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Ophiocordyceps sinensis, a parasitic caterpillar fungus, is a highly valued filamentous fungus 

containing several bioactive compounds. Those contribute to several bioactivities such as antioxidant, 

antitumor and anti-inflammation activities. These properties make Ophiocordyceps sinensis an area of 

interest in the nutraceutical industry.  

Being an endangered species with high market demand, in vitro cultivation is studied to provide a 

renewable and stable source of the species. But its complex parasite-insect host relationship makes the 

artificial cultivation of the species challenging. Liquid fermentation produces mycelium, which 

contains bioactive compounds although in different concentrations than wild Ophiocordyceps sinensis. 

The aim of this study is to utilize liquid fermentation to cultivate Ophiocordyceps sinensis, identify 

and optimize the key variables that affect growth to reach mycelium and bioactive compound levels 

that meet the industrial requirements. Different culture conditions (inoculation density, pH, duration, 

light and medium composition) are tested to find the ideal growth conditions. After cultivation, the 

mycelium is harvested by filtration and dried. Bioactive compounds are analyzed from dried mycelium 

with liquid chromatography and mass spectrometry. Dry weight and bioactive compound content of 

the mycelium are used to evaluate the differences between treatments. 

The experiment showed that medium component concentration (glucose and yeast) had significant 

effect on the mycelium formation. The highest mycelium dry weight reached was 14.9±1.2 g/L after a 

4-day culture, which is in the biomass range generally reported in literature (10-20 g/L). Significant 

effects were also detected from pH, duration and light experiments, but those did not result in as high 

biomass amounts as increased glucose and yeast concentrations did.  

The dried mycelium contains bioactive compounds; such as adenosine, D-mannitol, ergosterol, 

ergothioneine and cordycepin; which are typical for Ophiocordyceps sinensis, but at lower 

concentrations than previously reported in literature. Only one tested treatment reached adenosine 

levels previously reported in the literature. Overall, the content of bioactive compounds was higher in 

treatments where biomass formation was lower, so compromises need to be made between the need 

for high biomass and bioactive compound formation. Based on the results cultivating the fungus in pH 

4 instead of 6 would result in similar biomass formation but alter morphology, resulting in higher 

content of bioactive compounds in the mycelium.  

Due to variation in growth and limited resources available (all the necessary variables could not be 

tested) optimization did not get as far as hoped for. A lot of testing and optimizing need to be done in 

the future to get the liquid fermentation process scaled into industrial scale.  
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1 Introduction 

1.1 Fungi as nutraceuticals/functional food 

“Higher fungi” is a term used to describe filamentous, fruiting body forming fungi (Fazenda 

et al. 2008). These kinds of fungi are known for containing many nutrients (carbohydrates, 

proteins, fats, fiber, amino acids, vitamins and minerals) and having benefits to human health 

(Azeem et al. 2020).   

Edible mushrooms have been utilized for many millenniums as food, the earliest records 

going back to hieroglyphs in ancient Egypt (Azeem et al. 2020; El Sheikha and Hu 2018). On 

the other hand, fungi with medicinal properties have been used as treatments for different 

ailments (Azeem et al. 2020). For example, medicinal fungi has been used in traditional 

Chinese medicine as alternative medicine to treat different ailments for centuries (Azeem et 

al. 2020). Some fungi can be both edible and medicinal. Fungi can harbor many bioactive 

compounds such as polysaccharides, polyphenols, polyketides, proteins, nucleosides, 

terpenoids and steroids which give fungi pharmacological activities (antioxidant, antitumor, 

antimicrobial, among others) (Azeem et al. 2020).  

Nutritional and medicinal properties have made fungi an area of interest, especially in the 

nutraceutical industry. Term nutraceutical refers to food products that also have some health 

benefits/pharmaceutical properties (Kityania et al. 2022). The market size for mushroom 

products (including nutraceuticals) is substantial, in 2024 the market value of cultivated 

mushrooms was 66.9 billion US dollars (The Business research company, 2025a). One 

particularly interesting fungus with both nutritional and medicinal properties is 

Ophiocordyceps sinensis.  

1.2 Ophiocordyceps sinensis 

Ophiocordyceps sinensis (O. sinensis) (Berk.) Sacc. (formerly known as Cordyceps sinensis 

(C. sinensis)) (Kiinanloisikka in Finnish) is a highly valued and well known fungus in 

Chinese traditional medicine (L.-Y. Wang et al. 2015; Zhu et al. 1998b). It is an 

ascomycetous higher fungus naturally found in high altitudes in Qinghai-Tibetan plateaus 

(Azeem et al., 2020; Yan & Wu, 2014; Zhu et al., 1998b). It is a parasitic caterpillar fungus 

that infects different caterpillar species, most commonly the moth larvae of Hepilus spp., 

forming caterpillar-fruiting body complexes (Figure 1) (Azeem et al., 2020; Yan & Wu, 2014; 
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Zhu et al., 1998b). The fungus has an unusual lifecycle that begins during autumn when the 

fungus infects the caterpillar with fungal mycelia, which is released after the fungal spores 

have interacted with the chemicals present on the skin of the caterpillars (Zhu et al. 1998b). 

Fungal mycelia then consumes the caterpillar (underground) and by the spring/summer next 

year a fruiting body starts to form from the head of the dead caterpillar (Yan and Wu 2014; 

Zhu et al. 1998b).  

 

Figure 1 Ophiocordyceps sinensis caterpillar-fruiting body complex. Figure modified from Lo et al. 
2013. 

1.3 Nutritional value and bioactive compounds of Ophiocordyceps sinensis 

O. sinensis is a highly valued and desired fungus due to its nutritional value and therapeutic 

effects (Ashraf et al. 2020; Krishna, Ulhas, et al. 2024; Yan et al. 2014; Yan and Wu 2014). In 

traditional Chinese medicine O. sinensis has been used to treat many different 

symptoms/illnesses like fatigue, hyperglycemia and heart, lung and liver diseases (Zhu et al. 

1998b, 1998a). The bioactive compounds and bioactivities responsible for the interest around 

O. sinensis as a nutraceutical are illustrated in Figure 2. The price of O. sinensis material has 

increased over the years and for the best quality fungi price has been up to 100 000 $/kg, 

making O. sinensis one of the most expensive fungi in the world (Krishna, Balasubramanian, 

et al. 2024; Shrestha and Bawa 2013; Wei et al. 2021). 
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Figure 2. Bioactive compounds and bioactivities of Ophiocordyceps sinensis. Modified from Krishna, 
Ulhas, et al. 2024. 

1.3.1 Nucleosides 

Nucleosides are important bioactive compounds present in O. sinensis. In addition to their 

bioactive properties, they can be used as markers in quality control (Krishna, Ulhas, et al. 

2024). For example adenosine has an important role as immunomodulator and quality control 

marker in addition of it being a building block for RNA/DNA synthesis and energy transfer 

(Adenosine triphosphate, ATP) (Chellapandi and Saranya 2024; Krishna, Ulhas, et al. 2024; 

Yi Liu et al. 2015). 

Another important nucleoside in O. sinensis is cordycepin (3’-deoksyadenosine) which is an 

adenosine analog, missing one hydroxyl group compared to adenosine (Figure 3) (Krishna, 

Ulhas, et al. 2024). Because cordycepin is an adenosine analog, it is thought that its synthesis 

does not happen until DNA synthesis has ended (Krishna, Ulhas, et al. 2024). Cordycepin is 

mentioned to have various bioactivities like antitumor, anti-inflammatory, antimicrobial, 

antiviral and antidiabetic activity (Ashraf et al. 2020; Krishna, Ulhas, et al. 2024). These 

properties have made cordycepin and the cultivation of the fungus an area of interest 

(Krishna, Ulhas, et al. 2024). This compound was first found from Cordyceps militaris and 

there is debate on whether O. sinensis contains cordycepin or not (Krishna, Ulhas, et al. 

2024). Some studies show that fruiting bodies of O. sinensis contain only small amounts of 
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cordycepin and fermented mycelium contains higher amounts (Yan and Wu 2014; Zhou et al. 

2009). In contrast F. Q. Yang et al. 2010 say that cordycepin levels in natural O. sinensis are 

under quantification limits (0.04 µg/ml) and undetectable in cultured O. sinensis (<0.01 

µg/ml). 

 

Figure 3. Chemical structure of adenosine (1) and cordycepin (2).  

1.3.2 Sterols 

Sterols are also significant bioactive compounds found in O. sinensis. One of the key sterols 

found is ergosterol (Figure 4). Ergosterol possesses antioxidant, antimicrobial and antiviral 

activities and is the provitamin form of vitamin D2 (Ashraf et al. 2020; Krishna, Ulhas, et al. 

2024; Yi Liu et al. 2015).  

 

Figure 4. Chemical structure of ergosterol. 

1.3.3 Amino acids 

As mentioned, O. sinensis contains many amino acids and one in particular is ergothioneine 

which is a histidine derivative (Figure 5) found in foods such as mushrooms (R. W. S. Li et al. 

2014). This compound has been found to harbor antioxidant activities and be a substrate to 

monocyte protecting cation transporter (Chen et al. 2012; R. W. S. Li et al. 2014). 

   denosine    ordycepin
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Figure 5. Chemical structure of ergothioneine.  

1.3.4 Polysaccharides 

Other major bioactive compound class found in O. sinensis is polysaccharides which can be 

divided into intracellular polysaccharides (IPS) and extracellular polysaccharides (EPS) based 

on where the polysaccharides are located in the fungal cells (Yan et al. 2014). Polysaccharides 

found in O. sinensis are responsible for various bioactivities like immunomodulatory, 

antitumor, antioxidant, hypoglycemic and anti-fatigue activities (Yan et al. 2014).  

β-glucans are especially interesting bioactive polysaccharides that are present in O. sinensis. 

Generally β-glucans can be found from the cell walls of plants, fungi and yeast and also fungi 

are able synthesize some β-glucans (Cerletti et al. 2021; Rop et al. 2009). Their polymeric 

structure consists of glucose subunits that are linked together with β- ,3; β- ,4 or β-1,6, 

linkages, forming linear and branched structures (Figure 6)  β-glucans have shown several 

bioactivities; such as anti-inflammatory, immunomodulatory and antitumor activities (Cerletti 

et al. 2021; Rop et al. 2009)  The presence of β-glucans in fungi are one of the main reasons 

for the use of fungi as nutraceuticals (Rop et al. 2009).  

