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ABSTRACT We previously reported that high temperature impacts ganoderic acid
(GA) biosynthesis in Ganoderma lucidum via Ca2�. Therefore, to further understand
the signal-regulating network of the organism’s response to heat stress (HS), we ex-
amined the role of nitric oxide (NO) under HS. After HS treatment, the NO level was
significantly increased by 120% compared to that under the control conditions. The
application of a NO scavenger resulted in a 25% increase in GA compared with that
found in the sample treated only with HS. Additionally, the application of a NO do-
nor to increase NO resulted in a 30% lower GA content than that in the sample
treated only with HS. These results show that the increase in NO levels alleviates HS-
induced GA accumulation. Subsequently, we aimed to detect the effects of the inter-
action between NO and Ca2� on GA biosynthesis under HS in G. lucidum. Our phar-
macological approaches revealed that the NO and Ca2� signals promoted each
other in response to HS. We further constructed the silenced strain of nitrate reduc-
tase (NR) and calmodulin (CaM), and the results are in good agreement with the si-
lenced strain and pharmacological experiment. The cross-promotion between NO
and Ca2� signals is involved in the regulation of HS-induced GA biosynthesis in G.
lucidum, and this finding is supported by studies with NR-silenced (NRi) and CaM-
silenced (CaMi) strains. However, Ca2� may have a more direct and significant effect
on the HS-induced GA increase than NO. These data indicate that NO functions in
signaling and has a close relationship with Ca2� in HS-induced GA biosynthesis.

IMPORTANCE HS is an important environmental stress affecting the growth and de-
velopment of organisms. We previously reported that HS modulates GA biosynthesis
in G. lucidum via Ca2�. However, the signal-regulating network of the organism’s re-
sponse to HS has not yet been elucidated. In this study, we found that NO relieved
HS-induced GA accumulation, and NO and Ca2� could exert promoting effects on
each other in response to HS. Further research on the effect of NO and Ca2� on the
production of GAs in response to HS indicated that Ca2� has a notably more di-
rect and significant effect on the HS-induced GA increase than NO. Our results
improve our understanding of the mechanism of HS signal transduction in fungi.
A greater understanding of the regulation of secondary metabolism in response
to environmental stimuli will provide clues regarding the role of these products
in fungal biology.

KEYWORDS Ganoderma lucidum, heat stress, nitric oxide, calcium-calmodulin,
ganoderic acid

For all living organisms, temperatures only moderately above the respective optimal
growth temperature represent a challenging problem for survival (1). Heat stress

(HS) reduces the fungal growth of Metarhizium robertsii (2) and leads to cell death in
Saccharomyces cerevisiae (3). A series of studies have focused on the damage phenom-
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enon caused by HS, but few studies have evaluated the mechanism of HS signal
transduction (4, 5). In addition, the fungus is sessile and cannot flee unfavorable
temperature conditions; therefore, dissecting the HS response of the fungus and
identifying key components of HS sensing and the signal transduction pathway are
high priorities for fungi.

In fungi, a 6-h treatment with heat increases the nitric oxide (NO) concentration in
Trichoderma harzianum mycelia, and the exogenous NO donor sodium nitroprusside
(SNP) can avoid the thermal damage caused by high temperature (6). NO can
effectively alleviate oxidative damage induced by HS in the mycelia of Pleurotus eryngii
var. tuoliensis (7). However, the function of NO has been poorly studied in the fungal
kingdom, and the participation of NO in the HS response remains unclear. Thus,
studying the relationship between NO and HS becomes particularly important.

Ganoderma lucidum is one of the best-known medicinal basidiomycetes in the world
and has been commonly used throughout China and Southeast Asia for many centuries
as a home remedy for the treatment of minor disorders and the promotion of vitality
and longevity (8). Current studies on G. lucidum primarily address the separation and
purification of the effective components (9, 10), but fewer studies have evaluated their
biosynthesis. In recent years, complete genome sequencing, genetic transformation,
and transcriptional gene silencing have been gradually developed (11–13), and these
offer powerful tools for further basic biological studies. Therefore, as a higher basidi-
omycete with bioactive secondary metabolites, G. lucidum is becoming a potential
model system for studies examining how environmental factors regulate the develop-
ment and secondary metabolism of basidiomycetes. Previous studies have shown that
HS increases ganoderic acid (GA) biosynthesis in G. lucidum (14). Further analyses have
revealed that cytosolic Ca2� plays a vital role in HS signal transduction in G. lucidum
(14). However, the other signals involved in the regulatory process, as well as the types
of regulatory interactions between these signals, have yet be elucidated. Whether GA
biosynthesis is related to the linkages between these signals in G. lucidum remains
unclear.

In the present study, we studied the effect of NO on HS-induced GA biosynthesis in
G. lucidum and assessed the effect of the relationship between NO and Ca2� on the
production of GAs in response to HS. These results improve our understanding of the
mechanism of HS signal transduction in fungi and provide evidence for the mechanism
of environmental regulation of secondary metabolism in fungi.

