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ABSTRACT Ganoderma lucidum is among the best known medicinal basidiomycetes
due to its production of many pharmacologically active compounds. To study
the regulatory networks involved in its growth and development, we analyzed the
relationship between reactive oxygen species (ROS) and Ca?™ signaling in the regu-
lation of hyphal branching and ganoderic acid (GA) biosynthesis after Cu2* treat-
ment. Our results revealed that Cu2* treatment decreased the distance between
hyphal branches and increased the GA content and the intracellular levels of ROS
and Ca2*. Further research revealed that the Cu?*-induced changes in hyphal
branch distance, GA content, and cytosolic Ca2* level were dependent on increases
in cytosolic ROS. Our results also showed that increased cytosolic Ca2* could reduce
cytosolic ROS by activating antioxidases and modulating Cu?* accumulation, result-
ing in feedback to adjust hyphal growth and GA biosynthesis. These results indi-
cated that cytosolic ROS and Ca2* levels exert important cross talk in the regulation
of hyphal growth and GA biosynthesis induced by Cu?*. Taken together, our re-
sults provide a reference for analyzing the interactions among different signal
transduction pathways with regard to the regulation of growth and development
in other filamentous fungi.

IMPORTANCE Ganoderma lucidum, which is known as an important medicinal ba-
sidiomycete, is gradually becoming a model organism for studying environmental
regulation and metabolism. In this study, we analyzed the relationship between re-
active oxygen species (ROS) and Ca?* signaling in the regulation of hyphal branch-
ing and ganoderic acid (GA) biosynthesis under Cu?* stress. The results revealed
that the Cu2*-induced changes in the hyphal branch distance, GA content, and cy-
tosolic Ca2* level were dependent on increases in cytosolic ROS. Furthermore, the
results indicated that increased cytosolic Ca2* could reduce cytosolic ROS levels by
activating antioxidases and modulating Cu?* accumulation. The results in this paper
indicate that there was important cross talk between cytosolic ROS and Ca2* levels
in the regulation of hyphal growth and GA biosynthesis induced by Cu?*.

KEYWORDS Ganoderma lucidum, copper stress, reactive oxygen species, calcium,
ganoderic acids, hyphal branching

anoderma lucidum is one of the best known medicinal basidiomycetes in China

and Southeast Asia because it contains many pharmacologically active com-
pounds. Ganoderic acids (GAs), which are among the important active compounds
isolated from G. lucidum, show remarkable pharmacological activity and a variety of
therapeutic effects on a number of human diseases; GAs are also hallmarks of second-
ary metabolism in G. lucidum (1). Current research on G. lucidum largely focuses on
separating the active components and attempting to understand the underlying
mechanisms that regulate the synthesis of secondary metabolites (2). The mechanisms
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of biosynthetic regulation are difficult to study due to the complexity of the active
compounds in G. lucidum and the specific developmental patterns of filamentous fungi.
However, the recent publication of the G. lucidum genome sequence (3) and the
development of molecular genetic tools (4, 5) have contributed to further analyses.
Based on this research progress, G. lucidum could become a model system for studying
the complex growth patterns and regulation of secondary metabolic pathways in
filamentous fungi.

Research on the regulation of GA biosynthesis has mainly employed the classical
method of optimizing and controlling the fermentation process (6-8). Involvement of
the following exogenous substances in GA biosynthesis has also been reported: aspirin
(9), phenobarbital (10), acetate (11), and methyl jasmonate (MeJA) (12). Additional
studies have found that many signaling pathways may participate in the regulation of
GA biosynthesis in G. lucidum, including those involving ROS and Ca2* (13, 14).

Both ROS and Ca2* are important intracellular messengers and are involved in
regulating the biosynthesis of secondary metabolites. In higher plants, ROS signaling is
involved in proline metabolism and plays a vital role in senescence (15). Aflatoxin
production in Aspergillus parasiticus was inhibited by treatment with Ca2™ channel
blockers, which suggests the importance of Ca2™ in the production of these secondary
metabolites (16). In G. lucidum, NADPH oxidases (Nox), which are the main source of
ROS, were found to positively regulate GA biosynthesis and hyphal growth (17). MeJA
has been reported to induce GA biosynthesis and generate a Nox-dependent ROS
burst, and the GA biosynthesis induced by MeJA treatment was abolished by ROS
scavengers or in Nox-silenced mutants. These findings suggest that ROS play an
important role in the biosynthetic regulation elicited by MeJA treatment (13). In
addition, You et al. reported that aspirin was able to induce GA biosynthesis via ROS
accumulation and cell apoptosis in G. lucidum, indicating that ROS may be involved in
regulating GA biosynthesis (9). Cellular Ca2™, a ubiquitous second messenger, is also
involved in the biosynthetic regulation of GAs in G. lucidum. Sequence analysis revealed
that the promoters of key GA biosynthetic genes (hmgr, osc, and sgs) contain a putative
calcineurin-responsive zinc finger transcription factor (Crz)-binding element and that
the gene expression of cytosolic Ca?* sensors was upregulated with Ca2™ addition.
Overall, this evidence suggests that Ca2* signal transduction has a substantial effect on
GA biosynthesis (18). Additionally, there are reports that exogenous H,O, treatment
activates Ca2™ channels that induce Ca2* influx and elevate cytosolic Ca2* to regulate
GA biosynthesis, a process that could be inhibited with a Ca2™ channel blocker (17). The
effects of glutathione peroxidase (GPx) on GA biosynthesis via ROS are also regulated
by cytosolic Ca2™ content and are associated with Ca2* pathway-related gene expres-
sion (14). Thus, the research to date indicates that both ROS and Ca2™ signaling
pathways participate in the regulation of GA biosynthesis and that some interaction
between ROS and Ca2* signaling may be observed in G. lucidum. However, because the
exact mechanism of ROS- and Ca2*-regulated GA biosynthesis remains unclear, studies
aimed at a comprehensive understanding of the relationship between signaling and GA
biosynthesis are worth pursuing.

As a third key modulator after calcium and zinc, copper can induce changes in the
intracellular ROS and Ca2* contents (19) and affect various physiological and biochem-
ical responses (20). Copper has also reportedly been used as an inducer to increase the
GA content during submerged fermentation (21). Copper, which is an exogenous
environmental factor, could be optimal for resolving the roles of ROS and Ca2* in the
regulation of development and metabolism in G. lucidum. We examined the potential
cross talk between cytosolic Ca2* and ROS levels under copper stress and analyzed
their roles in copper-induced changes in hyphal branching and GA biosynthesis in G.
lucidum. Our results indicate that a burst of ROS under copper stress is important for
regulating hyphal branching and GA biosynthesis. Based on the increase in cytosolic
Ca2* content under copper stress, our work suggests that such an increase in cytosolic
Ca?* may affect ROS levels by regulating antioxidase activity to modulate hyphal
growth and GA biosynthesis. In addition, our results also indicated that increased
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FIG 1 Copper stress regulates the accumulation of intracellular copper, hyphal branching, and GA biosynthesis in G. lucidum. (A) The G.
lucidum WT strain was cultured in liquid CYM with shaking at 28°C. On the 4th day, various concentrations of copper were added. On the
7th day, the samples were analyzed. The levels of intracellular copper accumulation were measured by microwave digestion generation
atomic fluorescence spectrometry and ICP-OES. (B) Effect of various copper concentrations on hyphal growth and colony diameter. (C) A
UPLC method was used to measure the GA content in G. lucidum cultures treated with various concentrations of copper. (D to F)
Measurements of the relative expression of genes that encode key enzymes in the GA biosynthetic pathway under various concentrations
of copper: hmgr (encoding 3-hydroxy-3-methylglutaryl coenzyme A reductase), sqs (encoding squalene synthase), and osc (encoding
lanosterol synthase). (G) The G. lucidum WT strain was cultured on CYM plates for 5 days with various concentrations of copper. Aerial
hyphae were removed from actively growing colonies, suspended in 2.5 ug - ml~" Fluorescent brightener 28, and observed using a Nikon
Eclipse Ti-S microscope with UV light. The distance between two hyphal branches was measured in the fluorescence image. (H) Changes
in the GA contents in copper-stressed cultures in the presence of a copper chelator. (I) Changes in the hyphal branch distance in G. lucidum
in copper-stressed cultures in the presence of a copper chelator. All values are the mean =+ standard deviation (SD) of the results from
three independent experiments. Within each set of experiments, different letters indicate significant differences between the lines (P <
0.05, according to a multiple-comparison one-way ANOVA).

cytosolic Ca?™ modulates the accumulation of intracellular copper. Our research offers
a new approach to understanding the regulatory mechanisms that underlie the bio-
chemical/physiological responses to other environmental factors in G. lucidum.