 

Figure 6. Structure of β-glucans containing β-1,3 and β-1,4 linkages. (A) branched structure, (B) linear 
structure. Figure modified from Cerletti et al. (2021), Licensed under CC BY 4.0.  
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1.3.5 Other compounds 

As mentioned, O. sinensis contains many more bioactive compounds each having their own 

bioactivities (Figure 2). One compound worth mentioning is D-mannitol. D-Mannitol, also 

known as Cordycepic acid, is a polyol (C6H14O6) that has been used in pharmaceutical and 

food industry due to its properties (Figure 7) (Zhou et al. 2009). It is a bioactive compound 

that gives O. sinensis diuretic and anti-free radical activities (Lin et al. 2016; Yi Liu et al. 

2015).  

 

Figure 7. Chemical structure of D-Mannitol. 

1.4 Artificial cultivation of Ophiocordyceps sinensis 

Due to its relatively small natural habitat, climate change and high demand, overharvesting 

has led to declining O. sinensis populations and made it an endangered species (Shrestha and 

Bawa 2013; Wei et al. 2021; Yan and Wu 2014). Climate change is a critical threat to the 

natural habitat of the species. Based on Wei et al. (2021) O. sinensis prefers high elevation, 

high precipitation and low temperatures to grow and climate change is expected to lead to the 

warming and drying of Qinghai-Tibetan plateau. Meaning that the natural habitat of the 

species will shrink (Wei et al. 2021).  

Artificial culture methods have been developed to provide more sustainable methods to 

satisfy the growing market demand and to conserve the species (Sharma et al. 2024). 

However, the artificial cultivation of O. sinensis is challenging because of its complex 

parasite-insect host relationship and specific environmental conditions needed for growth 

(Azeem et al. 2020; X. Li et al. 2019; Sharma et al. 2024; Yan and Wu 2014; Yao et al. 2024). 

While being more sustainable, the artificial culture methods additionally reduce the risk of 

contaminants associated with harvested fruiting bodies (Ko et al. 2017). For example, fruiting 

bodies harvested from the nature have been seen to sometimes cause heavy metal poisoning to 

the consumers due to the ability of fungi to accumulate heavy metals (such as lead, arsenic 

and copper) (Ko et al. 2017; Rop et al. 2009). These artificial culture methods can be divided 

into two categories: in vivo and in vitro cultivation (Figure 8).  
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Figure 8. Summary of sources for O. sinensis material. 

1.4.1 In vivo cultivation 

In vivo cultivation utilizes the host of O. sinensis to mimic its natural environment. There 

have been attempts on developing culture methods for the host larvae so that O. sinensis 

fruiting bodies could be cultivated on a large scale artificially, but it is challenging due to the 

host’s long life cycle (years) and low survival rate, low fungal invasion of the host and 

missing environmental cues (Ko et al. 2017; X. Li et al. 2019; Sharma et al. 2024). There 

have been successful attempts at growing the O. sinensis fruiting bodies, but it is still 

challenging, time-consuming and costly cultivation method that can’t reach the market 

demand (X. Li et al. 2019; Sharma et al. 2024). 

1.4.2 In vitro cultivation 

Another artificial culturing method is in vitro cultivation where the fungus is cultured in a 

nutrient rich medium in controlled conditions, without the presence of the insect host, to 

produce fungal mycelium (Ko et al. 2017; X. Li et al. 2019; Sharma et al. 2024). In vitro 

cultivation provides a renewable and stable source of O. sinensis material, by producing 

mycelium, compared to harvesting wild O. sinensis (Yan and Wu 2014). The cultivated 

mycelium has been seen to have similar chemical composition as natural O. sinensis fruiting-

bodies (Ko et al. 2017; Yan and Wu 2014). In vitro cultivation can be divided into solid 

state/substrate fermentation and liquid/submerged fermentation (Sharma et al. 2024). 
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Solid state/substrate fermentation is widely used for the cultivation of mushrooms/fungi 

(fruiting bodies) with grain as the substrate and it can be used for the cultivation of O. sinensis 

mycelium (Sharma et al. 2024). It is a cost-effective method to produce mycelium and to 

recover bioactive compounds (Sharma et al. 2024). Downside in this method is that the 

resulting mycelium has high residual grain concentration (Sharma et al. 2024). Because of 

this, solid-substrate fermentation is better suited for cultivating fungi that can produce fruiting 

bodies than to producing O. sinensis mycelium (Sharma et al. 2024). 

Liquid/submerged fermentation on the other hand is used to cultivate O. sinensis in a liquid 

medium and it allows specific controlling of the cultivation conditions and separation of the 

mycelium from the culture medium (Sharma et al. 2024). By optimizing the culture 

conditions, it is possible to affect the formation of mycelium and bioactive compounds 

(Sharma et al. 2024; Yan et al. 2014; Yan and Wu 2014). One of the possible downsides in 

the liquid fermentation strategy is that during the harvesting step extracellular bioactive 

compounds are lost with the culture medium (Sharma et al. 2024).  

Compared to solid-substrate fermentation, liquid cultivation provides a faster and more easily 

scalable method to produce mycelium (Dong and Yao 2005; Fazenda et al. 2008). And from 

all the artificial culture strategies it is currently the most promising approach to large-scale 

production. Due to these reasons, liquid fermentation strategy is focused on in more depth. 

1.5 Liquid fermentation strategy 

Liquid fermentation can be optimized by changing the cultivation conditions and medium 

composition in order to get the desired/maximum growth and manipulate the production of 

wanted bioactive compounds (Yan and Wu 2014). To reach the desired growth conditions 

bioreactors are utilized. A Bioreactor provides a closed, controllable environment where 

biological reactions take place which can be utilized for the large-scale production of fungal 

mycelia (El-Enshasy 2007; Yan and Wu 2014). Bottle cultures can be utilized in small scale 

experiments and before transitioning into bioreactor experiments. Both methods are widely 

utilized in O. sinensis studies but the parameters that can be tested and their effects can vary 

between the methods used. The main factors that affect the performance of the cells and need 

to be optimized in a liquid culture are presented in Figure 9 (El-Enshasy 2007; Fazenda et al. 

2008). Some of the factors are discussed more in depth below. 
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Figure 9. The main factors affecting liquid fermentation process. Figure created with BioRender. 
Modified from El-Enshasy 2007; Fazenda et al. 2008. 

1.5.1 Temperature 

Temperature is one of the most important factors to consider. In nature, O. sinensis requires 

low temperatures to grow (Wei et al. 2021). The low temperature requirement has also been 

seen in liquid cultures. O. sinensis grows in temperatures between + 4 to 21 °C, stopping 

altogether in temperatures over 25 °C (X. Li et al. 2019; Lo et al. 2013). L.-Y. Wang et al. 

(2015) and Ko et al. (2017) tested culturing O. sinensis liquid cultures in different 

temperatures (from 12 to 25 °C) to find the optimal liquid fermentation temperature and saw 

maximum growth in temperatures ranging from 15 to 18 °C.  

1.5.2 pH 

pH is an important factor that can affect cell membrane functions, morphology and structure 

of the cells, solubility of nutrients, substrate uptake and formation of biomass and bioactive 

compounds (Fazenda et al. 2008; L.-Y. Wang et al. 2015). L.-Y. Wang et al. (2015) observed 

the effects of pH (4-8) on the mycelium growth of O. sinensis and saw that initial pH of 6 

reached the maximum mycelium growth. O. sinensis needs slightly acidic conditions for 

growth in liquid cultivation. In a cell culture where pH is not controlled, pH can change when 

fungal cells use nutrients and excrete waste-products which might affect the mycelium 

formation and biosynthesis of bioactive compounds (Fazenda et al. 2008).  
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1.5.3 Mixing 

Proper mixing is vital for mycelium formation in liquid cultures. It keeps nutrient 

concentrations even in the culture medium and affects oxygen and heat transfer (El-Enshasy 

2007; Fazenda et al. 2008; L.-Y. Wang et al. 2015; Yan and Wu 2014). There are different 

types of mixing equipment available. Depending on the culture vessel the mixing can be from 

the inside of the culture with impellers (bioreactor) or from the outside by placing the cultures 

onto a shaker (bottle culture) (Fazenda et al. 2008). 

Mixing also causes shear forces which can damage cells, affects the morphology of the fungal 

cells, affect the growth rate and formation of bioactive compounds (Fazenda et al. 2008). L.-

Y. Wang et al. (2015) tested how different rotation speeds on a rotary shaker (100 rpm, 150 

rpm and 200 rpm) affect the mycelium growth. They saw that mycelium yield increased when 

speed increased from 100 rpm to 150 rpm but decreased drastically when the speed was 

increased to 200 rpm, which could be due to shear stress (L.-Y. Wang et al. 2015). Due to the 

benefits of higher mixing speed on oxygen transfer and nutrient concentration and the 

negative effects increased shear stress causes, balanced mixing speed is needed for best 

results. 

1.5.4 Oxygen transfer 

O. sinensis is an aerobic fungus, therefore adequate oxygen transfer is necessary for mycelium 

growth in liquid fermentation (Yan and Wu 2014). Oxygen supply and the dissolved oxygen 

(DO) levels have an effect to the growth rate and biosynthesis of bioactive products (Yan and 

Wu 2014). Oxygen transfer rate is directly linked to the mixing, with higher mixing speeds 

oxygen dissolves better and is more equally distributed in the culture medium (Fazenda et al. 

2008; L.-Y. Wang et al. 2015). Cultures can rely on filtered air that is transferred to the 

medium by mixing or cultures can be supplemented with air or pure oxygen to improve the 

dissolving of oxygen into the culture medium (Fazenda et al. 2008). 

1.5.5 Duration 

The duration of the cultivation must also be considered because it affects the biomass yield, 

chemical composition and medicinal property of the biomass (Yan and Wu 2014). In O. 

sinensis liquid cultivations the general cultivation time to reach maximum biomass 

concentration has been seen to be 4 to 8 days, but also longer durations such as 40 days have 
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been reported (Dong and Yao 2005; Ko et al. 2017; R. Li et al. 2010; Yan et al. 2014; Yan 

and Wu 2014). 

Inoculum method can significantly affect the needed duration of the culture. If cultures are 

inoculated from a plate culture, the fungus needs time to adapt (lag-phase) to the liquid 

culture whereas seed culture allows the adaptation to the liquid medium and when that is used 

as inoculum it can reduce the possible lag phase prior to reaching exponential growth stage 

(Fazenda et al. 2008). 

1.5.6 Medium composition 

The composition of the liquid medium is an important factor for growth because it provides 

the necessary components for the biomass and bioactive compound formation (Fazenda et al. 

2008). Different medium compounds promote different effects and affect what compounds 

are formed (Fazenda et al. 2008).  