RESULTS
The NO concentration is increased in heat-stressed strains. To examine NO

accumulation in G. lucidum under HS treatment, a fluorescent probe, 4-amino-5-
methylamino-2=,7=-difluorofluorescein diacetate (DAF-FM DA), was used for the detec-
tion of the intracellular NO formation. The fluorescence analysis revealed that under HS
growth conditions (42°C), the NO level increased by 120% (P � 0.01) compared with
that under control growth conditions (28°C) (Fig. 1A and B). To verify that the observed
fluorescence corresponded to NO detection, the wild type (WT) was treated with the
NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide po-
tassium salt (cPTIO) and the nitrate reductase (NR) inhibitor Na2WO4. cPTIO and
Na2WO4 efficiently impaired the fluorescence increase triggered by HS, and each of
these treatments significantly reduced (P � 0.01) the percentages of fluorescence to
100% and 75% compared with heat treatment alone, respectively. The exogenous
application of SNP, an NO donor, led to a further increase (P � 0.01) in the NO level by
35% compared with heat treatment alone (Fig. 1). These results showed that HS
treatment could induce NO accumulation in G. lucidum.

NR plays a key role in HS-induced NO accumulation. NR is a major enzymatic
source of nitric oxide (NO) production in plants and fungi. To clarify whether the
production of NO stimulation by HS was mediated by the NR gene, we cloned the NR
gene in G. lucidum and constructed an NR gene-silenced strain to detect its role in the
development and metabolism of G. lucidum. First, we used the sequences of the
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Coprinopsis cinerea NR gene to determine whether G. lucidum contains genes encoding
NR. The corresponding NR gene was found in the G. lucidum genome database (G.
lucidum strain 22281-R1, GenBank accession no. MG601724). The NR gene sequence is
3,729 bp and contains an open reading frame (ORF) of 2,409 bp encoding a protein of
802 amino acids. The presence of introns was confirmed by real-time reverse trans-
criptase PCR (qRT-PCR) analysis (data not shown) using the primers shown in Table S1
in the supplemental material. The G. lucidum NR gene coding regions contain a putative
molybdopterin-binding domain, a cytochrome b5-like heme/steroid binding domain,
an oxidoreductase flavin adenine dinucleotide (FAD)-binding domain, a Moco-binding
site, an FAD-binding motif, and an NAD binding pocket similar to that of plant and
animal NRs (Fig. S1). The NR-silencing vectors carry the hygromycin B (Hyg) resistance
gene as the selectable marker. The vector pAN7-ura3-dual was used as an empty vector
control. qRT-PCR analyses and the effect on NO levels were used to confirm silencing
in the transformants, and the NR gene-silenced (NRi) strains NRi-6 and NRi-8 were
selected for further analyses (Fig. S2).

To further demonstrate that the role of NO production was mediated by NR under
HS conditions, we compared the NO levels in the WT and the NR gene-silenced strains
under HS treatment. The results of the DAF-FM DA fluorescence analysis showed that
the NO content of NRi-6 and NRi-8 decreased (P � 0.05) by approximately 70%
compared with the WT sample treated with only HS. However, these effects were
recovered by the addition of SNP to the NR-silenced strains (Fig. 2). Both the NR
inhibitor experiment (Fig. 1) and the NR-silenced strains showed lower NO levels than
the WT strain. The results indicated that NO production from NR was involved in the HS
treatment conditions.

HS-induced NO participates in the regulation of GA biosynthesis. Previous
studies have found that HS increases GA biosynthesis, and we thus examined whether
the NO level was responsible for GA biosynthesis in the HS sample. We pretreated the
WT sample with SNP, cPTIO, and Na2WO4 before HS treatment to detect the effect of
the NO content on HS-induced GA biosynthesis. Exogenous application of cPTIO and
Na2WO4 resulted in 25% and 15% increases (P � 0.01) in GA levels compared with heat
treatment alone. The GA content was 30% lower after exogenous application of SNP
(P � 0.01) than after heat treatment (Fig. 3A). To reflect the changes in GA accumulation
from various aspects, two important intermediate products in the GA biosynthesis
pathway, squalene (SQ) and lanosterol (Lano), were detected. The results showed
similar changing trends in GAs, and two important intermediate products were in-
creased in the cPTIO- and Na2WO4-treated strains compared with the sample treated
with only HS. Exogenous application of SNP was used to alleviate the accumulation of
the two intermediate products induced by HS (Fig. 3B and C), and changes in these
intermediate products also indirectly indicated changes in the GA level. The results

FIG 1 NO levels were increased in heat-stressed strains. (A) The WT strains were cultured on PDA plates for 5 days and then treated with 500 �M SNP, 500 �M
cPTIO, or 500 �M Na2WO4 for 30 min. The strains were exposed to 42°C for 20 min. Change in the level of NO detected by DAF-FM DA staining. BF, bright-field
microscopy. (B) Changes in the NO fluorescence ratios in the strains subjected to different treatments. The values are the means � SD of the results from three
independent experiments. Asterisks indicate significant differences compared with the untreated strains (Student’s t test; **, P � 0.01).
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showed that different concentrations of NO differentially affected the GA accumulation
induced by HS treatment. The data suggest that NO alleviates HS-induced GA biosyn-
thesis.

