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Abstract: γ-Aminobutyric (GABA) acid is a nutrient and signaling molecule existing in many plants,
participating in the regulation of metabolism and various physiological activities. Two strains of
Hypsizygus marmoreus (a white variety and a brown variety) were investigated to study the impact
of exogenous GABA on mycelial growth and the response to stress. Mycelial growth, microscopic
morphology, antioxidant profile, and gad2 expression in H. marmoreu were investigated under salt,
dehydration, or cold stress. The results indicated that 5 mM GABA stimulated mycelial growth
under standard cultivation conditions, whereas GABA addition over 10 mM hindered the growth.
Under salt, dehydration, or cold stress, treatment with 5 mM GABA significantly enhanced the
mycelial growth rate and density of both H. marmoreus strains by promoting front hyphae branching.
Meanwhile, the activities of key antioxidant enzymes such as peroxidase (POD), catalase (CAT), and
ascorbate peroxidase (APX) were enhanced by GABA, thereby augmenting the defensive network
against abiotic stress. Additionally, gad2 expression and GABA concentration were increased under
abiotic stresses as a resistance regulation response. The exogenous addition of GABA strengthened
the upregulation of gad2 expression and GABA production. These findings indicated that exogenously
adding low concentrations of GABA effectively enhanced the mycelial growth and antioxidant profile
of H. marmoreus, thereby improving its resistance against stresses.

Keywords: Hypsizygus marmoreus; GABA; exogenous addition; mycelial growth; antioxidant enzyme

1. Introduction

γ-Aminobutyric acid (GABA, molecular formula C4H9O2N) is a non-protein amino
acid which widely found in plants, animals, bacteria, and fungi. In 1949, Stewart et al. [1]
first reported the presence of GABA in potato tuber tissue. Subsequently, Roberts et al. [2]
and Awapara et al. [3] independently discovered GABA in the brains of mice and rats,
respectively. After nearly 50 years of research, the in vivo functions of GABA have been
gradually clarified. In animals, GABA serves as an inhibitory neurotransmitter and a
versatile signaling molecular in the central nervous system, peripheral nervous system,
and some non-neuronal tissues. GABA is hailed as a natural tranquilizer with the abil-
ity to improve symptoms of anxiety and depression. Its working mechanism consists
in binding to the GABAA receptor, thereby opening specific chloride ion channels and
inducing neuronal hyperpolarization and shunting inhibition. This process prevents sig-
nals associated with anxiety from reaching the central command center of the brain [4].
GABA regulates blood pressure by promoting vasodilation and inhibiting the activities
of angiotensin-converting enzymes, thereby reducing blood pressure levels [5,6]. It also
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exhibits immune-modulating functions [7] and anti-cancer effects such as the suppression
of the proliferation and metastasis of breast [8] and colon cancer cells [9,10]. GABA is
closely associated with the regulation of hypothalamic functions, contributing to memory
improvement, hormonal regulation [11], and the alleviation of neuroexcitatory disorders
such as epilepsy [12]. Previous studies also confirmed the therapeutic effects of GABA in
treating asthma [13] and pancreatic dysfunction [14]. In higher plants, GABA is present
in various organs throughout the developmental stages [15]. This distinctive abundance
stands in stark contrast to the highly restricted occurrence of other non-protein amino
acids, underscoring its uniqueness. Arabidopsis thaliana exhibited robust growth when
cultivated on a medium where GABA served as the sole nitrogen source, indicating that
GABA provides nutritional support to plants [16]. Moreover, extensive research confirmed
that GABA functions as a signaling molecule in regulating plant growth and development,
promoting seed germination [17], and enhancing seedling growth [18]. GABA also mod-
ulated the intracellular pH in plant cells, contributing to cytoplasmic acidification [18].
Additionally, GABA plays a positive role in symbiotic regulation [19] and in the regulation
of the synthesis and metabolism of plant hormones such as abscisic acid [20].

