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Abstract 

 

Background and Objective: Ganoderma lucidum, with its medicinal characteristics, 

is one of the most beneficial fungi in traditional Asian medicine. This fungus low 

efficiency of ganoderic acid production has limited its use as a valuable secondary 

metabolite. Environmental stresses and elicitors such as microbial volatile organic 

compounds in co-cultures can increase ganoderic acid production. To investigate 

effects of variables of co-culture time and volume on Ganoderma lucidum growth and 

ganoderic acid production, Bacillus subtilis and Aspergillus niger were aerially co-

cultured with Ganoderma lucidum. 

Material and Methods: To investigate fungus growth and production of ganoderic 

acid using bubble column bioreactor, effects of independent variables of temperature, 

initial inoculation, length-to-diameter ratio (L: D) and aeration were investigated using 

Taguchi method. Then, effects of co-culture of Ganoderma lucidum with Bacillus 

subtilis and Aspergillus niger under optimum conditions were investigated.  

Results and Conclusion: Optimizing effects of co-culture time and volume variables 

led to 2.9-fold increases in production of ganoderic acid, compared to the control 

sample. Optimization of biomass production in the bioreactor showed that biomass 

production increased significantly by increasing the initial inoculation percentage and 

temperature. These two variables significantly affected ganoderic acid production and 

its optimum production point was 10% of initial inoculation, temperature of 25.6 °C, 

L: D of 4:8 and aeration rate of 0.64 vvm. Gas holdup investigation for air-water and 

air-fermentation media systems showed that the presence of suspended solids and 

aeration rate affected gas holdup. Microbial volatile organic compounds in co-culture 

of microorganisms can increase ganoderic acid production by Ganoderma lucidum. 
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1. Introduction 

Mushrooms have been used in traditional medicine and 

nutrition for centuries due to their various medicinal 

characteristics and their popularity continues to grow in the 

modern era as their potential health benefits are revealed. 

Mushrooms contain a wide range of bioactive compounds, 

including polysaccharides, terpenoids, phenolic compounds, 

vitamins and proteins, which have been shown to possess 

antioxidant, anti-inflammatory, immunomodulatory,anti-

cancer, probiotic, antimicrobial and anti-diabetic character-

istics [1,2]. Studies show that extracts from most of these 

fungi are used as dietary supplements and medications in 

traditional Chinese medicine and numerous of their 

compounds are currently produced on industrial scales [3,4]. 

Ganoderma (G.) lucidum is one of the medicinal fungi that 

has been interested by the researchers and scientists. This 

fungus is known in Asian countries as the fungus of immort-
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ality and its use has begun since nearly two thousand years 

ago [5].  

The nutritional profile of G. lucidum shows that the 

fungus includes significant quantities of water-soluble 

proteins, dietary fibers and major minerals. Moreover, G. 

lucidum is an affluent source of multiple vitamins, including 

riboflavin and niacin [6]. Overall, this superfood with high 

nutritional benefits is used worldwide. The G. lucidum can 

treat migraines, hypertension, arthritis, gastritis, diabetes, 

lupus erythematosus, hepatitis and cardiovascular diseases 

[7]. Therefore, it can be addressed as a curative functional 

food. These characteristics are linked to the secondary 

metabolites of G. lucidum, including polysa-ccharides, 

phenolic compounds and terpenoids [8]. Of these 

compounds, polysaccharides and triterpenes have mostly 

been studied [9]. Triterpenes are a large group of organic 

compounds with an aromatic structure [10,11]. Ganoderic 

acid (GA) and ganoderic alcohols belong to this group. 

Naturally, GA has received further attentions due to its 

similarity to lanoxin and oxygen structure [12]. Studies show 

that GAs can inhibit cholesterol synthesis, tumor growth and 

hepatitis B virus antiviral activity. Recently, activity of GA 

against the human immunodeficiency virus has been reported 

[13-17]. 

Low production of GA has limited its use as a valuable 

secondary metabolite. Since the fruiting body of G. lucidum 

needs nearly six months to produce [11], submerged culture 

of this fungus is used to increase the production. The G. 

lucidum cell growth and production efficiency of its 

metabolite can be affected by physicochemical factors of the 

culture media and extraction methods [18]. Esmaelifar et al. 

detected that Agaricus (A.) bisporus extract, maltose and 

vitamin B1 significantly increased the antioxidant activity of 

G. lucidum polysaccharides. They showed that the cultiv-

ation of G. lucidum in bioreactors increased the cell growth 

[19]. In 2011, production conditions of GA in bioreactors 

were studied regarding factors such as pH, oxygen pressure 

and shear stress [20]. Heydarian et al. reported the highest 

GA production in the initial glucose concentration of 35 g. l-

1 and presence of KH2PO4 and vitamin B1 [21]. Moreover, 

other methods have been reported to increase GA production 

efficiency. Further investigating various extraction methods, 

Zhen et al. achieved high yields of GA using in situ 

effervescence reaction-assisted mechanochemical extraction 

method by grinding G. lucidum with sodium bicarbonate and 

citric acid  [22]. Sun et al. chose a various route to enhance 

the GA production using high spore-producing strain of G. 

lucidum and protoplast of dikaryotic CGMCC 5.0026 strain. 

Promotion of sporulation led to 1.7-3.42 times increases in 

GA-T, GA-Mk and GA-Me, compared to the original strain 

[23]. Heat stress is an alternative option to induce GA 

production. By the upregulation of two spermidine biosyn-

thesis genes under heat stress, GA production increased 

significantly compared to the wild-type control. It was 

concluded that heat stress promoted the conversion of 

spermidine from putrescine, which included inhibitory roles 

in GA biosynthesis [24]. 

Microbial volatile organic compounds (mVOCs) are 

other affectors that stimulate growth and production of 

secondary metabolites. Some of these compounds are 

produced only in co-cultures and by exposure of microorgan-

isms to competitive conditions [25]. Therefore, studies of 

indirect and aerial connections between the microorganisms 

in aerial co-cultures are critical. Despite the great importance 

of mVOCs and their roles in nature, limited studies have been 

carried out in this field. In previous studies, the current 

authors investigated effects of aerial co-cultures on the 

growth and metabolite production of G. lucidum. Kalantari 

et al. showed that aerial co-cultivation of G. lucidum with 

Bacillus (B.) subtilis and Pseudomonas aeruginosa led to 

decreases in growth of the mycelia of this fungus. 

