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Abstract

Submerged cultures of Ganoderma lucidum, a valuable
mushroom in traditional Chinese medicine, were used
for production of Dbioactive ganoderic acids and
Ganoderma polysaccharides. The significant effects of
oxygen supply were demonstrated in both shake flasks
and bioreactors. By changing the medium loading vol-
ume in a shake flask, a different value of initial volumet-
ric oxygen transfer coefficient (Kia) was obtained, and a
higher Kia value led to a higher biomass density and a
higher productivity of both intracellular polysaccharide
and ganoderic acid. In a stirred bioreactor, at an initial
Kia of 78.2 h, a maximal cell concentration of 15.6 g/L by
dry weight was obtained, as well as a maximal intracellu-
lar polysaccharide (IPS) production of 2.2 g/L and its
maximal productivity of 220 mg/(L.d). An increase of ini-
tial Kia led to a higher production and productivity of
GA, and the GA production and productivity at an initial
Kia of 96.0 h' was 1.8-fold those at an initial Kia of 16.4
h. The fundamental information obtained in this study
may be useful for efficient large-scale production of
these valuable bioactive products by the submerged cul-
tures.
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Introduction

In recent years, bioprocessing of natural products,
such as production of valuable bioactive compounds by
cell cultures of plants or higher fungi, has received much
attention around the world. The main problems hindering
the development of large-scale cultivation of these organ-
isms include low productivity, cell line instability, and dif-
ficulty in scale-up. Medicinal mushrooms are abundant
sources of a wide range of useful native products and new
compounds with interesting biological activities. In con-
trast to various studies on fermentation of conventional fil-
amentous microorganisms such as streptomycetes and
fungi, until now there are few investigations on the devel-
opment of mushroom culture processes (Tang and Zhong,
2000).

Ganoderma lucidum (Leyss.:Fr.) Karst is one of the most
famous traditional Chinese medicinal mushrooms used as
a health food and medicine in the Far East for more than
2000 years. Polysaccharides produced by G. lucidum are a
type of carcinostatic agent, which have antitumor (Sone et
al., 1985) and hypoglycemic activities (Hikino et al., 1985).
The higher fungus can also produce many species of oxy-
genated triterpenes (especially ganoderic acid) with vari-
ous biological functions such as cytotoxicity to hepatoma
cells, inhibition of histamine release, inhibition of choles-
terol synthesis and stimulation of platelet aggregation
(Shiao et al., 1994; Tang and Zhong, 2000), as well as new
interesting biological activities including anti-tumor and
anti-HIV-1 (El-Mekkaway et al., 1998; Wu et al.,, 2001).
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Because it usually takes several months to cultivate the
mushroom and the product yield is low in soil cultivation,
submerged culture of G. lucidum is viewed as a promising
alternative for efficient production of valuable polysaccha-
rides (Lee et al., 1999; Yang and Liau, 1998) and ganoderic
acids (Tsujikura et al., 1992; Fang and Zhong, 2002a).
However, there is very limited information on the simulta-
neous production of ganoderic acids and polysaccharides
by submerged cultivation (Fang and Zhong, 2002b; Fang
and Zhong, 2002¢; Tang and Zhong, 2002).

Oxygen affects cell growth, cellular morphology,
nutrient uptake, and metabolite biosynthesis. Ishmentskii
et al. (1981) reported that a high oxygen transfer rate could
reduce, enhance, or have no effect on the production of
pullulan, depending on the strain ploid of Pullaria
(Aureobasidium) pullulans. In cultivation of filamentous fun-
gus Schizophyllum commune, Rau et al. (1992) reported that
sufficient oxygen supply resulted in an increase in the spe-
cific growth rate and a decrease in the production rate of
extracellular glucan. When oxygen partial pressure in the
culture broth decreased to almost zero, the fungus
responded to this oxygen limitation by reduced cell
growth and increased glucan accumulation. In the sub-
merged fermentation of Monascus ruber, Hajjaj et al. (1999)
reported that improving the oxygen supply increased the
biomass yield, consumption of nitrogen source and pro-
duction of secondary metabolites (red pigment and cit-
rinin). Yoshida et al. (1965, 1967) showed the significance
of oxygen transfer in submerged cultures of a mushroom
Lentinus edodes. Until now, there is lack of reports on
effects of oxygen (O2) supply on simultaneous production
of Ganoderma polysaccharides and ganoderic acids.