In recent years, the role of GABA in mitigating abiotic stress in plants and microorgan-
isms has attracted increased research interest. Previous studies showed that the content of
GABA in the organism changes rapidly under abiotic stress [21–23], suggesting that GABA
may play a special role in regulating plant tolerance to abiotic stresses. Yang et al. [24]
reported that GABA synthesis under hypoxic stress consumes protons, thereby regulating
the intracellular pH. The synthesized GABA enters the TCA cycle through the GABA shunt
to maintain the carbon–nitrogen balance in plants, reducing the damage caused by hypoxic
stress. Ji et al. [25] discovered that GABA accumulation played a crucial role in enhancing
Candida glycerinogenes resistance to high osmolarity. A growing number of studies have
shown that the exogenous application of low concentrations of GABA increased the levels
of endogenous GABA and elicited a variety of biochemical, molecular, and physiological
cascades, thereby increasing the tolerance of plants and microorganisms to diverse abiotic
stressors [26–28]. Chen [29] found that GABA alleviated salt stress during seed germina-
tion by increasing Na+/K+ transport, promoting dehydration, and regulating the osmotic
pressure. Exogenous GABA promotes the accumulation of abscisic acid (ABA) in plants,
activates the ABA signaling pathway, induces stomatal closure, and enhances the drought
stress tolerance of apples [30]. In addition, exogenously added GABA is able to activate
the TCA cycle to produce more energy and metabolic intermediates such as succinic acid.
It also acts as an enzyme activator, enhancing the activity of antioxidant enzymes and
of enzymes scavenging reactive oxygen species, thereby reducing oxidative damage and
alleviating the adverse effects of stress. The exogenous addition of GABA increased the
activities of many antioxidant enzymes, such as Superoxide dismutase (SOD), CAT, and
POD, in tomato [31], rice [32], and Medicago sativa L. [33], which effectively protected the
above plants against the oxidative damage induced by salt, alkali, and high temperature.
These studies suggest that the exogenous addition of low concentrations of GABA would
be a potential method to improve the resistance of plants and edible mushrooms.

There are two main pathways for GABA production, one of which is the GABA syn-
thesis branch in the TCA cycle. In this pathway, alpha-ketoglutarate (α-KG) in the TCA
cycle is catalyzed by glutamate dehydrogenase (GDH) to produce L-Glu; subsequently,
an irreversible decarboxylation reaction at the α-site of L-Glu is catalyzed by GAD to
produce GABA [34]. The second pathway is the polyamine degradation in plants, where
putrescine, spermine, and spermidine generate 4-aminobutyric acid and 4-(3-aminopropyl)-
aminobutyraldehyde by the action of polyamine oxidases and diamine oxidases, which are
then dehydrated and converted to GABA by pyrrolidinium dehydrogenase [35]. Glutamate
acid decarboxylase (GAD) is a 5′-phosphatepyridoxal (PLP)-dependent enzyme widely
found in plants, animals, and microorganisms. GAD specifically catalyzes the decarboxy-
lation of L-glutamate to GABA and is considered a key enzyme in GABA synthesis [34].
GAD genes have been cloned and identified in many plants such as Camellia sinensis [36],
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citrus [37], and tomato [38], where GAD appeared as a regulator of growth and develop-
ment. Studies showed that GAD is the most sensitive gene in the process of GABA response
to abiotic stress, and the level of GAD expression is closely related to GABA-mediated
enhancement of plant stress tolerance [39]. Moreover, the GABA levels are regulated by
GAD transcript expression. A significant increase in GABA accumulation and GAD mRNA
levels under salt and osmotic stress was observed in five wheat cultivars [40]. Hu et al. [41]
reported that the CsGAD gene enhanced salinity tolerance in melon by increasing leaf GAD
activity and GABA content. However, most of the studies on GABA in microorganisms and
fungi focused on increasing GABA production through fermentation [42], and few stud-
ies examined the relationship between GAD, GABA, and stress tolerance in macrofungi,
especially, edible fungi.

H. marmoreus is a lignicolous saprophytic macrofungus taxonomically classified into
the Basidiomycotina phylum, the Agaricomycetes class, the Agaricales order, and the Lyophyl-
laceae family. H. marmoreus is rich in nutrients such as various vitamins, minerals, proteins,
and amino acids [43]. Recent studies confirmed that it contains small molecular com-
pounds, polysaccharides, and short peptides with various health benefits, including antiox-
idative properties [44], anti-tumor proliferation [45], antibacterial, and anti-inflammatory
activities [46], and blood sugar regulation [47] and immunomodulation [48] properties.
According to statistics from the China Edible Fungi Association, the total production of
H. marmoreus reached 526,300 tons, ranking fourth among those of cultivated edible fungi
in China and showing that H. marmoreus has tremendous market potential. The yield
and quality of H. marmoreus are highly influenced by various abiotic stress factors during
the cultivation process, such as temperature, osmotic pressure, and salinity. Enhancing
the resistance of H. marmoreus strains to abiotic stress is an effective approach to improve
H. marmoreus yield. This study explored the physiological regulation induced by GABA in
H. marmoreus strains in response to abiotic stress based on the analysis of mycelial growth,
microscopic morphology, antioxidant profile, and gad2 expression. The findings of this
study propose a novel direction for enhancing strain resistance, as well as provide reference
for breeding and producing high-quality edible fungi with improved stress tolerance.

2. Materials and Methods
2.1. Materials
2.1.1. Strains

The H. marmoreus strains (NN12, W3) used in this study are preserved in the Institute
of Edible Fungi, Shanghai Academy of Agricultural Sciences.