Carbohydrates and their high concentrations are associated with higher biomass yields 

(Fazenda et al. 2008). Many different carbon sources have been used in culture mediums 

according to literature related to O. sinensis. The most utilized carbon sources seem to be 

glucose and sucrose and based on L.-Y. Wang et al. (2015) those generate most biomass and 

bioactive polysaccharides, but the choice of carbon source can affect the chemical 

composition of the mycelium. 

Nitrogen source is also necessary for growth and bioactive compound formation and can have 

effects on the morphology of the fungus (Fazenda et al. 2008; L.-Y. Wang et al. 2015). Based 

on L.-Y. Wang et al. (2015) and Yan & Wu (2014) organic nitrogen sources such as yeast 

extract and peptone promote more mycelial growth and bioactive polysaccharide formation in 

O. sinensis than inorganic nitrogen sources like nitrates.  

Supplementing the medium by adding minerals into it can be beneficial for the biosynthesis of 

bioactive compound such as polysaccharides and can promote the mycelium growth (Fazenda 

et al. 2008; L.-Y. Wang et al. 2015).  

1.5.7 Fungal strain 

Suitable fungal strains are needed for liquid cultivation that have efficient growth which can 

be scaled from laboratory scale up to industrial scale. But a problem was encountered while 
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doing research on the topic. In scientific literature there is confusion about what really is 

considered as O. sinensis material  Lot of sources mention that many “strains” have been 

isolated from the wild O. sinensis, which have then been used to cultivate mycelium in solid 

or submerged/liquid fermentation (Yan et al. 2014; Yan and Wu 2014; Yao et al. 2024; Zhu et 

al. 1998b)   nd some of the “strains” have been utilized in large scale mycelium production 

which has then been used in commercial products (Yan and Wu 2014; Yao et al. 2024). The 

“strains” have been thought to be O. sinensis based on morphology and chemical 

composition, and because they have been isolated from fruiting bodies of O. sinensis (Ko et 

al. 2017). After DNA sequencing techniques have become more utilized, it has been realized 

that many of these “strains” are completely different species and have been fungal 

contaminants present on the fruiting bodies of O. sinensis (for example sequencing has 

identified CS-4 as Paecilomyces hepiali) (Ko et al. 2017). This has led to a problem where 

incorrect strains are being called as O. sinensis in the scientific literature and global market 

(Ko et al. 2017). To reduce the uncertainty around the legitimacy of the fungal material used, 

DNA identification of the material should be done before further studies are done or products 

are introduced to the consumer market. 

1.5.8 Challenges 

Liquid cultivation of O. sinensis has also some challenges. Mixing and oxygen transfer might 

become challenging during cultivation if the culture medium’s viscosity increases and when 

biomass amount increases (Yan and Wu 2014). Additionally, fungi are prone to 

contamination which can then spoil entire production batches (Fazenda et al. 2008). In 

general, the slow growth rate of macrofungi like O. sinensis can make the optimizing and 

controlling of the cultivation process more challenging compared to bacteria and other 

industrial host organisms (Fazenda et al. 2008). 

In addition to the challenges mentioned above, the culture condition requirements can be 

different for reaching maximum mycelium growth and for biosynthesis of bioactive 

compounds (Fazenda et al. 2008; Yan and Wu 2014). This is because biomass formation 

happens during primary metabolism (essential for growth) and the biosynthesis of bioactive 

compounds happens during secondary metabolism (not essential for growth but have survival 

functions) which usually happens after primary metabolism or under suboptimal growth 

conditions (Demain 1986; Nielsen and Nielsen 2017). For example, during active growing 

stage the synthesis of secondary metabolites is commonly suppressed (Demain 1986). 
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Therefore, sometimes compromises need to be made between which outcome is more desired, 

high yield or content of bioactive compounds. Other possibility is to test if altering the 

cultivation conditions to first support the generation of biomass and then changing them to 

support bioactive compound formation would result in high yield and bioactive content. 

1.6 Downstream processing 

As important as the optimization of liquid culture conditions is for the mycelium formation, 

the downstream processing also needs to be considered to get the fermented mycelium into a 

commercial product (Figure 10).  

 

Figure 10. Illustration of different stages of downstream processing mycelium can go through after 
fermentation to become final nutraceutical product. Figure modified from Luo and Li 2022. 

After the liquid culturing, the mycelium needs to be separated from the culture medium by 

harvesting. Several different harvesting methods can be utilized depending on the scale of 

fermentation. Typically, filtration or centrifugation is used. In small-scale fermentations 

laboratory centrifuges might be usable but when transferred to a larger scale more powerful 

equipment is needed to process increased volumes. Industrial scale centrifugation equipment 

can operate by continuously feeding culture medium into the equipment to separate solids 

from liquids by creating a centrifugal force after which the separated phases can be 

continuously collected through separate outlets (Dryden et al. 2021; Jungbauer 2013). 

Filtration on the other hand utilizes a porous material (filter medium, membrane or cloth) that 

allows materials to pass through based on their size (Doran 1995; Dryden et al. 2021). In a 
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small-scale, different porous materials can be utilized but on a larger scale the filtration 

requires a filtration equipment that uses vacuum or positive pressure to help the liquid flow 

through the filter (Doran 1995). Problem with traditional filtering is that during filtering 

process the solid material that doesn’t pass through forms a filter cake on top of the filter, 

which generated resistant to the filtration and can clog the filter (Doran 1995). This can be 

overcome with rotary-drum vacuum filters which uses a rotating drum of which the formed 

filter cake is removed constantly (Doran 1995). Another possible filtration technique is to 

utilize tangential flow filtration on which the flow is tangential to the membrane, so there is 

no filter cake formation on the surface of the filter (Doran 1995). It is mentioned that the 

filtering of fungal mycelium is not as challenging as yeast and bacteria because mycelium is 

larger and has higher porosity (Doran 1995). 

After mycelium is harvested it is dried to preserve the material (Luo and Li 2022). Without 

drying the fungal material would undergo spoilage (changes in texture, bioactive composition 

and have microbial growth) due to moisture and enzymatic activity still present (Luo and Li 

2022). Several drying methods are available, for example hot air drying, vacuum drying and 

freeze drying, but the method used has an effect on the quality of the material which needs to 

be considered when deciding on which drying method is going to be used (Luo and Li 2022). 

With O. sinensis mycelium hot air drying and vacuum freeze drying have been utilized to 

obtain dry mycelium (Dong and Yao 2005; Ko et al. 2017; L.-Y. Wang et al. 2015). The dried 

O. sinensis can be stored and used as a raw material for nutraceuticals (Luo and Li 2022). 

The downstream process can be continued by disrupting the dried fungal material to get fine 

powder in which bioactive compounds are more easily available (Luo and Li 2022). 

Mechanical, chemical and enzymatic disruption techniques can be utilized to disrupt the 

structure of which the mechanical techniques are the most cost-effective (Luo and Li 2022). 

The resulting fine fungal powder could be used as nutraceutical as it is or formulated further 

into tablets or capsules. In some cases, the processing of O. sinensis is continued from the 

mycelium powder by making fungal extract by utilizing for example microwave or ultrasonic 

assisted extraction, that make the product more concentrated and/or more bioavailable 

(Kityania et al. 2022; Luo and Li 2022; Sharma et al. 2024; Strong et al. 2022). 

1.7 Commercial use of Ophiocordyceps sinensis 

O. sinensis has a lot of commercial potential due to its therapeutic effects and nutritional 

value. There are several nutraceutical products made from O. sinensis currently on the global 
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market, product formulation ranging from powders to capsules and extracts (Sharma et al. 

2024). Some commercial products are made from the highly valued and overharvested 

fruiting bodies, and some are made from fermented mycelium (Sharma et al. 2024). The 

global nutraceutical market (value 458.55 billion US$ in 2024, Fortune business insights 

(2025)) has grown along consumers increased health awareness, including the commercial use 

of O. sinensis (Ashraf et al. 2020). The global market size of O. sinensis was 1.21 billion US$ 

in 2024 (Natural and cultivated O. sinensis) (The Business research company, 2025b). 

Products made from O. sinensis are generally marketed as a highly valued fungi that has been 

used in traditional Chinese medicine due to its health promoting properties. In the European 

Union (EU) the use of O. sinensis (its mycelium and fruiting body) is allowed in food 

supplements (and it is not considered a novel food because it has been used in food 

supplements before May 1997) (European Commission). 

Identifying the real origin and labeling of Ophiocordyceps products is problematic. The 

previously mentioned problem of completely different species being regarded as O. sinensis 

can also be seen on the nutraceutical market. For example, Cs-4 strain isolated from O. 

sinensis in  98 , was one of the first isolated “strains” suitable for industrial fermentation and 

after that several products were commercialized. There are still currently products on the 

market labeled as (Ophio)cordyceps sinensis made from Cs-4 even though it is currently 

known as its own species Paecilomyces hepiali (Ko et al. 2017; Zhu et al. 1998b). 

Furthermore, in mycelium products’ descriptions, the strain utilized is not always mentioned 

so it can’t be known if the products are in the end made from O. sinensis material or from 

other closely related species  In some cases, the materials’ country of origin is hard to 

identify. From some of the products on the market, it is hard to identify based on product 

descriptions whether the product is made from fruiting bodies or mycelium. In addition, the 

labeling regarding the bioactive compounds present in the commercial product has been seen 

to be insufficient (Sharma et al. 2024).  

Because it is a highly valuable fungus with limited supply, there have been adulterations in 

the market. Adulterations (aim to increase profit), where other fungi or even metal has been 

added to the product, have been found on the market (Ko et al. 2017; Yang Liu et al. 2017). 

Proper quality control is needed to ensure consumers’ safety, origin of fungal material and 

composition of the product.  
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1.8 Quality control and identification 

Several techniques have been utilized in quality control of O. sinensis. One approach rely on 

the analysis of chemical compounds of the fungal material to distinguish natural and cultured 

O. sinensis and Cordyceps militaris from each other (S. P. Li et al. 2006). For example, 

nucleosides such as adenosine and cordycepin, ergosterol and D-Mannitol can be used as 

markers in quality control (S. P. Li et al. 2006; Sen et al. 2023). Liquid chromatography (LC) 

combined with mass spectrometry (MS) is widely utilized for the analysis of chemical 

compounds from O. sinensis material (S. P. Li et al. 2006; Sen et al. 2023; F. Q. Yang et al. 

