
- 548 -

Effect of Light-Emitting Diodes on Cordycepin Production in 

Submerged Culture of Paecilomyces japonica1

Si Young HA2
⋅Ji Young JUNG2

⋅Jae-Kyung YANG 2,†

ABSTRACT1)

Paecilomyces japonica is widely cultured to produce mycelium for medicinal and health food use. Illumination is 

an important factor in the growth and production of mycelium in submerged culture. The effects of different light-emitting 

diode (LED) combinations on the growth and cordycepin content as bioactive substances of mycelium were investigated. 

The results showed that the mycelium dry weights were lower under dark condition and red LED treatments. Dark 

condition, fluorescent light, and ultraviolet-A failed to increase the cordycepin content. Blue light was necessary to 

increase the cordycepin content, and a red-to-blue ratio of 3:7 induced the highest cordycepin content. The cordycepin 

contents of mycelium in submerged culture were significantly higher in a 12 h/day illumination time under red and 

blue (red-to-blue ratio of 3:7) LED treatments, showing an increase of up to 38% compared with those under the 

fluorescent-light control condition. The results demonstrated the roles of light with different wavelengths on the biosynthesis 

of cordycepin as bioactive substances. The low-heat release and replacement of traditional fluorescent lights with 

low-energy-consuming LEDs could increase the contents of bioactive substances. After optimization of the cordycepin 

production using response surface methodology (Box–Behnken design) to its canonical form, the optimum combination 

was found to be as follows: illumination time = 17.7 h/day, sugar content in the medium = 9.7 g/50 mL, and incubation 

time = 61.2 h. The model predicted a maximum response of 3779.2 µg/mL cordycepin yield.

Keywords: Paecilomyces japonica, cordycepin, light-emitting diodes, submerged culture, response surface 

methodology

1. INTRODUCTION

Paecilomyces japonica (P. japonica) is a valuable 

nematophagous fungus, which is described in tradi-

tional Chinese medicines as rare and exotic medicinal 

fungi. Some Cordyceps species have long been used 

for medicinal purposes in China, Japan, Korea, and 

other oriental countries owing to their various bio-

logical and pharmacological properties, which are gen-

erally attributed to the presence of important bioactive 

ingredients such as adenosine, cordycepin, and exopo-

lysaccharides (Kim et al., 2003; Ling et al., 2002; Ng 

and Wang, 2005). Cordycepin (3-deoxyadenosine), 

which is a nucleoside analog, is the main bioactive 

ingredient of Cordyceps and is known to introduce a 

variety of pharmacological effects (Tuli et al., 2014). 
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Many chemically modified cordycepin derivatives 

have been reported that have shown various potential 

therapeutic effects. Cordycepin is reported to inhibit 

lipopolysaccharide-induced inflammation (Kim et al., 

2006) and platelet aggregation (Tuli et al., 2013), ex-

hibit antibacterial (Ahn et al., 2000) and antifungal 

(Kodama et al., 2000) properties, prevent hyper-

lipidemia (Guo et al., 2010), induce apoptosis in hu-

man neuroblastoma and melanoma cells (Baik et al., 

2012), and induce apoptosis and inhibit the pro-

liferation of cancer cells (Tian et al., 2015). Although 

cordycepin can be chemically synthesized, such a 

process is cumbersome and requires complicated sepa-

ration that leads to a low yield and use of a large vol-

ume of harmful organic solvents.

Different approaches to cordycepin production from 

Cordyceps have been reported in previous studies. 