By changing the medium loading volume in flasks, the
interaction between O: supply, cell growth and metabolite
biosynthesis can be observed. In this work, the initial volu-
metric oxygen transfer coefficient (Kia) in a shake flask
was altered to provide some insights into the influences of
O supply on cultures of G. lucidum for simultaneous pro-
duction of polysaccharides and ganoderic acids. The
impact of Kia values on bioreactor cultiva-tion of G.
lucidum was also studied. The results may be useful for
efficient large-scale production of those bioactive com-
pounds by the bioprocess.

Materials and Methods

Maintenance and preculture of Ganoderma lucidum

The strain G. lucidum was maintained on potato-agar-
dextrose slants. The slant was inoculated and incubated at
28C for 7 days, then stored at 4C for about two weeks.

Preculture medium and conditions were described else-
where (Fang and Zhong, 2002a; Fang and Zhong, 2002b;
Fang and Zhong, 2002¢; Tang and Zhong, 2002).

O: supply experiments

The effects of O supply were investigated by chang-
ing the medium loading volume of shake flask on a rotary
shaker (30°C, 120 rpm). By setting the loading volume at
30, 50, 70 and 100 mL in 250-mL conical flasks, an initial
Kia value of 32.6, 18.5, 13.2 and 6.4 h! was obtained,
respectively.

For bioreactor cultures, a 3.5-L (working volume) agi-
tated bioreactor with two six-bladed turbine impellers (6.5
cm ID) was used. Cultivation was conducted at 30°C in the
dark. The Kia value was determined using the dynamic
gassing-in and gassing-out method (Wang and Zhong,
1996). The cultures were all agitated at the same speed (200
rpm), and the aeration rate was set at 220, 1050, 1750 and
3500 mL/min to obtain the desired Kia values of 16.4, 60.0,
78.2 and 96.0 h'!, respectively.

Determination of cell dry weight and residual sugar

For measurement of cell dry weight, the cells from a
sample were filtered through a mesh with 30 ym pore size
and washed with a large amount of distilled water, then
collected by centrifugation at 30,500 g (twice). The fresh
cells were dried at 50°C for sufficient time until a constant
dry weight was obtained. After sampling, the culture
supernatants were stored at minus 20C, and later thawed
for analyses of residual sugar (Fang and Zhong, 2002a;
Tang and Zhong, 2002).

Measurements of extracellular and intracellular poly-
saccharides

For the determination of extracellular polysaccharides
(EPS), after removal of mycelia by filtration, the culture fil-
trate was dialyzed, and the crude extracellular polysaccha-
rides were precipitated with 4 volumes of 95% (v/v)
ethanol, then recovered by centrifugation at 2,400 X g. The
insoluble components were suspended in 1 M NaOH at
60C for 1 h, and reducing sugar in the supernatant were
measured by phenol-sulfuric acid method (Dubois et al,,
1956). Intracellular polysaccharides (IPS) were extracted
from dried mycelia (100 mg) by 1IN NaOH at 60°C (for 1 h),
and the supernatant was tested for reducing sugars
(Dubois et al., 1956).
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Assay of ganoderic acids

The dried mycelia (100 mg) were suspended in 50%
(v/v) ethanol (3-mL) once for one week (twice). After
removal of mycelia by centrifugation, the supernatants
were dried at 50°C under vacuum. The residues were sus-
pended by water, and later extracted with chloroform. The
GA in the chloroform phase was extracted by 5% (w/v)
NaHCOs. After adding 2 N HCI to adjust the pH of the
NaHCO: layer to be lower than 3, the GA in the NaHCO:
layer was extracted with chloroform. After removal of
chloroform by evaporation at 40C, GA was dissolved in
absolute ethanol, and its absorbency was detected at 245
nm by using a spectrophotometer.