2010). Problem is that the content of bioactive compounds can vary even between the same 

material type. For example, in natural O. sinensis from different geographical regions or in 

cultured mycelium made with different strains and culture conditions change the chemical 

composition (S. P. Li et al. 2006; F. Q. Yang et al. 2010). For this reason, it is more accurate 

to look at the chemical profile of the sample and not solely the content of one specific marker 

in the fungal samples (S. P. Li et al. 2006). In order to the quality of the fungal 

material/products to be constant, an standardized international analytical method would be 

needed to assure that same methods are used and the evaluation criteria is same globally (Sen 

et al. 2023). 

DNA sequencing is also utilized in quality control to authenticate the fungal material (Lam et 

al. 2015). Different sequencing approaches are available such as full genome sequencing and 

amplicon sequencing/DNA barcoding. Amplicon sequencing allows the identification to be 

made based on a specific DNA region that is unique to each species. One such usable DNA 

region is nuclear ribosomal internal transcribed spacer (ITS) region (Figure 11) which has 

been used as a DNA barcoding marker for identification of fungi (Bellemain et al. 2010; Lam 

et al. 2015). What makes it ideal is that ITS sequencing is usable even in low DNA 

concentration samples due to the fact that a single cell can have several copies of the ITS 

region (Bellemain et al. 2010).  

 

Figure 11. Internal transcribed spacer (ITS) region with ITS-1F and ITS-4R primers that can be used to 
amplify the whole fungal ITS region. 
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By combining sequencing to identify the fungal strain and the chemical profiling of the end 

products the quality of the O. sinensis products could be better ensured. 

1.9 Aim of the study  

The aim of the study is to get O. sinensis to grow in the laboratory environment on a small-

scale with liquid fermentation strategy. The aim is to optimize the culture conditions to find 

the best conditions for biomass and bioactive compound formation and reach levels that are 

comparable to previous studies. The key variables affecting the growth of the fungi need to be 

identified and tested. The different variables/parameters that can be tested are medium 

compositions, inoculum density, temperature, pH, light, mixing and duration of cultivation.  

If the laboratory scale tests perform well in a short time the aim is also to test the process on a 

larger scale in a bioreactor. But if there is no time for bioreactor experiments, then the aim is 

to get enough data from the small-scale experiments that can be used in the future to plan 

industrial production. 
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2 Materials and methods 

The setup for the experiment is summarized in Figure 12. 

 

Figure 12. Illustrated summary of the methods used in this study. Figure created in BioRender. 

2.1 Fungal material 

O. sinensis material was found in Kääpä Biotech’s laboratory. The fungal material was stored 

in Malt Yeast Agar (MYA) plates. The O. sinensis mycelium cultivated in this study was sent 

for DNA sequencing to identify and confirm the used fungal strain. 

2.1.1 Making MYA plates 

The plates were made by following Kääpä Biotech’s Standard Operating Procedure (SOP)  

Organic agar (Biovegan), malt extract powder (DO IT Organic) and yeast flakes (DO IT 

organic) were weighed and dissolved to reverse osmosis (RO) water (Table 1). Agar medium 

was autoclaved at 121 °C for 30 minutes. Agar (cooled down to 80 °C) was poured into the 

plates (AHN myPlate, Sterile Petri dish. 90 mm) inside a laminar flow hood and the lids were 

left partially open for 15 minutes to allow rapid cool down. After cooling, the lids were 

closed. Plates were inoculated or sealed with parafilm M (Bemis) and stored in the fridge at 

+4 °C. 
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Table 1. Composition of Malt Yeast Agar. 

Component Amount (g/L) 

Organic agar 23 

Organic malt extract 22 

Organic yeast flakes 2 

2.1.2 Re-plating/Transferring 

Fungal material was transferred into a fresh plate with a sterile scalpel by cutting a small 

square of agar covered with mycelium and transferring it into the middle of the fresh MYA 

plate (Figure 13). All plates were sealed with parafilm M and moved to the grow room (20-22 

°C). Original plates were resealed with parafilm and stored at +4 °C. Plates were grown at 

room temperature until the mycelium reached edges of the plate (approximately 5-6 weeks) 

and then transferred into the fridge (+4 °C). Fungal material was transferred to fresh plates 

after 2 months.  

 

Figure 13. Piece of mycelium covered with agar transferred into fresh MYA plate. 

2.2 Preparing seed cultures and liquid cultures 

Experiments were performed by utilizing Kääpä Biotech’s standard liquid culture medium 

containing malt extract, yeast flakes, corn glucose (DO IT Organic) and gypsum flakes 

(CaSO4) dissolved in RO water (Table 2). This medium was used for both seed cultures and 

liquid cultures (control medium). 
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Table 2. Composition of liquid culture medium. 

Component Amount (g/L) 

Organic malt extract 15 

Organic yeast flakes 3 

Corn glucose 28.6 

Gypsum 2.9 

In this study the fungus was cultured in culture cups, shown in Figure 14, which were 520 ml 

cups with lids containing a depth-filtration system (SacO2, Microbox O95/114+OD95). The 

cups were filled with 250 ml (×(100 %−inoculum density %)) of culture medium and 

autoclaved at 121 °C for 30 minutes. Culture medium was cooled down overnight inside a 

laminar flow hood before inoculation. Volume of the medium was kept at ½ of the culture cup 

volume to allow adequate mixing and gas exchange. 

 

Figure 14. 520 ml culture cups used in this study. 

Seed cultures were inoculated inside a laminar flow hood with Ophiocordyceps sinensis ‘Sec 

shot’ grown on MYA plates by cutting three squares of agar (from the edges of growth) with 

sterile scalpel and dropping them into the culture cups. Seed cultures were grown at room 

temperature (20-22 °C) on laboratory shakers (Steinberg systems, SBS-LVS-100) at 140 rpm1 

for 4 days. Seed cultures were then stored in a fridge (+4 °C) until used as inoculum for 

experimental cultures 

The experimental liquid cultures were inoculated with seed culture to reduce possible lag 

phase (Fazenda et al. 2008). Seed cultures2 were homogenized with laboratory mixer 

(Steinberg systems, SBS-ER-3000) by changing the mixing speed from low to high, repeating 

 

1 Shaker speed chosen based on L.-Y. Wang et al. (2015) and Yan and Wu (2014) 
2 Chosen based on visual appearance (most dense looking cultures). 
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it a few times. Cultures were inoculated by pipetting homogenized seed culture into the cups 

with 5 ml pipette3 (Sartorius) using inoculum density of 4 % based on L.-Y. Wang et al. 

(2015) testing inoculum densities of 3 and 5 %. The culture cups were placed on a laboratory 

shaker at 140 rpms and generally cultivated for 4 days (Figure 15). Storage boxes (Smart 

storage, 34x25x16 cm) were used to keep the cups from falling out of the shakers.  

 

Figure 15. Experiment setup. Cultivation cups on a laboratory shaker at room temperature. 

2.3 Optimization of liquid culture conditions and medium 

The different parameters that were to be tested and optimized are medium composition, 

temperature, inoculum density, pH, duration and lighting. Different combinations of the 

different parameters were tested to find which factors influence growth the most and to find 

the optimal growth conditions. 

Experiments were started by utilizing Kääpä Biotech’s liquid culture medium (Table 1) as a 

starting point to help identify the key growth conditions. Different treatments levels had big 

changes between them so that a difference could be detected and explained by the change in 

culture conditions. 

Because fungal growth has a lot of variation, a control treatment was utilized in all the 

experiments which consisted of the Kääpä Biotech’s liquid culture medium, 4 % inoculum 

density, working volume of 250 ml, shaker speed of 140 rpm and duration of 4 days. 

 

3 Small amount was cut out from the pipette tips before autoclaving them so that the pipette tips don’t get 

clogged while pipetting the seed culture and to allow more even transfer of mycelium to all cups. 
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2.3.1 Culture conditions 

Different inoculum densities (2 %, 4 % and 6 %) were tested based on inoculum densities 

mentioned by L.-Y. Wang et al. (2015) but were adjusted to suit the working volume of the 

cultivation to reach even pipetting volumes. 

Cultures did not have real time pH monitoring, but the pH of the control medium was 

measured (Milwaukee MW101 PRO pH meter) to be 5.6 before autoclaving. The effects of 

pH were planned to be tested by testing pH values of 4, 6 and 8 based on Ko et al. (2017) and 

L.-Y. Wang et al. (2015) but due to limited time and number of treatments, only the extremes 

(pH 4 and 8) were eventually tested in the pH experiment. The pH of the medium was 

adjusted with 100 % acetic acid (17.4 M) (EMSURE®, Supelco, Merck) or 4 M NaOH to 

reach the desired pH value and then medium was poured into culture cups. pH values of the 

medium were 4.1 and 7.8 after pouring into the cups. After autoclaving and before inoculating 

the culture cups the pH of the medium was measured to be 4.25 and 6.1.  

Temperature was to be tested in the range of 12 to 22 °C based on Ko et al. (2017) and L.-Y. 

Wang et al. (2015) articles. Growth box was intended to be used for the experiments to 

control and test different temperatures, but the liquid cooling system could not cool the box 

temperature. This meant that the experiments had to be performed at room temperature and a 

vital parameter for growth could not be tested. 

In Cordyceps militaris liquid cultures the effects of light have been studied by Ha et al. (2020) 

to see if it affects the mycelium and cordycepin formation. In this study we wanted to see if 

light also affects O. sinensis. In the lighting experiment two different conditions were used: 

control treatment with 0 hours (0 h) of light cultivated in room temperature and a treatment 

with 12 hours (12 h) of light cultivated inside the growth box (contains LED lights that work 

on a timer) (Figure 16). The problem in this setup was that the temperature inside the growth 

box could not be controlled, meaning that the treatments were grown in different 

temperatures4.  

 

4 Temperature inside the box kept increasing during the cultivations when the lights were on without working 

temperature control. 
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Figure 16. Setup for the lighting experiment. Light treatment cultured inside a growth box with 12 h of 
light. 

2.3.2 Medium 

The medium composition was optimized by changing the concentration of one medium 

component at a time to observe how the change in concentration affects the growth. Based on 

each component’s original concentration (Table 2) it was decided how big changes are made. 

The tested changes were ½ -, control, 1.5-, 2- and 3- times the original concentration of the 

component listed in Table 2. Intention was to see if the added amount of the component 

boosts the growth or the lower amount hinders it. 

