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Abstract

The effects of oxygen supply on the submerged fermentati@andderma lucidum, a famous traditional Chinese medicinal mushroom,
for simultaneous production of bioactive compound3anoder ma polysaccharide and ganoderic acid (GA) were studied. An initial volu-
metric oxygen transfer coefficieri( a) value within the range of 16.4-96.0"had a significant effect on the cell growth, cellular morphol-
ogy and metabolites biosynthesis. At an initfala of 78.2 i1, a maximal cell concentration of 15.62¢ by dry weight was obtained, as
well as amaximal intracellular polysaccharide (IPS) production of 2.1 arid its maximal productivity of 217 mgt per day. Anincrease
ofiinitial K_a led to a bigger size of mycelia aggregates and a higher production and productivity of GA. The GA production and productivity
atan initialk, a of 96.0 ! was 1.8-fold those at an initi&l, a of 16.4 v1. Dissolved oxygen tension (DOT) also affected the fermentation
process. The cell growth @. lucidumwas significantly inhibited when DOT was controlled 0% of air saturation, which was due to the
oxygen limitation in mycelia aggregates. The production of extracellular polysaccharide (EPS) and contents of IPS-A086@ADOT
were higher than those25% of DOT. However, the total production and productivity of IPS and GA at a low DOT were lower than those at
a high DOT. The fundamental information obtained in this study will be useful for submerged fermentaidn@tium on a large scale.
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction of extracellular products that alter the rheological charac-
teristics of fermentation broth. After these changes, there
Among the sources of bioactive metabolites, less inten- will be a series of problems that should be considered
sively investigated organisms like medicinal fungi seem to and solved, especially oxygen supply. Oxygen affects cell
be promising for new structures with biological activities growth, cellular morphology, nutrients uptake, and metabo-
[1-7]. Ganoderma lucidum (Fr.) Krast (Polyporaceae) is a lite biosynthesis. Ishmetentskii et #] reported that a high
famous traditional Chinese medicinal mushroom. Polysac- oxygen transfer rate (OTR) could reduce, enhance, or have
charides and ganoderic acids (GAs) are two of its ma- no effect on the production of pullulan, depending on the
jor bioactive componentfl]. Interestingly, recent studies strain ploid. In cultivation of filamentous funguschizo-
show that GAs have new biological activities including phyllum commune, Rau et al.[9] reported that sufficient
anti-tumor and anti-HIV-1[2,3]. Because it usually takes oxygen supply resulted in an increase in the specific growth
several months to cultivate the fungus and the product rate and a decrease in the production rate of extracellular
yield is low in soil cultivation, submerged fermentation of glucan. When oxygen partial pressure in the culture broth
G. lucidum is viewed as a promising alternative for effi- decreased to almost zero, the fungus responded to this oxy-
cient production ofGanoderma polysaccharide and GA  gen limitation by reduced cell growth and increased glucan
[1,4,5] accumulation. In the submerged fermentatioriMafnascus
Submerged fermentation of higher fungi is character- ruber, Hajjaj et al.[10] reported that improving the oxygen
ized by an increase in broth viscosity with time, either supply increased the biomass yield, consumption of nitro-
as a consequence of increased cell concentration, changegen source and production of secondary metabolites (red
in microbial morphology, or because of the accumulation pigment and citrinin). In the submerged culturel@htinus
edodes, Yoshida et al[11-13] reported that small pellets
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the variation of the growth type (in fibrous mycelia suspen-
sion or in mycelia pellets suspension).

Until now, there are no reports on effects of oxygen supply
on simultaneous production @anoderma polysaccharide
and GA. In this article, we investigated the impacts of initial
volumetric oxygen transfer coefficieri(a) and dissolved
oxygen tension (DOT) on fermentation &. lucidum in
order to obtain useful information for large-scale production
of those bioactive compounds by the bioprocess.

