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Abstract

Cordyceps militaris is a highly valued edible and medicinal fungus due to its production of various metabolites, including
adenosine, cordycepin, N°-(2-hydroxyethyl)-adenosine, and carotenoids. The contents of these metabolites are indicative of
the quality of commercially available fruit body of this fungus. In this work, the effects of environmental abiotic factors, including
heat and light stresses, on the fruit body growth and metabolite production in C. militaris were evaluated during the late growth
stage. The optimal growth temperature of C. militaris was 20 °C. It was found that a heat stress of 25 °C for 5-20 days during the
late growth stage significantly promoted cordycepin and carotenoid production without affecting the biological efficiency. Light
stress at 6000 Ix for 5-20 days during the late growth stage significantly promoted cordycepin production but decreased the
carotenoid content. Both heat and light stresses promoted N°-(2-hydroxyethyl)-adenosine production. In addition, gene expres-
sion analysis showed that there were simultaneous increases in the expression of genes encoding a metal-dependent
phosphohydrolase (CCM_04437) and ATP phosphoribosyltransferase (CCM_04438) that are involved in the cordycepin bio-
synthesis pathway, which was consistent with the accumulation of cordycepin during heat stress for 520 days. A positive weak
correlation between the cordycepin and adenosine contents was observed with a Pearson correlation coefficient of 0.338
(P <0.05). The results presented herein provide a new strategy for the production of a superior quality fruit body of
C. militaris and contribute to further elucidation of the effects of abiotic stress on metabolite accumulation in fungi.
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Introduction

Cordyceps militaris, a well-known edible and medicinal fun-
gus, is the type species of Cordyceps that generally parasitizes
the larvae or pupae of lepidopteran insects. It has been widely
used as a tonic food in East Asia as well as a substitute for
Ophiocordyceps sinensis (syn. Cordyceps sinensis) in
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traditional Chinese medicine. C. militaris is beneficial due to
its anti-aging, anti-tumor, anti-fatigue, immunomodulatory,
neuroprotective, liver-protective, and reno-protective activities
(Das et al. 2010). These benefits have made this fungus mar-
ketable in Western countries as an over-the-counter medicine.

A series of active ingredients, including cordycepin, N°-(2-
hydroxyethyl)-adenosine (HEA), adenosine, and carotenoids,
have been isolated from the fruit body of C. militaris.
Cordycepin (3'-deoxyadenosine), a nucleoside analogue, is
an antibiotic that was first isolated from C. militaris
(Cunningham et al. 1950). It is a broad-spectrum antimicrobial
compound (Ahn et al. 2000) as well as a polyadenylation
inhibitor that has undergone clinical trials against cancers
(OncoVista Inc. 2008). It is also reported to have anti-meta-
static, anti-platelet aggregation, and anti-inflammatory activi-
ties (Tuli et al. 2013).

Many studies have focused on improving cordycepin pro-
duction during fermentation, including by high-energy ion
beam irradiation (Das et al. 2008), UV-B irradiation (Huang
etal. 2015), dissolved oxygen control (Mao and Zhong 2004),
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and medium optimization (Xie et al. 2009). However, the
C. militaris products on the market are primarily the fruit
body; thus, improving the cordycepin content in the fruit body
is a more valuable pursuit. Until now, only laborious ap-
proaches, such as strain breeding (Kang et al. 2017; Lee
et al. 2017) and culture medium optimization (Lim et al.
2012; Wu et al. 2016), have been performed to produce a
larger amount of cordycepin in the fruit body.

Carotenoids are natural isoprenoid pigments that provide
the natural yellow, orange, and red colors. It has been demon-
strated that carotenoids showed anticancer, antioxidation, and
eyesight enhancing activities (Milani et al. 2017).
Carotenoids, including lutein, zeaxanthin, and four
cordyxanthins, have been isolated from the fruit body of
C. militaris (Yan et al. 2010; Chen et al. 2013; Dong et al.
2013). Our previous study has confirmed that light is neces-
sary for carotenoid production for C. militaris and suggested
that the carotenoid content should be considered as the quality
standard of commercial products of this valued mushroom
(Yang et al. 2014). However, there is little study on carotenoid
production in C. militaris. Searching for a practical method to
obtain high metabolite content, especially for cordycepin and
carotenoid, without inhibiting fruit body growth in C. militaris
is meaningful and challenging.