2.1.2. Culture Medium

Potato dextrose agar (PDA) medium: 4 g of potato starch, 20 g of glucose, and 15 g
of agar were dissolved into distilled water to prepare 1 L of medium solution. After
autoclaving at 121 ◦C for 20 min, 20 mL of the medium was poured into a 90 mm Petri dish.

GABA at different concentrations (5, 10, 15, and 20 mM) was added into the PDA
medium to test the effects of GABA on mycelial growth under various conditions. NaCl
at different concentrations (50, 100, 150, 200, 300, and 400 mM) was added to induce salt
stress. C6H14O6 at different concentrations (100, 200, 300, 400, and 500 mM) was added to
induce dehydration stress.

2.2. Methods
2.2.1. Determination of Mycelial Growth Rate

The mycelial growth rate was measured using the cross-marking method [49]. After
inoculation, a cross was drawn on the back of each Petri dish to mark the center. The dishes
were cultured in a 23 ◦C incubator. As the mycelium began to grow and elongate, the living
edge of the mycelium was marked. After 6 days of culture, another mark was placed on
the updated living edge. The average mycelial growth rate was calculated by dividing the
distance between the two marks by the number of days of culture.
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2.2.2. Quality Inspection of the Fresh Aerial Mycelia

Following the method described by You [50], a cellulose acetate membrane was
spread on the culture medium, ensuring its close adhesion without hindering mycelial
growth. A culture block was inoculated in the membrane center. After incubating in
different conditions for 14 days, the cellulose acetate membrane was removed, and the
aerial mycelium was collected. An electronic analytical balance (Shanghai, China) was
used to precisely determine the fresh weight of the aerial mycelium.

2.2.3. Microscopic Observation of the Mycelia

Mycelium blocks were inoculated in the center of the culture medium, and a sterilized
disposable cover glass was inserted at a 45◦ angle, 1 cm away from each block. The dishes
were cultured in different conditions until the living edges of the mycelium had climbed
up 2/3 of the cover glass. Then, the slides were observed using an inverted microscope
(Guangzhou, China). Fifty fields in each microscope view were randomly selected, the
diameter and number of septate junctions in each field were measured.

2.2.4. Determination of the GABA Content

The cultured mycelium was collected and transferred into a mortar, and then grinded
in powder liquid nitrogen. The mycelium powder was transferred into a 2 mL centrifuge
tube, and the GABA content was measured using a rapid assay kit purchased from Enzyme-
Linked Biotechnology.

2.2.5. Determination of Antioxidant Enzyme Activity

SOD activity was determined referring to the nitroblue tetrazolium method [51]. One
unit of SOD activity is defined as the amount of enzyme required for a 50% inhibition rate
in the reaction system. The activity of APX was measured by ultraviolet spectrophotom-
etry [52]; one unit is defined as the enzyme amount catalyzing the oxidation of 1 µmol
ascorbic acid per gram of sample per minute. The reagents were obtained from Beijing Box
Biological Science and Technology Co., Ltd. (Beijing, China).

POD activity was determined referring to the guaiacol method [52]; one unit is defined
as the enzyme amount required to catalyze the oxidation of 1 gram of sample in each mL of
the reaction system per minute. CAT activity was detected by UV spectrophotometry [53];
one unit is defined as the enzyme amount catalyzing the degradation of 1 µmol H2O2 per
gram of sample per minute in the reaction system. The relevant reagents were purchased
from Shengong Bioengineering (Shanghai, China) Co., Ltd.

2.2.6. Determination of gad2 Expression

After the mycelial samples of H. marmoreus were ground in liquid nitrogen, total
RNA was extracted using the RNA Isolater Extraction kit. The RNA concentration and
purity were determined using a Nanodrop spectrophotometer, with the A260/280 ratio
required to be in the range of 1.8–2.0. The RNA was reverse-transcribed into cDNA using
HiScript II Q RT SuperMix for qPCR, and qRT-PCR analysis was conducted using ChamQ
Universal SYBR qPCR Master Mix. All relevant reagents were purchased from Novo-
gene Biotech Co., Ltd., Nanjing, China. Specific primers were designed for H. marmoreus
HM62 strain GAD gene (GenBank: CM024084.1) based on the NCBI database, with the
H. marmoreus actin gene selected as the reference gene (Table 1). The 2−∆∆CT method [54]
was employed to calculate the relative gene expression levels. The expression level at 23 ◦C
of the control group was recorded as 1.

2.3. Data Analysis

Data processing and analysis were conducted using Excel and IBM SPSS Statistics
25 software. All experiments were performed in triplicate. Significant differences were
analyzed using one-way ANOVA and are presented as significant (p < 0.05) and highly sig-
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nificant (p < 0.01). Visual processing was performed using Photoshop 2020 and GraphPad
8.0 software.

Table 1. Primer sequences used in real-time qPCR.

