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CHAPTER 1 
INTRODUCTION 

 

1.1  Significance of the research 
 Currently, the use of herbal extracts for medicinal to health, which the market is 

vast. The demand for herbs is higher popular and experienced an extraordinary rise in 

the herbal products such as food supplement, functional drink and cosmetic 

(Williamson et al., 2020). At present, there are many kinds of herbs that are beneficial 

to health, which production of the different biological compound and biological 

activity could be designed and formulated of products for high efficiency the 

production to be sufficient for the industrial sector and reduce costs in the production 

process. In this study, the cultivation of Cordyceps militaris for cordycepin production 

was determined.   
 C. militaris is a medicinal mushroom that has high potential in pharmaceuticals 

for health and treatment in East Asia. It is an entomopathogenic fungus that belongs 

to the class Ascomycetes in the family Cordycipitaceae (Tuli et al., 2014; Dong et al., 

2015). Cordyceps can produce bioactive compounds such as cordycepin, cordycepic 

acid, adenosine, cordymin, carotenoid, cordyxanthins, cordycedipeptide A, 

polysaccharides, ergosterol, mannitol, myriocin, fibrinolytic enzyme, fatty acids, and 

amino acids that are created intracellular of cordyceps (Dong et al., 2013; Liu et al., 

2015). C. militaris is considered one of the most expensive medicinal mushrooms in 

China, and it is very successful for nutraceuticals and cosmeceuticals. The cultivation 

of C. militaris can be scaled up to a commercial level (Wang et al., 2021). 

 Cordycepin (3´-deoxyadenosine) is the nucleoside adenosine that lacks a 
hydroxyl group at the 3´position of ribose. The chemical formula of cordycepin is 
C10H13N5O3, the major biologically active metabolite of C. militaris, which is the most 
widely studied for medical value (Soltani et al., 2018). Overgaard-Hansen. (1964) 
revealed that the biosynthesis of purine is crucial for the cordycepin synthesis. 
sssssssss 
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Cordycepin is biosynthesized from two precursors, including 2′-carbonyl-3′-
deoxyadenosine (2′-C-3′-dA) from adenosine pathway and adenosine-3′-
monophosphate (3′dAMP) from adenosine diphosphate (ADP) pathway. From 
adenosine, 2´-C-3´-dA is converted to cordycepin by oxidoreductase domain-containing 
protein (cns1)., and 3´dAMP is converted to cordycepin by 5´-nucleotidase (Lin et al., 
2016). In ADP pathway, adenosine monophosphate (AMP) is converted to ADP, and it 
is converted to 3´dAMP by enzyme ribonucleotide reductase (RNR). However, RNR was 
reported to not produce 3′-dADP in C. militaris and may be mediated by other enzymes 
(Kato et al. 2017). According to Xia et al. (2017), C. militaris can produce pentostatin 
that inhibits adenosine deaminase (ADA) activity to help protect cordycepin from 
deamination, which is very beneficial in developing the cultivation of C. militaris for 
the pharmaceutical industry. Cordycepin has high potential for health effects, such as 
antioxidant (Jaiboonma et al., 2020), anti-cancer (Chaicharoenaudomrung et al., 2018), 
anti-inflammatory (Choi et al., 2014), immunomodulatory (Jung et al., 2019), and 
hypoglycemic activities (Yu et al., 2016).  

 Nowadays, there are many strategies for enhancing cordycepin production in 
herbal industrials, such as applying artificial culture in liquid surface culture and 
submerged fermentation to substitution solid culture (Kunhorm et al. 2019). The liquid 
surface culture gives rise to higher cordycepin production in a small space, which uses 
a shorter cultivation time, and contamination is less than solid culture (Das et al., 2009). 
In addition, culture medium is essential for cordyceps culture, and nitrogen sources 
play an important role because they are directly related to mycelial growth and 
metabolic biosynthesis (Mao et al. 2005). Nitrogen sources are commonly obtained 
from ionogenic (NaNO3, NH4NO3, Urea, and (NH4)2SO4) and organic sources (beef extract, 
casein, peptone, and yeast extract). According to Kumar et al. (2018), organic nitrogen 
sources are able to stimulate enzyme production and cell proliferation better than 
inorganic nitrogen sources. Nitrogen sources may even be crucial for mycelial growth 
and the synthesis of cordycepin by C. militaris in liquid surface culture. Kang et al. 
(2014) investigated various nitrogen sources (peptone, yeast extract, beef extract, 
casein, NH4Cl, NH4NO3, NaNO3, and carbamine) in liquid static culture, and found that 
peptone was the best nitrogen source for cordycepin production of 0.8 g/L. According 
to Chen et al. (2020), glutamine, glycine, and aspartate are related to the serial 
11111111 
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conversion in the pathway that produces cordycepin. Suparmin et al. (2017) evaluated 
cordycepin production in liquid surface culture. They found that the glutamate 
synthase (GltS) precursor gene is related to the cordycepin biosynthesis pathway. 
Glutamine is converted to glutamate by GltS. Glutamate can be used in nucleotide 
biosynthesis, and aspartate is an important precursor for cordycepin biosynthesis. 
However, nitrogen sources derived from animals or microorganisms were expensive 
(Kim et al., 2010; Zhang and Liu 2016). The experiment of Luo et al. (2020) used wheat 
bran with pupa powder as a nitrogen source to reward the peptone and they found 
that it increased production of cordycepin, whereas it could remarkably reduce cost. 
Although the utilization of nitrogen new sources can reduce costs, it has not been able 
to enable people who do not eat meat to consume C. militaris as a source of health 
maintenance because culture media is still used as a nitrogen source derived from 
meat for cultivating C. militaris. Therefore, alternative sources of nitrogen from plants 
in order to enable people who do not consume meat to consume C. militaris for health 
benefits are required and also for the general population as well. Moreover, the use 
of plant-based nitrogen sources can also reduce environmental problems from 
livestock. 

 Traditional peptones, the alternative animal-free nitrogen source is vegetable 
extract. The proteins derived from vegetable seeds are comparable to peptone and 
cost approximately 1/100 or less than that (Raghavendra et al., 2020). Vegetable seeds 
also contain carbohydrates, lipids, vitamins, minerals, and amino acids. Proteins in 
vegetable seeds are essential for enzyme activity and influence purine synthesis, which 
is an important metabolite for cordycepin production of C. militaris (Suribabu et al., 
2014). Recently, peptone made from plants was commercially available for use in 
microbial cultivation. However, it was discovered that high prices also led to increased  
production costs. This study aimed to develop an animal-free nitrogen source of           
C. militaris in liquid surface culture by using vegetable seed as the supplemented 
nitrogen source. Development of the animal-free nitrogen source was applied to 
cordycepin production, and the molecular mechanisms of the carbon metabolism, 
amino acid metabolism, and cordycepin biosynthesis pathways were investigated. 

 
 
 

 



 

 

4 
 

1.2  Research objectives 
       1.2.1  To optimize the cultural conditions including working volume, inoculum 
size, and cultivation time on cordycepin production of C. militaris in liquid surface 
culture. 

 1.2.2  To develop an animal-free culture medium for C. militaris cultivation in 
liquid surface culture using a nitrogen source derived from vegetable seed extract 
powder (VSEP). 

 1.2.3  iTo investigate the molecular mechanisms of the genes involved in the three 
significant biosynthetic pathways, including cordycepin biosynthetic, carbon metabolic, 
and amino acid metabolism. 

 1.2.4  To optimize the cultural conditions, including working volume, inoculum 
size, and cultivation time, for cordycepin production in an animal-free culture 
condition. 

 

1.3  Research hypothesis 
 1.3.1  VSEP could be used as a nitrogen source for C. militaris in liquid surface 

culture. 
 1.3.2  Cordycepin production could be increased after using a nitrogen source 

derived from VSEP. 
 1.3.3  VSEP as a nitrogen source could promote molecular mechanisms in the 

cordycepin biosynthetic pathway, carbon metabolic pathway, and amino acid 
metabolism. 

 1.3.4   The optimal culture conditions were obtained under an animal-free culture 
condition. 
 

1.4  Scope of thesis 
         The aim of this research is to develop an animal-free culture medium using a 
vegetable seed-derived nitrogen source. This alternative nitrogen source may be used 
in place of the commercial nitrogen source for C. militaris in liquid surface culture to 
increase the production of cordycepin and molecular mechanisms. In the primary 
experiment, the cultural conditions, including working volume, inoculum size, and 
cultivation time, were optimized by Response Surface Methodology (RSM) with     
1111111            
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a Box-Behnken Design for high cordycepin production. In the secondary experiment, 
vegetable seeds were investigated as nitrogen sources for cordycepin production, and 
the molecular mechanisms involved in the cordycepin biosynthetic pathway (cns1 and 
NT5E), carbon metabolic pathway (pfkA, zwf, and aceA), and amino acid metabolism 
(GltS, NADP-GDH, and AST). The cultural conditions were investigated after obtaining the 
nitrogen source derived from vegetable seeds for cordycepin production. 

 

1.5  Expected results 
       This study attempted to obtain the optimal culture conditions for maximum 
cordycepin production of C. militaris in liquid surface culture. In addition, to replace 
commercial peptone, VSEP may bring as an excellent supplementary source of animal-
free nitrogen for cordycepin production, and mRNA expression were also up-regulated 
of carbon and, amino acid metabolism, and cordycepin biosynthesis. The animal-free 
nitrogen has also contributed to the low-cost cultivation. Moreover, it is also beneficial 
for non-meat consumers to use cordyceps for health purposes. 
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CHAPTER 2 
LITERATURE REVIEW 

 

2.1  Botanical background of C. militaris 

 

Figure 2.1 Morphology of Cordyceps militaris (Zheng et al., 2011). 
 

  C. militaris is a well-known Chinese medicinal mushroom used in 

pharmaceuticals for health and treatment. It is an entomopathogenic fungus that lives 

on the surface of arthropods Lepidopteron larvae and pupae during the winter and 

forms the fruiting body on pupae in the summer for reproduction (Tuli et al., 2014; 

Dong et al., 2015). Currently, 540 species are reported to be Cordyceps, which belongs 

to the class Ascomycetes, family Cordycipitaceae, and genus Cordyceps. Cordyceps is 

a medical herb that was discovered in Eastern Asian cultures (Wang et al., 2020). The 

species of Cordyceps are popular medical herbs, including C. sinensis (Ophiocordyceps 

sinensis) and C. militaris (Kunhorm et al., 2019). It biological and pharmacological 

properties have been continuously studied. 
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 Classification of C. militaris was shown in Table 2.1 (Edited from Yang et al., 2020). 
Table 2.1 Classification of C. militaris. 

Classification 

Scientific name Cordyceps militaris 
Kingdom                                       Fungi 
Phylum                                         Ascomycota 
Class                                              Ascomycetes 
Order                                             Hypocreales 
Family                                            Cordycipitaceae 
Genus                                             Cordyceps 
Species                                           militaris 

 
2.2  Chemistry of cordycepin 

 Cordycepin is a unique compound that is specifically produced by Cordyceps 
fungi, including C. militaris. It is a nucleoside analog of adenosine, with a lack of 
hydroxyl group at the 3´position of ribose (Tuli et al., 2013). Its chemical formula is 
C10H13N5O3. As mentioned, cordycepin is a water-insoluble organic compound and was 
first discovered by C. militaris in 1950 (Jedrejko et al., 2021). Although cordycepin can 
be naturally extracted from Cordyceps fungi, commercial uses of cordycepin are 
synthetic. Because the purification of natural cordycepin is difficult and the purity is 
low. 

 However, advances in extraction technology and cultivation techniques may make 
it possible to produce high purity cordycepin from Cordyceps fungi in the future. This 
would be beneficial for researchers and could potentially reduce the cost of 
cordycepin production for therapeutic use. 
Table 2.2 Cordycepin molecular information. 

Properties Qualitative 
Character (high purity at room temperature) Crystal-like solid, colorless, odorless 
Molecular weight 251.24 g·mol-1 
Density 1.91 g/cm3 
Melting Point 225 ºC 
Boiling Point 627.2 ± 65.0 °C at 760 mmHg 

 

 



 

 

11 
 

 
 

Figure 2.2 The chemical structure of adenosine and cordycepin (Singpoonga et al. 
2020). 