2. Materials and methods
2.1. Maintenance and preculture of G. lucidum

The strain ofG. lucidum CCGMC 5.616 was maintained

on potato-agar-dextrose slants. The slant was inoculated with

mycelia and incubated at 28 for 7 days, then stored at

4°C for about 2 weeks. Preculture medium consisted of the

following components (gi'): glucose 35, peptone 5, yeast
extract 2.5, KHPOy-H20 1, MgSQ-7H,0 0.5, and Vitamin

B1 0.05. For the first preculture, 40-ml medium with initial
pH of 5.5 was prepared in a 250-ml flask, and then 10-mi

mycelium suspension from a slant culture was inoculated,

and followed by 5-day incubation at 3Q on a rotary shaker
(120rpm). For the second preculture, 45-ml medium was
prepared in a 250-ml flask, and inoculated with 5-ml first
preculture broth (with ca. 600-700 mg dry weight of cells
per litre), then followed by 3-day incubation at 30 on a
rotary shaker (120 rpnfL,4,5].

2.2. Submerged fermentation in bioreactor

The bioreactor used was a 3.5-1 (working volume) agitated
bioreactor with two six-bladed turbine impellers (6.5cm
i.d.). The vertical distance between two impellers was 7.0 cm
and the lower impeller was 5.0cm above the reactor bot-
tom. Aeration was through a ring sparger with a pore size of

0.8 mm, which was located 2.5 cm above the reactor bottom.

Fermentation was conducted at“®Din the dark. Fermenta-
tion medium consisted of the following componentsT(§!
lactose 35, peptone 5, yeast extract 2.5,,RBy-Ho0 1,
MgSQy-7H20 0.5, and Vitamin B 0.05[1,4,5].

2.3. Effect of initial K_a

The initial KLa was determined using the dynamic
gassing-in and gassing-out methidd]. The cultures were
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tion rate (0.03-1.0 vvm) and agitation speed (100—250 rpm)
during fermentation.

2.5. Sampling, determination of dry weight, medium sugar,
and pellet size

For sampling, about 20-30 ml of broth was taken once
from each reactor. Dry cell weight (DW) and residual
sugar concentration were measured by gravimetric method
and phenol-sulfuric acid method, respectivily4,5]. The
mycelia aggregates from samples were sieved into different
sizes by using stainless-steel sieves, and their size distribu-
tion frequency was calculated based on the ratio of DW as
measured.

2.6. Measurements of Ganoderma polysaccharide and GA

For the determination of extracellular polysaccharide
(EPS), after removal of mycelia by centrifugation, the crude
EPS was precipitated with addition of 95% (v/v) ethanol
by four times of volume, then separated by centrifugation
at 13,000x g. The insoluble components were suspended
in 1M NaOH at 60C for 1h, and the supernatant was
measured by phenol-sulfuric acid metHa#,5].

The contents of intracellular polysaccharide (IPS) and
GA in mycelia were analyzed. Details of these measure-
ments have been reported elsewhgrd,5]. Although the
GAs present in the mycelia @. lucidum were a compli-
cated mixture, they usually hawep-unsaturated carbonyl
group, whose UV absorbance is maximaR30-260 nm.
The mixture of GA was detected at 245 nm by using analyt-
ical pure thymol (Shanghai Chemical Reagents Co., China)
as standard.

3. Results and discussion

Effect of initial K_a onG. lucidum cultures was studied
by setting various initiaK_a values. All cell cultures were
agitated at 200rpm and aeration rate was adjusted over a
range of 220-3500 mImirt to produce the desired initial
K_a values from 16.4 to 96.0H. Fig. 1A shows the cell
growth Kkinetics at initiaK a values of 16.4, 60.0, 78.2 and
96.0h L. The cell growth at an initiaK_a of 96.0 ! ap-
peared to be slow as the culture period continued for up to
13 days, whereas it was 8 or 10 days for the other cultures.
Initial K|_a affected the biomass level, and its peak value

all agitated at the same speed (200 rpm), and the aeratiorPf 15.62gDW cellst! was obtained at an initiaK a of

rate was set at 220, 1050, 1750 and 3500 mithito ob-
tain the desired initiaK_a values of 16.4, 60.0, 78.2 and
96.0h 1, respectively.

