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Abstract 

Perylenequinones (PQs) from bambusicolous Shiraia fungi serve as excellent photosensitizers for photodynamic ther-
apy. However, the lower yield of PQ production in mycelium cultures is an important bottleneck for their clinical appli-
cation. Light has long been recognized as a pivotal regulatory signal for fungal secondary metabolite biosynthesis. In 
this study, we explored the role of nitric oxide (NO) in the growth and PQ biosynthesis in mycelium cultures of Shiraia 
sp. S9 exposed to red light. The continuous irradiation with red light (627 nm, 200 lx) suppressed fungal conidiation, 
promoted hyphal branching, and elicited a notable increase in PQ accumulation. Red light exposure induced NO gen-
eration, peaking to 81.7 μmol/g FW on day 8 of the culture, with the involvement of nitric oxide synthase (NOS)- 
or nitrate reductase (NR)-dependent pathways. The application of a NO donor sodium nitroprusside (SNP) restored 
conidiation of Shiraia sp. S9 under red light and stimulated PQ production, which was mitigated upon the introduc-
tion of NO scavenger carboxy-PTIO or soluble guanylate cyclase inhibitor NS-2028. These results showed that red 
light-induced NO, as a signaling molecule, was involved in the regulation of growth and PQ production in Shiraia sp. 
S9 through the NO-cGMP-PKG signaling pathway. While mycelial  H2O2 content exhibited no significant alternations, 
a transient increase of intracellular  Ca2+ and extracellular ATP (eATP) content was detected upon exposure to red 
light. The generation of NO was found to be interdependent on cytosolic  Ca2+ and eATP concentration. These signal 
molecules cooperated synergistically to enhance membrane permeability and elevate the transcript levels of PQ 
biosynthetic genes in Shiraia sp. S9. Notably, the combined treatment of red light with 5 μM SNP yielded a synergistic 
effect, resulting in a substantially higher level of hypocrellin A (HA, 254 mg/L), about 3.0-fold over the dark control. Our 
findings provide valuable insights into the regulation of NO on fungal secondary metabolite biosynthesis and pre-
sent a promising strategy involving the combined elicitation with SNP for enhanced production of photoactive PQs 
and other valuable secondary metabolites in fungi.
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Graphical Abstract

Introduction
Shiraia bambusicola is a pathogenic fungus to parasitize 
bamboo twigs, and its fruiting body has been used tra-
ditionally in Chinese medicine as Zhu Huang to treat 
conditions like rheumatoid arthritis, tracheitis and pains 
(Zhong and Xiao 2009). Shiraia hypha and fruiting bod-
ies contain bioactive perylenequinones (PQs) such as 
hypocrellins and elsinochromes (Khiralla et  al. 2022). 
Hypocrellin A (HA), a type of hypocrellins, exhibits 

strong photodynamic effects on tumor cells and micro-
bial pathogens when exposed to visible light and oxygen. 
It has advantages such as high yields of reactive oxygen 
species (ROS), low dark toxicity, and rapid metabolism 
for the biomedical application (Miller et al. 1997). How-
ever, due to difficulties in artificial cultivation of the fruit-
ing body and challenges in chemical synthesis of PQs like 
hypocrellins, Shiraia mycelium cultures have emerged as 
a biotechnological alternative for PQ production (Zhao 
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and Liang 2005; Yang et al. 2009). To improve the low PQ 
productivity in Shiraia mycelium cultures, various abi-
otic elicitation strategies have been explored, including 
ultrasound exposure (Sun et al. 2017), Triton X-100 treat-
ment (Lei et al. 2017) and lanthanum elicitation (Lu et al. 
2019). Light, as an abiotic factor for Shiraia, also plays a 
role in regulating hypocrellin biosynthesis. For instance, 
Gao et al. (2018) reported that different light conditions 
promoted S. bambusicola growth, but decreased hypo-
crellin production. Our previous research showed that a 
light/dark shift (24 h: 24 h) stimulated HA production in 
Shiraia sp. S8 (Sun et al. 2018). Recent findings indicated 
that continuous blue-light exposure inhibited Shiraia HA 
production (Li et  al. 2022), while red light (627  nm) at 
200 lx significantly promoted HA (Ma et al. 2019a). Red 
light has been recognized as an essential environmental 
signal that facilitates the production of fungal metabo-
lites, such as exo- and endo- polysaccharides of Gano-
derma lucidum (Poyedinok et  al. 2008), mycophenolic 
acid of Penicillium brevicompactum (Shu et al. 2010), and 
fumonisin B1-B3 of Fusarium verticillioides (Fanelli et al. 
2012).

Following light perception, small molecular sig-
nals such as reactive oxygen species (ROS), adenosine 
triphosphate (ATP) and ion fluxes are induced to amplify 
the light signal for downstream reactions, including sec-
ondary metabolite production (Tisch and Schmoll 2010). 
For example, red light significantly promoted  H2O2 pro-
duction in Monilinia fructicola (Verde-Yáñez et al. 2023). 
Intracellular  Ca2+ in the spores of Onoclea sensibilis 
increased from 0.1 to 10  μmol in response to red light 
exposure at 2.4  J   m−2   s−1 (Wayne and Hepler 1985). In 
addition, a transient increase of intracellular ATP con-
tent was observed in Trichoderma viride upon white light 
exposure (Farkavš et al. 1985). Recently, nitric oxide (NO) 
has emerged as a new signaling molecule that modu-
lates fungal growth, development and the biosynthesis 
of fungal secondary metabolites (Zhao et  al. 2020). NO 
generation was also observed in fungi during light expo-
sure, such as in Trichophyton rubrum, where intense 
pulsed light at 420  nm upregulated nitric oxide syn-
thase (NOS) to synthesize NO, leading to fungal growth 
inhibition (Huang et  al. 2019). Experiments using nitric 
oxide donor (sodium nitroprusside, SNP or S-nitroso-
glutathione, GSNO) and NOS inhibitor (L-nitroarginine) 
demonstrated that NO inhibited the light-stimulated 
formation of conidia of Neurospora crassa (Ninnemann 
and Maier 1996; Filippovich et al. 2019). However, there 
have been no reports regarding NO generation in fungi 
induced by red light or its signaling roles in fungal sec-
ondary metabolite biosynthesis. Therefore, as a follow-up 
to our efforts to promote Shiraia HA production by light 
(Ma et al. 2019a) and understand the physiological roles 

of NO during the abiotic elicitation on Shiraia fungi (Li 
et al. 2020; Ma et al. 2021), we therefore wish to investi-
gate red light-induced NO generation and its relationship 
with other eliciting responses, including ROS produc-
tion,  Ca2+ fluxes, extracellular ATP (eATP) levels, and 
Shiraia PQ biosynthesis. Additionally, a novel strategy 
involving combined elicitation with SNP (a NO donor) 
and red light is established for biotechnological produc-
tion of hypocrellins in mycelium cultures.