Shih et al. (2007) reported that the best nitrogen 

source for cordycepin production was obtained from 

a submerged culture of Cordyceps militaris (C. milita-

ris) CCRC32219 with yeast extract. Cui and Zhang 

(2011) proposed a two-stage culture method for cordy-

cepin production, and the highest production levels 

were obtained in a medium that contained Mg2+ (Cui 

and Zhang, 2012). Lin et al. (2012) reported the use 

of ultraviolet (UV) mutagenesis to derive a mutant 

strain, namely, Cordyceps SU5-08, which could pro-

vide higher cordycepin production. Until recently, 

however, very low levels of cordycepin have been pro-

duced in mycelium and cultured broth under sub-

merged cultivation of Cordyceps sp.. Submerged culti-

vation of Cordyceps on a laboratory bioreactor scale 

reported 7.1 mg/L cordycepin production (Hsu et al., 

2002). A submerged-culture method of Cordyceps for 

cordycepin production on a commercial scale using a 

two-stage dissolved oxygen control was developed, 

and moderate cordycepin production of 188.3 mg/L 

was realized (Mao and Zhong, 2004). To further en-

hance the cordycepin production under submerged cul-

tivation of Cordyceps, the effects of carbon sources 

and carbon/nitrogen ratios were investigated using a 

central composite design and response surface analy-

sis, which resulted in cordycepin production of 345.4 

± 8.5 μg/mL (Mao et al., 2005).

Although the aforementioned studies all aimed for 

high cordycepin production, none focused on the ef-

fects of light on the Cordyceps growth and cordycepin 

production in a submerged culture. Light, which is a 

type of energy, affects the growth and metabolism of 

many plants and microalgae (Chen et al., 2010). 

Danesi et al (2004) reported that the production of bi-

ological compounds in Spirulina platensis, such as 

carotenoid, phycocyanin, and chlorophyll A, were dra-

matically affected by the use of various light sources. 

In some cases, light wavelength may also influence 

fungal growth and metabolites. Some fungi such as 

Aspergillus nidulans, Aspergillus fumigatus, Gibberrella 

moniliformis, Ustilago maydis, and Cryptococcuus ne-

oformans were reported to carry photochrome (Ha et 

al., 2020), which is a photoreceptor that senses red 

and far-red light (Blumenstein et al., 2005). Dong et 

al. (2013) discovered that some bioactive components 

in the fruiting bodies of Cordyceps, such as adenosine, 

carotenoid, and cordycepin, were significantly en-

hanced by the regulation of the light wavelength. For 

instance, light with a short wavelength stimulated the 

production of carotenoids, thereby suggesting that 

Cordyceps is a light-sensitive fungus. Thus, its growth 

and metabolite production may be influenced by illu-

mination conditions (Dong et al., 2012). Although the 

effect of light on the growth and cordycepin pro-

duction of Cordyceps fruiting bodies during solid-state 

cultivation has been observed (Dong et al., 2012), few 

studies have investigated the growth and cordycepin 

production of Cordyceps in an illuminated submerged 

culture. In particular, most of the studies on sub-

merged cultures of Cordyceps have been conducted 

using C. militaris, and few studies on P. japonica were 



Si Young HA⋅Ji Young JUNG⋅Jae-Kyung YANG

- 550 -

conducted.

In the present study, light-emitting diode (LED) 

with different wavelengths and their combinations 

were applied in submerged culture of P. japonica to 

investigate the effects of LED on the mycelium growth 

and cordycepin content. In addition, the culture con-

ditions were optimized, including the LED illumina-

tion time, culture period, and sugar content in a me-

dium, using the response surface methodology (RSM) 

based on the Box–Behnken design (BBD) and desir-

ability-function analysis to maximize the cordycepin 

content.

2. MATERIALS and METHODS 

2.1. Reagents and standards 

Potato dextrose agar (PDA) and yeast extract were 

purchased from Himedia Laboratories (Mumbai, India). 

Glucose and cordycepin were obtained from Sigma- 

Aldrich Co. (St. Louis, MO). LED lights and fluo-

rescent lamps were purchased from BISSOL LED Co., 

Ltd. (Seoul, South Korea), and an incubator were pur-

chased from JEIO TECH Co., Ltd. (SI-900R, Daejeon, 

South Korea).

 

2.2. Mycelium preparation

P. japonica was obtained from KCCM (Seoul, 

South Korea). Stock cultures were maintained on PDA 

plates. Plates were incubated at 25 °C for 14 days and 

stored at 4 °C for use as subcultures every two months 

(Hidayat et al., 2019). P. japonica was initially grown 

on PDA medium at 25 °C, and the mycelium har-

vested after 14 days for experiments.

