reduced the total viable count in A. bisporus by approximately 16.5%, maintained a browning degree
at 26.9% lower than that of the control group, and a hardness at 25.6% higher than that of the control
group. In addition, the cold plasma treatment also helped to preserve the vitamin C and total protein
content of A. bisporus. In conclusion, cold plasma treatment showed great potential in enhancing the
postharvest quality of fresh A. bisporus.

Keywords: Agaricus bisporus; cold plasma; response surface; optimization; postharvest quality

1. Introduction

Agaricus bisporus, commonly known as the white mushroom [1], is a fungus that has
gained global attention due to its unique sensory and nutritional values [2]. However,
A. bisporus has a short shelf life under natural postharvest conditions owing to its high
water content, lack of protective surface cuticle, excessive respiration and transpiration,
and microbial infection [3]. These factors contribute to the browning, water loss, softening,
nutrient loss, and spoilage of postharvest A. bisporus. In recent years, various preservation
methods have been explored to address these challenges, including improved packaging
techniques [4-6], light treatment [7], and irradiation treatment [8]. However, these methods
have limitations such as the complexity in preparing active packaging, the high cost of
raw materials, and difficulties in mass production. Alternatively, single low-temperature
preservation methods require significant investment and have low efficiency. Therefore, re-
searchers have increasingly focused on developing new preservation technologies, such as
cold plasma combined with a refrigerated packing treatment, which have shown promising
results in the preservation and processing of various foods [9,10].

Cold plasma is a novel non-contact cold sterilization technology that exhibits broad-
spectrum sterilization properties [11]. Its bactericidal efficacy has been demonstrated in
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various food products including Flammulina velutipes [12], Agaricus bisporus [13], winter
jujubes [14], apricot [15], and fresh wolfberries [16]. Plasma, a highly active substance rich
in reactive oxygen and nitrogen [17], can permeate the microbial cell membrane, leading to
DNA damage and a reduction in the activity of cell-degrading enzymes [18]. Moreover,
these active substances also impact on the quality and properties of biomolecules [17]. For
instance, cold plasma has the ability to depolymerize amylose [19], disrupt peptide bonds
in proteins [20], and promote lipid oxidation [21].

Cold plasma can be generated using various methods. Among these methods, dielec-
tric barrier discharge (DBD) is particularly well-suited for food industrial applications [22].
DBD offers several advantages, including the ability to produce large-area and uniform
plasma, short processing times, high energy efficiency, high antimicrobial efficiency, and
minimal impact on food quality and the environment [23]. However, due to insufficient
research on cold plasma technology and the lack of theoretical foundations, its application
in the field of food preservation is not widespread, especially for mushroom preservation.

This study aimed to improve the storage period of A. bisporus by optimizing the
treatment conditions of cold plasma and investigating its effects on the postharvest phys-
iological and nutritional quality of the mushroom. The effects of cold plasma voltage,
frequency, and processing time on the surface microorganisms and color were examined
during the storage of A. bisporus using the Box-Behnken response surface method and
a quadratic polynomial regression model. Additionally, the postharvest physiological
characteristics and nutritional changes in A. bisporus after cold plasma treatment were
evaluated. These findings would provide valuable insights into the application of cold
plasma treatment on edible mushrooms.

2. Materials and Methods
2.1. Sample Source and Pre-Treatment

A. bisporus samples were provided by Jiangsu zhongyouxinghe mushroom technology
Co., Ltd. (Lianyungang, China) and promptly sent to the laboratory within 2 h of har-
vest. To ensure the freshness of the edible fungi, only unopened mushrooms without any
mechanical damage were chosen. The selected mushrooms had a cap diameter of approxi-
mately 40 mm and weighed between 18-25 g. Prior to testing, the A. bisporus samples were
pre-cooled at 4 °C and 90% relative humidity for 24 h. The selected A. bisporus samples
were randomly packed, with each box containing approximately 120 g. The boxes were
placed in food-grade polypropylene PP boxes measuring 18 cm x 13 cm X 6 cm.

2.2. Equipment and Reagents

This study used cold plasma equipment from Nanjing Suman (CPS-1, Nanjing Suman
Plasma Technology Co., Ltd., Nanjing, China). A. bisporus was placed on a glass plate
(dielectric barrier layer) among the electrodes. The size of electrodes was 17 cm x 13 cm.

Folinol and gallic acid (CAS: 149-91-7) were purchased from Shanghai yuanye Bio-
Technology Co., Ltd. (Shanghai, China). Guaiacol (CAS: 90-05-1), phthalic acid, diphenols,
ergosterol (CAS: 57-87-4), and vitamin D2 (CAS: 50-14-6) were purchased from Shanghai
Macklin Biochemical Technology Co., Ltd. (Shanghai, China). Methanol and other reagents
were purchased from Sinopharm chemical reagent Co., Ltd. (Shanghai, China). Except for
the liquid chromatography-specific reagents, these reagents were of analytical grade and
used without further purification.

2.3. Cold Plasma Process Optimization
2.3.1. Single Factor Experiment

As shown in Figure S1A,B, A. bisporus was sealed in a polyethylene film bag with a
thickness of 0.07 mm. It was then promptly placed on the electrode of a cold plasma device
for further processing. During the experiment, some fixed parameters were set as follows:
the number of discharges was once, the distance between the plates was 60 mm, the upper
limit of the current was 1.5 A, and the temperature was room temperature: 25 =5 °C.
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When the single factor experiment was carried out, the other factors were fixed as follows:
treatment voltage 125 kV, treatment frequency 145 Hz, processing time 7 min.

This study was based on the cold plasma treatment voltage (50, 65, 80, 95, 110, 125,
140, 155 kV), treatment frequency (70, 95, 120, 145, 170, 195 Hz) and processing time (1, 4, 7,
10, 13, 16 min) as the optimized conditions, and the samples were processed in the sealed
box. Each treatment was repeated three times. A. bisporus without cold plasma treatment
was used as a control. After treatment, A. bisporus was placed in a constant temperature
and humidity box at 4 °C and 90% relative humidity and stored for 24 h. Please refer to the
methods described in Sections 2.5.2 and 2.5.3 for the determination of sterilization rate and
color difference.

For the detailed results in the single factor experiment, please refer to the Supplemen-
tary Information and Figures 52-54.

2.3.2. Box-Behnken Experiment for Optimization

The optimization of the cold plasma treatment conditions for A. bisporus was conducted
using the Box-Behnken design. The variables considered were voltage, frequency, and time,
while the responses measured were the surface L* of A. bisporus and the sterilization rate,
denoted as Y. Prior to the experiment, the range of each variable was determined through a
single factor experiment, and other parameters of the equipment were the same as shown in
Section 2.3.1. A total of seventeen experiments were performed based on the Box-Behnken
design matrix, as detailed in Table S1. In each experimental group, A. bisporus samples
were treated with cold plasma using the specified voltage, frequency, and time settings.
Subsequently, the surface L* and sterilization rate were measured after the treatment.

2.4. Cold Plasma Treatment and Storage of A. bisporus

As shown in Section 2.1, the packaged A. bisporus were randomly divided into four
groups (Table 1 and Figure S1). They were the following four groups: cold plasma treatment
combined with PE sealed packaging (CP+PE), PE sealed packaging (PE), direct cold plasma
treatment (CP), and control group (Control). The packaging group used 0.07 mm thick
polyethylene film bags for the sealed packaging. Samples were stored at 4 °C and 90%
relative humidity for 12 days, and the physical and chemical indicators were measured and
evaluated on days 0, 3, 6, 9 and 12 [24].

Table 1. Process conditions for the treatment of Agaricus bisporus.

Treatment Packaging Plasma Treatment
CP+PE Yes Yes
PE Yes No
CP No Yes
Control No No

2.5. Preservation Quality Investigation
2.5.1. Hardness, Weight Loss Rate, and Moisture Content

The hardness was measured using a fruit firmness tester with a 3.5 mm flat probe
(GY-4; Jinkelida Instrument Co., Ltd., Beijing, China) and expressed as N [25].

Weight loss was measured by weighing samples before and after storage. The results
were expressed as the percentage of weight lost relative to the initial weight.

The moisture content was determined by a direct drying method. First, the weighing
bottle was dried to a constant weight and the weight (W;) was recorded. Secondly, approx-
imately 5 g of chopped mushroom samples were added, and the total weight (W) of the
sample and the weighing bottle was recorded in detail. Finally, the sample was dried to
a constant weight and the total weight (W3) after drying was recorded. The formula for
moisture content is as follows:
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Wy — W3

X(%) = =23
(%) = W, ~w,

% 100%

2.5.2. Microbial Colony Assay of Mushroom Epidermis

The total number of colonies was measured according to a previously described
method with minor modifications [8]. A. bisporus (25 g) from each group were placed into
a sterile conical flask, to which sterile saline (225 mL) was added. Then, the solution was
vortexed for 2 min. The solution (100 pL) was then deposited onto plate count agar plates
and evenly spread and incubated for 48 h at 37 °C for the aerobic colony count. Each
sample had three replicates. The results were expressed as the number of colonies per gram
of fresh weight (Ig CFU g~ 1), and Ig was logarithmic to the base of 10.

M
Y(%) = (1— 1) x 100%
M,
Y (%) was the sterilization rate.
M; was the number of colonies after low temperature plasma treatment.
M, was the number of untreated colonies.

2.5.3. Mushroom Appearance, Color, Peroxidase, and Polyphenol Oxidase

The mushrooms were photographed at the beginning and at the end of the storage
period [26]. The color was recorded as L¥, a*, and b* using a 3NH colorimeter (3NH SR-66;
Shenzhen 3NH Technology Co., Ltd., Shenzhen, China). The browning index (BI) was
determined according to the following formula:

BI = [100 x (X — 0.31)] )

a*—1.75L*
X= 5.546L* + a* — 3.012b* @

To determine enzyme activities, the mushrooms (5 g) were added to 5 mL of extraction
buffer containing 1 mmol L1 IPEG, 4% PVPP, and 1% Triton X-100. The extract was
centrifuged at 4 °C, 12,000 g for 30 min.

Peroxidase (POD) activity was measured according to the method of Yan with some mod-
ifications [5]. Firstly, 0.5 mL of the enzyme extract was mixed with 3.0 mL of 25 mmol L1
guaiacol, and afterwards 200 uL of 0.5 mol L~ H,O, was added and quickly mixed. The
absorbance of the reaction mixture was then measured six times at 470 nm with 1 min
intervals. One unit (U) of POD activity was defined as a change of 0.01 at 470 nm per
minute. POD activity was expressed as U g~ ! fresh weight.

Polyphenol oxidase (PPO) was measured according to the method of Yan [5] with
some modifications. Firstly, 4.0 mL of 50 mmol L~! sodium acetate buffer solution and
1.0 mL of 50 mmol L1 catechol were mixed, and then 100 pL of the enzyme extract was
added and mixed well. The absorbance of the reaction mixture was finally measured six
times at 420 nm with 1 min intervals. One unit (U) of PPO activity was defined as a change
of 0.01 at 420 nm per minute. PPO activity was expressed as U g~ ! fresh weight.

2.5.4. Vitamin C, Total Protein Content, Total Phenolic Content, and Total Soluble
Solids Content

The amount of vitamin C and total protein were determined using kits from Nanjing
Jiancheng Biotechnology Co., Ltd. (Nanjing, China).

The total phenolic content (TPC) of the samples was detected by the Folin-Ciocalteu
method [24], and gallic acid was used to construct a standard curve. Absorbance of the
supernatant was measured at 760 nm and the mass fraction of total phenol in the samples
(mg g~1) was calculated.

The determination of total soluble solids (TSS) was based on Ni’s method [27] with
some minor modifications. The mushroom samples (10 g) were added to 15 mL of deionized
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water (pH 7), then ground in a mortar and filtered with four layers of gauze to remove
the filter residue. Subsequently, TSS (%) was measured via a refractometer (Atago PAL-1;
Atago Co. Ltd., Tokyo, Japan) using the supernatant.

2.5.5. Determination of Vitamin D and Ergosterol

A direct extraction method was employed to extract vitamin D and ergosterol from
the mushrooms (Nzekoue et al., 2022) [28]. Mushroom powder (0.2 g) was subjected to
ultrasonic extraction in ethanol (5 mL) for 30 min. The ultrasonic extraction conditions
included a power of 240 W, frequency of 40 kHz, and temperature of 40 °C. Following
ultrasonication, the extract was filtered using a 0.45 um organic microporous membrane
and transferred to a liquid phase test bottle for subsequent HPLC analysis.

The HPLC system (Waters alliance €2695 Series, Milford, MA, USA) was equipped with
a quaternary pump, on-line degasser, thermostatic autosampler, and diode array detector
(DAD). The chromatographic separation was performed on a Gemini C18 analytical column
(250 x 3.0mm, 5 um) preceded by a security guard column C18 (4 x 3mm, 5 um). The
mobile phase was A phase composed of water and B phase composed of methanol, and the
flow rate was 0.8 mL min~!. The gradient elution was started with 80% B phase for 5 min,
increased to 100% in 6 min, maintained for 13 min, and returned to the initial conditions
within 1 min. The injection volume was 20 pL and the column temperature was 40 °C.
Vitamin D, and ergosterol were detected at 265 nm and 280 nm, respectively, and used as a
calibration curve for quantitation.

2.6. Statistical Analyses

All indicators were measured in triplicate. The data were expressed as mean + SD,
and the experimental data were organized and plotted using Origin Pro 2024b (OriginLab,
Northampton, MA, USA). Analysis of variance (ANOVA) was performed using SPSS 26
software (IBM, Armonk, NY, USA). To determine the statistical differences, comparisons of
the means between the controls and the treatments were performed using Duncans test at
a significance level of p < 0.05.

3. Results and Discussion
3.1. Optimization of Cold Plasma Treatment for A. bisporus

High-intensity treatments have been found to potentially disrupt the surface structure
of agricultural products and oxidize antioxidant substances [16]. In this study, we aimed to
optimize the treatment conditions using a response surface methodology. It is important to
consider that voltage can cause air discharge effects, frequency may impact energy input
and product structure, and processing time determines the total treatment energy during
cold plasma processing [29]. Therefore, we selected voltage, frequency, and time as the main
factors for the response surface analysis. Our goal was to find suitable treatment conditions
that effectively kill pathogenic microorganisms while minimizing browning and nutritional
damage in A. bisporus. To prepare for the response surface analysis, we conducted a
preliminary single factor experiment to assess the influence of voltage, frequency, and
time on the surface L* and sterilization rate (Y) of A. bisporus (Figures S1-S3). Table S1
presented the design and results of the Box-Behnken experiments. Using DesignExpert
8.0 software, we performed quadratic polynomial regression fitting of the sterilization
rate data in Table S1 to obtain a multiple regression equation describing the relationship
between the sterilization rate and the independent variables.

In Table 2, the L* regression model is not significant, and the sterilization rate Y regres-
sion model is extremely significant (p < 0.01). The lack of fit term of the sterilization rate Y
regression model is not significant (p = 0.6966 > 0.05), and the coefficient of determination
(R? = 0.9631) and the corrected coefficient of determination (R? Adj = 0.9156) of the equation
is high, indicating that the fitting degree of the model is high and the experimental error
is small.
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Improper handling conditions can have a significant impact on the freshness of mush-

rooms by promoting biological processes like respiration, ripening, and senescence, and
enabling pathogenic microorganisms. To analyze the impact of different experimental
factors on the response variables, we considered the processing time, treatment frequency,
and voltage. The F values indicated the importance of each factor, with processing time
having the least influence, followed by treatment frequency, and voltage being the most
influential. In Figure 1A-C, we present three-dimensional response surface diagrams to
visualize the interaction of these factors with the response variables. The shape of the
response surface indicates the extent of interaction, with a greater curvature suggesting a

more significant interaction.

A
190

853

&

T

80 3

\ o

75 8

\ g

| 0.3

=

[ 65 9
s

A
= -

C _
|
|
-~
85 & 85 %
X b
805 | B 80 9
e % ‘5 ‘ \-»M/ 1 75 8
= 0§ e 0§
- ) ot =
65 § ' 1S
60 ‘-N 60 =
= S
55 § ;Ssc%
@ 0
- . s, e
‘%l»q% PEa s

Figure 1. Response surface diagrams showing the interactions of different factors on the sterilization
rate. (A) Effects of treatment voltage and frequency on the sterilization rate of A. bisporus. (B) Effects
of treatment voltage and time on the sterilization rate of A. bisporus. (C) Effects of treatment time and

frequency on the sterilization rate of A. bisporus.

The predicted optimal treatment conditions were determined based on the highest
bactericidal rate Y. The predicted optimum treatment conditions were 95.154 kV, 130.41 Hz,
and 9.612 min, adjusted to 95 kV, 130 Hz, and 10 min for operational purposes. These
conditions were verified, and the actual Y was 89.05% with an average relative error of
£1.744%, indicating reliable model optimization results. Many studies have reported
the effects of treatment parameters on the preservation quality of edible fungi. Excessive

application of parameters usually caused higher oxidative damage to mushrooms and

reduced the edible quality of mushrooms [19].
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Table 2. Analysis of variance of regression equations for two response variables.

Y L*
Source
F-Value p-Value F-Value  p-Value
Model 20.29 0.0003 significant 1.39 0.3079 not significant
A-A 20.76 0.0026 5.19 0.0459
B-B 25.24 0.0015 0.0004 0.9851
Cc-C 99.1 <0.0001 0.0003 0.9857
AB 0.0028 0.9589 1.26 0.2887
AC 2.19 0.1826 0.8428 0.3802
BC 5.03 0.0597 1.04 0.3316
A2 0.5301 0.4902
B2 7.97 0.0257
C? 20.74 0.0026
Lack of Fit 0.51 0.6966  not significant 0.0411 0.9992 not significant
R? 0.9631 0.4544
Adjusted R 0.9156 0.1271
Predicted R>  0.7948 0.2984

3.2. Postharvest Preservation of A. bisporus
3.2.1. Hardness, Weight Loss Rate, Moisture Content, and Total Number of
Bacterial Colonies

According to Figure 2A, the polyethylene packaging group gradually softens through-
out the postharvest storage process, while the unpackaged group remain unchanged in
hardness. This could be due to the severe water loss and shrinkage of the mushroom
surface in the unpackaged group, resulting in the formation of a dense waterproof layer
on the mushroom surface. On the ninth day of storage, the hardness of the CP+PE group
remained at 13.79 N, which was significantly higher (p < 0.05) than that of the PE group.
This indicated that the cold plasma treatment had the potential to delay the softening of
the mushrooms [30]. This delay in softening might be due to the inactivation of bacteria
by active plasma species, inhibition of enzyme activity, and a reduction in the respiratory
rate [13].

The rate of water transpiration and the respiration rate in mushrooms during storage
are two common issues leading to weight loss [31]. In Figure 2B, the weight loss in
unpackaged mushrooms significantly increases (p < 0.05) with an extended storage time.
After three days of storage, the weight loss in samples from the CP and control groups
exceeded the permitted limit, with values of 9.68% and 8.11%, respectively. Mushrooms
were considered to have lost their value when their water loss reached 5% [32]. However,
we observed condensation on the surface and inside of the mushrooms in the packaging
group, which might be attributed to the low water vapor permeability of the low-density
polyethylene film. This condensation phenomenon could potentially contribute to the
deterioration of the mushrooms [33]. The moisture content of A. bisporus is an important
indicator of freshness. Figure 2C demonstrates that the moisture content of unpackaged
mushrooms decreases after 12 days of storage, consistent with the results of the weight
loss rate.

In this study, the total number of bacteria was used to monitor the bactericidal effect
of cold plasma on A. bisporus. The results in Figure 2D demonstrate an upward trend in the
number of microorganisms during the storage period. Towards the later stage of storage,
the CP+PE group exhibited significantly lower microorganism counts compared to the
PE group (p < 0.05). These findings indicate that the cold plasma treatment effectively
reduces microorganism levels on the surface of A. bisporus, thereby enhancing mushroom
safety. In addition, similar results were also exhibited in the research of Subrahmanyam, K,
which showed that the number of bacteria and fungi in A. bisporus decreased significantly
after cold plasma treatment (p < 0.05) [13]. Pourbagher, R used surface dielectric barrier
discharge plasma to inactivate P. tolaasii Pt18 bacteria inoculated into A. bisporus. HyO, + air
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gas had the greatest effect on reducing bacteria, and the number of colonies decreased to
4.231g CFU g~ ! on the 21st day of storage [34]. It was worth noting that the bactericidal
performance of cold plasma was attributed to various active substances which caused lipid
peroxidation, enzyme inactivation, and DNA degradation, eventually leading to microbial
inactivation [35].
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Figure 2. Effects of different treatments on hardness (A), weight loss rate (B), moisture content
(C), and total number of colonies (D) of Agaricus bisporus. Distinct letters demonstrate a significant
difference between different treatments (p < 0.05).

3.2.2. Appearance, Color, Peroxidase, and Polyphenol Oxidase

Changes in the mushroom surface color play a crucial role in determining the shelf
life of A. bisporus, and are a significant factor in influencing consumer acceptance [27,36].
A decrease in the L* value indicates a darker colored A. bisporus. Figure 3A highlights an
important pattern where the L* value of A. bisporus progressively decreases with a longer
storage time. The slowest color change is observed in A. bisporus treated with cold plasma
and packed in polyethylene. These color change indices are further supported by the
mushroom appearance images at different storage periods (Figure 4). After nine days of
cold storage, the PE group samples exhibit black spots and noticeable browning, whereas
the CP+PE treated group maintain a better color (Figure 3B). Cold plasma treatment in
packaging effectively inhibited browning. Zhao’s research indicates that plasma activated
water (PAW) treatment could effectively suppress browning and retain the desired visual
appearance of button mushrooms [37]. The increase in browning values and the decrease in
lightness values of mushrooms could be due to microbial growth, water loss, and enzymatic
browning [13,35].
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Figure 3. Effects of different treatments on L* (A), browning index (B), polyphenol oxidase (C), and
peroxidase (D) of Agaricus bisporus. Distinct letters demonstrate a significant difference between
different treatments (p < 0.05).

Enzymatic browning is the main type of A. bisporus browning, which is generally
considered to be brown spots formed due to the oxidation of phenols by PPO and POD [38].
Cold plasma treatment has been shown to inactivate enzymes [39]. Following the initial
treatment on day 0, the activities of peroxidase (POD) and polyphenol oxidase (PPO) in the
cold plasma treatment group are significantly decreased (Figure 3C,D). This decrease in
enzyme activity could be attributed to a reduction in the o-helix structure and an increase
in the (3-sheet structure within the enzyme proteins’ secondary structure [40]. However,
during the later storage period, this trend is reversed. The POD activity in the CP+PE
group is significantly higher than that of PE group (p < 0.05), whereas the PPO activity is
significantly lower (p < 0.05). Roghayeh Pourbagher’s research indicated that, under dual
dielectric barrier discharge plasma treatment, the POD activity in A. bisporus decreased,
and this decreasing trend aligned with the inactivation trend of PPO [41]. Both enzymes
decreased with an increase in processing time. This finding is consistent with the trend
observed in A. bisporus that we processed on day 0. However, as the storage time increases,
the POD activity in the CP+PE treatment group is significantly higher than that in the PE
group. This discrepancy may be related to the equipment parameters used, specifically their
design, with a fixed frequency of up to 6200 Hz. Previous studies indicated that low-power
and short-term cold plasma treatment did not decrease POD activity, but rather enhanced
it [42]. This finding was confirmed by the preservation of acai pulp and blueberries [43,44].
However, the exact mechanism underlying the activity of the POD enzyme remained
unclear [45].
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Figure 4. Effects of different treatments on the appearance of Agaricus bisporus.

3.2.3. Vitamin C, Protein Content, Total Phenolic Content, and Total Soluble Solids

Vitamin C, an essential nutrient, plays a crucial role in protecting DNA from the
damage caused by free radicals [46]. The vitamin C content of the CP+PE group decreases
during storage (Figure 5A). This decline could be attributed to the production of numerous
active substances by the cold plasma treatment, prompting A. bisporus to generate more vita-
min C as a defense mechanism against oxidative damage. Over time, the active substances
in the packaging gradually decomposed, leading to a stabilization of the vitamin C content
in A. bisporus. On the other hand, the CP and control groups, being exposed to the external
environment and environmental microorganisms, consistently maintained high levels of
vitamin C. The vitamin C content in the PE group remained relatively stable throughout.
The treatment of cashew apple juice with cold plasma resulted in an increase in the vitamin
C content [47], which was considered beneficial. This increase could be attributed to the
activation of the enzyme dehydroascorbate reductase, which converts dehydroascorbic
acid back to ascorbic acid through the ascorbate—glutathione cycle. Similarly, in a study
on bananas, cold plasma treatment caused an increase in the vitamin By content, as the
treatment disrupted the cell wall and released the contents [48]. In Ding’s study, cold
plasma treatment could effectively maintain the vitamin C content of Flammulina velutipes
during storage, which was significantly higher than that of the control group (p < 0.05) [12].
However, Kadavakollu Subrahmanyam’s study pointed out that during the storage period,
there were no significant differences in the vitamin C content between different treatment
groups (p > 0.05) [13]. The difference in this result may be related to the strength of the
treatment parameters.
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Figure 5. Effects of different treatments on vitamin C (A), total protein content (B), total phenols
(©), total soluble solids (D), and ergosterol (E) of Agaricus bisporus. Distinct letters demonstrate a
significant difference between different treatments (p < 0.05).

Protein content plays a significant role in assessing the nutritional value of mushrooms.
In fact, mushroom protein is considered to be of a higher nutritional quality compared to
plant protein [49]. The proteins present in mushrooms are involved in various processes
such as growth, maturation, senescence, disease resistance, and stress resistance. Figure 5B
demonstrates that the soluble protein content in the CP+PE group initially increased and
then stabilized, maintaining a higher content throughout the storage period. However, the
CP and control groups experienced severe browning and water loss, leading to protein
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decomposition. The soluble protein content remained relatively low throughout the storage
period. In the case of the PE group, the presence of microorganisms resulted in the
consumption of protein as a nutrient. It is worth noting that the impact of cold plasma
treatment on the structure and function of proteins is well-documented. However, there
is a scarcity of literature comparing and explaining the effects of cold plasma on proteins
in edible fungi substrates. In this study, cold plasma treatment was found to increase the
protein content, which aligned with previous studies on soybean sprouts and black gram
seeds [50,51]. This increase could be attributed to the induction of free radicals and ozone
oxidation, which promote chemical reactions between amino acid side chains and protein
backbones, ultimately resulting in the polymerization of small-molecule proteins [52].

Total phenols are considered beneficial antioxidants due to their ability to scavenge
harmful active oxygen species [53]. Figure 5C shows the change in total phenolic content
(TPC) during the entire storage period. The CP+PE group exhibits the lowest TPC on day
0. On the ninth day of storage, the PE group reaches its peak TPC. The CP group reaches
its highest TPC on the 12th day. Cold plasma treatment could decrease the total phenol
content. This decrease is attributed to the ability of phenolic compounds to scavenge free
radicals and the reaction of reactive oxygen species with the plasma [43]. Higher treatment
intensity leads to the production of ozone and singlet oxygen, which could cleave the
central heterocyclic ring in the polyphenol skeleton, leading to a decrease in TPC.

TSS represents the sugar content in the harvested mushrooms, which typically de-
creases during storage [54]. Limiting the use of soluble solids can help prolong the shelf
life of the product. The findings presented in Figure 5D demonstrate noticeable differences
in the percentage of soluble solids between packaged and unpackaged mushrooms, which
is consistent with the observed changes in the vitamin C content. We obtained similar
results in the study of Flammulina velutipes [12]. In the packaging group, the TSS content
initially decreased and then increased. Before the ninth day of storage, the CP+PE group
had a higher TSS content than the PE group, possibly due to a higher microbial content in
the PE group, leading to TTS decomposition. On the other hand, the TSS content in the
unpackaged group showed a consistent increase throughout the storage period, which
might serve as an indicator of mushroom maturity [33].

