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Abstract
Sparassis crispa contains various bioactive substances, such as β-glucan, which exhibits antitumor activity. In this study, we 
investigated the effect of the mycelial shape of S. crispa and the combination of flask type and agitation method on β-glucan 
production. With the combination of the Erlenmeyer flask and shaken culture, the mycelia grew in the shape of pellets, 
whereas with the combination of the baffled Erlenmeyer flask and stirred culture, the mycelia grew in the shape of filaments. 
The dried cell weight (DCW) and β-glucan production of the filamentous mycelia were 5.91 g/L and 1.71 g/L, respectively, 
1.34-fold and 1.73-fold higher, respectively, than that of the pelleted mycelia (4.42 g/L and 0.99 g/L, respectively). The 
production was further increased using the homogenization process; the DCW was 1.03-fold (7.23 g/L) higher and β-glucan 
production 1.34-fold (3.50 g/L) higher, respectively, than that without the treatment (7.01 g/L and 2.61 g/L, respectively). In 
the filamentous mycelia, β-glucan production increased with suppressed ethanol production, and a negative correlation was 
observed between β-glucan production and ethanol production. In the cultivation of S. crispa mycelia, filamentous mycelia 
have been suggested to be more suitable for β-glucan production than pelleted mycelia.
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1  Introduction

Mushrooms have long been considered a food source. 
Recently, they have attracted considerable attention owing to 
their therapeutic potential and have become a new subject for 
research. Nutritionally, they are rich in essential proteins, indi-
gestible carbohydrates, unsaturated fats, minerals, and various 
vitamins, which have led to the increased consumption and 
development of various processed products [1]. Many studies 
have been conducted on the antitumor activity of mushrooms. 
The therapeutic effects of mushrooms include inhibition of 
cancer cell proliferation, dysregulation of the proportion of 
cells in cell-cycle phases, induction of autophagy and phago-
cytosis, improvement of the immune system response, and 

induction of apoptosis via upregulation of pro-apoptotic fac-
tors and downregulation of anti-apoptotic genes [2]. Further-
more, recent studies have shown that the intake of mushrooms 
can reduce the probability of depression [3].

Sparassis crispa, known as Hanabiratake in Japan, has 
been described as a mushroom with potential therapeutic 
applications. The medicinal properties of this mushroom 
are mainly attributed to its rich content of six-branched 
1,3-β-glucan (SCG). Although the degree of branching is 
relatively lower than that of SCG, the mycelia of S. crispa 
have been reported to contain similar glucans [4, 5]. The 
medical effects of SCG have been reported to enhance 
hematopoietic response [5], activate human leukocytes and 
the immune system [6], inhibit tumor-induced angiogenesis, 
suppress tumor growth and metastasis in the lungs [7], pro-
mote the expression of inducible NO synthase (iNOS) in 
macrophage-like RAW264.7 cells [8], prevent stroke and 
hypertension [9], and increase the synthesis of type I col-
lagen [10]. Three new phthalides (Hanabiratakelide A (1), 
B (2), and C (3)) were isolated from the fruiting bodies of 
S. crispa, and these phthalides showed stronger superoxide 
dismutase-like activity than vitamin C and exhibited antioxi-
dant, anti-inflammatory, and antitumor activities [11].
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As observed in the cultivation of Ganoderma lucidum, the 
solid culture of mushroom germplasm on wood, grain, and 
sawdust takes 2 to 3 months for harvesting. [12]. According 
to a survey of several strains of S. crispa, the cultivation of 
S. crispa fruit bodies on solid culture required 2–3 months 
for mycelium growth and another 1–2 months for harvesting 
[13]. To solve these problems, several mycelial submerged 
cultures have been studied for obtaining functional sub-
stances such as polysaccharides [14, 17–19]. Polysaccha-
rides, the main bioactive substance in mushrooms, can be 
isolated not only from mushroom fruiting bodies but also 
from cultured mycelia and culture broth [15]. The challenge 
in submerged mushroom culture is to achieve the same pro-
duction of bioactive substances as that in the cultivation of 
mushroom fruiting bodies. Considering the advantages of 
shorter culture time and reproducibility, submerged culture 
is the best technology for mushroom cultivation at the indus-
trial level [16].