 

2.3  Bioactive compound from C. militaris 
 C. militaris is known to contain a wide variety of bioactive compounds. In addition 

to cordycepin, C. militaris contains various bioactive compounds, such as adenosine, 
amino acids, cordycepic acid, ergosterol, mannitol, myriocin, fibrinolytic enzyme, 
lovastatin, carotenoid, cordyxanthins, and fatty acids (Das et al., 2010; Jedrejko et al., 
2021; Liu et al., 2015). The nucleoside and polysaccharide are highly contained in                 
C. militaris and have been studied for their biological activity in vitro and in vivo. 

 Research on the potential medicinal and nutritional benefits of C. militaris and its 
bioactive compounds is being conducted, and there is significant interest in their use 
in pharmaceutical industries. Some studies have suggested that C. militaris and its 
components may have anti-inflammatory, immunomodulatory, anti-tumor, and 
antioxidant effects, among others. Despite being intensively researched, the safe and 
efficacy of C. militaris as a medication and nutritional supplement are still under 
investigation. 
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Table 2.3 The list of two important bioactive compounds present in C. militaris and  
ibiological activity in pharmaceuticals.           

Bioactive compound Biological activity References 
Nucleosides 
(Cordycepin) 

Anti-cancer (Chaicharoenaudomrung et al., 
2018) 

 Anti-tumor and 
anti-metastatic 

(Jin et al., 2018) 

 Antioxidant (Jaiboonma et al., 2020) 
 Anti-inflammatory (Choi et al., 2014) 
 Anti-aging (Zou et al., 2021) 
 Hyperglycemia (Ma et al., 2015; Yu et., 2016) 
 Immunomodulatory (Lee et al., 2020) 
 Anti-microbial (Jiang et al., 2013) 
 Anti-fatigue (Chai et al., 2022) 
Polysaccharide  Antioxidant (Miao et al., 2022) 
 Anticancer (Jing et al., 2014) 
 Immunomodulatory (Wang et al., 2012) 
 Anti-inflammatory (Lee et al., 2015) 
 Anti-diabetic (Zhu et al., 2016) 
 Anti-hyperlipidemic (Shang et al., 2020) 

 

2.4  Biological activity of cordycepin 
       Cordycepin has been found to have many potential health benefits, including 
anti-cancer, anti-inflammatory, immunomodulatory, antioxidant, antimicrobial, anti-
proliferative, and anti-metastatic effects. These effects are likely due to cordycepin's 
ability to influence many different signaling pathways in the body. Cordycepin has been 
shown to influence intracellular and extracellular signaling pathways in a variety of 
cells, tissues, and organ systems. It is associated with purine biosynthesis, DNA 
synthesis, and RNA synthesis, which are essential processes for cellular growth and 
replication (Tuli et al., 2016). Additionally, cordycepin has been found to inhibit the 
signal transduction of PI3K/mTOR/AKT and ERK signaling, which are pathways involved 
in cell growth and proliferation, and it is activated by the AMPK pathway, which is 
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involved in energy metabolism and cellular stress responses (Radhi et al., 2021). 
Overall, the ability of cordycepin to influence multiple signaling pathways and cellular 
processes may contribute to its diverse range of potential health benefits. However, 
more research is needed to fully understand the mechanisms behind these effects and 
to determine optimal dosages and methods of administration for therapeutic use. 
According to Brigham et al. (2013), the amount of cordyceps that should be consumed 
per day is 3 grams. Consumption of this magnitude falls within the safe limits for 
consumers. 
 

 2.4.1  Antioxidant 
       Research has shown that cordycepin extracted from C. militaris has 

antioxidant activity. In a study by He et al. (2013), cordycepin was found to have 2,2-
diphenyl-1-picrylhydrazyl (DPPH) and •OH scavenging capacity comparable to that of 
vitamin C, indicating its potential as an antioxidant. Additionally, in a more recent study 
by Jaiboonma et al. (2020), cordycepin was investigated for its ability to prevent aging 
in human submandibular gland (HSG) cells by reducing ROS (reactive oxygen species) 
generation through upregulation of antioxidant genes such as Superoxide dismutase 
(SOD), Catalase (CAT), and Glutathione peroxidase (GPx). This suggests that cordycepin 
may have potential as an anti-aging agent through its antioxidant activity. It's important 
to note that while cordycepin has shown promising antioxidant activity in these studies, 
further research is needed to fully understand its mechanisms and potential as an 
antioxidant. 

 
 2.4.2  Anti-cancer 

       Cordycepin is a bioactive compound found in the fungus C. militaris. It has 
been extensively studied for its potential use as a chemotherapeutic agent due to its 
cytotoxicity and ability to induce apoptosis (programmed cell death) in cancer cells. 
Several studies have shown that cordycepin has promising anticancer effects, including 
the ability to inhibit cell proliferation, induce apoptosis, and suppress tumor growth in 
animal models. Cordycepin has also been found to sensitize cancer cells to 
chemotherapy and radiation therapy, potentially improving their effectiveness. While 
more research is needed to fully understand the mechanisms behind cordycepin's 
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anticancer effects and its potential as a natural drug for cancer patients, it is a promising 
area of study in the field of cancer research.           

According to Chaicharoenaudomrung et al. (2018), they investigated the 
potential of cordycepin on human brain cancer cells, including SH-SY5Y and U251 cells. 
They found that cordycepin induced cytotoxicity in human brain cancer cells. 
Cordycepin can also induce oxidative stress and suppress antioxidant genes, including 
GPX, SOD, and CAT. Importantly, it can promote pro-apoptotic genes (BAX, P53, 
Caspase-9, and Caspase-3). Additionally, cordycepin shows autophagy activation by 
up-regulating LC3I/II gene. In addition, Schwenzer et al. (2021) found that the 
cordycepin-derived chemotherapy drug NUC-7738, which is an analogue of the natural 
nucleoside and bioactive component of the fungus C. sinensis, is 40 times more potent 
in killing cancer cells than the original compound. This research shows that cordycepin 
from Cordyceps is highly likely to be used as an anticancer drug for patients in the near 
future. In the near term, cordycepin from Cordyceps may be used as a therapeutic 
agent in cancer patients. 

The study conducted by Zhou et al. on the effect of Jin Shui Bao 
(Cordyceps) on the immune system and quality of life in patients with advanced 
cancers. According to the study conducted by Zhou et al., which involved 36 patients 
with advanced cancer, Jin Shui Bao showed promising results. The researchers 
concluded that this product could restore cellular immunologic function and improve 
the quality of life for the patients involved in the study. 

 
 2.4.3  Anti-inflammation 

      Cordycepin has been found to have anti-inflammatory effects in various 
cell models, including macrophage cells, microglial cells, human OA chondrocytes, 
adipose tissue-derived mesenchymal stem cells, and cellosaurus cells. It has been 
shown to have protective effects against inflammatory injury in many diseases such as 
acute lung injury, asthma, rheumatoid arthritis, Parkinson's disease, hepatitis, 
atherosclerosis, and atopic dermatitis (Tan et al., 2020). Cordycepin has been found to 
inhibit the production of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-6, as 
well as reduce the expression of inducible nitric oxide synthase (iNOS) and 
cyclooxygenase-2 (COX-2), which are important mediators of inflammation. 
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Additionally, cordycepin has been found to suppress the activation of nuclear factor-
kappa B (NF-κB), a transcription factor that plays a critical role in regulating the 
expression of pro-inflammatory genes (Phull et al., 2022). Overall, the anti-
inflammatory properties of cordycepin make it a promising candidate for the treatment 
of various inflammatory diseases. 

 
 2.4.4  Anti-aging 

Cordyceps is a type of fungus that has been traditionally used in traditional 
Chinese and Tibetan medicine for centuries. It has gained popularity in recent years 
due to its potential health benefits, including its potential effects on aging. While there 
is growing interest in the potential anti-aging properties of Cordyceps, it's important to 
note that many studies conducted on this topic are still in the preliminary stages, and 
further studies are needed to fully understand its effects on aging in humans. However, 
some studies have shown promising results and shed light on the potential 
mechanisms of action (Ji et al., 2009). 

One area of interest is Cordyceps antioxidant properties. Oxidative stress, 
caused by an imbalance between free radicals and antioxidants in the body, is believed 
to play a role in aging and age-related diseases. Cordyceps contains various bioactive 
compounds that act as antioxidants and may help reduce oxidative stress, potentially 
slowing down the aging process. Another potential anti-aging mechanism of Cordyceps 
is its ability to modulate the immune system. As we age, our immune system tends to 
weaken, leading to increased susceptibility to infections and age-related diseases. 
Cordyceps has been found to possess immunomodulatory properties, meaning it can 
help regulate and enhance immune function, which may contribute to healthy aging. 

Zou et al. (2021) investigated the effect of cordycepin on the restoration 
of damaged autophagy in aging cells. According to their research, Zou et al. discovered 
that cordycepin had an impact on cellular senescence and autophagy. They found that 
cordycepin promoted the activity of AMPK (adenosine monophosphate-activated 
protein kinase) and mTOR-p70S6K, which are signaling pathways involved in regulating 
cellular processes including autophagy and senescence. The study suggested that 
cordycepin's promotion of AMPK and inhibition of mTOR-p70S6K contributed to 
inhibiting premature cellular senescence. Cellular senescence refers to the state of 
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irreversible cell cycle arrest, and stress-induced senescence can occur due to various 
factors, including oxidative stress or DNA damage. Furthermore, the study highlighted 
the close relationship between stress-induced senescence and autophagy. Autophagy 
is a cellular process involved in the degradation and recycling of cellular components,  
including damaged proteins and organelles. Dysfunctional or impaired autophagy can 
contribute to cellular aging and the accumulation of cellular damage. They concluded 
that cordycepin has the potential to restore damaged autophagy in aging cells by 
modulating the AMPK and mTOR-p70S6K pathways, thereby inhibiting premature 
cellular senescence. 

According to Chueaphromsri et al. (2023) investigated the effects of 
cordycepin, derived from Cordyceps, on anti-aging activities. The study found that 
cordycepin had several positive effects on maintaining the stemness of human 
mesenchymal stem cells (MSCs), which are a type of adult stem cells. It was observed 
that cordycepin enhanced the expression of SIRT1, a key anti-aging marker. 
Additionally, cordycepin contributed to delaying cellular senescence and aging of MSCs 
through multiple mechanisms. These mechanisms included enhancing autophagy, 
which is a cellular process that helps remove damaged components and maintain 
cellular health. Cordycepin also inhibited the activity of senescence-associated 
galactosidase, an enzyme associated with cellular aging. Furthermore, it helped 
maintain the proliferation rate of MSCs and increased telomere activity, which is 
associated with cellular longevity. These findings suggest that cordycepin from 
Cordyceps may have potential anti-aging properties and could play a role in 
maintaining the function and health of MSCs. However, it's important to note that 
further research is needed to validate these findings and explore the potential 
applications and safety of cordycepin in anti-aging therapies. 

 
 2.4.5  Immunomodulatory 

Cordyceps has been traditionally believed to strengthen the immune 
system and improve overall health and vitality. It is often used in traditional medicine 
to support immune function and enhance the body's natural defenses against 
infections and diseases. 
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Ha et al. (2006) regarding the effects of C. militaris extract (CME) on 
macrophage and natural killer (NK) cell activity. According to their research, Ha et al. 
discovered that CME had several effects on immune cells. They found that CME 
enhanced nitric oxide (NO) generation by macrophages, which is an important immune 
response mediator. Additionally, CME activated macrophages and increased the 
expression of genes related to immune functions, such as IL-1 (Interleukin-1) and iNOS  
(inducible nitric oxide synthase). Furthermore, the study observed that CME increased 
NK cells and enhanced their cytotoxicity against YAC-1 cells, which are often used as 
target cells to assess NK cell activity. NK cells are a type of immune cell involved in 
recognizing and eliminating abnormal cells, including cancer cells. They concluded that 
CME could effectively modify the immune system and potentially be used as an herbal 
medication for immune system modulation and anti-cancer treatment. 