Results and Discussion

Effects of O supply in shake flasks

Although there are a few studies on submerged cul-
tures of G. lucidum for production of extracellular polysac-
charides (Lee et al., 1999; Yang and Liau, 1998), no detailed
information is available regarding the effects of O: supply
on the accumulation of the fungus biomass and culture
metabolites. As shown in Figure 1A, the maximum cell
density of 14.6, 14.1, 11.9 and 11.5 g DW/L was obtained at
day 6, 8, 10 and 12 at Kia of 32.6, 18.5, 13.2 and 64 h,
respectively. The results indicate that a higher O: supply
led to more final biomass and shorter cultivation time. By
correlation (Figure 2), a linear relationship between the
average growth rate and the initial Kia could be described
by the following equation (12=0.98):

AGR=0.193 X Kra+1.76 (6]
where AGR is average growth rate (d), i.e., (Final cell den-
sity - Initial cell density)/(Initial cell density x Cultivation
time). In fermentation of Penicillium canescens (Gaspar et
al., 1997) and in cell culture of Murine hybridomas (Randers-
Eichhorn et al,, 1996), it was also reported that good O:
supply resulted in high cell growth rate.

Figure 1B shows that glucose consumption rate was
low at a low Kia. The residual sugar was almost used up
on day 8 and day 10 at Kia of 32.6 and 18.5 h, respective-
ly. However, at low Kia values of 13.2 and 6.4 h, there
remained 2.8 and 6.7 g/L of glucose at the end of cultiva-
tion (day 14). As shown in Figure 1C, the glucose con-
sumption rate could be linearly correlated to the cell
growth rate (r>=0.97), i.e,,

AGR=1.462 X GCR (2)
where AGR is average growth rate (d'); GCR, glucose con-
sumption rate (g/(L d)). This result suggests that the car-
bon flux to biomass production was quite steady under
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Figure 1. Effect of Oz supply (initial Kia) on the cell growth (A)
and glucose consumption (B), and the relationship between
average cell growth rate and glucose consumption rate (C) in
submerged cultures of Ganoderma lucidum in flasks. In Figs.
1A and 1B, symbols for initial Kia (h?): 32.6 (dark triangle),
18.5 (open triangle), 13.2 (dark circle), and 6.4 (open circle).
The error bars in the figure indicate the standard deviations
from 3 samples.
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Figure 2. The relationships between the initial K.a value as
investigated and the average growth rate (triangle),
intracellular polysaccharide (IPS) productivity (circle), and
ganoderic acid (GA) productivity (square).
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Table 1. Effects of loading volume on the cell growth, yield, and production of IPS, EPS and GA”

Loading volume (mL) 30

50 70 100

Cell dry weight (g/L)
Y x/s (g DW/g glucose)
Average growth rate (d-1) 8.0
Maximum IPS content (mg/100 mg DW)
IPS specific productivity (mg/(g DW d)) 1.7
Maximum IPS production (g/L)

Maximum EPS production (g/L)
EPS productivity (mg/(L d)) 62
Maximum GA content (mg/100 mg DW)
GA specific productivity (mg/(g DW d))
Maximum GA production (mg/L)
GA productivity (mg/(L d))

14.6+0.0
0.53

6.71+0.2

0.83+0.02
IPS productivity (mg/(L d)) 140
0.52+0.04

1.394+0.01
0.92
2032
335

141102 11.9+0.6 11.51+0.2
0.51 0.46 0.49
57 3.9 31
73401 79101 8.1x0.1
21 2.6 2.7
0.87+£0.07 0.86+0.07 0.91+0.06
110 86 65
0.66£0.02 0.63£0.00 0.64+0.00
63 61 51
1.29+0.11 1.541+0.05 1.45+0.09
0.57 0.70 0.62
180+16 183138 149+13
22.2 18.1 14.6

°Standard deviation was calculated from 3 samples

different Oz supply conditions, and the cell yield on glu-
cose did not change so much (Table 1).