Primer Sequence (5′-3′)

gad2-q-Forward GGTCTCACCAGCACGAAT
gad2-q-Reverse TTGGAAGAGTGTTGTAGCG
ACT-Forward CCGAGCGGAAGTACTCTGTG
ACT-Reverse ATGCTATCTTGCCTCCAGCC

3. Results and Analysis
3.1. Effect of Exogenous GABA or Abiotic Stress Factors on Mycelial Growth under Standard
Culture Conditions

To explore the impact of exogenously added GABA on the mycelial growth of
H. marmoreus, four concentrations of GABA (5, 10, 15, 20 mM) were separately added
into standard PDA medium. The colony morphology of the strains (NN12 and W3) was
observed, and the mycelial growth rate was recorded. The results indicated that adding a
low concentration (5 mM) of GABA promoted mycelial growth, leading to larger colony
diameters, and the growth rates of NN12 and W3 were increased by 3.65% ± 0.51% and
6.59% ± 0.99%, respectively. Adding higher concentrations (10, 15, 20 mM) of GABA
inhibited mycelial growth, and the inhibitory effect became more pronounced as the
concentration increased. Compared to the blank control, the inhibition of the mycelial
growth of NN12 and W3 was 13.11% ± 1.17% and 11.95% ± 0.71%, respectively, after
treatment with 20 mM GABA (Figure 1a and Figure S1I). Therefore, 5 mM was selected as
the optimized concentration for the subsequent experiments.
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Figure 1. Mycelial growth rates of the strains NN12 and W3. (a) Addition of different concentrations
of GABA; (b) addition of different concentrations of NaCl; (c) addition of different concentrations
of C6H14O6.

Simultaneously, six concentrations of sodium chloride (NaCl), i.e., 50, 100, 150, 200,
300, and 400 mM, or five concentrations of mannitol (C6H14O6), i.e., 100, 200, 300, 400,
and 500 mM, were separately added to the PDA solid medium to observe their effects
on the growth of the NN12 and W3 mycelia. The results demonstrated that different
concentrations of NaCl and C6H14O6 inhibited mycelial growth, with a typical dose–
response relationship, where higher concentrations led to a stronger inhibition. When NaCl
concentration reached 400 mM, mycelial growth was completely suppressed (Figure 1b).
When NN12 and W3 were treated with 500 mM of C6H14O6, the inhibition rates reached
59.47% ± 0.26% and 52.64% ± 0.94%, respectively (Figure 1c). Based on colony growth
morphology (Figure S1II,III) and mycelial growth rate, 150 mM NaCl and 300 mM C6H14O6
were determined as the concentrations for the subsequent experiments to induce salt stress
and dehydration stress.
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3.2. Effect of Exogenous GABA on Mycelial Growth under Stress

To explore the impact of exogenous GABA addition on the mycelial growth of H.
marmoreus under salt and dehydration stresses, 5 mM GABA + 150 mM NaCl or 5 mM
GABA + 300 mM C6H14O6 were added into the PDA medium. The colony and micro-
scopic morphologies were observed, and the growth rate and fresh weight of the mycelium
were recorded. The results indicated that exogenously adding 5 mM GABA significantly
increased the mycelial growth rate (p < 0.05) (Figure 2a) and fresh weight (p < 0.01)
(Figure S3(1)) of NN12 and W3 under salt and dehydration stresses. The rate of NN12
mycelial growth increased by 20.21% ± 5.75% under salt stress and by 18.44% ± 2.53% un-
der dehydration stress, while the mycelial growth rate for W3 increased by 21.73% ± 2.29%
and 14.69% ± 1.13%, respectively. Additionally, the mycelium treated with 5 mM GABA
grew denser, and the colonies were larger (Figure S2). Microscopic observation of both
strains (Figure 3) revealed an increase in the number of secondary branches and clamp
connections after adding 5 mM GABA, accompanied by a slight reduction in the mycelium
tip diameter (Table S1).

Metabolites 2024, 14, x FOR PEER REVIEW  6  of  15 

500 mM, were separately added to the PDA solid medium to observe their effects on the 

growth  of  the  NN12  and  W3  mycelia.  The  results  demonstrated  that  different 

concentrations  of NaCl  and C6H14O6  inhibited mycelial  growth, with  a  typical  dose–

response  relationship, where higher  concentrations  led  to a  stronger  inhibition. When 

NaCl concentration reached 400 mM, mycelial growth was completely suppressed (Figure 

1b). When NN12  and W3 were  treated with  500 mM  of C6H14O6,  the  inhibition  rates 

reached 59.47% ± 0.26% and 52.64% ± 0.94%, respectively  (Figure 1c). Based on colony 

growth morphology (Figure S1Ⅱ,Ⅲ) and mycelial growth rate, 150 mM NaCl and 300 mM 

C6H14O6 were determined as the concentrations for the subsequent experiments to induce 

salt stress and dehydration stress. 