3.2.4. Vitamin D and Ergosterol

Vitamin D deficiency is a global concern for most vegetarians, as most vitamin D-rich
foods are derived from animals. Under ultraviolet irradiation, ergosterol is photolyzed
to produce a vitamin D precursor, and then slowly isomerized to vitamin D by a thermal
reaction. Ergosterol is an important part of the fungal cell membrane, and its chemical
structure is similar to cholesterol. It has been observed that ergosterol can enhance the cell
membrane of mushrooms, regulate membrane fluidity, and assist membrane transportation,
which is similar to animal cholesterol [55]. The free and esterified forms of ergosterol play
an important role in membrane fluidity and integrity. Therefore, ergosterol is a target for a
variety of antifungal drugs [3].

According to the previous research results, which showed that the vitamin D content
in the cultivated A. bisporus is very low [56]. Generally, when air or oxygen was used
as the feed gas, ozone was a key substance for the efficiency of cold plasma. At this
time, the ultraviolet radiation power generated by cold plasma was very small, making it
impossible for ergosterol in mushrooms to be converted into vitamin D through ultraviolet
radiation. Although, the reactive oxygen species (ROS) and reactive nitrogen species (RNS)
produced by cold plasma could cause cell damage, but this was not the same as the effects
of ultraviolet radiation [47,57,58]. we did not find the presence of vitamin D in A. bisporus
that was treated with cold plasma, which might explain the research results.
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In Figure 5E, it is observed that the ergosterol content of A.bisporus in the CP and
control groups follows a gradually increasing trend as the storage period progresses. On the
last day of storage, it is significantly higher than in the other two treatment groups (p < 0.05).
Since the mushrooms used in this experiment were freshly harvested, the mushrooms still
have biological activity and metabolic capacity. Mushrooms are known for their high
metabolic capacity and growth rate; induction of ergosterol synthesis following prolonged
exposed storage may have occurred [59].

On the third day of storage, the ergosterol content in A. bisporus treated with cold
plasma was higher than that in the PE group (p < 0.05). However, on the sixth day, the
ergosterol content in the PE group increased by about 65%. This was different from the
study of traditional cold plasma treatment of fungi and also different from the results
obtained in the treatment of non-edible fungi with cold plasma. A. bisporus is a large fungi
and tends to have more complex cell wall structures, which leads to this difference [60,
61]. The content of ergosterol in CP+PE group did not increase, which may be due to
the oxidative stress on the mushroom cell membrane caused by cold plasma treatment,
resulting in the ergosterol participating in antioxidant metabolism. At the later stage of
storage, ROS and RNS in the packaging group decreased, and there was no significant
difference in ergosterol content in the packaging group (p > 0.05).

3.2.5. Correlation Analysis and PLS-DA

The biochemical characteristics and sensory characteristics of A. bisporus undergo
different degrees of change during storage. Figure 6A shows the correlation analysis of the
indicators of A. bisporus between different treatment groups. Storage time is significantly
correlated with browning degree, hardness, weight loss rate, total number of colonies, and
soluble solids. The changes of L* and a* are also significantly correlated with total phenol
and total protein. However, no significant correlation was found with the changes in PPO
and POD enzymes, which indicates that cold plasma treatment regulates the changes in
the factors leading to browning. Figure 6B shows the principal component analysis of the
effects of different treatment methods on the quality of A. bisporus during storage. The
pre-member rates of the first and second principal components were 46.8% and 22.2%,
respectively. During the storage of A. bisporus, the soluble solids content, weight loss rate,
browning degree, and total number of colonies contributed more to the first and second
principal components. Furthermore, ergosterol, total phenol, total protein, and the water
content change index contributed more to the first principal component, while hardness
and vitamin C contributed more to the second principal component. Therefore, soluble
solids content, weight loss rate, browning degree, and the total number of colonies were the
key indicators during the storage of A. bisporus. With an increase in storage time, the CP and
control groups moved to the first quadrant due to the lack of packaging protection, which
was represented by the serious water loss and browning of the mushrooms. The PE group
moved to the lower half of the storage period until it appeared in the fourth quadrant,
indicating that the A. bisporus was infected with microorganisms and accompanied by
browning at this time. The CP+PE group represented better quality, which manifested as
two aspects. Firstly, there was no serious browning and water loss. Due to the bactericidal
effect of the reactive oxygen species, there was no large-scale microbial infection in the
packaging. On the other hand, the nutrients in A. bisporus did not suffer serious losses and
remained relatively stable. This was similar to the results of the correlation analysis, which
proved that the cold plasma treatment in the packaging affected the storage process of A.
bisporus by increasing the sterility and reducing water loss.
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4. Conclusions

This study determined the optimal conditions for cold plasma treatment (95 kV, 130 Hz,
10 min) and evaluated its impact on A. bisporus quality during storage. The CP+PE group
effectively reduced the presence of spoilage microorganisms and minimized the risk of
contamination post-treatment, while simultaneously preserving key quality characteristics
such as hardness, weight loss rate, moisture content, and browning. Furthermore, the
treatment minimized the loss of total protein and TSS in postharvest A. bisporus. In contrast,
the PE packaging group exhibited severe browning, higher microbial growth, and lower
vitamin C content during storage. Interestingly, the treatment reduced the activity of the
PPO enzyme but stimulated the activity of POD, which contributed to maintaining the color
of A. bisporus. These results were further supported by correlation and principal component
analyses. Overall, this study highlighted the promising application of optimized cold
plasma technology in eliminating pathogenic microorganisms and ensuring stable quality
in fresh agricultural products. It also provided a valuable research foundation for the use
of cold plasma technology in the storage and preservation of such products.

Supplementary Materials: The following supporting information can be downloaded at: https:/ /www.
mdpi.com/article/10.3390/foods13213393/s1, Figure S1. Schematic diagram of Agaricus bisporus
storage box. Figure S2. Effects of different treatment voltages on the whiteness (A), total number
of colonies and sterilization rate (B), appearance (C) of Agaricus bisporus. Figure S3. Effects of
different treatment frequencies on the whiteness (A), total number of colonies and sterilization
rate (B), appearance (C) of Agaricus bisporus. Figure S4. Effects of different processing time on the
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whiteness (A), total number of colonies and sterilization rate (B), appearance (C) of Agaricus bisporus.
Table S1. Experiment design and results for response surface analysis.
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Abstract: The Agaricus bisporus (Button mushroom) stands out as one of the most prolific edible
fungi which offers robust flavor and nutrition. Nonetheless, this mushroom contains high moisture
levels and intense respiration. Without appropriate postharvest preservation techniques, the button
mushroom readily experiences browning and senescence. To ensure optimum quality, prompt
cooling and appropriate storage conditions are essential. This present research investigated the
postharvest quality of button mushrooms stored in a controlled atmosphere (CA) with different initial
gas compositions. The findings revealed that button mushrooms in the CA group demonstrated
considerable enhancements in appearance and overall quality, effectively delaying browning and
senescence compared to those in the control group. The optimal gas composition is 1-3% O, and
15-17% CO, (CAII), which effectively inhibited the expression of polyphenol oxidase (PPO)- and
lactase (LAC)-related genes in the button mushroom, maintaining a high L* value. Furthermore, the
application of 1-3% O, and 15-17% CO, (CAII) not only preserved visual quality but also extended
the postharvest shelf life of the button mushroom by minimizing metabolic activities that contribute
to senescence. Moreover, 1-3% O, and 15-17% CO, (CAII) storage also reduced the expression
levels of genes associated with ethylene synthesis, which is reflected in the gradual decrease in
cell membrane permeability. Consequently, this research underscores the critical importance of
controlled atmosphere storage in improving the marketability and sustainability of this widely
consumed mushroom.

Keywords: Agaricus bisporus; controlled atmosphere; enzymatic browning; senescence; gene expression

1. Introduction

Agaricus bisporus, commonly referred to as the button mushroom or white mushroom,
stands among the most widely cultivated edible fungi worldwide with a delightful flavor
and notable nutritional advantages [1,2]. However, the fruiting bodies of the button mush-
room harbor high moisture content and exhibit elevated respiration rates. Consequently,
they rapidly consume vital nutrients and water, which are crucial for maintaining normal
physiological processes [3-5]. Moreover, the absence of distinct protective features on the
surface of the button mushroom makes it susceptible to external physical damage and
microbial infections, consequently resulting in browning and senescence [6]. To satisfy
market needs, efficient postharvest storage techniques must be employed to prolong the
shelf life of button mushrooms. Additionally, implementing advanced methods such as
irradiation, ultrasound, essential oils, salicylic acid, citric acid, and methyl jasmonate can
effectively reduce postharvest losses in fruits and vegetables [7-12]. Nevertheless, these
approaches face limitations, including high expenses, safety risks, nutrient degradation,
and changes in texture. Conversely, to extend the shelf life of fresh-cut fruits, vegetables,
and edible fungi, researchers have studied and implemented a controlled atmosphere (CA)
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to inhibit microorganisms and maintain product quality. Initially, CA applications typically
included reduced O, and increased CO; levels. This adjustment not only enhances fruit
and vegetable quality but also inhibits microbial growth, contributing to a more sustainable
supply chain [13]. As an illustration, CA storage significantly reduces browning in fresh
in-hull walnuts and increases their postharvest lifespan by over 1.6 times [14]. Moreover,
it has been proven that CO,-rich modified atmospheres influence energy metabolism,
respiration rates, ethylene responses, and physiological changes in various fresh products
during packaging and postharvest storage [15]. Research by Belay, Z. A. demonstrates
that low O, (1-5 kPa) and high CO, (5-15 kPa) atmospheres can extend the life span of
fresh-cut fruits by reducing respiration, inhibiting ethylene biosynthesis, and suppressing
the growth of aerobic microorganisms [16]. Whereas, compared to horticultural products,
edible fungi exhibit unique traits such as intense postharvest respiration and significant
tolerance to external CO; levels, suggesting that the air conditioning parameters of fresh
edible mushrooms represented by the button mushroom may differ from those of fruits
and vegetables. In a previous study, a short time exposure of button mushrooms to a high
CO; concentration resulted in reduced browning and maintained flavor quality, which
means that, in contrast to the low CO, atmosphere typically used in fruits and vegetables,
high CO; concentrations may help delay the senescence of button mushrooms and prolong
their postharvest life [17]. Additionally, Amodio et al. demonstrated that a CA composition
of 3% Oy, 20% CO,, and 77% N, effectively slows down browning and firmness loss in
fresh-cut Pleurotus eryngii while inhibiting fungal growth [18].

Browning has the most pronounced effect on the visual appeal of edible fungi. Me-
chanically, browning is divided into two categories: enzymatic and non-enzymatic [19].
Enzymatic browning poses a significant challenge for horticultural products like fruits (e.g.,
apples, peaches, pears, bananas, and avocados) and vegetables (e.g., lettuce, potatoes, and
eggplants) [20]. Recent studies indicate that the browning observed in edible fungi, partic-
ularly button mushrooms, primarily results from enzymatic processes, with polyphenol
oxidase (PPO) being the chief enzyme involved [21]. In this mechanism, phenolic com-
pounds oxidize and form quinones, which subsequently react with amino acids, leading to
melanin production and resultant browning [22]. Recent findings have shown that during
the storage of button mushrooms, the L* value decreases, reflecting a rise in PPO enzyme
activity along with an elevated expression of the PPO3 and PPO4 genes [23].

Senescence is also one of the important factors that affect the shelf life of edible fungi.
Research reveals that ethylene release plays a critical role in determining their storage
longevity. Ethylene, identified as a plant hormone, acts as a signaling molecule that affects
several metabolic pathways. As the button mushroom matures, its ethylene production may
hasten senescence, resulting in changes to texture, color, and nutrient profile. Furthermore,
several studies emphasize the crucial role of ethylene in the senescence of straw-rotting
fungi, including the button mushroom, straw mushroom, and oyster mushroom, through
the activation of genes linked to cell wall degradation, pigment accumulation, and aromatic
compound production [24-26]. Notably, during button mushroom senescence, genes
responsible for ethylene biosynthesis (SAMS, ACS, and ACO) play crucial roles in the
postharvest management of button mushrooms.

This investigation seeks to evaluate how controlled atmosphere storage, using various
initial gas compositions, impacts the visual appearance and quality characteristics of fresh
button mushrooms during storage. Specifically, we focus on key indicators of freshness,
conducting thorough testing and analysis on hardness, weight loss, color, and the expres-
sion of enzymatic browning-related and ethylene synthesis-related genes. Additionally,
further exploration into specific storage parameters that affect browning and senescence
may offer valuable insights for both consumers and producers alike.
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2. Materials and Methods
2.1. Preparation of A. bisporus and Storage

The newly harvested button mushrooms were sourced from Yisheng Microbiology
Co., Ltd., Lin Fen, China. On the day of harvesting, samples of button mushroom were
taken to the laboratory and the experiments exclusively selected button mushrooms of
superior quality, featuring sealed caps, and devoid of any imperfections. Thereafter, fresh
button mushrooms were stored under each of the following conditions: (1) 1-3% O; and
13-15% CO, (CAI); (2) 1-3% Oy and 15-17% CO, (CAII); (3) 3-5% O, and 13-15% CO,
(CAILIL); (4) 3-5% Oy and 15-17% CO, (CAILV); and (5) ambient air (control). Initially, all
samples underwent pre-cooling for 12 h within a cold room maintained at 4 4= 1 °C. Due to
the respiration of button mushrooms affecting O, and CO; levels in controlled atmosphere
chambers, daily adjustments were made to maintain the initial set levels of O, and CO,
values. The samples were taken at three-day intervals. During storage, certain samples of
button mushrooms were preserved for subsequent index analysis.

2.2. Experimental Methods
2.2.1. Measurement of Weight Loss

Weight was measured on every sampling day. Three parallel experiments were con-
ducted during each measurement, with each experimental group containing 10 mushroom
samples.

2.2.2. Measurement of Hardness

The texture of button mushrooms was analyzed using a TMS-PRO (FTC, CA, USA)
texture analyzer. First, the stems of the button mushrooms were removed and a 2 mm
thick section of the cap was cut [27]. Measurements were taken at the center of the cap
and two equidistant positions on either side, making a total of 3 measurement points.
The experimental conditions were as follows: testing speed: 100 mm /min, force-sensing
range: 100 N, probe diameter: 0.5 cm, and distance: 8 mm. Each treatment group tested
9 mushroom samples and conducted three repeated measurements, taking the average of
the results. Samples from each of the treatment groups were tested every three days.

2.2.3. Measurement of Visual Appearance and Color

A digital camera (Nikon D7500, Nikon Corporation, Shanghai, China) was used to
record the surface and internal appearance of button mushroom. Photos were taken of
three mushrooms for each treatment every three days.

The L* value represents the brightness of button mushrooms, with higher values
indicating whiter or less browning on the button mushroom surface. Changes in the
color of the button mushrooms (L* value) were periodically measured using a colorimeter
(WSC-S, Shanghai, China). The measurement method involved randomly selecting nine
button mushrooms from each experimental group and fixing three points on the surface
of the button mushroom surface. Additionally, nine button mushrooms were cut in the
middle from the cap to the stem, and the color changes within the button mushrooms were
measured. Measurements were taken every 3 days and three parallel experiments were
conducted during each measurement, with each group containing 10 mushroom samples.
The results were represented as the average.

2.2.4. Measurement of Membrane Permeability

The relative membrane conductivity of the button mushroom samples was determined
according to the method in accordance with Wantat, Seraypheap, and Rojsitthisak with
some modifications [28]. During the experiment, 6 mushrooms were selected from each
treatment group every 3 days for sampling. A perforator was employed to create openings
in the mushrooms, subsequently positioning them in glass beakers filled with 20 mL of
distilled water. The specimens were left undisturbed for half an hour, after which their
electrical conductivity was gauged using a conductivity meter (DDS-11A, Shanghai, China),
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labeled P1. To eliminate mushroom tissues, the samples underwent a 10 min heating in
boiling water. Following a 10 min period of cooling to ambient temperature, the electrical
conductivity was reassessed, labeled as P2. The procedure was replicated three times,
followed by the computation of the average. Relative membrane conductivity (%) was
calculated as follows:

Relative membrane conductivity (%) = (P1 —P0)/ (P2 — P0) x 100 % 1)
where PO represents the blank electrical conductivity (distilled water).

2.2.5. Total RNA Extraction, cDNA Synthesis, and Quantitative Real-Time PCR (q-PCR)

Total RNA was extracted from the button mushrooms using Omega’s Plant RNA kit,
albeit with minor alterations. The Nanodrop 2000 spectrophotometer (Thermo Scientific,
Vacaville, CA, USA) was used for assessing RNA purity, followed by 1% (w/v) agarose
gel electrophoresis to detect RNA degradation or contamination. The total RNA was then
reverse transcribed into first-strand cDNA by using a HiScript II kit (Vazyme Biotech Co.,
Ltd., Nanjing, China).

Total RNA was collected and analyzed using qRT-PCR to determine the expression
patterns of enzymatic browning and ethylene production genes in samples throughout stor-
age. The four enzymatic browning-related genes and five ethylene synthesis-related genes
in the button mushroom are AbPPO1, AbPPO3, AbLAC10, AbLAC11, AbACO1, AbSAMSI,
AbSAMS?2, AbACS1, and APACS2 and specific nucleotide sequence information was re-
trieved from the GenBank databases. The Light Cycler TM 96 System (Roche Molecular
Systems, Inc., Mannheim, Germany) was utilized to conduct a quantitative real-time poly-
merase chain reaction. Table S1 (which is included in the Supplementary Materials) lists
the primers used for EF1-«, the reference gene.

2.2.6. Data Processing

The experiments underwent three rounds of analysis, and results appeared as
mean = standard deviation. Researchers employed Microsoft Excel for statistical evalu-
ations of all experimental data, calculating standard deviations accordingly. Plots were
generated using Microsoft Excel, while IBM SPSS Statistics 27 software facilitated vari-
ance analysis across all article data, utilizing Tukey’s HSD test for multiple comparisons.
Statistical significance was determined at p < 0.05.

3. Results
3.1. Effects of CA on Visual Appearance and Quality Characteristics of A. bisporus During Storage
3.1.1. Effects of CA on Browning of A. bisporus During Storage

After harvesting, the external and internal color of button mushrooms in all CA groups
and the control group gradually darkened with increasing storage time (Figures 1 and 2).
Figure 1 showed that no significant browning occurred on the button mushroom peels of
the five groups within the first 10 days of storage. Notably, browning symptoms initially
emerged in both control and CA samples at day 11, with the extent of browning increasing
with storage duration. From day 11 onwards until the experiment concluded, the coloration
of samples stored at 1-3% O, and 15-17% CO, (CAII) and 1-3% O, and 13-15% CO, (CAI)
groups remained notably brighter compared to the control group. At the conclusion of the
storage period, button mushrooms under 1-3% O, and 15-17% CO, (CAII) browned and
senesced more slowly than the control group. On day 12, exterior browning occurred in
the following order: cap surface, CAIl < CAI < CAIV < Control < CAIIL

External browning appeared early in button mushrooms stored in both CA and control
groups, while internal browning was repressed (Figure 2). Flesh browning symptoms were
evident in button mushrooms kept under a controlled atmosphere and in the control after
11 days of storage, with a notable difference from controls primarily emerging between
days 12 and the end of the experiment. On day 13, 1-3% O, and 15-17% CO, (CAII)
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storage retained the best color, only slightly darker than fresh button mushrooms. Button
mushrooms stored at 3-5% O, and 15-17% CO, (CAIV group) exhibited comparable color
to those kept in ambient air.
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Figure 1. Effect of controlled atmosphere on the external appearance of A. bisporus during storage.
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Figure 2. Effect of controlled atmosphere on the internal appearance of A. bisporus flesh during stor-
age.

According to Figure 3a, the L* value of button mushroom caps stored in the five groups
decreased over time, exhibiting rapid drops during the early and middle storage stages,
with a slower reduction later. Button mushrooms maintained in a controlled atmosphere
displayed a suppression of L* value reduction, particularly prominent in the middle and
late phases. After storage, the L* values of button mushrooms in the 1-3% O, and 13-15%
CO; (CAI), 1-3% O, and 15-17% CO, (CAIl), and 3-5% O, and 15-17% CO, (CAIV) groups
increased by 27.5%, 31.1%, and 22.4% compared to the button mushrooms in the control
group, respectively. Button mushrooms in the 1-3% O, and 15-17% CO, (CAII) group
performed better than either group, with a notable difference from controls primarily
emerging between days 11 and the end of the experiment (p < 0.05). This result indicated
that CA helped to postpone the external browning of button mushroom.

As shown in Figure 3b, the L* value of the flesh of button mushrooms stored in the
five groups gradually decreased over time, with a rapid decline in the late stages. The
difference between button mushrooms stored under a controlled atmosphere and controls
reached statistical significance on day 10 of storage until the end of the experiment (p < 0.05).
On day 11 and day 12, the 1-3% O, and 13-15% CO; (CAI) and 1-3% O, and 15-17%
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CO;, (CAII) groups significantly enhanced the L* value of the flesh of button mushrooms
compared to the control, 3-5% O, and 13-15% CO, (CAIIl), and 3-5% O, and 15-17% CO,
(CAIV) groups. At the conclusion of storage, the L* value of the flesh of button mushrooms
in the control group was 62, which was 21.1%, 20.9%, 8.1%, and 16.1% lower than that
of the 1-3% O, and 13-15% CO, (CAI), 1-3% O, and 15-17% CO, (CAIl), 3-5% O, and
13-15% CO;, (CAIII), and 3-5% O, and 15-17% CO, (CAIV) groups, respectively. Together,
these results provide important insights demonstrating that the CA successfully postponed
the internal browning procedure.
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Figure 3. Effect of controlled atmosphere on the L* value of A. bisporus during storage: (a) surface
and (b) flesh. The error bars represent the standard deviation (SD) for three replicates. In the table
within the image, the lowercase letters a—d indicate statistically significant differences among the

five groups (p < 0.05).
3.1.2. Effects of CA on Weight Loss and Hardness of A. bisporus During Storage

As demonstrated by Figure 4a, the weight loss rate of button mushrooms stored in the
five groups increased over time, with a significant increase at the final stage. On day 13 of
storage, the weight loss rate of control button mushrooms rose by 34.6%, 32.7%, and 38.4%
compared to button mushrooms stored in the 1-3% O, and 13-15% CO; (CAI), 1-3% O,
and 15-17% CO, (CAIl), and 3-5% O, and 15-17% CO, (CAIV) groups, respectively. The
3-5% O and 15-17% CO, (CAIV) storage outperformed other groups with a significant
difference observed from day 11 until the end of the investigation (p < 0.05). Specifically, at
approximately 11-13 days of storage, the weight loss rate of button mushrooms under 3-5%
O; and 15-17% CO, (CAIV) increased from 5.8% to 7.8%. However, the weight loss rate of
samples in 3-5% O, and 13-15% CO, (CAIII) group increased significantly from day 10 of
storage until the completion of the study, surpassing the other four groups (p < 0.05). This
was most likely due to the low CO; situation, which increased the dry-matter consumption
of button mushrooms after harvesting, perhaps increasing the weight loss rate. The data
presented here indicate that properly controlled atmosphere storage significantly reduces
weight loss in button mushrooms.

As illustrated in Figure 4b, the hardness of the button mushroom stored in the
five groups decreased over time, showing a sharp decline in the early and late storage
phases, with a gradual decrease in the middle phase. On day 9, button mushrooms in the
control group had a hardness of 17.6 N, which was 22.8%, 21.2%, 1.2%, and 1.1% lower
than the 1-3% O, and 13-15% CO, (CAI), 1-3% O, and 15-17% CO, (CAII), 3-5% O, and
13-15% CO, (CAIII), and 3-5% O, and 15-17% CO, (CAIV) groups, respectively. At the
conclusion of storage, the hardness of button mushrooms under 1-3% O, and 13-15% CO,
(CAI), 1-3% Oy and 15-17% CO, (CAII), 3-5% O, and 13-15% CO, (CAIII), and 3-5% O,
and 15-17% CO, (CAIV) was 149 N, 14.2 N, 9.6 N, and 12.8 N, respectively, while the
hardness of the control button mushrooms was 12.1 N. Higher carbon dioxide levels in
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the 1-3% Oy and 15-17% CO, (CAII) group may reduce respiratory activity and water
loss in button mushrooms, causing softening to take longer. This finding provides vital
insights into higher CO, concentrations proving useful in maintaining the hardness of
button mushrooms during storage.
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Figure 4. Effect of controlled atmosphere on the weight loss and hardness of A. bisporus during
storage: (a) weight loss and (b) hardness. The error bars represent the standard deviation (SD) for
three replicates. In the table within the image, the lowercase letters a—c indicate statistically significant
differences among the five groups (p < 0.05).

3.1.3. Effects of CA on Cell Membrane Permeability of A. bisporus During Storage

Figure 5 shows that the cell membrane permeability of the control group increased
significantly with increasing storage duration, particularly after the ninth day, which could be
attributed to the browning process. The permeability of cell membranes in samples stored
under a controlled atmosphere was significantly lower than that of control samples, with a
statistically significant difference observed from day 6 to the end of the experiment (p < 0.05).
Specifically, control button mushrooms had 1.3, 1.4, and 1.1 times increased cell membrane
permeability at the end of storage compared to button mushrooms storage under 1-3% O,
and 13-15% CO; (CAI), 1-3% O, and 15-17% CO, (CAIl), and 3-5% O, and 15-17% CO,
(CALV), respectively. This suggests that controlled atmosphere storage effectively preserves
the integrity of the cell membrane, reducing the browning of tissues [29].
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Figure 5. Effect of controlled atmosphere on the cell membrane permeability of A. bisporus during
storage. The error bars represent the standard deviation (SD) for three replicates. In the table within
the image, the lowercase letters a—d indicate statistically significant differences among the five groups
(p <0.05).
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3.2. Expression Patterns of Enzymatic Browning-Related Genes

The mRNA levels of two polyphenol oxidase (PPO) and two lactase (LAC) genes in
button mushrooms stored in the 1-3% O, and 13-15% CO, (CAI), 1-3% O, and 15-17%
CO; (CAID), 3-5% O, and 13-15% CO, (CAIII), and 3-5% O, and 15-17% CO, (CAIV)
groups for various times (0, 3, 6, 9, 10, 11, 12, and 13 days) (Figure 6) were investigated.

extracellular plasma membrane

LAC

(free)

k\
St Ortho

Catechol b
substances — -=% -> enzoquinone— — — >/
-~ compounds

LAC
\b'\“d-‘“g\

) Y

OGO eeeeeen et
S
ob

Lac
A, (free)
20 © e —
3 Se) =
15 6 -
I 10 19 S
s (pIne 9
g » [ )
c&@cy P SFFFS & SFFFS I 6&&‘ FrS fd/.
AbPPO1 AbPPO3 AbLAC10 AbLAC11 LAC ) )
o "

“« Pp,
f 0
Welany ee, '~

-

h = 'l
> (fre®) @ Intracellular

Figure 6. Effect of controlled atmosphere on the expression patterns of enzymatic browning-related
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genes of A. bisporus during storage (by Figdraw).

The 1-3% O, and 15-17% CO, (CAII) conditions reduced AbPPO1 gene transcription
in button mushrooms compared to the control (Figure 6). Significant differences were
observed from day 6 onwards until the experiment concluded (p < 0.05). The 1-3% O, and
13-15% CO; (CAI) and 3-5% O, and 13-15% CO, (CAIII) storage significantly increased
AbPPO1 gene transcription in the first 3 days of storage compared to the control group
(p < 0.05). This was most likely due to extrinsic impacts such as the removal of roots after
harvesting, which might induce the expression of the AbPPO1 gene [30]. Furthermore,
after 6-13 days of storage, the transcription level of the AbPPO1 gene reduced considerably
in the 3-5% O, and 13-15% CO, (CAIIl) group when compared to the control group
(p <0.05). Thus, the finding shows that AbPPO1 was involved in the browning of the
button mushroom.

The transcription levels of the AbPPO3 gene were markedly higher in all four con-
trolled atmosphere groups from day 6 to day 12 of storage (p < 0.05), which corresponded
to the visual appearance (Figures 1 and 2) and browning degree (Figure 3a,b). On day 13 of
storage, 1-3% O, and 15-17% CO, (CAII) and 3-5% O, and 13-15% CO, (CAIII) signifi-
cantly decreased AbPPO3 transcription levels, indicating that 1-3% O, and 15-17% CO,
(CAII) and 3-5% O, and 13-15% CO, (CAIII) may reduce AbPPO3 activity in later stor-
age stages.