 

2.3. Submerged culture

Five mycelial agar disks (5 mm × 5 mm) were ob-

tained using a sterilized punching machine and were 

transferred to 250-mL flasks containing 100 mL of 

yeast extract malt extract glucose (YMG) medium 

(pH, 6.0; yeast extract, 4 g/L; malt extract, 10 g/L; 

glucose, 4 g/L), PDB medium (pH, 5.2; glucose, 20 

g/L; potato extract, 4 g/L), and Sabouraud dextrose 

broth (SDB) medium (pH, 4.5; glucose, 20 g/L; pep-

tone, 10 g/L) under laminar flow. These three media 

are different in composition and pH. Using these three 

media, we intend to evaluate the growth of P. japonica 

mycelium and changes of cordycepin content.

In order to investigate the effect of various amounts 

of sugar on the production of bioactive compounds of 

P. japonica in the medium, 1.5-15 g of glucose was 

added per L to the medium. All incubations were per-

formed five times and these results were used as data 

for RSM analysis.

Afterwards, the media were applied to submerged 

culture at 24 °C (100 rpm) and subjected to different 

LED light treatments for 7 days.

 

2.4. Different wavelengths of LEDs

To investigate the effects of different wavelengths 

of LEDs on the cordycepin content of P. japonica, the 

substrates in the light culture room were exposed to 

red light LED (619–626 nm), green light LED (526–

531 nm), and blue light LED (467–472 nm) for 12 

h/day. The control was illuminated by fluorescent 

lamps under dark condition, fluorescent lamp or UV-A 

for 7 days, and all cultivation was performed in five 

replicates.

To investigate the effects of different illumination 

time on the content of cordycepin of P. japonica, the 

substrates in the light culture incubator room were il-

luminated at a light intensity of 1400 ± 250 lux for 

6, 12, and 24 h/day by fluorescent lamps, under dark 

conditions, and UV-A was used as a control. Quintu-

ple samples were exposed to each light treatment for 

7 days.
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2.5. Combination of different ratios of 

wavelength of LEDs 

Two combinations of different ratios of wavelengths 

of LEDs were applied for 7 days. These two types 

were (1) a combination of red and green LED at ratios 

of 3:7, 5:5, and 7:3, (2) a combination of red and blue 

LED at ratios of 3:7, 5:5, and 7:3, and (3) a combina-

tion of green and blue LED at ratios of 3:7, 5:5, and 

7:3. Cultivation was performed in five replicates.

To investigate the effects of different illumination 

time on the content of cordycepin of P. japonica, the 

substrates in the light culture incubator room were il-

luminated at a light intensity of 1400 ± 250 lux for 

6, 12, and 24 h/day by fluorescent lamps, under dark 

conditions, and UV-A was used as a control. Quintu-

ple samples were exposed to each light treatment for 

7 days.

2.6. Characterization and analysis

2.6.1. Determination of mycelium dry weight

Samples collected at various intervals from shake 

flasks were centrifuged at 6000×g for 10 min, and the 

supernatant was filtered through a pre-weighted What-

man filter paper No. 2 (Whatman International Ltd., 

Maidstone, UK). The centrifuged mycelium were 

washed with excess distilled water and collected by 

filtration through Whatman filter paper; the dry weight 

of the mycelium was measured after freeze drying to 

a constant dry weight.

2.6.2. Determination of cordycepin

The cordycepin concentration (extracellular prod-

uct) was analyzed by HPLC. One gram of dry myce-

lium was extracted with 250 mL of 50% ethanol under 

ultrasonic cleaner for 60 min. The supernatant was 

separated by centrifugation at 18,400×g for 10 min 

and then filtered through a 0.45 ìm filter. The filtrate 

was assayed for cordycepin contents. To measure cor-

dycepin, an HPLC system was equipped with a 

Kinetex 5 ì C18 100A column (Phenomenex, Torrance, 

CA, USA). The mobile phase was 85% 0.02 M 

KH2PO4 and 15% methanol; the flow rate was set at 

1.2 mL/min. The injection volume was 20 ìL and the 

eluent was detected using a UV/Visible Detector 

(Shimadzu SPA-20A) at 260 nm. Quantification was 

based on the UV signal response of each standard us-

ing the external standard method, and a standard cali-

bration curve (R2=0.9912174) was prepared using 100- 

500 ppm of cordycepin (Sigma-Aldrich Co. (St. Louis, 

MO)). The calibration curve and HPLC chromatogram 

of cordycepin standard are shown in Fig. 1.