Fungi thrive in diverse niches around the world and are
challenged by ever-changing variables in their environment.
Heat and light stresses, two important environmental abiotic
factors, have a significant impact on the physiology and sec-
ondary metabolism of many mushrooms. Heat stress is known
to inhibit mycelial growth and impair fruit body formation,
ultimately affecting the quality of the mushroom (Chang and
Miles 2004). Fruit body growth of Agaricus bisporus is se-
verely reduced concerning both the pileus diameter and bio-
mass when exposed to high temperatures of 33 °C (Lu et al.
2014). Heat stress at 28 or 34 °C affects the strain growth and
mycelial morphology in Tuber borchii (Leonardi et al. 2017).
Heat stress at 42 °C inhibits the mycelium growth and reduces
the hyphal branching of Ganoderma lucidum (Zhang et al.
2016). Song et al. (2014) reported that apoptosis-like cell
death occurred in Pleurotus species when exposed to heat
stress at 42 °C. Heat stress also has a significant effect on
the secondary metabolism of fungi. For example, heat stress
at 42 °C induces accumulation of ganoderic acid in the myce-
lium of G. lucidum (Zhang et al. 2016).

Light is also an important environmental factor for regulat-
ing the production of metabolites in addition to the growth and
morphogenesis of mushrooms. Ganoderic acid and
ganoderma polysaccharides are efficiently produced in sub-
merged fermentation of G. lucidum using a three-stage light
irradiation strategy (Zhang and Tang 2008). Shikimic acid, a
key intermediate in the aromatic amino acid pathway, accu-
mulates in oyster mushroom (Pleurotus ostreatus) mycelia
under blue light by more than 200-fold compared to mycelia
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that are kept in the dark (Kojima et al. 2015). Light is more a
beneficial condition than dark regarding antioxidant activity,
linoleic acid content, and mycelial growth during cultivation
of C. pruinosa mycelia on Sabouraud dextrose agar with yeast
extract media (Oh et al. 2014). C. militaris was shown to
accumulate carotenoids after light irradiation in our previous
study (Yang et al. 2014). Few studies have focused on the
effect of heat and light stresses on metabolite production in
the fruit body of mushrooms.

C. militaris can complete its life cycle when cultured
in vitro (Shrestha et al. 2012b). Furthermore, genome se-
quencing (Zheng et al. 2011), genetic transformation, and
gene disruption (Yang et al. 2016) have been successful in this
species, which has made it possible to conduct additional ba-
sic biology studies. Therefore, as an ascomycete with a few
bioactive secondary metabolites, C. militaris has been used as
a model organism for the study of Cordyceps spp. (Shrestha
et al. 2012b), in which more than 400 species have been de-
scribed. In this study, the effects of heat and light stresses on
fruit body growth and metabolite production in C. militaris
during the late growth stage were evaluated. It was found that
during the late growth stage, heat stress significantly promoted
cordycepin and carotenoid production without affecting the
biological efficiency. Additionally, the expression levels of
genes involved in the cordycepin biosynthesis pathway were
analyzed. The results will provide a practical strategy for the
production of high-quality fruit body in C. militaris.

Materials and methods
Fungal strain

The C. militaris strain CGMCC 3.16321 (Lian et al. 2014) used
in this study was maintained on potato dextrose agar (PDA) at
4 °C as a stock. The strain was incubated on the same medium
in a Petri dish at 20 °C for 2 weeks before being used.

For strain identification, the internal transcribed spacer
(ITS1-5.8S-ITS2) of nuclear rDNA was amplified and se-
quenced. The nucleotide sequence has been deposited in
GenBank under accession number MG753991. The BLAST
searches of the NCBI nucleotide database indicated that ITS
sequence of strain CGMCC 3.16321 exhibited a 100% simi-
larity with C. militaris strain NBRC 30377 (JN943300.1). The
morphology of conidia and conidiophores was observed un-
der an optical microscope (Nikon Eclipse 80i, Nikon
Instruments Inc., Tokyo, Japan) and was consistent with the
previous description of this species (Shrestha et al. 2005b).

The optimal growth temperature

A 5-mm disc was punched with a sterilized cutter from the
inoculum preparation and transferred to a fresh Petri dish
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containing the same medium. Dishes with inoculum were
sealed with parafilm and incubated at 4, 10, 15, 20, 25, 30,
35, and 40 °C. The growth of the colony was measured every
3 days for 2 weeks. Cultures at higher temperatures with no
growth, 35 and 40 °C, were moved to 20 °C after 2 weeks of
incubation to determine whether they resumed growth at
20 °C. The growth rate was determined by measuring the
colony diameter after 2 weeks of incubation, and six replicates
were performed for each experiment.

