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Abstract 
This study examined ceramic beads as a reusable material for cultivation of 
edible mushrooms. There are 20 species of popular edible mushrooms in Ja-
pan all of which were tested. Within the cultivation vessels, 70% were ceramic 
beads (diameter 1 cm) and 30% of the nutrient solution. Moreover, the con-
trol groups used several types of sawdust, wheat bran, and rice bran with the 
ratio of 8:1:1 as the substrate. Two sets of substrates were evaluated with the 
fruit bodies yield. The result indicated that there were 11 species that re-
sponded well with the ceramic bead substrate when compared to the tradi-
tional sawdust substrate with Agrocybe cylindrica and Pleurotus ostreatus 
performed the best adding 70 g more of the fruit bodies. Conversely, nine spe-
cies responded poorly with the ceramic beads substrate with Auricularia poly-
tricha performed the worst losing 120 g. Ceramic beads as a reusable material 
for substrates not only provide a clean and controllable environment for my-
celium to colonize but also deliver more aeration and water availability inside 
the cultivation vessels. The application of the ceramic bead cultivation can be 
viewed as an alternative solution for producing Ophiocordyceps sinensis on 
the industrial level. 
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1. Introduction 

In recent years, mushrooms have been drawing much public attention as a 
source of development for medications and nutraceuticals because of their anti-
oxidants, antitumors, and antimicrobial properties [1]. Aside from their phar-
macological features, mushrooms are becoming more essential to the human diet 
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due to their nutritional value, high levels of protein and low levels of fat, which 
could be considered to be a promising food for patients suffering from high 
cholesterol and obesity [2]. Mushrooms can be cultivated with low cost and low 
usage of land compared to other agricultural products; consequently, many far-
mers and manufacturers are turning towards the cultivation of mushrooms. This 
industry is likely to experience tremendous growth over the next few years ow-
ing to the rise in the consumption of food and medical industry. The global 
mushroom market was valued at over USD 35.08 billion in 2015 and it is ex-
pected to reach above USD 59.48 billion in 2021 [3]. 

Log culture was developed over 1000 years ago in China and Japan and is still 
popularly used by smaller farmers in local markets. The advantage of log culture 
is relatively simple to operate and not technically demanding. However, the 
process is labor-intensive, seasonal, and is restricted by hard-to-meet demands 
for high productivity [4]. In comparison, sterilized artificial substrate cultivation 
methods that recycle various agricultural or industrial residues mixed with ni-
trogen-rich additives as substrates would raise the productivity and decrease the 
cost of production and pollution [5] [6].  

In a sizable substantial mushroom production, substrates preparation is the 
most critical and expensive step, and demands years of experience, knowledge, 
and investment in infrastructure [7] [8]. There are many residues that can be 
used as substrates depending on the availability of places and the supplementa-
tions to be used according to the species and nutritional particulars of the resi-
due [6]. Furthermore, the artificial substrate cultivation method relies heavily on 
completely sterile handling techniques in order to eliminate the level of competi-
tive microorganisms in the materials being prepared [9]. The extent of coloniza-
tion of the substrate is determined by mycelium extension rates, biomass yield, 
and enzyme activities, all of which are great influencers for the success of the 
cultivation [10] [11]. 

Many mushrooms are efficient bio-degraders of hardwood. However, log-and 
wood-residues have been overexploited in many areas and the need for diversi-
fication is rising [12]. Potential shortages of hardwood residues and possible 
heavy metal contamination have highlighted the need to identify alternative 
substrates that are more sustainable for prolonged future use. The objective of 
the present cultivation method was to examine whether ceramic beads could 
produce higher fruit bodies yield than the traditional sawdust cultivation as a 
reusable material. 

2. Materials and Methods 
2.1. Fungal Strains 

This study tested 20 species of edible mushrooms, which were obtained from the 
Mushpia Co. Limit., Fukuoka, Japan. All the edible mushrooms and their culti-
vation conditions are shown in Table 1. All of these strains were isolated from 
fruit bodies of commercial sources. Strains were maintained on a potato dextrose 
agar medium (Difco) at 4˚C. 
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Table 1. Twenty species of the edible mushrooms and their cultivation conditions. 