Furthermore, quantity of GA increased more than 2.8-fold. 

Studies have shown that this effect is linked to changes in 

cell membrane permeability, cell wall composition and 

structure and DNA damage [26]. It has been shown that 

aerial co-cultivation of G. lucidum with Pleurotus ostreatus 

for six days increases the exopolysaccharide specific yield by 

at least 2.2-fold [27]. Hatamian-Zarmi et al. increased 

biomass and exopolysaccharide production of Shiitake 

mushrooms under the effects of mVOCs of Aspergillus niger 

and Schizophyllum commune in aerial co-culture [28]. 

Regarding the current authors’ studies on investigating 

factors affecting production of GA and optimizing produc-

tion of this metabolite, effects of aerial solid state/liquid state 

co-culture of G. lucidum with A. niger and B. subtilis 

microorganisms on biomass growth and GA production were 

investigated in the present study. Furthermore, production 

conditions of GA in bubble column bioreactor were 

optimized and co-culture of the microorganisms in the 

bioreactor was investigated. 

In this study, factors such as co-culture time and volume, 

initial inoculation percentage and temperature, various L: Ds 

and aeration rate were optimized and then effects of 

environmental stress and stimuli on G. lucidum biomass and 

GA production were investigated. 

2. Materials and Methods 

2-1- Microorganisms and chemicals 

The G. lucidum was provided by the microbial bank of 

the Biotechnology Laboratory, Faculty of New Sciences and 

Technologies, University of Tehran, Tehran, Iran, with 

CCGMC 5.616 strain number. Moreover, A. niger (UTMC 

5018) and B. subtilis (UTMC 1416) were provided by the 

Persian Type Culture Collection and the Microbial 

Technology and Product Research Center, University of 

Tehran, Tehran, Iran. Nutrient agar, nutrient broth, potato 
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dextrose agar (PDA) and potato dextrose broth culture media 

and other chemicals were purchased from Merck, Germany. 

2-2- Preparation of solid co-culture media of Ganoderma 

lucidum and growth study 

The aim of this study was to compare quantity of the 

culture volume on various times of co-culture (Days 0, 2 and 

4). Hence, 15 ml of PDA media for the cultivation of A. niger 

and G. lucidum were poured into 100 ml flasks and placed 

horizontally for a few hours to solidify the agar. Then, the 

first 2 cm of all flasks were marked as the starting line. The 

NA medium was used for the cultivation of B. subtilis and 

the previous steps were repeated. After preparing the fungal 

culture media, 5-mm discs were separated from a PDA plate 

containing G. lucidum and placed at the end of the flask 

before the starting line. Then, all inoculated flasks were 

incubated at 30 °C and regular checking was carried out. As 

soon as each fungus reached the starting line, it was 

transferred to the refrigerator. After the growth of 

microorganisms up to the mark line, all the flasks reached the 

starting line and were transferred to the refrigerator; thus, all 

flasks were synchronized. To co-cultivate with B. subtilis, 

the microorganism was cultured in a separate flask. Then, the 

G. lucidum flask was air-tightly attached to the B. subtilis 

flask on Days 0, 2 and 4 of incubation. Connection was 

sealed with parafilm to prevent air from entering or leaking 

out of the system. System was then transferred into an 

incubator set at 30 °C. The incubation period typically 

included nearly a week. After growth was complete, growth 

length was investigated for one of the flasks using ruler. To 

co-culture G. lucidum with A. niger, the previous steps were 

repeated. 

2-3- Preparation of liquid culture media for the co-

culture of Ganoderma lucidum 

To optimize quantity of GA produced, appropriate values 

of co-culture time and volatile flask volume variables were 

assessed through the co-culture of G. lucidum with A. niger 

and B. subtilis in various conditions. To prepare the liquid 

culture, 40 ml of potato dextrose broth media were prepared 

in 100 ml flasks for G. lucidum and A. niger and 40 ml of NB 

media were prepared for B. subtilis. Then, 1 ml of inoculum 

prepared for G. lucidum was added to the fungus flask and 

incubated at 30 °C and 180 rpm (Jaltjahiz, Iran). To aerial 

co-culture, on days 6, 8 and 10, liquid cultures of B. subtilis 

and A. niger were connected to G. lucidum (Fig 1, A, B). On 

Day 12, biomass and GA extraction was carried out based on 

Fang et al. [29] protocol. Due to the bacterial and fungal 

growth cycle differences, B. subtilis was cultured in fresh 

flask 3 d after culture and replaced the previous flask. Liquid 

culture was carried out to assess effects of 2 and 3 times the 

volume of the volatile flask (B. subtilis) and each flask of G. 

lucidum was co-cultured with two or three flasks of B. 

subtilis to assess its effects on GA production. 

2-4- Biomass separation and ganoderic acid extraction 

After separating biomass from the supernatant using filter 

papers, biomass was dried via freeze-drying. For extracting 

GA, 3 ml of absolute ethanol were added to 100 mg of the 

dried biomass for 1 w (this step was repeated twice). Biomass 

was centrifuged (AWEL MF 20-R, France) at 5000 g for 15 

min. and the precipitate was dissolved in a few milliliters of 

water. Then, an aqueous solution was extracted with 2 ml of 

chloroform; GA was extracted from chloroform with sodium 

hydrogen carbonate solution (5%). The solution pH was 

regulated by adding hydrochloric acid (pH<3). The final 

extraction was carried out using chloroform and quantity of 

GA was assessed by dissolving it in chloroform using optical 

spectroscopy. 

2-5- Optimization of ganoderic acid production in bubble 

column bioreactor using Taguchi method 

Briefly, G. lucidum was cultured in a bubble column 

bioreactor to study growth and production of GA. Taguchi 

method was used to investigate effects of independent 

variables such as temperature, initial inoculation size, L:D 

and aeration rate on GA production (Fig 1, C). 

2-6- Co-culture in bioreactor 

After reporting optimal conditions of GA production, 

co-cultures of G. lucidum and B. subtilis were carried out to 

assess the co-culture effects. Therefore, B. subtilis was 

cultured and the exhaust air was connected to a bioreactor 

containing G. lucidum using silicone tube. Every 24 h, 100 

ml of NB media were added to the bioreactor for the 

continuous culture of bacteria. Unlike the flask, culture 

period included 5 d in the bioreactor. Hence, co-culture was 

carried out from Day 1. 