After individual component concentration changes were tested, a combined effect testing with 

yeast and glucose was done. For this experiment the 3x yeast treatment medium (9 g/L of 

yeast flakes) was used as a control and for the test treatments yeast concentration was kept 

constant and glucose concentration was changed to ½x, 1x (control, 28.6 g/L of glucose) and 

2x amount of glucose. This was done to see if the change in the ratio between glucose (carbon 

source) and yeast (nitrogen source) (glucose to yeast ratio5) influences the mycelium 

formation (Table 3). Yeast amount was kept constant (9 g/L) so that the glucose to yeast ratio 

would be smaller. If 2x glucose had been kept constant the glucose to yeast ratio would have 

increased, making the effects of yeast harder to detect (Table 3). The cultivation time was 5 

days instead of 4 days. 

 

5 Not the same as carbon to nitrogen ratio (C:N). To determine C:N ratio malt extract would also need to be 

considered to determine true carbon and nitrogen amounts in the medium.  
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Table 3. Glucose to yeast ratios. 

Glucose to yeast ratio 
(times more glucose) 

Glucose 
(g/L) 

Yeast extract 
(g/L) 

Treatment 

10:1 (≈10) 28.6 
≈30 

3 g/L Control  

5:3 (≈1.7) 15 9 1/2x Glucose + 3x Yeast 

10:3 (≈3.33) 30 9 1x Glucose + 3x Yeast 

20:3 (≈6.67) 60 9 2x Glucose + 3x Yeast 

40:1 (≈40) 60 1.5 2x Glucose + 1/2x Yeast 

2.4 Harvesting mycelium, determining mycelium dry weight and wet weight 

Mycelium was harvested by filtering the liquid culture through a weighed coffee filter paper 

(1x4, Iisi) utilizing a coffee filter cone (Nordiska Plast) (Figure 17). Filtered mycelium was 

washed with RO water prior drying in dehydrator (Klarstein Pro series) at 50 °C until the 

change in weight between two weighting points was under 10 mg (on average for 18 h). To 

determine the mycelium dry weight (DW) Equation 1 was used. 

 

Figure 17. Setup for the harvesting of mycelium. 

 𝐷𝑊 (𝑔) = (𝑓𝑖𝑙𝑡𝑒𝑟 𝑝𝑎𝑝𝑒𝑟 + 𝑑𝑟𝑦 𝑚𝑦𝑐𝑒𝑙𝑖𝑢𝑚)(𝑔) − (𝑒𝑚𝑝𝑡𝑦 𝑓𝑖𝑙𝑡𝑒𝑟 𝑝𝑎𝑝𝑒𝑟)(𝑔) (1) 

During the project it was noticed that sometimes samples reacted differently in the dryer 

resulting in the mycelium getting stuck to the filter paper, so the wet weight (Ww) of the 

filtered mycelium started to be weighed (Equation 2) to see if there is correlation between the 

wet and dry weight of the mycelium so that the wet weight could be used to estimate the dry 

weight. After collecting wet and dry weight from samples of three different experiments the 

results were plotted as wet weight on x-axis and dry weight on y-axis. The plot was linearly 

fitted. 

 𝑊𝑤 (𝑔) = (𝑓𝑖𝑙𝑡𝑒𝑟 𝑝𝑎𝑝𝑒𝑟 + 𝑤𝑒𝑡 𝑚𝑦𝑐𝑒𝑙𝑖𝑢𝑚)(𝑔) − (𝑒𝑚𝑝𝑡𝑦 𝑓𝑖𝑙𝑡𝑒𝑟 𝑝𝑎𝑝𝑒𝑟)(𝑔) (2) 
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2.5 Bioactive compounds analysed with LC/MS 

As much dried mycelium was then collected from the filter paper as possible into 25 ml 

Eppendorf tubes and ground into a powder. After grinding the harvested mycelium, mycelium 

samples from the same experiment and treatment (replicates) were combined into a pooled 

sample of the treatment. Then 2 g of the mycelium powder was sent for analysis to Turku 

Metabolomics centre. 

At Turku Metabolomics center the samples were analyzed with liquid chromatograph (SCIEX 

ExionLC AD). Waters Atlantis Premier BEH C18 AX (1.7µm x 2.1x100mm) column was 

used to separate the compounds. The LC was linked with mass spectrometer (SCIEX 

TripleTOF 6600) equipped with DuoSpray Ion Source. The protocol screened for specific 

bioactive compounds found in fungi and Turku metabolic centre provided results on which of 

these compounds are present in the samples and what their contents are. 

2.6 DNA extraction and sequencing 

DNA extraction was done by using E.Z.N.A® Plant & Fungal DNA Kit from Omega Bio-tek 

and following their protocol. 50 mg of dried mycelium was placed into 1.5 ml 

microcentrifuge tube and grinded into a fine powder. Two replicates were made. 

Centrifuge used: Steinberg SBS-LZ-6000HS with SBS-AR-24-2 rotor (24x1.5/2ml, radius 

85mm). Isopropanol (≥99.8 %, EMSURE®, Supelco, Merck) was used to precipitate DNA. 

When DNA pellet was resuspended, the samples were incubated in a 65 °C water bath 

(Steinberg systems, SBS-TWB-400) for 20 minutes and vortexed every 5 minutes. Samples 

were eluted twice with 100 µl of Elution buffer resulting in end volume of 200 µl. Samples 

were stored in -20 °C. 

The extracted DNA was sent for sequencing to DNA Sequencing and Genomics Laboratory 

(BIDGEN) at University of Helsinki. Internal transcribed spacer (ITS) region was amplified 

by PCR using ITS-1F and ITS-4R primers (Table 4) and then sequenced using sanger 

sequencing (Sanger ABI3500xL).  

Table 4. PCR primers used for ITS sequencing. 

Primer Primer sequence 

ITS-1F 5’ CTT GGT CAT TTA GAG GAA GTA A 3’ 

ITS-4R 5’ TCC TCC GCT TAT TGA TAT GC 3’ 
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DNA Sequencing and Genomics Laboratory provided the sequencing results as FASTA files. 

The resulting FASTA files were analysed by aligning the forward and reverse sequences with 

BioEdit and the resulting sequence was then analyzed with NCBI nucleotide BLAST to 

identify the fungal strain (Altschul et al. 1990).  

2.7 Statistical and data analysis 

All experiments had at least three replicates and results are presented as median ± standard 

deviation (SD). The number of replicates were increased during the project when it was 

noticed that there is a lot of variation in the growth. The data procured from the experiments 

were analyzed with one-way ANOVA and statistical significance was determined with 

Welch’s t-test and Student’s t-test. 
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3 Results and discussion 

3.1 Effect of culture conditions on mycelium 

3.1.1 Duration 

The aim of the first experiment was to determine how O. sinensis behaves in a liquid culture 

and how culture time affects mycelium formation. The cultures were grown for 3, 4, 5 and 6 

days. Instead of loose dispersed mycelium, typical for filamentous fungi, the liquid cultures 

formed round smooth mycelium pellets (Figure 18).  

 

Figure 18. Mycelium pellets.  

Culture time influenced mycelium formation. Statistically significant difference was found 

between 3- and 5-days cultures (p ≤ 0 0 ) and between 4- and 5-days cultures (p ≤ 0 05) 

(Figure 19). Culture time of 5 days resulted in the highest mycelium formation (8 g/L) (dry 

weight). Despite 5 days being the most optimal for growth, culture time of 4 days (6.3 g/L) 

was chosen to be used as a control treatment in the following cultures due to scheduling 

reasons. 

The generation of biomass shows similarities to Ko et al. (2017) study (temperature 16 °C, pH 

6.2, Fungal minimal medium) where culture time of 3, 4 and 5 days generated around 5 g/L, 7 

g/L and 9 g/L, and in this study 5.6 g/L, 6.3 g/L and 8 g/L respectively. Ko et al. (2017) 

observed highest biomass generation on culture time of 8 days (13 g/L) compared to in this 

study the best results were from culture time of 5 days. As can be seen from Figure 19, 

biomass generation in 6-day cultures seems to be less than in 5-day cultures but the results 

have a lot of deviation due to uneven growth which can distort the results and not show the 

true maximum. To see if 6-day cultures generate truly less biomass or if it is better than 5-day 

culture it is needed to increase the duration of the cultivation in the future, for example 
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observe duration of 5 days to 8 days. However, even from these results it can be seen that 

culture time has an significant effect on biomass formation. 

 

Figure 19. Effect of culture time on mycelium formation (Median ± SD, n=3). Statistical comparison 
with one-way ANOVA, Welch’s t-test and Student’s t-test. Ns=not significant, *   ≤ 0.05, **   ≤ 0.01, 
***   ≤ 0.001 

3.1.2 Inoculum density 

Different inoculum densities (2 %, 4 % (control) and 6 %) were also tested but data showed 

no significant differences between the treatments (ANOVA) when cultivated for 4 days. 4 % 

was thus kept as the inoculum density in all the next experiments and treatments. In this 

experiment all the treatments had lot of variation between the replicates (Figure 20). The 

growth was poor, especially in the control treatment which has been seen to generate more 

biomass during other experiments. The poor growth might be due to uneven transfer of 

inoculum from the seed culture or contamination. 

 

Figure 20. Effect of inoculum density on mycelium formation (Median ± SD, n=3). 
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Due to the growth being poor this time and the control treatment performed worse (4 g/L) 

than in the duration experiment (6.3 g/L) and there being no statistically significant 

differences present it is hard to make any conclusions on the effect of inoculum density on 

biomass formation. In the study by L.-Y. Wang et al. (2015) they saw that inoculum density 

of 3 % performed best and the lower and higher inoculum amounts generated less biomass 

which is completely opposite to the results in this study. To obtain more conclusive results the 

experiment should be repeated by using more replicates. 

3.1.3 Light 

Visually in the light experiment, the culture cups of both treatments looked similar (dense, 

pellet structure visible) (Figure 21A & 21D). After filtering differences were noticeable, 

mycelium from the control treatment was light, round pellets and mycelium from the 12 h 

light treatment contained smaller, darker pellets and less in volume (Figure 21B &21E). The 

dried mycelium of the control treatment (Figure 21C) was lighter in color and harder than 

mycelium from the 12h of light treatment (Figure 21F), which was darker and more brittle, 

but that could be due to the smaller amount of mycelium formed in that treatment (Figure 22).  

 

Figure 21. Visual look of the mycelium in two different light treatments. Upper row: 0 h of light (Control) 
– (A) liquid culture after 4 days, (B) filtered mycelium, (C) dried mycelium. Bottom row: 12 h of light – 
(D) liquid culture after 4 days, (E) filtered mycelium, (F) dried mycelium.  

The experiment revealed that the mycelium formation in the 12 h light treatment (2.6 g/L) 

was significantly less (p<0.01) than in the 0h light (control) treatment (6.3 g/L) (Figure 22). 