 

2.7. Experimental design by RSM

A three-level BBD in RSM was employed in the 

present study, and the optimal conditions were de-

termined through a minimal set of experiments com-

pared with other designs (Dong et al., 2009). BBD 

was conducted to optimize cordycepin content (Y1) by 

P. japonica. As shown in Table 1, the three factors 

chosen for this study were light illumination time 

(h/day, X1), glucose content in submerged media 

(g/50 mL, X2), and cultivate time (hour, X3) with 

three levels of each factor: high (coded as +1), middle 

(coded as 0), and low (coded as −1). For a three-factor, 

three-level design, the experimental trials were given 

by a set of points at the midpoint of each edge of 

a multidimensional cube and three replication of cen-

ter points, resulting in a total number of 17 experi-

ments. The BBD experimental results were fitted with 

a second-order polynomial equation (Eq. (1)) by a 

multiple regression technique:

 

(1)

 

where Y is the predicted response (cordycepin yield 

in this study, mg/L), β0, βi, βii, and βij are constant 



Si Young HA⋅Ji Young JUNG⋅Jae-Kyung YANG

- 552 -

 

Fig. 1. The HPLC chromatogram and calibration curve of cordycepin 

standard. A: HPLC chromatogram; B: calibration curve.
 

coefficients, and xi and xj are the coded independent 

variables or factors. The quality of fit of the second- 

order model equation was expressed by the coefficient 

of determination R2, and its statistical significance 

was determined by an F-test. The significance of the 

regression coefficients was tested by a t-test. The com-

puter software used was SAS Design Expert 11.

2.8. Statistical analysis

Data are presented as the mean standard deviation 

(n = 3). Statistical analyses of the results were per-

formed at 5% significant level using the Statistical 

Analysis System software (SAS institute, Inc., 2000). 

Differences between the means of individual groups 

were assessed using SAS with Duncan's multiple- 

range test.

 

3. RESULTS and DISCUSSION

3.1. Effect of various media on the 

mycelium weight and cordycepin 

content

Acidic-suitable media components have been re-

ported to be conducive to mycelial growth and pro-
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duction of metabolites in many types of ascomycetes 

and basidiomycetes, including Cordyceps sp. (Liu et 

al., 2011; Leung et al., 2006). The effects of sub-

merged media on the mycelium dry weight and cordy-

cepin content of P. japonica are shown in Fig. 2. We 

can observe that the maximum mycelial dry weights 

of the yeast malt glucose (YMG) (pH 6), potato dex-

trose broth (PDB) (pH 5.2), and sabouraud dextrose 

broth (SDB)(pH 4.5) media obtained on the seventh 

day were 8.3, 10.2, and 4.2 g/L, respectively. The PDB 

medium is the most commonly used medium in mush-

room mycelial culture (Imtiaj and Lee, 2007; Souilem 

et al., 2017). The cordycepin content of P. japonica 

slowly initiated after the start of the cell growth and 

reached maximum values of 0.6, 1.0, and 124.8 ìg/mL 

in the YMG, PDB, and SDB media, respectively. The 

SDB medium featured a higher glucose content and 

lower pH than the others.

This study also confirmed that the cordycepin con-

tent varied according to the medium. We need to note 

that a direct comparison of the metabolite production 

of different Cordyceps strains from various studies in 

the literature is difficult because the employed nutrient 

components and culture conditions were not exactly 

the same. We selected the SDB medium with the high-

est cordycepin content of P. japonica and proceeded 

to the next experiments.