RESULTS

Copper stress regulates GA biosynthesis and hyphal branching in G. lucidum.
To precisely determine the effect of copper on GA biosynthesis in G. lucidum, we first
measured the copper content in G. lucidum mycelia after treatment with various
concentrations of copper. As illustrated in Fig. 1A, the copper content in G. lucidum
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mycelia without copper treatment was 0.02 mg/g (dry weight [DW]). This value was
significantly increased by the various treatments. The copper content was increased to
2.69 mg/g (DW) with 2 mM copper treatment, 3.31 mg/g (DW) with 3 mM copper
treatment, 3.26 mg/g (DW) with 4 mM copper treatment, and 2.24 mg/g (DW) with 5
mM copper treatment (Fig. 1A). These results indicate that exogenous copper could
significantly augment the endogenous copper content. Additionally, the effects on
hyphal growth of different copper concentrations were also investigated (Fig. 1B). The
results demonstrated that growth was significantly inhibited by the treatments with
increasing concentrations of copper, especially in the groups treated with 4 or 5 mM
copper.

We then measured the GA content after treatment with the various concentrations
of copper (Fig. 1C). Among the tested concentrations, the level of GAs exhibited a
maximum 91% increase relative to the control at 3 mM copper. In addition, real-time
PCR (RT-PCR) was used to analyze the effects of copper stress on the gene expression
of key enzymes in the GA biosynthetic pathway, including sgs (encoding squalene
synthase), osc (encoding lanosterol synthase), and hmgr (encoding 3-hydroxy-3-
methylglutaryl coenzyme A reductase). As shown in Fig. 1D to F, these three genes
were generally upregulated under copper stress. The expression levels of sgs and osc
were significantly increased in the 3 mM copper-treated sample. The expression of
hmgr was significantly increased in the 4 mM copper-treated sample but decreased in
the 3 mM copper-treated sample. This result provides support for the concept that
copper induces GA biosynthesis. This result also shows that the expression of the sgs
and osc genes was most highly upregulated in the samples treated with 5 mM copper
(Fig. 1D and E), although the copper content in G. lucidum mycelia was significantly
lower in those treated with 5 mM copper (Fig. 1A). The discrepancy between the
transcription and GA content data could be explained by differences in the stability of
mRNA. The activity of the enzymes could also affect GA biosynthesis.

To explore whether GA biosynthesis is a global response to metal stress or is specific
to copper stress alone, we analyzed the effect of two other metals, iron and cadmium,
on GA biosynthesis. The results are shown in Fig. S1 in the supplemental material and
indicate that GA content could be increased by 3 mM Cd?™* but could not be increased
by 3 mM Fe3+.

Hyphal branching is an important developmental behavior in filamentous fungi and
is closely related to growth and nutrient absorption. To investigate the effect of copper
stress on growth in G. lucidum, the distance between pairs of branches was measured
in the wild-type (WT) strain cultured on solid complete yeast medium (CYM) with
various concentrations of copper. Statistically, the data revealed that the various
concentrations of copper could decrease the hyphal branch distances in the WT strain
compared with no treatment (Fig. 1G). The mean hyphal branch distance was signifi-
cantly reduced from 160 um to approximately 90 uwm under the various levels of
copper stress. Furthermore, a copper-specific chelator [(NH,),MoS,] was used to show
that a reduction in Cu2* concentration could reduce GA production and increase the
hyphal branch distance (Fig. 1H and ).

The above-described results demonstrated that copper stress could reduce the
hyphal branch distance and enhance GA biosynthesis in G. lucidum.

Copper stress increases the concentrations of ROS and Ca2+. The levels of ROS
and Ca?* in mycelia exposed to copper were also investigated by dichloro-
dihydrofluorescein diacetate (DCFH-DA) and Fluo-3 AM staining. As indicated in Fig. 2A
and C, increases in the green fluorescence intensity were observed under copper stress
compared with the control, which demonstrated that copper stress induced an increase
in the level of cytosolic ROS. The production of ROS was markedly increased by 53%
with 2 mM copper and 104% with 3 mM copper, reached a maximum of 168% with 4
mM copper, and decreased slightly to 163% with 5 mM copper (Fig. 2A and C). In
addition, the level of cytosolic Ca2* was also significantly enhanced by the addition of
various concentrations of copper (Fig. 2B and D), increasing by 64% with 2 mM and
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FIG 2 Copper stress increases the concentration of ROS and Ca2* and the expression of related genes. The G. lucidum WT strain was cultured on CYM plates
for 5 days with various concentrations of copper. Aerial hyphae were removed from actively growing colonies, suspended in either the fluorescent dye DCFH-DA
to measure the cytosolic ROS (A) or Fluo-3AM to measure the free cytosolic Ca2* (B) for 30 min at 37°C. The hyphae were washed three times with PBS to remove
excess fluorophore. The green fluorescence of the DCF- and Fluo-3-labeled cells was visualized by confocal laser scanning microscopy (CLSM), with the green
fluorescence intensity representing the levels of cytosolic ROS and Ca2*. DIC, differential interference contrast. Scale bar = 100 um. (C and D) Changes in the
cytosolic ROS and Ca?* fluorescence ratios in copper-stressed G. lucidum. The y axis represents the fluorescence ratio measured by CLSM, and the x axis
represents the various concentrations of copper. Within each set of experiments, different letters indicate significant differences between the lines (P < 0.05,
according to a multiple-comparison one-way ANOVA). (E) Changes in the cytosolic ROS fluorescence ratio in copper-stressed cultures in the presence of a
copper chelator. (F) Changes in the cytosolic Ca2* fluorescence ratio in copper-stressed cultures in the presence of a copper chelator. (G) The WT strain was
cultured in liquid CYM with shaking at 28°C. On the 4th day, various concentrations of copper were added. On the 7th day, the samples were analyzed. The
expression levels of certain ROS and Ca2* signaling-related genes were measured after the hyphae were treated for 3 days with various concentrations of
copper. The relevant genes were measured using real-time PCR with the 18S rRNA gene as a reference gene, and the results are presented as a heatmap
generated using GeneSpring GX 7.3.1 software (Agilent Technologies). The relative expression is shown as a mean value from 0.0 to 4.0 in green to red. noxA
is GL29985-R1, noxB is GL20957-R1, noxR is GL21525-R1, gpx is GL25995-R1, sod1 is GL23886-R1, cat1 is GL22189-R1, apx is GL23456-R1, plc is GL20551-R1, mid
is GL23328-R1, cch is GL23103-R1, crz is GL26097-R1, cam is GL22217-R1, camk1 is GL29849-R1, and camk?2 is GL20460-R1. The values are the mean = SD of
the results from three independent experiments. (H and ) Dynamic detection by flow cytometry of ROS and Ca?* in G. lucidum at early times during the copper
treatment. The y axis represents the count of stained cells, and the x axis, shown as FL1-A, represents the DCFH-DA (H) and Fluo 3-AM (I) fluorescence intensity.

