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Abstract

Ganoderic acids (GAs) are bioactive triterpenoids produced by Ganoderma spe-
cies with demonstrated anticancer properties. While the yield of GAs in Ganoderma
tsugae is typically low, heat stress has been shown to enhance its production. This
study employed atmospheric and room temperature plasma (ARTP) mutagenesis to
develop thermotolerant G. tsugae mutants for high-temperature cultivation at 35°C.
From 59 mutants generated, strain Ganoderma tsugae 9 (GT9) demonstrated supe-
rior thermotolerance, showing 51.48% increased mycelial growth rate and 76.03%
higher biomass compared to wild-type (WT) at 35°C (one-way ANOVA with Dunnett’s
test, p<0.05). Physiological characterization revealed GT9 possessed enhanced
membrane fluidity, elevated intracellular levels of lanosterol (92.49% increase),
squalene (1.36-fold increase), trehalose, and ergosterol (66.98% increase) (two-
way ANOVA with Tukey’s test, p<0.05). Transcriptional analysis revealed signifi-
cant upregulation of key GAs biosynthetic genes (hmgr, sgs, se, Is) and heat shock
protein genes (hsp17.4, hsp22, hsp70, hsp90). After 10-day cultivation at 35°C, GT9
produced 1.01-fold more GAs than the WT at 35°C and 22.64% more than the WT
at 25°C (two-way ANOVA with Tukey'’s test, p<0.05). However, the difference in GAs
production between the WT strain cultured at 25°C and the GT9 strain cultured at
35°C was not significant. ARTP-generated thermotolerant G. tsugae mutants enable
efficient high-temperature fermentation for enhanced GAs production. This strategy
provides significant advantages for industrial-scale application while elucidating the
physiological and molecular mechanisms underlying improved GAs biosynthesis
under heat stress.

Introduction

Ganoderma is a renowned medicinal fungus in traditional Chinese medicine, valued
for over 2000 years for its pharmacological properties in treating various diseases [1].
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Ganoderma tsugae, a conifer-associated species predominantly distributed through-
out Northeast China [2], produces ganoderic acids (GAs)-oxygenated triterpenoids
recognized as critical bioactive metabolites with substantial therapeutic potential.
The mevalonate pathway mediates GAs biosynthesis, with squalene and lanosterol
serving as key intermediates. The enzymes hydroxymethylglutaryl-CoA reductase,
squalene synthase, squalene epoxidase, and lanosterol synthase (encoded by the
genes hmgr, sgs, se, and Is, respectively) govern the metabolic flux directed toward
GAs production [3]. Lanosterol undergoes extensive enzymatic modification including
oxidation, reduction, and acetylation to generate either membrane-integral ergosterol
or various GAs derivatives [4].

The yield of GAs is commonly used as a key indicator for assessing the overall
quality of Ganoderma [5]. Despite their important pharmacological value-such as
anti-aging, anti-cancer, anti-inflammatory, and metabolic regulation activities [6—9]-the
low native production of GAs remains a major limitation for commercial application.
Compared to the protracted cycle of traditional fruiting body cultivation, submerged
fermentation presents distinct technical advantages for the industrial production
of fungal metabolites, primarily through a significantly shortened cultivation period
and the ability to achieve consistent, high-yield production in a controlled bioreac-
tor environment [10]. Current research and industrial efforts to enhance GAs yield
are primarily focused on several key strategies: culture optimization [11,12], elicitor
application [13—15], genetic engineering [16—17], and synthetic biology [18,19]. Tran-
scriptional regulation through transcription factors and signaling pathways presents
additional optimization opportunities [20—22].

Environmental conditions are a critical determinant of fungal growth, development,
and secondary metabolism (SM) production. Among these conditions, temperature
stands out as particularly pivotal [23]. Temperature stress particularly affects GAs
biosynthesis in G. lucidum, including metabolic restructuring and membrane fluidity
adaptation [24,25]. Heat shock proteins (HSPs) and compatible solutes like trehalose
provide critical stress protection under heat stress (HS) [26,27].