The transcription patterns of the AbLAC10 and AbLAC11 genes are depicted in Figure 6.
Throughout the storage period, the transcription levels of the AbLAC10 and AbLAC11 genes
in all four CA groups increased initially, decreased, and then increased again. The transcrip-
tion levels of AbLAC11 and AbLAC10 genes in button mushrooms were significantly lower
under 1-3% O, and 15-17% CO, (CAII) when compared to the control from day 6 onwards
until the experiment concluded (p < 0.05). Moreover, over 10-13 days of storage, the
expression of ADLAC10 and AbLAC11 genes in CAll-stored button mushrooms increased
from 0.6 to 0.9 and 0.6 to 1.4, respectively. Notably, 1-3% O, and 15-17% CO, (CAII) was
the most effective in diminishing gene expressions of AbLAC10 and AbLAC11 after day 6 of
storage.
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3.3. Expression Patterns of Ethylene Synthesis-Related Genes

The expression patterns of ethylene synthesis-related genes (AbACO1, AbSAMSI,
AbSAMS?2, AbACS1, and AbACS?2) in button mushrooms stored in 1-3% O, and 13-15%
CO; (CAI), 1-3% O, and 15-17% CO, (CAII), 3-5% O, and 13-15% CO, (CAIII), and 3-5%
O, and 15-17% CO, (CAIV) groups for various times (0, 3, 6, 9, 10, 11, 12, and 13 days)
were studied (Figure 7).
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Figure 7. Effect of controlled atmosphere on the expression patterns of ethylene synthesis-related
genes of A. bisporus during storage (by Figdraw): (a) AbSAMSI, (b) AbBSAMS?2, (c¢) AbACSI,
(d) ADACS2, and (e) APACOL.

Figure 7a shows that from day 3 to day 9 of storage, the transcription level of the
AbSAMSI gene in the 1-3% O, and 13-15% CO, (CAI) storage was significantly higher
than that in the control group (p < 0.05), suggesting that this storage method may have an
upregulation effect on the expression of this gene. In contrast, the expression levels under
other storage conditions, such as in the 1-3% O, and 15-17% CO, (CAII) and C3-5% O,
and 13-15% CO, (CAIII) groups, displayed distinct patterns throughout the storage period.
The AbSAMSI gene expression under 1-3% O, and 15-17% CO, (CAII) and 3-5% O, and
13-15% CO, (CAIIl) increased from 0.7 to 0.9, and 0.9 to 1.5 from day 6 onwards until the
experiment concluded, respectively.

The transcription level of the AbDSAMS2 gene exhibited significant variations in sam-
ples stored in all four groups during storage at 4 °C (Figure 7b), peaking in the mid-
dle stages and declining towards the end. The expression level in the 3-5% O, and
15-17% CO, (CAILV) group surged dramatically on day 9 of storage, surpassing the other
groups (p < 0.05). Conversely, after 10 to 13 days of storage, the transcription level of the
AbSAMS? gene showed a marked decline in the 1-3% O, and 15-17% CO, (CAII) group
relative to the control samples (p < 0.05). Furthermore, the observed reduction in transcrip-
tion levels suggests that 1-3% O, and 15-17% CO, (CAII) can inhibit the expression of the
AbSAMS?2 gene.

The transcription patterns of AbACSI and AbACS2 genes were analogous in samples
stored in all four groups (Figure 7c,d). The transcription of the AbPACS1 and AbACS2 genes
was significantly inhibited in the button mushrooms stored in the 1-3% O, and 13-15% CO,
(CAI) and 1-3% O, and 15-17% CO, (CAII) groups (p < 0.05), which corresponds to the
visual appearance. However, the transcription levels of the two genes increased until
nine days in button mushrooms under 3-5% O, and 13-15% CO, (CAIII) and 3-5% O, and
15-17% CO, (CAIV) storage (p < 0.05). This was probably due to a deeper senescence of
button mushrooms during later storage, which increased ethylene production and could
trigger the expression of AbACSI and AbACS2 genes. After 10-13 days of storage, CAII-
stored button mushrooms showed an increase in AbACS1 and AbACS2 gene expression
from 0.25 to 0.65 and 0.7 to 1.4, respectively.
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The AbACO1 gene transcription level was lower in 1-3% O, and 15-17% CO, (CAII)
and 3-5% O, and 13-15% CO, (CAIII) groups compared to the control group (Figure 7e),
showing a statistically significant difference from day 6 of storage through to the end
of the trial (p < 0.05). Conversely, the transcription level of AbPACO1 was significantly
heightened in 1-3% O, and 13-15% CO, (CAI) and 3-5% O, and 15-17% CO, (CAIV)
groups during the later storage stages (p < 0.05). This suggests that the transcription of
the AbPACO1 gene could be induced by external ethylene in the environment. Moreover,
button mushrooms stored in the 1-3% O, and 15-17% CO, (CAII) group could inhibit the
expression of AbACO]1, and the inhibitory effect was particularly pronounced in the middle
stage, aligning with visual assessments.

4. Discussion

Controlled atmosphere storage extends the storage period of fruits and vegetables by
increasing the concentration of carbon dioxide (CO,) and/or decreasing the concentration
of oxygen (O) in the storage room [31]. Compared to horticultural products, edible fungi
have some unique characteristics, such as high postharvest respiration and resilience to ex-
ternal carbon dioxide levels. Previous studies indicated that, unlike the low carbon dioxide
atmospheres typically used for fruits and vegetables, high carbon dioxide levels may help
slow down the senescence process of button mushrooms and extend their postharvest shelf
life [18]. Furthermore, a high carbon dioxide environment impedes ethylene production
and can also regulate the respiration rate and energy metabolism of button mushrooms.
These conditions can synergize with low oxygen levels to manage physiological changes
during the postharvest storage or packaging of various fresh products [32,33]. In the
present study, observing the visual traits of button mushrooms in storage reveals that
controlled atmosphere storage can reduce L* value decrease while maintaining button
mushroom appearance, thus ensuring an appealing presentation for sale. Gene expression
analysis indicated that 1-3% O, and 15-17% CO; (CAII) storage, characterized by low
oxygen and high carbon dioxide levels, effectively mitigates browning and decreases the
transcription levels of enzymatic browning-related genes (AbPPO1, AbPPO3, AbLAC10,
and AbLAC11, respectively) in the samples.

Browning in stored button mushrooms involves an intricate chemical process, in
which phenolic compounds undergo enzymatic oxidation to form quinones, which subse-
quently react to produce melanin [7]. This process may stem from compromised membrane
integrity, as indicated by increased electrolyte leakage and malondialdehyde (MDA) accu-
mulation [34]. Specifically, the permeability of cell membranes in samples was found to be
1.3,1.5, and 1.1 times higher in the control than in button mushrooms stored in 1-3% O,
and 13-15% CO; (CAI), 1-3% O, and 15-17% CO, (CAII), and 3-5% O, and 15-17% CO,
(CALV) groups, respectively, at the end of storage. This observation aligns with findings by
Ayala, A [35]. Additionally, the heightened expression of the PPO gene and related enzyme
activity may drive the oxidation of phenols, contributing to the browning of button mush-
rooms after harvest during storage. Furthermore, Lin et al. demonstrated that elevated
CO;, levels inhibited browning in button mushrooms by preserving cellular integrity and
inhibiting phenolic-related enzymes, such as PPO [36]. This finding aligns with the current
research, showing reduced cell membrane permeability and PPO expression in high CO,
environments. Additionally, it is crucial to comprehend how environmental factors interact
with gene expression to clarify the pathways involved in the oxidative stress response.
Future research should focus on the impact of various gas conditions on the expression of
PPO and LAC genes using both in vitro and in vivo models.

Senescence substantially affects the storage duration of button mushroom. Evidence
indicates that ethylene release plays a crucial role in the maturation and senescence of bulk
horticultural products, with ethylene synthesis also speeding up these processes in edible
fungi. As such, understanding the mechanisms of ethylene production and its impact on
button mushrooms is vital to developing appropriate storage techniques. Ethylene biosyn-
thesis occurs when the presence of ethylene, either from internal or external sources, boosts
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the expression of ACO and ACS genes during the ripening of climacteric fruits [37]. Studies
indicate that ethylene production in the button mushroom aligns with the ACC pathway
of plants [38]. The primary mechanism involves the initial transformation of methionine
into S-adenosylmethionine (SAM), facilitated by adenosine triphosphate (ATP) and SAM
synthase (SAMS). Subsequently, SAM undergoes conversion to 1-aminocyclopropane-1-
carboxylic acid (ACC) through the action of ACC synthase (ACS). Subsequently, ACC
converts to ethylene facilitated by ACC oxidase (ACO). ACC synthase (ACS) and ACC
oxidase (ACO) are the key enzymes in ethylene biosynthesis. Ethylene production corre-
lates positively with the transcription products of the genes linked to ethylene synthesis
enzymes (ACS or ACO) [39]. In tomato, the ACS genes SIACS2 and SIACS4 and ACO
genes SIACO1 and SIACO4 play significant roles in ethylene synthesis [40]. Additionally,
the promoters of LeACS2 and LeACS4 carry response elements for ethylene, wounding,
and anaerobic conditions [41]. In the current work, we aimed to uncover the molecular
mechanisms through which ethylene influences the postharvest maturation and senescence
of button mushrooms. Based on software predictions, we identified ethylene response
elements in the genes APACO1, ABSAMS1, AbSAMS2, ADACS1, and ADACS2 [25]. Com-
pared to the control group, controlled atmosphere (CA) storage inhibited the expression
of the SAMS, ACO, and ACS genes. Similar results have been reported in tomatoes [40].
Notably, 1-3% O, and 15-17% CO, (CAII) significantly reduced the expression of ethylene
synthesis-related enzymes after 6 days of storage. The findings suggest that ethylene plays
a regulatory role in the maturation and senescence of postharvest button mushrooms,
resonating with climacteric fruit behavior. Furthermore, this suggests that altering the
atmospheric composition could potentially influence ethylene production, subsequently
affecting button mushroom growth patterns and physiological responses.

To conclude, high CO, controlled atmosphere storage preserved the visual quality
of button mushrooms, while inhibiting weight loss and softening. Using 1-3% O, and
15-17% CO, (CAIL) suppressed the transcription levels of PPO and LAC, as well as ethylene
synthesis-related genes, thus improving the browning and senescence of button mushrooms.
These findings indicate that high CO; controlled atmosphere storage has the potential to
improve the nutrition, quality, and ultimately consumer preference for button mushrooms
after harvesting and during storage. Additionally, tailored CA conditions for button
mushrooms could be further optimized to improve their shelf life and overall quality.

5. Conclusions

Based on observations regarding the weight loss, L* value, hardness, cell membrane
permeability, and visual appearance, CA storage maintained the storage quality of the
button mushrooms over extended periods. In comparison to the other three CA groups,
1-3% 02 and 13-15% C02 (CAI), 1-3% 02 and 15-17% C02 (CAH), and 3-5% Oz and
15-17% CO, (CALV), the 1-3% O, and 15-17% CO, (CAII) group demonstrated the most
favorable outcomes. In the meantime, the expression patterns of the enzyme-catalyzed
browning-related genes AbPPO1, AbPLAC10, and AbLAC11 matched the visual appearance
and browning degree, which were effectively inhibited under a high concentration of
CO,. Additionally, results indicated that 1-3% O, and 15-17% CO, (CAII) lowered the
expression of SAMS, ACO, and ACS enzyme-associated genes, potentially postponing the
senescence of postharvest button mushrooms. What emerges from these results reported
here is that high CO, controlled atmosphere storage can delay button mushroom browning
and ethylene synthesis, consequently increasing the postharvest shelf life of button mush-
rooms. Further investigations are warranted to explore the mechanisms underlying these
effects, specifically focusing on the metabolic pathways influenced by elevated carbon
dioxide concentrations.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/foods13213486/s1, Table S1: Primer names and sequence.
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Abstract: Carvacrol (CAR), a naturally occurring phenolic monoterpene compound, has recently
received attention for its potential use in food preservation. However, whether it is effective in
controlling brown blotch disease caused by Pseudomonas tolaasii in edible mushrooms is unknown.
The results of this study showed that CAR effectively inhibits and kills P. tolaasii in vitro by disrupting
cell membrane integrity and causing the leakage of cellular components. Intracellular proteins
and the DNA of P. tolaasii may not be the targets of CAR. CAR fumigation at a concentration as
low as 20 pmol L' CAR effectively inhibited P. tolaasii-caused brown blotch disease in Agaricus
bisporus, accompanied by a decrease in polyphenol oxidase activation, melanin production, and
malondialdehyde accumulation. CAR treatment also significantly increased the activities of (3-
1,4-N-acetyl-glucosaminnidase, three antioxidant enzymes, and phenylpropanoid pathway-related
enzymes, as well as promoting the accumulation of phenolic, flavonoid, and lignin substances in
mushrooms, thereby inducing the resistance of mushrooms to the disease. These results demonstrate
the potential application of carvacrol to control bacterial disease in A. bisporus mushrooms.

Keywords: antibacterial activity; action mechanism; brown blotch disease; carvacrol; disease

resistance; edible mushrooms

1. Introduction

Agaricus bisporus (A. bisporus), also known as the white button mushroom, is one of
the most widely cultivated mushroom species in the world, and its production accounts for
about 1/6 of the total global mushroom production [1,2]. It has a huge market potential and
research prospects by virtue of its rich nutritional value and increasing sales volume [3-5].
A. bisporus is susceptible to infection by Pseudomonas, which causes brown blotch disease
during cultivation and postharvest transport and storage. Infected mushrooms not only
show changes in appearance, flavor, and nutritional value, but their yield and shelf life
are also negatively affected. In particular, Pseudomonas tolasi (P. tolaasii), a common soil
bacterium that secretes an extracellular toxin called tolaasin, can cause brown, small, and
irregular lesions on mushroom caps that may even coalesce to cover the entire surface of
the mushroom [3,6]. Currently, the disease control method in mushrooms mainly focuses
on low-temperature and chemical preservation (e.g., sodium hypochlorite, sodium sulfite,
and chlorine dioxide), but there are limitations to its practical application in terms of
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ineffectiveness and safety risks [7]. Hence, there is a need to search for new alternative
methods to reduce the development of this disease.

Single or multiple compounds derived from plant essential oils (EOs) are considered
promising candidates for reducing the use of chemical agents due to their natural and
potential antimicrobial properties [8,9]. Carvacrol (CAR), a naturally occurring phenolic
monoterpene compound, is a major active ingredient in the OEs of plants such as thyme
(Thymus vulgaris) and oregano (Origanum vulgare). CAR has been internationally certified
for its safety and good antimicrobial activity [10]; it also has the advantages of favorable
biocompatibility, a pleasant odor, lipophilic chemicals, and antioxidant properties [11-13].
CAR not only exerts inhibitory effects on a wide range of foodborne bacterial pathogens
such as Staphylococcus aureus, Escherichia coli, and Salmonella [14,15] but also shows potent
activity against many kinds of fungal pathogens, such as Candida albicans [16], Valsa pyri [17],
Penicillium citrinum and Meyerozyma caribbica [18]. However, previous research on the
efficacy of CAR against bacteria as a food preservative, mainly in the systems of meat and
meat products [19,20], dairy products [21], and seafood [22], and its effectiveness against
P. tolaasii in vitro and in harvested horticultural crops, especially postharvest mushroom:s,
remains unknown. In addition, CAR has great potential for controlling phytopathogenic
diseases, such as pear plants [17] and fungal decay in postharvest agricultural products,
such as red grapefruit [23], goji fruit [24], wheat [25], and tomato fruit [13]. However,
compared to fruits and vegetables, there are relatively few reports on the preservation
effect of CAR in edible mushrooms. In particular, edible mushrooms comprise different
components to fruits and vegetables, and it is, therefore, uncertain whether the CAR
treatment is effective against P. tolaasii-caused brown blotch disease in the mushroom
context. In addition, the specific mechanism of action of CAR against P. tolaasii also
has not been elucidated. Several studies indicate that the primary mechanism of CAR
in vitro is the disruption of the membrane integrity of bacterial and fungal pathogenic
cells, such as Bacillus cereus [26], Listeria monocytogenes [19], Aspergillus flavus [25], and
Colletotrichum fructicola [27]. Other studies showed that CAR treatment also inhibited
respiratory activity in L. monocytogenes [19], caused mitochondrial depolarization and DNA
damage in A. flavus [25], and generated reactive oxygen species (ROS) in C. fructicola [27]
and A. flavus [25]. The present study, therefore, aims to investigate, for the first time, the
efficacy of CAR against P. tolaasii in vitro and in postharvest A. bisporus. In addition, the
possible mechanisms of CAR in vitro and in vivo were explored. It is anticipated that
the findings of this study will provide a theoretical basis for the further development of
postharvest preservation methods for edible mushrooms and the potential application of
CAR in the field of edible mushroom preservation.

2. Materials and Methods
2.1. Bacterial Pathogens

The P. tolaasii was inoculated into the beef extract—peptone (NA) medium and incu-
bated at 28 °C for 24 h, activated twice, and set aside. P. tolaasii colonies, after activation,
were selected and cultured in 100 mL of the NB medium (NA without agar), incubated at
28 °C with shaking at 220 rpm until the logarithmic phase was reached.

2.2. In Vitro Antibacterial Activity of CAR Against P. tolaasii
2.2.1. Inhibitory Effect of CAR Treatment on P. tolaasii Growth

P. tolaasii cultures in the logarithmic growth phase were collected and diluted in an
NB medium at a ratio of 1:1000. The prepared bacterial suspensions were treated with 1, 2,
3,4,5,6,and 7 mmol L~! of the CAR aqueous solution, respectively, with sterile water as
a control (0 mmol L~! CAR). The mixtures were then inoculated into a 96-well plate and
incubated for 12-16 h at 28 °C and 220 rpm with shaking, followed by the measurement of
absorbance at 600 nm. Each concentration was tested in triplicate.
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2.2.2. Killing Effect of CAR Treatment on P. tolaasii Growth

P. tolaasii cultures in the logarithmic growth phase were collected and diluted in an NB
medium at a ratio of 1:1000. Then, different concentrations of the CAR aqueous solution
(0.5,1, 2,4, and 8 mmol L~ 1) were used to treat the bacterial suspensions, with sterile water
as the control (0 mmol L~! CAR). Subsequently, the prepared bacterial suspensions were
added to a 96-well plate and shaken at 28 °C and 220 rpm for 2 h. The resulting bacterial
cultures were then plated on an NA medium and incubated while inverted at 28 °C for
12-16 h. Bacterial colony counts were then determined.

2.2.3. Killing Kinetics of CAR Treatment Against P. tolaasii

The killing kinetics of CAR against P. tolaasii were evaluated by the method improved
by Song et al. [28] The collected logarithmic growth phase of P. tolaasii was diluted with
the NB medium at a ratio of 1:1000 and subsequently treated with 2, 4, and 8 mmol L1
CAR aqueous solutions, with sterile water serving as the control (0 mmol L~! CAR). After
thorough mixing, the suspensions were cultured at 28 °C and 220 rpm for 5, 15, 30, 60, and
120 min. Subsequently, equal volumes of the suspensions were plated on NA agar plates
and incubated while inverted at 28 °C for 12-16 h before colony counting.

2.3. In Vitro Antibacterial Mechanism of CAR Against P. tolaasii
2.3.1. Effect of CAR Treatment on P. tolaasii Cell Morphology

Scanning electron microscopy (SEM) was used to observe changes in cell morphology
in CAR-treated P. tolaasii, following Zhang et al. [29], with minor adaptations. P. folaasii cells in
the logarithmic phase were collected, centrifuged to remove the culture medium, resuspended
in PBS solutions containing different concentrations of CAR (0, 2, 4, 8 mmol L_l), and cultured
in a shaking incubator at 28 °C and 220 rpm for 2 h. The bacterial cells were then collected
by centrifugation and fixed with 4% glutaraldehyde at 4 °C overnight. After fixation, the
samples were dehydrated through a series of ethanol gradients [30%, 50%, 70%, 90%, 100%
(v/v)] for 5 min each and finally resuspended in 100% ethanol. The ethanol-resuspended
bacterial cells were dropped onto the SEM sample stubs, air-dried, coated, and observed
for cell morphology.

2.3.2. Effect of CAR Treatment on P. tolaasii Cell Membrane Integrity

The propidium iodide (PI) uptake assay was performed according to a previously
established method [28] to assess the effect of CAR on P. tolaasii membrane integrity. CAR
(0,2, 4,8 mmol L™1) was used to treat P. tolaasii cells, and harvested cells were resuspended
in 50 mmol L~! PBS (pH 7.2), mixed with 5 pmol L~! PI and then incubated for 30 min
at 28 °C in the dark. Afterward, the cells were observed and imaged with a fluorescence
microscope. PBS-treated cells were used as a negative control and were treated and
observed under the same conditions.

2.3.3. Effect of CAR Treatment on Cytoplasmic Leakage of P. tolaasii

Cytoplasmic leakage was determined according to a previous method [30] using slight
modifications. The bacterial suspensions were treated with different concentrations of CAR
(0,2, 4,8 mmol L~1) at 28 °C and 220 rpm. After treatment for 0, 20, 40, 60, 80, 100, and
120 min, respectively, the supernatants were then collected for nucleic acid, protein, and
total sugar measurements. Nucleic acid leakage was assessed by measuring absorbance
at 260 nm, protein leakage by the Bradford method [31], and total sugar content by the
anthrone-sulfuric acid method [32]. Each sample was used for analysis in triplicate.

2.3.4. Effect of CAR Treatment on the Changes in P. tolaasii Cellular Proteins and DNA

As outlined in Section 2.3.1, bacterial suspensions were subjected to varying concen-
trations of CAR (0, 2, 4, 8 mmol L’l) at 28 °C for 2 h with agitation at 220 rpm, after which
they were rinsed with physiological saline solution. SDS-PAGE and Coomassie Brilliant
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Blue staining were then conducted, and imaging was performed using the Champ Gel 5000
system (Surwit Technology Co., Ltd., Hangzhou, China) for visualization.

The DNA extraction of P. tolaasii cells was conducted using the DNA Extraction Kit
(Solarbio, Beijing, China). The extracted DNA was then treated with varying concentrations
of CAR (0, 2, 4, 8 mmol L™ 1) in a 1:1 ratio, followed by a three-hour incubation at 28 °C.
The samples were finally subjected to 0.8% (w/v) agarose gel electrophoresis, which was
then imaged for observation.

2.4. Effect of Postharvest CAR Treatment on the Induction of Resistance to Brown Blotch Disease
in A. bisporus Mushrooms

2.4.1. Treatment of A. bisporus Mushrooms

Fresh A. bisporus mushrooms were procured from Tianshui Zhongxing Bio-Technology
Co., Ltd. (Lanzhou, Gansu, China). Following pre-cooling at 4 °C, 600 mushrooms of
uniform size, devoid of cap opening, browning, mechanical damage, and disease, were
selected. The mushroom stipes were cut evenly to a uniform length and washed with
distilled water before air-drying. Subsequently, A. bisporus was inoculated with P. tolaasii,
as previously described [33], and the mushrooms were randomly divided into three groups.
According to our preliminary tests, CAR treatments with a concentration of >30 pumol L~!
could cause the white mushroom to turn yellow, so CAR with concentrations of 10 and
20 umol L~! was selected for mushroom treatments. Specifically, the three groups of
mushrooms were covered with a preservation paper wrap that had been soaked with 0
(control), 10, and 20 pmol L~ of CAR solution, respectively, and packaged in a plastic
film. The three treatment groups of A. bisporus (each with three replicates) were stored
under conditions of 85-95% relative humidity and 4 °C temperature. At 0, 12, 24, 36, 48,
60, 72, and 84 h, the number and index of mushrooms developing disease were recorded
to calculate the incidence rate and disease index according to the previous method [33],
and seven mushrooms were randomly selected and sampled for subsequent analysis
in the experiment. The cap lesion tissue, approximately 2 mm thick, was excised and
chopped into small pieces to determine the melanin content; the adjacent healthy tissue,
approximately 7 mm thick, was immediately exercised and prepared for the determination
of the other indicators.

2.4.2. Measurement of MDA, Melanin, Lignin, Total Phenolic, and Flavonoid Content

The MDA content of the mushrooms was determined using the thiobarbituric acid
(TBA) method [34]. One gram of the mushroom samples was ground with 5 mL of
trichloroacetic acid (10% v/v), centrifuged at 4 °C and 13,000x g for 15 min, and the
supernatants were mixed with trichloroacetic acid containing 0.5% (w/v) TBA (10% v/v).
Subsequently, the mixture was incubated in a boiling water bath for 20 min, followed by
centrifugation to collect the supernatant. Absorbance was measured at wavelengths of
532 nm, 600 nm, and 450 nm to calculate the MDA content.

The melanin content of the mushrooms was analyzed following a method previously
described by Selvakumar et al. [35] and Sun et al. [36] with some modifications. One
gram of mushroom samples was thoroughly ground with 3 mL of 1 mol L~! NaOH, then
subjected to high-pressure sterilization at 121 °C for 20 min. Subsequently, the mixture
was centrifuged at 8000 x g for 5 min to collect the supernatants, which were subsequently
adjusted to a pH of 2.0 by the addition of 7 mol L~! HCl. Following centrifugation at
8000 g for 5 min and the removal of the supernatants, the precipitates were collected and
then mixed with 7 mol L~! HCl and placed in a boiling water bath for 20 min. Following
centrifugation at 8000x g for 5 min, the melanin precipitates were washed three times
with sterile water, air dried, and finally dissolved in 1 mol L~! NaOH for the absorbance
measurement at 400 nm. Each sample was analyzed in triplicate. A standard curve for
melanin was concurrently plotted to calculate the melanin content in the samples based on
the equation of the standard curve.

68



Foods 2024, 13, 3689

The lignin content of the mushrooms was determined by means of a previously
established method [37]. One gram of the sample was ground in 2.0 mL of 95% ethanol
solution and centrifuged at 8000x g for 7 min at 4 °C. Subsequently, the supernatants were
discarded, and the resulting precipitate was washed three times with 95% ethanol and
ethanol-hexane (1:2, v/v), respectively. It was then redissolved and incubated in a water
bath at 70 °C for 30 min in 0.5 mL of 25% (v/v) bromoacetyl solution. We then added 0.9 mL
of 2 mol L~! NaOH to terminate the reaction. Subsequently, 5 mL of glacial acetic acid and
0.1 mL of 7.5 mol L~! hydroxylamine hydrochloride were added, and the reaction was
centrifuged at 8000 g for 7 min. Finally, the absorbance of the supernatant was measured
at 280 nm. The lignin content in each sample was calculated from the standard curve of
the lignin standard and expressed as grams per kilogram of fresh weight (g kg ~! FW). The
assay was repeated three times for each sample.

The total phenolic and flavonoid content of the mushrooms was determined in ac-
cordance with the methodology described in Yang et al. [33], with certain modifications.
The sample tissues were ground with a 1% (v/v) hydrochloric acid-methanol solution
in an ice bath and incubated at 4 °C for 2 h in the dark. Subsequently, the supernatants
were centrifuged at 8000 g for 15 min at 4 °C. Subsequently, absorbance measurements at
280 nm and 325 nm were carried out, and standard curves for gallic acid and catechin were
used to calculate the total phenolic and flavonoid contents (g kg~! FW), respectively.

2.4.3. Enzyme Activity Assays

Peroxidase (POD), superoxide dismutase (SOD), polyphenol oxidase (PPO), and
catalase (CAT) were measured using assay kits A084-3-1, A001-1-1, A136-1-1, and A007-
1-1, respectively, which were purchased from Nanjing Jiancheng Bioengineering Institute
(Nanjing, Jiangsu, China).