103% with 3 mM and reaching maxima of 127% with 4 mM and 153% with 5 mM. These
results indicate that copper stress induced increases in the levels of both cytosolic ROS
and Ca2*. Furthermore, a copper-specific chelator [(NH,),Mo0S,] was used to show that
a reduction in Cu?™ concentration could reduce ROS and Ca?™ levels (Fig. 2E and F).

The above-described results demonstrated that increases in the ROS and Ca?*
contents were determined in response to copper stress. To further verify the effect of
copper on the ROS and Ca2* signaling pathway, an RT-PCR assay was carried out to
analyze the transcription levels of certain ROS and Ca?™ signaling-related genes,
including NADPH oxidase family genes (noxA, noxB, and noxR), antioxidant enzyme
genes (gpx, sod, cat, and apx), Ca2* channel-related genes (plc, mid, and cch), and Ca2*
signaling pathway genes (crz, cam, camki1, and camk2), after treatment with various
concentrations of copper (Fig. 2G). The primers used to detect transcriptional changes
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TABLE 1 Oligonucleotide primers used

Primer Sequence (5’ to 3') Detection

SqsRT-F CTGCTTATTCTACCTGGTGCTACG  sgs gene expression
SgsRT-R GGCTTCACGGCGAGTTTGT

OscRT-F AGGGAGAACCCGAAGCATT 0sC gene expression
OscRT-R CGTCCACAGCGTCGCATAAC

HmgrRT-F GTCATCCTCCTATGCCAAAC hmgr gene expression

HmgrRT-R  GGGCGTAGTCGTAGTCCTTC
NoxaRT-F CGTAGAGTTCTTCTGGGTTTGC noxA gene expression
NoxaRT-R CTGCGTGAGGTAGATGTTGATA

NoxbRT-F TTCGCGTCGATCCTCAAGT noxB gene expression
NoxbRT-R GTTCTGCGTGTCCTGCTCC
NoxrRT-F GCAGCTATGGAGGCAGCATG noxR gene expression

NoxrRT-R TCGCGGTAGTACAGCTTCACG
GPxRT-F ATGTCCGACGCAGGATTCTACT gpx gene expression
GPxRT-R GGAAGCCGAGAATGACGAAG

CAT1RT-F TACGGTATTCAGCTCTTGT Catalase 1 expression

CAT1RT-R TGTTGTAACGGAACTTCTC

SOD1RT-F ATCGCCGTCTTCGTCGTTT Superoxide dismutase 1 gene expression
SOD1RT-R  GTGACTGGTGCGGTAGGGA

APXRT-F TTTTCGGTGCCCTTGGTGC Ascorbate peroxidase gene expression
APXRT-R GTAGTTCTTATCAGCCGCCT

PIcRT-F CAACTTTGACGACGTAGAGC Phospholipase C gene expression

PICRT-R GGCGTGCCTTGAGGGACTT

MidRT-F AACTTGTCCTTGCCATCACC mid expression

MidRT-R CCAGCCATCCGTATTCTTC

CchRT-F GCTGGTGCTGGGTAGGA cch expression

CchRT-R TCCAGTCAGGCAAATAGG

CrzRT-F ACGCCCCTTCCTATGCGAGTG Calcineurin-responsive zinc finger transcription
CrzRT-R AGGAAACGGCGTCAGTAGC factor expression

CamRT-F CCCCGAGTTCCTGACGATG Protein that undergoes conformational change
CamRT-R AGCTTCTCGCCGAGGTTGG upon binding to Ca?* expression

CamK1RT-F  GTCGATATGTGGTCAACAGGGATT camk1 gene expression

CamK1RT-R  ACGGTCGGTGGGAAGTCAGC

CamK2RT-F  GAAGTTCCACCTCTTGACGG camk2 gene expression

CamK2RT-R  TCACCACGGATGATAGCC

18SRT-F TATCGAGTTCTGACTGGGTTGT Expression of the 18S rRNA gene as a
18SRT-R ATCCGTTGCTGAAAGTTGTAT reference gene

in these genes are listed in Table 1 (17). As shown in Fig. 2G, similar to the changes in
the contents of cytosolic ROS and Ca2™, the expression of these genes was significantly
upregulated in the samples treated with copper.

To detect earlier changes in the ROS and Ca2™ contents during the treatment with
copper, flow cytometry was employed to continuously analyze the ROS and Ca2™
dynamics from the beginning of the 3 mM copper treatment. As shown in Fig. 2H and
I, the 3 mM copper treatment significantly increased the proportion of highly fluores-
cent cells stained with the ROS and Ca?™ dyes after treatment with copper for only 30
s. During extended copper treatment, the proportion of fluorescent cells remained
high. These results suggested that copper stress could increase the concentrations of
ROS and Ca2* and activate the expression of the above-mentioned signaling-related
genes in G. lucidum.

Copper stress-regulated GA biosynthesis and hyphal branching are dependent
on ROS overproduction. The results presented above show that the ROS contents
were increased by treatment with copper. To validate the role of copper stress-induced
ROS on the regulation of hyphal branching and GA biosynthesis, several different
inhibitors of ROS generation were applied, including dibenziodolium chloride (DPI; an
NADPH oxidase inhibitor), rotenone (Rot; a mitochondrial complex | inhibitor), and
antimycin A (AA; a mitochondrial complex Ill inhibitor). For each inhibitor (DPI, Rot, and
AA), the effects of two concentrations were examined. Because the same trend was
observed for the two concentrations, the data for the group treated with only one
concentration of each inhibitor are presented. The results showed that the overpro-
duction of ROS in the mycelia was effectively inhibited to various degrees by DPI, Rot,
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FIG 3 Copper stress-regulated hyphal branching and GA biosynthesis are dependent on ROS accumulation. (A)
Changes in ROS levels in G. lucidum were determined by using DCFH-DA staining after treatment with ROS-related
inhibitor, H,0,, or 3 mM copper. Scale bar = 100 um. (B) Changes in the ROS fluorescence ratio in the hyphal
regions of G. lucidum after treatment with the ROS-related inhibitor, H,0,, or 3 mM copper. The y axis represents
the ROS fluorescence ratio measured by CLSM, and the x axis represents the various treatments. (C) Measurement
of the GA content in G. lucidum after treatment with the ROS-related inhibitor, H,0,, or 3 mM copper. (D)
Measurement of the hyphal branch distance in G. lucidum after treatment with the ROS-related inhibitor, H,O,, or
3 mM copper. DPI was used as an NADPH oxidase inhibitor, Rot (rotenone) was used as a mitochondrial complex
I inhibitor, and AA (antimycin A) was used as a mitochondrial complex Il inhibitor. The values are the mean * SD
of the results from three independent experiments. Within each set of experiments, different letters indicate
significant differences between the lines (P < 0.05, according to a multiple-comparison one-way ANOVA).

and AA (Fig. 3A and B). Differences in the fold changes in ROS induced by exposure to
copper were also observed between the wild-type (WT) and DPI-, Rot-, or AA-treated G.
lucidum mycelia (Fig. S2A). The results demonstrated that the copper-induced fold
changes of ROS in the DPI-, Rot-, or AA-treated cultures became closer to 1, which
indicated that treatment with DPI-, Rot-, or AA could reduce the effect caused by
copper. These results indicated that ROS was generated by complex sources, such as
NADPH oxidase (NOX) and mitochondria, and that these sources might interact with
each other. These results indicated that various concentrations of different ROS inhib-
itors could significantly inhibit the increase in ROS content induced by copper stress.
These results suggested that the upregulation of ROS levels stimulated by 3 mM copper
treatment could be prevented by ROS inhibitors.