However, the current research mainly focuses on transient high-temperature
stimulation [15,28], sustained high-temperature fermentation remains unexplored.
Currently, developing microbial strains with inherent thermotolerance is a major focus
in industrial fermentation, as it can reduce cooling costs, minimize contamination
risks, and enhance reaction kinetics [7]. G. tsugae mycelium exhibits optimal growth
at 22—-25°C, while temperatures above 25°C (notably 28-30°C) cause clear growth
inhibition [1]. This pronounced sensitivity to moderate HS underscores the species’
limited thermotolerance. ARTP mutagenesis is a well-established and highly effec-
tive approach for microbial breeding, and it has been successfully implemented in
diverse fungi such as Hericium erinaceus, Grifola frondosa and Aspergillus [29—-31].
Consequently, we employed ARTP mutagenesis to breed mutant G. tsugae strains
with improved tolerance to 35°C (35°C is defined as a high-temperature stress con-
dition because it represents a severe deviation (over 10°C) from the optimal range,
imposing substantial physiological challenges that are expected to profoundly impact
cellular processes and secondary metabolism), effectively broadening its optimal

PLOS One | https://doi.org/10.137 1/journal.pone.0345065 March 17, 2026 2/14




PLO\Sﬁ\\.- One

growth range by approximately 10°C and enabling sustained high-temperature liquid fermentation. Then, the extracellular
enzyme activity, secondary metabolites and specific gene expression were measured and analyzed. Consequently, our
findings demonstrate that high-temperature fermentation using a thermotolerant G. tsugae strain is a promising strategy
for enhancing GAs yield. This approach not only offers a viable industrial alternative but also provides a valuable platform
for further elucidating the biosynthesis of GAs and other secondary metabolites.

Materials and methods
Strains and culture conditions

G. tsugae strain G-1 was originally isolated from a wild fruiting body collected in Mohe City, Greater Khingan Mountains,
Heilongjiang Province, China. The field sampling did not require specific permits as the collection location is not privately
owned or protected, and the study involved only common fungal species not listed as endangered or protected under
Chinese regulations. Strain identification was confirmed by ITS sequencing (GenBank accession unmber: JQ781853).
The optimal culture conditions for mycelial growth were determined as: glucose as carbon source, 60 g/L Tsuga sawdust
extract, incubation temperature of 25°C, and initial pH 5.0. The wild-type (WT) strain was maintained on potato dextrose
agar (PDA) medium (200 g/L potato infusion, 20g/L glucose, 20g/L agar) at 4°C. The WT and mutant G. tsugae strains
were cultivated on solid PDA or in liquid fermentation medium at 25°C in darkness. The liquid fermentation medium was
prepared using a Tsuga sawdust extract solution (60g/L, pH 5.0) and contained the following components per liter: potato
infusion (from 2009 peeled and diced potato); glucose, 30g; KH,PO,, 2g; MgSO,-7H,0, 2g; and vitamin B, 0.02g.

Protoplast preparation

Protoplast preparation was performed according to Feng et al.with modifications [10]. Briefly, G. tsugae strains were
cultured on PDA plates at 25°C for 7 days. Then, four mycelial blocks (1 cm diameter) were inoculated into 250 mL flasks
containing 100 mL liquid fermentation medium and incubated at 180rpm, 25°C for 7 days. The cultures were homogenized
for 15 seconds and subsequently returned to shaking for 24 hours. Mycelia were collected by filtration through nonwoven
fabric and washed three times with 0.5 M mannitol. After centrifugation at 8,000 x g for 15 minutes, the pellet was treated
with 2% lysing enzyme solution (1 mL per 300 mg mycelia) and incubated at 180rpm, 30°C for 3 hours. The enzymatic
hydrolysate was filtered, mixed with 0.5 M mannitol (1:1 ratio), and centrifuged at 4,000 x g for 5 minutes. This washing
process was repeated three times. Protoplast concentration was adjusted to 102 cells/ mL with 0.5 M mannitol.

ARTP mutagenesis

ARTP mutagenesis was performed according to previously described methods [10,29,30] with minor modifications.
Aliquots (90 pL) of the protoplast suspension were mixed with 10 yL sterile glycerol, and 20 pL of this mixture was sub-
jected to ARTP treatment using the ARTP-IIS system(Wuxi Yuanging Tianmu Biotechnology Co., Ltd., Jiangsu, China).
The mutagenesis parameters were: temperature 25°C, treatment time 50 seconds, helium flow rate 10L/min, irradiation
distance 2 mm. After treatment, the protoplasts were transferred to 650 yL of 0.6 M mannitol solution, and 200 yL aliquots
was spread onto regeneration medium (109.3 g/L mannitol, 10 g/L glucose, 5g/L maltose, 5g/L yeast extract, 20g/L agar).
Plates were incubated in darkness at 25°C for 5 days. Larger colonies were selected and transferred to fresh PDA plates
for further cultivation at 25°C for 10 days in darkness. Regenerated colonies were numbered by GT numbers.