To extract (3-1,4-N-acetyl-glucosaminnidase (NAG), 1.0 g of the mushroom samples
was thoroughly ground in 3 mL of a 100 mmol L~! acetic acid-sodium acetate buffer
(pH 5.0) at 4 °C and centrifuged at 8000x g for 15 min. Subsequently, the supernatants
were mixed with a 100 mmol L~! acetic acid-sodium acetate buffer (pH 5.0, containing
300 mg L~! of p-nitrophenyl-N-acetyl-B-D-glucosaminide). After incubation for 30 min at
37 °C, 0.4 mol L~! Nay,CO;5 was added to terminate the reaction, and the absorbance of the
mixture was measured at 405 nm. Each sample was measured three times. The amount of
p-nitrophenol generated was measured from the standard curve, and NAG activity was
defined as micromoles per hour per milligram of protein (itmol h~! mg~! protein).

The extraction of phenylalanine ammonia-lyase (PAL) was conducted using a
200 mmol L~! borate buffer (pH 8.8), and the activity was determined according to the
method of Ji et al. [38] One unit (U) of PAL activity represents a change in absorbance at
290 nm of 1.0 per hour.

The extraction of cinnamic 4-coumarate-CoA ligase (4CL) and acid-4-hydroxylase
(C4H) was conducted using a 50 mmol L~! Tris-HCl buffer (pH 8.9). Subsequently, the 4CL
and C4H activity assays were performed in accordance with the methodologies described
by Ji et al. [38] and Wang et al. [39], respectively. One unit (U) of C4H activity represents a
0.001 change in absorbance at 340 nm per hour, while one unit (U) of 4CL activity represents
a 0.01 change in absorbance at 333 nm per hour.

The extraction of cinnamyl alcohol dehydrogenase (CAD) was conducted using a
0.2 mmol L~! Tris-HCI buffer (pH 6.25), and the activity was determined according to
the method of Li et al. [40]. One unit (U) of CAD activity represents 0.01 of change in
absorbance at 340 nm per hour.

2.5. Statistical Analysis

The experimental data were subjected to statistical analysis using analysis of variance
(ANOVA) with IBM SPSS Statistics version 25.0.
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3. Results
3.1. CAR Treatment Showed a Strong Inhibitory and Killing Effect on the Growth of P. tolaasii In Vitro

As shown in Figure 1A, CAR treatment significantly inhibited the growth of P. tolaasii,
and increasing concentrations of CAR resulted in an increasing inhibitory effect. When the
concentration of CAR reached 4 and 5 mmol L™}, the inhibition rate exceeded 90% and
99%, respectively. Figure 1B shows the killing effect of different concentrations of CAR on
P. tolaasii. When the concentration of CAR increased to 8 mmol L~!, no bacterial colonies
were observed on the plate, indicating that 100% of P. tolaasii was effectively killed. To
further verify the killing efficiency of CAR on P. tolaasii, the killing kinetic assays were
performed (Figure 1C). The control group showed a continuous increase in colony count
over the incubation period, while the CAR-treated groups showed a decreasing trend. In
particular, 4 and 8 mmol L' CAR showed a rapid killing effect during the first 5 min, and
8 mmol L~! CAR was able to kill all P. tolaasii within 5 min. These results indicate that CAR
has a potent inhibitory and killing effect against P. tolaasii in vitro.
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Figure 1. Antibacterial activity of CAR against P. tolaasii in vitro. (A) The inhibition ratio of different
concentrations of CAR on P. tolaasii growth. (B) Killing effect of different concentrations of CAR
against P. tolaasii. (C) Killing kinetics of CAR against P. tolaasii. Data represent the means & SD, n = 3.

3.2. CAR Treatment Altered the Cellular Morphology of P. tolaasii

The SEM observation of the cellular morphology of P. tolaasii revealed that different
concentrations of CAR caused different degrees of damage to the cellular morphology of
P. tolaasii compared to the control group (Figure 2). Untreated P. folaasii cells appeared
plump with a smooth surface. Treatment with 2 mmol L~! CAR resulted in some P. tolaasii
cells losing their basal shape and exhibiting fragmentation, adhesion, and aggregation.
As the concentration of CAR increased, the degree of cell fragmentation also increased.
When the treatment concentration reached 8 mmol L1, P. tolaasii completely lost its cellular
morphology, and the cells were completely fragmented and adherent. These results indicate
the destructive effect of CAR on P. tolaasii cells.
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Figure 2. Effect of CAR treatment on the cell morphology of P. tolaasii in the 0 (control), 2, 4 or
8 mmol L~! of CAR treatment groups.

3.3. CAR Treatment Disrupts the Membrane Integrity of P. tolaasii

Based on the SEM observation results, P. tolaasii was further subjected to PI staining
and fluorescence signal detection. PI cannot penetrate intact cell membranes for staining,
but it can pass through damaged membranes, bind to the DNA inside the cell, and show
red fluorescence. As shown in Figure 3A, P. tolaasii treated with PBS showed no red
fluorescence signal, while the three groups treated with different concentrations of CAR
showed an obvious red fluorescence signal. In particular, 8 mmol L~! CAR showed the
strongest signal compared to the bacterial cells treated with 2 mmol L~ and 4 mmol
L~! CAR. These results suggest that CAR treatment can disrupt the integrity of P. tolaasii
bacterial cell membranes, and the degree of disruption increases with higher concentrations
of CAR treatment. We also evaluated cell membrane damage by measuring the leakage
of nucleic acids, proteins, and soluble carbohydrates within the P. tolaasii cells (Figure 3B).
Higher absorbance values at 260 nm and higher levels of soluble protein and total sugars
were consistently detected in the supernatants of cells treated with 2, 4, and 8 mmol L~!
CAR compared to cells without CAR treatment (control) at all time points over a 120 min
period. In addition, OD260, a soluble protein, and total sugar levels were increased by
CAR treatment in a concentration-dependent manner, with 8 mmol L~! CAR resulting
in the highest increase. Taken together, our results demonstrate that CAR treatments can
disrupt the integrity of P. tolaasii cell membranes, resulting in the leakage of cytoplasmic
constituents.

3.4. CAR Treatment Did Not Affect the Intracellular Proteins and DNA of P. tolaasii

To investigate whether CAR acts against pathogens by interacting with the intracellu-
lar proteins or DNA of P. tolaasii, we next performed SDS-PAGE analysis and DNA binding
assays. As shown in Figure 4A, there were no clear changes in the protein bands after dif-
ferent concentrations of CAR treatments, indicating that CAR treatments did not affect the
synthesis and stability of intracellular proteins. Similarly, the gel retardation assays showed
that all the CAR treatments also had no significant effect on the P. tolaasii DNA migration
(Figure 4B), indicating that CAR could not interact with or degrade P. tolaasii DNA.
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Figure 3. Effect of CAR treatment on the plasma membrane of P. tolaasii cells. (A) Fluorescent
microscope observations of PI uptake into P. tolaasii cells in 0 (control), 2, 4 or 8 mmol L1 of the
CAR treatment groups. (B) The leakage of cytoplasmic leakage of nucleic acid (absorbance at 260
nm), soluble proteins, and total sugars from P. tolaasii in 0 (control) at 2, 4, or 8 mmol L1 of CAR
treatment groups during the 120 min duration. Data represent the means £ SD, n = 3. Different
lowercase letters indicate groups with significant differences at p < 0.05.
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Figure 4. Changes in intracellular proteins (A) and DNA (B) of P. tolaasii cells after 0 (control), 2, 4, or
8 mmol L~! of CAR treatment by SDS-PAGE analysis and the DNA binding assay.

72



Foods 2024, 13, 3689

Control

3.5. CAR Treatment Inhibited P. tolaasii-Caused Brown Blotch Disease in A. bisporus Mushrooms

To determine the effect of CAR treatments on the development of bacterial brown
blotch disease in edible mushrooms, the sporophores of A. bisporus were treated with
CAR. The control group showed disease spots 36 h after inoculation, and the spots became
progressively larger and darker as the storage time increased (Figure 5). In contrast, the
mushrooms treated with 10 and 20 umol L~! CAR began to show clear symptoms of the
disease at 48 h post-inoculation, with the severity of the disease being significantly less in
the 20 umol L~! CAR treatment group than in the 10 umol L~! treatment group (Figure 5A).
Furthermore, both concentrations were found to reduce the incidence and index of disease
during storage. Notably, the 20 pmol L~! CAR-treated group showed the lowest disease
incidence and index and achieved the most effective disease control (Figure 5B). The
incidence rate of the control group mushrooms reached a 100% incidence rate at 60 h,
while the 10 pmol L~! and 20 pmol L~! treatment groups were only 91.4 % and 82.5%,
respectively. After 60 h of storage, the disease index in the control group was approximately
1.55 times and 1.88 times higher than that in the 10 umol L~ and 20 umol L~! groups,
respectively. After 72 h of storage, the disease index in the control group exceeded 50%,
while the 20 pmol L~! CAR-treated group showed only 37.4%. Collectively, CAR treatment
prevented the development of brown blotch disease in A. bisporus mushrooms caused by
P. tolaasii.
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Figure 5. Postharvest treatment with CAR suppressed brown spot disease in mushrooms caused
by P. tolaasii. The figure shows the visual symptoms (A), incidence rate, and disease index (B) of
mushrooms treated with 0 (control), 10, and 20 umol L~! CAR during storage. Data represent the
means =+ SD, n = 3. Different lowercase letters indicate groups with significant differences at p < 0.05.

3.6. CAR Treatment Inhibited P. tolaasii-Caused PPO Activation and Melanin Production and
Reduced MDA Accumulation in A. bisporus Mushrooms

The PPO catalyzes the oxidation of phenolic compounds in living organisms to
quinones, resulting in browning [41,42]. Tolaasin secreted by P. tolaasii can disrupt the
integrity of cell membranes and activate PPO, resulting in the appearance of brown lesions
on the surface of infected mushrooms [43,44]. Throughout the storage period, the trend of
PPO activity showed an initial increase followed by a decrease, as shown in Figure 6A. In
the control group, PPO activity increased sharply after 12 h and peaked at 24 h. However,
both the 10 umol L~! and 20 umol L~! CAR treatment groups delayed the peak PPO
activity to 36 h. It is noteworthy that the peak value in the 10 umol L~! and 20 pmol L~!
CAR treatment groups was only 80% and 72% of that in the control group, respectively.
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In addition, the PPO activity in the 20 umol L' CAR treatment group was the lowest at
almost all the time points.
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Figure 6. Effects of postharvest CAR treatments on PPO activity (A), melanin content (B), and MDA
content (C) in A. bisporus after inoculation with P. tolaasii. Data represent the means + SD, n = 3.
Different lowercase letters indicate groups with significant differences at p < 0.05.

Melanin content is a product of the browning reaction that can visually reflect the
degree of disease development in A. bisporus. Figure 6B shows that with a prolonged storage
time, the melanin content gradually increased in all three treatment groups. Consistent
with PPO activity, the melanin content in the 10 pmol L~ and 20 umol L~! CAR treatment
groups was also consistently lower than the control group throughout the storage, with the
lowest values in the 20 umol L~! CAR treatment group. The above results indicate that
CAR treatment could inhibit the P. tolaasii-induced PPO activation and, hence, melanin
production in A. bisporus mushrooms.

In addition to melanin, the MDA content also showed an overall increasing trend
during the storage process, reaching its peak at 84 h, indicating the continuous accumulation
of MDA in A. bisporus mushrooms. In the control group, the MDA content exhibited a
marked increase from 12 h onwards, reaching levels 1.28 and 1.47 times higher than the
initial value after 48 and 72 h of storage, respectively. In contrast, only a very slight
increase in MDA content was detected in the CAR treatment groups during the first
48 h of storage. Therefore, CAR treatment could also inhibit the MDA accumulation in
A. bisporus mushrooms.

3.7. CAR Treatment Increased CAT, POD, SOD, and NAG Activity in Postharvest A. bisporus to
Resist P. tolaasii Infection

Our previous research has shown that the enhancement of antioxidant enzyme activ-
ities is beneficial for the postharvest resistance of mushrooms to bacterial brown blotch
disease [33]. Hence, to investigate whether CAR could induce the disease resistance of
A. bisporus mushrooms against bacterial brown blotch disease, we performed the mea-
surements and analysis of antioxidant enzyme activities, including CAT, POD, and SOD.
Figure 7A—C show that within 84 h of storage, the CAR-treated groups had consistently
higher activities of CAT, POD, and SOD than the control group, with the 20 umol L' CAR
group being higher than the 10 umol L~! CAR group. From 12 to 48 h after inoculation, the
CAT activity in the 20 pmol L~! CAR treatment group was found to be approximately 1.33
to 2.24 times higher than that in the control group. Similarly, the POD and SOD activities
in the 20 pmol L~! CAR treatment group were 1.46 to 2.23 and 1.18 to 1.42 times higher,
respectively, than those in the control group at 12 to 60 h post-inoculation.
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Figure 7. Effects of postharvest CAR treatments on the activities of CAT (A), POD (B), SOD (C), and
NAG activity (D) in A. bisporus after inoculation with P. tolaasii. Data represent the means + SD, n = 3.
Different lowercase letters indicate groups with significant differences at p < 0.05.

Since A. bisporus could secrete NAG, which is an extracellular enzyme capable of
degrading bacteria, we next investigated whether CAR treatment could induce NAG to
degrade P. tolaasii. Figure 7D shows that NAG activity remained higher in the CAR-treated
groups than in the control group from 24 h to 72 h during storage. At 60 h, the NAG
enzyme activity in the 10 and 20 pmol L~! CAR-treated groups was 1.21 and 1.71 times
higher than that in the control group, respectively. The aforementioned results indicated
that CAR treatment was effective in inducing both antioxidant enzymes and the bacterial
degrading enzyme for defense against P. tolaasii infection.

3.8. CAR Treatment Promoted the Phenylpropanoid Pathway in Postharvest A. bisporus to Resist
P. tolaasii Infection

Secondary metabolites (e.g., phenolics and flavonoids) produced in the phenylpropanoid
pathway play a pivotal role in plant responses to both biotic and abiotic stressors [45].
Therefore, the effect of CAR treatment on the phenylpropanoid pathway in postharvest A.
bisporus mushrooms was investigated in the current study. As illustrated in Figure 8, the
activities of key enzymes (including PAL, C4H, 4CL, and CAD) in the phenylpropanoid
pathway were all markedly elevated by CAR treatments during the 84 h storage period
in comparison to the control group, resulting in a notable increase in the levels of total
phenolics, flavonoids, and lignin. Furthermore, with respect to all indicators depicted in
Figure 8, CAR at 20 umol L~! exhibited a more pronounced promoting effect than the
10 umol L~! CAR treatment on the phenylpropanoid pathway.
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Figure 8. Effects of postharvest CAR treatments on the activities of PAL (A), C4H (B), 4CL (C), and
CAD (D), and the contents of total phenolics (E), flavonoids (F), and lignin (G) in A. bisporus after
inoculation with P. tolaasii. Data represent the means + SD, n = 3. Different lowercase letters indicate
groups with significant differences at p < 0.05.

Specifically, CAR treatments significantly promoted the increase in PAL activity during
the second half of the storage period (36-84 h), with the peak value in the 20 pmol L~!
CAR-treated groups being 1.95 times higher than that of the control group (Figure 8A).
CAR treatments led to a significant increase in C4H activity from 24 h onwards, with the
activity in the 20 pmol L~! CAR-treated group being 113% to 128% of that in the control
group (Figure 8B); 4CL activity in the 10 umol L~! and 20 umol L~! CAR treatments were
approximately 1.03-1.31 times higher than that of the control from 24 h to 84 h (Figure 8C).
CAD activity was rapidly elevated by CAR treatments during the first half of storage
(1248 h), and the activity in the 20 umol L~! CAR-treated group at 12 and 24 h was
approximately 1.60 and 1.48 times higher than that of the control, respectively (Figure 8D).

It was observed that total phenolics and flavonoids were produced and accumu-
lated during the defense process of A. bisporus against P. folaasii (Figure 8E,F). Following
inoculation, the total phenolic content in the 20 umol L~! CAR-treated group was approx-
imately 1.01 times higher than that of the control group over the 36-84 h that followed.
Similarly, the total flavonoid content in the 20 pumol L~! CAR-treated group was ap-
proximately 1.09-1.12 times higher than that of the control group during the 24 h to 60
h post-inoculation period (Figure 8E,F). In comparison to the control group, the lignin
content of the 10 umol L~! CAR-treated group exhibited a significant increase only at 72
h of storage (Figure 8G). In contrast, the 20 umol L~! CAR-treated group demonstrated
a significantly higher lignin content than the control group from 48 h onwards, with the
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greatest increase observed being 135% of the control at 72 h. It can be concluded that
the CAR treatment activated the phenylpropanoid pathway, which may contribute to the
resistance of A. bisporus to infection by P. tolaasii. This was evidenced by the elevated
activities of associated enzymes and the accumulation of metabolic substances.

4. Discussion

Brown blotch disease, caused by the bacterial pathogen P. tolaasii, is a key factor leading
to the postharvest deterioration of edible mushrooms, and currently, brown blotch disease
has been identified in various edible mushrooms [46]. CAR, as a promising environmentally
friendly antimicrobial substance, has recently received widespread attention for its potential
use in food preservation [47]. However, to date, the antimicrobial activity of CAR against
the pathogen P. tolaasii in vitro and in edible mushrooms has not been investigated.

The present study first demonstrated that CAR not only has a strong inhibitory ef-
fect on the growth of P. tolaasii but also can completely kill the pathogens within 5 min
when 8 mmol L~! of CAR is used (Figure 1). This result is consistent with previous re-
ports, which documented that the minimum inhibitory concentration (MIC) and minimum
bactericidal/fungicidal concentration (MBC/MFC) of CAR against bacterial and fungal
pathogens range from 78 to 1250 mg L' [12,48,49]. Notably, subsequent observations
revealed that the concentration of CAR required to inhibit the brown blotch disease of
A. bisporus caused by P. tolaasii was considerably lower than that required in the in vitro
experiments. A 20 pmol L~! CAR treatment was observed to significantly inhibit the de-
velopment and expansion of the brown spots on the cap of the mushrooms, as well as
reduce the incidence rate and disease index (Figure 5). Treatments with a concentration of
> 30 umol L1 were observed to result in the white mushroom turning yellow and exacer-
bating the disease. Previous researchers have also highlighted the potential for CAR with a
high concentration to have adverse effects on fruits and phytotoxic effects on crop plants
due to its characteristics of small particle size and effective penetration capability [23,50].
Therefore, the utilization of an appropriate, yet not excessive, concentration of CAR is
advised for the control of mushroom diseases in practical applications.

Given the inherently volatile nature of CAR and the necessity to minimize the ad-
verse effects of CAR on mushroom tissues, a fumigation method was employed in the
current study for the treatment of mushrooms with CAR. The inhibitory effects of CAR
on Aspergillus flavus infection during wheat storage were also previously investigated by
Duan et al. [25] using a fumigation method. Following CAR fumigation, a significant
reduction in disease incidence and index was observed, particularly in the period pre-
ceding 60 h post-inoculation. In the 20 umol L~ CAR-treated mushrooms, the disease
index remained consistently below 55% of the control value (Figure 5). At 72 and 84 h,
the disease index reached a value of 72.8 and 78.6% in the control group, respectively,
indicating a gradual decline in the efficacy of CAR in inhibiting mushroom disease as
time progressed. To enhance the stability and residence time of CAR, several researchers
have recently explored the incorporation of CAR onto specific carriers [13,51,52], the
encapsulation of CAR using stabilizers [53], and the development of active packaging
utilizing CAR as a component [54]. For example, Sanchez-Hernandez et al. [13] discovered
that the chitosan-carboxymethylcellulose-alginate nanocarriers encapsulated with CAR
required lower concentrations of CAR to achieve the same inhibitory effect. The MIC
values for the encapsulated CAR treatments were 23.3 to 31.3 pg mL ™! against Botrytis
cinerea, Penicillium expansum, and Colletotrichum coccodes, whereas the unencapsulated CAR
treatments exhibited MIC values of 500 to 1500 g mL~!. Consequently, a practical dose of
CAR (50-100 pg mL~!) was found to provide complete protection in postharvest tomatoes
against pathogens, effectively resolving the controversy surrounding the application of
high doses of CAR in crop protection. Similarly, Fang et al. [54] reported that the combina-
tion of CAR with a whey protein isolate emulsion and e-polylysine (¢-PL) had a beneficial
effect on the storage stability of CAR. The prepared CAR/e-PL-loaded nanoemulsion was
effective in suppressing the formation of Staphylococcus aureus and Escherichia coli biofilms
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and in preserving mangoes from black rot during a seven-day storage period. Therefore,
further research is required to explore different forms or combinations of CAR utilization,
such as encapsulating and combination methods, to achieve a more effective control effect
in the preservation of edible mushrooms.

It has been shown previously that CAR can exert antibacterial effects by altering the
permeability of bacterial membranes [12]. Therefore, in the current study, the effects of CAR
on the cytoplasmic membrane of P. folaasii were also investigated. As shown in Figure 3,
CAR treatments induced the disruption of P. tolaasii membranes accompanied by the leak-
age of vital intercellular components, including nucleic acids, soluble proteins, and soluble
carbohydrates, consequently resulting in significant damage to the cellular morphology
of P. tolaasii (Figure 2). Furthermore, the degree of cell disruption and leakage was in a
concentration-dependent manner after CAR treatment. Previous reports also indicated that
CAR exhibited similar bactericidal mechanisms against Pseudomonas aeruginosa [48] and
Dickeya zeae [55]. Therefore, it could be inferred that CAR inhibits the growth of P. tolaasii
by disrupting the plasma membranes and inducing the release of intracellular components.
To further investigate whether CAR can target cellular components, we examined the
effects of CAR on intracellular proteins and DNA in P. tolaasii cells. It was found that
CAR treatment did not alter the bands of intracellular proteins and DNA (Figure 4). Yin
etal. [56] found that CAR disrupted Lasiodiplodia theobromae’s plasma membrane and bound
to its DNA, thereby controlling tea leaf disease. This differs from our findings, likely due
to the differences in the characteristics of the pathogen itself. In addition, CAR also has
other antimicrobial mechanisms, such as inducing endoplasmic reticulum stress [57] and
producing reactive oxygen species [23]. Therefore, further in-depth investigations are
needed in the future to determine whether CAR can kill P. tolaasii by other mechanisms.

It is of particular significance that the present study has demonstrated that the appli-
cation of CAR has the potential to enhance disease resistance against brown blotch disease
in postharvest A. bisporus mushrooms. This is achieved by increasing the activities of
three antioxidant-related enzymes (CAT, POD, and SOD) and one bacterial degradation-
related enzyme (NAG), as well as promoting pathway-related enzyme activities (PAL,
C4H, 4CL, and CAD) and the accumulation of phenolic, flavonoid, and lignin substances
(Figures 7 and 8). Consequently, CAR treatments effectively inhibited P. tolaasii-induced
PPO activation and melanin production, as well as MDA accumulation in A. bisporus
mushrooms (Figure 6). The phenylpropanoid pathway exerts important roles in the de-
fense system and postharvest quality improvement of mushrooms [58-60]. The secondary
metabolites of the phenylpropanoid pathway, total phenolics, and flavonoids, are important
active substances that exert antibacterial and antioxidant effects [61]. In our previous study,
the activities of CAT, POD, and SOD, as well as the phenylpropanoid pathway, were also
shown to play an important role in the defense response of A. bisporus against P. tolaasii [33]
and e-PL-induced resistance [28]. In agreement with our findings, a similar phenomenon
was reported in postharvest kiwifruit, where CAR treatment significantly increased CAT,
POD, SOD, PAL, C4H, and 4CL activities and increased total phenolic and flavonoid
contents, thereby inducing fruit resistance to stem-end rot [62]. Similarly, Li et al. [23]
reported that CAR treatment enhanced the resistance of red grapes to the decay disease
caused by Alternaria alternata during storage by increasing the activities of antioxidant
response-related enzymes (CAT, POD, and SOD) and a PAL enzyme. It is well known that
chitinase and glucanase are hallmark enzymes that are involved in plant resistance to fungal
pathogens due to their ability to directly hydrolyze the fungal cell wall [63,64]. However,
there is a paucity of information regarding the pathogenesis-related enzymes associated
with resistance to bacterial pathogens. It is worth mentioning that NAG was observed to be
significantly induced by CAR treatment against P. tolaasii pathogens, indicating, for the first
time, that it is an important bacterial defense-related enzyme in edible mushrooms, with
the ability to directly degrade bacterial pathogens. Nevertheless, further study is required
to determine whether there are other pathogenesis-related proteins involved.
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5. Conclusions

The present study demonstrates the potent antibacterial activity of CAR against
P. tolaasii in vitro and its efficacy in controlling the brown blotch disease of postharvest
A. bisporus mushrooms caused by P. tolaasii. The primary mechanism of action of CAR
against P. tolaasii is the disruption of cell membranes. Moreover, the current results indicate
that exogenous CAR treatment can induce resistance to bacterial brown blotch disease by
increasing the activities of antioxidant-related enzymes, a bacterial degradation-related
enzyme, and phenylpropanoid pathway-related enzymes, as well as by promoting the
accumulation of phenolic, flavonoid, and lignin substances in the mushrooms. Therefore,
CAR has promising potential for the control of bacterial brown blotch disease in edible
mushrooms. In subsequent studies, we aim to investigate strategies for optimizing the
efficacy of CAR in the control of mushroom diseases.
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Abstract: Vitamin D, essential for growth and health, is often deficient in Taiwan despite
abundant sunlight. Plant-derived vitamin D, (ergocalciferol) is bioavailable, environmen-
tally friendly, and cost-effective. This study evaluated the efficacy of enhancing Pleurotus
citrinopileatus (PC) mushrooms’ vitamin D, content through pulsed ultraviolet (PUV) light
and its impact on vitamin D status in humans. In a four-week randomized parallel trial,
36 healthy participants were assigned to three groups: a control group, a group consuming
10 g/day PUV-treated PC (PC-10 g), and a group consuming 100 g/day PUV-treated PC
(PC-100 g). Blood samples collected pre- and post-intervention measured serum 25(OH)Dj,
25(OH)D3, and biochemical parameters. After four weeks, serum 25(OH)D; levels signifi-
cantly increased in the PC-10 g group (1.47 & 1.42 ng/mL to 9.50 & 7.10 ng/mL, p = 0.001)
and in the PC-100 g group (1.94 &£ 2.15 ng/mL to 21.82 & 16.75 ng/mL, p = 0.002), showing
a 10.2-fold rise. The PC-100 g group also experienced a 37.6% reduction in serum intact
parathyroid hormone (I-PTH) levels (26.26 + 9.84 pg/mL to 16.38 + 5.53 pg/mL). No
adverse effects were reported. PUV-treated PC mushrooms significantly increase serum
25(OH)D; levels and reduce I-PTH, particularly at higher doses. These findings underscore
the potential of vitamin-D-enriched PC as a sustainable, fungi-derived food source for
addressing vitamin D deficiency.

Keywords: vitamin Dy; ergosterol; Pleurotus citrinopileatus; pulsed ultraviolet light;
25(OH)Dy; intact parathyroid hormone
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1. Introduction

Vitamin D, a steroid hormone, is a vital nutrient for humans, playing crucial roles
in bone growth, calcium and phosphorus balance, and immune regulation. Vitamin D is
classified into two types based on its source: vitamin D, (ergocalciferol) and vitamin D3
(cholecalciferol). Vitamin D, primarily comes from fungi-derived sources, while vitamin D3
is derived from animal-based sources or synthesized in the skin through sunlight exposure.
Ergosterol, a fungi-derived precursor of vitamin Dy, can be converted into ergocalciferol
through ultraviolet light activation and subsequently metabolized into its active form for
utilization in the body [1-3].

Although Taiwan is in the subtropical zone and generally experiences ample sun-
light, a high proportion of the population still suffers from vitamin D deficiency. Lee
et al. reported that among participants aged > 30 years without chronic kidney dis-
ease (CKD) in northern Taiwan, 22.4% of the study population had vitamin D deficiency
(25(OH)D level < 20 ng/mL). Additionally, the study observed a significantly higher preva-
lence of vitamin D deficiency in women compared to men [4]. Due to the health and
environmental benefits associated with vegetarianism, the vegetarian population in Taiwan
has been increasing. Several studies have shown that vegetarians and vegans exhibit the
highest prevalence of vitamin D deficiency [5,6]. Similarly, a small study in Taiwan reported
that individuals adhering to a strict vegetarian diet had significantly lower vitamin D levels
compared to non-vegetarians [7].

