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Abstract The influences of inoculum size, pH, and medium
composition on mycelial growth and exopolysaccharides
(EPS) production were investigated in shake flasks and in a
bioreactor. The optimum inoculum size for both mycelial
growth and EPS production was identified to be 10% (v/v) in
shake flask cultures. The optimal initial pH for mycelial
growth and EPS production in shake flask cultures were
found to be 5.0 and 7.0, respectively. However, the optimal
pH was 5.0 for both mycelial growth and EPS production in
bioreactor cultures where the pH was regulated. The optimal
mass ratio of the two major carbon sources, glucose to dextrin,
was 1:4. The optimal mass ratio of the two major nitrogen
sources, yeast extract to soytone peptone, was 2:1. When
500 mg I'' of MnSO,-5H,0 was added to the bioreactor culture,
both mycelial growth and EPS production were enhanced by
approximately 10%. Under the optimized conditions, a
mycelial biomass of €.85g I"' and an EPS concentration of
4.92 ¢ I'' were obtained in 4 days.
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Various mushrooms have a long history of use in folk
medicine, and higher basidiomycetes have become matters
of great interest, due to their many-fold nutritional, medicinal,
and pharmacological properties [25,26,28]. Mushroom
extracts are widely used as nutritional supplements and
touted as beneficial for one’s health.

Agaricus blazei, a basidiomycete fungus, is native to
southern Brazil. Since 1965, the strains have been exported
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from Brazil to Japan, where this mushroom has become
popularly known as “Himematsutake” or “Kawariharatake.”
It has been widely cultivated and studied in Japan. It has
been traditionally used as a health food source for the
prevention of cancer, diabetes, hyperlipidemia, arteriosclerosis,
and chronic hepatitis. Recent studies on this fungus have
demonstrated many interesting biological activities, including
antitumor, anticarcinogenic, and antimutagenic effects. These
studies also have suggested that the antitumor substance in
A. blazei is a polysaccharide, 1, 3-B-D-glucan [18, 23]. The
most noticable feature of many 1, 3-f-D-glucans of fungal
origin is their antitumor activity. They are closely related
in their structure, but vary in their degree of branching,
water solubility, and the nature of their side chains. The
glucan from A. blazei has a stronger antitumor activity
against Sarcroma 180 in mice than other polysaccharides
from Ganoderma lucidum, Lentinus edodes, and Coriolus
versicolor [19].

A. blazei has normally been produced in solid cultures
using substrates such as grain, sawdust, or wood. It usually
takes several months to cultivate the fruiting body of A.
blazei, and product quality control is very difficult. For
these reasons, submerged culture of A. blazei mycelia has
received great interest in Asian countries as a promising
alternative for efficient production of polysaccharide.
Submerged culture has potential advantages of higher
mycelial production in a compact space and a shorter
incubation time with lesser chance of contamination [7]. In
addition, exopolysaccharides (EPS), which have synergistic
biological effects with the polysaccharide extracted from
mycelia, can be concurrently produced and secreted.

Recently, EPS produced by various fungal strains have
been extensively investigated for some potential applications
[3]. The recovery of EPS from the culture broth requires



elatively simple steps and, thus, is less costly than that of
solysaccharide from mycelia [2, 3]. It has been reported
“hat the mycelial growth and EPS production are affected
9y a wide range of environmental parameters as well as the
nedium composition [21]. Although many investigators have
attempted to obtain optimal submerged culture conditions
“or mycelial growth and EPS production with several fungi,
“he nutritional requirements and environmental conditions
“or submerged cultures have not been clearly demonstrated
5,8, 21].

The major objective of this study was to optimize the
submerged culture conditions for mycelial growth of A.
»lazei and EPS production in a bioreactor. We believe that
his was the first effort for the optimization of EPS
Jroduction by submerged culture of A. blazei.