2-7- Assessment of gas holdup in bioreactor 

Since the bioreactor was made of glass, the liquid level 

could be seen. Thus, the liquid level could be assessed in 

aerated and non-aerated states. Gas holdup could be 

calculated using equation 1 [30]. 

ε = (𝐻𝐵 − 𝐻𝑅)/𝐻𝐵 Eq. 1 

Where, HR was height of the non-aerated liquid and HB was 

height of the aerated liquid. However, the method accuracy 

decreased during the formation of foam and this method 

could not be used in metal and non-transparent reactors. The 

gas holdup included a significant dependence on the gas 

aeration rate, which could be calculated by Eq 2 [31]. 

ε = αvg β Eq. 2 

In general, α and β are constants included various values 

depending on the type of sparger and flow regime [31]. With 

increases of gas velocity, dependence of gas holdup on gas 

velocity decreased. This dependence occurred in non-

Newtonian and Newtonian fluids such as biological 

suspensions and fermentation with solid raw materials. 
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Figure 1. (A) Co-culture of Ganoderma lucidum and Bacillus subtilis in flasks; (B) co-culture of Ganoderma lucidum and 

Aspergillus niger in flasks; and (C) co-culture of Ganoderma lucidum and Bacillus subtilis in bubble column bioreactor. 

 

For homogeneous flows, β values were in the range of 

0.1-1.2 [30]. This study assessed gas holdup in water-air and 

culture media-air systems at four aeration levels of 0.5, 1, 1.5 

and 2 vvm and four L: D levels of 1:6, 3:2, 4:8 and 5:1. 

3. Results and Discussion 

3-1- Assessment of affecting variables on Ganoderma 

lucidum growth and ganoderic acid production 

One factor at a time approach was used to investigate 

affecting variables of co-culture time of G. lucidum with B. 

subtilis and A. Niger and volume of the volatile flask on G. 

lucidum growth and GA production. 

3-1-1- Investigation of affecting variables on Ganoderma 

lucidum growth 

To show effects of volume on G. lucidum growth rate in 

co-culture system, two-fold volume of the volatile flask (co-

culturing of G. lucidum with two flasks of A. niger and B. 

subtilis) was investigated (Tables 1 and 2). Results showed 

that the co-culture with A. niger and B. subtilis led to 

decreases in the growth of G. lucidum. On Day 1, limited 

growth rates were seen in co-culturing samples, indicating 

higher effects of the microbial volatile organic compounds 

(mVOCs) on the fungi. Moreover, less growth rates were 

observed in co-cultured samples on Day 4 due to the 

insignificant effects of mVOCs. These results verified effects 

of mVOCs on the fungal growth. 

Furthermore, assessment of the extracted GA from G. 

lucidum in co-cultures with B. subtilis in various volumes 

showed that the GA content in two-fold volumes was 2.31 

times greater than that of the control. 

3-2- Optimization of Ganoderma lucidum growth and 

ganoderic acid production in bioreactor 

Out of the affecting factors on GA production, inoculum 

size (A), temperature (B), L: D (C) and aeration rate (D) were 

chosen as the major factors for the optimization using 

Taguchi method. These factors were optimized at three levels 

with the L9 array of Taguchi (Table 4). Dry weight of the 

biomass and produced GA were assessed as responses. 

Results were analyzed using Design Expert 11 software. The 

highest quantity of GA was produced in the L5 array with 

10% inoculum size, temperature of 25 °C, L: D of 4:8 and 

aeration rate of 10 VVM. Therefore, 0.813 mg GA per 100 

mg of biomass and 2.8 g biomass per litter were produced. 

3-2-1- Optimization of Ganoderma lucidum growth in 

bioreactor 

Results of optimization of G. lucidum growth indicated 

that temperature, L: D, aeration rate and multiplication of the 

initial inoculum size by temperature (AB) included 

significant effects on dry biomass weight (p<0.05) (Fig. 2). 

Moreover, R2 of 99% suggested appro-priate overlapping of 

the experimental data and predicted numbers of the presented 

model for dry biomass weight. 
 

Dry weight biomass = 22.066 - 4.153A - 0.599B - 0.733213C 

+ 1.60D + 0.144AB + 0.065AC 
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3-2-2- Optimization of GA production in bioreactor 

Results showed that initial inoculum size, temperature, 

aeration rate, multiplication of inoculum size by temperature 

(AB) and multiplication of the initial inoculum by the length-

to-radius ratio (AC) significantly affected the GA production 

(p<0.05) (Fig. 3). Moreover, R2 of 99% indicated appropriate 

overlapping of the experimental data and predicted numbers 

based on the presented numbers for the produced GA. 

Total GA = -2.603 + 0.369A + 0.123B - 0.146C - 0.071D 

- 0.015AB + 0.027AC 

3-3- Assessment of co-culture of Ganoderma lucidum and 

Bacillus subtilis in bioreactor 

After achieving the optimized point in GA production, 

co-culture of G. lucidum and B. subtilis was carried out in 

bioreactor (Fig. 4). The total produced GA included 0.536 

mg in 100 mg of dry biomass weight, which was lesser than 

the optimized state. Differences might be due to the aeration 

rate differences in the bioreactor and flasks. As previously 

stated, oxygenation rate was one of the affecting parameters 

in GA production; thus, continuous aeration in the bioreactor 

might explain these differences. 

 

 

 

3-4- Gas holdup 

3-4-1- Investigating effects of aeration intensity on gas 

holdup 

Gas holdup was investigated in various aerations and 

volumes. Figure 5-A shows gas holdup increased for all L:Ds 

with an increasing aeration rate. This was due to the increases 

in the gas volume of the bioreactor, production of smaller 

bubbles and increases in retention time of the smaller bubbles 

through rapid circulation of the liquid in high aeration 

Results showed that when the quantity of aeration increased 

from 0.5 to 2 vvm, gas holdup increased nearly 3-4 times. 

3-4-2- Investigating effects of fermentation time on gas 

holdup 

Changes of gas holdup in the bioreactor occurred based 

on the intensity of aeration in distilled water (DW) and 

culture media at Days 0 and 5 of fermentation with various 

L: D. A5t all L: Ds and apparent gas velocities, the gas 

holdup was greater in DW than fermentation media (Figure 

5-B). Increases in gas holdup could be seen at zero 

fermentation time due to dissolved solid particles in the 

fermentation media, which caused gas holdup. Gas holdup 

completely decreased in the fermentation media on Day 5. 