The reason for significantly less growth in the 12 h of light treatment could be due to 

temperature instead of light that was studied. The 12 h of light treatment was cultivated inside 

the growth box in which temperature kept rising to 26 °C, compared to the control cultivated 
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at room temperature. It is said that the growth of the species stops at temperatures over 25 °C 

(X. Li et al. 2019; Lo et al. 2013). 

 

Figure 22. Effect of light treatment on mycelium formation. (Median ± SD, n=6). Statistical comparison 
with one-way ANOVA and Welch’s t-test. **   ≤ 0.01 

The effects of lighting have been previously studied on Cordyceps militaris but not that much 

on O. sinensis. In the study by Ha et al. (2020) about light conditions for Cordyceps militaris 

growth they saw increased biomass generation with the increased lighting conditions which 

did not happen here with O. sinensis. One article was found where the effects of light were 

studied on O. sinensis by Dong and Yao (2011). In that study the 0h light and 12 h light 

experiments reached mycelium dry weight of 18.4 g/L and 13.2 g/L respectively after 40 days 

culture (Dong and Yao 2011). Even though the general culture conditions were different to 

this study the trend was similar, when O. sinensis is cultured in 12 h light the mycelium 

formation is less than in 0 h light cultures. However, to draw better conclusions on the effect 

of light on O. sinensis, it is necessary to test the effects of light when temperature can be 

controlled and kept in a suitable range for O. sinensis growth and all the treatments can be 

grown in the same temperature. 

3.1.4 pH 

During the pH experiment, the first thing noticed was the color difference in the medium after 

adjusting it to pH 4 and pH 8 (Figure 23A). Medium having a pH value of 4 (Figure 23A, 

bottle on the left) was lighter and more yellowish compared to the pH 8 medium (Figure 23A, 

bottle on the right) which was darker in color. The color difference was visible throughout the 

culturing (Figure 23B). More distinctive differences between the treatments were seen in the 

mycelium structure. The pH 4 treatment resulted in smaller/finer and more filamentous/loose 
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mycelium (Figure 23C&D) than the pH 8 treatment (Figure 23E) and all other treatments 

tested during this study, which have resulted in round mycelium pellets.  

 

Figure 23. pH experiment. (A) pH changed the colour of the culture medium (pH 4 on the left and pH 8 
on the right), (B) liquid cultures after 4 days culturing (pH 4 on the left and pH 8 on the right), (C) 
filtered mycelium (pH 4), (D) closeup of the mycelium on pH4 treatment, (E) filtered mycelium (pH 8). 

The effect of pH on the mycelium formation was not statistically significant between the two 

pH treatments (Figure 24A), but the pH 4 and pH 8 resulted in dry weight of 6.3 g/L and 4.1 

g/L respectively. Because real time pH monitoring was not possible in these cup cultures, pH 

was measured before and after autoclaving the medium and after mycelium was harvested. pH 

value remained more stable in the pH 4 treatment compared to the pH 8 treatment (Figure 

24B). pH was almost the same after harvesting in both treatments (Figure 24B). The pH in the 

pH 8 treatment medium dropped from 8 to 6 during the autoclaving process, meaning that this 

is not true presentation on how the fungus would grow in a pH 8 medium. In the future it 

would be necessary to adjust the pH of the medium after the autoclaving to see how pH 8 

affects the growth. But with this setup (using the culture cups) adjusting the pH after 

autoclaving would have introduced additional contamination risk to the process. Real time 

monitoring and pH adjustment systems (acid/base pumps) in bioreactors would solve this 

problem by allowing the adjustment of pH in real time. 
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Figure 24. Comparing two different medium pH values and its effects on growth. (A) The effect of 
medium pH on mycelium formation (Median ± SD, n=6). Statistical analysis with single factor ANOVA 
(ns=not significant, p > 0.05). (B) pH of the medium during different parts of cultivation process. 

Compared to literature these findings are different. For example, Ko et al. (2017) observed 

that biomass formation in pH 4, 6 and 8 was <2 g/L, 9 g/L and 7 g/L respectively. Whereas 

now culture pH of 4 performed better than pH 8 and quite similarly to how the general control 

treatment of this study (pH 5.6) has performed. Wang et al. (2015) also reported best growth 

at pH 6 but their data did not show big differences in mycelium formation in different pH 

conditions. The biggest difference now was seen in the fungal morphology on which pH can 

have an effect (Fazenda et al. 2008; L.-Y. Wang et al. 2015). 

3.2 Effect of medium composition on mycelium 

The effects of medium composition on the mycelium formation were tested by changing the 

concentration of one medium component at a time (Table 2). In the glucose experiment there 

were visual differences in the culture cups (Figure 25). Visually the control treatment cups 

looked most full and the lightest in color, which can be due to less glucose being left in the 

medium. The 1.5x glucose treatment didn’t visually look that different from the control, only 

slightly darker in color (Figure 25). The 2x glucose treatment on the other hand showed a 

medium layer on top of the mycelium pellet, which could be due to less pellets or more dense 

pellets being present that sink to the bottom and do not float (Figure 25). 
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Figure 25. Treatments and their replications during the glucose experiment. 

When increased malt and yeast concentration were tested all the treatments resulted in similar 

looking pellets (Figure 26). Based on looking at the culture cups in Figure 26, the 3x yeast 

treatment looked to contain the most pellets.  

 

Figure 26. Treatments and their replications in the malt and yeast experiment. 

Mycelium dry weight showed no significant differences between the control treatment 

(7.4 g/L) and 1.5x glucose treatment (7.1 g/L) but there was a statistically significant 

difference (p ≤ 0 00 ) between the control treatment and the  x glucose treatment ( 4 9 g/L) 

(Figure 27). One issue with the 2x glucose treatment was that it behaved differently during the 

drying process. The mycelium browned and formed rubbery like texture (Figure 28) instead 

of the light and easily breakable texture of other treatments (Figure 21C). This could be due to 

the mycelium having more bioactive components that started to react (for example 

caramelization or Maillard reaction) during the drying process. In the future the treatment 
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could be repeated and then tested drying the samples with few different conditions/methods to 

see how drying conditions affect the mycelium. Additionally, because the mycelium reacted 

differently and had different textures, it is not certain that the mycelium was completely dried 

(has low moisture level).  

Mycelium dry weight showed also statistically significant differences (p ≤ 0.05) between the 

control treatment (6.5 g/L) and the 3x Yeast treatment (13.3 g/L) (Figure 27). One treatment 

additionally focused on whether the increased amount of Malt extract would affect growth, 

but the data showed no statistically significant differences between control and 2x Malt 

treatment (Figure 27). 

 

Figure 27. Effect of medium component concentration on mycelium formation after 4 days of 
cultivation (Median ± SD, n=3-4). Statistical comparison with single factor ANOVA, Welch’s t-test and 
Student’s t-test. Ns=not significant, * p ≤ 0.05, ** p ≤ 0.01, ***   ≤ 0.001. 

 

Figure 28. Dried mycelium from the 2x glucose treatment 

Here it was seen that individually increased glucose and yeast concentrations had the biggest 

effect on mycelium by boosting its formation. After that it was tested how combining the 

yeast concentration from the 3x Yeast treatment with changing glucose concentrations would 

affect the mycelium. This was done by using the increased yeast concentration (3x) as a 

constant and changing glucose concentration in the range from 1/2x to 2x. The data (Figure 

29) suggests that the mycelium formation increases when glucose concentration increases but 
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data showed no statistically significant differences between the tested treatments. While 

harvesting the 2x Glucose (+3x Yeast) treatment, few of the replicates had to be discarded 

because the mycelium could not be harvested by filtration. This left 3 replicates to be used for 

the data analysis. Data analysis showed that there is variation between the 3 replicates. The 

poor filtration and variation in growth in this treatment could be a result of too much sugar in 

the medium or contamination hindering the growth. 

 

Figure 29. Combined effect testing of yeast and glucose. Yeast concentration (3x) kept as a constant 
while glucose concentration varies (1/2x, 1x and 2x) (Mean ± SD, n=5, 4 and 3).  

To better see and understand the differences between the treatments they would need to be 

tested again by using multiple timepoints (for example 2-, 4-, 6- days) instead of one (cultured 

for 4 days) and try to mitigate the variation in the growth and possible contamination so the 

data would represent the treatment better and all replicates could be used for the analysis.  

Due to the culture medium being different to those used in other studies it is hard to compare 

these findings to others. In the future, medium optimization could be continued further by 

modifying the current medium or testing a new medium altogether. Additionally, analyzing 

residual sugars in the medium would give information whether the fungus has used all the 

sugars provided or not, informing whether the medium has too much or too small amount of 

sugar available. 

3.3 Variation between replicates vs between experiments 

During the experiments it was noticed that there is variation between the replicates of a 

treatment and between experiments. Because of that every experiment round contained the 

same control treatment to allow confirming that the change in mycelium dry weight is caused 

by the changed variable of the treatment and not the general uneven fungal growth happening 

during the experiments. Due to the high variance in results between the replicates the amount 
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of replicates was increased from 3 to 6 in the later experiments. This was done to be able to 

get more accurate results and viable data from at least 3 replicates if some of the replicates fail 

to grow. 

One-way ANOVA was used to determine how much variation there was between the control 

treatments of different experiments and between the replicates. The summary table (Table 5) 

revealed that there was variance between the replicates, and it ranged from 0.8 to 13.9. But 

the data showed no statistically significant difference between the control treatments of 

different experiments (Table 6). 

Table 5. Summary table of how control treatment has behaved in different experiments. 

Groups Count Sum Average Variance SD 

Control 
(duration) 

3 20.1544 6.718133 0.808137 0.8989645 

Control 
(inoculum) 

3 12.2472 4.0824 3.786722 1.945950174 

Control 
(Glucose) 

4 30.7712 7.6928 1.430862 1.19618652 

Control (Yeast) 3 21.9568 7.318933 13.93164 3.732511805 

Control (Light) 6 36.8816 6.146933 3.245425 1.801506404 

Table 6. One-way ANOVA of the control treatments. 

Source of 
Variance 

SS df MS F P-value F crit 

Between 
groups 

26.01144 4 6.502859 1.581305 0.233808 3.11225 

Within 
groups 

57.57272 14 4.112337    

Total 83.58416 18     

The variance in the growth between replicates could also be noticed visually when the pellet 

size and amount in the culture cups varied a lot. For unknown reasons not all culture cups 

grew equally. The uneven growth was tried to be overcome by homogenizing the seed culture 

and later by cutting the pipette tips wider to allow more even transfer of seed culture. These 

actions did not solve the problem. Contamination can be one reason for poor growth in some 

of the cups. If there are contaminants present the fungi fights for dominance and can in some 

cases lose. There are always risks of introducing contaminants into the cultures, for example 

even though laminar flow hoods were used, the culture cups were opened when they were 

inoculated. Also, the filter on the lid could malfunction, therefore preventing good oxygen 
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transfer or introducing contaminants into the cups during culturing. Additionally, it might not 

be the best suited filter for liquid cultures to allow adequate gas exchange.  