MATERIALS AND METHODS

Microorganism

The microorganism used in this study was A. blazei, which
"vas kindly provided by STR Biotech. Co., Ltd., Chuncheon,
South Korea. Its freeze dried culture was resuscitated in
M1 liquid medium. The composition of M1 medium was
as follows: 10 g I'' glucose, 40 g 1" dextrin, 4 g I'' yeast
extract, 2 g I'' soytone peptone, 2 g I KH,PO,, 0.6¢ 1"
MgS0,-7H,0, and 0.2 mg 1"' FeCl,-6H,0. The first stock
culture was grown in a 250-ml flask containing 50 ml of
M1 medium at 28°C on a rotary shaker incubator at 150 rpm
“or 5 days. The second stock culture was inoculated with
10% (v/v) of the first stock culture broth and then cultivated
:n a 500-ml flask containing 100 ml of M1 medium at 28°C
on a rotary shaker incubator at 150 rpm. Glycerol (20%,
v/v) stock samples were made from the culture broth after
2 days of the second stock culture and maintained at - 70°C.

“noculum Preparation

For the first seed culture, 50 ml of M1 medium in a 250-ml
1lask was inoculated with 5 ml of 20% (v/v) glycerol stock
stored at - 70°C and incubated on a rotary shaker incubator
at 150 rpm and 28°C for 5 days. The second seed culture
was inoculated with 10 ml of the first seed culture broth
and then cultivated in a 500-ml flask containing 100 ml of
M1 medium at 28°C on a rotary shaker incubator at
.50 rpm for 2 days. After the second seed cultivation, the
pellet-containing culture broth was homogenized aseptically
using a Waring blender (31BL92, Coleparmer Co., NH,
IU.S.A)) for 10 sec. The homogenized culture broth was
used as an inoculum for submerged cultures in shake flasks
and in a bioreactor.

Flask Culture
Flask culture experiments were performed in 250-ml flasks
containing 50 ml of M1 medium. Cultures were performed
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on a rotary shaker incubator at 150 rpm and 28°C for
5 days. To examine the effects of inoculum size and
initial pH of the medium, cultures were carried out for
five different inoculum sizes of 2.5, 5, 10, 15, and 20%
(v/v), and for six different initial pHs of 3, 4, 5, 6, 7, and
8. The pH was adjusted with 2N HCI or 2N NaOH
before sterilization. All experiments were repeated at least
twice.

Bioreactor Culture

Three liters of medium in a bioreactor (LK230, KoBioTech
Co., South Korea) were inoculated with 10% (v/v) of
the seed culture and then cultivated for 5 days at 100-
150 rpm, 1 vvm, and 28°C. The composition of the medium
was the same as M1 medium unless otherwise specified.
The effect of pH, glucose to dextrin ratio, yeast extract to
soytone peptone ratio, and the following factors were
studied. The medium pH was controlled at 4, 5, 6, and 7
with 2 N HCI or 2 N NaOH. A culture with no pH control
was also carried out (the control). The initial pH was 7.0 in
the control. The mass ratios of glucose to dextrin were 5:0,
4:1, 3:2, 1:1, 2:3, 1:4, and 0:5 with a total carbon source
concentration of 30 g 1"". The mass ratios of yeast extract to
soytone peptone were 3:0, 2:1, 1:1, 1:2, and 0:3 with a total
nitrogen source concentration of 6 g 1", while the mass
ratio of glucose to dextrin was fixed at 1:4. All experiments
were performed at least in duplicates.

Analytical Methods

Samples taken from the shake flasks and bioreactor were
filtered with a filter paper (Whatman #1, Whatman Inc.,
NJ, U.S.A.). The filtrate was further filtered using a
membrane filter (0.2 um, Millipore). The resulting filtrate
was analyzed by HPLC (L6200, Hitachi Co., Japan) with
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Fig. 1. Effects of inoculum size on mycelial growth and EPS
production in shake flask cultures.
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Fig. 2. Effects of initial pH on the mycelial growth and EPS
production in shake flask cultures.

an Ultrahydrogel™ 1,000 column (0.78x30 cm, Waters Co.,
MA, US.A)) and an evaporated light scattering detector
(ELSD) (SEDEX 75, Sedere Co., France) for quantitative
analysis of EPS concentration. The residual glucose
concentration was measured with a glucose analyzer (YSI
2700, Yellow Springs Instruments Co., OH, U.S.A.). Dry
weight of mycelium was measured after repeated washing
of the mycelial pellets with distilled water and drying
overnight to a constant weight at 80°C.
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Fig. 3. Time profiles of mycelial growth and EPS production in
bioreactor with no pH control (Initial pH: 7.0).