To validate the effects of ROS on GA biosynthesis and hyphal branching, we
assessed the changes in hyphal branching and GA biosynthesis observed when ROS
production inhibitors were applied concurrently with copper stress. As shown in Fig. 3C,
the increase in the GA content induced by 3 mM copper stress could be effectively
blocked by treatment with DPI, Rot, or AA. The copper-induced changes in the GAs
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between WT and DPI-, Rot-, or AA-treated G. lucidum mycelia were also examined (Fig.
S2B). The results indicated that DPI, Rot, or AA treatment could reduce the effect caused
by copper and that NOX and mitochondria might play an important role in copper-
induced GA biosynthesis. The RT-PCR results showed that the upregulated expression
of GA biosynthesis genes (sgs, osc, and hmgr) induced by 3 mM copper was also
significantly inhibited by DPI, Rot, or AA treatment, with trends that were consistent
with those of the GA content (Fig. S2D to F). Regarding hyphal branching, the hyphal
branch distance was decreased by 43% after the WT strain was treated with 3 mM
copper (Fig. 3D). However, compared to the distance in the WT cultures after treatment
with 3 mM copper alone, the distance was significantly increased by 14% with 5 uM
DPI, by 13% with 2 uM Rot, and by 41% with 10 uM AA. These results indicate that
copper stress-induced GA biosynthesis and hyphal branching could be blocked when
the copper-induced increase in ROS was inhibited.

To further validate the effect of ROS on GA biosynthesis and hyphal branching,
exogenous 6 mM H,0,, which had a slight impact on the growth rate compared with
that of the control group (Fig. S2F), was added to restore the intracellular ROS content.
As shown in Fig. 3A and B, exogenous H,O, treatment notably increased the level of
ROS in the WT mycelia, both in the presence or absence of 3 mM copper treatment, and
increased the intracellular ROS contents when ROS inhibitors were applied to decrease
the overproduction of ROS under copper stress. Changes in the hyphal branching and
GA biosynthesis were also assessed after exogenous H,O, treatment. As shown in Fig.
3C, the reduced GA content caused by the ROS inhibitors was significantly increased by
the H,0, treatment. RT-PCR also showed that, to various degrees, H,O, treatment
induced upregulation of the expression of key GA biosynthetic genes (Fig. S2C to E),
and the increased hyphal branch distances were reduced by H,O, treatment (Fig. 3D).
These results show that the increase in ROS content induced by 3 mM copper stress
could be reduced with inhibitors of ROS generation and that the increase in the GA
content and the decrease in hyphal branch distance induced by copper stress could
also be reduced. However, these effects were reversed by treatment with exogenous
H,0, to restore the intracellular ROS content.

Moreover, to further evaluate the effect of ROS on hyphal branching and GA
biosynthesis under copper stress, we utilized Nox-silenced strains and determined the
ROS levels after copper treatment (17). As shown in Fig. 4A and B, 3 mM copper stress
significantly increased the levels of ROS in the WT and CK strains (empty vector control)
compared with WT cultures that were not treated with 3 mM copper. Although copper
could increase ROS contents in the Nox-silenced strains compared with the ROS contents
in the Nox-silenced strains that were not treated with copper, the ROS contents in
the group of Nox-silenced strains treated with copper were lower than those in the
copper-treated WT strain. In addition, copper-induced changes in the ROS in the
Nox-silenced strains were determined (Fig. S3A). This result demonstrated that copper-
induced fold changes in ROS in Nox-silenced strains were significantly increased
compared with those in WT and that silencing NOX was detrimental to the ROS balance
in cells, which caused the copper stress response to become acute. The GA content was
significantly increased by copper stress in the WT and CK strains (Fig. 4C). Compared
with the WT strain under copper stress, Nox silencing significantly inhibited the
copper-induced increase in the GA content, although copper could increase the GA
content in the Nox-silenced strains. In addition, the results shown in Fig. S3B demon-
strate that the copper-induced fold changes in the GAs in the Nox-silenced strains were
significantly lower than those observed in the WT, which indicated that NOX might play
an important role in copper-induced GA biosynthesis. Additionally, the hyphal branch
distances in the WT and CK strains under copper stress were significantly reduced
compared with those in the WT in the absence of the 3 mM copper treatment (Fig. 4D).
However, the distances in Nox-silenced strains under copper stress were partially
restored. These results revealed that the increase in ROS content induced by copper
stress could be reduced by Nox silencing and that the changes in the GA biosynthesis
and hyphal branching induced by copper stress could also be effectively suppressed in
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FIG 4 Copper stress-regulated hyphal branching and GA biosynthesis are inhibited in Nox-silenced strains. (A) Changes in ROS levels in Nox-silenced strains
were determined by using DCFH-DA staining in cultures treated with or without 3 mM copper. Scale bar = 100 um. (B) Changes in the ROS fluorescence ratio
in the hyphal regions of Nox-silenced strains treated with or without 3 mM copper. The y axis represents the ROS fluorescence ratio measured by CLSM, and
the x axis represents the different strains. (C) Measurement of the GA content in Nox-silenced strains treated with or without 3 mM copper. (D) Measurement
of the hyphal branch distance in Nox-silenced strains treated with or without 3 mM copper. WT, wild-type strain; CK1 and CK2, empty vector control strains;
NOXAB6 and NOXAB10, NoxAB-silenced strains; NOXR4 and NOXR7, NoxR-silenced strains. The values are the mean = SD of the results from three independent
experiments. Within each set of experiments, different letters indicate significant differences between the lines (P < 0.05, according to a multiple-comparison

one-way ANOVA).

the Nox-silenced strains. These results were consistent with the results of DPI applica-
tion.

In general, these results indicated that copper stress-regulated GA biosynthesis and
hyphal branching are dependent on ROS overproduction; these findings are consistent
with our previous report (13, 17).

Exogenous Ca2* application inhibits the changes in the GA content and hyphal
branching induced by copper stress. To investigate the effect of the increased
cytosolic Ca2* content induced by 3 mM copper stress on hyphal branching and GA
biosynthesis, we used neomycin (Neo; an inhibitor of phospholipase C) to reduce the
release of intracellular calcium stores and LaCl; (a blocker of calcium channels on the
plasma membrane) to prevent the influx of external calcium (22). Neo and LaCl; were
each tested at two concentrations. Because the same trend was observed for the two
concentrations, the data for the group treated with only one concentration of each
agent are shown. As shown in Fig. 5A and B, the increased content of cytosolic Ca2*
induced by 3 mM copper stress could be effectively curbed by adding Neo (or LaCl,).
These results indicated that the increase in the Ca2* levels induced by 3 mM copper
treatment could be attenuated by Neo or LaCls.
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FIG 5 Exogenous Ca2* application can inhibit the changes in GA content and hyphal branching induced by copper stress. (A) Changes
in Ca2* levels in G. lucidum were determined by using Fluo-3AM staining after treatment with a Ca2*-related inhibitor, CaCl,, or 3 mM
copper. Scale bar = 100 um. (B) Changes in the Ca2* fluorescence ratio in the hyphal regions of G. lucidum after treatment with a
Ca?*-related inhibitor, CaCl, or 3 mM copper. The y axis represents the Ca2* fluorescence ratio measured by CLSM, and the x axis
represents the different treatments. (C) Measurement of the GA content in G. lucidum after treatment with a Ca2*-related inhibitor,
CaCl,, or 3 mM copper. (D) Measurement of the hyphal branch distance in G. lucidum after treatment with a Ca2*-related inhibitor,
CaCl,, or 3 mM copper. Neo (neomycin) was used as an inhibitor of phospholipase C to reduce the release of intracellular calcium
stores. LaCl; was used as a blocker of calcium channels on the plasma membrane to prevent the influx of external calcium into the
cytosol. The values are the mean = SD of the results from three independent experiments. Within each set of experiments, different
letters indicate significant differences between the lines (P < 0.05, according to a multiple-comparison one-way ANOVA).