3.4 Correlation between mycelium dry weight and wet weight 

Due to the uneven growth and unexpected reactions during drying process the wet weight of 

the harvested mycelium was started to be weighted to examine if there is correlation between 

the dry and wet weight. This would allow estimating the dry weight of samples without the 

need for drying, and from samples that react differently during the drying process. However, 

it needs to be noted that this does not work with samples that are not filtering well. Those 

samples contain excess moisture from the medium that didn’t flow through, increasing the 

weight. 

Linearly fitted scatter plot of dry and wet weight is presented in Figure 30. Mycelium dry and 

wet weight have a correlation (R) of 0.91 and Pearson’s correlation coefficient (R2) of 0.827, 

these show that there is positive correlation between the wet and dry weight of the mycelium 

and that the wet weight could be used to estimate the dry weight by utilizing the equation of 

the linear fitted model (Equation 3).  

 

 

 

 𝐷𝑊 (𝑔)  =  0.0539 ∗ 𝑊𝑤  (𝑔)  −  0.0282 (3) 

Wet weight could be used to estimate the mycelium dry weight of cultures without spending 

the time needed to dry mycelium and use this estimation with filamentous fungus that does 

not have direct method of estimating dry weight based on optical density like other widely 

used microorganisms. This could be useful in the future when process is scaled to a larger 

Statistics 

R 0.909 

R2 0.827 

Adjusted R2 0.82 

Standard Error 0.238 

Observations 26 

Figure 30. Correlation between wet weight and dry weight of the mycelium of 26 culture cups from three 
different experiments. Wet and dry weights linearly fitted. 
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volume because it would allow determine mycelium dry weight of the culture during 

sampling at different time points based on the wet weight. 

3.5 Bioactive compounds in the mycelium 

Prior to the experiments there was no knowledge at Kääpä Biotech about what the used strain 

would synthesize and to what extent. Turku Metabolic center provided results on what 

targeted compounds were detected from the pooled mycelium samples sent. Due to the 

treatments having big differences in the culture conditions and biomass formation; Control, 

2x Glucose, 3x Yeast, pH 4 and 12h Light treatments were analyzed. The LC/MS analysis 

detected the targeted bioactive compounds typically present in O. sinensis; Adenosine, D-

mannitol, Ergosterol, Cordycepin and Ergothioneine; and their content in mycelium varied in 

different treatments (Figure 31). Table 7 shows the content of adenosine, cordycepin, D-

mannitol, ergosterol and ergothioneine in natural and cultured O. sinensis previously reported 

in the literature to which the detected levels from this study were compared to. 

The 3x Yeast and 2x Glucose treatments generated the most biomass (13.3 g/L and 14.9 g/L, 

respectively) and 12h of light treatment the least (2.6 g/L) (Figure 31). But the generation of 

biomass is not necessarily an indicator on formation of bioactive compounds (Fazenda et al. 

2008). The data was sorted based on biomass from highest to lowest.  

When looking at the differences between treatments one compound at a time (Figure 31) it’s 

seen that there is similar trend in ergosterol and ergothioneine profiles, their content increased 

when biomass amount decreased, finding the highest amounts in the 12h of light treatment. It 

has been seen that the level of ergosterol in cultured mycelium is lower than in natural O. 

sinensis, but even the highest detected level in this study (206 µg/g DW) was lower than 

levels previously reported in literature (380-1300 µg/g DW) (Table 7). Additionally, the 

content of ergothioneine in the mycelium was lower than levels previously reported in 

literature (9 µg/g DW versus 142 µg/g DW) (Table 7). 

Adenosine content followed almost the same pattern, except for the 12 h of light treatment in 

which the adenosine level was similar to the control treatment even though biomass amount 

was lower, while mycelium from the pH4 treatment contained the most adenosine (570 µg/g 

DW) (Figure 31) and was the only treatment reaching adenosine levels that have been 

previously reported in literature (540 µg-5 000 µg) (Table 7). Compared to ergosterol, 

adenosine content on the other hand is reported to be higher in cultured mycelium than in 
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natural O. sinensis (Table 7). Adenosine is used in energy transfer and in DNA synthesis 

among other cellular functions so its content should be the highest during the growth stages 

(Krishna, Ulhas, et al. 2024; Chuenprasert, N, et al. 2025). The low adenosine content in the 

mycelium could be due to suboptimal culture conditions/medium or if the mycelium has 

already passed the growth stage. Testing different culture times would allow us to determine 

in which growth stage the mycelium is after 4 days. 

With D-mannitol and cordycepin there were no distinctive pattern between its concentration 

and biomass amount (Figure 31). The pH 4 treatment contained the most D-mannitol (1 130 

µg/g DW) followed by the 2x Glucose treatment (1 080 µg/g DW), but these levels were 

considerably lower than levels in cultured mycelium previously reported in literature (Table 

7). Cordycepin production was the most different from the compounds in all treatments. 

Every other compound was present in all treatments but cordycepin was found only in three 

treatments from the five (3x Yeast, Control and 12 h light), although in low concentrations 

(Figure 31). Though the low concentrations of cordycepin can be expected because naturally 

O. sinensis does not contain high levels of cordycepin and the levels reported in cultured 

mycelium are also low (Table 7). The highest amount of cordycepin detected was 1.5 µg/g 

DW from the 3x yeast treatment which is not much and supports the values reported 

previously in literature (S. P. Li et al. 2006). The low cordycepin content could be due to the 

controversy regarding whether O. sinensis produces cordycepin or not, or because cordycepin 

biosynthesis is linked to adenosine (adenosine is converted into cordycepin) (Krishna, Ulhas, 

et al. 2024). Because adenosine levels were also low, it is possible that all is used in the 

necessary cell functions, meaning that there is not enough excess that could be converted into 

cordycepin (Krishna, Ulhas, et al. 2024).  

Overall, the detected levels in this study were lower than previously reported in cultured 

mycelium even though efforts were made to increase them. This might be due to the culture 

conditions not being optimal for the synthesis of bioactive compounds, but also because the 

strain was revived from older samples that could have lacked vigor. Overall, the used strain 

might be poor to produce bioactive compounds. Compared to the control treatment (starting 

point) increased and decreased values were detected of the bioactive compounds (Figure 31). 

The treatments that produced the least biomass had generally higher content of bioactive 

compounds from these five analyzed treatments (Figure 31). The control treatment seemed to 

be the middle ground between biomass and bioactive compound formation. Although, in the 

pH4 treatment the biomass amount was slightly lower compared to control treatment; 
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however, it had higher content of bioactive compounds. That could have been due to the 

different morphology of the fungus in the control and pH 4 liquid culture treatments (pellet vs 

looser mycelium). More experiments should be done with the pH 4 culture to see if the 

change in mycelium structure is the reason for differences in chemical composition. 

 

Figure 31. Mycelium dry weight (DW) and bioactive compound content of five different treatments. 
Data ordered based on biomass from highest to lowest. Control: pH not adjusted (around 5.6), 0h of 
light. Number in the yeast and glucose (Glc) treatments tells how many times more of that compound 
is in the medium compared to the control treatment. 
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Table 7. Bioactive compounds and their content in natural and cultured O. sinensis previously reported 
in literature. 

Bioactive 
compound 

Natural sinensis 
(µg/g DW) 

Cultured sinensis 
(µg/g DW) 

Reference 

Adenosine 250-960 540-5 000 
(C. Li et al. 2006; S. P. Li et al. 2006; J. 

Wang et al. 2015; F. Q. Yang et al. 
2010) 

Cordycepin NDa-60 ND-35.4 
(S. P. Li et al. 2006; J. Wang et al. 2015; 

Yan and Wu 2014; F. Q. Yang et al. 
2010) 

D-Mannitol 9 850-38 000 4 700-13 400 (S. P. Li et al. 2006; J. Wang et al. 2015) 

Ergosterol 3 650-10 300 380-1 300 (S. P. Li et al. 2006) 

Ergothioneine -b 142 (Chen et al. 2012) 

a ND=Not detected 
b No source found 

   

To be able to draw better conclusions about the differences in chemical composition between 

treatments more samples would need to be analysed. The individual replicates (not the pooled 

sample) would need to be analyzed to be able to determine if there are significant differences 

in chemical composition between the treatments.  

It is also typical for macro fungi to secrete/excrete metabolites out of the cells, so in order to 

know the full bioactive component profile the filtered fermentation medium would need to be 

analysed to see if the fungus has secreted/excreted some of the relevant compounds (El-

Enshasy 2007; Fazenda et al. 2008). That would give information on whether focus needs to 

be also put into the utilization of the filtrate in addition to the mycelium. Additionally, 

focusing on the metabolic pathways of the key compounds could reveal potential ways to 

increase the formation of bioactive compounds during liquid fermentation. 

For it to be financially viable to produce mycelium on an industrial scale, the levels for the 

metabolites would need to be at least in the range of what has been previously reported in 

literature and at the same time generate enough harvestable biomass. More optimization is 

needed to reach that point. Increasing the cultivating time and analyzing multiple timepoints 

in the future would additionally give better information on the growth rate of the fungi and 

what is really the optimal duration for biomass and bioactive compound formation. For 

example, whether longer culture time is needed for the fungus to produce more of these 

compounds or not. In addition, testing the effect of the parameters that could not be tested in 

this study (for example temperature) would be needed to see how those affect the biomass and 

bioactive compound formation to find the most optimal culture conditions. In general, the 

strain utilized in liquid fermentation influences what compounds are synthesized and in what 



48 
 

content and which conditions are optimal for growth. It might be beneficial to compare this 

strain to some other strain in the future to see if the current strain is the cause for low 

metabolite synthesis or the culture conditions. 

3.6 DNA sequencing 

DNA sequencing was done to confirm that the used fungal strain is O. sinensis. DNA 

Sequencing and Genomics Laboratory (BIDGEN) at University of Helsinki provided the 

sanger sequencing results as forward and reverse sequence files. After aligning forward and 

reverse sequences with BioEdit the aligned sequence was BLASTED 

(www.blast.ncbi.nlm.nih.gov) using search set: Cordyceps sinensis (Taxid:72228)) (Altschul 

et al. 1990). The BLAST results showed that the identity match to O. sinensis strain A18 was 

94.3 % (GeneBank sequence EF488439.1) (Figure 32).  