Screening of thermotolerant mutant

Mutant identification was performed using an established antagonism assay [10]. Putative mutant and WT strains
were inoculated on opposite sides of PDA plates (2cm apart) and cultured at 25°C in darkness. The presence of an
inhibition zone confirmed genetic differentiation. For thermotolerance screening, mycelial blocks (1 cm diameter) from

PLOS One | https://doi.org/10.1371/journal.pone.0345065 March 17, 2026 3/14




PLO\Sﬁ\\.- One

fifth-generation subcultures were inoculated onto PDA plates and cultured at 35°C for 8 days. Strains showing supe-
rior growth rates were selected for secondary screening in liquid culture. Four mycelial blocks of each candidate strain
were inoculated into 250 mL flasks containing 100 mL fermentation medium and incubated at 180rpm, 35°C for 8 days.
Mycelial biomass were collected, washed with deionized water three time, and dried at 50°C to a constant weight.
According to the dry weight, the strain exhibiting the highest biomass production at 35°C was selected for further
study.

High-temperature culture

Four mycelial blocks of thermotolerant mutants and WT strains were inoculated into 250 mL flasks containing 100 mL
fermentation medium. Cultures were initially maintained statically at 35°C for 2 days, followed by shaken incubation at
180rpm for 8 days. Parallel WT strain was cultured under optimal condition (25°C) using the same protocol. Mycelia were
harvested for subsequent analyses of biomass, membrane fluidity, secondary metabolites, and gene expression.

Extracellular enzyme activity assays

Culture supernatants were collected by centrifugation at 8 000 x g for 20 minutes and used as crude enzyme extract.
Amylase, cellulase and laccase activities were determined using commercial assay kit (Shanghai Enzyme-linked Biotech-
nology Co., Ltd., Shanghai, China) according to manufacture’s instructions.Absorbance was measured at 660 nm, 540 nm,
and 420 nm for amylase, cellulase and laccase, respectively.

Gene expreession analysis by qRT-PCR

Total RNA was extracted from liquid nitrogen-powdered mycelia using TRI zol reagent. ¢ DNA synthesis was performed
using PrimeScript RT reagent Kit (Takara Bio, Shiga, Japan). qRT-PCR was conducted with the LightCycler SYBR Green

| Master Kit (Roche Diagnostics, Basel, Switzerland) on a LightCycler 96 system. The housekeeping gene 18S rRNA
served as the internal control, and relative expression levels were calculated using the 2-AACT method [32]. Gene-specific
primers were designed based on the G. lucidum genome sequence [26,33].

Membrane fluidity measurement

Membrane fluidity was assessed by fluorescence anisotropy using a HORIBA FluoroMax-4 spectrofluorometer (HORIBA
Scientific, Edison, NJ, USA) at 37°C, following established protocols [25]. Decreased fluorescence anisotropy values indi-
cated increased membrane fluidity.

Trehalose quantification

Trehalose content was determined using the anthrone method with a commercial trehalose assay kit (Shanghai Enzyme-
linked Biotechnology Co., Ltd., Shanghai, China). Mycelia samples (100 mg) were extracted and mixed with 1.0 mL work-
ing solution, heated at 95°C for 10 minutes, then cooled rapidly. Absorbance was measured at 620 nm.

Metabolite analysis

GAs, ergosterol, squalene and lanosterol were extracted and analyzed using an ultra-performance liquid chromatography
(UPLC) system (Waters Acquity, Waters Corporation) according to published methods [13,17]. Separation was achieved
on a Waters Acquity UPLC HSS T3 C18 column (150 x2.1 mm, 1.8 um) using an isocratic mobile phase of 100% methanol
at 1.0mL/min. Detection wavelengths were 254 nm for GAs, 282 nm for ergosterol, 195 nm for squalene, and 210 nm for
lanosterol. Quantification used external standards: ganoderic acid A (Solarbio, 298%), ergosterol, squalene, and lanos-
terol (Sigma, 298%).
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Statistical analysis

All experiments were conducted with at least three independent biological replicates. Quantitative data are expressed
as mean = standard deviation (SD). Statistical analyses were performed using SPSS software (version 26.0, IBM Corp.,
Armonk, NY, USA), and a *p*<0.05 was considered statistically significant. Specific tests were applied as follows.

Gene expression data were log-transformed to meet the homogeneity of variance assumption for parametric tests.
Outliers, defined as data points exceeding+3 SD from the mean, were retained in the primary analyses. No missing data
required exclusion.