Cultivation of the fruit body of C. militaris under heat
and light stresses

The fungus was cultivated in wheat medium as previously
described (Guo et al. 2016). Briefly, the strain was incubated
on PDA dishes at 20 °C for 10 days and then transferred to the
seed culture medium (PD broth) by punching out 6 discs of 9-mm
in diameter from the agar plate with a sterilized cutter. The seed
cultures were grown in a 250-ml flask containing 80 ml of
medium at 20 °C on a rotary shaking incubator at 150 rpm for
3 days. The cultivation was performed in 500-ml glass bottles
containing wheat medium at 20 °C, with 12 h of light and 12 h
of dark, white fluorescent light at an intensity of 1700 Ix and
relative humidity greater than 80%.

When the nascent fruit body was approximately 4.50 cm in
length after being cultured for 45 days, heat and light stresses
were applied for another 20 days. The heat stress group was
cultured at 25 °C and a white light intensity of 1700 Ix, while
the light stress group was cultured at 20 °C and a white light
intensity of 6000 Ix. The double stress group was cultured at
25 °C with a white light intensity of 6000 Ix. Cultures at 20 °C
and a white light intensity of 1700 Ix were used as control. Six
replicate bottles for each condition were applied.

Fruit bodies were harvested every 5 days after being sub-
jected to heat and light stresses. The morphology of fruit body
was observed, and the color was recorded based on the hand-
book of Kornerup and Wanscher (1978). The lengths and
diameters of fruit bodies were calculated from six replicate
bottles and 20 counts for each bottle under each condition.
Fruit bodies were subsequently air-dried at 45 °C for 48 h to
constant weight at the drying oven (Yiheng Scientific
Instruments Co., Ltd., Shanghai, China). Biological efficiency
was defined as the percentage of dry weight of harvested fruit
body over dry weight of substrate. The dried fruit bodies were
ground into a fine powder in a laboratory mill (HR2027,
Philips, Hong Kong) and kept in glass jars that were wrapped
with an aluminum foil at 4 °C.

Determination of adenosine, cordycepin, and HEA
by HPLC

Adenosine, cordycepin, and HEA were quantified using cali-
bration curves of standard reference compounds. Specified

amounts of adenosine (Sigma, Munich, Germany),
cordycepin (Sigma, Munich, Germany), and HEA (Shanghai
PureOne Biotechnology, Pudong, Shanghai) were dissolved
in deionized water at 100 pug/ml as stock solutions. The ap-
propriate amount of the stock solution was transferred to a 10-
ml volumetric flask and brought up to a volume of 10 ml with
the same solvent to obtain the desired concentrations (1, 2, 5,
10, 20, and 50 pg/ml).

Samples were extracted with deionized water using
ultrasonication for 30 min and filtered through a 0.45-pm
filter membrane prior to injection into the HPLC system.
The production of adenosine, cordycepin, and HEA were an-
alyzed by reversed-phase HPLC using a Waters 2695
Separations Module (Waters Corporation, Milford, USA)
equipped with a built-in quaternary pump, 120 autosampler,
Waters 2998 Photodiode Array Detector, and Empower pro-
gram for data analysis. A pre-packed Puritex C18 column
(4.6 x 250 mm, 5-um particle size; Beijing Greenherbs
Science and Technology Development Co. Ltd., Beijing,
China) was used. Samples were eluted in the mobile phase,
which consisted of acetonitrile to double-distilled H,O (0.1%
acetic acid) (5:95), for 20 min at 25 °C. The flow rate was
1 mL/min, and the injection volume was 10 pL. Nucleosides
were monitored and quantified at 260 nm.

Determination of carotenoids

Carotenoids were extracted from the fruit bodies using the
acid-heating method (Yang et al. 2014). One gram of
C. militaris fruit body powder was soaked in 15 mL of 1 M
hydrochloric acid (HCI) at 30 °C for 30 min and centrifuged at
5000 rpm for 10 min. The supernatant was removed, and then,
the residue was washed twice with distilled water. After the
cell wall was broken, 15 ml of a 4:1 mixture of acetone to
petroleum ether was added to the broken cells. Next, the ca-
rotenoid extraction was performed for 10 min at 30 °C while
shaking at 100 rpm. The samples were subjected to centrifu-
gation (5000 rpm, 10 min), and the supernatant was later used
for determination of the carotenoids. The absorbance value
was determined after dilution by colorimetry at 445 nm with
a UV-2100 spectrophotometer (Unico Instrument Co. Ltd.,
Shanghai, China). The total carotenoid yield (png/g dried bio-
mass) was calculated according to the following equation:

AXVxD

Carotenoid content (ng/g) = 016

where A is the absorbance value of the diluted extraction at
Amax> V18 the volume of the extraction reagent, D is the dilu-
tion ratio, 0.16 is the extinction coefficient of carotenoids, and
W (g) is the weight of the dry fruit body of C. militaris.
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Quantitative real-time polymerase chain reaction

Total RNA was extracted from 100 mg frozen fruit body using
the TRIzol reagent (Invitrogen, Carlsbad, CA, USA). The ex-
tracted RNA was then treated with RQ1 RNase-Free DNase
(Promega, Madison, WI, USA). We synthesized cDNA using
the ReverTra Ace qPCR RT Master Mix (Toyobo Co., Ltd.,
Osaka, Japan). Quantitative real-time PCR (qPCR) was con-
ducted using a Mastercycler ep realplex instrument
(Eppendorf, Hamburg, Germany). The 25-pl gPCR solutions
contained 5 ng cDNA, 0.1 uM primers, and 12.5 pl qPCR
SYBR Green Mix (Toyobo Co., Ltd., Osaka, Japan). Relative
gene expression levels were calculated using the 2~ meth-
od (Livak and Schmittgen 2001). The obtained data represent-
ed six biological replicates, with two technical replicates each.

Statistical analysis

The data were expressed as the mean = SD and were analyzed
by one-way analysis of variance (ANOVA). Significant dif-
ferences were determined by Duncan’s multiple range tests
(P<0.05). Data analyses were completed with SPSS 19.0
(SPSS, Inc., Chicago, USA) and OriginPro 8.5 (OriginLab

Fig. 1 Colony and growth rate of
Cordyceps militaris on agar
medium under different
temperatures. a Colony of C.
militaris on agar medium for

2 weeks under different
temperatures. b Growth rate of C.
militaris on agar medium under
different temperatures. Different
letters above the bars indicated
significant differences (ANOVA
followed by Duncan’s multiple
range tests, P <0.05)

Growth rate (mm/d)

Corporation, Massachusetts, USA). The graph was construct-
ed using Graphpad Prism 6.0 (Graphpad Software, Inc.,
California, USA).

Results
The optimal growth temperature of C. militaris

After 2 weeks of culture, mycelia overspread the plates at
20 °C (Fig. la) and the average of colony diameters were
5.55, 7.40, and 6.35 cm at temperature 15, 20, and 25 °C,
respectively. A range of 15-25 °C is favorable for the mycelial
growth of C. militaris, with the highest growth rate at 20 °C
followed by 25 °C (Fig. 1b). The growth rate at 20 °C was
significantly higher than that at 25 °C (P < 0.05, Fig. 1b). The
growth decreased rapidly outside that range, with very low
growth at 10 and 30 °C while no growth occurred at 35 °C
and beyond. The least sign of growth was observed at 4 °C
(Fig. 1a). Cultures originally grown at 35 and 40 °C failed to
regrow after being transferred to 20 °C for another 30 days of
incubation and were apparently dead.
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Fruit body growth of C. militaris under heat and light
stresses

The fruit bodies under different stresses for 20 days had dis-
tinctly different appearances (Fig. 2), especially the color and
spinules. The color of the fruit body under light stress was the
palest, with a pale yellow color (4A3, LS in Fig. 2), while the
deepest colored fruit body was that grown under heat stress
with a deep yellow (4A8, HS in Fig. 2). The color of the
control (C in Fig. 2) and double stress groups (HL in Fig. 2)
were intermediate and appeared yellow (4AS5). Additionally,
some reddish spinules appeared on the top of the fruit body
grown under heat stress (HS in Fig. 2).

The fresh, dry weights and biological efficiency of the
fruit bodies under different stresses are shown in Table 1.
The fresh weight exhibited almost the same decreasing
trend after being treated for 5 to 20 days in each group.
However, a significant decrease was only detected in the
heat stress group after being treated for 20 days (P <0.5).
Comparing between different groups, the fresh weight of
the double stress group was significantly lower than that
of the other groups after being treated for 5 to 20 days.
When the stress duration was 15 and 20 days, the fresh
weight of the control group was significantly higher than
that of the other groups, suggesting that both heat and
light stresses may affect the fresh weight of the fruit body.

A different result was obtained for the dry weight of the
fruit body (Table 1). There was no significant difference be-
tween each group after being treated for 5 to 20 days.
Moreover, there was no significant difference between groups
when the treatment lasted for 20 days. The same trend was
found in biological efficiency (Table 1).