 

 

Table 1. Effects of co-cultivation with B. subtilis and A. niger on the growth of Ganoderma lucidum 

Co-culture of  

Ganoderma lucidum  

Co-culture on day 0 (mm) Co-culture on day 2 (mm) Co-culture on day 4 (mm) 

Day 2 Day 4 Day 6 Starting line Day 4 Day 6 Starting line Day 6 

Aspergillus niger 5.5±0.5 24.0±0.7 34.0±2.0 5.0±0.4 19.0±1.6 35.0±2.8 22.5±2.3 40.0±3.8 

Bacillus subtilis 10.5±0.8 28.0±1.2 38.5±1.5 7.0±0.7 19.5±2.0 40.0±3.7 24.0±1.5 42.5±2.6 

Control  12.0±1.0 38.0±1.5 44.5±3.0 4.5±0.5 26.5±2.4 50.0±5.5 28.0±3.4 50.0±3.0 

 

Table 2. Ganoderma lucidum growth in solid co-culture system with two-fold volumes. 

Co-culture of G. 

lucidum 

Co-culture on day 0 (mm) Co-culture on day 2 (mm) Co-culture on day 4 (mm) 

Day 2 Day 4 Day 6 Starting line Day 4 Day 6 Starting line Day 6 

A. niger 7.0±1.0 9.0±0.8 10.0±1.5 10.0±0.5 12.0±3.0 13.0±1.2 30.0±4.0 36.0±2.2 

B. subtilis 7.0±0.5 13.0±1.5 18.0±3.0 9.0±1.6 17.0±2.7 29.0±4.5 32.0±1.4 41.0±3.4 

Control 8.0±1.5 22.0±2.5 46.0±4.0 10.0±1.0 25.0±3.5 50.0±6.4 29.0±3.6 50.0±5.0 

A. niger= Aspergillus niger, B. subtilis= Bacillus subtilis, G. lucidum= Ganoderma lucidum 

 

Table 3. The effect of co-cultivation time and volatile substance producing agent on GA production (mg in 100 mg biomass). 

Co-culture of G. lucidum Day 6 Day 8 Day 10 

Aspergillus niger 0.24±0.01 0.44±0.03 0.32±0.02 

Bacillus subtilis  0.41±0.05 0.72±0.07 0.29±0.01 

Control 0.48±0.03 0.38±0.01 0.43±0.03 
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Figure 2. The effect of co-cultivation time and volatile substance producing agent on GA production (mg in 100 mg biomass) 

 

Table 4. The results of design of experiment with Taguchi method. 

Run 

Variables Results 

A (%) 
B 

(°C) 
C D (VVM) 

Biomass (g. l-1) GA (mg per 100 mg biomass) 

Predicted Actual Predicted Actual 

1 5.00 30 1:6 1.0 6.03 5.94 0.525 0.5225 

2 5.00 25 3:2 1.5 5.56 5.47 0.245 0.2429 

3 1.00 25 1:6 0.5 6.23 6.27 0.237 0.2374 

4 1.00 28 3:2 1.0 4.56 4.64 0.332 0.3352 

5 10.00 25 4:8 1.0 2.84 2.88 0.813 0.8139 

6 1.00 30 4:8 1.5 3.42 3.46 0.325 0.3252 

7 5.00 28 4:8 0.5 3.68 3.59 0.437 0.4347 

8 10.00 30 3:2 0.5 6.39 6.43 0.485 0.4861 

9 10.00 28 1:6 1.5 6.43 6.47 0.277 0.2780 

A: inoculum (%), B: temperature (◦C), C: L:D, and D: aeration rate (vvm). 

 

Over time of fermentation and mushroom growth, 

viscosity of the media increased and caused formation of 

larger bubbles, which decreased gas holdup. The process of 

changes in a gas holdup of L: D = 4:8 can be seen in Figure 

5-B. Moreover, dependence of gas holdup on aeration speed 

at L: D = 4:8 is shown in Table 5. 

The β values in all three water systems, fermentation 

media on Day 0 and fermentation media on Day 5 were in 

the range of homogeneous flow. Results showed significant 

differences between the gas holdup of various aeration rates 

(p<0.05). 

Numerous studies have been carried out on mVOCs of 

the microorganism growth. Studies have shown that bacteria 

affect the cell cycle of fungi by affecting growth of mycelia 

and inducing formation of fruiting bodies. This effect is 

highly species dependent [22]. Volatile compounds produced 

by fungal and bacterial strains are mostly alcohols, 

aldehydes, esters, ketones, aromatic compounds, acids, 

furans, phenols and nitrogen compounds. These compounds, 

which are produced only in simultaneous cultures, can 

include various biotechnological uses in pharmaceutical, 

food and cosmetic industries [32]. In this study, it was 

observed that releases of volatile organic compounds of A. 

niger and B. subtilis included inhibitory effects on G. 

lucidum growth. Effects of mVOCs on growth decrease and 

changes in the hypha were seen in other studies [9, 18]. 

Morphologic studies have demonstrated potential inhibitions 

in fungal growth by the microbial volatile organic 

compounds with generation of hyphae, changes in membrane 

permeability, changes in composition and structure of the 

cell wall and damages to the DNA can inhibit the fungi 

growth [11,15,16]. Studies have shown that oxygen 

limitation in G. lucidum media culture leads to growth 

decreases and enhancements in GA production in this fungus 

[26,33]. Effects of high carbon dioxide concentration on 

inhibiting Pleurotus growth was investigated by Zadražil et 

al. The best concentration of carbon dioxide for the 

mycelium growth of the fungal species was reported as 16-

22%. Furthermore, 36% concentration of carbon dioxide 

inhibited the growth of fungal species [34]. 
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Figure 3. 2D (A) and 3D plots of inoculum size (%) and temperature interactions versus biomass dry weight, and 2D (C) and 

3D (D) plots of inoculum size (%) and L:D interactions versus biomass dry weight. 

 
Figure 4. 2D (A) and 3D plots of inoculum size (%) and temperature interactions versus GA production, and 2D (C) and 3D 

(D) plots of inoculum size (%) and L:D interactions versus GA production. 
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Figure 5. (A) Culture of G. lucidum in bubble column bioreactor, (B) co-culture of G. lucidum and B. subtilis in bubble column 

bioreactor. 