RESULTS

Effects of Inoculum Size in Shake Flask Cultures

To determine the optimal inoculum size for mycelial
growth and EPS production, A. blazei was cultivated with
different inoculum sizes in shake flask cultures. Five
inoculum sizes were tested: 2.5, 5, 10, 15, and 20% (v/v).
The individual pellet size did not significantly change with
inoculum size. Figure 1 indicates that both the mycelial
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Fig. 4. Time profiles of mycelial growth and EPS production in

bioreactor at different pHs.
No pH control (@); pH4 (QO); pH5 (¥);pH6(V); pH7 ().



Table 1. A. blazei cultures in bioreactor at different pHs.
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pH
Culture parameters
Uncontrolled 4 5 6 7

Maximum mycelial biomass X [g 1] 6.35 5.78 7.38 4.78 5.80
Maximum EPS concentration P [g 1] 2.94 1.18 3.69 2.13 1.26
Specific growth rate [h™'] 0.07 0.07 0.08 0.07 0.06
Specific consumption rate of substrate Qg [g g™ d'] 1.18 1.30 1.02 1.57 1.29
Specific production rate of EPS P, [g g d"'] 0.12 0.05 0.13 0.11 0.05
Yield of mycelial biomass on substrate Y [g g '] 0.21 0.19 0.25 0.16 0.19
Yield of EPS on substrate Y, [g g'] 0.10 0.04 0.12 0.07 0.04

zrowth and EPS prbduction were affected by the inoculum
sizes. The maximum mycelial biomass (7.02 g 1) was
achieved with an inoculum size of 10% (v/v). In contrast,
"he maximum EPS concentration (1.38 g I') was obtained
‘¥ith an inoculum size of 20% (v/v). However, the change
‘n EPS production with inoculum sizes over 10% (v/v) was
-0t significant. Therefore, an inoculum size of 10% (v/v)
‘xas chosen for the subsequent experiments.

Affects of Initial pH in Shake Flask Cultures

To investigate the effects of the initial pH on mycelial
growth and EPS production, A. blazei was cultivated with
different initial pHs (3.0- 8.0) in shake flask cultures (Fig. 2).
3PS production showed the highest value of 2.32 g 1" with
an initial pH of 7.0, whereas mycelial growth showed the
highest value of 6.37 g 1"' with an initial pH of 5.0.

iffects of pH in Bioreactor Cultures

To investigate the effects of pH, a series of cultures at four
different pHs of 4, 5, 6, and 7 were carried out in a
bioreactor. As the control case, a culture was also carried
out with no pH control. The initial pH was 7.0 in the
control. The time profiles of mycelial growth and EPS
production with no pH control are shown in Fig. 3. As
shown in Fig. 3, in the control with no pH control, the pH
declined from 7.0 to 4.3 during the exponential growth
phase, and then returned to 5.0 at the end of the culture.
Clucose concentration increased during the early 24 h of
cultivation, and thereafter began to decrease rapidly. Dissolved
oxygen concentration dropped rapidly to nil with active

mycelial growth during the same period, and thereafter
mycelial growth became slow because of oxygen limitation.
Mycelial growth and EPS production continuously increased
until 84-96h of fermentation. The makimum mycelial
biomass and EPS concentration were 6.35 g1 and 2.94 g 1",
respectively. The results strongly suggest that EPS production
in A. blazei is growth-associated.

As previously described, the pH of the culture medium
dropped significantly in the culture with no pH control.
Since the pH of the culture broth was expected to affect
mycelial growth and EPS production, it was considered
that pH regulation and the identification of its optimal
value would be required. Férmentation data at various pHs
are shown in Fig. 4 and Table 1, with the control data for
comparison. The fermentation patterns in pH-controlled
cultures were similar to those with no pH control. As
shown in Table 1, the maximum mycelial biomass and
EPS concentration were the highest at pH 5.0. Although
the specific growth rates of the cells were nearly the same
irrespective of pH control, the specific production rate of
EPS and the yield of EPS on substrate differed significantly.