In submerged cultures of mushroom mycelia, the cells 
receive and metabolize nutrients, creating spherical mycelial 
pellets of different sizes [17]. Several studies have been con-
ducted for controlling the pellet size formed by the mycelia. 
The pellet size can be minimized by adding agar or car-
boxymethyl cellulose, which are high-molecular-weight 
compounds, to the culture medium [18, 19]. When a pel-
let becomes larger than a certain size, self-digestion of the 
center of the pellet occurs because of lack of oxygen inside 
the pellet, and the center of the pellet is absent [18]. As 
autolysis has an important effect on cell metabolism and 
product synthesis [20, 21], control of pellet size is neces-
sary to efficiently increase the mycelia in the pellet state. 
The culture methods used for forming these pellets include 
shaking and airlift bioreactor cultures. Shaking cultures 
have been predominantly used in several previous studies 
[22, 23]. However, common bioreactors and industrial-scale 
culture tanks are generally stirred with agitator blades. In 
submerged cultures, in addition to the composition of the 
medium, the intensity of agitation has a significant effect 
on the formation and structure of the pellets. This is another 
major factor that affects the formation and structure of the 
pellets. Especially in bioreactors aimed at industrialization, 
the effects of agitation speed and shearing action of agitator 
blades on the morphology and productivity of filamentous 
fungi could be factors to be considered. An inverse relation-
ship exists between the agitation strength and pellet size. 
The pellets become smaller and more compact with stronger 
agitation, which is considered to prevent the formation of 
pellets. Such observations have been documented for several 
filamentous fungi [18, 24, 25]. The shearing effect of agita-
tor blades causes an obvious decrease in mycelial yield and 
polysaccharide production [26]; however, some studies have 
shown effective results in mycelial cultivation in agitated or 
homogenized cultures [26, 27]. Therefore, it is necessary 

to investigate the effects of agitator blades and water flow 
on mycelium growth for achieving the mass cultivation of 
mycelia. In this study, we used an agitator as a model for 
agitator blades and compared it with a shaken culture to 
determine the amount of DCW, β-glucan, and ethanol.

Baffled Erlenmeyer flasks show superior mass transfer 
capacity and shear formation compared with flasks without 
baffles [28]. An increase in agitation rate generates shear 
stress, which is usually detrimental to cell integrity [29] and 
reduces the size of the mycelial aggregates. In submerged 
cultures of Ganoderma lucidum, the initial volumetric oxy-
gen transfer coefficient affected the growth rate of cells and 
production of ganoderic acid [30]. Therefore, baffled Erlen-
meyer flasks are expected to be suitable for efficient produc-
tion of mycelia.

In this study, we examined the efficient production of 
β-glucan by adjusting pellet size using physical methods 
without additives in the cultivation of S. crispa mycelia. 
In addition to using a baffled Erlenmeyer flask instead of a 
normal Erlenmeyer flask, we examined stirred cultures using 
an agitator instead of shaking and investigated combinations 
of miniaturization to identify the most efficient conditions 
for β-glucan production through S. crispa mycelium culture.

2 � Materials and methods

2.1 � Microorganism

Sparassis crispa (Oze Trading Co., Japan) was used in this 
study. The mycelia were cultured on potato dextrose agar 
(FUJIFILM Wako Pure Chemical Industries Co.) plates at 
25 °C.

2.2 � Medium and culture method

Pre-culture was performed by dispensing 50 mL of basic 
medium (Basal medium; glucose 30  g/L, polypeptone 
6.3 g/L, yeast extract 0.2 g/L, Kirk salt 10 mL/L) adjusted 
to pH 5.0 with 0.4 M phthalate buffer into 200-mL Erlen-
meyer flasks [31]. A 5-mm-square piece of S. crispa myce-
lium was inoculated into an Erlenmeyer flask filled with 
basal medium. The compositions of the Kirk salt and Kirk 
trace element solutions are shown in Tables 1 and 2, respec-
tively. All medium components were purchased from Wako 
Pure Chemicals. The inoculated flasks were incubated in a 
rotary shaker (TAITEC, BR-300LF) at 25 °C and 100 rpm 
for 7 days. For the main culture, 60 mL of the basic medium 
was dispensed into 300-mL Erlenmeyer flasks. The precul-
ture medium was homogenized (15,000 rpm for 20 s) using 
a polytron homogenizer (Model PT-MR 2100, Kinematica 
AG, Switzerland) and inoculated into the main culture flask 
at 2% (v/v). After inoculation, flasks were incubated at 
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25 °C. In the main culture, the glucose concentration was 
measured at least every 2 days, and the incubation time was 
defined as the number of days taken for the residual glucose 
concentration to reach 0 g/L.