3.2. Effect of Exogenous GABA on Mycelial Growth under Stress 

To explore  the  impact of exogenous GABA addition on  the mycelial growth of H. 

marmoreus under salt and dehydration stresses, 5 mM GABA + 150 mM NaCl or 5 mM 

GABA + 300 mM C6H14O6 were added into the PDA medium. The colony and microscopic 

morphologies were observed, and the growth rate and fresh weight of the mycelium were 

recorded.  The  results  indicated  that  exogenously  adding  5 mM  GABA  significantly 

increased the mycelial growth rate (p < 0.05) (Figure 2a) and fresh weight (p < 0.01) (Figure 

S3(1)) of NN12 and W3 under salt and dehydration stresses. The rate of NN12 mycelial 

growth  increased  by  20.21%  ±  5.75%  under  salt  stress  and  by  18.44%  ±  2.53%  under 

dehydration stress, while the mycelial growth rate for W3 increased by 21.73% ± 2.29% 

and 14.69% ± 1.13%, respectively. Additionally, the mycelium treated with 5 mM GABA 

grew denser, and the colonies were  larger (Figure S2). Microscopic observation of both 

strains (Figure 3) revealed an increase in the number of secondary branches and clamp 

connections  after  adding  5  mM  GABA,  accompanied  by  a  slight  reduction  in  the 

mycelium tip diameter (Table S1). 

To explore the  impact of exogenously adding GABA on the mycelial growth of H. 

marmoreus  in  low-temperature  environments,  5  mM  GABA  was  added  to  the  PDA 

medium. After  inoculation,  the  cultures were  incubated  at  4,  10,  15,  and  20  °C  and 

compared to cultures at the optimal temperature of 23 °C. The colony and microscopic 

mycelial morphologies were observed, and the mycelial growth rates were recorded. The 

results indicated that the mycelial growth rate was the highest at 23 °C and slowed down 

as  the  temperature  decreased.  The  exogenous  addition  of  5 mM GABA  significantly 

increased (p < 0.01) the mycelial growth rate of both strains at 10, 15, 20, and 23 °C (Figure 

2b,c). The most significant enhancements for NN12 and W3 were observed at 10 °C and 15 

°C, respectively. The mycelial growth rate of NN12 at 10 °C was improved by 23.74% ± 

13.75%, and that of W3 at 15 °C was elevated by 27.94% ± 6.20%. Additionally, at higher 

temperatures, the mycelium grew denser, forming larger colonies (Figure S2) with higher 

fresh weight (Figure S3(2,3)). 

Figure  2. Effect of 5 mM GABA on  the mycelial growth  rates under  abiotic  stress.  (a) Mycelial 

growth rates of NN12 and W3 under salt stress; (b) mycelial growth rates of NN12 and W3 under 

dehydration  stress;  (c) mycelial  growth  rates  of  NN12  and W3  at  various  temperatures.  Bars 

represent mean ± SE (n = 3). Regarding the statistical differences, p-values < 0.05 are designated with 

Figure 2. Effect of 5 mM GABA on the mycelial growth rates under abiotic stress. (a) Mycelial growth
rates of NN12 and W3 under salt stress; (b) mycelial growth rates of NN12 and W3 under dehydration
stress; (c) mycelial growth rates of NN12 and W3 at various temperatures. Bars represent mean ± SE
(n = 3). Regarding the statistical differences, p-values < 0.05 are designated with one (*) asterisk, and
p-values < 0.01 are designated with three (***) asterisks. CK: control; SS: 150 mM NaCl; SSG: 150 mM
NaCl + 5 mM GABA; DS: 300 mM C6H14O6; DSG: 300 mM C6H14O6 + 5 mM GABA.
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To explore the impact of exogenously adding GABA on the mycelial growth of
H. marmoreus in low-temperature environments, 5 mM GABA was added to the PDA
medium. After inoculation, the cultures were incubated at 4, 10, 15, and 20 ◦C and com-
pared to cultures at the optimal temperature of 23 ◦C. The colony and microscopic mycelial
morphologies were observed, and the mycelial growth rates were recorded. The results
indicated that the mycelial growth rate was the highest at 23 ◦C and slowed down as the
temperature decreased. The exogenous addition of 5 mM GABA significantly increased
(p < 0.01) the mycelial growth rate of both strains at 10, 15, 20, and 23 ◦C (Figure 2b,c). The
most significant enhancements for NN12 and W3 were observed at 10 ◦C and 15 ◦C, respec-
tively. The mycelial growth rate of NN12 at 10 ◦C was improved by 23.74% ± 13.75%, and
that of W3 at 15 ◦C was elevated by 27.94% ± 6.20%. Additionally, at higher temperatures,
the mycelium grew denser, forming larger colonies (Figure S2) with higher fresh weight
(Figure S3(2,3)).