 

 
 

Figure 6. (A) Gas holdup changes in the distilled water-air system at different L:Ds in terms of vvm, (B) Gas holdup changes 

in the distilled water-air system and culture medium-air system at zero time and fermentation medium-air after 5 days at 

L:D=4:8 in terms of vvm 
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Numerous parameters play roles in increasing the GA 

content. In one study, it was reported that time was the 

primary factor in increasing GA content and the highest yield 

was achieved when the ultrasonic-assisted extraction was 

carried out at 64.2–70 ◦C for 1.2 h [35]. Addition of various 

substrates during the fermentation process was another 

method of enhancing the GA yield [36]. Yan et al. studied 

roles of two various sterilized oleic acids on GA production. 

Addition of high-temperature oleic acid (121 ◦C, 30 min) to 

the media after 32 h resulted in 1.44, 3.55 and 0.38-fold 

increases of GA R, S and T productions, respectively. 

Addition of filter-sterilized oleic acid on Day 5 enhanced the 

GA R, S and T productions up to 3.11, 5.19 and 1.44 times 

higher than those in the control group, respectively [37]. In 

another study, addition of graphene-based nanomaterials 

[graphene oxide (GO)] decreased graphene oxide [(rGO) and 

(rGO/Fe3O4)] as elicitors were investigated on Day 5 of 

fermentation. While GO and rGO included inhibitory effects 

on the GA production rate, elicitors improved the GA 

content, compared to the control group. Supplementation 

with 50 mg rGO resulted in the maximum GA content [38]. 

As observed in this study, co-culture with A. niger 

included further effects on the growth decreases of G. 

lucidum, compared to co-culture with B. subtilis. It could be 

concluded that the higher biomass production and faster 

growth of A. niger, comparing to G. lucidum) resulted in 

further oxygen consumption by this fungus and hence 

production of a higher concentration of carbon dioxide, 

which decreased G. lucidum growth. In addition, lower G. 

lucidum growth and higher GA production in the two-fold 

volume might be due to the further oxygen consumption and 

generation of high carbon dioxide concentrations by B. 

subtilis and A. niger; similar to the previous studies. Studies 

have shown that oxygen limitation or carbon dioxide 

accumulation might lessen the toxic effects of mVOCs [34, 

39]. It could be assumed that decreases in GA growth in the 

three-fold volume might be due to the carbon dioxide 

accumulation, oxygen decrease and decrease in the microbial 

volatile organic compounds. Lin et al. investigated effects of 

oxygen content on biomass and GA production. They 

observed that 3-hydroxy-3-methyl-glutaryl-CoA reductase, 

squalene synthase and lanosterol synthase in the GA 

production pathway were affected by the oxygen pressure. 

At a high oxygen pressure, produced H2O2 affected the 

ganoderic production [40,41]. During the liquid culture of G. 

lucidum in bioreactor, oxygen supplement and shear stress 

significantly affected the cell growth, morphology and GA 

production [40,41]. For biomass and extracellular polysac-

charide production, optimized temperature and aeration rate 

included 27 ◦C and 1 vvm, respectively. 

4. Conclusion 

In this study, effects of two parameters of co-culture time 

and volumes were investigated on the co-culture of G. 

lucidum with B. subtilis and A. niger using one factor-at-a-

time approach. It was indicated that the co-culture of B. 

subtilis on Day 8 led to 1.5 times higher growth, compared 

to the control sample. Moreover, co-culture of B. subtilis 

with G. lucidum in 2-fold volume resulted in 2.3-fold 

increases in GA production. Assessment of G. lucidum 

growth in solid culture on higher times and volumes of co-

culturing exhibited further inhibitions, which were the signs 

of microbial volatile compound effects on G. lucidum growth 

rate. Major parameters in microbial co-culture include 

microbial volatile organic compounds, oxygen, CO2, culture 

media composition and the microbial strains. Changes in 

each of these parameters affect the microorganism growth 

rate. To optimize the fungal growth in bioreactor, the initial 

inoculum size, temperature, length-to-diameter ratio, and ae-

ration rate were chosen for Taguchi analysis. Optimized 

condition for GA production included 10% initial inoculum 

size, temperature of 25.6 ◦C, L: D of 4:8, and aeration rate of 

0.64 vvm. Gas holdup for air-water and fermentation media-

air systems was investigated in various aeration intensities. 

Gas holdup increased with increasing aeration rate for all 

L:Ds. Furthermore, gas holdup in DW was higher than that 

in fermentation environments due to solid particles in the 

fermentation media. 

5. Acknowledgements 

The authors thank all the staff, who helped them in the 

Biotechnology Laboratory of the Faculty of New Sciences 

and Technologies, University of Tehran. 

7. Conflict of Interest  

The authors declare no conflict of interest. 

8. Conflict of Interest  

The authors report no conflicts of interest. 

References 

1. Patel S, Goyal A. Recent developments in mushrooms as anti-

cancer therapeutics: A review. 3 Biotech. 2012; 2: 1-15.  

http://doi.org/10.1007/s13205-011-0036-2 

2. Yim HS, Chye FY, Rao V, Low JY, Matanjun P, How SE, Ho 

CW. Optimization of extraction time and temperature on anti-

oxidant activity of Schizophyllum commune aqueous extract 

using response surface methodology. J Food Sci Technol. 2013; 

50: 275-283. 

http://doi.org/10.1007/s13197-011-0349-5 

3. Aly AH, Debbab A, Proksch P.Fifty years of drug discovery 

from fungi. Fungal Divers. 2011; 50: 3-19. 

http://doi.org/10.1007/s13225-011-0116-y 

4. Kohda H, Tokumoto W, Sakamoto K, Fujii M, Hirai Y, 

Yamasaki K, Komoda Y, Nakamura H, Ishihara S, Uchida M. 

The biologically active constituents of Ganoderma lucidum 

(Fr.) Karst. Histamine release-inhibitory triterpenes. Chem 

Pharm Bull. 1985; 33: 1367-1374.  

http://doi/org/10.1248/cpb.33.1367 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://doi.org/10.1007/s13205-011-0036-2
http://doi.org/10.1007/s13197-011-0349-5
http://doi.org/10.1007/s13225-011-0116-y
http://doi/org/10.1248/cpb.33.1367


Soheil Kianirad, et al _______________________________________________________________________ Appl Food Biotechnol, Vol. 11, No. 1 (2024) 

 

This open-access article distributed under the terms of the Creative Commons Attribution NonCommercial 4.0 License (CC BY-NC 4.0). 