2.3 � Cultivation

2.3.1 � Comparison of flask shape and agitation method

We investigated the effect of a normal 300-mL Erlenmeyer 
flask and a 300-mL baffled Erlenmeyer flask on mycelial 
growth. The baffled Erlenmeyer flask has three protrusions 
inside, which can generate a complex water flow in the liq-
uid inside the flask. In addition to shaking the culture with 
a rotary shaker, stirred culture with an agitator and a mag-
netic stirrer (as shown in Fig. 1) was examined to investigate 
the effect of the combination of flask shape and agitation 
method on mycelial growth.

2.3.2 � Examination of stirring speed in stirred culture 
and medium volume

The effect of agitation speed on mycelial growth was inves-
tigated in a stirred culture. The optimal agitation speed 

for β-glucan production was investigated at 250, 500, and 
750 rpm in a 300-mL baffled Erlenmeyer flask with 60 mL 
of culture medium.

We examined the effect of the culture medium volume on 
mycelial growth. Change in the medium volume is expected 
to alter the contact frequency between the agitator and myce-
lium and affect the shape of the mycelium. We investigated 
the effect of four different culture volumes, 20, 40, 60, and 
100 mL, on mycelium shape; the cultures were placed in 
a 300-mL baffled Erlenmeyer flask and stirred at 500 rpm.

2.3.3 � Examination of homogenization

A previous study on a culture of Lentinus edodes showed 
that the mycelial fragments in the culture medium increased 
with homogenization treatment and the number of mycelial 
fragments increased with homogenization time [27]. Myce-
lial fragments are considered to facilitate access to nutrient 
sources and dissolved oxygen. Therefore, the homogeniza-
tion process would enable efficient production of mycelia. 
The effect of homogenization on the incubation period, 
DCW, and β-glucan content was examined for shaken 
and stirred cultures in 300-mL flasks containing 40 mL 
of medium. The homogenization was performed using a 
homogenizer (Model PT-MR 2100, Kinematica AG, Swit-
zerland) at 15,000 rpm for 10 s every 2 days of the incuba-
tion period.

2.4 � Analysis method

After incubation, the mycelia were filtered from the cul-
ture medium using a filter paper (Advantec no. 131) and 
washed with distilled water five times the volume of cul-
ture medium. The washed mycelia were dried in a con-
stant-temperature dryer at 37 °C for 2 days, cooled to room 
temperature in a desiccator under reduced pressure, and 

Table 1   Composition of the Kirk salt solution

Nutrients Concentration

KH2PO4 20 g/L
MgSO4·7H2O 5 g/L
CaCl2·2H2O 1.3 g/L
Thiamine–HCl 0.01 g/L
Kirk trace element solution 16.7 mL/L

Table 2   Composition of the Kirk trace element solution

Nutrients Concen-
tration 
(g/L)

Trisodium nitrilotriacetate 9
MgSO4·7H2O 3
MnSO4 2.73
NaCl 6
FeSO4·7H2O 0.6
CoSO4·2H2O 1.1
CaCl2·2H2O 0.6
ZnSO4·7H2O 1.1
CuSO4·5H2O 0.06
AlK(SO4)2·12H2O 0.11
H3BO3 0.06
Na2MoO4·2H2O 0.07

Fig. 1   Diagram of stirred culture using a normal Erlenmeyer flask (1) 
and a baffled Erlenmeyer flask (2)
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subsequently weighed. The dried cell weight (DCW) was 
measured using the method described above. The glucose 
concentration was determined using the mutarotase GOD 
method (FUJIFILM Wako Pure Chemical Industries, Co.). 
Ethanol content was determined by analyzing the super-
natant obtained by filtration using HPLC (Shimadzu RID-
10A). The column used for HPLC was an Aminex HPX-
87X (300 mm × 7.8 mm), and the column temperature was 
65 °C. β-Glucan in DCW was measured using a mushroom 
and yeast β-glucan assay kit (Megazyme International Ire-
land Ltd., Bray Business Park Co.). All experiments were 
performed in triplicate, and the average values of the three 
tests are reported.