 

Run

Independent variables

(coded)

Independent variables

(actual)

Cordycepin

content, mg/L

X1 X2 X3 X1 X2 X3 Y1

1 1 0 -1 24 7.5 24 2074.18

2 0 0 0 12 7.5 72 3100.92

3 1 0 1 24 7.5 120 1320.56

4 -1 1 0 0 10 72 186.37

5 0 0 0 12 7.5 72 3165.12

6 0 -1 -1 12 5 24 1772.23

7 -1 0 -1 0 7.5 24 124.43

8 1 -1 0 24 5 72 1913.36

9 -1 0 1 0 7.5 120 119.28

10 0 -1 1 12 5 120 1112.81

11 1 1 0 24 10 72 3008.74

12 0 1 1 12 10 120 2613.48

13 0 0 0 12 7.5 72 3031.83

14 0 0 0 12 7.5 72 3112.59

15 -1 -1 0 0 5 72 93.16

16 0 1 -1 12 10 24 3655.11

17 0 0 0 12 7.5 72 3712.73

Independent variables
Levels

-1 0 1

X1: Illumination time, h/day 0 12 24

X2: Sugar content, g/50 mL medium 5 7.5 10

X3: Incubate time, h 24 72 120

Table 1. Result of three factors, Box–Behnken experimental design
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Fig. 2. The effects of various media on the maximal cell growth and cordycepin content

by P. japonica in submerged culture. YMG: Yeast extract Malt extract Glucose; PDB: 

Potato Dextrose Broth; SDB: Sabouraud Dextrose Broth. Each value is expressed as mean

± SE (n = 5). Different letters on the top of the line represent statistically significant

at 5% probability level (Upper case: mycelium dry weight; small letter: cordycepin content).

3.2. Effect of LEDs on mycelium dry 

weight and cordycepin content

LEDs with different wavelengths were applied on 

P. japonica in a submerged culture to observe the my-

celial dry weight (Fig. 3). According to our data, green 

light provided the best mycelial dry weight of 11.9 

mg/mL. However, red and blue lights led to lower my-

celial dry weights of 9.0 and 8.6 mg/mL, respectively, 

which were very close to the results under dark condi-

tions. When compared with the effects of light on oth-

er mushrooms during solid-state cultivation, our study 

revealed trends similar to previous studies (Cheng et 

al., 2012; Wu et al., 2013). Cheng et al. (2012) re-

ported that green light enhanced the growth of 

Aspergillus ficuum, and blue light inhibited fungal 

growth in a solid-state culture. Various light sources 

can affect the mycelial growth and cordycepin content 

in submerged cultivation of P. japonica. Therefore, to 

better understand the effects of light, several experi-

ments were carried out in a submerged culture illumi-

nated with LEDs. The effects of LEDs on the cordyce-

pin content of P. japonica in submerged cultivation are 

shown in Fig. 2. Compared with the use of LEDs 

(green and blue), the control conditions (dark con-

dition, fluorescent light, and UV-A) led to a relatively 

lower cordycepin content. This result is consistent 

with what was previously suggested that most 

Cordyceps strains prefer specific LEDs light color for 

their growth in submerged cultures (Chiang et al., 

2017). The highest cordycepin content (1437.6 ìg/mL) 

was obtained when blue light was used. The effect of 

LED on the cordycepin content in a submerged culture 

has rarely been studied although a previous report has 

indicated that blue light is a good LED source for cor-

dycepin content from a strain of Cordyceps under sol-

id-state cultivation (Chiang et al., 2017).

Fig. 4 shows the dry-weight values of P. japonica 

mycelia produced under various illumination times 

when grown under blue LED. The highest mycelia dry 
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Fig. 3. Effect of LEDs on mycelia dry weight and cordycepin content in submerged culture

of P. japonica. P. japonica was grown using submerged culture in SDB media under

12h/day different wavelength LEDs for 3 days. Each value is expressed as mean ± SE 

(n=5). Different letters on the top of the bars represent statistically significant at 5% 

probability level (Upper case: mycelium dry weight; small letter: cordycepin content).