The fruit body length increased in the control and light
stress groups with the extension of the growth period
(Table 2). It was significantly longer than those of the other
two groups when the treatment lasted for 20 days. The max-
imum length of the fruit body was observed in the control
group for 20 days.

The diameter of the fruit bodies of the control and double
stress group increased significantly with the extension of the
growth period (Table 2). However, there was no significant
difference when comparing between different groups after be-
ing treated for the same number of days.

Adenosine, cordycepin, and HEA contents of the fruit
body of C. militaris under different stresses

The cordycepin content of fruit body increased significantly
every 5 days in all groups, and the maximum content was
achieved in each group after being treated for 20 days
(Fig. 3a). The cordycepin content in the experimental groups
was significantly higher than in the control group after being
treated for 10 days and longer. The cordycepin content in the
light stress group was significantly higher than that of the
other groups after being treated for 5 and 10 days. However,
after being treated for 15 or 20 days, the cordycepin content in
the temperature stress group was significantly higher than that
of the other groups. Among all of the groups, the maximum
content (5.56+0.05 mg/g) was achieved in the heat stress
group after being treated for 20 days and was almost two times
that of the control group over the same growth period.

In the control, temperature stress, and light stress groups,
the adenosine content increased with the extension of the
growth period, whereas in the double stress group, the aden-
osine content decreased after being treated for 10 days
(Fig. 3b). Compared to the other groups, the adenosine content
of the double stress group was significantly higher when treat-
ed for 5 or 10 days. The opposite result was obtained when the
groups were treated for 15 or 20 days.

The HEA content of fruit body varied from 1.34£0.02 to
2.05+0.05 mg/g during the growth period in all groups. The
maximal HEA content (2.05 + 0.05 mg/g) was observed in the
double stress group after being treated for 20 days. In general,
the HEA content of the control group was lower than that of
the other groups (Fig. 3c¢).

Fig. 2 Appearance of the Cordyceps militaris fruit body under different
stresses. C is the control, which was kept at 20 °C and 1700 I1x during the
whole growth period; LS indicates the light stress group under a light

intensity of 6000 Ix and a temperature of 20 °C for 20 days; HS indicates
the heat stress treatment at 25 °C and 1700 Ix for 20 days; HL indicates
heat and light stresses at 25 °C and 6000 Ix for 20 days
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Table 1 The fresh and dry weights and biological efficiency of the fruit body of Cordyceps militaris under difterent stresses
Time (day) c? HS LS HL LSD"

Fresh weight (g/bottle) 5 15.58+0.86 14.294+0.55 1526 +1.16 12.10+0.80 1.443
10 14.76 £1.40 12.84+0.77 14.46+0.03 11.50+0.56 1.896
15 15.97+1.11 12.38+1.42 14.07 +£1.05 11.83+0.66 2.062
20 15.54+1.39 11.09+1.57 13.88+1.80 11.90+0.49 2.359
LSDP 2.278 2.185 1.739 1.251

Dry weight (g/bottle) 5 3.39+0.06 3.10+£0.10 3.46+0.01 3.03+£0.04 0.127
10 3.21+0.27 3.18+0.39 3.50+0.07 3.35+0.08 0.459
15 3.20+0.23 2.84+0.36 3.39+0.31 3.45+0.25 0.555
20 3.23+0.09 2.76+0.50 3.46+0.02 3.48+0.52 0.682
LSDP 0.354 0.696 0.298 0.547

Biological efficiency (%)° 5 16.95+0.31 15.50+0.49 17.30+0.03 15.16+0.19 0.633
10 16.03+1.37 15.92+1.97 17.48 +£0.35 16.73+0.38 2.519
15 15.99+1.17 14.18 +1.82 16.94+1.56 17.23+1.25 2771
20 16.14+0.45 13.80+2.49 17.29+0.11 17.42+2.59 3.739
LSDP 1.772 3.479 2.102 2.736

#C is the control, which was kept at 20 °C and 1700 Ix during the entire growth period; LS indicates the high light stress treatment under a light intensity
of 6000 Ix and a temperature of 20 °C; HS indicates the heat stress treatment at 25 °C and 1700 Ix; HL indicates heat and light stresses at 25 °C and

6000 1x
®LSD was the least significant difference at P=0.05

¢ Biological efficiency was defined as the percentage of dry weight of harvested fruit body over dry weight of substrate

Correlation analysis of the adenosine, cordycepin,
and HEA contents

Nucleosides, including adenosine, cordycepin, and HEA, rep-
resent the major active components in Cordyceps spp. (Li
et al. 2006). Correlation analysis of these three nucleosides
was performed using SPSS. A positive weak correlation be-
tween the cordycepin and adenosine contents was observed
with a Pearson correlation coefficient of 0.338 (P <0.05,

Fig. 3d); however, there was no correlation between the aden-
osine and HEA contents.