Differences in mycelial growth rates between the WT and the 59 mutant strains were analyzed by one-way analysis
of variance (ANOVA). Upon identifying a significant overall effect, post-hoc comparisons against the WT were performed
using Dunnett’s test. The effects of strain (WT vs. GT9), culture temperature (25°C vs. 35°C), and their interaction on all
measured outcomes were assessed using two-way ANOVA, followed by Tukey’s test for post-hoc multiple comparisons.
To evaluate the relationships between GAs content and key physiological and molecular variables, a multiple correlation
analysis was conducted. Pearson correlation coefficients (r) were calculated between GAs content and the following
parameters: expression levels of GAs biosynthetic genes (hmgr, sgs, se, Is), extracellular enzyme activities (amylase,
cellulase, laccase), membrane properties (fatty acids (FAs) unsaturation degree, membrane fluidity), and stress-response
indicators (trehalose content, hsp70 and hsp90 expression). The strength of the correlations was interpreted based on
the absolute value of r as follows: |r|=0.00-0.19, very weak; 0.20-0.39, weak; 0.40—-0.59, moderate; 0.60-0.79, strong;
and 0.80-1.00, very strong. The standard *p*-value for each correlation was calculated. Additionally, to robustly validate
the strongest positive correlations identified, their significance was re-evaluated using a non-parametric bootstrap resam-
pling method with 10,000 iterations, which generates a reliable confidence interval without assuming data normality. Exact
*p*-values are provided in the results section.

Results
Thermotolerant mutant development

ARTP mutagenesis generated 59 mutant strains. These were first distinguished from WT via antagonism assays (Fig 1)
and then screened for thermotolerance based on mycelial growth on PDA plates and biomass yield in liquid culture at
35°C. Most mutants exhibited reduced growth, though eight strains (GT1, GT9, GT28, GT35, GT41, GT44, GT47, GT52)
outperformed WT. The GT9 strain demonstrated superior performance with mycelial growth rate of 2.56 £ 0.41 mm/d

and biomass of 8.52+0.76 g/L, which were 51.48% and 76.03% higher than the WT at 35°C, respectively (growth rate:
*p*=0.013 biomass: *p*=0.008; Table 1).

Growth kinetics under high-temperature culture

The growth kinetics of WT and GT9 strains were monitored under different temperature (Fig 2). The biomass of GT9 at
35°C was significantly higher than that of the WT at 35°C, though slightly lower than WT at its optimal temperature of
25°C. The maximum dry weight of GT9 reached 9.18+0.54 g/L on day 10, which was 2.23-fold higher than that of the

WT at 35°C (*p*=0.003). Notably, there was no significant difference in the growth kinetics between WT(25°C) and GT9
(35°C) when comparing their maximum biomass accumulation and growth trends, reflecting the stable adaptability of GT9
to high-temperature conditions without compromising growth potential relative to WT under optimal temperature.

Extracellular enzyme activity

The activities of amylase, cellulase, and laccase were assessed on day 10 (Table 2). GT9 at 35°C showed significantly
enhanced amylase (46.85%, *p*=0.028), cellulase (36.65%, *p*=0.035), and laccase (36.05%, *p*=0.037) activities
compared to the WT at 25°C, while the enzyme activities in the WT at 35°C were also higher than in WT at 25°C, the
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Fig 1. Antagonism assay between WT and GT9 mutant strain. Clear zone indicates genetic differentiation between strains.

https://doi.org/10.137 1/journal.pone.0345065.9001

differences were not statistically significant. The enhanced enzyme activity in GT9 suggests improved substrate utilization
efficiency under HS. The correlation analysis demonstrated weak positive correlations of GAs production with amylase
(r=0.34, *p*=0.024), cellulase (r=0.28, *p*=0.048), and laccase (r=0.31, *p*=0.035) activities. These significant rela-
tionships indicate that the superior extracellular enzyme activity in GT9 is functionally linked to its enhanced biosynthesis
and accumulation of GAs under HS.

GAs biosynthesis and gene expression

The contents of lanosterol and squalene, along with GAs themselves, and the expression of key biosynthetic genes
(hmgr, sgs, se, Is) were analyzed (Fig 3). The GT9 at 35°C showed significantly increased accumulation of lanosterol,
squalene, and GAs from day 6 onward compared to the WT at 35°C (Fig 3A-C). Final contents reached 12.05+0.78

pg/g DW (lanosterol), 1.98+0.82 pug/g DW (squalene), and 9.75+0.75mg/g DW (GAs) on day 10, which were 92.49%
(*p*=0.007), 1.36-fold (*p*=0.023), and 1.01-fold increase (*p*=0.041) over the WT at 35°C, respectively. Notably, the
GAs content in GT9 was also comparable to, or slightly higher than, that in the WT at 25°C, but the difference was not
statistically significant. The squalene content in GT9 indicated a significant increase compared to that in the WT at 25°C.
Crucially, the expression of all four key genes was markedly upregulated in GT9 under sustained HS compared to the
WT at both 25°C and 35°C, whereas their expression was significantly suppressed in WT at 35°C compared to the WT at
25°C (Fig 3D). The correlation analysis demonstrated moderate positive correlations between the expression of key genes
(hmgr, sgs, se, Is) and the final GAs content (r=0.46-0.54, *p*<0.0001). Furthermore, the contents of squalene and
lanosterol, were also weak positive correlated with GAs yield (r=0.32 and 0.38, respectively, *p*<0.001). This analysis
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Table 1. Mycelial growth rate and biomass of G.tsugae strains at 35°C.