2.4, Effect of DOT

78.211. The results indicated that initi#l_a had a signif-
icant effect on the cell growth during fermentation and an
initial K_a of 78.2 1! seemed to be best for cell growth of
G. lucidum.

In parallel with the changes in cell growth were changes
in cellular morphology during the cultivation at various ini-

The DOT in the culture broth was monitored by using tial K_a values. It appeared that cultures at a higher initial

a polarographic DO probe and regulated by changing aera-

KLa value were more aggregated than those at lower initial
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Fig. 1. Time profiles of DW (A), residual sugar concentration (B), and
DOT (C) during submerged fermentation @f lucidum at various initial
Kia levels in a turbine-agitated bioreactor. Symbols for inkigh values
(h1): 16.4 ©), 60.0 @), 78.2 (A) and 96.0 A).

KLa values. As shown ifrig. 2, an increase of initiaK_a
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Fig. 2. Effect of initial K a values on the distribution (expressed as
frequency based on DW) of different mycelia aggregate sizes in the
fermentation (Day 10). Symbols for mycelia aggregate sizes: diameter
larger than 0.50 mm (hatched bar), diameter between 0.50-0.25 mm (blank
bar), and diameter smaller than 0.25mm (dark bar).

where dqit is the critical diameter at which the internal
oxygen limitation will occur,Co, the dissolved oxygen
tension in mediumPeggt the effective diffusion coefficient
of oxygen in mycelia pellets, anfio, is the oxygen con-
sumption rate per pellet volumBes is equal to the product
of the molecular diffusion coefficient and the pellet poros-
ity. Ro, is equal to the product of specific oxygen uptake
rate (SOUR) and the density of the mycelia pellets. On
Day 10 of ourG. lucidum fermentation at an initiak_a of
96.01, DO was determined to be about 0.0732 mofn
SOUR was measured as 0.785mmglgd! DW h=1), the
pellet density was 75 kg DW ¥, andDef was assumed to
be 19x 10-°m?s~1 [17]. According toEq. (1) the critical
pellet diameter was estimated to be 0.45mm. At an initial
KLa of 96.0 1, about 55% (by dry weight) of mycelia pel-
lets on Day 10 had a diameter larger than 0.50 r&ig.(2).
The cells in the center of those pellets may be under oxygen
limitation. Thus, the apparent cell growth was limited at an
initial K_a of 96.0 1.

Time courses of residual sugar concentration are com-
pared inFig. 1B. At an initial K__a of 60.0 i1, the substrate
consumption rate was higher than in other cases, while it

increased the percentage of mycelia aggregates over thavas the lowest at an initid{, a of 16.4 1.

size of 0.50 mm and between the size of 0.50-0.25mm in

The dynamic changes of DOT are showrFig. 1C The

diameter, while the percentage of mycelia aggregates be-DOT at the later stage of culture at an initid] a value
low the size of 0.25mm was decreased. Also, there was aof 96.0 1 was relatively lower. As we know, the DOT in
big increase in the percentage of mycelia aggregates overthe fermentation broth was directly related with OTR and

0.50mm in diameter at an initidd, a of 96.0hL. It was
clear that initialK_ a greatly affected the cellular morphol-
ogy. In plant cell cultures o€atharanthus roseus, Leckie
et al. [15] also reported that different size distribution of
cell aggregates was observed at different inkiah levels.
Limitation of oxygen within mycelia pellets was expected
if mycelia pellets were larger than a certain critical size. The
critical size can be calculated according to the following
equation[16]:

24 x Co, X Deff

derit =
i R02

1)

oxygen uptake rate (OUR). During fermentation, tiea
value may change with the change of cellular morphology,
viscosity of fermentation broth, and so on. These factors will
lead to the phenomenon as observed in the work.