 Mushroom species 
Various sawdust species and  

rice was used as main  
ingredient in control substrate 

Culture vessel  
and weight  
of substrate 

Period for  
spawn run and  

temperature 

Days for  
fructification  

and temperature 

A. Agrocybe cylindricaa Fagus crenata Bottle (500 g) 80 days, 22˚C 20 days, 15˚C 

B. Auricularia fuciformis Fagus crenata Bag (2.5 kg) 80 days, 22˚C 20 days, 15˚C 

C. Auricularia polytricha Fagus crenata Bottle (500 g) 80 days, 22˚C 20 days, 15˚C 

D. Cordyceps militaris Riceb Bottle (100 g) 80 days, 22˚C 20 days, 15˚C 

E. Flammulina velutipesa Cryptomeria japonica Bottle (500 g) 30 days, 15˚C 30 days, 7˚Cd 

F. Ganodermalucidum Fagus crenata Bag (2.5 kg) 40 days, 22˚C 20 days, 15˚C 

G. Glifolafrondosa Fagus crenata Bag (2.5 kg) 40 days, 22˚C 20 days, 15˚C 

H. Hericiumerinaceus Fagus crenata Bottle (500 g) 40 days, 22˚C 20 days, 15˚C 

I. Hypsizygus marmoreusa Fagus crenata Bottle (500 g) 80 days, 22˚C 20 days, 15˚C 

J. Lentinula edodes Fagus crenata Bag (2.5 kg) 40 days, 22˚C 20 days, 15˚C 

K. Ophiocordyceps sinensis Riceb Bottle (100 g) 80 days, 22˚C 20 days, 15˚C 

L. Pholiota adiposa Cryptomeria japonica Bottle (500 g) 80 days, 22˚C 20 days, 15˚C 

M. Pholiota microspora Fagus crenata Bottle (700 g)c 80 days, 22˚C 20 days, 15˚C 

N. Pleurotus cornucopiae Cryptomeria japonica Bag (2.5 kg) 30 days, 22˚C 20 days, 15˚C 

O. Pleurotus diamor Cryptomeria japonica Bottle (500 g) 30 days, 22˚C 20 days, 15˚C 

P. Pleurotus eryngiia Cryptomeria japonica Bottle (500 g) 30 days, 22˚C 20 days, 15˚C 

Q. Pleurotus ostreatusa Cryptomeria japonica Bottle (500g) 30 days, 22˚C 10 days, 15˚C 

R. Pleurotuscystidiosus subsp. abalonusa Cryptomeria japonica Bottle (500g) 30 days, 22˚C 20 days, 15˚C 

S. Pleurotuseringi var. tuolienensisa Cryptomeria japonica Bottle (500g) 30 days, 22˚C 10 days, 15˚C 

T. Sparassis crispa Pinusdesifola Bottle (500g) 30 days, 22˚C 10 days, 15˚C 

aA. cylindrical, F. velutipes, H. marmoreus, P. eryngii, P. ostreatus, P. subsp. abalonus, P. var. tuolienensis were adopted the kinkaki treatment just before the 
transferring of cultures into low-temperature rooms, but other mushrooms were induced without the treatment. b400 g of rice added with 100 ml of sink 
milk. cThe culture bottles had 850 ml capacity, and a large-diameter mouth was used for P. microspora cultures. dF. velutipes was allowed to incubate at 5˚C 
for another 10 days preceding the fruit bodies development process to produce uniform fruiting initials. 

2.2. Substrate Preparation  

Substrates and growth conditions for 20 mushroom species are summarized in 
Table 1. The production of the fruit bodies weights were tested on plastic bags 
and bottles.  

As the control group, the plastic bags contained 2.5 kg substrate, whereas the 
plastic bottle (800 ml) contained 500 g substrate. Each substrate contained vari-
ous sawdust, rice bran, and wheat bran with the ratio of 8:1:1, respectively. All 
substrates were added in distilled water in order to adjust the moisture content 
to 30%. 