3 � Results and discussion

3.1 � Comparison of shaken and stirred cultures 
in normal and baffled Erlenmeyer flasks

Table 3 presents the incubation days, DCW, amount of 
β-glucan, and amount of ethanol produced for S. crispa 
mycelia under the combination of normal/baffled Erlen-
meyer flasks and shaken/stirred culture conditions. The 
incubation days were less for the shaken culture than for the 
stirred culture, and the DCW and β-glucan content tended to 
be higher with the baffled flask than with the normal flask. 
The shortest incubation period was 8 days, for the baffled 
Erlenmeyer flask/shaken culture condition, and the condition 
with the maximum DCW was 5.91 ± 0.32 g/L for the baffled 
Erlenmeyer flask/stirred culture. Using the same agitation 
method, mycelial growth was enhanced in the baffled Erlen-
meyer flask compared to that in the normal Erlenmeyer flask, 
indicating that the baffled Erlenmeyer flask was superior in 

promoting mycelial growth. One reason for this superior-
ity is assumed to be that the baffles in the Erlenmeyer flask 
increased the oxygen supply because of sufficient agitation. 
Furthermore, the amount of ethanol was higher in the shaken 
culture than in the stirred culture, and the amount of etha-
nol was higher in the normal flask than in the baffled flask, 
which is in contrast to the trend for the DCW and β-glucan 
amounts.

Figure 2 shows the mycelium shape of S. crispa at the 
end of cultivation under each condition. Typically, pellets of 
various sizes are formed in a normal Erlenmeyer flask and 
shaken. However, even in the same culture, the use of a baf-
fled Erlenmeyer flask minimized pellet size. This is consid-
ered to be the result of the complex water flow created by the 
three baffled protrusions inside the Erlenmeyer flask, which 
prevented the mycelia from connecting with each other and 
led to miniaturization of the pellets. Studies on Aspergillus 
niger have shown that hyphal cells usually form twisted pel-
lets in Erlenmeyer flasks, whereas they mainly form loose 
clumps in baffled Erlenmeyer flasks [28]. Meanwhile, in the 
stirred culture, S. crispa mycelia grew as filaments rather 
than pellets in both normal and baffled Erlenmeyer flasks. 
This may be because of the physical shearing of the myce-
lia by the agitator. Furthermore, more filamentous mycelia 
appeared to form in the baffled Erlenmeyer flasks than in 
the normal Erlenmeyer flasks. The synergistic effect of the 
combination of the stirrer and the baffles possibly render 
the mycelia even finer, and consequently, the mycelium 
was dispersed so that it covered the entire culture medium. 
Therefore, the amounts of DCW and β-glucan increased sig-
nificantly in the baffled Erlenmeyer flask culture because 
sufficient oxygen supply prevented autolysis from occurring 
inside the pellet and allowed efficient growth through aero-
bic respiration.

Table 3   Comparison of the 
effects of the Erlenmeyer flask 
and baffled Erlenmeyer flask 
between the shaken culture and 
stirred culture (medium volume, 
60 mL)

Flask type Cultivation methods Incubation 
days (day)

DCW (g/L) Amount of 
β-glucan 
(g/L)

Ethanol 
production 
(g/L)

Erlenmeyer flask Shaken (100 rpm) 10 4.42 ± 0.26 0.99 ± 0.01 10.36 ± 0.57
Stirred (500 rpm) 12 5.04 ± 0.55 1.37 ± 0.07 9.15 ± 0.94

Baffled Erlenmeyer flask Shaken (100 rpm) 8 5.77 ± 0.12 1.39 ± 0.05 9.03 ± 0.44
Stirred (500 rpm) 11 5.91 ± 0.32 1.71 ± 0.03 6.61 ± 1.02

Fig. 2   Shape of S. crispa 
mycelia at the end of culture 
under each culture condition 
(1) Erlenmeyer flask/shaken, 
(2) Erlenmeyer flask/stirred, (3) 
baffle Erlenmeyer flask/Shaken, 
(4) baffled Erlenmeyer flask/
stirred
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When producing a target substance in a reactor, an agi-
tated culture is used, and, sometimes, the shearing force of 
the agitator blades becomes a problem. In this case, the agi-
tator blades rotate at a high speed, and the shearing force at 
the tip of the blades is large, which can easily damage fila-
mentous fungi such as molds and actinomycetes, adversely 
affecting the production of useful substances such as itaconic 
acid from Aspergillus niger [32, 33]. However, the amount 
of mycelia obtained using the stirred culture was higher than 
that obtained using the shaking culture (Table 3). S. crispa 
mycelia have been suggested as being tolerant to physical 
stress, and comparable productivity can be possibly achieved 
in reactors or vessels using agitator blades.