Material and methods
Strains and culture conditions
The fungal strain Shiraia sp. S9 was isolated in our Lab 
(Ma et al. 2019b) and registered in China General Micro-
biological Culture Collection Center with accession 
number CGMCC16369. The fungal culture was main-
tained on potato dextrose agar (PDA; 200  g/L potato, 
20 g/L glucose, 15 g/L agar) slants at 4  °C. For inocula-
tion, spore suspension (4  mL of  107 spores/mL) of Shi-
raia sp. S9 from PDA slants was transferred to 150  mL 
Erlenmeyer flasks containing 50  mL of liquid medium 
(potato, 100 g/L; starch, 20 g/L;  NaNO3, 4 g/L;  KH2PO4, 
1.5 g/L;  CaCO3, 0.5 g/L; VB1, 0.01 g/L; pH 6.3) for seed 
culture and incubated at 28  °C with shaking at 200 rpm 
for 2 days. The seed culture (10%, v/v) was poured into a 
150 mL Erlenmeyer flask containing 50 mL of the same 
liquid medium for production culture (Sun et al. 2017).

Red light treatment
For red light exposure, Shiraia cultures were exposed to 
red light (627 nm, 200  lx) for 8 days at 28  °C in an illu-
mination incubator (ZD-8802, Hualida, Suzhou, China). 
The LED lamps (XYC-T5001, Xiaoyecao Photoelectric 
Technology Co., Ltd., Shenzhen, China) with a wave-
length of 627 nm were installed on the incubator, and the 
light intensity was adjusted to 200 lx. More details of light 
conditions refer to our previous study (Ma et al. 2019a). 
For the control (dark treatment), flasks were wrapped 
with aluminum foil. For SNP treatment, SNP was dis-
solved in sterilized distilled water to make a 100  mM 
stock solution and filter sterilized. The stock solution was 
then added to the liquid medium to a final concentra-
tion of 5 μM. For the combined treatment, mycelia were 
exposed to red light and treated with SNP (1–20 μM) on 
different day (day 1–5) during 8 day cultures. The experi-
ments were carried out in shake-flask cultures using 
150 mL Erlenmeyer flasks containing 50 mL medium on 
a rotary shaker at 200 rpm and at 28 °C. The treatments 
consisted of triplicate independent repeats (ten flasks per 
replicate) and all results were expressed as mean ± stand-
ard deviation (SD).
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Observation of fungal morphology and conidia 
quantification
The fungal morphology of S9 was observed by a ste-
reoscopic microscope (SMZ1000, Nikon, Tokyo, Japan), 
and the pellet diameter was measured in triplicates at 
different cultivation times (days 1–8). For spores count, 
the spore suspension was prepared by washing 8-day-
old S9 with sterile water and the conidia number was 
determined using a hemocytometer under a microscope 
(CX21, Olympus, Tokyo, Japan). To observe the mycelial 
branches, a sterile coverslip was inserted on the periph-
ery of a 3-day-old-S9 strain and continued to cultivate for 
2 days at 28 ℃. The coverslip was removed and the hypha 
branching was observed under an inverted fluorescence 
microscope (TS2R-FL, Nikon, Tokyo, Japan). The deter-
mination of distance between two branches refers to the 
research by Ziv et al. (2013).

Determination of NO levels and NOS, nitrate reductase 
(NR) activity
NO production was determined using the NO-specific 
fluorescent probe 4,5-diaminofluorescein diacetate 
(DAF-2 DA, Sigma-Aldrich, St. Louis, MO, USA) (Tur-
rion‐Gomez and Benito 2011). Mycelia were harvested 
and washed 3  times with sterilized distilled water. After 
washing, mycelia were incubated in darkness with 10 μM 
DAF-2 DA for 30 min at 28 °C. The fluorescence intensity 
was measured using a fluorescence microscope (CKX41, 
Olympus, Tokyo, Japan) with an excitation/emission 
wavelength of 470/525  nm. NO levels in hyphae were 
determined using a Nitric Oxide Assay Kit (Beyotime 
Biotechnology, Nanjing, China) (Li et al. 2020). The activ-
ity of NOS and NR was measured following the manu-
facturer’s instructions of the NOS Kit and the NR Kit 
(Nanjing Jiancheng Institute of Bioengineering, Nanjing, 
China). The protein concentration was determined using 
the Enhanced BCA Protein Assay Kit (Beyotime Bio-
technology, Shanghai, China). Both NO contents and the 
activity of NOS and NR were measured in the shake-flask 
cultures. The treatments consisted of triplicate independ-
ent repeats (ten flasks per replicate).

cGMP determination
cGMP content in mycelia was determined using an ELISA 
Kit (Jiangsu Meimian Industrial Co., Ltd., Yancheng, 
China). Fresh mycelia were ground on the ice at a ratio 
of tissue (g): 0.01 M PBS (pH 7.2–7.4) (mL) of 1: 9, and 
tissue homogenate was centrifuged at 3000 rpm/min for 
20 min at 4 ℃. The supernatant was used for cGMP con-
tent and protein concentration determination. The NO 
scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylim-

idazoline-1-oxyl-3-oxide (cPTIO) at 100  μM and solu-
ble guanylate cyclase (sGC) inhibitor NS-2028 at 20 μM 
were added 30 min prior to the red light treatment.