The effects of the application of Neo (or LaCl;) on the changes in the GA content and
hyphal branch distance were also evaluated. Although the use of Neo (or LaCl;) could
suppress the increase in cytosolic Ca?* content induced by treatment with 3 mM
copper, the changes in GA content and hyphal branch distance were not suppressed
(Fig. 5C and D). These results indicated that cytosolic Ca2™ is probably not directly
involved in the regulation of GA biosynthesis and hyphal branching in G. lucidum under
copper stress.

To further determine the effects of Ca?™, we used exogenous 10 mM CaCl,, which
has no significant effect on the growth rate compared with the control group (Fig. S4A),
to restore the level of intracellular Ca2*. Furthermore, the independent effects of
neomycin or LaCl; alone on hyphal growth, Ca2*™ content, GA biosynthesis, and
branching were also investigated (Fig. S4B to E). As shown in Fig. 5A and B, the Ca2™
level was significantly increased when the WT strain was treated with 10 mM CaCl,
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compared with the group without CaCl, treatment. In addition, the decrease in
intracellular Ca2* caused by Neo (or LaCl;) under copper stress was significantly
reduced to the level observed in the WT strain after treatment with 3 mM copper.

The GA content was also determined when the intracellular Ca2* was restored by
the 10 mM CaCl, treatment. As shown in Fig. 5C, the increase in the GA content induced
by 3 mM copper in the WT strain was reduced by the CaCl, treatment to a level that
was not significantly different from the GA content in the WT in the absence of copper
treatment, and the increase in GA content due to the addition of both 3 mM copper
and Neo was also significantly reduced by CaCl,. RT-PCR was used to analyze the
changes in the expression of key GA biosynthetic genes (sqs, osc, and hmgr). The
upregulated expression of sgs and hmgr induced by copper was further enhanced by
Neo or LaCls, as shown in Fig. S4F to H. In contrast, the upregulated expression of sgs,
osc, and hmgr induced by 3 mM copper was reduced by CaCl, treatment, as were the
expression levels of sgs, osc, and hmgr in mycelia treated with Neo or LaCl; under
copper stress (Fig. S4). Notably, the trends in the changes of expression in these three
genes and that of the GA content were completely consistent. Changes in hyphal
branch distance were also observed when CaCl, was added. As shown in Fig. 5D, the
hyphal branch distance in the group cotreated with 10 mM CaCl, and 3 mM copper was
increased by 47% compared with the group treated with copper alone, and the
distance was also increased to various degrees by 10 mM CaCl, treatment in the
presence of both copper and Neo (or LaCls). These results indicated that exogenous
CaCl, application could reduce the changes in the GA content and hyphal branch
distance induced by copper stress.

In conclusion, the results indicate that 3 mM copper stress caused increases in the
GA content with or without the use of Neo (or LaCl;). However, when 10 mM Ca2* was
combined with the 3 mM copper treatment, the GA content was similar to those with
and without the use of Neo (or LaCly). These results imply that the Ca2* signal is
probably not directly involved in the regulation of GA biosynthesis and hyphal branch-
ing in G. lucidum under copper stress.

Copper stress-induced intracellular Ca2+ increase occurs via ROS. Our data
showed that both ROS and Ca2* signaling participate in the regulation of GA biosyn-
thesis and hyphal branching under copper stress. To analyze the relationship between
the ROS and Ca2™ signals, we measured the level of intracellular Ca2* in the WT strain
when treated with DPI, Rot, AA, or H,O, under copper stress. As illustrated in Fig. 6A
and B, the increase in intracellular Ca2* induced by 3 mM copper was significantly
inhibited by DPI, Rot, or AA compared to the level of Ca2™* in the WT after 3 mM copper
treatment alone. In addition, the inhibition of the Ca?* level could be obviously
enhanced when 6 mM H,0, was added to restore the ROS level. These results show
that the augmentation of Ca2™ levels induced by copper treatment was blocked when
ROS overproduction was inhibited, and that restoration of the ROS level increased the
Ca2* level. These results suggest that the increased Ca?* levels might depend on the
overproduction of ROS under copper stress.

Transcriptional analysis of certain Ca2* signaling-related genes was carried out in
the WT strain under copper stress and treatment with DPI, Rot, AA, or H,0,. RT-PCR
analysis showed that the upregulation of certain Ca?* signaling-related genes induced
by 3 mM copper was markedly inhibited by DPI, Rot, or AA treatment (Fig. 6C).
However, further examination revealed that H,O, promoted downregulation of the
Ca2™ signaling-related genes. These results suggested that the copper stress-induced
expression of the Ca2™ signaling-related genes may also be mediated by increased ROS.
Thus, these findings indicated that copper-mediated activation of intracellular Ca?*
signaling pathways was dependent on ROS overproduction in G. lucidum.

The intracellular Ca2* in Nox-silenced strains under copper stress was also mea-
sured. As shown in Fig. 7A and B, the 3 mM copper treatment significantly increased the
intracellular Ca2* levels in the WT and CK strains compared with the WT cultures not
treated with copper. However, Nox silencing effectively abolished the copper-induced
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FIG 6 Copper stress induces increases in intracellular Ca2* via ROS. (A) Changes in Ca?* levels in G. lucidum were measured using
Fluo-3AM staining after treatment with an ROS-related inhibitor, H,0,, or 3 mM copper. Scale bar = 100 um. (B) Changes in the Ca?*
fluorescence ratio in the hyphal regions of G. lucidum after treatment with an ROS-related inhibitor, H,0,, or 3 mM copper. The y axis
represents the Ca2* fluorescence ratio measured by CLSM, and the x axis represents the different treatments. (C) The effect of ROS-related
treatments on the expression of Ca2*-related genes in G. lucidum under 3 mM copper stress. The values are the mean = SD of the results
from three independent experiments. Within each set of experiments, different letters indicate significant differences between the lines

(P < 0.05, according to a multiple-comparison one-way ANOVA).

increases in the level of Ca?™. In addition, RT-PCR analysis showed that the 3 mM
copper treatment could induce the expression of certain Ca2™ signaling-related genes
in both WT and CK (Fig. 7C and S5B), whereas the upregulation of Ca2* signaling-
related genes by copper was not detected in the Nox-silenced strains. These results
further indicate that copper stress-induced intracellular Ca2* signaling occurs via ROS.

Intracellular Ca2*-regulated GA biosynthesis and hyphal branching occur via
the regulation of ROS signaling under copper stress. To further assess the relation-
ship between intracellular Ca2* and ROS, the ROS level was determined when WT
mycelia were treated with Neo, LaCl;, or CaCl, under copper stress. As shown in Fig. 8A
and B, 3 mM copper stress induced an increase in ROS, and this increase was further
enhanced by 55% in the presence of T MM Neo and by 56% in the presence of 2 mM
LaCl;. These results showed that inhibiting the increases in Ca2* resulted in augmented
ROS production. ROS were also measured when 10 mM CaCl, was added. As shown in
Fig. 8A and B, the increase in ROS under copper stress was significantly reduced by 10
mM CaCl, after both 3 mM copper treatment alone and 3 mM copper and Neo (or
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FIG 7 Copper stress-induced intracellular Ca2* increase is inhibited in Nox-silenced strains. (A) Changes in Ca?* levels in Nox-silenced
strains were determined using Fluo-3AM staining after treatment with 3 mM copper. Scale bar = 100 um. (B) Changes in the Ca?*
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The values are the mean = SD of the results from three independent experiments. Within each set of experiments, different letters indicate
significant differences between the lines (P < 0.05, according to a multiple-comparison one-way ANOVA). (C) The effect of 3 mM copper
treatment on the expression of Ca2*-related genes in Nox-silenced strains.