3.3. Effect of Exogenous GABA on Mycelial Antioxidant Capacity under Stress

The results indicated that the activities of three enzymes (SOD, CAT, and POD) were
upregulated under salt or dehydration stresses (Figure 4A–C), while APX activity was re-
duced (Figure 4D). The exogenous addition of 5 mM GABA effectively stimulated the activ-
ity of the above antioxidant enzymes, further strengthening the defensive network against
abiotic stress (p < 0.01). The exogenous addition of 5 mM GABA significantly increased
POD activity in both strains adapting to temperature variation (p < 0.01) (Figure 4C). At
15 ◦C, SOD activity was improved in both strains after GABA supplementation (Figure 4A).
CAT activity was significantly increased in W3 at all tested temperatures and in NN12
at 20 ◦C and 23 ◦C (Figure 4B). APX activity was increased in both strains at 20 ◦C and
23 ◦C (Figure 4D). These findings reflect the effectiveness of GABA in enhancing the strains’
antioxidant capacity, with variance existing in the sensitivity to stress in different strains
and for different enzymes.
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Figure 4. The mycelial antioxidant enzyme activity after adding 5 mM GABA under abiotic stress.
(A) SOD activity; (B) CAT activity; (C) POD activity; (D) APX activity. (a) Enzyme activity of
mycelium under salt stress; (b) enzyme activity of mycelium under dehydration stress; (c) enzyme
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are designated with three (***) asterisks. CK: control; SS: 150 mM NaCl; SSG: 150 mM NaCl + 5 mM
GABA; DS: 300 mM C6H14O6; DSG: 300 mM C6H14O6 + 5 mM GABA.

One mechanism related to antioxidant resistance involves ROS accumulating signifi-
cantly within the H. marmoreus mycelium under stress conditions, concurrently activating
the antioxidant enzyme system. This activation leads to increased activities of SOD, CAT,
and POD, along with decreased APX activity. The exogenous addition of 5 mM GABA
facilitated the activation of the mycelial antioxidant enzyme system. As compared with
NN12, the strain W3 was more responsive to stress and GABA.

3.4. Effects of Exogenous GABA on Endogenous GABA Content and gad2 Expression Levels in
Mycelia under Stress

To investigate GABA content and gad2 expression in H. marmoreus, the mycelium
was scraped for GABA concentration analysis and real-time fluorescence quantitative PCR
analysis. The results indicated that under salt and dehydration stresses, the endogenous
GABA content in the mycelia of both NN12 and W3 strains significantly increased (p < 0.05),
indicating GABA was an active regulator in response to abiotic stress. The exogenous
addition of 5 mM GABA further induced an increase in the endogenous GABA content
of both strains under salt and dehydration stress (Figure 5A(a,b)). Specifically, under salt
stress, the endogenous GABA content in NN12 increased by 14.62% ± 3.72%, and that
in W3 by 19.18 ± 1.33% as compared to the control. Under dehydration stress, NN12
showed an increase of 29.20% ± 4.80% in GABA content, and W3 showed an increase
of 18.24% ± 9.04%. Additionally, the exogenous addition of 5 mM GABA significantly
increased the endogenous GABA content in the NN12 and W3 strains under cold stress at
10 ◦C and 15 ◦C, as well as under the optimal temperature condition of 23 ◦C (p < 0.05).

Under salt stress and dehydration stress, the expression levels of gad2 in the mycelia
of NN12 and W3 significantly increased (p < 0.01). The exogenous addition of 5 mM GABA
further significantly elevated gad2 expression in W3 under salt stress and in both strains
under dehydration stress (p < 0.01) (Figure 5B(a)). The expression of gad2 in the mycelia
varied at different temperatures. The exogenous addition of 5 mM GABA significantly
increased gad2 expression in both strains at various temperatures (p < 0.05). The most
significant increase was observed in NN12 at 23 ◦C (292.67% ± 8.08%), while W3 showed
the most significant increase at 20 ◦C (126.00% ± 3.11%).

The results indicated that the stressful environments led to the upregulation of gad2
expression and the accumulation of endogenous GABA within the mycelia. The exoge-
nous addition of GABA further increased gad2 expression. These results suggest a strong
correlation between gad2 expression and GABA generation.
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4. Discussion

During the growth process, plants inevitably encounter different types of stress, caused
by both biotic and abiotic factors. Abiotic stress refers to adverse effects caused by various
non-living factors in specific environments, leading to changes in biological processes such
as growth and development. Abiotic stress types primarily encompass high temperature,
low temperature, drought, salt, and metal stress [55]. Global climate changes increase the
complexity of crop growth, posing abiotic stressor-related threats and constraints to modern
agriculture. Researchers globally are actively pursuing convenient and effective methods to
augment crop resilience, consequently elevating the agricultural productivity [56]. Edible
fungi have become pivotal agricultural commodities, and the mushroom industry displays
promising market potential and extensive expansion prospects [57]. During the cultivation
cycle of edible fungi, factors such as temperature, humidity, substrate salinity, and osmotic
pressure significantly impact yield and quality [58]. Enhancing the stress resistance of
mushroom strains stands as an effective strategy to promote the efficient development of
the mushroom industry.