Detection of  Ca2+,  H2O2 and extracellular ATP
Intracellular  Ca2+ levels were measured using the Fluo-
3-AM (Beyotime Biotech., Haimen, Jiangsu, China) as a 
probe. The fungal pellets cultured under different con-
ditions were incubated with 5  µM Fluo-3-AM for 2  h. 
The mycelia were washed 3  times with PBS and were 
photographed under fluorescence microscopy (BX51, 
Olympus, Tokyo, Japan) with excitation at 480  nm and 
emission at 515 nm. The inhibitors of EGTA  (Ca2+ chela-
tor, 5 mM) and  La3+ (membrane channel blocker, 2 mM) 
were added 30  min before the red light irradiation. The 
 H2O2 content was determined as Mirshekari et al. (2019) 
described with some modifications. Briefly, fungal myce-
lia (300  mg) were ground into homogenates with 4  mL 
of 0.1% trichloroacetic acid in ice bath and then centri-
fuged at 12000 rpm for 20 min at 4 °C. The supernatant 
(0.5 mL) was diluted with 0.5 mL of potassium phosphate 
buffers (10  mM, pH 7.0) and 1  mL of potassium iodide 
(10 M). Finally, the absorbance of the mixture was meas-
ured at 390 nm by a Shimadzu UV-2600 spectrophotom-
eter (Kyoto, Japan). For eATP detection, the fermentation 
broth cultivated for different times was collected and 
measured using a luciferin-luciferase ATP assay kit (Bey-
otime Biotech., Haimen, Jiangsu, China) according to Wu 
et al. (2008). The eATP antagonists purinoceptor inhibi-
tor pyridoxalphosphate-6-azophenyl-2′, 4′-disulfonic 
acid (PPADS, Abcam, Cambridge, MA, USA) at 10  µM 
and a specific inhibitor of membrane purinoceptors 
inhibitor reactive blue (RB, Yuanye Biotech., Shanghai, 
China) at 10 µM were added 30 min prior to the red light 
treatment.

Membrane permeabilization assay
The membrane permeability was measured using a high-
affinity nucleic acid stain fluorescent dye SYTOX Green 
(Molecular Probes, Eugene, Oregon, USA). The mycelia 
cultured for 5  days were treated with 0.5  μM SYTOX 
Green for 30 min and photography through a fluorescent 
microscope (CKX41, Olympus, Japan) with an excita-
tion/emission wavelength of 488/538 nm. The NO donor 
SNP (5  μM) and scavenger cPTIO (100  μM), and sGC 
inhibitor NS-2028 (20  μM) were added 30  min prior to 
the red light treatment.

PQ extraction and quantification
The fungal PQ extraction in the mycelium culture refers 
to our previous study (Lei et  al. 2017). Therein, the PQ 
contents were detected by the reverse-phase Agilent 
1260 HPLC system (Agilent, Wilmington, NC, USA) with 
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Agilent HC-C18 column (250 × 4.6  mm) (Agilent, Santa 
Clara, CA, USA) with a mobile phase (acetonitrile: water 
at 65: 35, v/v). The injection volume was 10 μL with the 
flow rate 1  ml/min, and the UV detection wavelength 
was 465 nm (Tong et al. 2017). HPLC chromatograms of 
PQ standards were presented in Additional file 1: Fig. S1. 
Total hypocrellin A production refers to the sum of intra-
cellular and extracellular hypocrellin A.

Quantitative real‑time PCR analysis
The primer of genes related to the sporulation (Ma et al. 
2019a; Zhao et al. 2021b), genes for HA biosynthesis and 
internal reference gene (18S ribosomal RNA) are listed 
in Additional file 1: Table S1. The real-time quantitative 
PCR (RT-qPCR) was measured in the CFX96-C1000 
Touch Real-Time PCR Detection System (Bio-Rad, Her-
cules, CA, USA) for gene transcription analysis.

Statistical analysis
All experimental data were performed in triplicate inde-
pendent experiments. Data were analyzed using one-way 
analysis of variance (ANOVA) with Dunnett′s multiple-
comparison tests and student’s t-test. All the experimen-
tal results are expressed as mean ± standard deviation 

(SD) of triplicate experiments. Statistical significance was 
defined as p < 0.05.

Results
Effect of red light on fungal growth and PQ production
To explore the influence of red light on the produc-
tion of PQs, Shiraia sp. S9 was inoculated on the PDA 
plate or in mycelium culture under red light treatment. 
The intensity (200  lx) and exposure time (24  h/day) for 
red light were chosen based on our previous study (Ma 
et al. 2019a). After red light treatment, the fungal pellets 
became darker and tighter in the liquid cultures (Fig. 1A), 
but there was no significant difference in the pellet diam-
eter (Fig.  1B). Under red light exposure, the number of 
mycelial branches was increased and the branching dis-
tance was shortened by 41.7%, whereas the spore forma-
tion was inhibited and the conidia count decreased by 
22.2% compared to the dark control group (Fig. 1C, D). 
In the liquid culture, both pH value and residual sugar 
content remained unaltered following red light treatment 
(Additional file 1: Fig. S2).