Meanwhile, the consumption rate of glucose decreased, 
and the incubation time increased for the stirred culture com-
pared to that for the shaking culture. The reason for this effect 
is considered to be the increase in the viscosity of the culture 
medium as the mycelia became filamentous due to stirring. 
The high viscosity of the medium restricted the rate of mass 
transfer of nutrients [34], and the reduced rate of glucose con-
sumption extended the cultivation period. Ethanol production 
after the end of the culture period was higher in the shaken 
culture than in the stirred culture, and higher β-glucan was 
obtained in the stirred culture than in the shaken culture. The 
same tendency was observed in the comparison between the 
normal and baffled flasks. In shaken culture and/or normal 
Erlenmeyer flasks, mycelia grow as pellets; thus, glucose is 
probably consumed anaerobically, except on the pellet sur-
face. Ethanol is mainly produced via glycolysis. Therefore, 
more glycolysis occurred in the shaken culture. Meanwhile, 
in stirred culture and/or baffled flasks, oxygen supply to the 
filamentous mycelia was sufficient, and aerobic respiration 
was more dominant, which probably led to an increased pro-
duction of β-glucan under efficient glucose metabolism.

3.2 � Effect of stirring speed in stirred culture

Table 4 presents the results for S. crispa mycelium culti-
vation under 250, 500, and 750 rpm stirring conditions, 
using the shaken culture as the control. At a stirring speed 
of 250 rpm, the DCW was almost the same as that of the 
control shaken culture (5.56 ± 0.58 g/L). However, the incu-
bation time of the stirred culture was more than twice that of 
the shaking culture (18 days). At 250 rpm, the agitation was 
insufficient to supply oxygen, and the incubation time prob-
ably increased significantly. In the stirred culture, the rate 
of glucose consumption increased with stirring speed, and 
the incubation time was shortened from 18 days (250 rpm) 
to 13 days (500 and 750 rpm). In a culture of Trichoderma 
harzianum, the yield of 6-pentyl-α-pyrone was reported to 
decrease with increasing stirring rate [35]. Hydrodynamic 
stress above a certain level has been suggested to exert a 
negative effect on mycelial growth.

Figure 3 shows the shape of the S. crispa mycelia at the 
end of incubation at each stirring speed. The mycelial pellets 
became finer as the agitation speed was increased. A higher 
agitation speed is considered to increase the shearing force 
in the culture medium and prevent pellet formation. Con-
sistent with the results presented in Table 3, the amount of 
β-glucan increased and the amount of ethanol decreased as 
filamentation progressed.

From the above results, the culture conditions (shape of 
the Erlenmeyer flask and agitation method) appear to affect 
the shape of the mycelia; consequently, DCW, β-glucan pro-
duction, and ethanol production varied significantly. Fig-
ure 4 presents the correlation of these three factors with the 
culture and agitation conditions. A positive correlation was 
observed between β-glucan content and DCW. As β-glucan 
is a component of the mycelial cell wall, an increase in DCW 

Table 4   The effect of stirring 
speed on S. crispa mycelial 
growth in submerged 
fermentation

Stirring speed (rpm) Incubation days 
(day)

DCW (g/L) Amount of β-glucan 
(g/L)

Ethanol 
production 
(g/L)

Shaken (100 rpm) 8 5.37 ± 0.11 1.20 ± 0.02 9.16 ± 0.43
250 18 5.56 ± 0.58 1.62 ± 0.01 6.34 ± 0.24
500 13 6.47 ± 0.49 1.98 ± 0.02 4.88 ± 0.30
750 13 6.30 ± 1.97 2.04 ± 0.02 3.81 ± 2.90

Fig. 3   Shape of S. crispa 
mycelia at the end of culture 
under each stirring speed: 
(1) shaken (100 rpm), (2) 
stirred (250 rpm), (3) stirred 
(500 rpm), (4) stirred (750 rpm)