Fig. 4. Effect of illumination time on mycelia dry weight and cordycepin content in 

submerged culture of P. japonica. P. japonica was grown using submerged culture in 

SDB media under blue LED for 3 days. Each value is expressed as mean ± SE (n=5). 

Different letters on the top of the bars represent statistically significant at 5% probability

level (Upper case: mycelium dry weight; small letter: cordycepin content).
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Fig. 5. Effect of LEDs combination or sugar content in medium on mycelia dry weight and cordycepin content 

in submerged culture of P. japonica. A: P. japonica was grown using submerged culture in SDB media under

12h/day different LEDs combination for 3 days; B: Effect of red:blue illumination time on cordycepin content

in submerged culture of P. japonica. P. japonica was grown using submerged culture in SDB under red:blue

(5:5) LED combination for 3 days; C: Effect of LEDs combination ratio on cordycepin content in submerged

culture of P. japonica; D: Effect of sugar content on cordycepin content in submerged culture of P. japonica. 

Each value is expressed as mean ± SE (n=5). Different letters on the top of the bars represent statistically 

significant at 5% probability level (Upper case: mycelium dry weight; small letter: cordycepin content).

weight was observed under the 6-h/day illumination 

time at 10.5 mg/mL, which was significantly different 

from the 0-h/day (10.2 mg/mL). Fig. 4 shows the lev-

els of cordycepin content observed in P. japonica 

grown under various illumination times using blue 

LED. The highest cordycepin contents were observed 

under 12 h/day (1437.6 μg/mL) of illumination time, 

whereas the 0-h/day (124.8 μg/mL) illumination time 

resulted in the lowest cordycepin concentration. A sig-

nificant difference was observed in the cordycepin 

concentrations produced between 0 h/day (dark con-

dition) and 24 h/day of illumination time.

 

3.3. Effects of LED combination on the 

mycelia dry weight and cordycepin 

content

Fig. 5-A shows the dry-weight value of P. japonica 

mycelia produced under different LED wavelengths 

and LED-wavelength combinations. Under different 

LED wavelengths, the highest mycelium dry weight 

was observed under a combination of green and blue 

lights, which corresponded to a mycelium dry weight 

of 8.7 mg/mL, although this was significantly lower 

than that under the green-light condition (Fig. 2, 11.9 

mg/mL). Fig. 5-A shows the cordycepin concentra-

tions under different LED-wavelength combinations. 
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The highest cordycepin content was observed under 

blue light, followed by green light, UV-A, and fluo-

rescent light. Clearly, the production of cordycepin 

content was optimal with the LED wavelength (Fig. 

3), but it was not optimized under any LED-wave-

length combination. Thus, achieving an optimal LED- 

wavelength combination for the production of both 

mycelial dry weight and cordycepin content of P. ja-

ponica is necessary. The highest cordycepin content 

was observed under the red–blue light conditions at 

1654.8 μg/mL, which was significantly different from 

that under the red–green (397.5 mg/mL) and green–

blue light conditions (74.8 mg/mL).

Figs. 5-B and 5-C show the cordycepin content un-

der different illumination times and that under a com-

bination of different red–blue LEDs, respectively. 

The highest cordycepin content was observed under 

the 12-h/day light condition and combination of three 

red and seven blue LEDs (1657.5 μg/mL). According 

to the results of the cordycepin content, the red and 

blue LED-wavelength combination was suggested to 

be appropriate for cordycepin production of P. 

japonica. We assumed that the cordycepin content of 

the P. japonica mycelium increased as the sugar con-

tent increased, and the cordycepin content was meas-

ured according to the sugar content of the medium. 

At this time, the light applied was under a 12-h/day 

illumination time and a combination of three red and 

seven blue LEDs. The results are shown in Fig. 5-D, 

and the cordycepin content of Cordyceps in a sub-

merged cultured medium containing 7.5 g of sugar per 

50 mL of medium was 1817.4 μg/mL. From these re-

sults, we confirmed that the sugar content of the me-

dium affected the cordycepin content of P. japonica. 