To further explore the role of NO in the HS regulation of GA accumulation with
genetic evidence, GA accumulation in the WT and NRi strains in response to HS was
detected. After HS treatment at 42°C, the GA level in the NRi-6 and NRi-8 strains was
20% higher (P � 0.05) than that in the WT. To examine whether the suppression of the
NO level in the NRi strains was responsible for GA accumulation under HS, we
pretreated the WT and NRi strains with SNP. Upon exogenous application of SNP, the
GA level in the NRi-6 and NRi-8 strains was almost fully rescued to the level of the WT
with heat treatment alone (Fig. 3D). The intermediate products SQ and Lano were
detected in the WT and NRi strains. The NRi strains exhibited a 22% increase (P � 0.05)
in SQ content compared with that in the WT strains under HS treatment. The level of
Lano was increased by 34% (P � 0.05) in the NRi strains compared with the WT.
Pretreatment with SNP alleviated the increase in SQ and Lano induced by HS (Fig. 3E
and F), and the changing trends in SQ and Lano were similar to those of GAs. Our data
revealed that in response to HS treatment, the WT plants maintained a higher level of
NO and a lower GA content than the NRi strains under HS. These results from
physiology and genetics studies (Fig. 1 to 3) demonstrate that the NO level is involved
in GA biosynthesis following heat treatment, and NO relieves HS-induced GA accumu-
lation in G. lucidum.

Effect of NO on the Ca2� signaling pathway under HS treatment conditions. We
previously reported that an increase in cytosolic Ca2� was induced by heat and
involved HS signal transduction in G. lucidum. To gain insight into NO signal transduc-
tion, the effect of NO on the Ca2� signaling pathway was examined under heat
treatment. The experimental results showed that pretreatment with SNP resulted in
45% further increases (P � 0.01) in the Ca2� content compared with treatment with
only HS, as detected by Fluo-3AM, a Ca2�-sensitive fluorescent probe (Fig. 4A and B).
However, pretreatment with a specific NO scavenger, cPTIO, arrested (P � 0.01) 50% of
the HS-induced accumulation of Ca2� compared with the treatment with only HS.
These data demonstrate that NO can induce an increase in the concentration of Ca2�

under HS. Calmodulin (CaM) is the predominant Ca2� sensor and plays a crucial role in
the response to external factors. To further examine the effect of NO on the Ca2�

signaling pathway under HS conditions, we examined the effect of NO on CaM gene
expression by qRT-PCR. CaM gene expression in the SNP-and-HS-cotreated sample was

FIG 2 Effect of different treatments on the NO content in the WT and silenced strains. (A) The WT and NRi strains were cultured on PDA plates for 5 days, treated
with 500 �M SNP for 30 min, and then exposed to 42°C for 20 min. The change in the NO amount was detected by fluorescence microscopy after staining with
DAF-FM DA. (B) Changes in the NO fluorescence ratios in the WT and NR-silenced strains that were subjected to different treatments. The values are the
means � SD of the results from three independent experiments. Different letters indicate significant differences between the lines (P � 0.05, according to
Duncan’s multiple-range test).
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200% higher (P � 0.01) than that in the WT with HS alone. The CaM gene expression
level in the cPTIO-and-HS-cotreated sample was 60% lower (P � 0.01) than that in the
WT treated with only HS (Fig. 4E). The results show that NO is involved in HS-induced
Ca2� production and CaM gene expression.

To further clarify this point, Ca2� accumulation under HS was compared between
the WT and NRi strains. The result showed that the Ca2� level was 40% higher (P �

0.05) in the WT than in the NRi strains and that exogenous application of SNP restored

FIG 3 Effect of different concentrations of NO on GA biosynthesis in heat-stressed strains. The WT strains were cultured in PDA
liquid cultures with shaking for 5 days, pretreated with or without 500 �M SNP, 500 �M cPTIO, and 500 �M Na2WO4, and then
exposed to 42°C for 12 h. (A) Measurement of the amount of total GA in G. lucidum subjected to different treatments. (B)
Measurement of the amount of SQ in G. lucidum subjected to different treatments. (C) Measurement of the amount of Lano
in G. lucidum subjected to different treatments. The WT and NRi strains were cultured in PDA liquid cultures with shaking for
5 days, pretreated with or without 500 �M SNP, and then exposed to 42°C for 12 h. (D to F) Measurement of the amount of
total GA (D), SQ (E), and Lano (F) in the WT and NRi strains with HS treatment. The values are the means � SD of the results
from three independent experiments. Different letters indicate significant differences between the lines (P � 0.05, according
to Duncan’s multiple-range test). DW, dry weight.
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FIG 4 Effect of NO on the Ca2� signaling pathway under HS treatment conditions. (A) WT strains were cultured on PDA plates for 5 days, treated with 500
�M SNP or 500 �M cPTIO for 30 min, and then exposed to 42°C for 20 min. The changes in the Ca2� levels were detected by fluorescence microscopy after
staining with Fluo-3AM. (B) Changes in the Ca2� fluorescence ratios in the strains subjected to different treatments. (C) The WT and NRi strains were cultured
on PDA plates for 5 days, treated with or without 500 �M SNP for 30 min, and then exposed to 42°C for 20 min. The changes in Ca2� levels were detected
by fluorescence microscopy after staining with Fluo-3AM. (D) Changes in the Ca2� fluorescence ratios in the WT and NRi strains subjected to different
treatments. (E) Effect of the NO donor and NO scavengers on the expression of the CaM gene in G. lucidum under HS treatment. (F) Changes in the expression
of the CaM gene in the WT and NRi strains under HS treatment with or without SNP. The values are the means � SD of the results from three independent
experiments. Different letters indicate significant differences between the lines (P � 0.05, according to Duncan’s multiple-range test).