LaCl;) cotreatment. These results indicate that exogenous CaCl, treatment could
effectively relieve the overproduction of ROS induced by copper stress. Furthermore,
the change in the ROS levels explained the changes in GA content and hyphal branch
distance when 10 mM CaCl, was added, as shown in Fig. 3C and D. These results
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FIG 8 Intracellular Ca2* regulates hyphal branching and GA biosynthesis by regulating the ROS level under copper
stress. (A) Changes in the ROS levels in G. lucidum were determined using DCFH-DA staining after treatment with
a Ca2*-related inhibitor, CaCl,, or 3 mM copper. Scale bar = 100 um. (B) Changes in the ROS fluorescence ratio in
the hyphal regions of G. lucidum after treatment with a Ca2*-related inhibitor, CaCl,, or 3 mM copper. The y axis
represents the ROS fluorescence ratio measured by CLSM, and the x axis represents the different treatments. The
values are the mean = SD of the results from three independent experiments. Within each set of experiments,
different letters indicate significant differences between the lines (P < 0.05, according to a multiple-comparison
one-way ANOVA).
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different letters indicate significant differences between the lines (P < 0.05, according to a multiple-
comparison one-way ANOVA).

indicated that the Ca2*-regulated effects on GA biosynthesis and hyphal branching
occur through the regulation of ROS signaling in G. lucidum under copper stress.
Intracellular Ca2+ modulates ROS levels by regulating antioxidase activity and
the accumulation of intracellular copper. To investigate the mechanism by which
exogenous CaCl, treatment decreased the ROS level under copper stress, the activities
of certain antioxidases (superoxide dismutase [SOD] and catalase [CAT]) were assessed
in G. lucidum mycelium under copper stress. As shown in Fig. 9A and B, the activities
of SOD and CAT were significantly increased by 3 mM copper treatment to 253% and
323%, respectively. These increases in SOD activity were suppressed by 86% with 1 mM
Neo and by 89% with 2 mM LaCl; and in CAT activity by 95% with 1 mM Neo and by
56% with 2 mM LaCl,. The results demonstrated that the activities of certain antioxi-
dases were significantly increased in the copper-stressed group compared with the
control group. However, these copper stress-induced increases in antioxidase activities
were inhibited by the Ca?*-related inhibitors, which inhibited the increases in Ca2*
induced by copper stress (Fig. 5B). As a result, the ROS contents, which played a more
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important role in regulation of copper-induced GA biosynthesis, could be kept at a high
level (Fig. 8). Furthermore, the activities of SOD and CAT in the WT cultures treated with
10 mM CaCl, were also investigated and found to increase significantly with 10 mM
CaCl, treatment. Specifically, cotreatment with 3 mM copper stress alone and Neo (or
LaCl,) resulted in similar levels of these enzymes (Fig. 9A and B). These results showed
that exogenous CaCl, treatment could activate the activities of some antioxidases.
Meanwhile, the ROS level was increased by 10 mM CaCl, treatment in the WT strain in
the absence of copper (Fig. 8), which implied that an increase in Ca2™ could evoke ROS
production, but at the same time, strong increases in Ca?* substantially upregulated
the antioxidant activities (Fig. 9A and B). These results indicated a complex regulation
mechanism in the interactions between ROS and Ca2* signaling transduction path-
ways.

Because previous studies have reported that the primary defense mechanism for
heavy-metal detoxification is to reduce the intracellular content of heavy-metal ions
(23), we determined the levels of intracellular copper accumulation in samples treated
with 3 mM copper alone and those cotreated with Neo (or LaCl;). As shown in Fig. 9C,
the copper content was markedly increased to 3.31 mg/g (DW) under copper stress,
and the copper content increased further by 53% at 1 mM Neo and by 99% at 2 mM
LaCl; treatment. These results indicate that levels of intracellular copper accumulation
were significantly increased when the increased content of Ca2* under copper stress
was reduced with Ca2*-related inhibitors. Furthermore, the copper content in the WT
strains treated with 10 mM CaCl, was investigated, and the accumulation of intracel-
lular copper after either 3 mM copper treatment alone or 3 mM copper with Neo (or
LaCl;) cotreatment was significantly decreased by 10 mM CaCl, (Fig. 9C). These results
show that intracellular Ca2* levels participate in regulating intracellular copper accu-
mulation.

In addition, to better investigate the role of ROS and Ca2* contents in the copper
stress response, the effect of the inhibitors (DPI, Rot, AA, Neo, and LaCls) on the cellular
ROS and Ca2* levels and the GA content in the absence of copper were also deter-
mined (Fig. S6). The results indicated that these reagents have no significant influence
on GA and copper accumulation under this treatment condition.

Overall, these results suggest that exogenous CaCl, treatment could regulate the
production of ROS by activating the activities of certain antioxidases and reducing the
degree of intracellular copper accumulation.

DISCUSSION

During their development, fungi produce many types of secondary metabolites with
important economic value. Recent studies have demonstrated that secondary metab-
olism is upregulated in response to environmental stress. Further studies have shown
that the increased secondary metabolism induced by environmental stress depends on
signaling pathways, such as the ROS and Ca2* pathways. For example, Walther and
Wendland found that the biosynthesis of riboflavin in Ashbya gossypii could be regu-
lated by AP1 in response to ROS signaling (24). Calmodulin, which is involved in Ca2*
signaling, was also reported to be an important factor for aflatoxin production in
Aspergillus parasiticus (25). However, studies to date on the signaling pathways in
microorganisms have mainly focused on ascomycetes, whereas few studies in basidio-
mycetes have been reported, especially in larger species. Because of their unusual types
of development and metabolism, it is essential to study the role of signaling in the
regulation of development and metabolism in larger basidiomycetes. ROS and Ca2™
have also been reported to act as secondary messengers involved in signal transduction
for different physiological processes. However, there are few studies on the cross talk
between the ROS and Ca?* signaling pathways in the regulation of development and
metabolism. In the present study, we show that copper induced increases in Ca2* and
ROS and that there was cross talk between these intracellular signals, which led to
changes in growth and secondary metabolism in G. lucidum.
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The response to copper treatment might not be a global response to environ-
mental stress. Copper, an important heavy-metal stressor, affects various physiological
and biochemical responses, including the generation of ROS by the Fenton reaction
(20). The production of GAs, which are important pharmaceutical resources, has also
been reported to be significantly enhanced by copper treatment during submerged
fermentation (21). Studying the mechanism by which copper regulates GA biosynthesis
is helpful in understanding the mechanisms of regulation of development and metab-
olism in G. lucidum. Although environmental copper was found to accumulate in the
mycelium (Fig. 9C), GAs could be isolated and purified from the mycelium without
exposure to copper.

In this study, the intracellular contents of ROS and Ca2* were significantly increased
during the copper-induced stimulation of GA biosynthesis. To analyze whether this was
a global response to heavy-metal stress or if the phenomenon was specific to copper
stress alone, iron and cadmium were used to explore the changes in the GAs, ROS, and
calcium levels under these conditions. The results, shown in Fig. S1, indicated that 3
mM Cd?* could increase the GA, ROS, and Ca?™ contents compared with the WT.
However, 3 mM Fe3* treatment could not increase the ROS, Ca2™*, or GA content. These
results, which were different from the changes observed in response to copper treat-
ment, implied that the response to copper treatment might be different from the
responses to iron and cadmium treatments and that the different responses caused by
these ions might overlap but also differ based on their individual characteristics.

Taking these results regarding environmental stresses together, it appears that
some responses to different stresses may be similar, but not all environmental stresses
could induce increased GA biosynthesis via a common regulatory mechanism. These
results implied that the physiological and metabolic changes in the responses of
various stresses might be different.

Furthermore, as shown in Fig. 1 and 9, copper accumulated in the mycelia of G.
lucidum. 1t is still unknown how copper enters the fungal cells. There is probably a
copper transporter, which has not yet been identified and characterized, that plays an
important role in the copper stress response, and further study of this element will be
valuable.