Edible fungi are heterotrophic eukaryotes lacking chlorophyll, which utilize extra-
cellular enzymes secreted by the growth tips of the mycelium to decompose nutrients in
the substrate for growth and development. Similar to other cells, the fungal mycelium
exhibits high sensitivity to the environment [59]. Under favorable conditions, mycelial
life activities proceed as normal; yet in stress environments, mycelial vigor is restrained,
leading to slowed growth. Zhang et al. [60] reported that when solid medium was treated
with stress factors such as CdCl2 (50 µM), NaCl (1.0%), and H2O2 (2 mM), the mycelial
growth of H. marmoreus was reduced, and the mycelial volume decreased by about 50%.
Our study revealed a significant reduction in the growth rate of H. marmoreus mycelium
under low-temperature, dehydration, and salt stress. Moreover, the more severe the stress
environment, the more pronounced the inhibition on mycelial growth. Among the types of
stress, both salt treatment (NaCl addition) and dehydration treatment (C6H14O6 addition)
induced changes in the osmotic pressure of the medium. According to van’t Hoff’s law, the
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osmotic pressure of a solution is directly proportional to the concentration of the dissolved
particles but is not dependent on the solute nature. The estimated osmotic pressure of
the dehydration stress medium (680.9166 Kpa) was twice that of the salt stress medium
(340.4583 Kpa) at 25 ◦C. However, we observed that the inhibitory effect of salt stress on
mycelial growth was more pronounced than that of dehydration stress in this experiment,
which might have been caused by the stronger toxic effect of Cl- from NaCl.

Several studies found that the addition of low concentrations of GABA improved or
promoted the growth of plants. Kinnersley et al. [61] reported that the addition of 5 mM
GABA was able to increase the growth of Lemna minor L. by 2–3 times. Wu et al. [31]
reported that the exogenous addition of 5 Mm GABA had a positive effect on tomato
seedlings against salt stress, improving plant height, chlorophyll content, and dry fresh
weight. Different from plants, the growth indicators of edible fungal mycelium are primarily
reflected in metrics such as growth rate and the number of clamp connections. The more
frequent clamp connections are observed, the more active cell division and hyphal extension
are, indicating better growth potential and stronger resistance. This study found that the
exogenous addition to H. marmoreus of 5 mM GABA effectively enhanced the growth
rate and aerial weight of mycelium in three stressful environments. The microscopic
morphology of the mycelium under salt and dehydration stress was also altered, with a
reduction in the diameter of the mycelium tips and an increase in the number of branches at
the mycelium tips and in the number of clamp connections. Similar to the results obtained
when treating plants with the same concentration of GABA, the findings of this study
demonstrated that the exogenous addition of 5 mM GABA could effectively promote the
growth of H. marmoreus mycelium. Hijaz et al. [62] speculated that the mechanism by which
GABA promotes plant growth may be related to its temporary role as a nitrogen source
under stress conditions and to the activation of the GABA shunt and TCA cycle to produce
more energy, thereby improving the growth condition of plants under stress. Hitherto, the
mechanism by which exogenous GABA promotes the growth of edible fungal mycelium is
not fully clear and is worth further in-depth study.

The antioxidant enzyme system is a defense system evolved in higher plants against
external stresses [63] and is also present in edible mushrooms. Reactive oxygen species
(ROS) are byproducts of cellular metabolism. In normal growth conditions, ROS production
and scavenging maintain a dynamic equilibrium [64]. When edible fungi are exposed to
stress, this balance is disrupted, triggering the activation of defense systems such as
antioxidant enzymes to neutralize excessive ROS and restore the equilibrium. However,
when the fungi own defense systems are insufficient to counter stress, ROS accumulation
occurs, severely affecting mycelial growth and potentially leading to cell death [65]. SOD,
CAT, and POD are the primary antioxidant enzymes in edible fungi. SOD is the first
line of enzymatic defense against ROS, catalyzing the dismutation of O2- to generate O2
and H2O2. It plays a crucial role in the reactive oxygen species scavenging system and
is also an important indicator of stress resistance [66]. The function of CAT and POD is
to eliminate the vast majority of H2O2, preventing cellular oxidative injury. Li et al. [33]
reported that spraying 75 mM GABA increased antioxidant enzyme activities (SOD, CAT,
POD) in Medicago sativa L. under alkaline stress. Similar to the findings in plants, this
study discovered that under various stresses, the activities of SOD, CAT, and POD in
H. marmoreus mycelium sharply increased. It may be speculated that, as in the case of
oxidative damage caused by a stressful environment, the mycelium activates a defense
response against potential damage by increasing the activity of antioxidant enzymes. Under
salt stress and dehydration stress conditions, the activity of APX in the mycelium of two
strains decreased. This could be because APX is not only an antioxidant enzyme but
also one of the key enzymes in ascorbic acid metabolism [67]. Under stress conditions,
the mycelial metabolism was weakened, thus reducing APX activity. Additionally, the
changes in enzyme activity under salt stress and dehydration stress were greater than
under low temperature, indicating that low temperature had a relatively smaller impact on
the antioxidant enzyme system in H. marmoreus mycelium. Combined with the results of
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mycelial growth improvement, it is suggested that GABA is an effective signaling molecule
that allows H. marmoreus to adapt to environmental stresses; its mechanism of action was
also associated in vivo with the antioxidant defensive system.