The effect of Oz supply on IPS formation is shown in
Figure 3A. In the lag phase (for 1 day), the specific produc-
tion (i.e., content) of IPS decreased from 4.3 to around 3.9
mg/100 mg DW. After that, the IPS synthesis was promot-
ed and its content increased. At the end of cultivation (day
14), the highest IPS content at an initial Kia of 32.6, 18.5,
13.2 and 6.4 h! was 6.73, 7.25, 7.93 and 8.06 mg/100 mg
DW, respectively. As shown in Figure 3B, the maximal
production of IPS was obtained on day 6, 8, 10 and 14 at an
initial Kia of 32.6, 185, 132 and 64 h7, respectively.
Although the maximum IPS production was almost the
same under the different O: supply conditions, a higher Oz
supply led to a higher IPS productivity (Figure 2). The
maximal IPS production (and productivity) at an initial
Kia of 32.6, 18,5, 13.2 and 6.4 ! was 0.83 (140), 0.87 (110),
0.86 (86) and 0.91 g/L (65 mg/(L d)), respectively (Table
1). The high IPS productivity under good O: supply was
due to the high cell growth rate in the case.

Figure 3C shows the EPS production at various initial
Kia values. The EPS accumulation increased rapidly after
day 1 and reached a peak value on day 8, 10, 10 and 12 at
an initial Kia of 32.6, 18.5, 13.2 and 6.4 h, respectively, and
its maximal production titer was 0.52, 0.66, 0.63 and 0.64
g/L for each case. Their corresponding EPS productivity
was 62, 63, 61 and 51 mg/(L d) (Table 1).

The dynamic profiles of specific production (i.e., con-
tent) and total production of GA under different O, supply
conditions were illustrated in Figure 4. At an initial Kia
value of 32.6 and 18.5 !, the GA content increased quickly
after inoculation and reached a peak value at day 6 and 8,
respectively (Figure 4A). At an initial Kia of 13.2 and

IPS content (mg/100 mg DW)

12

IPS production (g/L)

EPS production (g/L)

0 N —

0 5 10 15

Cultivation time (d)

Figure 3. Effect of O supply on IPS content (A), IPS production
(B), and EPS accumulation (C). The symbols for initial K1a are
the same as those in Figure 1.
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Table 2. Effects of initial oxygen transfer coefficient (K1a) on the cell growth, yield, and production of IPS, EPS and GA®

Initial KLa value (per h) 16.4 60.0 78.2 96.0
Cell dry weight (g/L) 11.8(d 8) 14.1(d 8) 15.6 (d 8) 12.9(d 8),13.6 (d 13)
Average growth rate (d) 1.39 1.69 1.87 1.53
Maximum IPS content (mg/100 mg DW) 17.5 14.2 14.0 15.6
Maximum IPS production (g/L) 1.9 1.6 2.2 2.1
IPS productivity (g/(L d)) 0.19 0.16 022 0.21
Maximum EPS production (g/L) 0.97 (d 13) 0.69 (d 13) 0.92 (d 13) 0.92 (d 13)
EPS productivity (mg/(L d)) 73 (d 13) 51 (d 13) 69 (d 13) 69 (d 13)
Maximum GA content (mg/100 mg DW) 2.33(d 13) 2.44 217 3.36
Maximum GA production (mg/L) 245 280 338 450
GA productivity (mg/(L d)) 23.8 27.3 33.1 443

°The maximal values were obtained on day 10 during cultivation except those indicated.

GA content (mg/100 mg DW)

240

GA production (mg/L)
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Figure 4. Effect of O supply on the content (A) and total produc-
tion (B) of GA. The symbols for initial Kia are the same as
those in Figure 1.

6.4 h', GA content was stable around 0.84 mg/100 mg DW
for the first 2 days, increased after day 2 and reached its
peak on day 10 (Figure 4A). The highest content at an ini-
tial Kra of 32.6, 18.5,13.2 and 6.4 h* was 1.39, 1.29, 1.54 and
1.45 mg /100 mg DW, respectively. The GA content of 1.54
mg/100 mg DW obtained here was more than 3-fold in a
previous work by Tsujikura et al. (1992).

The maximum production of GA (Figure 4B) was
obtained on the same day as the highest GA content
(Figure 4A). At an initial Kia of 32.6, 18.5, 13.2 and 6.4 h?,
its highest production titer was 203, 180, 183 and 149
mg/L, respectively, and the corresponding GA productivi-
ty was 33.5,22.2, 18.1 and 14.6 mg/(L d) for each (Figure 2
and Table 1). A higher GA productivity was obtained
under higher O: supply because of high cell growth rate in
the case. The GA productivity of 33.5 mg/(L d) reached
here was also much higher than that of previous work
(Tsujikura et al., 1992).