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 10 

5. Li YY, Mi ZY, Tang Y, Wang G, Li DS, Tang YJ. Lanostanoids 

isolated from Ganoderma lucidum mycelium cultured by 

submerged fermentation. Helvetica Chimica Acta. 2009; 92: 

1586-1593. 

http://doi.org/10.1002/hlca.200900028 

6. Sheikha AFEl. Nutritional profile and health benefits of 

Ganoderma lucidum “Lingzhi, Reishi, or Mannentake” as 

functional foods: Current scenario and future perspectives. 

Foods. 2022; 11: 1030.  

http://doi.org/10.3390/foods11071030 

7. Pillai TG, Nair CK. Janardhanan, enhancement of repair of 

radiation induced DNA strand breaks in human cells by Gano-

derma mushroom polysaccharides. Food Chem. 2010; 119: 

1040-1043. 

http://doi.org/10.1016/j.foodchem.2009.08.013 

8. Heydarian M, Hatamian ZA, Amoabediny G, Yazdian F, 

Doryab A. Synergistic effect of elicitors in enhancement of 

ganoderic acid production: Optimization and gene expression 

studies. Appl Food Biotechnol. 2015; 5(2): 57-62  

http://doi.org/10.22037/afb.v2i3.8715 

9. Paterson RRM. Ganoderma a therapeutic fungal biofactory. 

Phytochem. 2006; 67: 1985-2001.  

http://doi.org/10.1016/j.phytochem.2006.07.004 

10. Wu GS, Guo JJ, Bao JL, Li XW, Chen XP, Lu JJ, Wang YT. 

Anti-cancer properties of triterpenoids isolated from Ganoder-

ma lucidum a review. Expert Opin Inves Drugs. 2013; 22: 981-

992. 

http://doi.org/10.1517/13543784.2013.805202 

11. Huang SM, Yang XL, Zhu HS. editors. Antitumor Effects of 

triterpene acids extracted from Ganoderma lucidum. 2011 

International Conference on Remote Sensing, Environ 

Transport Eng. 2011: IEEE. 

http://doi.org/10.1109/RSETE.2011.5966079 

12. Xia Q, Zhang H, Sun X, Zhao H, Wu L, Zhu D, Yang G, Shao 

Y, Zhang X, Mao X. A comprehensive review of the structure 

elucidation and biological activity of triterpenoids from 

Ganoderma spp. Molecules. 2014; 19: 17478-17535.  

http://doi.org/10.3390/molecules191117478 

13. Komoda Y, Shimizu M, Sonoda Y, Sato Y. Ganoderic acid and 

its derivatives as cholesterol synthesis inhibitors. Chem Pharm 

Bull. 1989; 37: 531-533. 

http://doi.org/10.1248/cpb.37.531 

14. Wu GS, Lu JJ, Guo JJ, Li YB, Tan W, Dang YY, Zhong ZF, Xu 

ZT, Chen XP, Wang YT. Ganoderic acid DM, a natural 

triterpenoid, induces DNA damage, G1 cell cycle arrest and 

apoptosis in human breast cancer cells. Fitoterapia 2012; 83: 

408-414.  

http://doi.org/10.1016/j.fitote.2011.12.004 

15. Johnson BM, Doonan BP, Radwan FF, Haque A. Ganoderic 

acid DM: An alternative agent for the treatment of advanced 

prostate cancer. Open Prostate Cancer J. 2010; 3: 78.  

http://doi.org/10.2174/1876822901003010078 

16. Li Y-Q, Wang S-F. Anti-hepatitis B activities of ganoderic acid 

from Ganoderma lucidum. Biotechnol Let. 2006; 28: 837-841.  

http://doi.org/10.1007/s10529-006-9007-9 

17. Min B-S, Nakamura N, Miyashiro H, Bae K-W, Hattori M. 

Triterpenes from the spores of Ganoderma lucidum and their 

inhibitory activity against HIV-1 protease. Chem Pharm Bull. 

1998; 46: 1607-1612. 

http://doi.org/10.1248/cpb.46.1607 

18. Shi L, Ren A, Mu D, Zhao M. Current progress in the study on 

biosynthesis and regulation of ganoderic acids. Appl Microbiol 

Biotechnol. 2010; 88: 1243-1251. 

http://doi.org/10.1007/s00253-010-2871-1 

19. Esmaelifar M, Hatamian-Zarmi A, Alvandi H, Azizi M, 

Mokhtari-Hosseini ZB, Ebrahimi-Hoseinzadeh B. Optimiza-

tion of antioxidant activities and intracellular polysaccharide 

contents using agaricus bisporus extract as elicitor in submer-

ged fermenting Ganoderma Lucidum. Appl Food Biotechnol. 

2021; 8: 297-306. 

http://doi.org/10.22037/afb.v8i4.35155 

20. Tang Y-J, Zhang W, Liu R-S, Zhu L-W, Zhong J-J.Scale-up 

study on the fed-batch fermentation of Ganoderma lucidum for 

the hyperproduction of ganoderic acid and Ganoderma polysac-

charides. Process Biochem. 2011; 46: 404-408.  

http://doi.org/10.1016/j.procbio.2010.08.013 

21. Heydarian M, Hatamian-Zarmi A, Amoabediny G, Ebrahimi-

Hosseinzadeh B, Alvandi H, Doryab A, Salehi A. Growth 

kinetics and ganoderic acid production from Ganoderma 

lucidum GIRAN17: A real-time monitoring platform. Iran J 

Medical Microbiol. 2021; 15: 67-84.  

http://doi.org/10.30699/ijmm.15.1.67  

22. Zhen XT, Chen Y, Yu YL, Shi MZ, Yan TC, Yue ZX, Gu YX, 

Zheng H, Cao J. In situ effervescence reaction assisted mecha-

nochemical extraction of ganoderic acids from Ganoderma 

lucidum. Ind Crop Prod. 2021; 168: 113577.  

http://doi.org/10.1016/j.indcrop.2021.113577 

23. Sun B, You H, Xu JW. Enhancement of ganoderic acid produc-

tion by promoting sporulation in a liquid static culture of 

Ganoderma species. J Biotechnol. 2021; 328:72-77.  

http://doi.org/10.1016/j.jbiotec.2021.01.014 

24. Tao Y, Han X, Ren A, Li J, Song H, Xie B, Zhao M. Heat stress 

promotes the conversion of putrescine to spermidine and plays 

an important role in regulating ganoderic acid biosynthesis in 

Ganoderma lucidum. Appl Microbiol Biotechnol. 2021; 105: 

5039-5051.  

http://doi.org/10.1007/s00253-021-11373-0 

25. Schulz-Bohm K, Zweers H, De Boer W, Garbeva P. A fragrant 

neighborhood: Volatile mediated bacterial interactions in soil. 