Cytosolic ROS play an important role in the regulation of hyphal branching and
secondary metabolism induced by copper stress. Hyphal branching, which increases
the surface area of the colony and presumably enhances nutrient assimilation, is highly
important in fungal development (26). Secondary metabolites are also important in the
research and utilization of fungi based on their various types of biological activity.
Accordingly, hyphal branching and secondary metabolism are thought to be important
aspects of fungal growth and development. The results of the present study indicate
that copper treatment could be an environmental factor that would be useful in
examining the mechanisms of hyphal branching and secondary metabolism regulation.
Numerous reports of increased branching have been described in fungi, such as
Neurospora crassa, and studies of Spitzenkdrper behavior suggested that branch initi-
ation was directly related to tip growth (26, 27). For the regulatory mechanism of
hyphal branching, both external and internal signaling molecules, including strigolac-
tones and calcium, respectively, have been found to induce branching (28, 29). In a
further study, Li et al. found that the deletion of the regulatory B subunits (CnB) in the
calcineurin pathway resulted in a large proportion of abnormally branched germlings
(30). However, the molecular processes involved in the formation and growth of hyphal
branches are not clearly understood.

Our results indicated that the regulation of GA biosynthesis and hyphal branching
by copper stress were dependent on ROS accumulation (Fig. 3C and D and 4C and D).
These results agreed with previous reports that endogenous ROS serve as a signal that
is important in the regulation of hyphal branching and GA biosynthesis (17). It has also
been reported that the MeJA-induced regulation of hyphal branching and GA biosyn-
thesis might occur via NADPH oxidase-mediated ROS signaling (13). These results
showed that cytosolic ROS play a key role in the regulation of development and
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metabolism in G. lucidum under environmental stress. Although the Fenton reaction is
one of the important sources of copper stress-induced ROS generation, the mechanism
by which the ROS content is increased by copper is still unknown.

Interaction between Ca2* and ROS in copper treatment. We also found that
copper treatment could alter the content of Ca2* and that copper-induced hyphal
branching and GA biosynthesis were significantly affected by exogenous Ca?* (Fig. 5).
This result was similar to that of Zhang et al., who reported that Ca2* was a factor in
the heat stress-mediated regulation of hyphal branching and GA biosynthesis (31).
These results indicate that cytosolic Ca2* is involved in regulating G. lucidum devel-
opment and metabolism. However, Fig. 5B also shows that copper stress could increase
the cellular level of Ca2* in nontreated WT cells but not when 10 mM external Ca2* was
added, in which case the levels were comparable to those in non-Ca2*-treated cells.
This indicated that the mechanisms of Ca2™ release from cellular storage are involved
in this regulation. Meanwhile, the two inhibitors (Neo and LaCl;) showed the same
profile at both concentrations, which suggested that some secondary effect might
participate in this regulation. Furthermore, it appears that both cytosolic ROS and Ca2™*
are involved in the regulation of hyphal growth and secondary metabolism in fungi.
However, it remains unclear which of these two signaling pathways plays a more direct
or important role, as well as the types of interaction between these two signaling
pathways that are involved in the regulation of hyphal growth and secondary metab-
olism.

Furthermore, our results show that ROS not only regulate hyphal branching and GA
content but also influence the cytosolic Ca2™ level under copper stress. These results
were similar to those of Mu et al., who reported that ROS signaling could regulate
intracellular Ca2™* levels (17). The findings are also consistent with the report that H,0,
production stimulates calcium entry into Arabidopsis guard cells exposed to abscisic
acid by activating calcium channels located in the plasma membrane (32). Trebak et al.
reported that alterations in intracellular ROS production occur through redox-based
posttranslational modifications that alter the Ca2* signaling networks (33). Therefore,
ROS overproduction stimulates increased intracellular Ca2* under copper stress in G.
lucidum, most likely through the oxidation of groups present on these calcium chan-
nels.

Furthermore, the results indicated that cytosolic ROS regulate hyphal branching and
GA biosynthesis and that cytosolic Ca2* could affect these processes by regulating the
cytosolic ROS. Additional research on the mechanism of regulation showed that the
increase in Ca2* could activate certain antioxidases and reduce the levels of cytosolic
copper. Similar results were also obtained in a previous study in which the overpro-
duction of ROS induced by cadmium toxicity was prevented by exogenous Ca?* in
Pisum sativum (34). Ca2* has also been reported to reduce oxidative stress in Lens
culinaris by modulating antioxidant enzyme activities (35). These results suggest that
the increases in intracellular Ca2* induced under copper stress could reduce the levels
of ROS. Combining the results of this work and previous reports, there appears to be a
complex relationship between the Ca?* and ROS signaling pathways in the regulation
of fungal development and metabolism under different environment stresses.

The ROS signaling pathway has been reported to interact with other signaling
pathways in addition to Ca?*. For example, Hung et al. found that NO could reduce the
MelJA-induced senescence in rice leaves and that MeJA increased the ROS contents (36).
He et al. found that the activation of NO production by the Ga subunits of heterotri-
meric G proteins depends on H,0, and that exogenously applied NO rescues the defect
in UV-B-mediated stomatal closure in the Arabidopsis thaliana NADPH oxidase mutants
AtrbohD and AtrbohF (37). These results indicate the existence of cross talk between
the ROS signaling pathway and the NO signaling pathway in the regulation of stomatal
closure. Furthermore, carbon monoxide treatment has also been shown to induce ROS
generation in a dose-responsive manner in isolated nonsynaptic mitochondria (38). This
body of research indicates that the ROS signaling pathway interacts with other signal-
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FIG 10 Schematic representation of the hypothetical model of the copper stress signaling pathway in
the development and metabolism in G. lucidum. A model of the events that occur in hyphal cells. The
intracellular copper content increases rapidly under copper stress. Intracellular copper promotes the
production of ROS and leads to a burst of ROS that is required for G. lucidum hyphal branching and
secondary metabolism. The cytosolic Ca2* concentration is also increased in response to the accumu-
lation of ROS. In addition, the increase in cytosolic Ca2* concentration activates antioxidases to reduce
the ROS content and intracellular copper accumulation. The black solid arrows indicate data supported
by our own experiments, and the dotted arrows indicate hypothetical steps.

ing pathways; however, the cross talk among these pathways is not yet clear and
requires further investigation. These findings also suggest that the mechanisms that
regulate development and metabolism include a complex signaling network in plants,
animals, and fungi.

Conclusion. In summary, this study provides a model of the events that occur in
hyphal cells (Fig. 10). The intracellular copper content increases rapidly under copper
stress. Intracellular copper promotes the production of ROS and leads to a burst in ROS
that is required for G. lucidum hyphal branching and secondary metabolism. The
cytosolic Ca2* concentration is also increased in response to the accumulation of ROS.
In addition, the increase in the cytosolic Ca2* concentration activates antioxidases that
reduce the ROS content and intracellular copper accumulation.

MATERIALS AND METHODS

Fungal strains and growth conditions. G. lucidum strain HG was used as a WT strain and was
obtained from the culture collection of the Edible Fungi Institute, Shanghai Academy of Agricultural
Science. G. lucidum was grown at 150 rpm for 7 days at 28°C in CYM (2% glucose, 1% maltose, 0.05%
MgSO,7H,0, 0.2% yeast extract, 0.2% tryptone, and 0.46% KH,PO,) in the dark.

Copper and other chemical treatments. To evaluate the roles of intracellular ROS and Ca2* under
copper stress, G. lucidum was cultured on solid CYM for 5 days; chemical treatments were added to the
solid medium on the first day. G. lucidum fermentation experiments were carried out in liquid medium
to obtain mycelia for the production of relevant data; in this case, treatments were added at day 4 after
inoculating the fermentation culture, and samples were collected at 7 days.

Various concentrations of CuCl, were added to the medium for the copper stress experiments. To test
the roles of cytosolic ROS and Ca2* under copper stress, the fungi were also treated with the NADPH
oxidase inhibitor dibenziodolium chloride (DPI), the mitochondrial complex I inhibitor rotenone (Rot), the
mitochondrial complex Il inhibitor antimycin A (AA), the phospholipase C inhibitor neomycin (Neo), or
the Ca2* channel blocker LaCl,.