Although the application of red light did not elicit sig-
nificant effects on fungal growth (pellet diameter) in liq-
uid culture (Fig. 1B), the secretion of red pigments by the 
fungus was promoted in the plate (Fig. 2A). Furthermore, 

Fig. 1 Effects of red light on the growth and development of Shiraia sp. S9. A The pellet morphology (15 ×) and pellet diameters (B) 
during the culture. The liquid culture of S9 was incubated in the dark or red light treatment at 28 ℃ and 150 r/min. The intensity of red light 
(627 nm) was 200 lx. C The mycelial morphology (400 ×) under the dark or red light treatment. D The length between mycelial branches and spore 
concentration of S9. Values are mean ± SD from three independent experiments (**p < 0.01 vs. dark control, ten flasks or plates per replicate)
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Fig. 2 Effects of red light on morphology and perylenequinone (PQ) production of Shiraia sp. S9. A The solid-state culture of Shiraia sp. S9. The PDA 
plate was cultivated at 28 ℃ under dark (control group) or red light (treatment group) conditions, respectively. The intensity of red light (627 nm) 
was 200 lx. B The liquid culture of Shiraia sp. S9. The culture was maintained in a 150 mL flask containing 50 mL medium at 150 r/min and 28℃ 
and the photos were taken on day 3. C The chromatogram of individual PQs in the mycelium. Values are mean ± SD from three independent 
experiments (ten flasks or plates per replicate)

Table 1 Effects of red light on the individual perylenequinone (PQ) production in liquid culture of Shiraia sp. S9*

* The SNP (5 μM), cPTIO (100 μM) and NS-2028 (20 μM) were added to the culture 30 min before the red light treatment. The intensity of red light (627 nm) was 200 lx. 
The culture was maintained in a 150 mL flask containing 50 mL medium at 150 r/min and 28 ℃ for 8 days. The treatments consisted of triplicate independent repeats 
(ten flasks per replicate, *p < 0.05, **p < 0.01 vs. control; #p < 0.05, ##p < 0.01 vs. red light treatment)

HA HC EA EB EC

Intracellular PQs (mg/g DW)

 Control 9.64 ± 0.21 0.97 ± 0.26 1.71 ± 0.21 0.29 ± 0.025 0.14 ± 0.02

 Red light 30.15 ± 0.72** 3.91 ± 0.04** 2.39 ± 0.25* 0.46 ± 0.05** 0.21 ± 0.02*

 Red light + SNP 33.87 ± 1.97# 4.18 ± 0.16# 2.56 ± 0.31 0.50 ± 0.04 0.23 ± 0.01

 Red light + cPTIO 27.30 ± 1.48# 3.53 ± 0.20# 1.78 ± 0.18# 0.98 ± 0.10## 0.42 ± 0.06##

 Red light + NS-2028 15.07 ± 3.79## 2.23 ± 0.48# 1.68 ± 0.16## 0.21 ± 0.04 0.15 ± 0.02

Extracellular PQs (mg/L)

 Control 1.08 ± 0.06 0.36 ± 0.02 0.70 ± 0.08 0.21 ± 0.02 0.13 ± 0.02

 Red light 2.56 ± 0.20** 0.92 ± 0.09** 2.40 ± 0.06** 0.49 ± 0.11* 0.36 ± 0.10*

 Red light + SNP 3.86 ± 0.34## 1.46 ± 0.05## 1.79 ± 0.04## 0.35 ± 0.06 0.24 ± 0.02

 Red light + cPTIO 2.03 ± 0.17# 0.66 ± 0.02# 1.50 ± 0.18## 0.27 ± 0.04# 0.16 ± 0.03#

 Red light + NS-2028 1.97 ± 0.12## 0.56 ± 0.04## 1.38 ± 0.13## 0.27 ± 0.01## 0.17 ± 0.02#
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in liquid cultures, the exposure to red light notably 
boosted the production of red PQ pigments, both in the 
mycelium (Fig. 2B, C) and cultural broth (Table 1). Spe-
cifically, in mycelium culture, the content of individual 
PQs such as HA, HC, elsinochrome A (EA), EB and EC 
exhibited substantial increases, with fold changes of 3.1, 
3.6, 2.0, 1.9 and 2.1, relative to the dark control (Table 1). 

Red light‑induced NO generation
In our investigation of the impact of red light on NO 
generation in Shiraia sp. S9, we used the NO-specific 
fluorescent probe DAF-2 DA as previously described 
(Turrion‐Gomez and Benito 2011). As shown in 

Fig.  3A, a conspicuous green fluorescence of DAF-2 
DA appeared in the mycelia after red light treatment. 
The NO content increased to 1.9  times compared to 
the dark control (Fig.  3B). Notably, when the culture 
medium was pretreated with NO scavenger cPTIO, 
red light-induced fluorescence markedly diminished 
(Fig.  3A). Furthermore, the addition of NOS inhibitor 
Nω-nitro-l-arginine methyl ester (l-NAME) and NR 
inhibitor sodium tungstate dehydrate (STD) resulted 
in a suppression of NO content in mycelia by 27.0% 
and 33.3%, respectively (Fig.  3B). The time course of 
NO generation revealed that NO level began to ele-
vate on day 4 after red light treatment and reached the 

Fig. 3 Effects of red light on NO generation of Shiraia sp. S9 in liquid culture. A Bright-field image (left) and fluorescence microscopy of DAF-2 
DA-stained mycelia (right) (400 ×) in the cultures. cPTIO (100 μM) were added 30 min before red light treatment and the photo was taken on day 
8. The intensity of red light (627 nm) was 200 lx. B The NO content in the mycelium. l-NAME (100 μM), STD (100 μM) and cPTIO (100 μM) were 
added 30 min before red light treatment respectively, and the mycelia were harvested on day 8. C Time course of NO content. D NOS and NR 
activity in Shiraia sp. S9. E cGMP content in Shiraia sp. S9. NS-2028 (20 μM) and cPTIO (100 μM) were added 30 min prior to the red light treatment. 
The culture was maintained in a 150 mL flask containing 50 mL medium at 28 ℃ and 150 r/min. Values are mean ± SD from three independent 
experiments. (*p < 0.05 and **p < 0.01 vs. control. ##p < 0.01 vs. red light treatment, ten flasks per replicate)
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highest point at 81.7  μmol/g FW on day 8, about 2.4-
fold higher than the control (Fig. 3C). To further inves-
tigate on the sources of NO production, we assessed 
the enzyme activity of NOS and NR. Under red light 
treatment, both NOS and NR activity had a significant 
increase, reaching their peak value (24.0 U/mg protein 
of NOS and 23.3 U/mg protein of NR) on day 8 and day 
6, respectively (Fig.  3D). Chen et  al. (2022) reported 
that NO was involved in the l-arginine-induced PQ 
formation through the sGC pathway in Shiraia sp. 
Slf14(w). However, the corresponding gene encoding 
sGC was not found in Shiraia genome. In an effort to 
investigate on the involvement of sGC-cGMP path-
way during red light treatment, we used sGC inhibitor 
NS-2028 and measured the content of cGMP. Red light 
treatment induced a 50.5% increase in cGMP content, 
reaching 12.7 pmol/g fresh weight (FW) on day 8. How-
ever, this increase was mitigated in the presence of the 
sGC inhibitor NS-2028 or the NO scavenger cPTIO 

(Fig.  3E). These findings collectively suggest that NO-
sGC-cGMP pathway could be involved in the elicitation 
of red light.