In comparison, diameter one-centimeter ceramic beads were placed in the 
plastic bottles or bags instead of the substrates, as shown in Figure 1. For the 
plastic bottle, it would contain 350 g of ceramic beads and add in 150 ml nu-
trient solution. Furthermore, for the plastic bags, they would contain 1.8 kg of  
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Figure 1. Ceramic beads and bottles used in this experiment. 
 
ceramic beads with 750 ml nutrient solution. Nutrient solution was composed of 
CMC-Na 50 g, potato powder 20 g, glucose 20 g, yeast extract 2 g, peptone 2 g, 
MgSO4∙7H2O 0.5 g, KH2PO4 0.5 g and 1000 ml distilled water. Pholiota micro-
spora was cultivated in a larger bottle filled with 700 g substrate or 490 g of ce-
ramic beads with 210 ml nutrient solution. All substrates were added in distilled 
water in order to adjust the moisture content to 30%.  

After the substrate preparation was completed, substrates were autoclaved at 
121˚C for 30 minutes. The substrates cooled to 25˚C room temperature and then 
inoculated in sawdust spawn at the surface of the plastic bag and bottle sub-
strates, respectively. Four repetitions were carried out for both control and ce-
ramic bead substrate with the total of 16 replicates per species. 

2.3. Growth Conditions 

All substrates were cultured in the dark during the early phase of fungal growth 
for 14 days after inoculation, and then were exposed to 500-lux intensity of 12 
hours intervals of cool-white fluorescent illumination. Incubation days for my-
celial growth and fruiting treatment were specified for various mushrooms, 
which are presented in Table 1. The substrates in plastic bags and bottles con-
tinued to be incubated longer to continue vegetative mycelial growth.  

The fructification stimulation, kinkaki treatment (removal of both spawn and 
the uppermost layer of the medium) was done with the fully matured cultures of 
Agrocybe cylindrical, Flammulina velutipes, Hypsizygus marmoreus, Pleurotus 
eryngii, P. ostreatus, Pleurotus cystidiosus subsp. abalones and Pleurotuseringi 
var. tuolienensis. Chilling treatment (shift down the temperature) was given to 
all cultures after various incubation days. Total weights of the fruit bodies were 
measured under the low-temperature conditions for various days as shown in 
Table 1. 
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2.4. Statistical Analyses 

Identification of statistical differences within treatments was done by Analysis of 
Variance (ANOVA), followed by Tukey’s post hoc test. All the analyses were 
done with 0.05 significance levels. The analyses were done using Minitab 17 sta-
tistical software (Minitab Inc.) and Microsoft Excel. All graphs are presented 
with standard error bars. 

3. Results 

All the tested species of the edible mushrooms produced fruit bodies on the ce-
ramic bead substrates, shown in Figure 2. We found that 11 species responded 
better with the new substrate compared to the control substrate. Figure 3 illu-
strates the fruit bodies weight of the 20 species performing under the ceramic  
 

 
Figure 2. Fruit bodies of the ceramic beads substrate cultivation. (a) Agrocybe cylindrical; 
(b) Auricularia fuciformis; (c) Auricularia polytricha; (d) Cordyceps militaris; (e) Flam-
mulina velutipes; (f) Ganoderma lucidum; (g) Glifola frondosa; (h) Hericium erinaceus, 
(i) Hypsizygus marmoreus; (j) Lentinula edodes; (k) Ophiocordyceps sinensis; (l) Pholi-
ota adipose; (m) Pholiota microspore; (n) Pleurotus cornucopia; (o) Pleurotus diamor; 
(p) Pleurotus eryngii; (q) Pleurotus ostreatus; (r) Pleurotuscystidiosus subsp. abalones; (s) 
Pleurotuseringi var. tuolienensis; (t) Sparassis crispa. 
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Figure 3. Total fruit bodies weights of all 20 species on ceramic bead substrate comparing 
to control substrate. Abbreviations refer to Table 1. 
 
bead substrate comparing to the control substrate. Each bar indicates the mean 
value of 16 replicates measured on the day of fruit bodies maturation. Together 
A. cylindrical and P. ostreatus performed the best with the new substrate adding 
70 g more of the fruit bodies. Both P. microspore and G. frondosa responded 
second best with the new substrate increasing 65 g and 60 g more, respectively. 
In comparison, A. polytricha responded better with the control substrate adding 
120 g more than the ceramic bead substrate. Also, L. edodes did not perform 
well with the new substrate losing 70 g more compared to the control substrate. 