Mushrooms naturally contain high concentrations of ergosterol in their cell walls.
Upon exposure to ultraviolet (UV) irradiation, ergosterol is converted into previtamin Dy,
which subsequently undergoes a temperature-dependent thermal isomerization process
to form ergocalciferol, also known as vitamin D, [8]. However, most fresh retail mush-
rooms are cultivated in atmospherically controlled growing rooms under dark conditions,
resulting in a vitamin D; content typically less than 1 ug per 100 g of fresh weight (FW) [9].
To produce nutritionally relevant levels of vitamin D;, mushrooms can be exposed to
controlled UV irradiation using fluorescent or pulsed UV lamps. This exposure can be
applied during their growth stage, after harvest, or following the drying process [10].

Since vitamin D, is primarily found in fungi and yeast, common fruits and vegeta-
bles, which lack ergosterol, cannot serve as a source of vitamin D, intake [11]. Pleurotus
citrinopileatus (PC) is a nutritionally valuable edible fungus rich in bioactive compounds,
including proteins, polysaccharides, amino acids, minerals, dietary fiber, and trace ele-
ments. It is widely consumed in Taiwan [12] and cultivated globally, with East Asia and
northeastern China as major production regions [13]. Huang et al. investigated vitamin
D, production in various mushroom species exposed to UVB irradiation and found that
PC exhibited the highest conversion efficiency. In PC, the vitamin D, content increased
significantly from 3.93 + 0.44 pg/g to 208.65 & 6.08 ug/g dry matter after 2 h of UVB
exposure, representing an approximate 53-fold increase [14].

Several studies have explored the effects of UVB irradiation on mushroom quality.
While UVB exposure enhances nutritional components such as phenolics, flavonoids, and
vitamin Dy, it also leads to quality deterioration, including darkening, texture changes, and
moisture exudation. These issues adversely affect the appearance, marketability, and shelf-
life of mushrooms [15-17]. In contrast, Kalaras and Koyyalamudi studied the effects of
postharvest pulsed ultraviolet (PUV) light on white button mushrooms (Agaricus bisporus),
finding that PUV treatment significantly boosted vitamin D, levels without compromising
appearance, texture, or shelf-life, making it an effective method for enhancing nutritional
value while preserving quality [10,18].

This study explores the effectiveness of PUV light in enhancing the vitamin D, content
in PC mushrooms and its impact on healthy adult vitamin D status. It evaluates whether
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PUV can increase vitamin D, levels and improve nutritional status after four weeks of
intake and whether the rise in blood vitamin D levels is attributed to increased 25(0OH)D,
concentrations, highlighting the novelty of this research.

2. Materials and Methods
2.1. PUV Light Treatment PC

The fresh PC mushrooms used in this experiment were cultivated by a professional
mushroom farmer in Yuchi Township, Nantou County. The PUV light treatment was
performed by Dr. Yang from the Kaohsiung-Fengshan Tropical Horticulture Experiment
Office. Freshly harvested PC mushrooms were exposed to PUV light using a Xenon
Z-1000-OEM device (MOS Technology Inc., Hsinchu, Taiwan). The equipment had an
energy specification of 1516 ] /s with a flash frequency of 3 Hz. The irradiated area was
30 cm x 8 cm = 240 cm?, resulting in an energy density of 6.31 J/s-cm?. Each square cen-
timeter of the mushrooms was exposed for 1.5 s, delivering a total energy of 9.465 J/cm?.
This treatment was optimized to enhance the vitamin D, content of the mushrooms while
preserving their quality.

2.2. Preparation of PC Instant Meal Packs for Participants

PC mushrooms treated with PUV light were transported under refrigeration to the
experimental kitchen at Shih Chien University. After cleaning, the mushrooms were
steamed for 20 min, seasoned with vegetable oil and spices, vacuum-sealed, and frozen at
—20 °C. The preparation process was carried out weekly to ensure quality, with PC instant
meal packs prepared in two portions: 10 g and 100 g. Frozen mushroom meal packs were
distributed to participants in weekly portions, with instructions to heat them using a water
bath before consumption. Participants were instructed to consume one pack daily with
a meal.

2.3. Extraction and Analysis of Vitamin D, in PC Mushrooms

Vitamin D, was extracted and analyzed following the method of Huang et al. (2015)
with modifications [14]. The vitamin D, content in the PC exposed to PUV light was
measured at two stages: before cooking and after cooking. The process began by freeze-
drying the PC, followed by weighing 5 g of the powdered sample into a centrifuge tube.
Next, 10 mL of dimethyl sulfoxide (DMSO) was added, and the mixture was sonicated in a
water bath at 40-50 °C for 30 min. Subsequently, 10 mL of a methanol solution (1:1, v/v)
was added and thoroughly mixed. Afterward, 20 mL of n-hexane was introduced, and the
mixture was agitated for 30 min. The sample was centrifuged at 3500 rpm for 10 min, and
the upper layer was collected into a concentration flask. The lower layer was re-extracted
twice more with 20 mL of n-hexane. The combined upper layers were concentrated to near
dryness under reduced pressure in a water bath at 3040 °C. The residue was dissolved in
n-hexane and diluted to 5 mL. The final solution was filtered through a membrane filter
for analysis.

Vitamin D, analysis in the PC mushrooms was performed using a Waters® ACQUITY
UPLC system (Water, Milford, CT, USA) equipped with a Vydac C18 column (5 pm,
4.6 x 250 mm). The detection wavelength was set at 265 nm, with a mobile phase of 10:90
(v/v) methanol/acetonitrile at a flow rate of 0.5 mL/min. The retention time for vitamin
D, was 2.1 min.

2.4. Participant Recruitment

Thirty-six healthy participants were recruited at Taipei Medical University, Shih Chien
University, and the Family Medicine Health Check Center at Taipei Medical University
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Hospital. Inclusion criteria were as follows: aged 20 to 60 years, any gender, and able
to consume one mushroom meal pack daily. Exclusion criteria included the following:
(1) Individuals with any acute diseases such as infections, stroke, myocardial infarction,
major surgery within the past three months, upper or lower gastrointestinal bleeding, and
poorly controlled blood pressure or blood glucose. (2) Individuals with conditions such
as malignant tumors, human immunodeficiency virus (HIV), cirrhosis or liver function
exceeding three times the normal value (AST or ALT > 120 IU/L), abnormal kidney function
(creatinine greater than 2.5 mg/dL), anemia (Hb < 9 g/dL), metabolic disorders other
than diabetes (e.g., thyroid or parathyroid dysfunction), or previous abdominal surgery
resulting in intestinal adhesions. (3) Pregnant or breastfeeding women. (4) Individuals
taking steroids, vitamin D supplements, or hormones. (5) Participants who had had a
previous allergy to mushrooms. (6) Participants with serum 25(OH)D levels > 30 ng/mL.

This study was approved by the Taipei Medical University Institutional Review Board
(N202111054). This study has also been registered with ClinicalTrials.gov, with the registra-
tion number NCT05716698. The study was initiated after obtaining informed consent from
participants who fully understood the study’s objectives, procedures, and the guidelines to
be followed during the study.

2.5. Clinical Trial Design

Thirty-six healthy participants were randomly assigned to one of three groups in
a parallel design: (1) a control group with no PC intervention (Control), (2) a group
consuming 10 g of PUV-treated PC daily (PC-10 g), and (3) a group consuming 100 g of
PUV-treated PC daily (PC-100 g). Each group consisted of 12 participants and underwent a
four-week experimental intervention.

Prior to trial entry, participants who had been regularly taking any form of vitamin D
supplements were excluded. Although a specific washout period was not implemented,
baseline serum 25(OH)D levels were measured, and only individuals with levels below
30 ng/mL were included in the study, ensuring that all participants were either vitamin-D-
insufficient or -deficient at the start of the trial.

Before and after the trial, participants were required to fast for at least eight hours
and then undergo venous blood collection of 11 mL for biochemical testing and analysis
of serum 25(OH)D; and 25(OH)D3. During the intervention period, participants were
reminded daily via the LINE messaging app to consume the PC meal packs and to report
any adverse effects. Participants visited the laboratory weekly to pick up their PC meal
packs and return any empty or uneaten packs, which helped to ensure compliance. We
ensured that the compliance rate among the participants was nearly 100%, and none of
the participants reported any adverse side effects. All participants maintained the same
general activities and regular diet during the trial as before the trial.

2.6. Blood Biochemical Measurements

Blood biochemical analyses, including fasting plasma glucose, triglycerides, total
cholesterol, low-density lipoprotein cholesterol (LDL-C), high-density lipoprotein choles-
terol (HDL-C), aspartate aminotransferase (AST), alanine aminotransferase (ALT), blood
urea nitrogen (BUN), creatinine, calcium, phosphorus, magnesium, high-sensitivity C-
reactive protein (hs-CRP), glycated hemoglobin (HbAlc), and intact parathyroid hor-
mone (iPTH), were performed using standardized methods at Yadong Medical Labora-
tory (Zhongli, Taiwan). Specifically, fasting plasma glucose was measured using a Beck-
man Coulter AU5800 automated chemistry analyzer (Beckman Coulter, Brea, CA, USA),
and HbAlc was analyzed with a Premier Hb9210™ automated analyzer (Trinity Biotech,
Wicklow, Ireland).
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2.7. Serum 25(OH)D; and 25(OH)D3 Analysis

During the study, 4 mL of whole blood was collected from the 36 participants at
baseline and on day 28, and serum was separated for the measurement of 25(OH)D,
and 25(OH)D3, and the extraction preparation of blood samples followed the method by
Chen et al. [19].

First, 0.5 mL of serum was mixed with 2 mL of ethanol and shaken for 15 s. Then,
2 mL of deionized water was added, and the mixture was shaken for another 15 s. Next,
3 mL of hexane was added and shaken for 1 min. The mixture was then centrifuged using a
HITACHI Centrifuge CT6E (HITACHI, Japan) at 10,000 rpm for 10 min to collect the upper
organic layer. The extraction process was repeated with an additional 3 mL of hexane, and
the supernatant was collected. The two extracts were combined and freeze-dried using a
Scanvac ScanSpeed 32 Teflon freeze-dryer. Prior to analysis, 100 uL of methanol was added
to reconstitute the residue.

This study utilized the ultra-high-performance liquid chromatography-mass spec-
trometry (UHPLC-MS) method of analysis. The detection of 25(0OH)D; and 25(OH)D3
was performed using a Thermo Scientific Vanquish Horizon UHPLC system coupled with
atmospheric pressure chemical ionization (APCI) and an ion trap analyzer, specifically,
an Orbitrap Fusion Lumos tribrid mass spectrometer (Thermo Scientific). The UHPLC
injection temperature was set at 5 °C, and the column used was an ACQUITY UPLC CSH
C18, 1.7 pm (2.1 x 50 mm, Waters). The column temperature was set to 40 °C for separation.
Mobile phase A was 25% acetonitrile (ACN), and mobile phase B was a mixture of ACN
and methanol in a 3:1 ratio. The flow rate was set to 0.4 mL/min. Initially, the mobile phase
ratio was 20% A and 80% B, which was maintained for 4 min. Then, the proportion of
mobile phase B was increased to 100% and maintained for 1 min. At 5.1 min, the proportion
of mobile phase B was decreased to 80%, and this ratio was maintained until the end of the
run at 6.5 min. High-energy collision-induced dissociation was employed for the analysis.
The ionization temperature was set at 350 °C, and the ion transfer temperature was set at
275 °C. The spray voltage was 4 pA in the positive mode, and the sheath gas flow rate was
set to 45 arbitrary units. The monitoring time was 8 min.

2.8. Statistical Methods

All data are presented as mean =+ standard deviation (SD). The Shapiro-Wilk test was
used to assess the normality of the data distribution. Within-group comparisons before
and after the intervention were conducted using paired t-tests. Differences between groups
were analyzed using one-way analysis of variance (ANOVA) followed by Tukey’s post hoc
Honestly Significant Difference (HSD) test. Statistical significance was set at p < 0.05. All
analyses were performed using IBM SPSS Statistics, Version 19.

3. Results
3.1. Vitamin D, Content in PUV-Light-Treated PC

The non-PUV-treated fresh PC contained extremely low levels of vitamin D, all below
1 ug per 100 g of fresh weight, which is under the detection limit of UPLC. After PUV
treatment, the PC had an average vitamin D, content of 248 pg per 100 g. Following
cooking, approximately 7.8% of the vitamin D, was lost. Therefore, the mushroom meal

packs provided to the participants contained an average of 248 g of vitamin D, per 100 g
(Table 1).
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Table 1. Vitamin D, content in Pleurotus citrinopileatus exposed to PUV across different batches.

Batches Fresh PC Mushroom Cooked PC Mushroom Cooking Loss Rate
(ug /100 g) (ug /100 g) (%)
First Batch 218.1 £0.33 199.7 +0.75 8.5
Second Batch 2783 £11.6 2521 +14.1 9.4
Third Batch 2509 +17.8 2352 +59 6.3
Fourth Batch 2454 £10.1 228.6 £ 1.5 6.9
Average 248.2 +£10.0 2289 £ 5.6 7.8

Data in the table are expressed as mean =+ SD.

3.2. Subjects Recruitment and Basic Characteristics of the Participants

Recruitment for this study began in March 2022. By April 2022, a total of 42 participants

were recruited. However, three participants withdrew before the experiment began due

to concerns about the COVID-19 pandemic, one participant withdrew before starting the

study due to health issues, and two participants withdrew without providing a reason.

Ultimately, 36 participants (5 males and 31 females) met the inclusion criteria, signed the

consent forms, and completed the study (Figure 1).

Included in this trial

n=42

Exclusion:

No reason: n =2

Worried about covid-19: n =3

Feeling unwell: n = 1

A 4

25(OH)D < 30 ng/mL

Control group

Figure 1. Flowchart of subject recruitment.

n=36
v £ v
PC-10¢g PC-100 g
=12 n=12 n=12

The basic characteristics of the participants are presented in Table 2. The results indi-

cate that the control group (31.3 &= 12.9 yrs) had a significantly higher mean age compared
to the PC-10 g group (21.9 £ 2.0 yrs), while the PC-100 g group (24.3 £ 5.7 yrs) showed no
significant difference from the other two groups. There were no other statistical differences

between the groups in terms of gender distribution, education level, or medical history.
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Table 2. Blood biochemical measurements of the healthy subjects.

. Control PC-10g PC-100 g
h
Characteristic (N =12 (N =12) (N =12) P
Age (years) 313 £129 219 £2.0 243 £57 0.024 *
Male/female (n) 2/10 1/11 2/10 0.807
Education
High school (n) 1 0 0
College (n) 11 12 12
Medical history
Hypertension (n) 1 0 0
Hyperlipidemia (n) 1 1 2
Diabetes (n) 0 0 0
Data are expressed as mean =+ standard deviation or numbers and analyzed by one-way ANOVA followed by
Tukey’s post hoc Honestly Significant Difference (HSD) test. p < 0.05 was considered as statistically significant
and is shown with an asterisk.
3.3. Blood Biochemical Measurements of the Participants
This study randomly assigned 36 subjects into three groups: the control group (n = 12),
the PC-10 g group (n = 12), and the PC-100 g group (n = 12). Blood biochemical parameters,
including fasting plasma glucose (FPG), total cholesterol, triglycerides (TG), aspartate
transaminase (AST), alanine transaminase (ALT), blood urea nitrogen (BUN), creatinine,
high-sensitivity C-reactive protein (Hs-CRP), magnesium (Mg), calcium (Ca), and phospho-
rus (P), were measured at baseline (day 0) and after 28 days of intervention. The results, as
shown in Table 3, demonstrated no significant changes in any parameters in the control
group (p > 0.05). Similarly, in both the PC-10 g and PC-100 g groups, where the participants
consumed 10 g and 100 g of PUV-treated PC daily, none of the measured biochemical
parameters showed statistically significant differences between day 0 and day 28 (p > 0.05).
Furthermore, in the PC-10 and PC-100 g group, which received a high dose of vitamin
D, no adverse effects were observed in the liver (AST, ALT) or kidney (BUN, creatinine)
indicators, suggesting that the consumption of the UV-treated PC was safe and did not
affect the blood biochemical parameters in the subjects.
Table 3. Blood biochemical measurements of the subjects.
Items Control (N =12) PC-10g (N =12) PC-100 g (N =12)
Day 0 Day 28 P Day 0 Day 28 p Day 0 Day 28 p
FPG (mg/dL) 81.8 +5.8 81.7 4.1 0.936 843 +53 824+ 6.2 0.424 81.7 +£4.7 797 +74 0.436
Cholesterol (mg/dL) 187.8 + 40.7 179.2 £ 289 0.553  172.1+327 1803 +£36.7 0.567 200.1+353 198.6+388 0.922
TG (mg/dL) 85.6 + 54.5 89.3 £ 57.0 0.874 983 +110.9 872+ 814 0.783 83.3 - 46.2 773 +£21.8 0.688
AST (U/L) 17.8 £5.2 202 £5.5 0.294 243 +£229 193 +£59 0.464 17.8 £5.1 202+ 6.1 0.321
ALT (U/L) 13.7 £5.1 144 £57 0736 15941206 164 4+15.61 0.931 172 £17.1 19.5 £19.7 0.759
BUN (mg/dL) 144 £32 13.7 £29 0.554 11.3 £2.0 11.1 +£3.1 0.877 11.7 £ 2.1 125+ 24 0.370
Creatinine (mg/dL) 0.7+0.1 0.7+0.1 0.611 0.7+£0.1 0.6+0.1 0.352 0.7+0.1 0.7+0.1 0.442
Hs-CRP (mg/L) 0.57 £ 0.57 1.27 £2.17 0.290 0.36 4+ 0.30 0.48 4+ 0.38 0.387 0.74 4+ 0.96 0.52 +0.53 0.481
Mg (mg/dL) 2.07 £0.14 1.97+£0.11 0.059 1.99 £0.14 198 +0.17  0.898  2.03 £0.16 191+0.17  0.095
Ca (mg/dL) 9.42 +0.32 9.18 +0.34 0.093 9.40 £ 0.31 9.35+£0.23 0.655 9.42 +0.26 9.40 £0.26 0.878
P (mg/dL) 3.98 £0.41 3.70 £ 0.55 0.166  4.1540.49 3.87 £ 0.38 0126  3.94 4038 3.88 £ 0.29 0.679

Data are expressed as mean =+ standard deviation and were analyzed by paired t-test; FPG, fasting plasma glucose;
TG, triglycerides; AST, aspartate transaminase; ALT, alanine transaminase; BUN, blood urea nitrogen; Hs-CRP,
high-sensitivity C-reactive protein. p < 0.05 was considered as statistically significant.

3.4. Serum 25(OH)D; and 25(OH)Dj3 Levels of Participants Before and After the Trial

The changes in serum 25(OH)D levels before and after the trial are shown in Figure 2.
The results showed that before PC supplementation, the serum 25(OH)D; levels of all
subjects were very low. After the intervention, except for the no differences observed in
the control group before and after intervention, the PC-10 g group showed a significant
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increase in serum 25(OH)D, from 1.47 £ 1.42 ng/mL to 9.50 £ 7.10 ng/mL after four
weeks (p < 0.001), while that of the PC-100 g group increased significantly from 1.94 +
2.15ng/mL to 21.82 £ 16.75 ng/mL (p < 0.001). The serum 25(OH)D, levels significantly
increased with the dosage of the supplement. However, there was no significant difference
in serum 25(OH)Dj levels before and after supplementation. This indicates that consuming
PUV-treated PC can significantly enhance the vitamin D nutritional status of healthy

subjects.
30
30 4 g
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Figure 2. Serum 25(OH)D, (A) and 25(0OH)Dj3 (B) concentration in subjects before and after PC
intervention, measured by LC-MS analysis. *** means p < 0.001.

3.5. Regulatory Effect of High-Dose PUV-Treated PC Supplementation on Serum Parathyroid
Hormone Levels

A decrease in 25(OH)D reduces calcium absorption, leading to lower serum calcium
levels, which triggers the release of parathyroid hormone (PTH). Notably, high-dose PC
supplementation significantly increased serum 25(OH)D; levels and decreased serum intact
PTH levels by 37.6% (p = 0.013). This finding suggests that high-dose PC may improve
PTH levels, likely due to the enhanced intake of vitamin D, (Figure 3).
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Figure 3. Serum intact PTH concentration in subjects before and after PC intervention. PTH,
parathyroid hormone. * p > 0.001.

4. Discussion

Vitamin D plays a vital role in the body, including enhancing the intestinal absorp-
tion of calcium, magnesium, and phosphorus. Vitamin D deficiency has become a global
concern and is associated with various diseases, including bone disorders. However,
large-scale vitamin D supplementation trials have yielded mixed results, highlighting the
need for further research to clarify its specific effects [20]. A meta-analysis by Cui et al.,
incorporating data from 7.9 million participants across 81 countries, revealed that be-
tween 2000 and 2022, the global prevalence of vitamin D levels below 75 nmol/L was
approximately 76.6%. The study found that Africa had the lowest prevalence, while the
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eastern Mediterranean region exhibited the highest. Higher prevalence rates were observed
among females, during winter and spring seasons, in high-latitude regions, and in low-
to middle-income countries [21]. According to the Korea National Health and Nutrition
Examination Survey (KNHANES) data from 2016 to 2019, the average dietary intake of
vitamin D among Koreans is significantly lower than the recommended daily intake, av-
eraging only 3.13 micrograms per day. Further analysis of dietary sources reveals that
fish and shellfish are the primary contributors, accounting for 61.59%, followed by eggs
(17.75%), meat (8.03%), milk (4.25%), legumes (3.93%), and grains (3.84%). This survey also
highlights that animal-based sources remain the predominant means of obtaining vitamin
D for Koreans [22]. Lee et al. also found similar results in Taiwan [23]. Jiang et al. found
that 83% of Chinese adults aged 18 to 65 had serum 25(0OH)Dj levels below 30 ng/mL, with
41.9% showing deficiency (10-19 ng/mL) and 8.4% severe deficiency (<10 ng/mL). Women,
winter and spring seasons, northern regions, and younger age groups were associated
with lower vitamin D levels [24]. The most recent National Nutrition and Health Survey
in Taiwan (NAHSIT, 2017-2020) indicated that adult males consumed only 52% to 57% of
the adequate intake (Al) for vitamin D recommended in the eighth edition of the Dietary
Reference Intakes (DRIs), while females consumed just 38% to 49%. This inadequate intake
was reflected in the serum 25(OH)D; levels of the participants in our study, which were
consistently found to be extremely low before the intervention.

Fungi-derived sources of vitamin D offer advantages such as environmental friendli-
ness and lower costs, which may contribute to improving human vitamin D nutritional
status. Wild mushrooms can naturally absorb UV light, typically containing vitamin D,.
However, modern farming practices, which focus on producing high-quality mushrooms,
often involve growing mushrooms under controlled light, humidity, and temperature
conditions. As a result, vitamin D, levels in these cultivated mushrooms are usually
undetectable [11]. Traditional UV irradiation methods are effective in producing high con-
centrations of vitamin D, and have also been shown to enhance antioxidant capacity [25];
however, they often lead to issues such as blackening, exudation, and reduced shelf-life of
fresh mushrooms due to prolonged UVB exposure. In contrast, the pulsed UV light (PUV)
method described by Kalaras et al. does not affect the color or quality of fresh mushrooms,
making it an optimal approach for producing mushrooms with high concentrations of
vitamin D5 [10,26].

Several studies have demonstrated that vitamin D, in mushrooms is bioavailable.
Urbain et al. conducted a single-blind, randomized, placebo-controlled trial over five weeks
with 26 healthy adults whose 25(OH)D levels were below 20 ng/mL. The participants were
randomly assigned to one of three groups: one receiving UV-irradiated mushroom soup
(providing 28,000 IU per week), one receiving the same dose of vitamin D, supplements,
and a placebo group (non-UV-irradiated mushroom soup). At the end of the trial, the
serum 25(OH)D levels significantly increased in the UV-irradiated mushroom soup group,
showing similar effectiveness to the vitamin D, supplements in raising 25(OH)D levels [27].
Stephensen et al. found that after providing participants with UV-untreated mushroom
meals (control), UV-irradiated mushroom meals containing 352 IU or 684 IU of vitamin Dy,
and purified ergocalciferol (1128 IU) plus untreated mushrooms for six weeks, all groups
except the control group showed increased levels of 25(0OH)D,. However, there was a
decrease in serum 25(OH)Djs levels across all groups consuming vitamin D,. The reduction
in 25(OH)D3; may have offset the increase in 25(OH)D; levels [28]. However, more research
has confirmed that whether in capsule form, added to foods, or obtained from UV-irradiated
mushrooms, vitamin D; can effectively increase serum levels of 25(OH)D [8,29,30]. Our
study shows that after 4 weeks of consuming PC treated with PUV light, the participants
had a significant increase in serum 25(OH)D, levels, while 25(OH)Dj levels not only did
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not decrease but also showed a slight increasing trend. Since we only asked the participants
to avoid mushroom-related foods during the experiment and did not place restrictions
on foods rich in vitamin D3, such as fish, eggs, and milk, and since we encouraged them
to maintain their usual daily activities and food intake, this may have contributed to
the maintenance of serum 25(OH)Dj levels among the participants. Kleftaki et al.’s study
demonstrated that a Pleurotus eryngii mushroom snack enhanced with vitamin D2 improved
glucose regulation, reduced body weight, fat, waist, and hip circumferences, and increased
25(OH)D; levels in metabolically unhealthy patients. It also lowered LDL, SGOT, IL-6, and
ox-LDL levels while enhancing overall physical health, showcasing antidiabetic, antiobesity,
anti-inflammatory, and antioxidant benefits [31].

In this study, we also observed an interesting result: the PC-100 g group exhibited
a significant decrease in serum intact PTH (I-PTH) levels. Some studies have observed
a negative relationship between 25(OH)D levels and PTH levels [19,32]. According to
physiological paradigms, vitamin D promotes calcium absorption to maintain serum
calcium levels. When vitamin D is deficient, serum calcium levels may decrease, which
stimulates increased PTH secretion to maintain calcium homeostasis, often at the cost of
increased bone turnover. However, in this study, all the participants maintained serum
calcium levels within the normal range before and after the trial, with no significant changes
observed across the groups. Despite the reduction in PTH levels in the PC-100 g group after
consuming a high dose of PUV-treated PC, serum calcium levels remained stable. While
this aligns with the theoretical relationship between vitamin D and calcium homeostasis,
further studies are required to confirm whether PUV-treated PC directly aids calcium
absorption or affecpts markers of bone turnover.

Revious animal studies have shown that consuming vitamin-D-enriched edible mush-
rooms can enhance serum vitamin D levels, lower PTH concentrations, and improve the
osteoid area while slowing trabecular bone loss in the femur [33,34]. However, without
direct evidence from our study on changes in calcium levels or serum markers of bone
formation and resorption, any claims about the impact of PUV-treated PC on calcium
homeostasis remain speculative and should be interpreted with caution.

Fulgoni et al. analyzed data from the National Health and Nutrition Examination
Survey (NHANES) 2011-2016 and found that incorporating a serving of UV-exposed
mushrooms (providing 5 pg of vitamin D per serving) to the daily diet nearly doubles
vitamin D intake (an increase of 98-104%). This dietary change significantly reduces the
risk of vitamin D deficiency and simultaneously increases the intake of various other
nutrients [35]. A dietary model also indicates that consuming four servings per week of
UV-exposed mushrooms can help most Australian adults meet their vitamin D recom-
mendations [36]. Therefore, UV-exposed mushrooms represent a crucial tool in the global
strategy for addressing vitamin D deficiency.