 

Figure 32. NCBI nucleotide BLAST alignment of our sequence to O. sinensis strain A18. 

Because the identity match was not near 100 %, the sequence was BLASTED again without 

search set restrictions. Those results showed 100 % identity match to genus Coniochaeta 

(Fungi belonging to the same class as O. sinensis (NCBI taxonomy browser) (Schoch et al. 

2020)). 

Based on the sequencing results it can not be confirmed that the utilized strain was O. 

sinensis. These inconclusive results can be due to several factors. One being that the 
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sequencing region was 507 bp fragment of the ITS region and not the whole genome 

sequenced. Second, some cultures have been contaminated during this study, so the matched 

species could be the contaminant that has been present, hindering the growth and now 

distorting the sequencing results. Third, the whole ITS region was targeted so Sanger 

sequencing was used, which has been said to be the common sequencing method for ITS 

sequencing (Bellemain et al. 2010). Downside with Sanger sequencing is that it can’t separate 

if a sample has multiple sources of DNA (for example contamination) like high-

throughput/Next-generation sequencing (NGS) methods could have (Bellemain et al. 2010).  

Even though the DNA sequencing results did not confirm that the strain is O. sinensis, the 

bioactive compounds present in the mycelium match the bioactive compounds produced by 

O. sinensis. If the experiments are continued further, better identification on the strain needs 

to be done either by using mycelium from different experiment batches, different sequencing 

region and/or utilizing NGS that could differentiate multiple DNA sequences from a sample. 

Also, the fungus should be re-plated multiple times in hopes to get pure strain if the 

contamination has been present already from that stage. Furthermore, if the identification 

results still show that the species is not O. sinensis a new correct strain should be procured 

before any further experiments are started. One concurring problem with O. sinensis 

identification is that even in scientific literature there is no clear understanding of what O. 

sinensis is and the source of the fungal material in studies can be unclear. This is because 

many strains have been isolated from the wild O. sinensis but have later been identified 

through DNA sequencing as different species even though morphology and chemical 

composition is similar to the fruiting bodies of O. sinensis (Ko et al. 2017; Yao et al. 2024). 

This could also be the case with the strain used in this study. 

3.7 General discussion and future perspectives 

The results of this study were and were not what was expected. It was successful to grow the 

fungus in a liquid medium, but the quality and reliability of the results was not as good as 

hoped for due to variation in the growth and lot of inconclusive results. Below it will be 

discussed more about what reasons might have caused the results of this study and future 

perspectives of the liquid fermentation of O. sinensis.  
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3.7.1 Limitations of the study 

Due to the limited time and resources available, all the necessary parameters required for 

bioprocess optimization could not be tested. Plans were adjusted to get the best possible 

information out of the experiments with the time and resources available. For example, 

temperature could not be controlled, resulting in the growing of O. sinensis in room 

temperature, which typically is not the optimal for the growth of O. sinensis. A growth box 

was intended to be used to grow the fungus, but the liquid cooling unit of the box (Peltier 

plates) could not cool down the box below ambient room temperature and when the cooling 

unit was running it warmed the air outside of the box which was then transferred back inside 

the system (temperature kept rising). In future experiments temperature control is needed 

because it is one of the key factors for growth (Wei et al. 2021). Testing of different shaker 

speeds (mixing) was also left out due to the time available and because the next step would be 

bioreactor experiments to which it will be better suited. In a bioreactor the mixing comes from 

within the culture compared to orbital shakers used in bottle cultures, so the optimal mixing 

conditions of one method would not necessarily be the same in the other.  

The process, from seed culture to harvested and dried mycelium, was time consuming and 

quite soon it was noticed that there is lot of variation in the growth, and not all the cups would 

grow or be filterable. This resulted in discarding some of the replicates and in some cases 

even whole treatments if there were not enough replicates for statistical analysis. To be able to 

get usable data the replicate number was increased and control treatments were used for every 

experiment round, decreasing the number of treatments able to be tested during this study. 

Combining these with the fact that there were no prior liquid fermentation experiments done 

with this particular strain by Kääpä Biotech, the optimization process didn’t get as far as 

hoped for. 

Design of experiments (DoE) would have been a powerful tool to utilize in the optimization 

process. It was planned to do the optimization by utilizing orthogonal design, but because the 

number of treatments able to be tested decreased and between experiments the environment, 

such as temperature, could not be controlled, the results of DoE would have been unusable 

(could not distinguish if change in growth is due to the changed parameter or an outside factor 

that could not be controlled (for example temperature and contamination)  That’s why the 

experiments were continued by testing how changes in one condition at a time affect the 

growth compared to the control treatment that was used in every experiment round. 
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Another limitation that could have caused the variation in the growth was the use of fungus 

grown on plates as an inoculum for seed cultures. The seed cultures were made prior to the 

experiments from different plates or the growth on the plate could have been in completely 

different stage if the plate had had more time to grow in between the use. This has resulted in 

unique seed cultures (that could also be source of contamination) that can affect the biomass 

formation between experiments, but the use of the control treatment allows the comparison of 

the possible changes different treatments cause in the same experiment round (same seed 

culture in all treatments and their replicates). In the future, to remove the uncertainty of seed 

culture a master cell bank would need to be developed to use the same source material for all 

liquid cultures. To develop this, a good producer strain free of contaminants and confirmed to 

be O. sinensis would be needed. 

Because literature about O. sinensis has unclear strains (many strains isolated from O. 

sinensis fruiting bodies) and various culture conditions used, it is hard to compare findings of 

this study to other studies. For example, the culture durations and temperatures used vary a 

lot, influencing what is a general or maximum amount of biomass generated from O. sinensis 

liquid cultures. Additionally, not all studies use seed culture as inoculum thus needing longer 

culture time for the fungus to adapt to a liquid culture or in general longer cultivation times 

are utilized. For example, in a study performed by R. Li et al. (2010) maximum mycelium 

DW of 10 g/L was reached in a 4 day culture (different medium and temperature than this 

study) and Ko et al. (2017) reached 13 g/L in a 8 day culture and 9 g/L in a 5 day culture (pH 

6.2). On the other hand, Dong and Yao (2005) had a culture time of 40 days, which is a lot 

longer than in this study and the studies by R. Li et al. (2010) and Ko et al. (2017), and 

reached a maximum mycelium DW of 22 g/L. In general, there is lot of variation between 

used strains and for these reasons, in this study the culture strategy was optimized for this 

particular strain. 

However, ITS sequencing results failed to confirm that the strain is O. sinensis. These results 

suggest that there is a high possibility that a fungal contaminant has been present in the 

cultures, which might be one of the reasons for uneven growth. The setup of the experiment 

and sample handling could have introduced contaminants into the cultures, or there is a 

possibility that the strain has never been a pure strain of O. sinensis. These highlight the 

importance of good laboratory practices and that before moving forward with the optimization 

the current challenges of contaminants, poor growth and unconfirmed strain need to be 

focused on. 
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3.7.2 Future 

If the current challenges of the inconclusive strain and uneven growth can be overcome, the 

next step would be testing the parameters that could not be tested during this study and to 

move on to small-scale bioreactor experiments. In the future it would also be beneficial to 

understand how culture conditions affect the growth pattern/morphology of the fungus (pellet 

or loose dispersed mycelium) and how the structural difference affects the biomass and 

bioactive compound formation. It is known that with pellet structure the substrate and air 

transfer differs in the outer layer of the pellet to the core of the pellet, so it would need to be 

studied how it will affect the desired yields (El-Enshasy 2007; Fazenda et al. 2008). In this 

study, the mycelium formed mainly a pellet structure. The pH4 treatment was the only one 

that produced a looser mycelium and not pellets. Downsides of the pellet structure might be 

the limitations in substrate transfer. However, it can be beneficial for the downstream 

applications by making the separation of the mycelium from the culture medium easier (El-

Enshasy 2007; Fazenda et al. 2008). This was also noticed in this study, but additionally it 

might reduce the viscosity of the culture medium which could become a problem during 

fermentation processes in a bioreactors with filamentous fungi (El-Enshasy 2007; Fazenda et 

al. 2008). 

There is now some data that can be used to transfer cultivation into bioreactor experiments. 

The utilization of a bioreactor would allow the controlling and testing of the parameters that 

are yet to be tested. When bioreactor experiments are reached some DoE strategy should be 

used to help in the optimization process by lowering the number of combinations that need to 

be tested. Downstream processing needs to also be considered during bioreactor experiments 

to develop a process suitable for the required scale. It needs to be tested for example how 

different drying methods and their conditions affect the composition of the mycelium and 

quality of the potential end products. The aim for the future is to be able to scale the 

production of O. sinensis into industrial scale to produce bulk amounts of mycelium that 

could then be used to produce O. sinensis nutraceuticals in Finland. 
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4  Conclusion 

The aims of the study were partially met. Based on literary review the main variables 

affecting the growth of O. sinensis were identified but not all of them could be tested due to 

unforeseen limitations. The fungus was successfully grown in liquid medium and the effect of 

some of the necessary variables on mycelium and bioactive compound formation were tested. 

Even though optimization didn’t get as far as hoped for, statistically significant differences 

between treatments were detected and biomass formation was successfully increased 

compared to the control treatment (starting point) and reached amount comparable to 

literature. It was seen from the tested treatments that medium component concentration (yeast 

and glucose) had the most significant effects on increasing mycelium formation than the 

changes in culture conditions. In this study the culture time of 4 days was able to generate 2.6-

14.9 g/L of mycelium depending on the culture conditions of which the upper end is in 

accordance with literature. The highest mycelium dry weight (14.9 g/L) was reached when 

culture medium contained 57.1 g/L of glucose.  

The results showed that in the samples where biomass formation increased generally the 

bioactive compound content decreased. Based on the five analysed treatments the pH 4 

treatment might be the most desired candidate for future experiments. In that treatment the 

mycelium dry weight was in the same range as in control treatment, but the content of 

bioactive compounds was higher than on the other treatments that generated more biomass. 

pH of 4 influenced the fungal morphology which might be responsible for the overall better 

content of bioactive compounds. Even though the content of bioactive compounds was 

increased the levels did not reach levels reported in literature, which was one of the aims of 

this study. Only adenosine content reached literature levels in the pH 4 treatment. 

There is potential, but also many challenges that need to be overcome and further research is 

needed before this liquid fermentation strategy could be scaled into industrial scale to produce 

bulk amounts of O. sinensis mycelium. 
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