Carotenoid content of the fruit body of C. militaris
under different stresses

The carotenoid content of C. militaris was consistent with the
color of the fruit body. During the growth period, the caroten-
oid content of the heat stress group was significantly higher

Table 2 The lengths and

diameters of the fruit body of Time (day) c HS LS HL LsD
Cordyceps militaris under
different stresses Lengths (cm)® 5 4.92+0.84 5454045 5.45+0.13 4.66+0.13 0.631
10 5.52+0.33 5.15+£0.57 5.34+0.55 5.04+0.62 0314
15 5.78+0.58 4.75+0.49 5.02+0.95 5.13+£0.30 0.400
20 6.15+0.18 5.01£0.56 5.98+0.29 4.90+0.32 0.391
LSDP 0.432 0.365 0.443 0.363
Diameters (cm)* 5 0.20+0.021 0.23+0.04 0.19+0.02 0.21+0.01 0.028
10 0.21+0.01 0.23+0.02 0.22+0.02 0.21+0.03 0.023
15 0.23+£0.04 0.24+0.02 0.22+0.02 0.23+£0.02 0.292
20 0.23+£0.03 0.22+0.03 0.22+0.02 0.25+£0.04 0.346
LSD" 0.246 0.309 0.300 0.266

#C is control, which was kept at 20 °C and 1700 1x during the entire growth period; LS indicates the high light
stress treatment under the light intensity of 6000 Ix and temperature of 20 °C; HS indicates the heat stress
treatment at 25 °C and 1700 Ix; HL indicates heat and light stresses at 25 °C and 6000 Ix

®LSD was the least significant difference at P =0.05

¢ The lengths and diameters were calculated from six replicate bottles and 20 counts for each bottle under each

condition
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than that of the other groups, except for groups treated for
5 days (Fig. 4). In the control and heat stress groups, the

<« Fig. 3 Cordycepin, adenosine, and HEA contents of the fruit body of

Cordyceps militaris under different stresses. a Cordycepin. b Adenosine.
¢ HEA. d Correlation analysis of cordycepin and adenosine contents. C is
the control, which was kept at 20 °C and 1700 Ix during the entire growth
period; LS indicates light stress treatment under a light intensity of
6000 Ix and a temperature of 20 °C; HS indicates the heat stress
treatment at 25 °C and 1700 Ix; HL indicates heat and light stresses at
25 °C and 6000 Ix. Error bars indicate the standard deviation of three
replicate bottles, with two technical replicates each. Different letters
above the bars for the same day indicated significant differences
(ANOVA followed by Duncan’s multiple range tests, P < 0.05)

carotenoid content increased with the growth period. The
maximal content (4204.688 +19.887 ng/g) was achieved in
the heat stress group after being treated for 20 days, and it was
over two times that of the light and double stress group over
the same growth period.

Expression of genes involved in the cordycepin
biosynthesis pathway

Cordycepin is the most important metabolite in C. militaris,
and the cordycepin content significantly increased after heat
stress. We analyzed the expression of the genes involved in the
cordycepin biosynthesis pathway under heat stress (Fig. 5).
The three key genes encoding an oxidoreductase
(CCM_04436), metal-dependent phosphohydrolase
(CCM 04437), and ATP phosphoribosyltransferase
(CCM_04438), which are responsible for cordycepin biosyn-
thesis from adenosine, were analyzed. The result showed that
no change was observed regarding expression of the gene
encoding CCM_04436 between the control and heat stress
groups that were treated for 5-20 days. However, the expres-
sion levels of the genes encoding CCM_04437 and
CCM 04438 significantly increased under heat stress com-
pared to the control and remained increased by two to three
times of the control during the heat stress period.