Strain number Mycelial growth rate (mm/d)’ Biomass (g/L)? Strain number Mycelial growth rate (mm/d) Biomass (g/L)
#WT 1.69+0.23% 4.84+0.57" #GT30 1.36+£0.22% 2.89+0.12¢
#GT1 1.95+0.18% 6.38+0.85% #GT31 1.13+0.41° 5.04£0.45b°
#GT2 1.37+0.15% 4.37+0.43%> #GT32 1.86+0.17% 5.23+0.66
#GT3 1.53+0.24% 3.22+0.52 cd #GT33 1.44+£0.26 3.08+0.28 cd
#GT4 1.39£0.31% 5.51+0.34%> #GT34 1.67 £0.34bc 4.54+0.61%
#GT5 1.25+0.17¢ 2.04+0.25¢ #GT35 2.06+0.33% 6.26 £0.54%
#GT6 1.54+0.16" 3.18+0.29 cd #GT36 1.71+£0.22° 4.12+0.36°
#GT7 1.27+0.33¢° 2.87+0.47¢ #GT37 1.65+0.16 3.08+0.43 cd
#GT8 1.82+0.28% 5.23+0.62 #GT38 1.39+0.15% 3.39+0.32 cd
#GT9 2.56+0.412 8.52+0.76° #GT39 1.79+0.18° 4.85+0.57%>
#GT10 1.87£0.342 4.03+£0.43 cd #GT40 1.66+£0.31% 3.76+0.64 cd
#GT11 1.33+£0.38> 4.59+0.69 #GT41 2.03+0.25% 6.31+£0.75%
#GT12 1.38+0.12% 3.56+0.36 cd #GT42 1.55+0.09¢ 4.17+0.48°
#GT13 1.34£0.11%° 3.47+0.28 cd #GT43 1.45+0.11% 4.08+0.22"
#GT14 1.28+0.12° 2.81+0.22¢ #GT44 2.14+0.23% 6.07 £0.54%
#GT15 1.85+0.16% 6.02+0.54% #GT45 1.74+0.14° 4.31+£0.16°
#GT16 1.82+0.24% 4.93+0.28 cd #GT46 1.48+0.12% 3.18+0.24 cd
#GT17 1.24+0.25° 2.65+0.23¢ #GT47 1.97+£0.13% 5.75+0.33
#GT18 1.62+0.13% 3.27+0.18 cd #GT48 1.27+0.37° 3.16+0.11 cd
#GT19 1.67+0.18> 3.41+£0.21 cd #GT49 1.76+£0.23° 4.25+0.35°
#GT20 1.22+0.09° 2.05+0.14¢ #GT50 1.74+£0.19° 4.06+0.27°
#GT21 1.35+£0.15% 3.55+0.26 cd #GT51 1.83+0.25% 4.42+0.32%
#GT22 1.80+£0.21° 4.92+0.48> #GT52 2.04+0.17% 6.22+0.56%
#GT23 1.77+0.14° 4.67+0.23> #GT53 1.18+0.12° 2.25+0.25¢
#GT24 1.38+£0.08> 3.36+0.15 cd #GT54 1.55+0.16" 5.06+0.39*
#GT25 1.26+0.08° 5.34+0.21%° #GT55 1.64+£0.21% 3.15+£0.23 cd
#GT26 1.42+0.32 3.83+0.55 cd #GT56 1.73+£0.15° 5.39+0.55
#GT27 1.84+0.27% 4.37+0.65 #GT57 1.12+0.38° 2.45+0.42¢
#GT28 1.96+£0.43% 5.63+0.73 #GT58 1.27+0.37° 3.16+0.11 cd
#GT29 1.85+0.38% 5.92+0.56° #GT59 1.56+£0.19 5.13+£0.49

Footnotes: ' mm/d, millimeters per day. 2 g/L, grams per liter. #NT, wild-type strain. #GT1-GT59, mutant G. tsugae strains 1-59. Note: Data are present-
ed as meanzSD (n=6). Different lowercase letters (e.g., a, b, c,...) within the same column indicate significant differences (*p*<0.05, one-way ANOVA
with Dunnett’s post-hoc test), while sharing the same letter indicates no significant difference. Letters are for within-column comparisons only.

https://doi.org/10.137 1/journal.pone.0345065.t001

confirms that the enhanced GAs content in GT9 is directly associated with the sustained upregulation of its biosynthetic
pathway under HS.