1944	 Biomass Conversion and Biorefinery (2024) 14:1939–1947

1 3

leads to an increase in β-glucan. In contrast, a negative cor-
relation was observed between the amounts of β-glucan and 
ethanol. Upon comparing the correlation diagram with the 
shape of the mycelia at the end of cultivation, we observed 
that the amount of ethanol produced was higher and the 
amount of β-glucan was lower when the mycelia grew as 
pellets, whereas the amount of ethanol production was lower 
and the amount of β-glucan was higher when the mycelia 
grew as filaments. This is probably because when the myce-
lia form pellets, oxygen deficiency occurs inside the pellets, 
and glucose is consumed by anaerobic respiration (ethanol 
fermentation) instead of aerobic respiration, which prevents 
sufficient growth of the mycelia. Furthermore, autolysis 
was reported to occur at the center of all pellets larger than 
2 mm, among the pellets obtained from a culture of Phan-
erochaete chrysosporium, which is a basidiomycete, as is 
S. crispa [24].

3.3 � Effect of medium volume in stirred culture

Table 5 presents the results of S. crispa mycelium cultivation 
in 20, 40, 60, and 100 mL of medium. DCW was signifi-
cantly lower when the volume of culture medium was 20 or 
100 mL than when it was 40 or 60 mL. The maximum DCW, 
6.79 g/L, was obtained at 40 mL of culture volume. The 
maximum amount of β-glucan, 2.88 g/L, was also obtained 
at 40 mL. In contrast, the amount of ethanol was maximum, 
11.27 g/L, when the volume of the culture solution was 
20 mL.

The shape of the mycelia at the end of the incubation 
period is shown in Fig. 5. At a volume of 20 mL, it is in the 
form of a pellet; however, at a volume of 40 mL or more, 
filaments are formed. One reason for this effect could be that 
the liquid level was lower than that of the agitator owing to 
the lower volume of the culture liquid. Because the agitator 
was not in the liquid, the mixing of the culture broth was 
insufficient, causing the mycelia to stagnate. This may have 
caused the mycelia to agglomerate and form large pellets. 
The DCW and β-glucan contents were the lowest among the 
four examined species (4.73 g/L and 1.22 g/L, respectively), 
probably because of the internal oxygen deficiency caused 
by pellet formation. In contrast, when the medium volume 
was 100 mL, S. crispa mycelia did not grow as filamentous 
as when the volume was 40 or 60 mL. This may be because 
under the same stirring conditions (500 rpm) with a larger 
amount of culture medium, the movement of the medium 
became slower, which may have caused aggregation and pel-
leting of the mycelia. The amount of dissolved oxygen was 
reported to decrease as with increase in medium volume 
at the same agitation speed [36]. At 100 mL, agitation was 
insufficient, and the supply of nutrients and oxygen became 
inefficient, which is believed to have extended the incuba-
tion period. Although not as large as 20 mL, a decrease in 
β-glucan production and an increase in ethanol production 
were observed; these are characteristics of mycelia that have 
grown into pellets.

Fig. 4   Correlation between amount of β-glucan, DCW, and ethanol 
production (A) Baffled Erlenmeyer flask/Stirred (750 rpm), (B) Erlen-
meyer flask/Shaken (100 rpm)

Table 5   The effect of different medium volumes of S. crispa on the 
DCW, β-glucan, and ethanol production (stirring speed, 500 rpm; baf-
fled Erlenmeyer flask)

Medium 
volume 
(mL)

Incubation 
days (day)

DCW (g/L) Amount of 
β-glucan 
(g/L)

Ethanol 
production 
(g/L)

20 16 4.73 ± 0.06 1.21 ± 0.00 11.27 ± 0.72
40 13 6.79 ± 0.21 2.88 ± 0.12 7.09 ± 0.00
60 14 6.25 ± 0.08 2.20 ± 0.14 7.77 ± 0.00
100 16 4.99 ± 0.09 1.39 ± 0.00 7.42 ± 0.00
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3.4 � Effect of homogenization on mycelium culture

As pellets were formed, β-glucan production decreased, and 
ethanol production increased. This is attributed to the lack 
of oxygen inside the pellets. However, it is assumed that the 
production of β-glucan can be increased if the pellet size can 
be intentionally reduced. Therefore, the physical miniaturi-
zation of mycelium pellets by homogenization was expected 
to exhibit a very similar trend to the growth of filamentous 
mycelia in the shaken culture.