NO involved in the effects of red light on Shiraia growth
Red light treatment reduced both the pycnidia pro-
duction and spore numbers, which were subsequently 
restored by NO donor SNP (Fig. 4A). The NO scaven-
ger cPTIO or sGC inhibitor NS-2028 further inhib-
ited the spore concentration (Fig.  4B). Additionally, 
the length between mycelial branches was shortened 
by red light and the addition of SNP further decreased 
the branching length. Conversely, the addition of 
cPTIO or NS-2028 led to an increase of branching 
length when compared to red light treatment alone 
(red light + cPTIO or NS-2028 vs. red light in Fig. 4B). 
Furthermore, based on our previous transcriptional 
analysis of S. bambusicola S8 under red light (Ma et al. 
2019a), we analyzed the expression levels of genes 

Fig. 4 Effects of NO on the growth and development of Shiraia sp. S9 under the red light. A The morphologic characteristics of S9. The red arrow 
indicates pycnidium. SNP (5 μM), cPTIO (100 μM) and NS-2028 (20 μM) mixed with PDA medium were poured into a Petri dish and the plate 
was incubated at 28 ℃ for 8 days. The intensity of red light (627 nm) was 200 lx. B The number of spores and the length between mycelial branches 
of S9. C The relative expression levels of genes associated with sporulation. The culture was maintained in a 150 mL flask containing 50 mL medium 
at 28 ℃ and 150 r/min under the dark or red light treatment. Values are mean ± SD from three independent experiments (*p < 0.05 and **p < 0.01 vs. 
control. #p < 0.05 vs. red light treatment, ten plates per replicate)
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related to sporulation, including sexual differentiation 
process protein (ISP7), cleistothecium development 
(CSN3), stage v sporulation protein k (SSPK), 30  kDa 
heat shock protein (HSP30), and transcriptional fac-
tor BrlA and WetA. These genes have been reported to 
be responsive to external NO application and be also 
related to fungal conidiation (Boylan et al. 1987; Zhao 
et  al. 2021b). In our study, their expressions were sig-
nificantly down-regulated by red light, about 4.5-, 8.8-, 
3.7-, 2.8-, 2.1-, 2.5-fold relative to the control, respec-
tively. Importantly, the suppressed expressions of these 
genes were partially restored after the addition of SNP, 
but were further suppressed by cPTIO and NS-2028 
(Fig.  4C). These results indicated the involvement of 
NO and the sGC-cGMP pathway in the regulation of 
fungal growth and development of Shiraia sp. S9 under 
red light conditions.

NO involved in red light‑induced fungal membrane 
permeability
To examine the impact of red light on the membrane 
permeability of Shiraia sp. S9, we employed SYTOX 
Green, a high-affinity nucleic acid stain fluorescent 
dye, as described by Thevissen et  al. (1999). Follow-
ing 5 days of exposure to red light, a pronounced green 
fluorescence signal was evident (Fig.  5A), indicating an 
enhanced membrane permeability. Remarkably, the red 
light-induced fluorescent signal was further intensified 
upon the addition of the NO donor SNP, about 1.3-fold 
compared to the group subjected to red light alone (red 
light + SNP vs. red light in Fig. 5). Conversely, the addi-
tion of NO scavenger cPTIO or sGC inhibitor NS-2028 
attenuated red light-induced fluorescence (Fig.  5A, B), 
thereby suggesting the involvement of red-light induced 
NO signal in the increased membrane permeability of 
Shiraia sp. S9.

Fig. 5 Effects of NO on hyphal cell membrane permeability of Shiraia sp. S9 under the red light. A The integrity of mycelial cell membrane. The 
mycelia cultured for 5 days were treated with 0.5 μM SYTOX Green for 30 min and photography through a fluorescent microscope. SNP (5 μM), 
cPTIO (100 μM) and NS-2028 (20 μM) were added 30 min prior to the red light treatment, respectively. The intensity of red light (627 nm) was 200 lx. 
B The mean fluorescence intensity. The culture was maintained in a 150 mL flask containing 50 mL medium at 28 ℃ and 150 r/min under the dark 
or red light treatment. Values are mean ± SD from three independent experiments (*p < 0.05 and **p < 0.01 vs. control. #p < 0.05 vs. red light 
treatment, ten flasks per replicate)
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Red light‑induced ROS,  Ca2+ and eATP signals
We conducted assessments of the other signaling mole-
cules, including ROS,  Ca2+ and extracellular ATP (eATP) 
as part of the early signaling events in Shiraia cultures 
during elicitation (Lu et  al. 2019; Li et  al. 2021). Nota-
bly, an increase in  Ca2+ content induced by red light was 
observed, as evidenced by the intense green fluorescence 
exhibited by Fluo-3 AM (Fig.  6A). The increased  Ca2+ 
content was further substantiated through the reduc-
tion of the fluorescence intensity upon the application of 

the  Ca2+ chelator EGTA and membrane channel blocker 
 La3+ (Fig.  6B). Furthermore, red light induced eATP 
content to 127 nM after 45 min, about 1.6-fold increase 
compared to the control (Fig. 6C). However, there was no 
significant change in  H2O2 contents during the red light 
treatment (Fig. 6D). To delve into the interaction between 
 Ca2+ or eATP signals and NO, we employed eATP antag-
onists (the purinoceptor inhibitor PPADS and RB) and 
 Ca2+ antagonists (EGTA and  LaCl3), respectively. The 
red light-induced NO production was markedly inhibited 