Discussion

Production of secondary metabolites that respond to environ-
mental changes in the fungi has received widespread attention
due to the economic and medicinal value of the fungi.
Cordycepin, as the most important bioactive metabolite in
C. militaris, has a significant therapeutic potential (Tuli et al.
2013). C. militaris is also a potential source of natural carot-
enoids, an antioxidant, and a pro-vitamin A. Cordycepin and
carotenoid have been used or suggested as quality standard for
commercial products of C. militaris (Yu et al. 2006; Yang et al.
2014). In this study, we focused on the effects of heat and light
stresses on both fruit body growth and metabolite production,
especially cordycepin and carotenoids, in C. militaris during
the late growth stage. Our study proved that heat and light
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Fig. 4 Carotenoid content of the fruit body of Cordyceps militaris under
different stresses. C is the control, which was kept at 20 °C and 1700 Ix
during the entire growth period; LS indicates light stress treatment under a
light intensity of 6000 Ix and a temperature of 20 °C; HS indicates the
heat stress treatment at 25 °C and 1700 1x; HL indicates heat and light

stresses during the late growth stage of fruit body led to a
significant increase in cordycepin biosynthesis without affect-
ing biological efficiency and heat stress also significantly pro-
moted carotenoid production. This study provides a new strat-
egy for producing superior quality fruit body of C. militaris
and serves as a good example of the effect of abiotic stress on
the regulation of metabolite production in fungi.

The optimal growing temperature for C. militaris was ob-
served to be 20 °C on agar medium, and the growth at 25 °C
was significantly lower than at 20 °C (P <0.05, Fig. 1a, b).
The optimal temperature for mycelial growth of C. militaris is
apparently lower than that for other species in the same or
related genera, such as 26 °C for Ophiocordyceps jiangxiensis
JXPJ0109 (Xiao et al. 2004) and 28 °C for Paecilomyces
tenuipes (current name Cordyceps tenuipes) (Xu et al. 2003).
It was also different from O. sinensis, whose optimal growth
temperature was 15 and 18 °C and no growth was observed at
25 °C (Dong and Yao 2011). Strains of C. militaris can
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stresses at 25 °C and 6000 Ix. Error bars indicate the standard deviation of
three replicate bottles, with two technical replicates each. Different letters
above the bars for the same day indicated significant differences
(ANOVA followed by Duncan’s multiple range tests, P < 0.05).

withstand relatively high temperatures, e.g., 30 °C, but die if
being kept at higher temperatures of 35 °C or 40 °C for
2 weeks.

Different temperatures were used in other reported heat
stress experiments, such as 42 °C in G. lucidum (Zhang
et al. 2016), 33 °C in A. bisporus (Lu et al. 2014), and 28 °C
and 34 °C in T. borchii (Leonardi et al. 2017). The fruit body
of C. militaris is most often cultivated at 20 °C (Shrestha et al.
2005a; Sung et al. 2006) or 23 °C (Chen et al. 2017). In the
present study, 25 °C was used as the heat stress because the
dry weight of the fruit body and the biological efficiency were
not affected at this temperature. Actually, heat stress under
different temperatures were also used, e.g., 30 °C and 35 °C
for 5 days, and then transfer to 20 °C for another 20 days at a
light intensity of 1700 Ix. It was found that the fruit bodies
grown at 30 and 35 °C for 5 days were not only vulnerable to
be contaminated, but also showed a morphological abnormal-
ity (Fig. S1) and cannot be used as a commodity.

CCM_04438

0-
Control HS-5 HS-10 HS-15 HS-20

Fig. 5 Expression of genes involved in cordycepin biosynthesis under heat stress for different days
Control is the sample before heat stress treatment; HS-5, HS-10, HS-15, and HS-20 indicate heat stress treatment under temperature of 25 °C for 5, 10,
15, and 20 days, respectively. Error bars indicate the standard deviation of three replicate bottles, with two technical replicates each.
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When the treatment lasted for 20 days, the fresh weight of
the fruit body of the control group was significantly higher
than that of the other groups, but the dry weight exhibited no
significant difference. This suggested that the decrease of the
fresh weight might be due to moisture loss under heat and
light stresses in the late growth stage of the fruit body of
C. militaris. Biological efficiency is one of significant factors
to evaluate the growth of mushroom. A similar biological
efficiency was obtained in this study as in previous literatures,
and the values varied from 14.18 to 17.42%. It was reported
that the biological efficiency of C. militaris was lower than
15% when cultivated on three different substrates
(Krupodorova and Barshteyn 2015) and varied from 13.68
to 23.25% when inoculated on a 50-g brown rice medium
mixed with 10-g silkworm pupae at 20+ 1 °C for 60 days
(Shrestha et al. 2012a).