Initially, our study was designed with 10 g of PC (approximately 20 ug of vitamin D) as
the low dose and a maximum of one serving per day (100 g) of mushrooms (approximately
200 pg of vitamin D) as the high dose. The results demonstrated that the high dose more
effectively improved vitamin D status, and no adverse side effects were reported among
the participants. However, this was a short-term trial, and long-term safety assessments
are still needed. Recently, the European Food Safety Authority’s Panel on Nutrition, Novel
Foods, and Food Allergens (NDA) reviewed the production process, composition, and
specifications of Agaricus bisporus mushroom powder that had been exposed to ultraviolet
(UV) irradiation to induce vitamin D, at levels ranging from 245-460 ng/g as a novel food
(NF) according to EU regulations. The panel considers that the total intake of vitamin D
from novel foods (NFs), background diets, and fortified foods is safe when it is below the
upper limits (ULs) for vitamin D previously established by the NDA panel for children, ado-
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lescents, and adults (50 pg/day and 100 ng/day, respectively) [37]. This recommendation
may also be referenced in the future when promoting PUV-treated PC.

This study has several limitations. The relatively small sample size and short 4-week
intervention period restricted the observation of long-term physiological effects. Addi-
tionally, challenges from the COVID-19 pandemic, including participant recruitment and
follow-up restrictions, further constrained the study’s scope and sample size. Another
limitation is the approximately 8% loss of vitamin D in the PUV-treated PC mushrooms
after steaming, with the preservation of vitamin D using other cooking methods remaining
unclear. Furthermore, although reductions in iPTH levels were observed, serum calcium
levels in all groups remained within the normal range, indicating stable calcium home-
ostasis. As a result, this study could not provide conclusive evidence on the effects of
PUV-treated PC on calcium metabolism or bone health markers. These limitations highlight
the importance of conducting larger-scale and longer-term studies in the future to validate
the findings and evaluate the long-term benefits of PUV-treated PC.

Cultivation trials demonstrate that PC mushrooms can thrive under a wide range of
conditions, including growth on broad-leaf hardwood sawdust at a pH of 6 and tempera-
tures between 20-32 °C. This adaptability makes them suitable for year-round cultivation
across all regions of Taiwan. In the future, PC mushrooms could serve as a natural, sustain-
able, and fungi-derived food to address vitamin D deficiencies in Taiwan and Asia.

5. Conclusions

Based on the research findings, consuming Pleurotus citrinopileatus (PC) treated with
PUV effectively increased serum 25(OH)D, levels in a dose-dependent manner, improving
the participants’ vitamin D nutritional status without any observed adverse side effects.
These results highlight the potential of PUV-treated PC as a valuable source of vitamin D,
contributing to advancements in processing, storage preservation, and addressing vitamin
D deficiency-related disease control.
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Abstract: Mushrooms are known to be a nutritional powerhouse, offering diverse bioactive
compounds that promote and enhance health. Mushrooms provide a distinguishable taste
and aroma and are an essential source of vitamin D,, vitamin B complex, hydroxybenzoic
acids (HBAs) and hydroxycinnamic acids (HCAs), terpenes, sterols, and 3-glucans. Ed-
ible mushroom varieties such as Hericium erinaceus, Ganoderma sp., and Lentinula edodes
are recognized as functional foods due to their remarkable potential for disease preven-
tion and promotion of overall health and well-being. These varieties have antioxidants,
anti-inflammatory, cytoprotective, cholesterol-lowering, antidiabetic, antimicrobial, and
anticancer properties, as well as controlling blood pressure, being an immunity booster,
and strengthening bone properties. In addition, they contain essential non-digestible
oligosaccharides (NDOs) and ergothioneine, a potential substrate for gut microflora. Sup-
plementing our daily meals with those can add value to our food, providing health benefits.
Novel edible mushrooms are being investigated to explore their bioactive substances and
their therapeutic properties, to benefit human health. The scientific community (mycol-
ogists) is currently studying the prospects for unlocking the full health advantages of
mushrooms. This review aims to promote knowledge of mushroom culturing conditions,
their nutritional potential, and the value-added products of 11 varieties.

Keywords: functional foods; edible fungi; bioactive compounds; health benefits; value-
added products

1. Introduction

The Indian system of medicine, Ayurveda, emphasizes that “When diet is wrong,
medicine is of no use. When diet is correct, medicine is of no need”. In this context, mush-
rooms can be vital in providing a balanced and wholesome diet [1]. Mushroom:s, a kind of
edible fungi that form sizable, firm, or robust fleshy structures, are found abundantly across
the globe. Approximately 16,000 different types of edible mushrooms have been identified.
Nearly 7000 varieties are recognized for their excellent taste and nutritional profile, and
nearly 3000 are regularly included in daily food menus [2]. Basidiomycetes, particularly
those found in the order Agaricales, are among the most notable in the diverse world of
mushrooms. The structure of mushrooms includes several key components: mycelium,
hypha, cap, lamellae, spores, stem, voula, and rings [3]. Mushrooms have an excellent
nutritional profile and so, for centuries, mushrooms have been integrated into meals and
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their medicinal benefits for overall well-being leveraged [4]. It is estimated that there
are nearly 1.5 million different species of fungi, among which scientists have identified
around 110,000 types. Numerous mushrooms offer a wealth of flavor and essential nutri-
ents; however, caution is paramount as some species are poisonous [5]. Mushrooms have
historically been used in Traditional Chinese Medicine, for medicinal purposes for 3000
and 7000 years. For example, shiitake mushrooms, scientifically known as L. edodes (Berk.)
Pegler, have been utilized both in nutrition and medicine since 600-1000 B.C. [6]. These
fungi produce bioactive compounds such as peptides, sterols, polysaccharides, proteins,
and phenols, which can be considered potential drugs [7]. Due to their rich nutritional
profile and organoleptic properties, mushrooms are often blended into various dishes and
can also serve as a meat substitute [8]. The nutritional profile is significantly influenced by
the substrate a mushroom feeds on, environmental parameters, and its stage of maturity.
Mushrooms contain various carbohydrates such as glycogen, xylose, mannose, galactose,
glucose, and some insoluble forms like fiber, mannan, cellulose, and chitin. They also have
a valuable compound known as glucan, which is characterized by glycosidic bonds at
A (1,3), B (1,4), and B (1, 6), making mushrooms an excellent addition to a healthy diet [9].
With a unique umami flavor, mushrooms are consumed as part of everyday food dishes
while enhancing their nutritional value [10]. As Kaul states, “Medicines and food have a
common origin” [11].

This review aims to promote complete knowledge of mushroom culturing conditions
and the nutritional potential of different varieties like Agaricus bisporus, Calocybe indica,
Volvariella volvacea, Auricularia polytricha, Schizophyllum commune, G. lucidium, Pleurotus
ostreatus, Grifola frondosa, H. erinaceus, Flammulina velutipes, and L. edodes. Their health
benefits include anti-inflammatory, antioxidant, antidiabetic, antimicrobial, enhanced gut
microbiota, and healing properties. In addition, we explore the mushroom value-added
products available on the market. By consolidating information about the structures, bioac-
tive compounds, and diverse uses of mushrooms, this article underscores the importance
of mushrooms as a unique and valuable food source, which contributes to overall health
and well-being.

2. Culturing Conditions

Mushroom fructification, the process of producing fruiting bodies, is initiated by
a mature mycelia network. Many mushrooms are saprophytic fungi, acting as crucial
decomposers in diverse ecosystems. For successful cultivation, the mushroom-growing
conditions must be carefully optimized, and the substrate composition and formulation
vary according to the species being cultivated [12]. Researchers are increasingly using
agro-industrial wastes as substrates, including agricultural and industrial residues with
low nitrogen contents [13,14]. Substrates also include organic materials such as cereal
by-products (bran and shell), soybean meal, and compost, as well as inorganic supplements
like ammonium salt and fertilizers, which provide the necessary nitrogen for mushroom
cultivation [15,16]. Additionally, pulses, maize, soybean, sorghum, and residues from
oil seeds, sugarcane, and cotton can be utilized as organic substrates. Even sawed wood
residues are well-known substrates supporting mushroom growth and fruiting [10]. Some
studies have utilized tea waste as a substrate for cultivating oyster mushroom varieties [17].
The roles of intrinsic and extrinsic factors are of equal significance in mushroom cultivation.
Intrinsic factors include the carbon and nitrogen contents of the growth medium, pH
level, and appropriate nutrition media, while extrinsic factors encompass temperature,
humidity, light, and gas concentrations (CO,) [18-20]. The cultivation process enhances the
economic use of agricultural residue to produce mushrooms and improves the relationships
between fungal hyphae, substrates, and soil systems [21]. Several studies explored the
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use of synthetic or semisynthetic media as substrates for mushroom mycelium cultivation.
Artificially synthesized media can supply the necessary nutrients for growth, including
SDA (Sabouraud dextrose agar), MYE (malt yeast extract), YMEA (yeast malt extract agar),
and PDA (potato dextrose agar). Additionally, enriched potato culture media like YPDA
(yeast potato dextrose agar), PMA (potato malt agar), CMA (corn meal agar), PDYA (potato
dextrose yeast agar), PM (potato malt peptone), PCA (potato carrot agar), PGA (potato
glucose agar), and PSG (potato sucrose gelatin) have been noted in studies as effective
substrates for mycelium culturing. The analysis showed that synthetic media such as PDA
and MEA provide the maximum nutrient effect due to their rich nutrient composition,
which is essential for optimal fungal growth. The influence of culture media on mycelia
development varies based on the fungal species and strains. Nutrient media like PDA
or PGA, followed by MEA and MCM, were identified as the best options for promoting
mycelia development. However, agriculture and food wastes contain a significant number
of natural-based chemicals, which can result in greater biomass growth than synthetic and
semi-synthetic media. The optimal cultivation temperature for myecelia is often linked to
the fungus’s genetic origin and the environmental conditions in which it naturally grows.
Most basidiomycetes thrive at temperatures between 20 and 30 °C, while some species
prefer higher temperatures ranging from 35 to 37 °C [14,19,22].

3. Nutritional Potential of Mushroom

Edible mushrooms are grown with a mini packet of essential nutrients, which include
a good amount of water, carbohydrates, protein, lipids, fibers, macronutrients, and mi-
cronutrients [23,24]. Mushrooms contain both primary and secondary metabolites. Primary
metabolites are responsible for energy production, while secondary metabolites are re-
sponsible for medicinal properties [1]. These macrofungi’s organoleptic features and high
nutritional content contribute to their growing popularity. Edible mushrooms are rich in
proteins and account for 19-35% of the dry mass, while carbohydrates constitute 50-65%
of the dry mass, rendering mushrooms an abundant source of high-quality dietary fiber.
Furthermore, mushrooms exhibit a low lipid content, ranging from 2% to 6% of the dry
mass, and are regarded as hypocaloric [25]. These powerful compounds provide numerous
health benefits including antimicrobial defense, protection against oxidative damage, and
anti-inflammation properties. Moreover, mushrooms exhibit antidiabetic, anticancer, an-
tiviral, and anti-immunomodulatory activities, making them valuable ingredients in the
development of functional foods [26-28]. Mushrooms also contain many bioactive com-
pounds including alkaloids, ergosterols, polysaccharides, polyphenols, terpenoids, lectins,
glycoproteins, sesquiterpenes, sterols, and lactones. The concentrations of these bioactive
chemicals vary considerably based on several parameters, including culture, strain, storage
conditions, substrate, and processing conditions [29]. The nutritional compositions of some
edible mushrooms are presented in Table 1.

Table 1. Nutritional profiles of different mushroom varieties.

Content/100 g
Mushroom Varieties . . Reference
Carbohydrate Protein Fat Fiber Ash
Agaricus bisporus 47.20 32.10 3.10 8.90 8.70 [30]
Auricularia polytricha 51.65 18.7 1.60 22.80 3.77 [31,32]

Volvariella volvacea 43.16 19.40 2.49 15.10 11.71 [33]
Calocybe indica 6.80 3.22 1.05 1.11 2.30 [34]
Schizophyllum commune 42.0 15.55 9.00 30.00 3.50 [35]
Ganoderma lucidium 37.33 8.54 1.91 50.19 2.03 [36]
Pleurotus ostreatus 61.10 20.00 2.50 7.90 7.70 [30]
Flammulina velutipes 42.83 20.26 4.50 23.31 9.00 [37]
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Table 1. Cont.

Content/100 g
Mushroom Varieties Reference
Carbohydrate Protein Fat Fiber Ash
Grifola frondosa 70.70 19.30 3.80 - 6.10 [38]
Lentinula edodes 64.40 22.80 2.10 1.26-2.95 6.00 [39]
Hericium erinaceus 57.00 22.30 3.50 3.30-7.80 - [40]

3.1. Carbohydrates

Mushrooms are low-calorie foods owing to low carbohydrate contents, minimal sugar
levels (no glucose), and high fiber contents. They contain various carbohydrates including
simple sugars like sucrose, xylose, glycogen, rhamnose, mannose, fructose, galactose,
mannose, and xylose, and polysaccharides such as cellulose, glycoproteins, x-glucans,
and f3-glucans, glucan, mannoglucan, heteroglycan, galactomannan, and lentinan [41,42].
Mushrooms are also high in dietary fibers, primarily non-starch polysaccharides, with 4 to
9% being soluble and 22 to 30% insoluble [43]. They contain non-digestible carbohydrates,
such as chitin and (1—3)-f3-d-glucans, which promote intestinal health, and the main
components of the cell wall are 3-glucans and polysaccharides. Additionally, mushrooms
contain non-digestible oligosaccharides (NDOs) consisting of carbohydrate molecules
of fewer than 20 monosaccharide units joined by glycosidic linkages. These NDOs are
resistant to hydrolysis by salivary and intestinal digestion enzymes associated with various
beneficial advantages, including antipathogenic and prebiotic characteristics. Individuals
can increase their intake of NDO through food sources, like mushrooms, and supplements
derived from dried fruiting bodies or mycelium-based products from fungal species [44—46].
Although mushrooms have less fiber than vegetables and fruits, they are still a nutritious,
low-energy dietary option, particularly beneficial for type II diabetes and those seeking
weight loss. Due to their low glycemic index (GI) and glycemic load (GL), they do not cause
spikes in blood sugar levels [47,48]. In L. edodes, key polysaccharides such as emitanin,
lentinan (a 3-(1,3)-D-glucan enhances the effectiveness of chemotherapeutic drugs), and
KS-2 are found to benefit health [49].

3.2. Protein

Edible mushrooms are often high in protein, although the protein content varies
widely depending on the mushroom’s species, stage of growth, and growth medium. They
contain essential amino acids such as lysine, valine, tryptophan, isoleucine, methionine,
leucine, and threonine. Mushrooms also provide proteins such as lectins, laccases, histi-
dine, phenylalanine, and cysteine [50-53]. Notable mushrooms of the Pleurotus species
have high-quality protein due to the effective distribution of essential and non-essential
amino acids such as gamma-aminobutyric acid (GABA), a critical neurotransmitter [50].
When compared to other food sources, the protein content of edible mushrooms is quite
competitive [54]. Animal-based foods (dry weight) contain protein, which is present in
proportions of at least 27% for milk, 37-83% for meat, 53% for eggs, and the highest 58-90%
for fish and crustaceans [55]. In contrast, plant-based sources such as legumes contain
22-40%, cereals 8-18%, nuts 4-20%, other seeds 18-32%, and tubers less than 10% [56,57].
Certain species of edible fungi, A. bisporus 32.10%, H. erinaceus 22.30%, and L. edodes 22.80%,
provide protein concentrations that are equal to or exceed those found in animal-derived
sources such as dairy products, meat, eggs, and seafood [54,58-61]. Consequently, these
edible fungi represent an exceptional source of high-quality protein that is more accessible,
cost-effective, and exhibits a reduced environmental footprint, and so, in the future, they
will become a compelling alternative to both animal-derived and various plant-based
protein options [62]. Ergothioneine (EGT) is uniquely sulfur-containing and has excellent
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free radical scavenging activity. EGT is found in high concentrations in mushroom species
like hen of the woods, shiitake, King Boletes, Enokitake, and oyster mushrooms [62-65].
It has been correlated with several health benefits, including lower rates of dementia and
cardiovascular disease and anti-inflammatory and cytoprotective effects, and it may even
lead to a longer life expectancy. Mushrooms have much greater quantities of ergothioneine
than cereals, vegetables, and meat [64,66]. As such, edible mushrooms are appealing foods
with significant nutritional benefits that contribute to overall health.

3.3. Fats

Edible mushrooms represent a low-calorie aliment with a minimal fat content (4-6%).
A. bisporus, also known as the button mushroom, has a total fat content ranging from
0.34 to 2.2 g per 100 g of dry weight [67,68]. The three major fatty acids present in edible
mushrooms are linoleic acid (C18:2), oleic acid (C18:1), and palmitic acid (C16:0). Linoleic
acid is useful in reducing the amount of lipids in the blood and helping to alleviate arthritis
symptoms [50]. Additionally, these fungi are abundant in polyunsaturated fatty acids
(PUFAs), particularly oleic (1.1-12.3 g/100 g fresh weight (FW)), stearic (1.6-3.1 g/100 g
FW), palmitic (10.3-11.9 g/100 g FW), and linoleic acids. Ergosterol (ergosta-5,7,22-trien-
3b-ol) is identified as the most prevalent sterol within edible mushrooms [68]. Although
mushrooms are characterized by low caloric and fat contents, they exhibit a markedly
elevated ratio of polyunsaturated fatty acids in comparison to saturated fatty acids [69].

3.4. Micronutrients

Mushrooms are rich in various vitamins such as vitamin B complex (By, By, B3, By,
and Bp), vitamin C, vitamin D,, and vitamin E and minerals like calcium, cadmium,
magnesium, phosphorus, iron, sodium, cobalt, zinc, potassium, copper, titanium, selenium,
and molybdenum [50,70,71]. Tocopherol («, {3, v, and 0) is a vitamin present in various
mushroom varieties [24,71,72]. Mushrooms are known for their high potassium content
and low sodium content, as potassium reduces tension in blood vessels and eventually
helps in lowering blood pressure [70]. A. bisporus is particularly high in Na, Li, and K, but
poor in Cu, Mn, Cr, Co, Pb, Ni, and Zn [73]. H. erinaceus contain high levels of K, P, and Mg
followed by Na, Fe, Ca, Zn, Al, Cu, Li, Mn, and Ba. G. lucidium contains high levels of K, P,
and Ca, followed by Mg, Na, Fe, Al, B, Zn, and Cu, and the least Mn [74].

3.5. Bioactive Compounds

Mushrooms encompass a diverse array of bioactive constituents, which include phe-
nolic acids, glycosides, volatile substances, alkaloids, flavonoids, organic acids, and a
variety of biological catalysts such as amylases, cellulases, laccases, lipases, pectinases,
proteases, phytases, and xylanases. The phenolic constituents identified within mushrooms
comprise gallic acid, p-coumaric acid, caffeic acid, p-hydroxybenzoic acid, protocatechuic
acid, and pyrogallol [75,76]. The majority of phenolic acids in mushrooms are hydroxyben-
zoic acids (HBAs) and hydroxycinnamic acids (HCAs). HBAs may be found in complex
compounds such as tannins, lignin, and organic acids, whereas HCAs are attached to
cell wall components such as lignin, cellulose, and protein. The most prevalent HCAs
encountered in mushrooms include ferulic, sinapic, caffeic, and p-/o-coumaric acids, which
play critical roles in lignin biosynthesis, disease resistance, and growth regulation [77,78].
Mild alkaline hydrolysis is the most effective for extracting them. In mushrooms, mainly
quinic acid esters, and also gallic, gentisic, homogentisic, p-hydroxybenzoic, protocat-
echuic, 5-sulphosalicylic, syringic, vanillic, and veratric, are the most often observed
HBA derivatives [24,71,72]. Anthocyanidins, biochanin, flavanols, flavones, isoflavones,
flavanones, catechin, chrysin, myricetin, hesperetin, naringenin, naringin, formometin,
resveratrol, quercetin, pyrogallol, rutin, and kaempferol are among the flavonoids present
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in mushrooms [72]. The structures of active compounds in mushrooms are presented in
Figure 1. The quantity of these bioactive chemical compounds in mushrooms depends
on the substrate, culturing conditions, storage conditions, and cooking procedures [48].
G. lucidum produces several terpene derivatives, including ganoderal, ganoderic acids,
lucidone, ganodermanondiol, ganodermic, and ganodermanontriol [49]. H. erinaceus is
known for hericenones (A-J, I, L, and K), erinacines (A-K, P-V, Z1, and Z2) [79,80], and
L. edodes contains a polysaccharide known as lentinan [81]. The bioactive molecules, health
benefits, and food products prepared from mushroom varieties are presented in Table 2.

o] OH

OH

HO OH HO

OH
Gallic acid p-hydroxybenzoic acid

Carotenoid

CHy

CHs

CHa Tocophereol

Flavanoid

mon
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Figure 1. Structures of active compounds in the mushroom [71,81].
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4. Therapeutic Efficacy of Mushrooms

Medicinal mushrooms are rich in bioactive compounds such as phenolic acids, lectins,
B-glucans, polysaccharides, and terpenoids, offering several health benefits that can
significantly enhance the quality of life [107,108]. These compounds possess a wide
range of properties including prebiotic, immune-modulating, antioxidant, hepatopro-
tective, anti-inflammatory, antihyperlipidemic, cytotoxic, anticancer, antioxidant, hypoc-
holesterolemic, antidiabetic, antiallergic, antiviral, antibacterial, antiparasitic, antimicro-
bial, antifungal, radical scavenging, cardiovascular, wound healing, and detoxification
effects [27,60,106,109-111]. Numerous mushroom varieties are recognized for their medic-
inal properties. For example, G. lucidum is often referred to as the ‘king of medicinal
mushrooms’, along with L. edodes (shiitake) and G. frondosa (maitake), which are widely
used for medicinal purposes across many regions of Asia [77,105,112]. In vitro research,
in vivo experimentation, and clinical trials involving human subjects have elucidated that
mushroom extracts and fresh consumable fungi provide an extensive range of therapeutic
advantages, as elaborated upon in the subsequent discussion.

4.1. Anti-Inflammation Property

Inflammation is a defense mechanism in which the blood flow increases to the site
of tissue infection, playing a crucial role in the healing process by eliminating harmful
cells [113]. However, inflammation also leads to the destruction of cells, which is necessary
for recovery. Mushrooms possess properties that allow them to act directly on inflammation.
Their lipids, rich in unsaturated fatty acids, exhibit anti-inflammatory qualities as these
fatty acids are precursors of eicosanoids involved in balancing inflammatory and anti-
inflammatory processes [114]. Mushroom taxa such as Agaricus sp., Pleurotus sp., and
Termitomyces sp. exhibit a high abundance of polysaccharides and synthesize biomolecules
that play a pivotal role in the protection of joints against inflammatory mechanisms [83,115].
A study was conducted on the mushroom variety Cordyceps spp. containing the nucleoside
compound cordycepin, which stimulates the generation of interleukin 10; as a result, it is
an anti-inflammatory cytokine compound [116]. H. erinaceus has also been shown to have
anti-inflammatory effects that were demonstrated for both H. erinaceus and H. echinacea-
derived erinacine A, which protect against brain-ischemia-induced neuronal cell death in
rats. The mechanism was the suppression of iNOS and MAPK, lowered proinflammatory
cytokines, and the mushroom’s nerve development capabilities [117].

4.2. Healing Property

Healing is categorized into four stages: hemostasis involving blood clotting, inflam-
mation, proliferation pertaining to tissue growth, and maturation encompassing tissue
re-modeling. The repair process is complex and involves various cellular mechanisms
such as epithelial cell stimulation, cytokine release, and growth factors. The extract and
metabolites from varieties like G. lucidum and A. blazei (polysaccharides) showed wound-
treating properties, including different mechanisms such as epithelial cell stimulation,
cytokines, and growth factor release [118]. Chitinous polymers were extracted from the
common A. bisporus mushrooms by employing straightforward methodologies and subse-
quently transformed into continuous fibers utilizing a specially designed laboratory-scale
fiber-spinning apparatus. The resultant spun fibers consist of an array of chitin fibrils
embedded within a glucan matrix, with their fiber dimensions meticulously governed by
the specifications associated with needle gauges. After 30 s of contact with a small amount
of water (<10 pL), all mushroom chitin fibers demonstrated self-healing characteristics. A
microblade may successfully restore macroscopically injured mushroom chitin strands’
natural form and tensile characteristics, as indicated by the enhanced self-healing capability
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for tensile strength (reaching 119%) and breaking strain (attaining 132%). This implies that
the process of swelling and deswelling of mushroom chitin fibers may have resulted in
the interlocking of chitin fibrils and glucan across the impaired fiber surfaces, resulting
in significant self-healing activity [118]. A study was conducted on G. luciderma in rats,
in which indomethacin caused stomach mucosal lesions, and the polysaccharide fraction
induced peptic ulcers for healing in rats [27].

4.3. Enhancing Gut Microflora

Prebiotics are “a substrate that is selectively utilized by host microorganisms con-
ferring a health benefit” [119]. Mushrooms are valuable sources of prebiotics including
polyphenols, oligosaccharides, and fibers, which enhance the metabolic activity of benefi-
cial members of gut microflora [117]. A mushroom G. lucidum contains polysaccharides
and peptides that are non-digestible by pathogens, preventing their multiplication and
thereby altering the gut microbiota [11,113]. These indigestible polysaccharides derived
from mushrooms serve a prebiotic role, suppressing the proliferation of pathogenic bacteria
within the gastrointestinal tract while enhancing the growth of beneficial probiotic bacteria.
G. lucidum, H. erinaceus, L. edodes, and G. frondose are among the most frequently reported
edible mushrooms known to modulate gut flora [119,120]. 3-glucan, a type of polysaccha-
ride found in mushrooms, can be fermented by gut bacteria, leading to beneficial changes
in the host’s microbiome [49]. The diagrammatic representation of how a mushroom-based
diet enhances gut microflora is depicted in Figure 2.
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Figure 2. Mushrooms as a potential prebiotic.

4.4. Anticancer Properties

Cancer is a fatal disease causing over 10 million deaths yearly according to the World
Health Organization (WHO). Research has demonstrated that polysaccharides derived from
mushrooms can inhibit tumor progression by enhancing the immune response, particularly
through their impact on natural killer (NK) cells and macrophages via T-cell activation and
cytokine secretion [121]. Polysaccharides from mushrooms can impede tumor progression
by augmenting the immune response through their influence on natural killer cells and
macrophages mediated by T-cell activation and cytokine secretion [122-124]. Notably,
nearly 200 species of edible mushrooms demonstrated the capacity to reduce the growth of
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various cancer cells [125]. Specific compounds found in different mushroom species have
been identified for their antitumor properties. For instance, A. bisporus contains quinone
490 and 1-oleoyl-2-linoleoyl-3-palmitoyl glycerol, and ganoderiol F and ganodermanontriol
in G. lucidum and galactoxyloglucan in H. erinaceous have shown potential in combating
cancer [68]. Mushrooms are rich in various anticancer components such as antroquinonol,
krestin, cordycepin, lectin, sulfated polysaccharide hispolon, lentinan, and maitake D
fraction [121,126]. The polysaccharide 3-glucan is acknowledged for its role in augmenting
immune functionality through the stimulation of cytokine synthesis, which subsequently
triggers the activation of both phagocytes and leukocytes [80,127]. L. edodes contains lenti-
nan and lectins, which demonstrated cytotoxic effects on breast cancer cells [128]. Studies
indicate that hispolon, an active polyphenol compound, demonstrates potent antineoplas-
tic effects through multiple mechanisms, including the upregulation of death receptors
and downregulation of antiapoptotic proteins like c-FLIP, Bcl-2, and Bcl-xL. Furthermore,
hispolon enhances the effectiveness of chemotherapeutic agents, making it a promising can-
didate for cancer therapy [129]. Furthermore, G. lucidum contains certain polysaccharides
that are beneficial for mitigating colorectal cancer symptoms as they reduce the expression
of rectal cancer-related genes. These polysaccharides also demonstrate cancer-preventive
and therapeutic actions by dynamically controlling the gut microbiota and host immune
responses. G. lucidum polysaccharides can modulate the immune system by activating and
expressing cytokines related to inflammation (e.g., interleukin-1, interleukin-6, and tumor
necrosis factor-o) and antitumor activity (e.g., interferon-y and tumor necrosis factor-c).
A contemporary in vivo study underscored that a newly identified acid-soluble polysac-
charide extracted from G. frondosa exhibited protective effects on the thymic and splenic
tissues of mice with tumors, concurrently inhibiting the proliferation of H22 solid tumors.
These bioactive compounds markedly enhanced the functional activities of natural killer
(NK) cells, macrophages, CD19+ B cells, and CD4+ T cells, ultimately facilitating apoptosis
of H22 cells through the induction of G0/G1-phase cell cycle arrest [123]. A diagrammatic
representation of the mushroom polysaccharides working as anticancer agents is presented
in Figure 3.
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Figure 3. Mushrooms contain certain polysaccharides for the immune response.
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4.5. Antioxidant Properties

Oxidative stress can damage DNA, protein, and cell membranes, which eventually
leads to various major diseases such as tumors, diabetes, neurodegenerative diseases, and
kidney disease [129]. Polysaccharopeptides found in mushrooms can improve overall fit-
ness by triggering enzymes that remove free radicals and reduce oxidative stress [87]. Mush-
rooms contain a variety of antioxidant compounds including ergothioneine, ergosterol,
carotenoids, phenolics, tocopherols (vitamin E), ascorbic acid (vitamin C), polysaccharides
(acidic polysaccharides), and amino acids [hydrophobic amino acids (HAAs) like leucine,
isoleucine, valine methionine, proline, alanine, etc.] [123,130,131]. For example, P. ostreatus
extract has been demonstrated to increase catalase gene expression and diminish free
radical-induced protein oxidation in adult rats, protecting against age-related illnesses. The
ethanolic extract of dietary P. ostreatus mushrooms inhibits lipid peroxidation, chelates ferrous
ions, reduces ferric ions, and quenches 2,3-diazabicyclo. Another study attributed the superior
antioxidant properties of P. ostreatus to its carbohydrate component—specifically, 3-glucan—
which may be responsible for its efficacy [24,132,133]. Furthermore, P. ostreatus mushrooms
provide a wealth of antioxidants in food sectors, particularly as food additives [134]. An antiox-
idant assay determined the free radical scavenging activity of A. bisporus polysaccharide
extracts. At 250 ug/mL, the extract displayed an 86.1% free radical scavenging activity,
which was substantially greater (p < 0.01) than BHT (83%) [29]. As a result, mushroom con-
sumption may enhance an individual’s antioxidative capacity, thereby reducing oxidative
stress in the body [119]. The stabilizing of free radicals is shown in Figure 4.
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Figure 4. The antioxidant power of mushroom.