Liu et al. Applied and Environmental Microbiology

May 2018 Volume 84 Issue 10 e00043-18 aem.asm.org 6

http://aem.asm.org


the level of Ca2� in the NRi strains (Fig. 4C and D). The expression of the CaM gene was
55% lower (P � 0.05) in the NRi strains than in the WT (Fig. 4F). The application of SNP
restored the level of CaM gene expression in NRi strains (Fig. 4F). These genetics-based
data suggest that NO is involved in HS-induced Ca2� production and CaM gene
expression. NO relieved HS-induced GA accumulation, and Ca2� positively regulated
GA biosynthesis; however, NO could help increase the Ca2� content. This contradiction
requires further study.

Effect of Ca2� on the NO signaling pathway under HS treatment conditions. To
investigate the complex relationships between NO and Ca2�, CaCl2 and EGTA were
used for NO detection. Exogenous pretreatment with CaCl2 greatly increased (P � 0.01)
the NO levels by 70% under HS conditions, and pretreatment with EGTA significantly
reduced (P � 0.01) the production of NO induced by HS treatment by 60% compared
with treatment with HS alone (Fig. 5A and B). To determine the influence of Ca2� on
NO levels under HS, we examined the effect of Ca2� on NR gene expression by
qRT-PCR. The expression of NR was increased (P � 0.01) by 350% in the CaCl2-and-HS-
cotreated sample and decreased (P � 0.01) by 70% in the EGTA-and-HS-cotreated
sample compared with the WT treated with HS alone (Fig. 5E). These results suggest
that Ca2� is required for HS-induced NO production and NR gene expression in G.
lucidum. It is therefore reasonable to propose a link between the functions of NO and
Ca2� under HS conditions.

In addition, we constructed CaM gene-silencing strains by RNA interference (RNAi)
to examine the effect of NO signaling on the Ca2� level in HS signaling. The RNAi
silencing vector pAN7-dual was used to express the sense-antisense structure of the
CaM gene. We constructed a CaM-silencing vector named pAN7-dual-CaMi using the
same construction method used for the NR-silenced strains. qRT-PCR analyses were
used to determine the silencing efficiency of the transformants, and CaM-silenced
(CaMi-2 and CaMi-8) strains were selected for further analyses (Fig. S3A and B). Under
HS conditions, the NO level in the WT was 55% higher (P � 0.01) than that in the CaMi
strains (Fig. 5C and D), and the level of NR gene expression in CaMi strains was 65%
lower (P � 0.01) than that in the WT sample (Fig. 5F). The application of CaCl2 restored
the level of NO and the NR gene expression in the CaMi strains (Fig. 5F). These data,
combined with the results shown in Fig. 3 and 4, demonstrate the presence of cross talk
between NO and calcium in HS signaling.