Kang et al. (2015) reported on the effect of C. militaris extract (CME) on 
cell-mediated immunity in healthy Korean men. According to their research, Kang et 
al. extracted CME using ethanol and investigated its impact on immune function. They 
administered 1.5 g of CME per day to healthy volunteers over a period of 4 weeks. The 
study found that after the 4-week treatment (N = 39), levels of IL-2 (interleukin-2) and 
IFN-γ (interferon-gamma) were significantly increased compared to the placebo group 
(N = 40). IL-2 and IFN-γ are cytokines involved in promoting and regulating immune 
responses, particularly cell-mediated immunity. Furthermore, the study observed that 
CME increased NK (natural killer) cell activity and T cell proliferation. They suggested 
that CME could serve as a safe immunomodulator to enhance cell-mediated immunity. 

 
 2.4.6  Hyperglycemia 

A study by Ma et al. (2015) investigated the effects of cordycepin from        
C. militaris in diabetic rats. According to their research, Ma et al. investigated the impact 
of cordycepin on diabetic rats. The rats were administered cordycepin at a 
concentration of 3,600 mg/day for 21 days. The study found that cordycepin treatment 
resulted in significant effects on blood glucose levels and hepatic glycogen. After the 
treatment period, there was a 47% reduction in blood glucose levels, indicating 
improved glucose control. Additionally, there was a 214% increase in hepatic glycogen,  
which suggests enhanced glycogen storage in the liver. These findings indicate that 
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cordycepin treatment may have beneficial effects in improving symptoms of metabolic 
syndrome associated with diabetes. Metabolic syndrome is a cluster of conditions, 
including high blood glucose levels, high blood pressure, abnormal cholesterol levels, 
and obesity, which collectively increase the risk of cardiovascular disease and diabetes. 
The study suggests that cordycepin may exert its effects by helping to control the 
absorption of glucose in the body. By reducing blood glucose levels and increasing 
hepatic glycogen storage, cordycepin may contribute to improved glucose metabolism 
and symptom management in diabetes. 

Yu et al. (2016), investigated the effects of C. militaris powder (CMP) in rats 
with type 2 diabetic nephropathy. According to their research, Yu et al. investigated 
the impact of CMP on rats with type 2 diabetic nephropathy, a condition characterized 
by kidney damage due to diabetes. The study found that the administration of CMP 
resulted in several positive effects. One of the observed effects was the ability of CMP 
to lower blood glucose levels in the rats. This indicates an improvement in glucose 
control, which is beneficial for individuals with type 2 diabetes. Additionally, the study 
noted that CMP was able to restore kidney function in the rats with diabetic 
nephropathy. Diabetic nephropathy is a complication of diabetes that affects the 
kidneys and can lead to progressive kidney damage. The restoration of kidney function 
suggests a potential protective effect of C. militaris against diabetic nephropathy. 

 

2.5  Biosynthesis of cordycepin 
 Cordycepin is an interesting molecule in C. militaris that has been studied 

extensively for its biosynthesis mechanism. Cordycepin is biosynthesized from two 
precursors, including 2′-carbonyl-3′-deoxyadenosine (2′-C-3′-dA) from adenosine 
pathway and adenosine-3′-monophosphate (3′dAMP) from adenosine diphosphate 
(ADP) pathway. Overgaard-Hansen (1964) has proposed that the biosynthesis of purine 
is crucial for the synthesis of cordycepin. Purine nucleotide was thus recognized as a 
crucial precursor for the synthesis of cordycepin in C. militaris. From adenosine, 2´-C-
3´-dA is converted to cordycepin by oxidoreductase domain-containing protein (cns1), 
and 3´dAMP is converted to cordycepin by 5´-nucleotidase (NT5E) (Lin et al., 2016).  

 NT5E and cns1 are key enzymes in C. militaris that act as converters of 
intermediates to cordycepin. NT5E is involved in the conversion of AMP to adenosine,  
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which is reported to be an important precursor for cordycepin biosynthesis. According 
to Xia et al. (2017), the cns3 converts adenosine to 3′-dAMP, which is then 
dephosphorylated by the cns2 to 2′-C-3′-dA, which is then converted by the cns1 to 
cordycepin. In the future, studies on the mechanisms of cordycepin synthesis may be 
conducted to reveal more about them. Nitrogen sources have been reported to play 
an important role involving serial conversion in the cordycepin biosynthesis pathway 
(Chen et al., 2020). 

 Glucose is the starting material of cordycepin biosynthesis pathway and important 
precursor for the de novo purine nucleotide pathway (Zhang and Liu 2016). Glucose is 
converted to glucose-6-phosphate (G-6-P) and then can flux to ribose-5-phosphate (R-
5-P) for substrate in de novo purine nucleotide pathway, and then R-5-P is metabolized 
to precursor for sequentially converted into phosphoribosyl pyrophosphate (PRPP), 
which can convert to inosine monophosphate (IMP). The de novo purine nucleotide 
related serial conversions of PRPP to IMP and nitrogen sources have been reported to 
have an important role in the purine pathway, in which glutamine, glutamate, glycine, 
and L-aspartate involve serial conversion as co-precursors in the cordycepin 
biosynthesis pathway (Oh et al., 2019; Chen et al., 2020). By PRPP is converted                        
to ribosylamine-5-phosphat (Ribosylamine-5P) by amidophosphoribosyltransferase                
(PurF) which catalyzes of phosphoribosyl amine from PRPP and glutamate,                           
then Ribosylamine-5P is converted to glycinamide ribonucleotide (GAR)                                             
by phosphoribosylamine--glycine ligase (PurD) which substrates of this enzyme are ATP, 
5-phospho-D-ribosylamine and glycine, the products are ADP, phosphate, and N1-(5-
phospho-D-ribosyl) glycinamide. GAR is converted to phosphoribosyl-N-formyl                     
glycine amide (FGAR) by glycinamide ribonucleotide formyltransferase (GAR                    
FTase), FGAR is converted to 5’-phosphoribosylformylglycinamidine (FGAM) by 
phosphoribosylformylglycinamidine synthase (PurL) that catalyzes the ATP-dependent 
conversion of formylglycinamide ribonucleotide (FGAR) and glutamine to products 
formylglycinamidine ribonucleotide (FGAM) and glutamate, FGAM is converted to 
aminoimidazole ribonucleotide (AIR) by phosphoribosylformylglycinamidine cyclo-
ligase (PurM), AIR is converted to 5-aminoimidazole-4-carboxamide ribonucleotide 
(GAIR) by multifunctional protein ADE2 (PAICS), GAIR is converted to phosphoribosyl-
aminoimidazole-succinocarboxamide  (SAICAR) by phosphoribosyl-aminoimidazole-
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succinocarboxamide synthase (PurC) that catalyze 5-amino-1-(5-phospho-D-ribosyl) 
imidazole-4-carboxylate, ATP and L-aspartate, SAICAR is converted to 5-
Aminoimidazole-4-carboxamide ribonucleotide (AICAR) by adenylosuccinate lyase 
(PurB), AIGAR is converted to 5-Formamidoimidazole-4-carboxamide ribotide (FAICAR) 
by bifunctional purine biosynthesis protein (PurH), which is subsequently converted to 
inosine monophosphate (IMP) by PurH, IMP is converted to adenylo-succinate by 
adenylosuccinate synthetase (PurA). Then it converted to adenosine monophosphate 
(AMP) by PurB, this final biosynthesis pathway is cordycepin (Lin et al., 2016). AMP is 
converted to adenosine diphosphate (ADP)  by adenylate kinase (AK) and then ADP is 
converted to 3′-deoxyadenosine 5′-diphospate (3′-dADP) by ribonucleotide reductase 
(RNR), 3′-dADP is converted to 3′deoxyadenosine 5′-phosphate (3′-dAMP) by adenylate 
kinase (AK), 3′-dAMP is converted to cordycepin by 5′-nucleotidease (NT5E) from purine 
biosynthesis pathway (Kunhorm et al., 2019). In ADP pathway, adenosine 
monophosphate (AMP) is converted to ADP, and it is converted to 3´dAMP by enzyme 
ribonucleotide reductase (RNR). However, RNR was reported to not produce 3′-dADP in 
C. militaris and may be mediated by other enzymes (Kato et al., 2017). In C. militaris, 
the exact mechanism of cordycepin synthesis from the ADP precursor is still unclear. 

 Adenosine is a precursor for cordycepin, which adenosine is converted to 
adenosine-3′-monophosphate (3′-AMP) by cns3, and 3′-AMP is dephosphorylated to 2′-
carbonyl-3′-deoxyadenosine (2′-C-3′-dA) by cns2, which is finally converted to 
cordycepin by cns1 (Xia et al., 2017). From the biosynthesis of cordycepin, it can be 
concluded that the nitrogen source is extremely important in the production of 
cordycepin for C. militaris cultivation (Mao et al., 2005). 

 The 6-phosphofructokinase is a key enzyme that phosphorylates fructose 6-
phosphate in glycolysis of C. militaris (Tang et al., 2018). The glucose-6-phosphate 
dehydrogenase is a key enzyme that catalyzes the conversion of glucose-6-phosphate 
to 6-phosphogluconate dehydrogenase in PPP, which is an important pathway for 
cordycepin biosynthetic and has high efficiency in C. militaris culture under hypoxia 
conditions (Suparmin et al., 2019). The isocitrate lyase is an essential enzyme in the 
glyoxylate cycle because it catalyzes the reversible formation of succinate and 
glyoxylate from isocitrate, which uses fatty acid substrates during growth. It also might 
trigger the catalysis of the initial reaction in the glyoxylate shunt to detoxify glyoxylate  
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during carbon consumption in C. militaris (Raethong et al., 2018). According to Zhang 
and Liu (2016), carbon sources serve as the initial building block for the de novo purine 
nucleotide pathway as well as the cordycepin biosynthesis. 

 The enzyme NADP-specific glutamate dehydrogenase (NADP-GDH) produces 
glutamate from α-ketoglutarate in C. militaris liquid surface culture. The product is 
then transferred into the TCA via the GABA pathway after GltS catalyzes the conversion 
of glutamate from α-ketoglutarate by glutamine, the reaction’s nitrogen source. The 
AST can convert oxaloacetate to aspartate, and aspartate can also play an important 
intermediary role for SAICAR synthase (Suparmin et al. 2017). Hence, glutamate, 
glutamine, and aspartate are important precursors for serial conversion, and GltS, 
NADP-GDH, and AST are important enzymes to catalyze intermediation in amino acid 
metabolism to synthesize glutamate, glutamine, and aspartate as precursors in the 
cordycepin biosynthetic pathway. According to Lin et al. (2016), the de novo purine 
metabolism pathway necessitates some amino acids for catalyzed intermedia to 
cordycepin biosynthetic, such as glutamate, glutamine, glycine, and L-aspartate. The 
activation of amino acid conversion enhanced the synthesis of cordycepin substrate 
(Chen et al. 2020). The results might relate to the study of Kaushik et al. (2020), which 
found that the supplementation of amino acids (glycine, glutamine, and aspartate) in 
the culture medium enhances cordycepin production and significantly increases the 
expression of genes (ADEK, RNR, and NT5E) in the cordycepin biosynthetic pathway. 
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Figure 2.3 In liquid surface culture, C. militaris biosynthetic cordycepin by a de novo 
purine nucleotide pathway. There are descriptions of glycolysis, the 
pentose phosphate pathway, the TCA cycle, amino acid metabolism, and 
the cordycepin biosynthesis pathway. 

 

2.6  Liquid surface culture 
 Liquid culture systems have been shown to be more efficient and effective for 

large-scale production of cordycepin. The solid culture method for cordycepin 
production has limitations in terms of its production capacity, cost, and time required 
for cultivation (Wen et al., 2014). Therefore, researchers have explored alternative 
methods to increase cordycepin production. One such method is liquid culture, which 
has shown promising results in terms of higher cordycepin yields and shorter cultivation 
times. Additionally, advances in biotechnology and genetic engineering have led to the 
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development of genetically modified strains of C. militaris with higher cordycepin 
production capacity. 