Fig. 6 Effects of red light on the signal molecules in Shiraia sp. S9. A The relative fluorescence intensity of  Ca2+ in S9. B Changes in the fluorescence 
of  Ca2+. bright-field image (above) and fluorescence microscopy (below) of Fluo-3 AM-stained mycelia (400 ×). EGTA (5 mM) and  LaCl3 (2 mM) were 
added 30 min prior to the red light, respectively. The intensity of red light (627 nm) was 200 lx. The red light-induced eATP release (C) and  H2O2 
content (D) in the mycelium of S9. E The effect of eATP signal on NO content. PPADS (10 μM), RB (10 μM) were added 30 min prior to the red 
light treatment, respectively. F The effect of  Ca2+ signal on NO content. Values are mean ± SD from three independent experiments (*p < 0.05 
and **p < 0.01 vs. control. #p < 0.05 and ##p < 0.01 vs. red light treatment, ten flasks per replicate)
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by eATP antagonists (PPADS or RB) (Fig. 6E). Moreover, 
pretreatment of EGTA or  LaCl3 resulted in a 15.2% and 
36.7% decrease in NO content, respectively (EGTA or 
 LaCl3 + Red light vs. Red light in Fig. 6F). These findings 
collectively indicate the involvement of both eATP and 
 Ca2+ in the regulation of NO production during red light 
treatment.

The mediation of NO in red light‑induced Shiraia PQ 
biosynthesis
Exposure to red light significantly enhanced the accu-
mulation of PQs (Fig.  2, Table  1). In conjunction with 
this observation, we investigated the expression levels 
of genes associated with PQ synthesis, including major 
facilitator superfamily (MFS), O-methyl-transferase 
(Omef), multicopper oxidase (MCO), monooxygenase 
(Mono), polyketide synthase (PKS), FAD/FMN-contain-
ing dehydrogenase (FAD) and zinc finger transcription 
factor (ZFTF) (Zhao et  al. 2016). When the mycelium 
culture was exposed to red light, the transcriptional lev-
els of these genes were up-regulated, with fold increases 
of 3.0-, 4.7-, 10.8-, 6.9-, 3.9-, 3.2- and 1.6-fold, respec-
tively (Fig. 7A). Furthermore, we delved into the role of 
NO in red light-induced PQ production of Shiraia sp. S9. 
The application of the NO donor SNP resulted in a fur-
ther promotion of intracellular PQ contents, particularly 
HA (12.33% increase). However, both intracellular PQs 
(HA, HC and EA) and extracellular PQs were inhibited 
by the NO scavenger cPTIO or sGC inhibitor NS-2028 
(Table 1). The transcription levels of genes related to PQ 
synthesis were similarly enhanced by SNP but repressed 
by cPTIO or NS-2028 (Fig.  7A). These findings collec-
tively suggest that NO and its sGC-cGMP pathway play a 
pivotal role in the enhanced PQ production in Shiraia sp. 
S9 cultures exposed to red light.

Combined elicitation of red light and SNP on Shiraia HA 
production
To enhance the production of HA, a key bioactive PQ in 
Shiraia mycelium cultures, we introduced SNP (5 μM) in 
the culture 30 min prior to initiating red light treatment 
according to our pre-experiment results (Additional 
file 1: Fig. S3, Fig. 4). Although the red light treatment or 
its combination with SNP (1, 5, 10 and 20  μM) did not 
yield significant changes in fungal biomass (Additional 
file 1: Fig. S3A), it did lead to a significant enhancement 
in HA production (Additional file  1: Fig. S3B–D). Fur-
thermore, when subjected to the combined treatment of 
red light and 5 μM SNP on day 1, HA content in both the 
mycelium and cultural broth was stimulated significantly. 
Consequently, the total HA production was boosted by 
38.6% compared to the red light treatment alone (Addi-
tional file 1: Fig. S3D). Subsequently, we introduced 5 μM 

SNP into the red light cultures at different time points 
(day 1–5). The choice of day 1 for SNP addition was 
based on its eliciting effects on HA production (Addi-
tional file  1: Fig. S4). Under the optimized elicitation 
conditions, where SNP (5 μM) was added on day 1 of the 
mycelium culture under red light exposure (200  lx), the 
total HA production reached 254  mg/L, about 3.0-fold 
increase over the dark control (Fig. 8).