Analysis of the effects of Ca2� on GA biosynthesis in WT and NRi strains. To
examine the relationship between NO and Ca2� in GA biosynthesis under HS treatment
conditions, NRi strains were exogenously pretreated with EGTA and the CaM antagonist
N-(6-aminohexyl)-5-chloro-1-naphthalene sulfonamide hydrochloride (W7) to prevent
both Ca2� and NO. Exogenous CaCl2 and SNP were added in the presence of EGTA or
W7 to the NRi strains, respectively. The same treatment was performed for the WT as
a control. Under HS treatment conditions, the GA content was reduced (P � 0.05) by
20% and 15% in the presence of EGTA and W7 in the WT and empty vector control (CK)
samples, respectively. The exogenous application of CaCl2 after pretreatment with
EGTA could fully restore the GA content in the WT and CK samples, and the exogenous
application of CaCl2 after pretreatment with W7 showed only a 9% recovery (P � 0.05)
of the GA content in the WT and CK samples. However, the readdition of SNP after
pretreatment with EGTA and W7 had no significant (P � 0.05) effect on the GA levels
in the WT and CK samples under HS treatment (Fig. 6A and D). The SQ and Lano
contents were similar to the total GA content in the WT (Fig. 6B, C, E, and F). The GA
level was notably decreased (P � 0.05) by approximately 23% and 18% by pretreatment
with EGTA and W7, respectively, in the NRi-6 and NRi-8 strains compared with the
strains treated with only HS, and they approached the WT level. After exogenous
application of CaCl2, the GA contents of the NRi-6 and NRi-8 strains could be restored
to the levels in the samples treated with only HS, despite the presence of EGTA. Under
HS, the GA content recovered (P � 0.05) by only 10% in the CaCl2-and-W7-cotreated
sample compared with the sample treated with only W7. However, supplementation
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FIG 5 Effect of Ca2� on the NO signaling pathway under HS treatment conditions. (A) The WT strains were cultured on PDA plates for 5 days, treated with 2
mM CaCl2 or 500 �M EGTA for 30 min, and then exposed to 42°C for 20 min. The changes in NO levels were detected by fluorescence microscopy after staining
with DAF-FM DA. (B) Changes in the NO fluorescence ratios in the strains subjected to different treatments. (C) The WT and CaMi strains were cultured on PDA
plates for 5 days, treated with or without 2 mM CaCl2 for 30 min, and then exposed to 42°C for 20 min. The changes in NO levels were detected by fluorescence
microscopy after staining with DAF-FM DA. (D) Changes in the NO fluorescence ratios in WT and CaMi strains subjected to different treatments. (E) Effect of
CaCl2 and EGTA on the expression of the NR gene in G. lucidum under HS treatment. (F) Changes in the expression of the NR gene in the WT and CaMi strains
under HS treatment with or without CaCl2. The values are the means � SD of the results from three independent experiments. Different letters indicate
significant differences between the lines (P � 0.05, according to Duncan’s multiple-range test).
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with SNP after pretreatment with EGTA and W7 had no significant (P � 0.05) effect on
the GA content in NRi-6 and NRi-8 strains (Fig. 6A and D). To reflect the changes in GA
accumulation from various aspects, the SQ and Lano levels were detected, which
showed the same changing patterns as the GAs under HS conditions in the NRi-6 and
NRi-8 strains (Fig. 6B, C, E, and F). These observations suggest that Ca2� participates in
the NO pathway of HS signal transduction and that Ca2� is involved in GA biosynthesis
in the NRi strains.

Analysis of the effects of NO on GA biosynthesis in the WT and CaMi strains. To
further examine the interaction between NO and Ca2� in GA biosynthesis under HS
conditions, we examined the effect of NO on the CaMi strains. Exogenous pretreatment

FIG 6 Effects of Ca2� on GA biosynthesis in the WT and NRi strains. The WT strains were cultured in PDA liquid cultures with shaking for 5 days
with the addition of exogenous 2 mM CaCl2 and 500 �M SNP in the presence of 500 �M EGTA and then exposed to 42°C for 12 h. (A to C)
Measurements of the total GA (A), squalene (B), and lanosterol (C) contents in heat-stressed strains are shown. The WT and NRi strains were
cultured in PDA liquid cultures with shaking for 5 days, and exogenous 2 mM CaCl2 and 500 �M SNP were added in the presence of 50 �M W7.
(D to F) Measurements of the total GA (D), squalene (E), and lanosterol (F) contents in the heat-stressed strains are shown. The values are the
means � SD of the results from three independent experiments. Different letters indicate significant differences between the lines (P � 0.05,
according to Duncan’s multiple-range test).
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of the CaMi strains with cPTIO and Na2WO4 prevented both NO and Ca2�. Then,
exogenous SNP and CaCl2 were added in the presence of cPTIO and Na2WO4 to the
CaMi strains, respectively. The same treatment of the WT served as a control. Analysis
of the level of GA revealed that pretreatment with cPTIO and Na2WO4 led to no
significant (P � 0.05) difference in the CaMi strains, although the effect clearly en-
hanced the GA levels in the WT (Fig. 7A and D). Under HS, exogenous application of SNP
could effectively alleviate cPTIO- and Na2WO4-induced GA accumulation in the WT.
However, supplementation with SNP after pretreatment with cPTIO and Na2WO4 had
no significant (P � 0.05) effect on the GA content in the CaMi-2 and CaMi-8 strains.
Under HS, supplementation with CaCl2 after pretreatment with cPTIO and Na2WO4 led