Front Microbiol. 2015; 6: 1212. 

http://doi.org/10.3389/fmicb.2015.01212 

26. Kalantari-Dehaghi S, Hatamian-Zarmi A, Ebrahimi-Hossein-

zadeh B, Mokhtari-Hosseini ZB, Nojoki F, Hamedi J, Hossein-

khani S. Effects of microbial volatile organic compounds on 

Ganoderma lucidum growth and ganoderic acids production in 

Co-v-cultures (volatile co-cultures). Prep Biochem Biotechnol. 

2019; 49: 286-297.  

http://doi.org/10.1080/10826068.2018.1541809 

27. Asadi F, Barshan-Tashnizi M, Hatamian-Zarmi A, Davoodi-

Dehaghani F, Ebrahimi-Hosseinzadeh B. Enhancement of 

exopolysaccharide production from Ganoderma lucidum using 

a novel submerged volatile co-culture system. Fungal Biol. 

2021; 125: 25-31. 

http://doi.org/10.1016/j.funbio.2020.09.010 

28. Hatamian-Zarmi A, Tasharofi Z, Alvandi H , BarshanTashnizi 

M, Ebrahimi-Hosseinzadeh B, Hosseini ZBM. A kinetic model-

ing of growth and mycelial exopolysaccharide production by 

lentinus edodes (Shiitake Edible Mushroom). Appl Food 

Biotechnol. 9: 67-78.  

http://doi.org/10.22037/afb.v9i1.36579 

29. Fang QH, Zhong JJ. Submerged fermentation of higher fungus 

Ganoderma lucidum for production of valuable bioactive meta-

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://doi.org/10.1002/hlca.200900028
http://doi.org/10.3390/foods11071030
http://doi.org/10.1016/j.foodchem.2009.08.013
http://doi.org/10.22037/afb.v2i3.8715
http://doi.org/10.1016/j.phytochem.2006.07.004
http://doi.org/10.1517/13543784.2013.805202
http://doi.org/10.1109/RSETE.2011.5966079
http://doi.org/10.3390/molecules191117478
http://doi.org/10.1248/cpb.37.531
http://doi.org/10.1016/j.fitote.2011.12.004
http://doi.org/10.2174/1876822901003010078
http://doi.org/10.1007/s10529-006-9007-9
http://doi.org/10.1248/cpb.46.1607
http://doi.org/10.1007/s00253-010-2871-1
http://doi.org/10.22037/afb.v8i4.35155
http://doi.org/10.1016/j.procbio.2010.08.013
http://doi.org/10.30699/ijmm.15.1.67
http://doi.org/10.1016/j.indcrop.2021.113577
http://doi.org/10.1016/j.jbiotec.2021.01.014
http://doi.org/10.1007/s00253-021-11373-0
http://doi.org/10.3389/fmicb.2015.01212
http://doi.org/10.1080/10826068.2018.1541809
http://doi.org/10.1016/j.funbio.2020.09.010
http://doi.org/10.22037/afb.v9i1.36579


Microbial Co-cultivation with Ganoderma luci____________________________________________________Appl Food Biotechnol, Vol. 11, No. 1 (2024)  
 

This open-access article distributed under the terms of the Creative Commons Attribution NonCommercial 4.0 License (CC BY-NC 4.0). 

To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 11 

bolites-ganoderic acid and polysaccharide. Bioch Eng J. 2002; 

10: 61-65. 

http://doi.org/10.1016/S1369-703X(01)00158-9 

30. Chisti Y, Moo-Young M. Gas holdup behaviour in fermentation 

broths and other non-Newtonian fluids in pneumatically 

agitated reactors. Chem Eng J. 1988; 39: B31-B36.  

http://doi.org/10.1016/0300-9467(88)80028-5 

31. Kawase Y, Umeno S, Kumagai T.The prediction of gas hold-up 

in bubble column reactors: Newtonian and non-newtonian 

fluids. Chem Engin J. 1992; 50: 1-7.  

http://doi.org/10.1016/0300-9467(92)80001-Q 

32. Ribeiro LS, de Souza ML, Lira JMS, Schwan RF. Batista LR, 

Silva CF.Volatile compounds for biotechnological applications 

produced during competitive interactions between yeasts and 

fungi. J Basic Microbiol. 2023; 63: 658-667. 

http://doi.org/10.1002/jobm.202200409 

33. Giorgio A, De Stradis A, Lo Cantore P, Iacobellis NS. Biocide 

effects of volatile organic compounds produced by potential 

biocontrol rhizobacteria on sclerotinia sclerotiorum. Front 

Microbiol. 2015; 6: 1056. 

http://doi.org/10.3389/fmicb.2015.01056/ 

34. Zadrazil F. Influence of CO2 concentration on the mycelium 

growth of three pleurotus species. Euro J Appl Microbiol. 1975; 

1: 327-335. 

http://doi.org/10.1007/BF01382692 

35. Cho JY, Sadiq NB, Kim JC, Lee B, Hamayun M, Lee TS, Kim 

HS, Park SH, Nho CW, Kim HY. Optimization of antioxidant, 

antidiabetic and anti-inflammatory activities and ganoderic acid 

content of differentially dried Ganoderma lucidum using 

response surface methodology. Food Chem. 2021; 335: 127645.  

http://doi.org/10.1016/j.foodchem.2020.127645 

36. Nojoki F, Hatamian-Zarmi A, Mir-Drikvand M, Ebrahimi-

Hosseinzadeh B, Mokhtari-Hosseini ZB, Kalantari-Dehaghi S, 

Esmaeilifar M. Impact of rifampin induction on the ferment-

ation production of ganoderic acids by medicinal mushroom 

Ganoderma lucidum. Appl Food Biotechnol. 2016; 3: 91-98. 

http://doi.org/10.22037/afb.v3i2.10797 

37. Yan MQ, Su XW, Liu YF, Tang CH, Tang QJ, Zhou S, Tan Y, 

Liu LP, Zhang JS, Feng J. Effects of oleic acid addition methods 

on the metabolic flux distribution of ganoderic acids R, S and 

T’s biosynthesis. J Fungi. 2022; 8: 615.  