Cell membrane adaptation to HS

The intracellular FAs composition was analyzed to investigate membrane adaptation under HS (Fig 4). The major fatty
acids in G. tsugae were indentified as C14:0, C15:0, C16:0, C16:1, C18:0, C18:1, C18:2, and C22:1 (Fig 4A). The

GT9 exhibited substantial membrane remodeling with decreased saturated FA (C16:0: -32.72%; C18:0: -40.92%) and
increased unsaturation FAs (C18:1:+29.29%; C18:2:+46.15%) compared to the WT at 25°C (Fig 4A). Additionally, C18:0
content in GT9 was 36.56% lower than in the WT at 35°C (*p*=0.008). The FAs unsaturation degree was significantly
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Fig 2. Time profile of biomass production under high-temperature culture conditions. WT(25°C): wild-type strain at 25°C; WT(35°C): wild-type
strain at 35°C; GT9 (35°C): GT9 mutant strain at 35°C; Error bars represent SD (n=6). Note: Data are presented as mean+SD (n=6). Different lower-
case letters indicate significant differences (two-way ANOVA, Tukey’s test, *p*<0.05), while sharing the same letter indicates no significant difference.

https://doi.org/10.1371/journal.pone.0345065.9002

Table 2. Extracellular enzyme activities on day 10.

Strains and culture

Amylase activity

Cellulase activity

Laccase activity

temperature (°C) (U. mL") (U. mL") (U. mL)
WT (25°C) 10.83+0.87¢ 42.62+3.18° 8.96+0.42°
WT (35°C) 12.321£0.94% 50.73+£3.23% 10.78£0.65%°
GT9 (35°C) 15.89+1.03° 58.24+3.27° 12.19+0.86°

Table comparing enzyme activities across strains and temperatures.

Footnotes: U mL-", Enzyme unit per milliliter. Note:
Data are presented as mean+ SD (n=6). Different lowercase letters within the same column indicate significant differ-
ences (two-way ANOVA, Tukey’s test,*p*<0.05).

https://doi.org/10.1371/journal.pone.0345065.t002

higher in GT9-approximately 2.67-fold (*p*<0.001) and 2.14-fold (*p*=0.003) greater than in the WT at 25°C and 35°C,
respectively (Fig 4B). We further assessed membrane fluidity, which was notably elevated in GT9, as indicated by a sig-
nificantly lower fluorescence anisotropy value relative to the WT (Fig 4C). These results demonstrate that the GT9 exhibits
increased FAs unsaturation and enhanced membrane fluidity. Ergosterol is an important component of fungal membranes
and is synthesized from lanosterol in G. tsugae, which plays an important role in ensuring the cell membrane integrity,
membrane fluidity, cell viability and cell material transport. Therefore, in this study, the ergosterol content of strains was
determined. The ergosterol content in GT9 was highest, reaching 6.93+0.48 mg/g DW-a 66.98% increase over the WT

at 25°C (*p*=0.005) and significantly higher than the WT at 35°C throughout the cultivation period (Fig 4D). Further-
more, relative to the WT at 35°C, the GT9 showed significant increases of approximately 70.03% on day 6 (*p*=0.012),
1.86-fold on day 8 (*p*=0.003), and 2.86-fold (*p*<0.001) on day 10. In contrast, ergosterol content in WT at 35°C was
significantly lower than at 25°C throughout the cultivation period (¥*p*<0.001). The correlation analysis revealed that the
FAs unsaturation degree was positively correlated with GAs yield (r=0.57, *p*<0.0001). A moderate positive correlation
was also observed between membrane fluidity and GAs content (r=0.45, *p*<0.0001). These findings confirm that the
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membrane adaptations in GT9-specifically, increased unsaturation and fluidity-are closely associated with its enhanced
capacity for GAs biosynthesis