Most secondary metabolites are produced after the fungus
has completed its initial growth phase (Calvo et al. 2002). The
cordycepin content of the fruit body increased significantly
during the growth period in each group, suggesting that
cordycepin was actually accumulated during the late growth
stage. Both heat and light stresses for 20 days stimulate accu-
mulation of cordycepin in the order of heat stress > light stress
> double stress. When treated for 20 days under heat stress, a
maximum content (5.56 +0.05 mg/g) was achieved, almost
two times more than in the control group. It was also higher
than the average cordycepin content of 2.89 +£1.99 mg/g (Lee
etal. 2017) and 0.97 +0.02 mg/g (Guo et al. 2016) cultivated
on rice or wheat medium. Strain mating was used to produce
higher cordycepin content, and the maximum was 6.63 mg/g
with an average of 2.98 + 1.41 mg/g (Kang et al. 2017).
However, the method was laborious and involved steps in
separating single-spore strains, mating, and screening. The
cordycepin content is strain-dependent, and we have verified
the effect of heat stress on the cordycepin content with differ-
ent strains. It was confirmed that heat stress stimulated the
cordycepin production without affecting the biological effi-
ciency in C. militaris (Fig. S2 and S3).

Many studies have been performed on the cordycepin biosyn-
thetic pathway (Lin et al. 2016), and Xia et al. (2017) reported
the putative pathway based on gene deletion and heterologous
expression experiments. The gene cluster encodes an oxidore-
ductase (CCM_04436), metal-dependent phosphohydrolase
(CCM _04437), and ATP phosphoribosyltransferase
(CCM_04438), which are responsible for cordycepin biosynthe-
sis from adenosine. The expression levels of genes encoding
CCM 04437 and CCM_04438 increased significantly in the
heat stress group compared to those in the control and remained
at high levels during the heat stress period, which explains the
cordycepin content increase in response to heat stress. With re-
gard to the effects of heat stress on the development of fungi,
further studies have demonstrated that the rapid protective tran-
scriptional program, including heat shock proteins and heat

shock factors, plays a vital role in the heat stress response
(Zhang et al. 2016), which will be our next concern.

Adenosine, a natural and ubiquitous nucleoside, has a num-
ber of biological activities that allow it to be used as a cardio-
protective and therapeutic agent for chronic heart failure
(Kitakaze and Hori 2000) as well as a homeostatic modulator
in the central nervous system (Gomes et al. 2011). The aden-
osine content also increased with the growth period, except in
the double stress group. The content of about 2 mg/g was
similar to the amounts in our previous report (Guo et al.
2016). Heat stress or light stress had no significant effect on
the adenosine content.

HEA, the first calcium antagonist derived from a biological
source (Furuya et al. 1983), has been intensively investigated
because of its ability to decrease inflammation (Lu et al.
2015), protect kidneys, and function as a sedative (Chai
et al. 2004) and an insecticide (Fang et al. 2016). However,
these studies were mainly concentrated on Isaria cicadae. The
present study confirmed HEA production in the fruit body of
C. militaris. HEA content of the control group was lower than
that of the other groups, which indicated that both heat and
light stresses promoted HEA production.

Nucleosides, including adenosine, cordycepin, and HEA,
represent the major active components in Cordyceps spp. (Li
et al. 2006). Adenosine might be a direct precursor of
cordycepin as reported in a previous study (Masuda et al.
2007), and therefore, accumulation of adenine or adenosine
could result in increased cordycepin production. The positive
correlation observed between the cordycepin and adenosine
contents in this study support the hypothesis that adenosine is
the precursor of cordycepin.

C. militaris is also a rich source of carotenoids, and its ca-
rotenoid content is higher than that of other known mushrooms
(Yang et al. 2014). Many reports have confirmed that light is
necessary for carotenoid production in C. militaris (Dong et al.
2013; Yang and Dong 2014). However, light stress at 6000 1x
may inhibit the accumulation of carotenoids in the C. militaris
fruit body, as demonstrated in this study. Colletotrichum
gloeosporioides is also reported to produce less carotenoids
under an excessive light intensity (Fu and Wang 2005).

Observations of the physical appearance and carotenoid
content demonstrated that heat stress at 25 °C could stimulate
the accumulation of carotenoids in the fruit body of
C. militaris. The maximal content (4204.688 =19.887 ug/g)
was achieved after being treated for 20 days, almost two times
in amount of that of the control and that in our previous report
(Guo et al. 2016). It has been reported that growth and carot-
enoid production have different optimal temperatures in many
species. At a higher growth temperature (33 °C), cellular ac-
cumulation of lutein in Muriellopsis sp. was increased by up
to sixfold, but the volumetric level was higher at 28 °C (Del
Campo et al. 1999). The maximum production of carotenoids
Sporobolomyces ruberrimus occurred at 19 °C and the
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minimum at 27 °C, but the maximum growth rate was at 27 °C
(Razavi and Marc 2006). The carotenoid biosynthesis path-
way is still unknown in C. militaris, and identification of this
mechanism is an ongoing project in our research group.
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