4.6. Antidiabetic Properties

Antidiabetic compounds in various mushroom species typically exhibit the following
effects: (1) prevention of {3 cells” apoptosis and promotion of their regeneration; (2) regula-
tion of glucose metabolism; (3) inhibition of inflammation and oxidation; and (4) enhance-
ment of gut microbiota [109,135]. A study on the polysaccharide compounds of G. lucidum
demonstrated that these compounds reduce insulin resistance without damaging pancre-
atic islet cells and successfully reverse the process of diabetes [136]. Mushroom extracts
from A. bisporus, G. frondosa, H. erinaceus, G. lucidum, and Pleurotus species reduce blood
glucose levels in the liver and muscle by controlling the expression of glycogen synthase

108



Foods 2025, 14, 741

kinase (GSK-3f3), glycogen synthase (GS), and glucose transporter 4 (GLUT4). As a result,
GSK-3f may be identified as a negative regulator that is modulated by insulin-mediated,
GS-regulated activity [137]. A study was conducted on high doses of A. bisporus extract,
which was orally administrated to decrease the severity of streptozotocin-induced hyper-
glycemia in Sprague-Dawley rats. The rats were provided A. bisporus powder (200 mg/kg
of body weight) for three weeks, which resulted in a significantly decreased plasma glucose
concentration (24.7%), triglyceride content (39.1%), alanine aminotransferase (11.7%), and
aspartate aminotransferase (15.7%). Additionally, G. frondosa has been noted for its role in
blood glucose regulation [138,139].

4.7. Antimicrobial Property

The mushroom species P. ostreatus is considered a medicinal mushroom due to its
antimicrobial properties because of 3-D glucan’s presence. It includes several antibacterial
agents, such as phenolic compounds, phenolic acids, and flavonoids, which are beneficial
in this variety and others [9]. Ethanol extracts from two grown mushroom kinds, L. edodes
and A. bisporus, were tested for antibacterial activity against Klebsiella pneumoniae, Staphylo-
coccus aureus, Enterococcus faecalis, and Acinetobacter baumannii. Upon exposure to extracts
derived from L. edodes and A. bisporus, bacterial cell death was observed, attributable to the
elevation of protein and DNA levels within the surrounding milieu, indicative of bacterial
cell deformation in response to the extracts above. Developing various extracts to combat
antibiotic-resistant bacteria is crucial as resistance is anticipated to become one of the most
serious health issues in the future. Moreover, there is a significant gap in the literature
discussion on the antimicrobial mechanism of mushroom-based compounds [140]. Studies
on P. ostreatus have demonstrated its effectiveness against Gram-positive bacteria (Bacillus
cereus, Bacillus pumilis, Micrococcus luteus, E. faecalis, S. aureus, and Bacillus subtilis) and
Gram-negative bacteria (Klebsiella oxytoca, K. pneumonia, Shigella sp., Salmonella pullorum,
Salmonella typhi, Moraxella sp., Escherichia coli, Burkholderia pseudomallei, Vibrio sp., and
Pseudomonas aeruginosa). Moreover, it showed antibacterial action against Fusarium oxys-
porum, Myrothecium arachidicola, and Penicillium rapiricol [139]. Additionally, A. bisporus
has demonstrated antibacterial properties against Neurospora sitophila, and Lenzites betulina
has shown antibacterial action against S. aureus, E. coli, B. subtilis, Fusarium graminearum,
Gibberella zeae, and Cercosporella albo maculans. Trichoderma giganteum has antibacterial action
against F. oxysporum, Myrothecium arachidicola, and Penicillium rapiricola. H. erinaceus has
antibacterial properties against Helicobacter pylori [141].

5. Value-Added Products

Several value-added products have been formulated from mushrooms, such as mush-
room chips, mushroom soup powder, mushroom pickles, papad, cookies, bhujia, noodles,
murabba, yogurt, dried mushrooms, canned mushrooms, mushroom pasta, mushroom
kheer, fries, preserve, candies, and mushroom pakora. Additionally, medicinal products
such as mushroom pills, mushroom tea, mushroom immunity booster, and protein powder
are designed to satisfy taste preferences while providing essential nutrients and bioactive
compounds [142,143]. Certain value-added products made from mushrooms are listed in
Figure 5.
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VALUE ADDED PRODUCTS
Bakery —»| Breads, Buns, Biscuits and Cookies
Beverage == Tea, Coffee

Enriched flour EE— Mushroom edible flour
Confectionary —> Candy

Deep- fried > Chips and Nuggets

Edible ices — Sorbet

Ready to eat === Jerky, Soup powder and Curry
Spice Enhances — Seasoning:ﬁ:icvhsgj\,’dl’eifkles and

Figure 5. Value-added products prepared from edible mushrooms [105].

Value-added products such as muffins prepared with mushroom powder and white
flour have been shown to increase protein, ash, crude fiber, and fat, making them health-
ier and more nutritious compared to traditional white flour muffins [140]. Functional
mushroom cookies and biscuits were also formulated, containing higher nutritional values
than those prepared from normal flour. Cookies prepared with Cordycepes militaris at
concentrations of 1, 3, and 5%, respectively, exhibited increased phenolic and antioxidant
contents. Additionally, these cookies showed higher levels of crude fiber, ash content,
protein, and crude fat [142]. The incorporation of C. militar is flour caused the cookies to
become softer, with the hardness slightly decreasing as the concentration of C. militaris flour
increased (p > 0.05). The addition of C. militaris flour led to a distorted gluten network,
which accounts for the decrease in hardness. Biscuits prepared with a combination of
mushroom flour and wheat flour were shown to be more nutritious, with research showing
that they can help control diabetes and treat protein—energy shortages. These biscuits also
have low GI and GL. Similar to other value-added products, they showed an increase in
protein content, ash content, crude fiber, and fat content [143]. The increased properties
may be due to bioactive compounds found in wheat and mushroom flours that block
alpha-amylase and alpha-glucosidase enzymes. Mushrooms” high fiber content may help
with hyperglycemia management. This conclusion is consistent with Owheruo’s (2023) dis-
covery that a high-fiber diet lowers blood sugar levels. Nwosu (2022) discovered that those
with type 2 diabetes who took a fiber-rich supplement had lower fasting blood glucose
levels. According to these findings, mushroom biscuits have the potential to lower blood
glucose levels, which may be advantageous for diabetic individuals and those managing
hyperglycemia as well as other degenerative illnesses [142,143].

Bars with incorporated dried shiitake mushroom demonstrated hypocholesterolemia
and hypoglycemic effects with no toxicity. When assessed for shelf life over 6 months,
the bars indicated no significant changes in the microbiological parameters comprising
coliforms, S. aureus, B. cereus, and Salmonella sp., with each sample containing fewer than
10 colonies of microorganisms [144]. Similarly, “papad”, a trendy dehydrated snack in the
Indian market, was fortified with mushroom powder, which increased its protein content,
dietary fibers, phosphorous, and calcium [136].
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6. Conclusions

Both underdeveloped and developing countries are facing grave issues of malnutri-
tion, poverty, and food insecurity. The consumption and production of highly functional
foods, such as mushrooms rich in nutrients and bioactive compounds and offering pro-
tection against various diseases, is a step toward address these food issues, as they offer
protective and therapeutic benefits against many diseases. The bioactive compounds in
mushrooms make them highly suitable for consumption through different sources like food,
nutraceuticals, and medicine. Adding mushrooms to our daily diet boosts our nutrient
intake by providing essential macro- and micronutrients, and bioactive compounds that
are lacking in regular meals. Additionally, this study emphasizes the significant role of
mushroom polysaccharides, polyphenols, terpenoids, and glycoproteins in promoting gut
health, supporting the immune system, and exhibiting anticancer, antidiabetic, and inflam-
matory activities. However, further research is needed to elucidate the precise mechanism
underlying these health benefits in humans. An in-depth evaluation of mushroom prod-
ucts and varieties in various geographical regions should be performed and technological
advancements made for their correct utilization as foods and bioactive agents. Moreover,
the production of mushroom-based snacks, beverages, soups, and sauces remains limited
on a large scale, and these products often have a short shelf life; therefore, further research
is essential to fully understand the potential and limitations of mushroom-based products
on the market.
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Abstract: (1—3)-a-D-Glucan is an important component of the cell wall of most fungi.
The polymer has many applications, including as a therapeutic agent in the prevention or
treatment of various diseases, as well as a heavy metal sorbent and a component of new
materials used in the plastics industry. The presence of (1—3)-a-D-glucan (water-insoluble,
alkali-soluble polysaccharide) in the cell wall of Pleurotus djamor (pink oyster mushroom)
was confirmed using specific fluorophore-labeled antibodies. Therefore, the water-insoluble
fraction (WI-ASF) of P. djamor B123 fruiting bodies was isolated by alkaline extraction
and used for further analyses. The structural features of the WI-ASF were determined by
composition analysis, linkage analysis, Fourier transform infrared and Raman spectroscopy,
'H and 3C nuclear magnetic resonance spectroscopy, scanning electron microscopy, as
well as viscosity, specific rotation, and gel permeation chromatography. These studies
revealed the presence of glucose units linked by a-glycosidic bonds and scanty amounts of
mannose and xylose. Furthermore, methylation analysis of WI-ASF demonstrated that the
(1—3)-linked glucopyranose (Glcp) is the primary moiety (86.4%) of the polymer, while
the 3,4- and 3,6-substituted hexoses are the branching residues of the glucan. The results
of chemical and spectroscopic investigations indicated that the analyzed WI-ASF is a
(1—3)-linked x-D-glucan type with a molecular weight of 552 kDa.

Keywords: Pleurotus djamor; pink oyster mushroom; fruiting bodies; (1—3)-x-D-glucan;
structural analyses
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1. Introduction

(1—3)-x-D-Glucans are an essential component of the cell wall of most fungi (excep-
tions including the yeasts Saccharomyces cerevisiane and Candida albicans), where they have
many biological functions, e.g., structural, nutritive, aggregation-promoting, or virulence
factors for some pathogens (e.g., x-glucan from Aspergillus fumigatus) [1-3]. In comparison
to other polymers present in the fungal cell wall, the (1—3)-x-D-glucans are relatively
poorly understood and researched. The insoluble nature, the unique crystalline structure,
and the presence of x-(1—3)-glycosidic linkages have defined the applicability of this poly-
mer. To date, it has been shown, among other things, that (1—3)-a-D-glucans: (i) constitute
a safe, inexpensive and readily available mutanase inducer, enzymes used in dental plaque
degradation and prevention of tooth decay in humans and animals; (ii) after chemical
modification (e.g., carboxymethylation, sulfation, aminopropylation, or hydroxyethylation)
as water-soluble derivatives, they had significant anticancer, immunomodulatory, and
antioxidant potential; (iii) can be used in combination with a catalyst (such as lipase) in the
esterification reaction of higher fatty acids with alcohols with hydrophobic alkyl chains;
(iv) can be an efficient sorbents for the removal of toxic metal ions from aquatic environ-
ments; (v) can be used to bind mycotoxins present in animal feed; (vi) are a source of
oligosaccharides with prebiotic properties; and (vii) due to their exceptional thermoplastic
and texture-forming properties, they are used in the plastics and textile industries [2,4-9].

The fruiting bodies of cultivated mushrooms, especially Pleurotus spp., are excellent
sources of (1—3)-o-D-glucans. As shown in our previous studies, the biomass of these fungi
was a source of glucans with anticancer properties [10,11]. An additional benefit is that
waste fungal biomass, which is a crucial problem in the cultivation of oyster mushroom:s,
can be used for this purpose. This approach is in line with the zero-waste concept.

Pleurotus djamor (Rumph. ex Fr.) Boedijn is a species from the oyster mushroom group
native to South-East Asia and Central America [12]. Salomones et al. [13] reported that
the species also occurs in Africa and Australia. In tropical and subtropical regions, it
occurs naturally on various species of trees, such as palms, bamboo, rubber trees, and
mangoes, and is therefore readily available on the market [12,14,15]. Its cultivation is
becoming increasingly popular worldwide due to the pink color of its fruiting bodies
(pink oyster mushroom) and its high nutritional and medicinal value. Several studies
have confirmed the antioxidant activity of P. djamor [16-19] as well as its broad spectrum
of other medicinal activity, including hypoglycemic, anti-cancer, and anti-inflammatory
effects [20-22]. Antimicrobial activity has also been demonstrated against different taxons
of bacteria, e.g., Escherichia coli, Staphylococcus aureus, Vibrio cholera, Xanthomonas spp., and
Pseudomonas spp. [23-25]. A positive effect of P. djamor on the human gut microbiota was
also confirmed [26].

P. djamor is quite easy to cultivate due to its fast-growing mycelium and the possibility
of using a wide range of waste materials derived from agriculture, forestry, and the food
industry [27-32]. The fruiting bodies of this species are distinguished by their high dry
matter content and very attractive aroma [33,34]. The high protein and the macro and
micronutrient content of P. djamor accounts for its nutritional value [27,35]. The content of
nutritionally important minerals in the fruiting bodies can easily be increased by supple-
menting the growing medium with some microelements, such as magnesium, zinc, and
selenium salts [36-38].

As revealed by an analysis of the available articles, the amount of research work on
Pleurotus (1—3)-x-D-glucans is limited. In this paper, we focus on the detection, isolation,
structure, and some physicochemical properties of a water-insoluble (1—3)-a-D-glucan
obtained from the pink oyster mushroom P. djamor via alkaline extraction.
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2. Materials and Methods
2.1. Fungal Material and Fruiting Conditions

Strain B123 of Pleurotus djamor originated from the Mushroom Collection of the De-
partment of Vegetable Crops at the University of Life Sciences in Poznari, Poland.

Cultivation of P. djamor fruiting bodies was carried out in the vegetation hall of the
Department of Vegetable Crops at the University of Life Sciences in Poznan. The substrate
for cultivation was prepared from a mixture of beech and alder sawdust (1:1, v/v) with
several additives. One kilogram of the substrate contained 300 g of sawdust, 78 g of wheat
bran, 20 g of maize flour, 2 g of gypsum, and 600 mL of tap water. The cultivation was
carried out in polypropylene bottles (850 mL volume). Each bottle was filled with 500 g
of the substrate. The bottles were sterilized at a temperature of 121 °C for 1 h. Mycelium
of P. djamor on wheat grain was used for substrate inoculation in the amount of 10 g per
bottle. Incubation was conducted at 25 °C and 80-85% relative air humidity until the
substrate became completely covered with mycelium. Next, the bottles were placed in
the cultivation chamber. For fructification, air relative humidity and temperature were
maintained at 85-90% and 22 4= 1 °C, respectively. The cultivation was additionally lighted
with fluorescent light of 500 Ix intensity with a photoperiod regime of 12 h dark and
12 h light. The cultivation chamber was aerated in such a way as to maintain the CO,
concentration below 1000 ppm. Fruiting bodies of P. djamor were harvested successively as
they matured (Figure 1). The yield included whole fruiting bodies. The obtained fruiting
bodies were dried in an electric drier at 40 °C to a constant weight.

Figure 1. Fruiting bodies of P. djamor B123 on an artificial substrate.

2.2. WI-ASF Isolation

The water-insoluble, alkali-soluble fraction (WI-ASF) was isolated from the fruiting
bodies of P. djamor B123 according to the method described previously [39]. Briefly, the
dried fruiting bodies (100 g) were milled into powder using a high-speed blade mill WZ-1
(Research Institute for the Bakery Industry, Bydgoszcz, Poland) and extracted successively
with 2 L of methanol, NaCl (0.9%), hot water, Na;CO3 (5%), and finally, with 1 M NaOH
containing 0.02% sodium borohydride (NaBHj, a reducing agent) for 24 h at room tempera-
ture (all reagents were form POCh, Gliwice, Poland). The final extract was neutralized with
1 M HCI under constant mixing, and the precipitated fraction (WI-ASF) was repeatedly
washed with water, collected by centrifugation, and lyophilized. The yield of WI-ASF
isolated from fruiting bodies of P. djamor B123 was 2.8 g/100 g of dry mass.
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2.3. Sugar Composition and Methylation Analysis of WI-ASF from P. djamor

The WI-ASF (2 mg) was acid hydrolyzed using 2 M trifluoroacetic acid (TFA, Sigma-
Aldrich, Saint Luis, MO, USA) at 100 °C for 4 h. Liberated monosaccharides were reduced
by using sodium borodeuteride (NaBDy, Sigma-Aldrich, Saint Luis, MO, USA), and ob-
tained products were acetylated with pyridine-acetic anhydride mixture (Sigma-Aldrich,
Saint Luis, MO, USA) (1:1, v:v) at 85 °C for 30 min to obtain alditol acetates [40]. For
quantitative analyses, inositol was used as an internal standard.

Linkage analysis of sugars in the polysaccharide was performed with the method
described by Hakomori [41]. Briefly, the sample (5 mg) was dissolved in 0.5 mL dry
dimethylsulfoxide (DMSO, Sigma-Aldrich, Saint Luis, MO, USA), then 0.5 mL of dimsyl Na
(de-protonating agent, made “on-side” from DMSO and NaH) was added, and methylation
occurred in a presence of methyl iodide (1 mL, Sigma-Aldrich, Saint Luis, MO, USA). An
excess of reagents was removed in a stream of nitrogen, and the reaction was stopped by
adding water. The partly methylated polymer obtained was extracted into chloroform,
dried in a stream of nitrogen, and acid hydrolyzed (2 M TFA, 100 °C for 4 h). The partly
methylated sugar monomers were reduced and acetylated as above.

The absolute configuration of the monosaccharides was established by analysis of
acetylated R-(—)2-butylglycosides according to the procedure described by Gerwig and
co-workers [42].

All sugar derivatives were analyzed by GC-MS using a 7890A gas chromatograph
connected to an MSD 5975C (inert XL EI/CI MSD) detector (Agilent Technologies, Santa
Clara, CA, USA) equipped with an HP-5MS column (30 m x 0.25 mm, film thickness
0.25 um; Agilent J&W GC Columns, Agilent, Santa Clara, CA, USA). Helium was a carrier
gas with a flow rate of 1 mL/min. The temperature program was as follows: from 150 °C
(3 min) raised to 320 °C at 5 °C min~!, and the final temperature was maintained for 10 min.
Sugar derivatives were identified based on their retention times and characteristic mass
spectra, using Enhanced Data Analysis software, version 5.02.09 (Agilent Technologies,
Santa Clara, CA, USA).

2.4. Miscellaneous Methods

Immunofluorescent labeling of the (1—3)-a-D-glucan in the cell wall of P. djamor
B123 was carried out using specific antibodies, i.e., mouse IgM MOPC-104E and goat
anti-mouse IgM labeled with a fluorescent dye [43]. Briefly, fresh mycelium of P. djamor
B123 on Lab-Tek IT Chamber slides (Nunc, Rochester, NY, USA) was fixed with a 3% (v/v)
formaldehyde solution in distilled water at 65 °C for 30 min. The fixed fungal cells were
washed three times in PBS (Phosphate Buffered Saline, pH 7.4) before being infiltrated with
1% (v/v) Tween 20 in PBS (PBS-T). To detect the presence of (1—3)-x-D-glucan, a 150 uL
solution of mouse IgM MOPC-104E (0.1 mg/mL in PBS) (Sigma, Saint Louis, MO, USA)
as a primary antibody and 150 puL Alexa Fluor 488 goat anti-mouse IgM (u-chain specific)
(0.1 mg/mL in PBS) (Sigma, Saint Louis, MO, USA) as a secondary antibody were used.
Fungal material was incubated with the primary antibodies overnight at 4 °C in a wet
chamber. Incubation with the secondary antibodies was performed for 2 h in the dark at
37 °C. Before observation the antibody-labeled cells were rinsed three times with PBS. The
(1—+3)-D-x-glucan was observed using an Olympus BX 51 microscope (Olympus, Tokyo,
Japan) (excitation at 470/500 nm and emission at 525/550 nm).

The polysaccharide average molecular weight (Mw) was determined by gel perme-
ation chromatography (GPC) using a Sepharose CL-6B column (Sigma-Aldrich, Saint Luis,
MO, USA) (0.7 cm x 90 cm), as previously described by Choma et al. [44]. The (1—3)-
a-D-glucan (2 mg) was dissolved in 0.5 mL of 1 M sodium hydroxide solution (POCh,
Gliwice, Poland). The column was eluted with 1 M NaOH at a flow rate of 0.3 mL/min.
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The separation was completed at room temperature. Due to the strongly alkaline character
of eluate, the total content of carbohydrates was determined using the phenol-sulfuric acid
assay according to the Dubois method [45]. The column was calibrated using dextrans of
known molecular masses.

The Fourier transform infrared (FTIR) spectrum between 400 and 4000 cm !

was
recorded using a PerkinElmer FTIR spectrophotometer Model 1725X (PerkinElmer Corp.,
Norwalk, CT, USA). A specimen was prepared using the KBr-disk method.

The Fourier transform Raman (FT-Raman) spectrum was recorded using a Nicolet
NXR FT-Raman module for a Nicolet 6700 Fourier transform infrared spectroscopy bench
that used a InGaAs detector and CaF; beam splitter (Thermo Scientific, Madison, WI, USA).
The sample in the form of powder was placed in stainless cubes and was illuminated
using an Nd:YAG excitation laser operating at 1064 nm. The maximum laser power was
0.6 W. The spectrum was recorded in the range of 3700-150 cm~!, and each spectrum
averaged 200 scans with 8 cm~! resolution. The analyzed spectra were averaged over three
registered spectra.

The specific rotation [oc]%,S (c 1 M sodium hydroxide) was measured at 589 nm in a
Perkin-Elmer Automatic Polarimeter model 341 LC (Wellesley, MA, USA). The viscosity of
polysaccharides (c 1 M sodium hydroxide) was measured using a Brookfield model DV 3
viscometer (Stoughton, MA, USA) at 20 °C.

One-dimensional 'H and '3C NMR spectra were recorded with a Bruker Avance
(300 MHz, Billerica, MA, USA) spectrometer at 60 °C (333 K) using standard Bruker
software (TopSpin 3.2). The WI-ASF sample (5 mg) was dissolved in 0.7 mL of 1 M NaOD
in D,O (Sigma-Aldrich, Saint Louis, MO, USA). The I'H and 13C resonances were shifted to
internal acetone (dy 2.225 ppm/éc 31.07 ppm).

Scanning electron microscopy (SEM) was conducted using an EVO Zeiss MA micro-
scope. To prepare the (1—3)-a-D-glucan powder sample for SEM, a small amount of glucan
lyophilizate was applied to a conductive double-sided adhesive tape affixed to a standard
SEM stub. Excess unbound material was gently removed using a stream of compressed air.
To ensure electrical conductivity and minimize charging effects, the sample was coated with
a thin layer of an Au:Pd mixture using a Vacuum Sputter Coater. Observations were per-
formed at an accelerating voltage of 10 kV with a working distance of 10 mm. Images were
acquired at magnifications of 100x, 600x, and 2020 x facilitating detailed assessment of
the morphology and surface structure of the (1—3)-a-D-glucan samples. All measurements
were carried out in high-vacuum conditions to ensure optimal image quality.

3. Results and Discussion

The presence of (1—3)-x-D-glucan in the cell wall of P. djamor B123 was confirmed
using specific antibodies, i.e., primary mouse IgM MOPC-104E and goat anti-mouse IgM
labeled with fluorescent dye AlexaFluor 488. Figure 2 shows the results of this investigation.
The prominent green luminescence seen in panel b indicates the existence of (1—3)-o-D-
glucan in the cell wall structure of the P. djamor filaments. As can be seen, the (1—3)-o-D-
glucan is found along the entire length of the filament, suggesting that this polymer plays
an important role in the organization of the fungal cell wall. Numerous studies indicate that
(1—3)-x-D-glucan is differentially localized in the fungal cell wall. Studies carried out by
Griin in 2003 [46] showed that this polymer is located under the layer of 3-glucan, just above
the cytoplasmic membrane. However, as suggested by recent reports on the fungal cell wall
structure, the position of (1—3)-«-D-glucans is quite variable and species-dependent [1,47].
They can be found in the outer layers of the cell wall (in Histoplasma capsulatum) or as part
of a complex polysaccharide network under the protein-polysaccharide layer (in Aspergillus
fumigatus). Furthermore, the distribution of (1—3)-x-D-glucans within the cell wall is
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influenced by the developmental form of the fungus, i.e., spores or vegetative mycelium,
and the type of microorganism culture [47,48].

@ v (b)

20 pm 20 ym

Figure 2. Immunofluorescent labeling of (1—3)-o-D-glucan in the mycelium of P. djamor B123 using
specific labeled antibodies. (a) View in the light microscopy; (b) The same filaments in fluorescence
microscopy. At least 10 preparations were observed, and representative images were chosen for
presentation. Scale bar corresponds to 20 um.

The WI-ASF used for further analysis of structural characteristics was isolated via
alkaline extraction from the fruiting bodies of P. djamor B123 grown on artificial medium
(Figure 1). The alkali-soluble polysaccharide material (WI-ASF) was obtained with a yield
of 2.8% of dry mass. The WI-ASF contained mainly carbohydrates (97.5% of isolated
material), as estimated by Dubois method [45], and only traces of protein (0.33%) were
detected, as determined using the Bradford method [49].

The GC-MS analysis of monosaccharides liberated by the acid hydrolysis of the WI-
ASF isolated from the fruiting bodies of P. djamor showed that the isolated material was
composed predominantly of glucose (93.5%), suggesting that this is a glucan polymer. Only
small amounts of the other sugars were detected, namely xylose (4.0%) and mannose (2.5%)
(Figure 3). All the monosaccharides released have been shown to have the D absolute
configuration [42].