Effects of Glucose to Dextrin Ratio in Bioreactor Cultures
To identify the best mass ratio of glucose to dextrin for
mycelial growth and EPS production, different combinations
of these two carbon sources were tested in the bioreactor
(Table 2). The total concentration of these two carbon
sources was fixed at 30 g 17",

As listed in Table 2, the mycelial biomass and EPS
production increased with the amount of dextrin, showing

"Table 2. A. blazei cultures in bioreactor at different mass ratios of glucose to dextrin.

Glucose:Dextrin

Culture parameters

5.0 4:1 3:2 I:1 2:3 1:4 0:5
Maximum mycelial biomass X [g 1"'] 8.10 8.12 8.05 7.75 8.25 8.95 7.78
Maximum EPS concentration P [g1'] 2.16 2.66 3.19 3.81 391 4,51 4.26
Specific growth rate [h"] 0.08 0.08 0.08 0.09 0.08 0.09 0.08
Specific consumption rate of substrate Q,, [g g'd'] 0.93 0.92 0.93 0.97 091 0.84 0.96
Specific production rate of EPS P, [g g™ d”'] 0.07 0.08 0.10 0.12 0.12 0.13 0.14
Yield of mycelial biomass on substrate Y, [g g '] 0.27 0.27 0.27 0.26 0.28 0.30 0.26
Yield of EPS on substrate Y, [g g'] 0.07 0.09 0.11 0.13 0.13 0.15 0.14
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Table 3. A. blazei cultures in bioreactor at different mass ratios of veast extract to soytone peptone.

Yeast extract:Soytone peptone

Culture parameters

3:0 2:1 I:1 1:2 0:3
Maximum mycelial biomass X [g1''] 8.01 8.95 8.13 7.51 6.85
Maximum EPS concentration P [g 1] 4.33 4.51 4.37 4.12 3.81
Specific growth rate [h™'] 0.08 0.09 0.08 0.08 0.07
Specific consumption rate of substrate Qg [g g d™'] 0.94 0.84 0.92 1.00 1.10
Specific production rate of EPS P, [g g'd '] 0.14 0.13 0.13 0.14 0.14
Yield of mycelial biomass on substrate Y, [g g'] 0.27 0.30 0.27 0.25 0.23
Yield of EPS on substrate Y, [g g '] 0.14 0.15 0.15 0.14 0.13

its maximum value at the mass ratio of glucose to dextrin
of 1:4. However, the effect of the carbon source composition
on mycelial growth was relatively insignificant. At this
mass ratio, the specific production rate of EPS, yield of
EPS on substrate, and yield of mycelial biomass on
substrate were higher than any other mass ratio.

3
—_ (a)
2
% —_
£ 12 e
2 iy
7))
= e
= =
g H
> 11
=
0 N A\ [} O 4O 4O 0 .~
Co(\“of[}\c’ AN 9O g A AW g (O
1}\%0 * \:Q &0 hC‘?’C’\"PC}’G\E&O *
Mineral source
10 3
—_ (b)
_— —s §
)
= 8
g —
42 [—
S =
199
E -
ER —#)\% +
> -1
=
+ 2
O 1 1 1 i 0
0 500 1000 1500 2000

MnSO, 5H,O conc. [mg l'l]

Fig. 5. Effects of mineral sources on mycelial growth and EPS
production in shake flasx cultures.

Effects of Yeast Extract to Soytone Peptone Ratio in
Bioreactor Cultures

To determine the optimal mass ratio of yeast extract to
soytone peptone for mycelial growth and EPS production,
different combinations of these two nitrogen sources were
investigated at a total nitrogen content of 6 g I'' in the
bioreactor by changing the mass ratio to be 3:0, 2:1, 1:1,
1:2, and 0:3. As summarized in Table 3, in the case where
soytone peptone was the sole nitrogen source, the mycelial
growth and EPS production were relatively low. However,
when yeast extract was supplied, EPS production and
especially mycelial growth were much improved. When
the mass ratio of yeast extract to soytone peptone was 2:1,
the highest mycelial growth and EPS production were
obtained, i.e. 8.95 g1 and 4.51 g1, respectively.