http://doi.org/10.3390/jof8060615 

38. Darzian Rostami A, Yazdian F, Mirjani R, Soleimani M. 

Effects of different graphene‐ ased nanomaterials as elicitors 

on growth and ganoderic acid production by Ganoderma 

lucidum. Biotechnol Progress. 2020; 36: e3027. 

http://doi.org/10.1002/btpr.3027 

39. Li P, Deng YP, Wei XX, Xu JH. Triterpenoids from Ganoder-

ma lucidum and their cytotoxic activities. Nat Prod. Res.. 2013; 

27: 17-22. 

http://doi.org/10.1080/14786419.2011.652961 

40. Liu GQ, Wang XL, Han WJ, Lin QL. Improving the ferment-

ation production of the individual key triterpene ganoderic acid 

me by the medicinal fungus Ganoderma lucidum in submerged 

culture. Molecule. 2012; 17: 12575-12586.  

http://doi.org/10.3390/molecules171112575 

41. Ren A, Qin L, Shi L, Dong X, Li YX, Zhao MW. Methyl 

jasmonate induces ganoderic acid biosynthesis in the basidio-

mycetous fungus Ganoderma lucidum. Bioresour Technol. 

2010; 101: 6785-6790. 

http://doi.org/10.1016/j.biortech.2010.03.118 

 

 

 

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://doi.org/10.1016/S1369-703X(01)00158-9
http://doi.org/10.1016/0300-9467(88)80028-5
http://doi.org/10.1016/0300-9467(92)80001-Q
http://doi.org/10.1002/jobm.202200409
http://doi.org/10.3389/fmicb.2015.01056/
http://doi.org/10.1007/BF01382692
http://doi.org/10.1016/j.foodchem.2020.127645
http://doi.org/10.22037/afb.v3i2.10797
http://doi.org/10.3390/jof8060615
http://doi.org/10.1002/btpr.3027
http://doi.org/10.2174/1876822901003010078
http://doi.org/10.2174/1876822901003010078
http://doi.org/10.3390/molecules171112575
http://doi.org/10.1016/j.biortech.2010.03.118


This open-access article distributed under the terms of the Creative Commons Attribution NonCommercial 4.0 License (CC BY-NC 

4.0). To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/. 

 

 

 

  Research Article 

APPLIED FOOD BIOTECHNOLOGY, 2024, 11 (1):E7 
Journal homepage: www.journals.sbmu.ac.ir/afb  

pISSN: 2345-5357 

eISSN: 2423-4214 

 

 و یلیسسوبت یلوسباس اب یدومگانودرما لوس یی توامکشت هوا یقاز طر یداس یکگانودر یدتول

 یستون حباب یوراکتوربا استفاده از ب یجرنا یلوسآسپرژ
 

 1زاده، بهمن ابراهیمی حسین*2، زهرابیگم مختاری حسینی*1، اشرف السادات حاتمیان زرمی1، دانا شکیبا1رادسهیل کیانی

 یراندانشگاه تهران، تهران، ا ین،نو هاییدانشکده علوم و فناور یستی،علوم ز یگروه مهندس -1

 وار، ایرانواری، سبزهسبزه یمحکدانشگاه  یمی،دانشکده نفت و پتروش یمی،ش یگروه مهندس -۲
 

 ریخچه مقالهتا

 ۲0۲3اکتبر  ۲2دریافت 

 ۲0۲3دسامبر  5داوری 

 ۲0۲3دسامبر   ۲5پذیرش

  چکیده

 یاییآس یدر طب سنت یدمف یهااز قارچ یکیخود  ییدارو خواصبا  یدومگانودرما لوسقارچ  سابقه و هدف:

با ارزش  هیثانو یتمتابول یکآن را به عنوان  ، کاربرد یداس یکگانودر یدتول در هاقارچ ینا کماست. راندمان 

 امتو یهار کشتد یوبیکرفرار م یآل یباتمانند ترک ییهاو محرک یطیمح یهامحدود کرده است. تنش

د بر رش توامزمان و حجم کشت  یرهایاثرات متغ یبررس یدهند. برامی یشرا افزا یداس یکگانودر یدتول

با  توام رتبه صو یجرنا یلوسآسپرژو  یلیسسوبت یلوسباس ، یداسیک گانودر یدو تول یدومگانودرما لوس

 شدند. هواییکشت  یدومگانودرما لوس

 ی،ابستون حب یوراکتوربا استفاده از ب یداس یکگانودر یدرشد قارچ و تول یبررس یبرا ا:مواد و روش ه

 یبا استفاده از روش تاگوچ ی( و هوادهL:Dنسبت طول به قطر ) یه،اول یحمستقل دما، تلق یرهایمتغ اثر

 یطدر شرا ایجرن یلوسآسپرژو  یلیسسوبت یلوسباسبا  یدومگانودرما لوسکشت توام قارچ سپس شد.  یبررس

 .شد یبررس ینهبه

 یبرابر 9/۲یش زمان و حجم همزمان کشت منجر به افزا یرهایمتغ یسازینهبه گیری:و نتیجهها یافته

شان داد ن یوراکتورتوده در بیستز یدتول یسازینهبهبا نمونه شاهد شد.  یسهدر مقا یکگانودر یداس یدتول

 یردو متغ نای. یافت یشافزا یبه طور قابل توجهتوده یستز یدتول یه،اول یحتلق یدرصد و دما یشکه با افزا

ی دما یه،اول یحدرصد تلق 10با  ینهبهشرایط و داشته  رثا یکگانودر یداس یدبر تول یداریبه طور معن

C°6/۲5 ،L:D  8:4 68/0 یو سرعت هواده vvm محیط کشت هایسامانه یاحتباس گاز برا یبود. بررس 

. گذاردیم یربر احتباس گاز تأث یمعلق و سرعت هواده جامدآب و هوا نشان داد که وجود مواد -هوا یرتخم

توسط  یدسا یکگانودر یدتوانند تول_یها میکروارگانیسمدر کشت مشترک م یکروبیفرار م یآل یباتترک

 دهند. یشرا افزا یدومگانودرما لوس

  .ندارند مقاله این انتشار با مرتبط منافعی تعارض نوع هیچ که کنندمی اعلام نویسندگان تعارض منافع:

 واژگان کلیدی

 یدومگانودرما لوس ▪
 یداس یکگانودر ▪

 یی توامکشت هوا ▪

  یستون حباب یوراکتورب ▪

 یروش تاگوچ ▪
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