Abundance 18.52
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Figure 3. GC-MS chromatogram of monosaccharides released from P. djamor WI-ASE. Inositol was
used as an internal standard.
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The methylation analysis of the WI-ASF showed that (1—3)-linked Hexp (identified
as (1—3)-linked glucose) is the major chain constituent (86.4%), while (1—4)-linked Hexp
(4.5%) is the minor one (Table 1). It can be assumed that the isolated polysaccharide is
(1—3)-glucan, with a rather short side chains composed of 4-linked hexose. The analyzed
WI-ASF also contained two types of doubly substituted glucose residues, i.e., 3,4)-Hexp
and 3,6)-Hexp, representing the main branching points of the (1—3)-linked polysaccharide
chain. Moreover, fully methylated (terminal) xylose (2.7%) and hexose (2.1%) as well as
(1—2)-linked pentose derivatives were also present.

Table 1. Results of the methylation analysis of the P. djamor WI-ASF polysaccharide.

Methylated Sugar Linkage Type Mol (%)
2,3,4-O-Mes-pentose tPenp-(1— 2.7
3,4-O-Me,-pentose —2)-Penp-(1— 1.3
2,3,4,6-O-Me4-hexose tHexp-(1— 2.1
2,4,6-O-Mejz-hexose —3)-Hexp-(1— 86.4
2,3,6-O-Mes-hexose —4)-Hexp-(1— 45
2,6-O-Me;- hexose —3,4)-Hexp-(1— 1.2
2,4-O-Me;- hexose —3,6)-Hexp-(1— 1.8

The polysaccharide preparation was methylated before being hydrolyzed, reduced, and acetylated. Therefore, the
methylated sugars mentioned refer to permethylated alditol acetates identified by GC-MS (e.g., 2,3,4,6-O-Mey-
hexose refers to 1,5-di-O-acetyl-2,3,4,6-tetra-O-methyl-hexitol). t—terminal residue.

In summary, the composition analyses indicated that the monosaccharide residues
(almost exclusively of a-D-glucose) in the WI-ASF isolated from the fruiting bodies of P.
djamor are mainly (1—3)-linked.

The FTIR spectrum of the WI-ASF extracted from the P. djamor fruiting bodies is shown
in Figure 4a. The wavelength of the FTIR spectrum was set in the range of 400-4000 cm ™.
The strong and broad band at 3334 cm ™! can be attributed to O-H stretching vibrations, and
the weaker absorption band at 2931 cm ™! can be assigned to C-H vibrations. Furthermore,
the peaks in the region of 950-1200 cm~! attributed to the stretching vibrations of the
pyranose ring and C-O-C and C-O-H moieties are characteristic for polysaccharides [50,51].
The WI-ASF showed absorption peaks at 931.50, 847.54, and 822.49 cm~ L. These peaks are
characteristic of (1—3)-o-D-glucans [52]. In particular, the symmetrical band at 822.49 cm ™!
is exclusively associated with (1—3)-a-linkages [53]. The low intense band visible at
about 1640 cm ™! (derived from Amide I) may be indicative for the presence of very small
amounts of proteins in the sample. The (1—3)-a-structure of the WI-ASF obtained from
P. djamor was also confirmed by Raman spectroscopy (Figure 4b). Bands characteristic of
polysaccharides are seen at 1460.81, 1360.00, 1255.30, 1125.43, and 1076.00 cm L. In turn,
the intense and sharp bands at 941.04 and 549.77 cm~! confirmed (1 —3)-a-D-glucan as the
major component of the WI-ASF [54,55].

To confirm the results of the compositional and spectral analyses of the WI-ASF and
establish the anomeric configuration of the P. djamor polysaccharide, 'H and '*C NMR
spectra were recorded in 1 M NaOD in D,0. The 1D NMR spectra are shown in Figure 5.
The only spin system identified was characteristic of o-D-glucose. The low-field anomeric
proton signal (H-1) at 4 5.62 ppm and the anomeric carbon signal (C-1) at 6 101.2 ppm are
typical of the c-anomer of (1—3)-linked glucose [56]. Furthermore, the intense and sharp
peak near 71.7 ppm and smaller ones at 83.8 and 62.4 ppm correspond, respectively, to C-2,
C-3 and C-6 carbons of (1—3)-x-D-glucan [55].
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Figure 4. FTIR (a) and FT-Raman (b) spectra of WI-ASF extracted from the fruiting bodies of P. djamor.

Gel permeation chromatography (GPC) allowed the average molecular weight (Mw)
of the (1—3)-x-D-glucan to be determined (Figure 6). The polysaccharide preparation
dissolved in 1.0 M NaOH and fractionated on a Sepharose CL-6B column exhibited a single
broad peak, giving an average Mw of about 552 kDa in the maximum point. This result
indicates that polysaccharide chains are long, and more than 3400 sugar subunits were
counted. (1—3)-a-D-glucan with similar Mw (560 kDa) was also isolated from the fruiting
bodies of Agrocybe cylindracea [57]. Molecular weight estimation of the alkali-soluble
polysaccharide from Boletus edulis showed two peaks, a main at about 850 kDa and a
smaller broad peak with a maximum at about 92 kDa [57]. High and low molecular weight
fractions, i.e., 2900 and 110.3 kDa, and 2300 and 20.3 kDa, were also detected for alkaline
extracts obtained from Pleurotus ostreatus and P. eryngii fruiting bodies, respectively [55].

The specific optical rotation ([a]5) of the WI-ASF was +220° (c 1.0, 1 M NaOH). The
high and positive value of the optical rotation was comparable to (1—3)-«-D-glucans from
Aspergillus spp. (from +216° to +384°), Cerrena unicolor (+206°), Agrocybe cylindracea (+195°),
and Lentinus edodes (+193.5°) [2,53,58]. The WI-ASF viscosity value oscillated around
11.45 mPa-s, and was similar to values (from 12.2 to 17.0 mPa-s) measured for (1—23)-
a-D-glucans isolated from Aspergillus spp. biomass, including the linear pseudonigeran
(8.8 mPa-s) from A. niger [2].
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Figure 5. 'H (a) and '3C NMR (b) spectra of WI-ASF obtained from the fruiting bodies of P. djamor.
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Figure 6. Elution profile (GPC) of the P. djamor WI-ASF at Sepharose CL-6B washed with 1.0 M NaOH.
Vy—dead volume; Vi—inside volume.

Taking all the above data together, it can be concluded that the WI-ASF extracted from
the fruiting bodies of P. djamor contains mainly (1—3)-«-D-glucan.

The scanning electron microscopy (SEM) analysis was used to complete the (1—3)-
o-D-glucan characterization. The SEM images show the polysaccharide microstructure at
magnifications of 100x, 600x, and 2020x (Figure 7). At 100x magnification, the image
reveals the overall spatial arrangement of (1—3)-«-D-glucan, organized as a heterogeneous
fibrous network (Figure 7a). This network results from intertwined polysaccharide fibers
that constitute (1—3)-a-D-glucan. Increasing the magnification to 600x facilitates detailed
observation of the individual fibers forming the (1—3)-a-D-glucan structure (Figure 7b).
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The image shows interconnected irregular fibers creating a three-dimensional matrix with
uneven pores. Notably, the fibers exhibit varying diameters, with some appearing thicker
and others more thread-like. At the highest magnification of 2020x, the SEM image
highlights micropores and the surface intricacies of the fibers (Figure 7c). The (1—3)-o-
D-glucan exhibit porous architecture, which may influence its functional properties, such
as water retention or interaction with other substances. The surface displays numerous
indentations and pores, indicating a substantial specific surface area. In summary, these
SEM images illustrate that the (1—3)-a-D-glucan extracted from P. djamor forms a complex

fibrous network with irregular porosity.

Figure 7. SEM of (1—3)-a-D-glucan from the fruiting bodies of P. djamor: (a) x100, (b) x600,
(c) x2020 magnification.

4. Conclusions

This study showed that (1—3)-x-D-glucan is the structural component of the cell wall
of pink oyster mushroom P. djamor. All the analyses performed confirm that the water-
insoluble, alkali-soluble polysaccharidic material extracted from the fruiting bodies of P.
djamor B123 contained mainly (1—3)-«-D-glucan. A number of reports indicate that (1—3)-
a-D-glucan can be used in a wide range of applications [2,59-61]; therefore, new cheap and
safe sources of this polymer are being sought. The occurrence of (1—3)-«-D-glucan in P.
djamor biomass opens up the possibility of extracting this polymer on a larger scale from
cultivated oyster mushrooms, especially those considered a waste product.

Author Contributions: Conceptualization, P.A. and A.W. (Adrian Wiater); methodology, I.K., M.S.,
A, DK and A.W. (Adrian Wiater); formal analysis, P.A., LK., M.S.,, KW., A]J., AN, DK, AW.
(Adam Wasko), J.L., M.G. and A.W. (Adrian Wiater); investigation, PA., LK., M.S.,, KW,, A J., AN.,
D.K., AW. (Adam Wasko), ].L., M.G. and A.W. (Adrian Wiater); resources, M.S. and J.L.; data curation,
A.W. (Adrian Wiater); writing—original draft preparation, PA., LK, M.S.,, KW.,, AJ., AN., DK, AW.
(Adam Wasko), J.L.,, M.G. and A.W. (Adrian Wiater); writing—review and editing, P.A., LK. and
A.W. (Adrian Wiater); visualization, PA., LK., M.S., AJ. and A.W. (Adrian Wiater); supervision, A.W.

127



Foods 2025, 14,1272

(Adrian Wiater); project administration, P.A. and A.W. (Adrian Wiater); funding acquisition, A.W.
(Adrian Wiater). All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The original contributions presented in this study are included in the
article. Further inquiries can be directed to the corresponding authors.

Conflicts of Interest: The authors declare no conflicts of interest.

Abbreviations

The following abbreviations are used in this manuscript:

WI-ASF Water-insoluble alkali-soluble fraction

PBS Phosphate buffered saline

SEM Scanning electron microscopy

TFA Trifluoroacetic acid
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FT-IR Fourier transform infrared spectroscopy
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References

1.

10.

11.

12.

13.

14.

Ruiz-Herrera, J.; Ortiz-Castellanos, L. Cell wall glucans of fungi. A review. Cell Surf. 2019, 5, 100022. [CrossRef] [PubMed]
Zlotko, K.; Wiater, A.; Wasko, A.; Pleszczyniska, M.; Paduch, R.; ]aroszuk-écisei, J.; Bieganowski, A. A report on fungal (1—3)-o-D-
glucans: Properties, functions and application. Molecules 2019, 24, 3972. [CrossRef] [PubMed]

Shetty, PR.; Batchu, U.R.; Buddana, S.K.; Rao, K.S.; Penna, S. A comprehensive review on «-D-Glucans: Structural and functional
diversity, derivatization and bioapplications. Carbohydr. Res. 2021, 503, 108297. [CrossRef]

Wiater, A.; Pleszczyriska, M.; Szczodrak, J.; Janusz, G. Comparative studies on the induction of Trichoderma harzianum mutanase
by «-(1—3)-glucan-rich fruiting bodies and mycelia of Laetiporus sulphureus. Int. ]. Mol. Sci. 2012, 13, 9584-9598. [CrossRef]
Wiater, A.; Wasko, A.; Adamczyk, P.; Gustaw, K.; Pleszczyniska, M.; Wlizto, K.; Skowronek, M.; Tomczyk, M.; Szczodrak, J.
Prebiotic potential of oligosaccharides obtained by acid hydrolysis of «-(1—3)-glucan from Laetiporus sulphureus: A pilot study.
Molecules 2020, 25, 5542. [CrossRef]

Huang, Q.; Zhang, L. Preparation, chain conformation and anti-tumor activities of water-soluble phosphated (1—3)-o-D-glucan
from Poria cocos mycelia. Carbohydr. Polym. 2011, 83, 1363-1369. [CrossRef]

Araujo, R.V.S.; Melo-Junior, M.R.; Beltrao, E.I.C.; Mello, L.A.; Jacomini, M.; Carneiro-Leao, A.M.A.; Carvalho]r, L.B.; Satos-
Magalhaes, N.S. Evaluation of the antischistosomal activity of sulfated a-D-glucan from the lichen Ramalina celastri free and
encapsulate into liposomes. Braz. ]. Med. Biol. Res. 2011, 44, 311-318. [CrossRef]

Nowak, K.; Wiater, A.; Choma, A.; Wiacek, D.; Bieganowski, A.; Siwulski, M.; Wasko, A. Fungal (1—3)-«-D-glucans as a new
kind of biosorbent for heavy metals. Int. ]. Biol. Macromol. 2019, 137, 960-965. [CrossRef] [PubMed]

Puanglek, S.; Kimura, S.; Enomoto-Rogers, Y.; Kabe, T.; Yoshida, M.; Wada, M.; Iwata, T. In vitro synthesis of linear «-1,3-glucan
and chemical modification to ester derivatives exhibiting outstanding thermal properties. Sci. Rep. 2016, 6, 30479. [CrossRef]
Wiater, A.; Paduch, R.; Préchniak, K.; Pleszczynska, M.; Siwulski, M.; Bialas, W.; Szczodrak, J. Ocena aktywnosci biologicznej kar-
boksymetylowanych pochodnych «-(1—3)-glukanéw wyizolowanych z owocnikéw uprawnych gatunkéw boczniaka (Pleurotus).
Zywn. Nauk. Technol. Ja. 2015, 98, 193-206. [CrossRef]

Wiater, A.; Paduch, R.; Pleszczyiiska, M.; Préchniak, K.; Choma, A.; Kandefer-Szerszen, M.; Szczodrak, J. a-(1— 3)-D-Glucans
from fruiting bodies of selected macromycetes fungi and the biological activity of their carboxymethylated products. Biotechnol.
Lett. 2011, 33, 787-795. [CrossRef] [PubMed]

Stamets, P. Growing Gourmet and Medicinal Mushrooms, 3rd ed.; Ten Speed Press: Berkeley, CA, USA, 2011; pp. 295-300.
Salmones, D.; Valdez, L.M.; Gatian-Hernande, R. Entecruzamiento y evaluacion de la produccion de las variedades de Pleurotus
djamor (Fr.) Boedijn. Rev. Mex. Mic. 2004, 18, 21-26. [CrossRef]

Arbaayah, H.H.; Umi, K.Y. Antioxidant properties in the oyster mushrooms (Pleurotus spp.) and split gill (Scizophyllum commune)
ethanolic extracts. Mycosphere 2013, 4, 661-673. [CrossRef]

128



Foods 2025, 14,1272

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Srivastava, M. A pink coloured Pleurotus djamor (Rumph.) Boedijn from natural habitat of north Bihar, India. Curr. Sci. 2001,
80, 337-338.

inci, S.; Akytiz, M.; Kirbag, S. Antimicrobial, antioxidant, cytotoxicity and DNA protective properties of the pink oyster mushroom,
Pleurotus djamor (Agaricomycetes). Int. ]. Med. Mushrooms 2023, 25, 55-66. [CrossRef]

Vega, A.; De Ledn, J.A.; Miranda, S.; Reyes, S.M. Agro-industrial waste improves the nutritional and antioxidant profile of
Pleurotus djamor. Clean. Waste Syst. 2022, 2, 100018. [CrossRef]

Maity, G.N.; Maity, P; Khatua, S.; Acharya, K.; Dalai, S.; Mondal, S. Structural features and antioxidant activity of a new
galactoglucan from edible mushroom Pleurotus djamor. Int. ]. Biol. Macromol. 2021, 168, 743-749. [CrossRef]

Raman, J.; Sivakumar, A.; Lakshmanan, H.; Raaman, N.; Shin, H.J. Antioxidant activity of partially characterized polysaccharides
from the edible mushroom Pleurotus djamor var. roseus. J. Mushroom. 2021, 19, 140-149. [CrossRef]

Shreya, S.; Jain, S.K.; Guru, S.K.; Sahu, A.N. Anti-cancer potential of Pleurotus mushroom: Detailed insight on the potential
bioactive molecules, in vitro—in vivo studies, and formulation. Lett. Drug Des. Discov. 2023, 20, 439—-456. [CrossRef]

Li, H,; Feng, Y,; Sun, W.; Kong, Y,; Jia, L. Antioxidation, anti-inflammation and anti-fibrosis effect of phosphorylated polysac-
charides from Pleurotus djamor mycelia on adenine-induced chronic renal failure mice. Int. J. Biol. Macromol. 2021, 170, 652—-663.
[CrossRef]

Nayak, H.; Kushwaha, A.; Behera, P.C.; Shahi, N.C.; Kushawaha, K.P.S.; Kumar, A.; Mishra, K.K. The pink oyster mushroom,
Pleurotus djamor (Agaricomycetes): A potent antioxidant and hypoglycemic agent. Int. |. Med. Mushrooms 2021, 23, 29-36.
[CrossRef] [PubMed]

Afsar, M.; Zia, A.; Salam, M.B.U.; Ahmad, M.N.; Khan, A.A; Haq, T; Aziz, T.; Alasmari, A.F. A multifaceted analysis of spent
mushroom substrate of selected oyster mushrooms for enzymatic activity, proximate composition, and antimicrobial activity. Ital.
J. Food Sci. 2024, 36, 165-174. [CrossRef]

Maikon, R.E.; Avila, S.; Lima, J.J.; Silva, R.S.A.; Andrade, L.P; Bacila, D.M.; Mathias, A.L.; Jorge, RM.M. Araucaria angustifolia
seed coat waste reduction through its utilization in substrate diversification for Pleurotus djamor production. Sci. Hortic. 2024,
330, 113060. [CrossRef]

Otali, C.C.; Otoikhian, C.S.O.; Onuoha, T.; Akpeji, C.S.; Bosah, B.O. Antibacterial activities of Pleurotus ostreatus and Pleurotus
djamor against selected bacterial pathogens. Bima J. Sci.Technol. 2024, 8, 397-402. [CrossRef]

Andrade, G.M.; Souza, E.L.; Zarate-Salazar, ].R.; Oliveira, ].N.; Tavares, ].E; Lima, M.S.; Medeiros, R.L.; Albuquerque, TM.R.;
Pereira, FO. Unveiling the potential prebiotic effects of edible mushroom Pleurotus djamor during in vitro colonic fermentation.
J. Agric. Food Chem. 2024, 72, 26722-26732. [CrossRef]

Indi, S.; Kirbag, S.; Akyiiz, M. Valorization of local agro-residues for the cultivation of Pleurotus djamor (Rumph. Ex Fr.) Boedijn
and their effects on nutritional value. Biomass Conv. Bioref. 2024, 1-10. [CrossRef]

Nguyen, B.T.T.; Le, V.V.; Nguyen, H.N.; Nguyen, H.T.T.; Nguyen, L.T.; Ngo, N.X. Cotton waste as an optimal substrate for
cultivation of the pink oyster mushroom Pleurotus djamor. |. App. Biol. Biotech. 2025, 13, 184-191. [CrossRef]

Cruz-Moreno, B.A.; Pérez, A.A.F,; Garcia-Trejo, ].F.,; Pérez-Garcia, S.A.; Gutiérrez-Antonio, C. Identification of secondary
metabolites of interest in Pleurotus djamor using agave tequilana bagasse. Molecules 2023, 28, 557. [CrossRef]

Jegadeesh, R.; Lakshmanan, H.; Kab-Yeul, J.; Sabaratnam, V.; Raaman, N. Cultivation of pink oyster mushroom Pleurotus djamor
var. roseus on various agro-residues by low cost technique. J. Mycopathol. Res. 2018, 56, 213-220.

Silva, L.A.; Dulay, RM.R.; Kalaw, S.P. Mycelial growth of pink oyster mushroom (Pleurotus djamor) on banana sucrose gulaman
and fruiting body production on banana-based substrate formulations. CLSU Int. . Sci. Technol. 2018, 3, 24-32. [CrossRef]
Satpal, S.; Gopal, S.; Kumar, R. Effect of different substrates on the growth and yield of oyster mushroom (Pleurotus djamor). Int. ].
Agric. Sci. 2017, 9, 3721-3723.

Yin, C.; Fan, X.; Fan, Z.; Shi, D.; Yao, F; Gao, H. Comparison of non-volatile and volatile flavor compounds in six Pleurotus
mushrooms. J. Sci. Food Agric. 2019, 99, 1691-1699. [CrossRef]

Zawirska-Woijtasiak, R.; Siwulski, M.; Mildner-Szkudlarz, S.; Wasowicz, E. Studies on the aroma of different species and strains of
Pleurotus measured by GC/MS, sensory analysis and electronic nose. Acta Sci. Pol. Technol. Aliment. 2009, 8, 47-61.

Raman, J.; Lakshmanan, H.; Jang, K.Y.; Oh, M.; Oh, Y.L.; Im, ].H. Nutritional composition and antioxidant activity of pink oyster
mushrooms (Pleurotus djamor var. roseus) grown on a paddy straw substrate. J. Mushroom 2020, 18, 189-200. [CrossRef]
Madaan, K.; Sharma, S.; Kalia, A. Effect of selenium and zinc biofortification on the biochemical parameters of Pleurotus spp.
under submerged and solid-state fermentation. |. Trace Elem. Med. Biol. 2024, 82, 127365. [CrossRef]

Sravani, A.; Sharma, S.; Kalia, A. Effect of selenium enriched wheat substrate on nutritional and antioxidant properties of
Pleurotus spp. Acta Aliment. 2021, 50, 358-368. [CrossRef]

Zieba, P; Sekara, A.; Bernas, E.; Krakowska, A.; Sutkowska-Ziaja, K.; Kunicki, E.; Suchanek, M.; Muszyriska, B. Supplementation
with magnesium salts—A strategy to increase nutarceutical value of Pleurotus djamor fruiting bodies. Molecules 2021, 26, 3273.
[CrossRef]

129



Foods 2025, 14,1272

39.

40.

41.
42.

43.

44.

45.

46.
47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.

Kiho, T.; Yoshida, I.; Katsuragawa, M.; Sakushima, M.; Usui, S.; Ukai, S. Polysaccharides in fungi XXXIV: A polysaccharide
from fruiting bodies of Amanita muscaria and the antitumor activities of its carboxymethylated product. Biol. Pharm. Bull. 1994,
17, 1460-1462. [CrossRef]

Sawardeker, J.S.; Sloneker, ].H.; Jeanes, A.R. Quantitative determination of monosaccharides as their alditol acetates by gas liquid
chromatography. Anal. Chem. 1965, 37, 1602-1604. [CrossRef]

Hakomori, S. Rapid permethylation of glycolipids and polysaccharides catalyzed by methyl carbon. J. Biochem. 1964, 55, 205-208.
Gerwig, G.J.; Kamerling, J.P; Vliegenthart, ].F.G. Determination of the D and L configuration of neutral monosaccharides by
high-resolution capillary g.l.c. Carbohydr. Res. 1978, 62, 349-357. [CrossRef]

Fujikawa, T.; Kuga, Y.; Yano, S.; Yoshimi, A.; Tachiki, T.; Abe, K.; Nishimura, M. Dynamics of cell wall components of Magnaporthe
grisea during infectious structure development. Mol. Microbiol. 2009, 73, 553-570. [CrossRef]

Choma, A.; Wiater, A.; Komaniecka, I.; Paduch, R.; Pleszczyriska, M.; Szczodrak, J. Chemical characterization of a water insoluble
(1—3)-x-D-glucan from an alkaline extract of Aspergillus wentii. Carbohydr. Polym. 2013, 91, 603—608. [CrossRef]

Dubois, M.; Gilles, K.A.; Hamilton, J.K.; Rebers, P.A.; Smith, F. Colorimetric method for determination of sugars and related
substances. Anal. Chem. 1956, 28, 350-356. [CrossRef]

Griin, C.H. Structure and Bosynthesis of Fungal «-Glucans. Ph.D. Thesis, Universiteit Utrecht, Utrecht, The Netherlands, 2003.
Erwig, L.P.; Gow, N.A.R. Interactions of fungal pathogens with phagocytes. Nat. Rev. Microbiol. 2016, 14, 163-176. [CrossRef]
[PubMed]

Beauvais, A.; Fontaine, T.; Aimanianda, V.; Latge, ].P. Aspergillus cell wall and biofilm. Mycopathologia 2014, 178, 371-377.
[CrossRef]

Bradford, M. A rapid and sensitive method for the quantitation of microgram quantities of protein utilizing the principle of
protein-dye binding. Anal. Biochem. 1976, 72, 248-254. [CrossRef]

Liu, C; Li, X,; Li, Y.; Feng, Y.; Zhou, S.; Wang, F. Structural characterisation and antimutagenic activity of a novel polysaccharide
isolated from Sepiella maindroni ink. Food Chem. 2008, 110, 807-813. [CrossRef]

Gieroba, B.; Kalisz, G.; Krysa, M.; Khalavka, M.; Przekora, A. Application of vibrational spectroscopic techniques in the study of
the natural polysaccharides and their cross-linking process. Int. J. Mol. Sci. 2023, 24, 2630. [CrossRef]

Seymour, ER ; Julian, R.L.; Jeanes, A.; Lamberts, B.L. Structural analysis of insoluble D-glucans by Fourier-transform, infrared
difference-spectrometry: Correlation between structures of dextrans from strains of Leuconostoc mesenteroides and of D-glucans
from strains of Streptococcus mutans. Carbohydr. Res. 1980, 86, 227-246. [CrossRef]

Zhang, P.; Zhang, L.; Cheng, S. Chemical structure and molecular weights of x-(1—3)-D-glucan from Lentinus edodes. Biosci.
Biotechnol. Biochem. 1999, 63, 1197-1202. [CrossRef] [PubMed]

Edwards, H.G.M.; Russell, N.C.; Weinstein, R.; Wynn-Williams, D.D. Fourier transform Raman spectroscopic study of fungi.
J. Raman Spectrosc. 1995, 26, 911-916. [CrossRef]

Synytsya, A.; Mickova, K.; Synytsya, A.; Jablonsky, I.; Spévacek, J.; Erban, V.; Kovarikova, E.; Copikové, J. Glucans from fruit
bodies of cultivated mushrooms Pleurotus ostreatus and Pleurotus eryngii: Structure and potential prebiotic activity. Carbohydr.
Polym. 2009, 76, 548-556. [CrossRef]

Wang, T.; Deng, L.; Li, S.; Tan, T. Structural characterization of a water-insoluble (1—3)-x-D-glucan isolated from the Penicillium
chrysogenum. Carbohydr. Polym. 2007, 67, 133-137. [CrossRef]

Choma, A.; Nowak, K.; Komaniecka, I.; Wasko, A.; Pleszczyrniska, M.; Siwulski, M.; Wiater, A. Chemical characterization of
alkali-soluble polysaccharides isolated from a Boletus edulis (Bull.) fruiting body and their potential for heavy metal biosorption.
Food Chem. 2018, 266, 329-334. [CrossRef]

Kiho, T.; Yoshida, I.; Nagai, K.; Ukai, S.; Hara, C. (1—3)-«-D-glucan from an alkaline extract of Agrocybe cylindracea, and antitumor
activity of its O-(carboxymethyl)ated derivatives. Carbohydr. Res. 1989, 189, 273-279. [CrossRef]

Lin, H.; Han, R.; Wu, W. Glucans and applications in drug delivery. Carbohydr. Polym. 2024, 332, 121904. [CrossRef]

Kagimura, FY.; da Cunha, M.A A ; Barbosa, A.M.; Dekker, R.F.; Malfatti, C.R.M. Biological activities of derivatized D-glucans:
A review. Int. |. Biol. Macromol. 2015, 72, 588-598. [CrossRef]

Venkatachalam, G.; Arumugam, S.; Doble, M. Industrial production and applications of «/ linear and branched glucans. Indian
Chem. Eng. 2021, 63, 533-547. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to

people or property resulting from any ideas, methods, instructions or products referred to in the content.

130



MDPI AG
Grosspeteranlage 5
4052 Basel
Switzerland
Tel.: +41 61 683 77 34

Foods Editorial Office
E-mail: foods@mdpi.com

www.mdpi.com/journal/foods

Z

MDPI

F

Disclaimer /Publisher’s Note: The title and front matter of this reprint are at the discretion of the
Guest Editors. The publisher is not responsible for their content or any associated concerns. The
statements, opinions and data contained in all individual articles are solely those of the individual
Editors and contributors and not of MDPI. MDPI disclaims responsibility for any injury to people or
property resulting from any ideas, methods, instructions or products referred to in the content.






E| Academic Open
‘¢ Access Publishing

t mdpi.com ISBN 978-3-7258-5982-5