Effects of Mineral Sources in Bioreactor Cultures
The influence of mineral sources on mycelial growth and EPS
production was examined by supplement of various mineral
sources at a concentration level of S0 mg I'' in shake flask
cultures. As shown in Fig. 5(a), a high level of mycelial
growth and EPS production was obtained when CaCl,-2H,0,
MnSO,-5H,0, or ZnSO,-7H,0 was added. Among these
mineral sources, MnSO,-5H,0 yielded the best EPS production,
where the optimal concentration of MnSO,-5H,O for mycelial
growth and EPS production was 500 mg 1"' (Fig. 5(b)).
When 500 mg 1" of MnSO,5H,0 was added to the
bioreactor under the optimal culture conditions, both the
mycelial biomass and EPS concentration were enhanced
by approximately 10% (Table 4).

DISCUSSION

Fungal morphology is an important parameter that affects
the rheological properties of the fermentation broth, and
the control of the morphology is highly desired in industrial
fungal fermentation [9, 20]. In general, two growth forms,
the filamentous and the pelleted forms, are observed in
most fungal fermentations, and the pelleted form is usually
less viscous than the filamentous form [22]. The pelleted
growth form depends on obtaining uniform pellets of a
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Table 4. Enhancement of mycelial growth and EPS production by addition of MnSO,-5H,0 in bioreactor.

MnSO,-5H,0
Culture parameters
None added Added

Maximum mycelial biomass X [g 1] 8.95 9.85
Maximum EPS concentration P [g 1] 4.51 4.92
Specific growth rate [h™'] 0.09 0.09
Specific consumption rate of substrate Q,, [g g™ d''] 0.84 0.84
Specific production rate of EPS P, [g g d'] 0.13 0.12
Yield of mycelial biomass on substrate Yy [g g7'] 0.30 0.33
Yield of EPS on substrate Y, [g 2] 0.15 0.16

desired size and mechanically stable structure, and is
influenced by a variety of factors such as inoculum size,
tv/pe and age, medium composition, the biosynthesis or the
addition of polymers, the addition of surfactants and chelators,
saear force, temperature, pressure, medium viscosity, and
cxygen tension [22]. Among these factors, the pellet size is
mainly influenced by the inoculum size. Yang and Liau
[27] suggested that an increase in inoculum size increased
the yield of mycelial growth and the number of pellets but
decreased the size of mycelial pellets. In this study,
however, inoculum size had no obvious effect on the size
cf mycelial pellets, while it had significant effect on the
number of pellets and mycelial biomass. Mycelial growth
did not monotonically increase, while EPS production
monotonically increased with the inoculum size (Fig. 1).
Many investigators claimed that the different morphology
cf fungal mycelia under a different initial pH was the
critical factor in biomass accumulation and metabolite
farmation [6, 16, 24]. The initial medium pH may affect
cell membrane function, cell morphology and structure,
the solubility of salts, the ionic state of substrate, the
uptake of various nutrients, and product biosynthesis. In
general, cells can only grow within a certain pH range, and
rietabolite formation is also often affected by pH. For,
example, EPS production in cultures of Sclerotium glucanicum
vsas greatly affected by culture pH [24]. Fang and Zhong
[5] reported that lowering the initial pH from 6.5 to 3.5
gradually led to a higher production of EPS and higher
specific production of intracellular polysaccharide in a popular
tasidiomycete, Ganoderma lucidum. Lee et al. [16] suggested
tiat the bistage pH control technique was applied to
enhanced EPS production in an airlift fermentor, by which
cne pH value for optimal mycelial growth was shifted to
another value in the liquid-culture of Ganoderma lucidum.
It should be stressed that the initial pH 7.0, which is an
cptimal initial pH for EPS production in shake flask
cultures (Fig. 2), may not be the optimum for bioreactor
cultures where the pH is regulated for the entire culture
reriod. In this work, the optimal pH for both mycelial growth
and EPS production in the bioreactor appeared to be 5.0,
which was close to the final pH in the culture with no pH
control, starting at an initial pH of 7.0 (Table 1 and Fig. 3).