Discussion
Shiraia spp. are pathogenic fungi known to colonize 
bamboo branches in Eastern Asia (Morakotkarn et  al. 
2007). The Shiraia infection usually occurs in the brim 
of bamboo forest and its fruitbodies were formed at the 
shoot apex of bamboos (Li et  al. 2009; Liu et  al. 2012), 
implying a possible dependence on light for the fungal 
growth and development. Given that photoactive PQs 
play a significant role in fungal virulence and pathogenic-
ity by generating ROS (Daub et al. 2013), it is reasonable 
to hypothesize that the PQ-producing fungi like Shiraia, 
Cercospora and Elsinoё species may exhibit sensitivity to 
light during growth and infections. Fungi typically gen-
erate ROS as a response to stress conditions induced by 
ultraviolet radiation (UV) and blue light exposure (Kim 
et  al. 2013; Schumacher and Gorbushina 2020). In our 
previous study, it was observed that a light/dark shift (24: 
24 h) or the intermittent blue light (6 h per day) at 200 lx 
stimulated HA production in Shiraia mycelium cultures, 
with concomitant induction of fungal ROS generation 
(Sun et al. 2018; Li et al. 2022). In the present study, red 
light (627 nm) at 200 lx was found to promote the accu-
mulation of fungal PQs, including HA, HC and EA-EC in 
Shiraia sp. S9 (Table 1), however, there was no significant 
changes in  H2O2 production in Shiraia mycelia under red 
light treatment (Fig. 6D). To the best of our knowledge, 
the only published work on fungal  H2O2 production 
induced by red light (light-emitting diode, Philips 20W/
T9/BLB) at 660  nm was conducted in Monilinia fructi-
cola by Verde-Yáñez et al. (2023). In addition to ROS, NO 
is another signaling molecule in fungal responses to light 
exposure (Cánovas et  al. 2016). NO has been shown to 
participate in the light-dependent regulation of conidia-
tion in Neurospora crassa (Ninnemann and Maier 1996) 
and Aspergillus nidulans (Marcosa et  al. 2020). Huang 
et al. (2017; 2019) reported that intense pulsed light (IPL) 
could induce NO generation in the dermatophyte Tricho-
phyton rubrum, inhibiting its growth through nitrosa-
tive damage with ROS. Our current study demonstrates 
red light-induced NO generation (Fig.  3), and its regu-
latory effects on Shiraia growth, development (Fig.  4) 
and PQ production (Fig.  2, Table  1). Similar reports on 
induced NO generation have been found in Shiraia spe-
cies treated with both biotic elicitors from Aspergillum 
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Fig. 7 Effects of NO on the expression of perylenequinone (PQ) biosynthetic genes under red light treatment (A). SNP (5 μM), cPTIO (100 μM) 
and NS-2028 (20 μM) were added to the culture 30 min before red light treatment, respectively. The intensity of red light (627 nm) was 200 lx. 
Values are mean ± SD from three independent experiments. (*p < 0.05 and **p < 0.01 vs. control. #p < 0.05 and ##p < 0.01 vs. red light treatment, ten 
flasks per replicate). B A schematic diagram of red light-induced HA biosynthesis of Shiraia sp. S9. NO nitric oxide, eATP extracellular ATP, EGTA   Ca2+ 
chelator, LaCl3 membrane channel blocker, RB an inhibitor of eATP signal transduction across the plasma membrane, PPADS the purinoceptor 
inhibitor, sGC soluble guanylate cyclase, NS-2028 sGC inhibitor
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niger (Du et al. 2015) and Phytophthora boehmeriae (Du 
et  al. 2019), as well as abiotic elicitation such as Tri-
ton X-100 treatment (Li et  al. 2020) or heat stress (Xu 
et  al. 2023). Thus, NO may be one of important signals 
in the elicitation of Shiraia fungi by red-light exposure. 
Unlike the aforementioned elicitation methods, red light 
induced NO production in a longer duration (approxi-
mately 4–8  days) (Fig.  3C), and this elicitation by red 
light appeared to be independent of ROS in Shiraia cul-
tures (Fig.  6D). This discrepancy likely arises from the 
different physiological responses to red light compared 
to other elicitors. NO can be synthesized through oxida-
tive pathway mediated by NOS converting L-arginine to 
NO (Gorren and Mayer 2007). While the process of NO 
biosynthesis in fungi is not yet fully understood (Cáno-
vas et  al. 2016), l-arginine has been implicated in NO 
synthesis (Chen et  al. 2022), and a NOS-like (NOSL) 
gene has been cloned from Shiraia sp. Slf14(w) (Xu et al. 
2023). In our study, red light-induced NO production was 
inhibited by the NOS inhibitor (l-NAME), aligning with 
the role of NOS in Shiraia. Furthermore, the induced NO 

production was significantly suppressed by NR inhibitor 
STD (Red light + STD vs. Red light in Fig. 3B), suggesting 
the possible occurrence of a NR-dependent side reaction 
contributing to induced NO production in an alternative 
pathway (Yamasaki and Sakihama 2000). To our knowl-
edge, this study represents the first report of fungal NO 
generation induced by red light and its effects on fungal 
growth and secondary metabolite biosynthesis.

After red-light exposure the fungal pellets of Shiraia sp. 
S9 had a dark tight core within the filamentous aggrega-
tion (Fig.  1A), suggesting alternations of fungal growth 
and PQ production. Although Shiraia biomass remained 
unchanged (Additional file  1: Figs. S3A, S4A), red light 
had inhibitory effects on fungal conidiation (Fig.  1D) 
and led to a reduction in the distance between hyphal 
branches (Fig. 1C, D), indicating that red light could be 
unfavorable for fungal growth and development. Röh-
rig et  al. (2013) found that the spore germination of A. 
nidulans was significantly inhibited in the presence of red 
light, which was depended on the phytochrome FphA. 
The phytochrome FphA, light sensor VeA, CryA and the 

Fig. 8 Time profiles of fungal biomass (A), HA content in mycelium (B), the released HA in cultural broth (C) and total HA production (D) of Shiraia 
sp. S9. The culture was maintained in a 150 mL flask containing 50 mL medium at 150 r/min and 28 ℃ under the dark or red light treatment 
for 8 days. The intensity of red light (627 nm) was 200 lx. SNP (5 μM) was added on day 1 of culture, 30 min before the red light treatment. Values 
are mean ± SD from three independent experiments (*p < 0.05 and **p < 0.01 vs. control. #p < 0.05 and ##p < 0.01 vs. red light treatment, ten flasks 
per replicate)
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white collar (WC) complex (LreA, LreB, WC-1, 2) could 
mediate the transition of fungal asexual and sexual devel-
opment under red light (Purschwitz et  al. 2008). There-
fore, sensing red light is complex signal-transduction 
processes for fungal development and metabolite bio-
synthesis. NO has been reported to play a role in the 
initiation and development of the spore production of 
Coniothyrium minitans (Gong et  al. 2007). Zhao et  al. 
(2021b) also observed up-regulation of conidiation-spe-
cific genes in response to SNP (0.2  mmol/L) and their 
suppression by the NO scavenger cPTIO. In our study, 
the induced NO could mitigate the inhibitory effects 
of red light on fungal growth (Fig.  4). NO can activate 
sGC, leading to the conversion of GTP to cGMP, which 
subsequently binds to protein kinase G (PKG) and ini-
tiates NO-cGMP-PKG signaling pathway to elicit the 
specific cellular responses (Zhao et  al. 2020). When the 
sGC inhibitor NS-2028 was introduced into Shiraia cul-
tures under red light, fungal conidiation was further sup-
pressed and the distance of hyphal branches increased 
(red light + NS-2028 vs. red light in Fig.  4B, C). Simul-
taneously, cGMP production was induced by red light 
during the cultures (Fig. 3E), suggesting a regulatory role 
of sGC in fungal sporulation and hyphal growth. Fur-
thermore, exogenous NO supplied by SNP not only pro-
moted fungal conidiation (Fig.  4B), but also potentiated 
the red light-induced perylenequinone accumulation of 
Shiraia sp. S9 (Table 1, Additional file 1: Fig. S3, Fig. 4). 
Mycelium cultures exposed to red-light in the presence 
of a sGC inhibitor NS-2028 or a NO scavenger cPTIO 
significantly decreased the contents of individual PQs 
(Table 1). Therefore, our study suggests that NO can also 
mediate red light-induced PQ biosynthesis through the 
NO-sGC-GMP signaling pathway.