Effects of O: supply in bioreactors

Effect of initial Kia on G. lucidum cultures was also
studied in bioreactors. As shown in Table 2, initial Kia
affected the biomass level, and its peak value of 15.6 g
DW/L was obtained at an initial Kra of 78.2 h'l. The results
indicate that initial Kia had a significant effect on the cell
growth during cultivation and an initial Kia of 78.2 h?!
seemed to be best for cell growth of G. lucidum. A typical
time course of residual sugar concentration (at an initial
Kia of 78.2 h) is shown in Figure 5A.

The EPS production was 0.97, 0.69, 0.92 and 0.92 g/L
in the cultures at initial Kia values of 16.4, 60.0, 78.2 and
96.0 h!, respectively, and its corresponding productivity
was 73, 51, 69 and 69 mg/(L.d) (Table 2). Figure 5B shows
the kinetics of EPS accumulation at Kra of 78.2 h'l. From
day 0 to day 13, a rapid increase of EPS concentration was
observed, and from day 13 to the end of culture (day 15),
its accumulation level showed a slight decrease.

For the specific production (i.e., content) of IPS, as
summaried in Table 2, the maximum IPS content of 17.5,
14.2, 14.0 and 15.6 mg per100 mg DW was reached on day
10 in the cultures at an initial Kra value of 16.4, 60.0, 78.2
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Figure 5. Time profiles of dry cell weight (A), residual sugar concentration (A), production of extracellular (EPS) and intracellular
polysaccharides (IPS) (B), and specific productlon (i-e., content) and total production of ganoderic acids (GA) (C) in submerged
cultures of G. lucidum at initial KLa of 78.2 h™ in a bioreactor. Symbols: residual sugar (open circle), dry cell weight (dark circle), EPS
(open triangle), IPS (dark triangle), GA content (open square), and total GA production (dark square).

and 96.0 h, respectively. The maximum IPS production of
1.9,1.6,2.2 and 2.1 g/L was reached on day 10 in the cul-
ture grown at an initial Kia value of 16.4, 60.0, 78.2 and
96.0 h!, respectively, and its corresponding productivity
was 0.19, 0.16, 0.22 and 0.21 g/(L.d). The dynamic profile
of the total accumulation of IPS is shown in Figure 5B. The
results indicate that a relatively higher initial Kia value
was favorable for IPS production and productivity.

Figure 5C shows the kinetics of GA content and total
GA production. Table 2 indicates that the maximum GA
content in the culture at initial Kra values of 16.4, 60.0, 78.2
and 96.0 h'! was 2.33, 2.44, 2.17 and 3.36 mg/100mg DW as
obtained on day 13, 10, 10 and 10, respectively. Although
the highest biomass was obtained at an initial Kia of 78.2 h,
the maximum GA production was obtained at an initial
Kia of 96.0 h'! because of the high GA content obtained in
the latter case (Table 2). The total GA production of 245,
280, 338 and 450 mg/L was attained on day 10 in the cul-
ture grown at initial Kia values of 16.4, 60.0, 78.2 and 96.0
h, respectively, and their corresponding productivity was
23.8,27.3,33.1 and 44.3 mg/(L.d). An increase in initial Kia
led to an increased production and productivity of GA.
The GA production and productivity at an initial Kia
value of 96.0 h! was 1.8-fold those at an initial Kra value of
16.4 h'. It is clear that an initial Kia value of 96.0 h' was
most suitable for both the production and productivity of
GA.

Concluding Remarks

The significant effects of O: supply (initial Kia) on the
cell growth and production of Ganoderma polysaccharides
and ganoderic acids were demonstrated in submerged cul-
tures of G. lucidum. A higher cell growth rate and a higher

productivity of IPS and GA were reached under higher O:
supply. The experiments in bioreactors were also repeated,
and the same conclusions were attained. The results
obtained are considered useful for the regulation and opti-
mization of the mushroom cultures for simultaneous,
highly efficient production of the cell mass, Ganoderma
polysaccharides, and ganoderic acids on a large scale.
Related work on effect of dissolved O: (DO) was also done
in our laboratory and will be published elsewhere.
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