Thermal protection responses

To assess whether GT9 exhibits increased trehalose accumulation relative to the WT strain, Trehalose content was mea-
sured at 35°C. The WT cultured at 35°C displayed a higher trehalose content than when cultured at 25°C, indicating that
HS promotes trehalose accumulation. In comparison to the WT strain at both 25°C and 35°C, trehalose accumulation in
GT9 was significantly higher, reaching 67.39+3.5mg/L on day 8 (vs. WT at 25°C: *p*=0.007; vs. WT at 35°C: *p*<0.001)
and 73.24+4.3mg/L on day 10 (vs. WT at 25°C: *p*=0.002; vs. WT at 35°C: *p*<0.001)(Fig 5A). These results suggest
that the elevated trehalose content in GT9 reflects altered glycolytic flux, which may endow it with better thermotolerance.
Previous studies have reported that HS upregulates HSP gene expression in G. tsugae. Therefore, here, we analyzed

the expression of hsp17.4, hsp22, hsp70, and hsp90 in both strains. Under HS condition (35°C), the WT strain showed

PLOS One | https://doi.org/10.1371/journal.pone.0345065 March 17, 2026 9/14



https://doi.org/10.1371/journal.pone.0345065.g003

PLO\S\%- One

40 .
a
A [ Jwreso) B
B WT(35°C) a
Il GT9(35°C) & 3
30 ~ o 5]
9 =
5 . b L
% <
5‘) ab . a E
% 20 ‘S 5] X
o i H
') g b
8 1]
b a
10 4 .,
0 -_ﬁPA:P_ o
: A ) 6 9
o o e ol & " 485 et WT(25°C) WT(35°C) GT9(35°C)
0.16 N Fatty acid O o P .
¢ D
—l- WT(25°C) a
i @ WI(35°C)
= E 6 - GT9(35°C)
€ e
E :
s
Q N
£ 5 )
.2 0.08 § i
g )
N s
s c
0.04 2 5
—l- WT(25°C) 5
—@— WT(35°0)
A GT9(35°C)
o 4 : L T T 0 T T T T T
2 4 6 8 10 2 4 6 : 28

Culture time (d) Culture time (d)

Fig 4. Analyses of FAs composition (A), unsaturation degree(B), membrane fluidity (C) and ergosterol content (D). Note: Error bars represent
SD. Data are presented as mean+SD (n=6). Different lowercase letters indicate significant differences (two-way ANOVA, Tukey’s test,*p*<0.05).
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significant upregulation of HSP genes relative to the WT at 25°C: hsp17.4 (4.01-fold, *p*<0.001), hsp22 (2.21-fold,
*p*=0.003), hsp70 (2.33-fold, *p*=0.001), and hsp90 (2.22-fold, *p*=0.002), confirming that HS induces substantial
HSP expression. Notably, it can also be seen that the GT9 exhibited significantly elevated expression of hsp17.4, hsp22,
hsp70, and hsp90 compared to the WT at 25°C (Fig 5B). Furthermore, The GT9 also showed increased of hsp17.4 and
hsp70, though no signifiant difference was observed for hsp22 when compared to the WT at 35°C. The correlation analy-
sis revealed a significant positive correlation between trehalose and GAs content (r=0.72, *p*<0.0001). Furthermore, the
expression of hsp70 and hsp90 genes were also positively correlated with GAs content (r=0.65 and r=0.63, respectively,
*p*<0.0001). These relationships indicate that the enhanced accumulation of trehalose and the upregulation of specific
HSP genes in GT9 are functionally associated with its improved capacity for GAs biosynthesis.

Discussion

HS significantly influences fungal growth, development and secondary metabolism [13,23-26,34]. Therefore, it is
very important to improve the thermotolerance of Ganoderma species to meet the demands of large-scale industrial
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fermentation. In this study, a thermotolerant mutant strain of G. tsugae, designated GT9, was obtained through ARTP
mutagenesis. The GT9 strain exhibited a superior mycelial growth rate and increased biomass production under high-
temperature condition, indicating successful acquisition of thermotolerance through mutagenesis.

Temperature is a critical factor regulating enzyme activity, and the optimal temperature for microbial growth often differs
from that for metabolite accumulation. A moderately elevated fermentation temperature can enhance enzyme activity and
promote the yield of target products [35]. In this work, the GT9 strain showed increased enzyme activities of amylase,
cellulase, and laccase compared to the WT under liquid high-temperature culture. This suggests that improved thermotol-
erance contributes to higher catalytic efficiency and metabolic flux, supporting more efficient cellular biosynthesis [36].