Real-time PCR analysis of gene expression. Total RNA (free of DNA) was extracted from 0.1 g of
fermentation mycelia using RNAiso Plus (TaKaRa, Dalian, China) and then quantified with a 5X All-In-One
RT MasterMix assay kit (abm). The relative transcript levels of ROS and Ca2* signal-associated proteins
and GA synthesis-related proteins were determined using a quantitative real-time PCR procedure.
Real-time PCR was performed using the RealPlex? system (Eppendorf, Germany). The PCR was conducted
according to the procedure for the SYBR green real-time PCR master mix (Toyobo, Japan) supplied by the
manufacturer (39). Real-time PCR-amplified fragments were determined by fluorescence using the SYBR
green | dye included in the amplification kit. The gene fragments were amplified by real-time PCR using
primers based on the G. lucidum genome sequence, as shown in Table 1 (3). The transcript levels were
calculated using the standard-curve method and normalized against the 18S rRNA gene and actin gene
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as the internal controls. Untreated mycelia served as the control sample against which all other genes
were compared, and the expression of the control sample was defined as 1.0. The relative transcript level
was analyzed using the 2-224¢7 method described by Livak and Schmittgen (40).

Determining hyphal branching. The distance between mycelium branches was measured as
described previously (17). The G. lucidum strain was inoculated on glass slides covered with CYM and
incubated at 28°C for 4 days. Slides carrying vegetative hyphae were incubated in the Fluorescent
brightener 28 dye (2.5 wg/ml; Sigma, USA), a fluorescent dye used for the staining of fungi, to visualize
the mycelium branches when the mycelium had grown onto the slides. The slides were then viewed
microscopically using a Nikon Eclipse Ti-S microscope (Nikon Corporation, Japan) with a UV light. Images
were recorded and processed using the NIS-Elements F package (software developed by Nikon Corpo-
ration, Japan). Hyphal branching was quantified as described by Ziv et al. (41). In the branching change
analysis, the data consisted of 50 measurements of the lengths between branches and were analyzed
using Fisher’s least significant difference (LSD) test. In this analysis, changes in branching with a P value
of <0.05 were considered significant.

Cytosolic ROS and Ca2* labeling and detection. Cytosolic ROS and Ca2* contents were measured
as described previously (17). Slides carrying vegetative hyphae were incubated in the fluorescent dye
2',7'-dichlorodihydrofluorescein diacetate (DCHF-DA; 10 mM phosphate-buffered saline [PBS] [pH 7.5])
for ROS detection or in Fluo-3 AM (10 mM PBS [pH 7.5]) to determine the free cytosolic Ca2* level for 30
min at 37°C. Then, the hyphae were washed three times with 10 mM PBS (pH 7.5) to remove the excess
fluorophore. The green fluorescence of the DCF- and Fluo-3 AM-labeled cells was visualized using a
confocal laser scanning microscope (TCS SP2; Leica), with an emission wavelength of 488 nm produced
by an argon laser and a filter of 525 to 530 nm.

The intensity of green fluorescence was quantified using the NIS-Elements F package software of the
confocal microscope. To eliminate the contribution of background fluorescence, control cells without
DCFH-DA or Fluo-3 AM labeling were also imaged under identical conditions. Quantification of the ROS
and calcium levels was performed by selecting all region of hyphae in each photo to determine the
fluorescence intensity. For each treatment, 20 images were selected for fluorescence quantification. The
average fluorescence intensities of DCFH and Fluo-3 AM in the mycelia were analyzed using the ZEN lite
software (Zeiss Software).

To monitor the continuous ROS and Ca2* dynamics, flow cytometry was performed using a
previously reported method (42). The protoplasts were prepared by a previously reported method (5)
and stained with DCFH-DA or Fluo-3 AM. Measuring the fluorescence by the flow cytometry provided a
measurement of the amount of dye taken up by the protoplasts and, indirectly, the amount of ROS and
Ca2*. To perform the flow cytometric analysis, the protoplasts were resuspended and aliquoted in liquid
CYM (containing 0.6 M mannitol as an osmotic stabilizer) at 10¢ cells/ml. Then, copper was added to a
final concentration of 3 mM to each individual sample, which contained 10¢ cells. Each separate sample
was evaluated using an Accuri C6 Plus flow cytometer (Becton-Dickinson and Company) equipped with
an air-cooled argon ion laser (488 nm, 15 mW) that was used for excitation. The collected data were
analyzed with BD Accuri C6 Plus software (Becton-Dickinson). A total of 20,000 ungated events were
counted.

Measurement of GAs. The GAs were extracted from fungal mycelia and measured using a previously
described method (13). An Agilent 1290 infinity ultraperformance liquid chromatography (UPLC)
equipped with an Agilent 1290 diode array detector and an Agilent Zorbax Eclipse plus C,g rapid-
resolution HD 18-um column (2.1 by 100 mm) were used to measure the GA contents. The GA content
was measured using a high-performance liquid chromatography (HPLC) gradient elution method with
methanol-water as the mobile phase at a constant flow rate of 0.5 ml/min. The GAs were monitored at
a wavelength of 254 nm. Ganoderic acid A (Sigma, USA) was used to construct a calibration curve for the
production of total GAs in the fungal mycelium. The quantification was performed according to the
external calibration peak areas versus ganoderic acid A concentration graphs obtained as standards.

Enzyme activity assays. For the determination of enzyme activity, enzymes were extracted from
mycelium using a previously described method (13). The protein content was determined according to
the Bradford method with bovine serum albumin (BSA) as a standard.

SOD activity was assayed by monitoring the inhibition of the photochemical reduction of nitro blue
tetrazolium (NBT) according to the method of Giannopolitis and Ries (43). CAT activity was assayed by
measuring the rate of decomposition of H,0, at 240 nm, as described by Aebi (44). Untreated mycelia
served as the control sample, and the SOD or CAT activity of the control sample was defined as 1.0. The
enzyme activity of other samples are displayed as the fold increase over the control sample.

Measurement of intracellular copper content. To measure the copper in the mycelia, microwave
digestion generation atomic fluorescence spectrometry was performed as described for mycelia by
Krakowska et al. (45). Liquid-cultivated mycelia were separated from the fermentation broth at 7 days,
washed in distilled water to remove any nonspecifically bound copper, and oven-dried for 2 days at 60°C
until reaching a constant weight before determination of the dry weight. The oven-dried samples were
ground to a powder for analysis. The dried samples (200 mg) were digested with 8 ml of HNO, and 4 ml
of hydrogen peroxide using microwave digestion (Milestone Ethos T). The digested sample was carefully
transferred to a quartz crucible, and excess reagents were evaporated at 60°C for 45 min. Digestion of
two replicates of each sample was performed. The volume of each sample was adjusted to 10 ml with
doubly deionized water, and quantitative analysis of the copper in the resulting biomass was performed
using the atomic absorption spectrophotometry (AAS) method by using inductively coupled plasma-
optical emission spectroscopy (ICP-OES; PerkinEImer Optima 2100DV). The parameters used for the flame
AAS method were as follows: type of flame/fuel, acetylene/air; wavelength, 324.8 nm; width of slit, 0.7
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nm; linear range, 4.0 mg/liter; measurement time; 2 X 2 s; and curve-fitting method, linear regression.
The reagent blank and analytical duplicates were used where appropriate to ensure accuracy and
precision in the analysis. A range of concentrations of copper was analyzed using ICP-OES to generate
a standard curve for copper.

Statistical analysis. At least three independent experiments were performed. The data were
analyzed by using a multiple-comparison one-way analysis of variance (ANOVA). Within each set of
experiments, different letters over the bars in Fig. 1 to 9 indicate significant differences between the lines

Applied and Environmental Microbiology

(P < 0.05).
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