Both abiotic stress and exogenous addition affect the endogenous in vivo GABA levels,
and intrinsic mechanisms are related to the metabolic pathway of GABA. The synthetic
pathways of GABA include the GABA shunt and the polyamine degradation pathways. Of
the GABA accumulated under adverse conditions, 61% originates from the GABA shunt,
and 39% from the polyamine degradation pathway [68]. Numerous studies confirmed that
the expression level of the gene encoding the key enzyme GAD in the GABA shunt is related
to the GABA levels. Bao et al. [69] reported that after exposure to 200 mM NaCl for 5 days,
the GABA levels in the leaves of tomato plants increased by twofold. Li et al. [70] reported
that the exogenous addition of 0.5 mM GABA raised the endogenous GABA content in the
apomictic Malus hupehensis leaves under normal and alkaline stress, while GAD1 and GAD2
expression was significantly upregulated under alkaline stress. Cheng et al.’s research [71]
indicated that the exogenous addition of 1 mM GABA upregulated MdGAD1, MdGAD2,
MdGAD3, and MdGAD4 expression in the dwarf apple rootstock M.9-T337 under drought
stress. Aydin et al. [72] found that the exogenous addition of 0.1 mM GABA upregulated
GAD expression in white button mushrooms, consequently increasing the endogenous
GABA content. This study not only confirmed the significant increase in endogenous GABA
content in H. marmoreus mycelium under three types of environmental stresses but also
found that the exogenous addition of 5 mM GABA further enhanced the endogenous GABA
accumulation. Under salt stress and dehydration stress, 5 mM exogenous GABA increased
the mycelial GABA content by more than 1.5 times with respect to that in the negative
control, indicating a close relationship between GABA metabolism and the mycelium
response to adverse conditions. In our preliminary bioinformatics analysis, we identified
the gene gad2 in the genome of the monokaryotic strain of H. marmoreus, which may be
responsible for synthesizing the key enzyme GAD in the GABA synthesis pathway. This
study found that after the exogenous addition of 5 mM GABA, the expression level of gad2
in H. marmoreus mycelium significantly increased under three stress conditions, suggesting
that the exogenously added GABA could activate the GABA shunt, inducing an increase
in endogenous GABA content by upregulating the expression of the key gene gad2 in the
GABA synthesis pathway.

5. Conclusions

In summary, this study investigated how exogenous low-concentration GABA affected
the resistance of H. marmoreus mycelium to abiotic stress. The findings showed that adding
5 mM GABA markedly enhanced the mycelial resistance to salt, dehydration, and low-
temperature stresses. This improvement was evident in enhanced mycelial growth rate,
increased fresh weight, heightened antioxidant enzyme activities, elevated internal GABA
content, and upregulated gad2 expression. These positive effects might be due to the fact
that the exogenous addition of GABA activated the TCA cycle to generate more energy,
improved the antioxidant defensive system, reducing oxidative stress damage associated
with the ROS levels, or regulated the plant defense-related transporter proteins and chan-
nels. These mechanisms collectively strengthened H. marmoreus mycelia’s resistance to
abiotic stress; yet, further investigations are needed on the specific signaling transduction
pathways. These results offer a promising approach to enhance stress tolerance in edible
fungi, potentially improving their stress resistance capacities. Moreover, this research
lays foundation for future applications, such as utilizing edible fungi as cell factories for
GABA production.

Supplementary Materials: The following supporting information can be downloaded at https://www.
mdpi.com/article/10.3390/metabo14020094/s1. Figure S1: Effect of GABA on colony morphology in
H. marmoreus; Figure S2: Effect of GABA on colony morphology under abiotic stress; Figure S3: Effect
of GABA on the fresh weight of aerial mycelium under abiotic stress; Table S1: Mycelial tip diameter
under salt stress and dehydration stress.
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