FIG 7 Effects of NO on GA biosynthesis in the WT and CaMi strains. The WT and CaMi strains were cultured in PDA liquid cultures with shaking
for 5 days, and exogenous 2 mM CaCl2 and 500 �M SNP were added in the presence of 500 �M cPTIO, respectively. The strains were then exposed
to 42°C for 12 h. (A to C) Measurements of the total GA (A), squalene (B), and lanosterol (C) contents in the heat-stressed strains are shown. The
WT and CaMi strains were cultured in PDA liquid cultures with shaking for 5 days, and exogenous 2 mM CaCl2 and 500 �M SNP were added in
the presence of 500 �M Na2WO4. The strains were then exposed to 42°C for 12 h. (D to F) Measurements of the total GA (D), squalene (E), and
lanosterol (F) contents in the heat-stressed strains are shown. The values are the means � SD of three independent experiments. Different letters
indicate significant differences between the lines (P � 0.05, according to Duncan’s multiple-range test).
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to 15% and 13% increases (P � 0.05) in GA accumulation relative to that observed in
the WT samples treated with only cPTIO or Na2WO4. However, partial recovery rates of
only 10% and 7% (P � 0.05) in the CaMi strains were found after supplementation with
CaCl2 after pretreatment with cPTIO and Na2WO4, respectively (Fig. 7A and D). To
monitor the metabolic synthesis of GAs, the intermediate products SQ and Lano were
also analyzed. The SQ and Lano levels suggested the same trend in GA content (Fig. 7B,
C, E, and F), whereas exogenous application of cPTIO showed adverse effects on the WT
and CaMi strains. These results suggest that Ca2� may have a more direct and
significant effect than NO on the HS-induced GA increase.

DISCUSSION

Secondary metabolites are a diverse set of compounds that are believed to have
numerous functions in plant-environment interactions and adaptation to the changing
environment. HS is an important environmental stress that influences secondary me-
tabolites. Ectoine and 5-hydroxyectoine biosynthesis is triggered in response to a high
growth temperature in Streptomyces coelicolor. Increased levels of phenylpropanoid
metabolites have been observed in citrus plants in response to HS. Research on the
regulatory mechanism of the environment in the synthesis of secondary metabolite
products has aroused general concern. Our recent research has also shown a significant
increase in GA content after HS in G. lucidum (14). However, little is known regarding
the mechanism through which HS induces secondary metabolism in fungi. G. lucidum
is widely used in Asia, notably in East Asia. As a nonmodel organism, it is difficult to
extensively research the molecular interaction from a genetic perspective. However,
from the physiological perspective, further research will be necessary to determine
which signaling molecules are involved in controlling this process. This research will
also aid the explanation of the mutual influence between these signals and provide a
detailed understanding of the signal transduction mechanisms of HS. In this work, we
obtained evidence for the involvement of NO in HS-induced GA biosynthesis. These
results provide insights into the mechanism underlying the environmental control of
secondary metabolism via signal transduction pathways.

NO is an important signal molecule in stress responses. However, stress-induced NO
occurs via multiple pathways. In mammals, NO production is mainly mediated by NO
synthase (NOS), which oxidizes arginine to generate citrulline and NO (15). However,
the molecular identity of plant NOS is unknown. In the absence of functional NOS
proteins, one of the most important sources of NO in land plants is thought to be the
reduction of nitrite (NO2

�) by NR. However, little is known about the role and
biosynthesis of NO in fungi. In Aspergillus nidulans, NO synthesis by NR is regulated
during development (16). Our study demonstrated that HS treatment increased the
amount of NO produced from NR to alleviate GA accumulation induced by HS in G.
lucidum. The involvement of NR-mediated NO production has been reported under
both biotic and abiotic stresses in plants. In Triticum aestivum, the NO burst mediated
through NR relieved Al-induced root inhibition and oxidative damage, and antioxidant
enzyme activities were significantly enhanced by an NO donor but suppressed by an
NO scavenger or NR inhibitor under Al stress (17). In Arabidopsis, cold acclimation
induced an increase in the endogenous NO level by stimulating NR activity, and the use
of an NR inhibitor, an NO scavenger, and an NO donor revealed that the NR-dependent
NO level was positively correlated with freezing tolerance (18). In summary, both in
plants and in fungi, the NO product from NR plays a key role in normal growth and in
alleviating the stress response.

The function of Ca2�, which acts as a signaling molecule in organisms, is now well
established (19). The possibility that NO works together with the universal second
messenger Ca2� in animals and in plant biology has emerged. However, in microor-
ganisms, fewer correlative research studies on the relationship between signals have
been reported, particularly in fungi. Studies of NO and Ca2� in plants and animals have
shown significant overlap in their individual pathways, and growing evidence suggests
that these two messengers may interact in subtle ways; however, it remains contro-
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versial regarding which pathway is upstream of the other. Our current data indicate
that NO is required for HS-induced GA biosynthesis both upstream and downstream of
Ca2� in G. lucidum. Similar results have been reported in research on plants and animals
(Table S2). Studies examining animal cells highlight the ability of NO to modulate the
gating of Ca2� channels and to impact the activity of Ca2� pumps (20). Moreover, Ca2�

sensors, such as Ca2�/CaM-dependent protein kinases, which are regulated through
NO-dependent mechanisms, are being discovered (21). NO is not only a step in the
signaling cascades initiated by Ca2� but also one of the key messengers governing the
overall control of Ca2� homeostasis (22). The occurrence of such cross talk is well
documented in plants. Ca2� induces NO production in guard cells of the Arabidopsis
epidermis, and NO generation in guard cells further triggers transient Ca2� and finally
stomatal closure. The results describing the Ca2� signal transduction pathway indicate
that it cross talks with NO, leading to stomatal closure (23). In Ulva compressa,
copper-induced NO synthesis and increases in NOS activity are dependent on Ca2�

release, and copper-induced calcium release is activated by NO. These results suggest
that Ca2� functions both upstream and downstream of NO production under exposure
to copper stress (24). The present research is of great importance for determining the
molecular mechanisms underlying the cross talk between Ca2� and NO under expo-
sure to biotic stress.