 Cordycepin production in liquid surface culture starts with the growth of aerial 
mycelium, which is supported by sufficient oxygen supply. The mycelium then goes 
through a period of differentiation, during which cordycepin is synthesized and secreted 
into the culture medium. The optimal cultivation conditions for cordycepin production 
in liquid culture vary depending on the strain of C. militaris and the specific medium 
used, but some general parameters include pH, temperature, and aeration rate 
(Suparmin et al., 2019). Oxygen is necessary for the growth and development of 
mycelium in the early stages of cultivation of C. militaris. During later stages, the 
mycelium synthesizes cordycepin, which is then secreted into the culture medium 
(Shih et al., 2007).  

 The liquid culture system for cordycepin production can be carried out using 
various methods, including liquid surface culture, submerged culture, and two-step 
(static/shaking) culture (Kunhorm et al., 2019). The liquid culture system for cordycepin 
production can be carried out using various methods, including liquid surface culture, 
submerged culture, and two-step (static/shaking) culture. Each method has its 
advantages and disadvantages, and the choice of method depends on factors such as 
the type of microorganism, the availability of equipment, and the desired yield of 
cordycepin. Liquid surface culture is a simple and cost-effective method that allows 
for the easy monitoring of the growth of mycelia and cordycepin production. 
Submerged culture involves growing the mycelium in a liquid medium, which provides 
better aeration and nutrient supply but requires more sophisticated equipment. Two-
step culture involves growing the mycelium in a static culture followed by a period of 
shaking, which can increase the yield of cordycepin. 

 The study by Suparmin et al. (2017) found that the liquid surface culture of C. 
militaris resulted in a significant upregulation of genes associated with cordycepin 
biosynthesis, compared to submerged culture. This was attributed to the hypoxic 
conditions generated in the liquid surface culture, which were found to be optimal for 
cordycepin biosynthesis. Additionally, enzymes involved in purine nucleotide 
metabolism, such as PurA and PurC, were also upregulated in the liquid surface culture,  
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suggesting that this culture method can enhance the production of cordycepin in C. 
militaris. 

 In the experiment of Hung et al. (2009), they evaluated the effects of different 
strains of C. militaris on cordycepin production in liquid static culture. The strains 
BCC2816 and BCC2819 found to have the highest cordycepin production are 544.82 
and 587.68 mg/L under temperature conditions at 25 °C, respectively. Additionally, 
Kang et al. (2014) optimized culture conditions for cordycepin production in C. militaris 

CGMCC2459. They found peptone (20 g/L); sucrose (24.7 g/L); K2HPO4·3H2O (1.11 g/L); 

MgSO4·7H2O (0.90 g/L); VB1 (10 mg/L); hypoxanthine (5.45 g/L); and L-alanine (12.23 g/L) 
to be the optimal culture media. And they cultured C. militaris in 700 mL of working 

volume in the 1000 mL glass jars under culture conditions at 25°C and cultivation time 

for 30 days and found the total content of cordycepin reached 1405.94 mg/bottle. 
Tang et al. (2018) investigated the different vegetable oils as the second carbon source 

in liquid static culture, and they found that adding 20 g/L of peanut oil enhanced 
cordycepin production to 5.29 g/L. It is important to note that the maximum 
cordycepin production reported by Das et al. (2009) is significantly higher than most 
other studies. While the liquid surface system is generally considered to be the best 
artificial method for C. militaris cultivation, the specific conditions used in this study 
may not be easily replicable and may require optimization for each individual 
production setup. It is also important to consider factors such as cost, scalability, and 
practicality when choosing a cultivation method for commercial production. 
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Table 2.4 Cordycepin production of C. militaris by liquid surface fermentation under different nitrogen source. 
Strain Nitrogen source  Culture conditions  Cordycepin 

production  
References  

C. militaris CGMCC2459 Peptone 20 g/L Working volume 700 mL in 1000 mL 
glass jars, Temp 25°C for 35 days. 

1405.94 mg/bottle Kang et al., 2014 

C. militaris NBRC 103752 Yeast extract 72.5 g/L Working volume 100 mL in 500 mL 
Erlenmeyer flask, Temp 25°C for 15 
days. 

4.92 g/L Suparmin et al., 
2017 

C. militaris NBRC103752-3 Yeast extract 72.5 g/L Working volume 100 mL in 500 mL 
flask, Temp 25°C for 24 days. 

312.15 g/L Sari et al., 2016 

C. militaris G81-3 Yeast extract 93.8 g/L Working volume 150 mL, Temp 25°C 
for 20 days. 

14.3 g/L Masuda et al., 
2014 

C. militaris G81-3 Bacto yeast extract 45 
g/L 

Working volume 100 mL, Temp 25°C 
for 20 days. 

3.1 g/L Das et al., 2008 

C. militaris CICC 14014 Tryptone 10 g/L, yeast 

extract 6 g/L 

Working volume 100 mL, 250 mL 
flask, Temp 25°C for 20 days. 

5.29 g/L Tang et al., 2018 

C. militaris SIP2 Peptone 20 g/L Working volume 400 mL, 1,000 mL 
flask, Temp 25°C for 8 weeks. 

2.835 g/L Kunhorm et al., 
2022 
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2.7  Nitrogen sources for cordycepin production 
 Nitrogen is a key element in amino acids, which are the building blocks of proteins 

and other important biomolecules. In microbial cultures, nitrogen sources are critical 

for cell growth and biosynthesis, as they provide the nitrogen required for the formation 

of new cells. Inorganic nitrogen sources, such as ammonium nitrate and urea, are often 

used in microbial cultures, as they are readily available and can be easily assimilated 

by microorganisms. Organic nitrogen sources, such as beef extract, casein, peptone, 

and yeast extract, can also be used and may provide additional nutrients that support 

microbial growth. The choice of nitrogen source can have a significant impact on the 

growth rate and productivity of microbial cultures, and selecting the appropriate 

nitrogen source is an important consideration in optimizing microbial culture conditions 

(Youcai and Tao 2021). Nitrogen is an essential nutrient for the growth and 

development of C. militaris, as well as for the biosynthesis of cordycepin. Nitrogen 

plays a crucial role in the production of purine nucleotides, which are the precursors 

for the synthesis of cordycepin. Therefore, the availability and type of nitrogen sources 

can affect the growth and cordycepin production of C. militaris (Vongsangnak et al., 

2017).  

 Organic nitrogen sources are typically more effective at promoting cell growth and 

enzyme production compared to inorganic sources. This is because organic nitrogen 

sources, such as peptone and yeast extract, contain a variety of amino acids, peptides, 

and other growth factors that are readily assimilated by the mycelium. In contrast, 

inorganic nitrogen sources like ammonium nitrate and urea require additional energy 

and metabolic processes to convert into a form that can be used by the mycelium 

and may lead to decreased overall growth and enzyme production (Kumar et al., 2018). 

However, the optimal nitrogen source and concentration may vary depending on the 

specific strain of C. militaris being cultivated and the desired outcome of the 

production process. 

 Tuli et al. (2014) conducted a study to evaluate different nitrogen sources for 

cordycepin production in submerged fermentation of C. militaris. Among the tested 
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nitrogen sources, yeast extract was found to be the most suitable nitrogen source for 

cordycepin production, with a yield of 709 mg/L. In their study, Kang et al. (2014) 

optimized the cultivation conditions for C. militaris in a large-scale culture and found 

that the addition of peptone as a nitrogen source increased the production of 

cordycepin to 800 mg/L, which was higher than the production levels obtained using 

other nitrogen sources, such as yeast extract, beef extract, and malt extract. Suparmin 

et al. (2017) reported that in liquid surface culture, the up regulation of genes encoding 

glutamate synthase precursor was related to the cordycepin biosynthesis pathway. 

Glutamate, which is synthesized from α-ketoglutarate and glutamine, is an important 

nitrogen source that can be used in nucleotide biosynthesis, and aspartate, which can 

be synthesized from glutamate, is an important precursor for cordycepin biosynthesis. 

Peptone and yeast extract are rich in amino acids, which are essential for cell growth 

and metabolic processes. In particular, amino acids such as glutamate, glycine, and 

aspartic acid are important precursors for cordycepin biosynthesis (Lee et al., 2019). 

  Agricultural and food processing by-products such as soybean meal, corn steep 

liquor, and wheat bran are rich in organic nitrogen compounds and can be used as a 

low-cost and sustainable nitrogen source for microbial fermentation. These by-

products not only reduce the cost of fermentation but also contribute to 

environmental sustainability by reducing waste. Furthermore, the use of these by-

products can enhance the production of secondary metabolites such as cordycepin in 

C. militaris (Barrios-González, 2018). 

 

2.8  Plant-base for nitrogen source 
       Amino acids such as glutamine, glycine, and aspartate are indeed important for 

the cordycepin biosynthesis pathway and purine synthesis. These amino acids play 

crucial roles in the metabolism of microorganisms, including C. militaris, and can impact 

the production of cordycepin (Kumar et al. 2019). Beans, peanuts, and seeds are indeed 

rich sources of essential nutrients, including amino acids, which play a crucial role in 

the growth and metabolism of microorganisms. Amino acids are the building blocks of  
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proteins and are essential for various cellular processes, including enzyme activity and 

the synthesis of important compounds like purines (Suribabu et al. 2014). 

Microorganisms, including fungi like C. militaris, require a balanced supply of amino 

acids to support their growth and various metabolic activities. The availability and 

composition of amino acids in the culture medium can have a significant impact on 

the growth, development, and production of desired metabolites, such as cordycepin. 

By incorporating bean, peanut, or seed extracts into the culture medium, you may be 

able to provide a rich source of amino acids and other nutrients that can support the 

growth and cordycepin production of C. militaris. Using vegetable seeds as a source of 

amino acids for cordycepin production in C. militaris offers potential advantages, as 

these amino acids are naturally synthesized by plants. The specific composition and 

concentration of amino acids in these extracts can vary depending on the type of seed 

or legume used. This aligns with the goal of using sustainable and plant-based nitrogen 

sources in fungal cultivation. It would be beneficial to explore the specific composition 

and concentration of amino acids in these seed extracts and their impact on cordycepin 

production. Further research and experimentation can help optimize the incorporation 

of vegetable seed extracts into the culture medium, enabling enhanced cordycepin 

production by C. militaris. 

 Song et al. (2018) investigated the effects of different nitrogen sources derived 

from seed meals on Pneumocandin B0 production by G. lozoyensis in submerged 

fermentation. They found that cotton seed powder was the most suitable nitrogen 

source for Pneumocandin B0 production, followed by cotton seed protein and corn 

meal. Soybean meal, on the other hand, was found to be less effective than yeast 

extract as a nitrogen source for Pneumocandin B0 production. This suggests that 

different types of seed meals may have varying effects on the production of secondary 

metabolites by microorganisms, including cordycepin production by C. militaris.  

 Li et al. (2021) focused on utilizing soybean curd residue waste materials as a solid 

medium for fermentation by C. militaris mycelium to produce crude polysaccharide. 

The study aimed to explore the potential of utilizing waste materials from soybean 
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curd residue as a sustainable and cost-effective substrate for C. militaris cultivation and 

polysaccharide production. The researchers investigated the biological activities of the 

crude polysaccharide produced in this process, including antioxidant, antitumor, and 

immunomodulatory activities. Polysaccharides derived from mushrooms, such as          

C. militaris, have gained attention due to their potential health benefits and therapeutic 

properties. They have been reported to possess various biological activities, including 

antioxidant effects, anti-tumor properties, and the ability to modulate the immune 

system. 

 By using soybean curd residue waste as a solid medium for C. militaris 

fermentation, Li et al. (2021). aimed to repurpose an agricultural waste product while 

simultaneously producing valuable crude polysaccharides. This approach aligns with 

the principles of sustainability and waste reduction. The results of their study could 

provide insights into the potential utilization of soybean curd residue waste as a 

substrate for C. militaris cultivation and the production of polysaccharides with 

bioactive properties. However, it's important to note that further research is usually 

required to evaluate the purification, characterization, and specific bioactivities of the 

crude polysaccharide product.  