The results were used to derive the optimal conditions 

for maximum cordycepin content from P. japonica us-

ing RSM.

 

3.4. Optimization of cordycepin 

production by RSM (BBD)

The complexities and uncertainties associated with 

mushroom mycelial cultivation were reported to usu-

ally arise from lack of knowledge regarding the so-

phisticated interactions among various factors. Our 

preliminary data indicated that several major variables 

affected the performance of the culture in terms of cor-

dycepin production. These variables are LED illumina-

tion time, sugar content in the medium, and incubation 

time in the shake flask (Table 1). The matrix corre-

sponding to BBD is shown in Fig. 6 together with the 

observed experimental data. 

Second-order model equation [Eq. (2)]:

 

(1)

This model fit was investigated using coefficient of 

determination R2, which was calculated to be 0.984, 

indicating that 98.4% of the variability in the response 

could be explained by the model. The F values of the 

overall regression were significant at the upper 5% 

level, which further verified that the second-order 

model is adequate for approximating the response sur-

face of the experimental design. After transforming 

Eq. (2) to its canonical form, the optimum combina-

tion for cordycepin content (Y1) was found to be the 

following: illumination time (X1)= 17.7 h/day, sugar 

content in the medium (X2) = 9.7 g/50 mL, and in-

cubation time (X3) = 61.2 h (Fig. 6).

The model predicted a maximum response of 

3779.2 μg/mL cordycepin yield. Verification of the 

calculated maximum value was done by the experi-

ments that were performed in the culture media rep-

resenting the obtained optimum combination, and a 

cordycepin yield of 3691.9 μg/mL (average of three 
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Fig. 6. Regression analysis of the Box–Behnken design experiments.

repetitions) was obtained. Although the measured val-

ue did not perfectly agree with the value predicted by 

the response model, it was similar to the latter.

Submerged cultivation of Cordyceps is seen as a 

promising alternative to chemical synthesis and solid 

cultivation for cordycepin production. Our research al-

so proved that P. japonica contains high amounts of 

cordycepin. The maximum production (3691.9 μg/mL) 

of cordycepin obtained in the present study was sig-

nificantly higher than that previously reported (Mao 

and Zhong, 2004; Mao et al., 2005). The highest value 

of mycelial dry weight of P. japonica produced in sub-

merged culture was realized when the cultures were 

illuminated by green LED (Fig. 3). This result was 

similar to that of the study by Dong et al. (2013), 

which indicated that green light enhanced the mycelial 

growth of P. japonica when grown in a submerged 

culture. However, we found that blue light reduced the 

mycelium growth, which suggested that long LED 

wavelengths are beneficial for mycelial growth of P. 

japonica. In the present study, the cordycepin contents 

(2412.5 μg/mL) were higher than those reported by 

Liang et al. (2014) (1.78 μg/mL of cordycepin content 

of P. japonica) when grown under the same light con-

ditions (Fig. 3).

In the present study, the highest cordycepin content 

in P. japonica was under the red–blue LED combina-

tion conditions (Fig. 5), which indicates that red–blue 
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LED combinations could enhance the cordycepin bio-

synthesis in P. japonica. The cordycepin content was 

generally better when the cultures were illuminated by 

the combinations of two LED wavelengths compared 

with those using only a single LED wavelength. A 

red-to-blue ratio of 3:7 was demonstrated to have the 

greatest effect on the cordycepin content, which was 

significantly higher than that of single-light illumi-

nation.

Dong et al. (2013) revealed that pink light (red–

blue) enhanced the cordycepin content in the fruiting 

bodies of Cordyceps. In the current study also, the cor-

dycepin content in P. japonica under a red and blue 

light combination was significantly higher than that of 

cultures grown under other LED combinations (Fig. 

5). Overall, according to the results of the cordycepin 

content, the combinations of LED wavelengths were 

more beneficial than single LED sources for high cor-

dycepin content of P. japonica in submerged culture.
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