4. Discussion 

In recent years, there has been an improvement in public awareness related to 
forest conservation and production. Starting in 2000, more than 100,000 trees 
must be felled annually in order to maintain optimal mushroom production lev-
el. As mature trees have been declining, irresponsible farmers turn their atten-
tion to young trees [12]. It has become a major issue for Chinese forests, where, 
in 2007, 46% of the world’s production of mushrooms was concentrated [13]. 
Also, for each metric ton of mushrooms produced, at least an equivalent amount 
of spending on mushrooms’ substrate is generated, and this needed to be dis-
posed. This disposal can be very costly due to the disposal charges and taxes on 
landfill are implemented in many developed countries [12]. Moreover, many 
mushrooms accumulate metal ions and radioisotopes in the fruit bodies. Waste 
gathered from industrial or polluted agricultural sources for use in mushroom 
cultivation may be contaminated by heavy metals to an extent sufficient to 
render the crop unsuitable for consumption [14] [15]. Those problems have un-
derlined the necessity to acknowledge alternative substrates that are more sus-
tainable for future use. 
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Physical conditions for the substrates such as aeration influence, oxygen 
access, carbon dioxide removal, moisture content, and temperature are signifi-
cant forces that impact mushroom growth and metabolism [16], especially water 
and aeration availability [17] [18]. Excellent water availability and substrates in-
terface with the air are expected in the well-matured substrate with high density 
of mycelium colonization [19]. Ceramic beads as a substrate provided not only 
solid support but also a clean and controllable environment for mycelium to co-
lonize. The cultivation of ceramic beads was used to develop pure cultures for 
the growth of microorganisms in both liquid and solid media. Moreover, ceram-
ic beads used in this experiment have tiny holes on the surface, which helps the 
mycelium to have more aeration and capture more water to increase the water 
availability inside the cultivation vessels.  

Glass beads, which share the similar physical characteristics with the ceramic 
beads, have been used successfully to culture soil actinomycetes [16] and fila-
mentous Gram-positive bacteria streptomycetes [20]. Redecker et al. illustrated 
for the first time a cultivation system for arbuscular mycorrhiza fungus using 
glass beads in order to recover fungal biomass [21]. This system also helps to di-
rectly explore the fungal responses to different soil conditions. Chen et al. mod-
ified the method for studies on nutrient and trace metal uptake by the arbuscular 
mycorrhiza fungus [22]. However, there is no research published on the applica-
bility of this approach for cultivating edible mushrooms and their potential for 
industrial production. Fruit bodies yields are heavily dependent on the nutrition 
provided. Therefore, further research is still needed on the nutrition require-
ments for each species in order to reach the optimal yield using the ceramic bead 
cultivation method. 

Moreover, O. sinensis, which is one of the most valuable traditional Chinese 
herbal medicines, is under threat due to the rapid deforestation, climate change, 
and overharvesting taking place in China, India, and Nepal [23] [24] [25]. Due 
to the geographical limitation, where O. sinensis can only be found at Hima-
layas, the natural resources are limited and very expensive. It has a broad medi-
cal effect, and its function of immunity regulation plays an important role in an-
titumor effects, organ transplantation and the prevention of kidney, liver, and 
heart disease [26] [27] [28]. There have been many studies focusing on cultiva-
tion of the O. sinensis fruit bodies using the artificial substrates [29] [30] [31]. 
Therefore, the application of the ceramic bead cultivation on O. sinensis can be 
viewed as a promising alternative for the natural products. 
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