 Vegetable seeds could potentially be a suitable nitrogen source for the cultivation 

of C. militaris in liquid surface culture to produce cordycepin. 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
30 

 

Table 2.5 Amino acid composition of different legumes (g/100g). 
Amino acid Soybean Mung bean Black bean Kidney 

bean 
White bean Sesame seed Sunflower 

seed 
Peanuts 

Cysteine 1.33 0.5 - 1.0 0.56 2.06 1.48 1.55 
Aspartic acid 11.70 8.53 9.58 8.4 7.62 9.88 10.33 10.68 
Glutamic acid 16.54 12.54 14.15 10.2 8.42 16.54 13.98 16.92 
Serine 5.49 3.85 3.57 3.1 2.65 6.62 4.04 4.79 
Histidine 2.53 2.79 2.90 3.0 2.24 2.25 2.49 2.52 
Glycine 4.18 3.22 3.25 3.6 2.99 2.06 4.13 4.32 
Threonine 3.86 2.84 2.50 3.3 2.57 4.85 2.52 3.59 
Methionine 1.26 1.25 1.29 1.0 0.99 1.87 1.22 1.03 
Alanine 4.26 3.66 3.55 3.7 3.40 2.83 4.10 4.27 
Arginine 7.23 6.44 6.43 6.1 5.16 7.45 6.97 6.84 
Tyrosine 3.14 3.23 3.35 2.9 1.87 6.61 2.52 3.16 
Tryptophan 1.28 0.64 0.76 - 0.57 1.25 - 0.94 
Valine 4.80 4.63 4.55 5.1 4.32 5.54 4.39 3.89 
Phenylalanine 4.94 5.80 5.67 5.2 3.85 6.34 5.05 4.19 
Isoleucine 4.54 3.91 3.98 3.1 3.55 4.85 4.02 3.33 
Leucine 7.78 7.40 7.41 7.9 5.64 7.57 6.70 6.85 
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Table 2.5 (continued). 
Amino acid Soybean Mung bean Black bean Kidney bean White bean Sesame seed Sunflower 

seed 
Peanuts  

Lysine 6.38 6.24 6.03 7.0 5.99 5.06 4.91 6.84 
Proline 5.49 - - 3.4 4.47 4.08 3.13 3.76 
References FAO 

1992 
Kudre et al., 
2013 

Audu et al., 
2011 

Sahasrabudhe 
et al., 1981 

Fasuan et al., 
2018 

Akande et al., 
2011 

Leterme et 
al., 1990 

16.92 
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Table 2.6 Proximate composition of different legume. 
Type of plant Crude protein 

(%) 
Crude fat 
(%) 

Crude Fiber 
(%) 

Carbohydrate 
(%) 

Ash  
(%) 

Moisture 
(%) 

References 

Soybean 43.0 23.0 17.06 43 5.0 - FAO 1992 
Mung bean 26.30 1.40 12.56 68.39 3.91 - Sahasakul et al., 2022 
Kidney bean 23.00 1.38 20.93 70.48 5.13 -  
Black bean 29.17 1.72 21.83 58.12 3.06 8.27 Kotue et al., 2018 
White bean 26.0 1.60 - - 4.3 - Sahasrabudhe et al., 

1981 
Sesame seed 22.65 56.9 4.3 8.8 3.2 3.15 Bwshaw et al., 2022 
Sunflower seed 18.70 23.98 12.92 - 3.36 - Akande et al., 2011 
Peanuts 38.61 47.00 3.70 1.81 3.08 5.80 Atasie et al., 2009 
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CHAPTER 3 
MATERIALS AND METHODS 

 

3.1  Materials 
       3.1.1  Microorganism 

        The C. militaris stain CM001 was purchased from Mushroom House at 
Phra Samut Chedi (Samut Prakan provinc, Thailand). For stock culture, C. militaris was 
stored on potato dextrose agar medium plate at 4°C. To grow C. militaris the fungal 
stock was subcultured and incubated at 25°C for 30 days.  

 

 
Figure 3.1 The C. militaris grown on PDA. 
 

 3.1.2  Vegetable seed as the nitrogen sources 
Various vegetable seeds were obtained from department stores, including 

soybeans (Thai food industry (1964) CO., LTD, Bangkok, Thailand), mung beans, black 
beans, kidney beans, white beans, sesame seeds, peanuts (Thanya Farm Co., Ltd, 
Nonthabury, Thailand) and sunflower seeds.  
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3.2  Methods 
 3.2.1  Seed culture preparation and medium for C. militaris 

       The C. militaris incubated PDA was isolated to achieve conidia suspension. 
The supernatant was centrifuged at 10,000 rpm for 10 min. The final concentration of 
C. militaris used was 105 conidia/ml. Then, the conidia suspension was inoculated into 
1,000 ml Erlenmeyer flask containing 600 ml of base seed culture media containing 
the following components; 24.7 g/L sucrose; 20 g/L peptone; 1.11 g/L KH2PO4; 0.9 g/L 
MgSO4·7H2O; 10 mg/L vitamin B1; and the pH was not adjusted and incubated on a 
rotary shaker incubator at 110 rpm for 7 days at 25°C (Kang et al., 2014). The seed 
culture preparation was inoculated into fresh culture medium for each experiment. 

 

 
 
Figure 3.2 Seed culture of C. militaris after conidia inoculation at days 7. 
 

 3.2.2  Effect of cultural conditions (inoculum size, working volume, and 
icultivation time) of C. militaris in liquid surface culture 
To obtain the optimum cultural conditions, each factor was performed to 

a completely randomized design (CRD). The levels of factors are as follows: the 
inoculum sizes were 5, 10, 15, and 20% v/v; the working volumes were 100, 150, 200,  

 

 



 

 

43 
 

and 300 ml; and the cultivation times were 10, 20, 30, and 40 days. There replicates 
have been performed for each treatment.  

 In the first experiment, a 480-ml jar with 100 ml of basal medium and 30 
days of cultivation time were used to examine the inoculum size for the production of 
cordycepin and MDW. After obtaining the optimal inoculum size, the different working 
volumes were examined for cordycepin production. Finally, various cultivation times 
were investigated for cordycepin production by following the optimal inoculum size 
and working volume following the previous experiment. 

 
 3.2.3  Preparation of vegetable seed extract powder (VSEP) 

Various vegetable seeds including SB: soybeans (Thai food industry (1964) 
CO., LTD, Bangkok, Thailand), MB: mung beans, BB: black beans, KB: kidney beans, WB: 
white beans, SS: sesame seeds, PN: peanuts (Thanya Farm Co., Ltd, Nonthabury, 
Thailand) and SF: sunflower seeds were obtained from department store. They were 
soaked in sterile DI water for 24 h, and then crushed to make them smaller. It was then 
boiled at 90°C for 15 min. The vegetable seeds were dried in a hot-air oven at 60°C for 
3 days. The vegetable seeds were powdered using a powder grinder.  

 
 3.2.4  Effect of animal-free nitrogen source in liquid surface culture of C. 

militaris 
To obtain the best animal-free nitrogen source derived from the vegetable 

seed, various VSEP conditions were supplemented at 20 g/L in a base culture medium 
free of nitrogen sources for the evaluation of cordycepin production and MDW.   

After obtaining the best animal-free nitrogen source, the concentration was 
examined for high cordycepin production and MDW. The different concentrations, 
including 20–90 g/L, were supplemented into the nitrogen-free culture medium. The 
supplemented and non-supplemented peptone groups were used as positive control 
and negative control, respectively. The cultivation time is 30 days. Proximate 
composition was measured for the best VSEP by carrying out the experiment in 
accordance with the AOAC procedure (AOAC 1990). The Kjeldahl method was 
performed to measure protein content. The fat content was analyzed by the Soxtec 
2050 Extraction Unit (Foss). Moisture and ash content were determined using a 
11111111 
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Thermogravimetric Analyzer (TGA-701, LECO) and drying at 105 and 600 °C in a hot air 
oven, respectively. The fiber content was determined using Fibretherm-Automated 
Fibre Analysis (FT12, Gerhardt). Carbohydrate percentage was determined by 
calculation, following the formular below. 
%Carbohydrate = 100% – (% moisture + % crude protein + % ash + % crude fat) Eq.(1) 
 

 3.2.5  Effect of animal-free nitrogen source on the transcriptional levels of 
C. militaris in liquid surface culture 
Molecular mechanisms of the cordycepin production pathway, the carbon 

metabolic pathway, and amino acid metabolism were investigated through mycelium. 
The mycelium cultured in non-supplemented, peptone-supplemented, and animal-
free nitrogen sources were collected after cultivation at 10, 20, and 30 days. The RNA 
was isolated, which was then converted to cDNA. The cDNA was investigated for gene 
expression involved in three significant pathways. 

 
3.2.5.1  RNA isolation and cDNA synthesis 

        The mycelium fresh was collected to extract RNA using the 
NucleoSpin® RNA plant (Macherey-Nagel, Duren, Germany) according to the 
manufacturer's protocol. The RNA concentration was measured using a microplate 
reader (BMG Labtech, Ortenbreg), and the ratio of absorbance at 260 nm to 280 nm 
was used to analyze RNA quality. Complementary DNA (cDNA) was synthesized from 1 
µg of total RNA using the ReverTra Ace® qPCR Master Mix kit (Toyobo., CO., LTD., Japan) 
following to the manufacturer’s instructions. The cDNA was stored at -20°C for further 
use in quantitative real-time PCR. 
 

3.2.5.2  Quantitative real-time PCR (qRT-PCR) 
        A quantitative real-time PCR (qRT-PCR) was used to determine the 

expression of key genes involved in carbon metabolism and cordycepin biosynthesis 
pathways. qRT-PCR was carried out on the QuantStudio 5 Real-Time PCR System 
(Thermo Fisher Scientific, Massachusetts, USA). PCR reactions are prepared using SYBR® 
Green Master Mix (Thermo Fisher Scientific, Massachusetts, USA) with specific 
111111111 
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quantitative real-time PCR primers in Table 3.2. Polyubiquitin binding protein (ubi) as 
the house-keeping gene was used as an internal control gene (Kunhorm et al. 2022). 
The thermal cycling conditions were as following follows: 95°C for 1 min of 
denaturation, followed by 40 cycles of 30 s at 95°C, 30 s at 60°C, and 1 min at 72°C. 
The melting curve analysis was performed by heating at 95°C for 15 s, 60°C for 1 min, 
and 95°C for 15 s. The biological replicates with two technical replicates were analyzed. 
The values of each gene expression were quantified by normalization with the ubi 
gene. The standard ∆Ct method was calculated the values in the graph for relative 
fold change of non-supplemented as a negative control (Chen et al. 2011). 
Table 3.1 Sequences of the primers used for the Real-Time PCR analysis. 