Numerous studies indicate that Ca2�, a key messenger in regulating many growth
and developmental processes, plays a crucial role in stress signaling. In various ways,
signal-induced cellular Ca2� levels can regulate response genes either directly or
indirectly through Ca2� sensors. Elevated Ca2� levels influence the binding of Ca2�

transcription factors, which directly bind to specific DNA sequences and modulate gene
expression. In addition, Ca2� can activate calcium sensors (Ca2�/CaM or Ca2�/
calmodulin-like [CML] sensors) that interact with DNA-binding proteins and modulate
their activity. Finally, Ca2� activates a protein kinase (calcium-dependent protein kinase
[CDPK], CaM-binding protein kinase [CBK], and/or CaM kinase [CaMK]) directly or a
protein phosphatase, which in turn phosphorylates or dephosphorylates a transcription
factor (TF), resulting in the activation or repression of transcription (25, 26). Although
there are various downstream receptors (Ca2� receptor protein), these studies provide
evidence that CaM might be one of the key players in the response to biotic and abiotic
stresses (27). Our current results have shown that CaM plays an important role in
HS-induced GA biosynthesis. The addition of CaCl2 could partially restore the accumu-
lation of GA in W7-treated and in CaM-silenced strains, potentially because the other
Ca2� receptor plays a role in this process.

Due to the importance of high-temperature stress, a large amount of research has
been undertaken to understand how to integrate these signals via a signaling network,
which involves second-messenger molecules as well as signal-sensing proteins. A
variety of signaling pathways are thought to be triggered by reactive oxygen species
(ROS) and redox imbalance under HS conditions and play an important role in plants.
H2O2 is quickly produced in response to heat treatment in Arabidopsis species (28).
Heat-induced overaccumulation of ROS occurs in Arabidopsis species (29). Considerable
evidence has accumulated supporting the roles of proline, membrane fluidity, and
protein kinases in HS signal transduction (30, 31). However, little is known regarding the
relationships between these signaling molecules in the biosynthesis of secondary
metabolism under HS. Thus, the relationship between these signaling molecules in
HS-induced secondary metabolism in G. lucidum merits further investigation.

In a recent study, our data suggested that HS-induced cytosolic Ca2� participates in
regulating GA biosynthesis in G. lucidum (14). In the present study, our data suggested
that HS treatment could induce NO accumulation in G. lucidum and that NO alleviates
GA accumulation induced by HS treatment. NO and Ca2� could promote each other in
response to HS. However, the roles of NO and Ca2� in response to HS were reversed.
This phenomenon has also been reported in muscle cells. Cytosolic Ca2� increases NO
release, and the generation of NO induces the release of Ca2� (Table S2). Ca2� activates
muscle growth and regeneration; however, NO represses muscle growth and regener-
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ation (32). This finding illustrates the complexity of the signal-regulating network. On
the one hand, the signal exercises its functions, and on the other hand, the signal
promotes the reverse function. Collectively, our data confirm the existence of a novel
signaling pathway in which NO production is stimulated by HS to regulate GA accu-
mulation (Fig. 8). This finding allows us to further study the biological processes in HS
at the physical level, and combined with genetic modification, these studies will allow
us to shed light on the mechanisms of HS signal transduction at a more advanced level.
A greater understanding of the regulation of secondary metabolism in response to
environmental stimuli will provide clues regarding the roles of these products in fungal
biology.

MATERIALS AND METHODS
Fungal strains and growth conditions. The DH5� strain of Escherichia coli was used for plasmid

amplification and grown in Luria-Bertani (LB) medium containing 100 mg/ml ampicillin or 50 mg/ml
kanamycin, as required. G. lucidum was used as the wild-type (WT) strain. The WT, CK (empty vector
control), NR-silenced, and CaM-silenced strains were cultured at 28°C in potato dextrose broth (PDB)
medium.

HS treatments and chemical treatments. The HS treatments were conducted according to a
protocol described previously, with some modifications (14). The strains were inoculated on a potato
dextrose agar (PDA) plate that was overlaid with a layer of cellophane and cultured for 5 days at
28°C. The fungal mycelium was then transferred onto a PDA plate with 2-(4-carboxyphenyl)-4,4,5,5-
tetramethylimidazoline-1-oxyl-3-oxide potassium salt (cPTIO), sodium nitroprusside (SNP), ethylene
glycol-bis(2-aminoethylether)-N,N,N=,N=-tetraacetic acid (EGTA), and CaCl2 for 30 min before HS treat-
ment (14, 33, 34). The G. lucidum strains were exposed to 42°C for 20 min, and the NO and Ca2� levels
were then evaluated. The mycelium was cultured on PDA plates overlaid with a layer of sterile cellophane
for 5 days and then transferred to PDA with cPTIO, SNP, EGTA, and CaCl2 for 30 min before HS treatment.
To evaluate the transcriptional expression levels of the NR gene and the CaM gene, 5-day-old G. lucidum
strains were heat-stressed at 42°C for 90 min (14).