GAs are biosynthesized via the mevalonate pathway, in which squalene and lanosterol are two key intermediates. The
genes hmgr, sqs, se, and Is encode enzymes that catalyze critical steps in this pathway, and their upregulation is often
associated with enhanced GAs yield [4]. Although transient HS has been reported to induce GAs biosynthesis [26,37],
the GT9 maintained elevated transcription levels of these key genes, along with increased accumlation of GAs, squalene,
and lanosterol under sustained liquid high-temperature culture. To systematically evaluate the interrelationships among
physiological and molecular factors contributing to enhanced GAs content, we performed multiple correlation analysis.
The results revealed that GAs content showed moderate positive correlations with the expression of GAs biosynthetic
genes hmgr, sqs, se, and Is (r=0.46-0.53, *p*<0.0001), and weak positive correlations with extracellular enzyme activ-
ities (r=0.28-0.34, *p*<0.05). These findings demonstrate that the improved GAs content in GT9 is linked to the sus-
tained upregulation of these key pathway genes and enhanced metabolic activity—a correlation also observed in Antrodia
cinnamomea and Centella asiatica [38,39]. Notably, our results reiterate findings from numerous studies that highlight
the complexity of GAs production regulation. Even with the successful acquisition of thermotolerance and coordinated
upregulation of key biosynthetic genes, the magnitude of increase in GAs production was relatively modest, the difference
in GAs production between WT (25°C) and GT9 (35°C) was not statistically significant, which further supports that GAs
biosynthesis is a multifactorial process influenced by intricate interactions between strain characteristics, environmental
conditions, and metabolic networks rather than a single regulatory factor.

The cell membrane plays important roles in sensing environmental change [34], especially for temperature upshifts in
fungi. The fluidity and stability of membranes are largely governed by the composition of FAs, particularly the degree of
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unsaturation [25]. In this study, GT9 displayed altered FAs composition, increased FAs unsaturation, enhanced membrane
fluidity, and elevated ergosterol content compared to the WT. Notably, correlation analysis indicated that FAs unsaturation
(r=0.57, *p*<0.0001) and membrane fluidity (r=0.45, *p*<0.0001) were moderate positive correlated with GAs accumu-
lation, suggesting that membrane adaptability under HS is crucial for maintaining metabolic homeostasis and supporting
secondary metabolite biosynthesis.

Reportedly, producing a large amount of HSPs is a widely adapted mechanism [26,35]. HSPs are a family of pro-
teins that protect proteins from being irrevocably denatured, misfolded or aggregated and help organisms to modulate
stress responses and protect organisms from cellular damage, including HSP100, HSP90, HSP70, HSP60, HSP40
and small HSPs based on molecular mass, which are considered to play an important role in conferring thermotoler-
ance [40,41]. Additionally, compatible solutes such as trehalose act as effective thermoprotectants in fungi [27]. In this
study, our results showed that GT9 accumulates more trehalose and exhibits higher expression of HSP genes than
the WT. Correlation analyses further confirmed significant positive correlations between the GAs content and trehalose
accumulation (r=0.72, *p*<0.0001), as well as the expression of hsp70 and hsp90 genes (r=0.68 and 0.63, respec-
tively; *p*<0.0001), supporting the conclusion that these molecular adaptations collectively bolster thermotolerance
and create favorable conditions for GAs biosynthesis. In summary, the thermotolerant GT9 strain enhances its high-
temperature adaptability through multiple coordinated mechanisms: modulating membrane composition and fluidity,
accumulating protetive molecules, and sustaining the expression of biosynthetic and stress-responsive genes. The
correlation patterns observed provide statistical evidence that GAs overproduction under HS is an integrated outcome
of robust growth, efficient substrate utilization, enhanced biosynthetic capacity, and comprehensive stress protection.
These adaptations facilitate robust growth and efficient GAs production under HS. The strategy developed in this
study-combing ARTP mutagenesis with high-temperature cultivation-provides an effective approach for improving GAs
production in Ganoderma species.

Conclusions

We developed a thermotolerant G. tsugae mutant (GT9) via ARTP mutagenesis and demonstrate that its enhanced GAs
production under HS results from multi-level adaptations. Correlation analyses confirmed that GAs overproduction is
linked to sustained upregulation of biosynthetic genes, heightened extracellular enzyme activities, an adaptable cell mem-
brane with increased FAs unsaturation, and the efficient accumulation of trehalose and HSPs. In particular, the increased
trehalose content played the most critical role in enhancing GAs content. However, the difference in GAs production
between the WT strain at 25°C and the GT9 strain at 35°C was not statistically significant, indicating that the improvement
from high-temperature fermentation mainly comes from the stability and adaptability of the thermotolerant strain rather
than a dramatic increase in individual titers. Our results support the view that GAs biosynthesis is a complex and tightly
regulated process. This study validates that combining ARTP mutagenesis with high-temperature cultivation is a viable
industrial breeding strategy to enhance secondary metabolite production.
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