Table 6 presents the incubation days, amount of DCW, 
β-glucan, and ethanol production of S. crispa mycelia cul-
tivated with homogenization treatment. As expected, the 
amounts of DCW and β-glucan were higher, and ethanol 
production was lower in the homogenized culture for both 
the shaken and stirred cultures. Interestingly, the effect of 
homogenization differed between the shaken and stirred 
cultures. In the shaken cultures, homogenization increased 
the DCW and β-glucan content by up to 1.33- and 1.39-
fold, respectively. The correlation between the amounts of 
β-glucan, DCW, and ethanol production is shown in Fig. 4. 
The amount of β-glucan increased as DCW increased. The 
amount of DCW and β-glucan increased in the shaking 
culture because the homogenization prevented an anaer-
obic condition in the pellet and mycelia, which would 

normally undergo autolysis. In contrast, homogenization 
in the stirred culture resulted in 1.03-fold higher DCW 
and 1.34-fold higher β-glucan production. The increase in 
β-glucan was approximately 30% greater than the increase 
in DCW. The pellet mycelia grew after withstanding the 
shearing force of the homogenizer; however, the filamen-
tous mycelia were damaged by the strong shearing force 
of the homogenizer. As lactic acid bacteria secrete extra-
cellular polysaccharides to protect themselves from envi-
ronmental stress [37–39], basidiomycetes might secrete 
extracellular polysaccharides to prevent damage. Secreted 
extracellular polysaccharides may interact with the fila-
mentous mycelia and grow into larger filamentous mycelia, 
forming a biofilm. The DCWs obtained in this manner 
contain a large amount of extracellular polysaccharides, 
which may have resulted in an increase in β-glucan con-
tent. Figure 6 shows the shape of the S. crispa mycelia 
at the end of the culture. Homogeneous pellets and fila-
mentous mycelia were formed by miniaturization in both 
shaken and stirred cultures. In the shaken culture, the 
homogenized mycelia re-agglomerated and formed pellets 
because of the shaking action, while in the stirred culture, 
the finely divided mycelia grew into filaments. Because 
the presence of pellets affected ethanol production, the 

Fig. 5   Shape of S. crispa 
mycelia at the end of culture 
under each medium volume (1) 
20 mL, (2) 40 mL, (3) 60 mL, 
(4) 100 mL

Table 6   The effect of 
homogenization on S. crispa 
mycelia (medium volume, 
40 mL; baffled Erlenmeyer 
flask)

Cultivation methods Homogeni-
zation

Incubation 
days (day)

DCW (g/L) Amount of 
β-glucan (g/L)

Ethanol 
production 
(g/L)

Shaken (100 rpm)  −  7 7.07 ± 0.34 2.17 ± 0.15 7.29 ± 0.16
 +  6 9.45 ± 0.24 3.01 ± 0.23 4.61 ± 0.54

Stirred (500 rpm)  −  14 7.01 ± 1.43 2.61 ± 0.16 3.60 ± 0.15
 +  14 7.23 ± 0.99 3.50 ± 0.12 1.48 ± 0.29

Fig. 6   Shape of S. crispa myce-
lia at the end of culture under 
homogenization: (1) shaken/
non-homogenized, (2) stirred/
non-homogenized, (3) shaken/
homogenized, (4) stirred/
homogenized
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ethanol production in the shaken culture was higher than 
that in the stirred culture.

4 � Conclusion

In the culture of S. crispa mycelia, filamentous myce-
lial growth suppressed ethanol production and promoted 
β-glucan production, leading to a negative correlation 
between ethanol production and β-glucan production. The 
optimal conditions were as follows: stirred culture in a baf-
fled flask, 40 mL of culture medium, and homogenization 
during culture. Compared to the corresponding values for 
the conditions before the study (normal Erlenmeyer flask, 
shaken culture, 60 mL of culture medium, no homogeniza-
tion), the DCW was 1.11-fold higher (7.23 g/L); β-glucan 
content, 1.77-fold higher (3.50 g/L); and ethanol content, 
0.26-fold lower (1.48 g/L). However, since filamentous 
mycelia tend to require a longer incubation period, further 
research is needed regarding shortening the incubation 
period for producing β-glucan more efficiently.
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