To detect GA and its mesostate, chemical treatments were conducted according to a previously
described protocol, with some modifications (14). The strains were cultured on PDA liquid cultures for 5
days with shaking, exposed to 42°C for 12 h, and then incubated in stable PDA liquid cultures at 28°C
until the 7th day (14). In the experiments, the samples were pretreated with cPTIO, SNP, EGTA, and CaCl2
for 30 min prior to HS. In the experiments requiring the readdition of exogenous calcium and SNP, the

FIG 8 Schematic representation of a hypothetical model of the HS signaling pathway in GA biosynthesis
in G. lucidum. HS treatment could induce NO accumulation, and NO production from NR is involved in
alleviating HS-induced GA biosynthesis. There is cross talk between the NO and calcium signals in
response to HS-induced GA biosynthesis. Ca2� may have a more direct and significant effect than NO on
the HS-induced GA increase. The solid arrows indicate data supported by our own experiments, and
dotted arrows indicate potential reactions or data that have been experimentally supported in other
systems.
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specimens were supplemented with 2 mM CaCl2 and 500 �M SNP after EGTA or cPTIO pretreatment for
30 min.

Real-time PCR analysis of gene expression. The levels of gene-specific mRNA expressed by the WT
and isolated RNAi transformant strains were assessed using quantitative real-time PCR, according to our
previous study (33). Gene expression was evaluated by calculating the difference between the threshold
cycle (CT) value of the analyzed gene and the CT value of the 18S rRNA housekeeping gene. Quantitative
real-time reverse transcriptase PCR (qRT-PCR) calculations analyzing the relative gene expression levels
were performed according to the 2�ΔΔCT method described by Livak and Schmittgen (35). We considered
a gene fold change of �2 and P value of �0.01 as reflecting a significant difference in expression (36).
The gene fragments were amplified by real-time PCR using the primers shown in Table S1.

NO detection assay. The fluorescent probe 4-amino-5-methylamino-2=,7=-difluorofluorescein diace-
tate (DAF-FM DA; Sigma) was used to measure the intracellular NO production, as described previously
(16). The mycelium was stained with DAF-FM DA for 20 min to visualize NO, and a fluorescence
microscope (BX53F; Olympus) was used to detect the fluorescence. We selected all the hyphae in the
images for NO quantification, and the average fluorescence intensities of DCFH-DA in the mycelia were
analyzed using Zen Lite (Zeiss Software). The average fluorescence intensity was the total value of all
hyphal fluorescence intensities divided by the number of all hyphae in the images.

Ca2� detection assay. The Ca2� concentrations were assessed according to a previously described
method (33). For the fluorescence assay, the tissues were stained with Fluo-3AM to visualize the free
cytosolic Ca2�. Fluo-3AM was loaded into the cells by incubation for 30 min, and the cells were then
washed three times with phosphate-buffered saline (PBS). The Fluo-3AM-labeled cells were examined
using a fluorescence microscope (BX53F; Olympus). To eliminate the contribution of the fluorescence
background, control cells without Fluo-3AM labeling were also imaged under identical conditions. We
selected all the hyphae in the photos for Ca2� quantification, and the average fluorescence intensities
of Fluo-3AM in the mycelia were analyzed using Zen Lite (Zeiss Software). The average fluorescence
intensity was the total value of all hyphal fluorescence intensities divided by the number of all hyphae
in the photos.

Construction of RNAi plasmids and strains. The construction of a fungal RNAi vector, pAN7-dual,
was performed as previously described (13). The glyceraldehyde-3-phosphate dehydrogenase (gpd)
promoter and 35S promoter were used to suppress the expression of the NR gene and the CaM gene.
The coding region of the NR gene and the CaM gene was amplified by PCR using G. lucidum cDNA as
the template and the primers listed in Table S1 in the supplemental material. The RNA interference
(RNAi)-silencing vectors pAN7-dual-NRi and pAN7-dual-CaMi were transferred into G. lucidum by elec-
troporation. Dozens of transformants were selected randomly, and qRT-PCR analyses were performed to
determine the silencing efficiency of the transformants. Two independent silencing strains with the
highest silencing efficiency were selected for further study.

Detection and measurement of GA and its mesostate in the GA biosynthesis pathway. GAs,
squalene, and lanosterol were extracted and measured from fungal mycelia according to a previously
described method (37). Ganoderic acid-a was used as the standard (38).

Statistical analysis. All experimental data shown in this paper were obtained from three indepen-
dent samples to ensure that the trends and relationships observed in the cultures were reproducible. The
error bars in Fig. 1 to 7 indicate the standard deviation (SD) from the means of triplicates. Within each
set of experiments, bars with different letters are significantly different at a P value of �0.05, according
to Duncan’s multiple-range test.
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