In addition to NO generation, red light exposure also 
induced the production of other signal molecules, such 
as eATP and  Ca2+, during the early stage of mycelium 
culture (Fig.  6). Our study demonstrated an effective 
inhibition of fungal NO production by purinoceptor 
inhibitors (RB, PPADS) (Fig.  6E), as well as by the cal-
cium chelator EGTA and the calcium channel blocker 
 La3+ (Fig. 6F). These findings strongly suggest that eATP 
and  Ca2+ play pivotal roles as key signals in mediating 
the physiological responses induced by NO in Shiraia sp. 
S9 under red light exposure. Our previous study showed 
that eATP acted as the intercellular signal to induce HA 
biosynthesis during co-culture of Shiraia sp. S9 with a 
bacterium Pseudomonas fulva SB1 (Li et  al. 2021). The 
involvement of  Ca2+/calmodulin (CaM) signaling in PQ 
production of Shiraia sp. Slf14 was also suggested, as 
evidenced by the effects of  Ca2+ supplement and the use 
of  Ca2+ sensor inhibitors (chlorpromazine and tacroli-
mus) (Liu et al. 2018). In the current study, we observed 

significant upregulation in the expressions of seven genes 
(MFS, Omef, MCO, Mono, PKS, FAD and ZFTF) from the 
hypocrellin synthesis gene cluster in response to red light 
(Fig.  7). Both the red light-induced expressions of HA 
biosynthetic genes (Fig. 7A) and HA production (Table 1) 
were markedly inhibited by the NO scavenger cPTIO. 
These results collectively suggest that NO can act as a 
signal molecule with eATP and  Ca2+, working synergisti-
cally to enhance the biosynthesis of HA under red light 
conditions.

SNP, a NO donor has been utilized in plant cell cul-
tures to stimulate production of plant secondary metabo-
lites, such as hypericin, puerarin and catharanthine (Xu 
et  al. 2005a, b; 2006). More recently, researchers have 
extended their efforts to use SNP as an elicitor in sub-
merged mycelium cultures to enhance fungal metabo-
lites, including the production of ganoderic triterpenoid 
in Ganoderma lucidum (Gu et al. 2017) and polyphenols 
in Inonotus obliquus (Zheng et al. 2009). In our previous 
work, we observed that the intracellular HA content of 
Shiraia sp. S9 increased by 73.31–178.96% when treated 
with 0.02  mM SNP on day 3 of a 9-day-culture (Ma 
et  al. 2021). Additionally, Zhao et  al. (2021a) reported 
that exogenous addition of 0.01 mM SNP promoted PQ 
production (HA and elsinochrome A) in S. bambusicola 
S4201 by 156% compared to the control. In the current 
study, we combine SNP treatment with red light exposure 
in the mycelium culture of Shiraia sp. S9 (Fig. 8). When 
5 μM SNP was added on day 1 of the culture under red 
light exposure at 200 lx, fungal HA production increased 
to 254  mg/L, about 3.0-fold over the dark control. This 
approach using red-light treatment offers biotechno-
logical advantages, particularly in fungal HA produc-
tion in large-scale bioreactors with light‐emitting diodes. 
Further increases in HA production can be expected 
through the optimization of culture conditions and the 
refinement of the combined eliciting strategies.

Conclusions
In conclusion, this study represents the first assess-
ment of the mediating role of NO in the regulation of 
Shiraia conidiation, hyphal growth, and PQ produc-
tion in response to red light exposure. Our investiga-
tion clearly showed that red light could inhibit fungal 
conidiation, increase hyphal branching and stimulate 
PQ accumulation in Shiraia sp. S9. The NO donor 
SNP potentiated red light-induced responses in fungal 
conidiation and PQ biosynthesis. Moreover, endog-
enous NO generation in the hyphae was induced by red 
light via NOS- or NR-dependent routes. The impact of 
red light on fungal conidiation and PQ production is 
partially mitigated upon the introduction of NO scav-
enger cPTIO or sGC inhibitor NS-2028, suggesting the 
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NO-cGMP-PKG signaling pathway in Shiraia sp. after 
red light exposure. It is interesting to note that NO 
collaboratively functions as a signaling molecule with 
eATP and  Ca2+, working synergistically to enhance PQ 
biosynthesis under red light conditions. NO generation 
induced by red light was further implicated in enhanc-
ing membrane permeability and upregulating transcript 
levels of PQ biosynthetic genes in Shiraia sp. S9, which 
led to the increase of both intracellular and extracellu-
lar PQ production. Importantly, the synergistic com-
bination of red light exposure and NO donor SNP 
treatment amplified the stimulation of HA production 
in Shiraia mycelium culture. Our study provided a new 
understanding of NO signaling in biosynthesis of fun-
gal metabolites, and shed new light on the signaling 
events during red light exposure. The new strategy of 
combined elicitation could be harnessed in photo-bio-
reactors for the potential biotechnological production 
of fungal secondary metabolites with pharmaceutical 
and industrial applications.
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culture was maintained in a 150 mL flask containing 50 mL medium at 
150 r/min and 28℃ under the dark or red light treatment for 8 days. The 
intensity of red light (627 nm) was 200 lx. SNP (1, 5, 10 and 20 μM) were 
added 30 min prior to the red light treatment. Values are mean ± SD from 
three independent experiments (*p< 0.05 and **p < 0.01 vs. control. #p < 
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