Specific 
methabotic 
pathway 

Gene name Primer Sequence (5´- 3´) 

Housekeeping 
gene 

Polyubiquitin binding 
protein (ubi) 

Forward GGTACATGGGCTACGGCTAC 
Reverse TCCGACACAAACTCGTCCAG 

Cordycepin 
biosynthesis 
pathway 

Oxidoreductase domain-
containing protein (cns1) 

Forward TCACGACCGCCGCACAATCC 
Reverse CCAAGCCTGCTGGCACGGAG 

5′-nucleotidase (NT5E) 
Forward TGGACCTCACCATTCTGCAC 
Reverse AGCTAGGCCGAAAAATCCCA 

Carbon 
metabolic 
pathway 

6-phosphofructokinase 
(pfkA) 

Forward GCTCTGAGCGCCTCTGTTAT 
Reverse GCGCATCTTGAGCCATTCAG 

Glucose 6-phosphate 
dehydrogenase (zwf) 

Forward CAAGAAGTGCTGCTACCCCA 
Reverse CTAGCCAGGTCCTTGCCAAA 

Isocitrate lyase (aceA) 
Forward CTCGCCAACGTTGACTACCT 
Reverse CAATGTGAATACCGGCAGCG 

Amino acid 
metabolism 

Glutamate synthase (GltS) 
Forward TCGAGCACAACACAAACCTG 
Reverse AGCCACTTCCTTGGTCGCA 

NADP-specific glutamate 
dehydrogenase (NADP-GDH) 

Forward GGCACCTCTTCCCATCACTC 
Reverse TCTGGAGGATCTGGGTAGGC 

Aspartate transferase (AST) 
Forward TTGCCATTCTCCAGCGTTCA 
Reverse GTCGATGATACGACCCGACA 
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  3.2.6aaOptimization of cultural conditions on cordycepin production by 
Response Surface Methodology (RSM) with the Box-Behnken Design 
(BBD) 

   After obtaining the best supplemental source of animal-free nitrogen for 
high cordycepin production of C. militaris in liquid surface culture, the cultural 
conditions were optimized. A statistical approach using BBD was conducted, which was 
a response to cordycepin production in the liquid surface culture. The three factors 
were significant variables for this study, including working volume (ml, X1), inoculum 
size (%, X2), and cultivation time (days, X3), with each factor at three different levels, 
as shown in Table 3.3. The total BBD matrix of the experiment of 15 trials was given by 
a set of points at the midpoint of each edge of a multidimensional cube and three 
replications of the center points. All experiments were performed in triplicate. The 
value of cordycepin production was taken as response (Y), and experimental results 
were fitted with a multiple regression analysis, which was explained by a second-order 
polynomial equation:  

Y = 𝛽0 + ∑ 𝛽𝑖𝑥𝑖

4

𝑖=1

+ ∑ 𝛽𝑖𝑖

4

𝑖=1

𝑥𝑖
2 + ∑ ∑ 𝛽𝑖𝑗𝑥𝑖𝑥𝑖𝑗 ,

4

𝑖<𝑗

3

𝑖=1

                           Eq.(2) 

   Where Y is the predicted response (cordycepin production in this study, 
g/L, 𝛽0, 𝛽𝑖 , 𝛽𝑖𝑖 and 𝛽𝑖𝑗 constant coefficients, and Xi and Xj are the coded independent 
variables or factors. The quality of fit of the polynomial model equation was expressed 
by the coefficient of determination R2, and its statistical significance was analyzed by 
F-test. The significance of the regression coefficients was tested by the t-test. Design-
Expert Version 12 software package (StatEase Inc., Minneapolis, USA) was used for 
designing experiments as well as for regression and graphical analysis of the 
experimental data obtained. 
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Table 3.2 The result of Box-Behnken design (BBD) with experimental and predicted 

values of cordycepin production and experimental coded and level of the 

independent variables. 

RUN 

Independent 
variables 
(Coded) 

Independent 
variables 
(actual) 

Dependent variables 

X1 X2 X3 X1 X2 X3 Y: Cordycepin (g/L) 
1 0 -1 -1 200 5 20 1.11 
2 -1 0 -1 100 10 20 1.72 
3 1 0 -1 300 10 20 1.55 
4 0 1 -1 200 15 20 1.29 
5 -1 -1 0 100 5 40 2.55 
6 1 -1 0 300 5 40 2.05 
7 0 0 0 200 10 40 2.49 
8 0 0 0 200 10 40 2.37 
9 0 0 0 200 10 40 2.48 
10 -1 1 0 100 15 40 2.70 
11 1 1 0 300 15 40 2.02 
12 0 -1 1 200 5 60 0.26 
13 1 0 1 300 10 60 0.18 
14 -1 0 1 100 10 60 0.88 
15 0 1 1 200 15 60 0.30 
Independent variables 

(coded) 
 Levels 

-1 0 1 
X1: Working volume (ml) 100 200 300 

X2: Inoculum size (%) 5 10 15 
X3: Cultivation time (days) 20 40 60 
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 3.2.7  Analyses 
3.2.7.1  HPLC analysis 

 A high-performance liquid chromatography (HPLC) is used to 
measure the concentration of cordycepin in a culture medium. The first step in the 
method involves filtering the culture medium through a cellulose acetate filter paper 
with a pore size of 0.22 µm. Then, the filtrate was proceeded for HPLC analysis. The 
HPLC system used in this method is an Agilent 1100 series, and the column used is a 
Zobax stable bound C18 with dimensions of 4.6 x 250 mm and a 3.5 µm particle size. 
The mobile phase used in the chromatography is a gradient of DI water (A) and 
methanol (B), as specified in Table 3.1. The flow rate of the mobile phase is 0.5 ml per 
min, and the column temperature is maintained at 30°C. Finally, the concentration of 
cordycepin in the culture medium is determined using a Diode Array Detector (DAD) 
set to a wavelength of 260 nm, and the result is reported in units of g/L. 
Table 3.3 Shows the condition of the HPLC used in cordycepin analysis. 

Time 
Mobile phase A  

(DI type I) 
Mobile phase B  

(Methanol) 
0 85 15 
5 85 15 
10 80 20 
15 60 40 
20 40 60 
25 20 80 
30 0 100 

 
3.2.7.2  MDW analysis 

        Mycelial dry weight (MDW) was determined by drying it in a hot air 
oven at 60°C for 3 days. A 4 digital weighing balance (Sartorius, Göttingen, Germany) 
was used to weigh the mycelial. 
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 3.2.8  Statistical analysis 
Data was presented as the means of triplicate experiments, and the error 

bars indicated the corresponding standard deviation (SD). All analyses were performed 
using the IBM SPSS Statistics version 26 software packet (IBM Corp., Armonk, N.Y., USA). 
The statistical significance was calculated by one-way or two-way analysis of variance 
(ANOVA) followed by Turkey’s test (p > 0.05) to assess the difference between 
treatment groups and their respective controls. 
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CHAPTER 4 
RESULTS AND DISCUSSION 

 

4.1  Effect of cultural conditions (inoculum size, working volume, and     

acultivation time) on cordycepin production and MDW  
 iThe optimal culture conditions, including inoculum size, working volume, and 

cultivation time, were evaluated for high cordycepin production and MDW in the liquid 

surface culture of C. militaris. The results found that 10% (v/v), 100 mL, and 30 days 

were required, respectively. The effect of inoculum size (5, 10, 15, and 20% v/v) is 

present in Figure 4.1A, where the maximum cordycepin production and MDW at 10% 

(v/v) inoculum were 2.83 ± 0.07 g/L and 1.83 ± 0.07 g, respectively, and were 

significantly higher than other conditions. The effect of working volume (100, 150, 200, 

250, and 300 ml) is shown in Figure 4.2B. The production of cordycepin was maximized 

with 100 mL of culture medium that reached 2.96 ± 0.16 g/L. However, a high MDW of 

about 2.34 ± 0.05 g was obtained in 300 mL of culture. The results of cultivation times 

(10, 20, 30, and 40 days) were displayed in Figure 4.1C. The highest cordycepin 

production and MDW were obtained 30 days after seed culture, which reached 2.82 ± 

0.12 g/L and 1.83 ± 0.07 g, respectively. At 40 days, the production of cordycepin 

significantly decreased as time passed. 

 Liquid culture was applied for hyperproduction of cordycepin, and submerged 
fermentation could enhance cordycepin production by about 15 – 30% (Xian et al., 
2004). Working volume is related to dissolved oxygen concentration, and hypoxia 
conditions are essential for cordycepin biosynthesis (Suparmin et al., 2017). The low 
working volume was suggested for higher cordycepin production (Masuda et al., 2006). 
Inoculum size is significant for C. militaris cultivation, and 10% (v/v) was suggested for 
higher cordycepin production in the fermentation condition (Tuli et al., 2014). The 
cultivation time affected the production capacity of cordycepin and was related to 
glucose consumption (Das et al., 2010). C. militaris cell growth began with glucose 
consumption, followed by cordycepin 
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consumption, followed by cordycepin production, and ended cordycepin production 
when all the glucose and nitrogen were consumed (Masuda et al., 2007). Proteins in 
soybean are essential for enzyme activity and influence purine synthesis, which is an 
important metabolite for cordycepin production (Suribabu et al., 2014). 

 

 
Figure 4.1 Effect of various conditions including inoculum size (A), working volume (B), 

and cultivation time (C) on cordycepin production and MDW of C. militaris 
in liquid surface culture. Bar charts were expressed as mean ± SD from 
three independent experiments; different superscripts represent significant 
(p > 0.05).      Cordycepin;       MDW;        Cordycepin;        MDW.  

 

4.2  Effect of VSEP as the nitrogen source on cordycepin production  
 To obtain the best VSEP for use as the supplemented nitrogen source in C. 

militaris culture for high cordycepin production. For this experiment, the VSEP and 
peptone conditions were supplemented at a concentration of 20 g/L. The various VSEP 
were supplemented to a nitrogen source-free culture, with the peptone-supplemented 
nitrogen source serving as a positive control and the non-supplemented nitrogen 
source serving as a negative control. Cultivation time is for 30 days. As shown in Figure 
4.2, our results showed that supplementation with soybean seed extract powder (SBEP) 
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significantly increased the cordycepin production by 0.36 g/L which was the highest 
value among these conditions. However, MDW was not significantly different. 

 

 
Figure 4.2 The effect of different VSEP nitrogen sources on (a) production of cordycepin 

and (b) MDW of C. militaris in liquid surface culture. (c) The morphology of 
C. militaris under different VSEP nitrogen sources at 20 g/L for 30 days. The 
value was represented as the mean ± SD (n = 3), where columns with 
different superscripts represent significant (p > 0.05). SB: Soybeans; MB: Mung 
beans; BB: Black beans; KB: Kidney beans; WB: White beans; SS: Sesame 
seeds; SF: Sunflower seeds; PN: Peanuts. 

 
 Prevously, Xiao et al. (2007) optimized molasses plus soybean meal hydrolysis 

medium for ehnahed actonin production from Bacillus subtilis CICC 10025 in 
fermentation, molasses and soybean meal hydrolysis were demonstrated to be more 
productive than pure sucrose and yeast extract plus peptone, respectively. According 
to Shariati et al. (2019) reported that soybean powder is the most effective nitrogen 
source on carotenoid production of Blakeslea trispora culture. Possibly, vegetable seed  
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might be used as a supplementary nitrogen source for high cordycepin production. 
More importantly, it may also replace peptone, which is a commercial nitrogen source 
for the cultivation of C. militaris. In this study, we found that SBEP supplementation as 
an animal-free nitrogen source has a high potential for C. militaris in liquid surface 
culture for cordycepin production. 

 Vegetable seed extract is a meat-free alternative to traditional peptones, and the 
nitrogen source is involved in de novo purine synthesis, which is an important pathway 
for cordycepin synthesis (Vongsangnak et al., 2017). Carbohydrates, lipids, vitamins, 
minerals, and amino acids are all found in vegetable seeds that are essential for 
enzyme activity and influence purine synthesis (Suribabu et al., 2014). Moreover, de 
novo purine biosynthesis is considered an important metabolic pathway for cordycepin 
production. The amino acid is a protein constituent which contains several amino acids 
required for cordycepin biosynthesis pathways, such as glutamine, glycine, and 
aspartate. These amino acids can be synthesized in plants (Kumar et al., 2019). 
Vegetable seeds, including soybean, mung bean, peanut, sesame, sunflower, black 
bean, kidney bean, and white bean, are an economic crop in the world, and they have 
a high protein content (Kumar et al., 2017). In a previous stulozoyensis and (2018) they 
investigated the effects of different seed medium nitrogen sources, including soybean 
meal, cotton seed powder, cotton seed protein, corn meal, soy peptone, tryptone, 
and yeast extract on pneumocandin B0 production of G. lozoyensis, and found that 
cotton seed powder had higher pneumocandin B0 production than yeast extract, and 
soybean meal was lower than yeast extract. In addition of protein in plant, the plant 
oil and fatty acids are stimulated on the exo-biopolymer production of C. militaris 
culture (Park et al., 2002). 