In batch cultures of A. blazei in the bioreactor, as shown
in Figs. 3 and 4, glucose concentration was observed to
increase because of the dextrin decomposition to glucose
during the early 24 h of cultivation, and thereafter began
to decrease rapidly. Such a pattern of carbon source
consumption is quite different from that in the case of
many other microorganisms. In general, microbial cells
consume glucose first, and the production of enzymes
involved in the uptake of other carbon sources is repressed
while glucose is consumed. On the other hand, in the case
of A. blazei cultivation used in this study, both glucose
consumption and dextrin decomposition to glucose seemed
to occur simultaneously.

As also shown in Fig. 4, the faster the decomposition
rate of dextrin to glucose during the early 24h of
cultivation was, the higher the mycelial biomass and EPS
concentration were. And the faster the consumption rate of
glucose after 24 h of cultivation was, the higher the EPS
concentration was. These results suggest that the pH of the
culture broth might have affected the activity of enzymes
hydrolyzing dextrin to glucose, such as amylase. Further
studies are needed to understand the relationships among
activity, mycelial growth, and EPS production.

Nutritional requirements for mycelial growth and EPS
production in basidiomycetes and ascomycetes depend on
strains and culture conditions. Moreover, different carbon
sources can result in different carbohydrate compositions
in the polysaccharides produced. In this study, glucose and
dextrin were selected as the most suitable carbon sources
through a series of preliminary experiments of flask cultures.
The optimal mass ratio of glucose to dextrin was found to
be 1:4 (Table 2). These results are rather different to the
nutritional requirements of other mushrooms in submerged
cultures. Bae et al. [2] observed a high level of mycelial
growth of P. japonica in media containing maltose as a
carbon source in shake flask cultures. Jonathan and Fasidi
[11] reported that the highest mycelial growth of Psathyerella
atroumbonata was obtained in a glucose medium. Park et
al. [21] reported that the highest mycelial growth and EPS
production in Cordyceps militaris were obtained in a
sucrose medium. On the other hand, Manzoni and Rollini
[17] reported that glucose and dextrin were the best carbon
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sources for stimulating mycelial growth and EPS production
of Daedalea quercina.

It is known that several complex organic nitrogen sources
such as polypeptone and corn steep powder are desirable,
while inorganic nitrogen sources are inefficient for the
production of EPS in submerged cultures of mushrooms
[1, 14, 15]. It has been frequently suggested that certain
essential amino acids could scarcely be synthesized from
inorganic nitrogen sources in the fermentation of higher
fungi. Thus, it is probable that most basidiomycetes prefer
complex organic nitrogen sources [12]. In this study, the
most suitable nitroger sources for mycelial growth and EPS
production were identified to be yeast extract and soytone
peptone, which are similar to the results obtained by several
groups mentioned above. The optimal mass ratio of yeast
extract to soytone peptone was found to be 2:1 (Table 3).

Mineral ions are frequently recognized as essential trace
elements for mycelial growth and the production of secondary
metabolites like polysaccharides in fungal fermentations
[21]. Jonathan and Fasidi [10] reported that Mg*, K*, and
Ca™ promoted mycelial growth of two species of mushroom,
L. subnudus (Berk) and S. commune. It is also reported that
KH,PO, and CaCl, were the most effective mineral sources
for mycelial growth of Phellinus sp. [13]. In this work,
higher mycelial growth and EPS production were achieved
in the culture with MnSO,-:5H,0 (Fig. 5 and Table 4).
A similar observation has been reported by another
group. Choi et al. [4] reported that production of methylan,
an exopolysaccharide produced by Methylobacterium
organophilum from methanol, was suppressed by the
deficiency of mineral sources such as Mn® or Fe™ ions.

In order to enhance the mycelial growth and EPS
production, a further study on the effects of dissolved
oxygen concentration on mycelial growth and EPS
production of A. blazei in bioreactor cultures is needed. In
addition, apart from varying the operational conditions, a
more sophisticated culture strategy should be developed.
Taking into account that carbon source limitation occurred
at around 4 days, fed-batch culture appears to be a
promising culture mode to improve both mycelial biomass
and EPS production.
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