 

4.3  Effect of various concentration of SBEP on cordycepin production 
 To obtain an optimal concentration of SBEP for high cordycepin production, The 

various concentrations, including 20 – 90 g/L, were supplemented into the culture 
medium free of nitrogen source. Cultivation time is for 30 days. The supplemented and 
non-supplemented peptone groups were positive control and negative control, 
respectively. The results showed that supplementing with SBEP at 80 g/L and 90 g/L 
significantly increased cordycepin production more than supplementing with peptone  
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up to 2.52 g/L and 2.58 g/L, respectively. The MDW production was increased up to 
2.33 g and 2.39 g, respectively, as displayed in Figure 4.3A-B. However, this study 
focused on the optimal concentration of SBEP-supplemented on cordycepin 
production. Although the 90 g/L supplementation produced the highest cordycepin 
production, there was not significantly different from the 80 g/L supplementation. 
Therefore, a supplementation of 80 g/L concentration was selected in this study. It is 
also used in smaller amounts and has the same efficiency in the production of 
substances. 

 This finding is relevant to another study, in which Li et al. (2021) reported that 
using the soybean curd residue on C. militaris culture could produce edible 
mushrooms and have high medical efficiency. Nitrogen sources are considered 
important nutritional sources and have been used in large quantities for the production 
of cordycepin. Moreover, using commercial nitrogen sources is costly. SBEP is 
considered a premium product for replacing peptone as a nitrogen source in the 
cordycepin production of C. militaris in liquid surface culture. More importantly, SBEP 
is approximately 113.92 times cheaper than using peptone as a nitrogen source. The 
nutritional content of SBEP includes 37.0% protein, 20.9% fatty acids, 4.1% ash, 7.0% 
fiber, and 35.2% carbohydrate, as demonstrated in Table 4.1. In this study, it was found 
that supplementing with 80 g/L of SBEP as the nitrogen source also reduced costs by 
3.51% when compared to peptone-supplemented at 20 g/L and increased cordycepin 
by up to 1.11 times. A previous study (Kunhom et al., 2022) used the strategy of 
epigenetic modification to enhance cordycepin production. However, such strategies 
have used chemicals to enhance cordycepin production, which may also increase the 
production cost. This study used the SBEP supplementation strategy of nutritional 
composition in culture medium, which may act as a precursor substance to the 
cordycepin biosynthetic pathway. The results found increased cordycepin production 
by a similar amount to the previous study. Therefore, SBEP supplementation 
demonstrably enhances the efficacy of cordycepin production, which is comparable to 
the use of epigenetic compounds and is also less expensive. 
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Table 4.1 Proximate composition from soybean seed extract powder (SBEP) 
Composition SBEP (%) 
Protein 37.0 
Fat 20.9 
Ash 4.1 
Moisture 
Fiber 

2.8 
7.0 

Carbohydrate 35.2 
 

 4.3.1  Time course of C. militaris in animal-free culture medium  
       After supplementation with 80 g/L of SBEP, the time course of cordycepin 

production was also examined. As shown in Figure 4.3D, the highest cordycepin 
production was discovered at 40 days, progressively declining to 45–60 days after 
inoculation. 

Following the degradation of the primary carbon source in the culture 
medium, cordycepin may serve as a secondary source of carbon. The length of 
cultivation had an impact on cordycepin production capacity and was connected to 
glucose intake (Das et al., 2009). Consumption of glucose and production of cordycepin 
started cell growth, which ceased when all the available glucose in the culture medium 
was used (Masuda et al., 2007). 
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Figure 4.3 The various concentration of soybean seed extract powder (SBEP) on                    
(A) cordycepin production and (B) MDW of C. militaris in liquid surface 
culture. (C) The morphology of C. militaris under different concentration of 
SBEP nitrogen sources in liquid surface culture for 30 days. (D) Time courses 
of   cordycepin production after using SBEP-supplemented. (E) HPLC 
chromatogram of cordycepin standard, (F) peptone-supplemented as a 
positive control, and (G) SBEP-supplemented at 80 g/L. The value was 
represented as the mean ± SD (n = 3), where columns with different 
superscripts represent significant (p > 0.05). NS: non-supplemented; PT: 
peptone-supplemented. 
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 4.3.2  Comparison of animal-free nitrogen source between SBEP and soy 
iprotein isolated on cordycepin production 
After obtained 80 g/L of SBEP as the animal-free nitrogen source for C. 

militaris by liquid surface culture. This experiment compares SBEP with soy protein 
isolated on cordycepin production. The experiment included five conditions: 1) a 
control with no added nitrogen source, 2) peptone as a nitrogen source, 3) SBEP at a 
concentration of 80 g/L, and 4) different concentrations of soy protein isolate ranging 
from 20-80 g/L. The experiment was carried out at a temperature of 25ºC for a total of 
40 days, under light conditions. 

The results showed that the addition of soy protein isolate at different 
doses resulted in lower cordycepin production compared to 80 g/L of SBEP, which is 
an animal-free nitrogen source for the cultivation of C. militaris to produce cordycepin, 
as shown in Figure 4.4. These results suggest that SBEP may be a more effective 
nitrogen source than soy protein isolate for cordycepin production in liquid surface 
culture with C. militaris. The fact that SBEP is an animal-free nitrogen source also has 
important implications for the sustainability of using C. militaris as a source of 
cordycepin. 

 

 
 

Figure 4.4 Comparison of SBEP and soy protein isolated as the animal-free nitrogen 
source on cordycepin production by C. militaris in liquid surface culture. 
The value was represented as the mean ± SD (n = 3), where columns with 
different superscripts represent significant (p > 0.05). 
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4.4 Effect of SBEP on the transcriptional levels of cordycepin 
biosynthesis pathway 
The expression of genes involved in the cordycepin biosynthetic pathway was 

examined in this study. The transcription levels of two important genes including cns1 
and NT5E act to catalyze the formation of intermediates in the cordycepin biosynthetic 
pathways. The comparison of supplemented nitrogen sources (peptone and 80 g/L 
SBEP) with a non-supplemented nitrogen source. The result is shown in Figures 4.5. 
The results found that supplementation of nitrogen sources significantly increased the 
expression of two major downstream genes (cns1 and NT5E) in the cordycepin 
biosynthesis pathway of C. militaris when compared non-supplemented nitrogen 
source conditions. However, supplementation of SBEP did not significantly increase the 
expression of cns1 and NT5E genes at 10 and 20 days when compared with peptone 
supplemented. In addition, the expression of three genes was lower at 30 days.  

The important genes involved in cordycepin biosynthesis have been identified, 
which has assisted us understand the molecular mechanism of downstream signaling. 
Overgaard-Hansen (1964) has proposed that the biosynthesis of purine is crucial for the 
synthesis of cordycepin. Purine nucleotide was thus recognized as a crucial precursor 
for the synthesis of cordycepin in C. militaris. Nitrogen sources have been reported to 
play an important role involving serial conversion in the cordycepin biosynthesis 
pathway (Chen et al. 2020). Cordycepin is an interesting molecule in C. militaris that 
has been studied extensively for its biosynthesis mechanism.  NT5E and cns1 are key 
enzymes in C. militaris that act as converters of intermediates to cordycepin. NT5E is 
involved in the conversion of AMP to adenosine, which is reported to be an important 
precursor for cordycepin biosynthesis. According to Xia et al. (2017), the cns3 converts 
adenosine to 3′-dAMP, which is then dephosphorylated by the cns2 to 2′-C-3′-dA, which 
is then converted by the cns1 to cordycepin. In the future, further studies on the 
mechanisms of cordycepin synthesis may indeed be conducted to gain a deeper 
understanding of this compound. Cordycepin, also known as 3'-deoxyadenosine, is a 
nucleoside analogue that is found naturally in Cordyceps fungi and has been of great 
interest due to its potential medicinal properties. By exploring the synthesis 
mechanisms of cordycepin, researchers can unravel the specific enzymatic reactions, 
111 
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genetic pathways, and regulatory factors involved in its production. This knowledge 
can provide insights into the biosynthesis of cordycepin and potentially enable 
researchers to manipulate or optimize its production. 

It is possible that as time passes, the genes that convert the intermediary to 
cordycepin become inactivated due to high intracellular cordycepin levels and are 
toxic to the cells. Genes are thus highly activated in 10 to 20 days to induce 
intracellular cordycepin accumulation, and their synthesis is inhibited in 30 days to 
reduce cell toxicity. According to Tang et al. (2018), cordycepin is excreted 
extracellularly into the culture medium to increase cordycepin accumulation and 
reduce toxicities. Cordycepin accumulation is presented in Figure 4.3D. Therefore, the 
experimental results indicated that the supplementation source of SBEP nitrogen could 
be used for peptone substitution as the nitrogen source for cultivation of C. militaris 
by liquid surface to produce cordycepin, and that it might also be applied at the 
industrial level. 

 

 
 

Figure 4.5 Transcriptional levels of C. militaris by liquid surface culture under different 
initrogen sources. (A-B) the mRNA expression of major downstream genes in 
icordycepin biosynthesis pathway. The analysis was repeated in independent 
iexperiments with series of different cultures. The value was represented as 
ithe mean ± SD (n = 3). *p < 0.05, and ** p < 0.01 indicate statistically 
isignificant differences in the SBEP and peptone groups when compared to 
ithe non-added as the negative control, respectively, and # p < 0.05, and ## 
ip < 0.01 indicate statistically significant differences in the SBEP when 
icompared to peptone.      Non-supplemented;         Peptone-isupplemented;            

                  SBEP-supplemented.  
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4.5 Effect of SBEP on the transcriptional levels of carbon metabolic 
ipathway  

The key enzymes in carbon metabolism are presented in Figure 4.4. In this 
study, specific genes in the carbon metabolic pathway for evaluation included pfkA; 6-
phosphofructokinase in glycolysis, zwf; glucose-6-phosphate dehydrogenase in the PPP, 
and aceA; isocitrate lyase in the glyoxylate cycle. As result is demonstrated in Figure 
4.6. Compared to a non-supplemented nitrogen source, SBEP-supplementation 
significantly increased the expression of three genes (pfkA, zwf, and aceA) involved in 
the carbon metabolism at 10, 20, and 30 days. When compared with peptone-
supplemented as the positive control, SBEP-supplementation significantly increased 
the expression of pfkA at 10 days and aceA at 20 and 30 days. 

Due to the SBEP contain carbohydrate (35.2%) and fatty acids (20.9%), which 
are considered the supplement of carbon sources. The 6-phosphofructokinase is a key 
enzyme that phosphorylates fructose 6-phosphate in glycolysis of C. militaris (Tang et 
al., 2018). The glucose-6-phosphate dehydrogenase is a key enzyme that catalyzes the 
conversion of glucose-6-phosphate to 6-phosphogluconate dehydrogenase in PPP, 
which is an important pathway for cordycepin biosynthetic and has high efficiency in 
C. militaris culture under hypoxia conditions (Suparmin et al., 2019). The isocitrate lyase 
is an essential enzyme in the glyoxylate cycle because it catalyzes the reversible 
formation of succinate and glyoxylate from isocitrate, which uses fatty acid substrates 
during growth. It also might trigger the catalysis of the initial reaction in the glyoxylate 
shunt to detoxify glyoxylate during carbon consumption in C. militaris (Raethong et al., 
2018). According to Zhang and Liu (2016), carbon sources serve as the initial building 
block for the de novo purine nucleotide pathway as well as the cordycepin 
biosynthesis. Due to the SBEP contain carbohydrates and fatty acids in Table 4.1, which 
are strong secondary carbon sources that assist C. militaris produce increased 
cordycepin in liquid surface culture. However, the supplementation of SBEP as a source 
of animal-free nitrogen may increase fatty acid synthesis even more because there are 
sources of carbon, both sucrose and fatty acids. In support of this, the result of up 
regulated aecA was related to the report by Raethong et al. (2018) that fatty acid 
synthesis during carbon utilization may increase the toxicity from increased glyoxylate  
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accumulation, and aceA expression may mediate the increased toxicity of glyoxylate. 
It is a glyoxylate that is formed by a glyoxylate shunt. Additionally, it might also increase 
carbon absorption. Tang et al. (2018) confirmed that adding vegetable oils can enhance 
cordycepin production and enzyme activity in the carbon metabolism of C. militaris in 
liquid surface culture, and gene expression is also up regulated of key cordycepin 
biosynthetic. Similarly, Park et al. (2002) found that the addition of vegetable oils can 
increase the production of exo-biopolymer and mycelial biomass, and the type of fatty 
acid that markedly stimulated the biopolymer production was oleic acid and palmitic 
acid of C. militaris in fermentation culture. Therefore, the carbohydrase and fatty acid 
from the SBEP might be used as carbon sources in C. militaris by liquid surface culture 
as a substrate in culture media for the production of cordycepin and cell growth. 
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Figure 4.6 The investigation of carbon metabolism of C. militaris by liquid surface 
culture under different nitrogen sources. The analysis was repeated in 
independent experiments with series of different cultures. The value was 
represented as the mean ± SD (n = 3). *p < 0.05, and ** p < 0.01 indicate 
statistically significant differences in the SBEP and peptone groups when 
compared to the non-added as the negative control, respectively, and # p 
< 0.05, and ## p < 0.01 indicate statistically significant differences in the 
SBEP when compared to peptone.     Non-supplemented;      Peptone-
supplemented;     SBEP-supplemented.  
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4.6 aEffect of SBEP on the transcriptional levels of amino acid metabolism 
 In addition to examining the transcription levels in cordycepin biosynthetic 

pathway and carbon metabolism. In this study, the transcription level in the amino 
acid metabolism is related to cordycepin production was also investigated. This 
experiment, the expression of amino acid-producing genes including GltS, NADP-GDH, 
and AST necessary to catalyze the precursor for cordycepin synthesis in C. militaris was 
examined. These results are displayed in Figure 4.7. At 10 days, the addition of both 
nitrogen sources found that the AST gene was significantly down-regulated, and the 
SBEP-supplemented significantly down-regulated the NADP-GDH gene when compared 
to peptone-supplemented as the positive control. However, the supplement of both 
nitrogen sources (peptone and SBEP-supplemented) significantly up-regulated the 
three genes in amino acid metabolism when compared with non-supplemented as a 
negative control at 20 and 30 days, and SBEP-supplemented was not significant when 
compared with peptone-supplemented as the positive control.  

 The enzyme NADP-specific glutamate dehydrogenase (NADP-GDH) produces 
glutamate from α-ketoglutarate in C. militaris liquid surface culture. The product is 
then transferred into the TCA via the GABA pathway after GltS catalyzes the conversion 
of glutamate from α-ketoglutarate by glutamine, the reaction’s nitrogen source. The 
AST can convert oxaloacetate to aspartate, and aspartate can also play an important 
intermediary role for SAICAR synthase (Suparmin et al., 2017). Hence, glutamate, 
glutamine, and aspartate are important precursors for serial conversion, and GltS, 
NADP-GDH, and AST are important enzymes to catalyze intermediation in amino acid 
metabolism to synthesize glutamate, glutamine, and aspartate as precursors in the 
cordycepin biosynthetic pathway. According to Lin et al. (2016), the de novo purine 
metabolism pathway necessitates some amino acids for catalyzed intermedia to 
cordycepin biosynthetic, such as glutamate, glutamine, glycine, and L-aspartate. The 
activation of amino acid conversion enhanced the synthesis of cordycepin substrate 
(Chen et al., 2020). The results might relate to the study of Kaushik et al. (2020), which 
found that the supplementation of amino acids (glycine, glutamine, and aspartate) in 
the culture medium enhances cordycepin production and significantly increases the 
expression of genes (ADEK, RNR, and NT5E) in the cordycepin biosynthetic pathway. 
These results indicate the SBEP-supplemented in the culture medium of C. militaris in  
liquid surface culture contains an adequate precursor for synthesis of amino acids for 
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conversion of intermedia in the cordycepin biosynthesis pathway. According to 
Samanta et al. (2016), they reported the amino acid extract from soybean seed that 
they contained with 1.58% of aspartic acid, 3.28% of glutamic acid, and 0.51% of 
glycine, which might be amino acids in addition to their precursors that were derived 
from SBEP-supplemented culture medium. It also might be involved in another 
precursor for the conversion of an intermediate in cordycepin biosynthesis and amino 
acid metabolism. 
 

 
 

Figure 4.7 The investigation of amino acid metabolism of C. militaris by liquid surface 
culture under different nitrogen sources. The analysis was repeated in 
independent experiments with series of different cultures. The value was 
represented as the mean ± SD (n = 3). *p < 0.05, and ** p < 0.01 indicate 
statistically significant differences in the SBEP and peptone groups when 
compared to the non-added as the negative control, respectively, and # p 
< 0.05, and ## p < 0.01 indicate statistically significant differences in the 
SBEP when compared to peptone.      Non-supplemented;      Peptone-
supplemented;      SBEP-supplemented.  
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4.7 Optimization of various conditions using RSM with a BBD on 
icordycepin production of C. militaris in liquid surface culture 
 After obtaining SBEP 80 g/L as the supplementary source of animal-free nitrogen, 

the cultural conditions were investigated for the cordycepin production of C. militaris 
in liquid surface culture. The RSM analysis was conducted to obtain the high cordycepin 
production by using the above-mentioned results, as is shown in Table 3.3. The BBD 
was used to optimize the level of significant variables, including working volume, 
inoculum size, and cultivation time, and the effect of interactions on the value of 
cordycepin production. Table 4.2 presents the experimental design and the actual 
values of 15 BBD experiments are listed. As a function to describe the relationship 
between variables and responses, the second-order polynomial equation provided a 
mathematical model. The regression equation was described as follows: 

 

Y= 2.45–0.42X1+0.09X2-0.44X3+0.05 X1X2–0.06 X1X3-0.04X2X3-0.02X1
2–0.25X2

2–1.47X3
2   Eq.(3) 

 

  Where Y presents the value of cordycepin production (g/L), X1 is a working 
volume (ml), X2 is an inoculum size (%), and X3 is a cultivation time (days). As shown 
in Table 4.3, the response surface model terms were displayed as a result of the ANOVA 
analysis, and the regression model was statistically significant at a 95% confidence level 
(p < 0.05). The model showed a high regression coefficient (R2) of 0.9867, indicating 
that 98.67% of the variability in response could be explained by the data in the model. 
The F-value of the model was 41.28 and P-value was 0.0004, which indicated that the 
experimental data fitted well with a quadratic model. 

 
 
 
 
 
 
 
 
 
 

 



 

 

66 
 

Table 4.2 Regression and ANOVA for response surface quadratic polynomial model of  
iBox Behnken design (BBD) experiments. 

Source Sum of 
Squares 

df Mean Square F-value p-value 
Prob>F 

Model 11.11 9 1.23 41.28 0.0004** 

X1 1.41 1 1.41 47.1 0.001** 

X2 0.0678 1 0.0678 2.27 0.1926 

X3 1.57 1 1.57 52.67 0.0008** 

X1X2 0.0113 1 0.0113 0.3793 0.5649 

X1X3 0.0141 1 0.0141 0.4717 0.5227 

X2X3 0.0049 1 0.0049 0.1652 0.7012 

X1
2 0.0019 1 0.0019 0.0643 0.8099 

X2
2 0.2216 1 0.2216 7.41 0.0417 

X3
2 7.93 1 7.93 265.1 < 0.0001** 

Residual 0.1495 5 0.0299   
Lack of Fit 0.1403 3 0.0468 10.22 0.0905 

Pure Error 0.0092 2 0.0046   
Cor Total 11.26 14    
R2=0.9867      
Adj-R2 = 0.9628      
CV=11.36%      
∗∗ significant at 1% level; ∗ significant at 5% level. 
 

Table 4.3 Fatty acid composition of soybean oil.  
Fatty acid Symbol Weight percentage 

Lauric 12:0 4.5 
Myristic 14:0 4.5 
Palmitic 16:0 11.6 
Stearic 18:0 2.5 
Oleic 18:1 21.1 

Linoleic 18:2 52.4 
Linolenic 18:3 7.1 

Source: FAO (1992) 
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 Figure 4.8 shows the three-dimensional response surface plot from Eq. 3. These 
were used to optimize the levels of all variables with respect to the cordycepin 
production value. From the response surface and contour plots, the value of the 
cordycepin production was found to be the highest in the tested range. The model 
predicted a maximum response of cordycepin production of 2.64 g/L at a level of 
working volume of 147.5 ml, an inoculum size of 8.8% v/v, and a cultivation time of 
40.0 days as optimal culture conditions. To validate the predicted results of the model, 
this experiment was conducted using optimized cultural conditions, and found to have 
a cordycepin production of 2.62 g/L. This validate confirmed the model for stimulating 
and predicting the value of cordycepin production. 
          As previously reported, cordycepin is synthesized intracellularly, and it can 
excrete extracellularly in liquid medium culture (Frederiksen et al., 1965). Liquid culture 
was reported for hyperproduction of cordycepin, and submerged fermentation could 
enhance cordycepin production by about 15–30% (Xian and Jian 2004). Previously, 
Suparmin et al. (2019) were suggested to be optimal for cordycepin production in 
hypoxia conditions. As a result, this study was carried out in liquid surface culture for 
the cordycepin production of C. militates. In general, complex bioprocesses were 
regarded as the important stages ranging from seed culture preparation and 
fermentation to downstream processes that could also lead to failure on an industrial 
scale (Zou et al., 2011). The working volume, inoculum size, and cultivation time are 
generally investigated to obtain the optimal conditions for cordycepin production in   
C. militaris culture. The working volume of liquid culture medium is proportional to 
dissolved oxygen (DO) concentration, and low DO levels in the medium can result in 
increased cordycepin production by lowering effective energy intake and decreasing 
fluid shear stress (Tang et al., 2018). According to Masuda et al. (2006) studied medium 
depths at 1.8–5.3 cm of C. militaris in liquid surface culture, the lower liquid medium 
depth could enhance cordycepin production when at the end of cultivation time, and 
biomass production is proportional to the liquid medium depth. Inoculum size is a 
crucial biological parameter for the initial ratio of fungi that relates to working volume 
by liquid culture, and there may be significant for cordycepin production of C. militaris 
culture, and 10% v/v is suggested for higher cordycepin production, and high inoculum 
size promotes biomass production in the liquid culture (Tang et al., 2014; Tuli et al., 
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2014; Ghatnur et al., 2015). Cultivation time is using utilization that is related to the 
secondary synthesis. Cordycepin production of C. militaris also has a relationship with 
the carbon source if the carbon source is used up in the culture medium, thus 
cordycepin might be a secondary carbon source and production of cordycepin in the 
culture medium is low (Tang et al., 2018). 
  

 
 

Figure 4.8 Three-dimensional response surface for cordycepin production (Y) by                   
C. militaris in liquid surface culture. (A) Response surface plots for the value 
of Y showing the interaction between working volume and inoculum size; 
(B) response surface plots for the value of Y showing the interaction 
between working volume and cultivation time; and (C) response surface 
plots for the value of Y showing the interaction between of inoculum size 
and cultivation time. 
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CHAPTER 5 
CONCLUSION 

 
 The soybean extract powder (SBEP) was the best nitrogen source for the animal-

free culture medium of C. militaris. A strategy of supplementing 80 g/L SBEP as the 

source of animal-free nitrogen could replace commercial peptone for C. militaris in 

the liquid surface culture. It could enhance cordycepin production while keeping 

production costs low. The maximum concentration of cordycepin was 2.52 g/L. 

Additionally, the molecular mechanisms of the carbon metabolic pathway and amino 

acid metabolism were also upregulated. Moreover, the two key genes in the 

cordycepin biosynthesis pathway (cns1 and NT5E), carbon metabolism (pfkA, zwf, and 

aceA), and amino acid metabolism (GltS, NADP-GDH, and AST) were upregulated. Under 

the optimal culture conditions, the model predicted a maximum response of 

cordycepin production of 2.64 g/L at a working volume of 147.5 ml, an inoculum size 

of 8.8% v/v, and a cultivation time of 40.0 days. Importantly, this strategy could reduce 

the cost by 3.51% and increase the production of cordycepin by up to 1.11 times when 

compared to peptone. The results from this study confirm that vegan people could 

use cordyceps for health effects. Furthermore, the SBEP could be used to produce 

cordycepin on a large scale for commercialization by liquid surface fermentation. 
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