Fig. 3Ashows the kinetics of EPS accumulation at various
initial K_a levels. From Days 0 to 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. The EPS production was 0.97, 0.69, 0.92
and 0.92gt?! in the cultures at initiaK, a values of 16.4,
60.0, 78.2 and 96.01, respectively, and its corresponding
productivity was 73.1, 51.5, 69.2 and 69.2 m§ per day.
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Fig. 3. Effect of initialK_a values on the EPS production (A), IPS content
(B) and IPS production (C). Symbols for initi#l_a values (h?): 16.4
(O), 60.0 @), 78.2 (A) and 96.0 A).

Effect of initial K a on the specific production (i.e. con-
tent) of IPS is shown ifrig. 3B. The maximum IPS content
of 17.51, 14.20, 14.01 and 15.59mg per 100mg DW was
reached on Day 10 in the cultures at an inifala value of
16.4, 60.0, 78.2 and 96.0°h, respectivelyFig. 3C shows
the dynamic profiles of total accumulation of IPS. The max-
imum IPS production of 1.91, 1.63, 2.19 and 2.09%Was
reached on Day 10 in the culture grown at an initala
value of 16.4, 60.0, 78.2 and 96.0% respectively, and
its corresponding productivity was 189.0, 161.0, 217.0 and
207.0mgt?! per day. The results indicated that a relatively
higher initial K a value was favorable for IPS production
and productivity.

Time profiles of GA content at various initil_ a values
are shown inFig. 4A. At an initial K a of 96.0%, in
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Fig. 4. Effect of initialK|_a values on the specific production (i.e. content)
(A) and total production (B) of GA. Symbols for initi#d, a values (h1):
16.4 ©), 60.0 @), 78.2 (A) and 96.0 A).

in the GA content on Day 10. The maximum GA content
in the culture at initialK_a values of 16.4, 60.0, 78.2 and
96.0h 1 was 2.33, 2.44, 2.17 and 3.36 mg per 100 mg DW
as obtained on Days 13, 10, 10 and 10, respectively. As men-
tioned above, for the cultures at an initigla of 96.0 1 on

Day 10, the cells in the center of about 55% mycelia pellets
may be under oxygen limitation, which was considered to
be the key factor affecting GA synthe$is3]. In a previous
study, it was also suggested that a larger size of mycelia ag-
gregates was beneficial for the GA biosynthesis, which may
be due to the oxygen limitation in the pellet cer{te8]. The
kinetics of total GA production is shown iRig. 4B. Al-
though the highest biomass was obtained at an irdiia of
78.2h1, the maximum GA production was obtained at an
initial K_a of 96.0 ! because of the high GA content ob-
tained in the latter casé-ig. 4A). The total GA production

of 245.5, 280.2, 338.5 and 450.1 mgvas attained on Day
10 in the culture grown at initigk_a values of 16.4, 60.0,
78.2 and 96.0h!, respectively, and their corresponding
productivity was 23.9, 27.3, 33.2 and 44.3m§ per day.

An increase in initiaK_a led to an increased production and
productivity of GA. The GA production and productivity at
an initial K| a value of 96.0 h! was 1.8-fold those at an ini-
tial K_a value of 16.4 hl. Itis clear that an initiaK, a value

of 96.0 v was optimal for both GA production and produc-
tivity.

parallel with a large increase in the percentage of mycelia The DOT at the later stage of culture at an initigla

aggregates over the size of 0.50 nfay 2) was an increase

value of 96.0 ! was lower than other three cas&sy 10),
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and the GA content in this case (on Days 8 and 10) was above 20% of air saturation for achieving optimum rates of

higher than that in the other casédd. 4A). There seems

cell growth and accumulation ais,cismuconatg19] and

to exist certain relationship between specific GA production vancomycin[20].

(i.e. content) and DOT level. Further experiments were con-

ducted to explore this potential relationship.

Fig. 5A shows two different DOT profiles in the sub-
merged fermentation. Compared with a low DOY10% of
air saturation), the cells db. lucidum grew more quickly
when DOT was kept at a higher level (i:€25% of air satu-
ration) (Fig. 5B). The maximum cell density was@B+0.23
and 1470+ 0.20gDW cellst1 ~10 and 25% of DOT, re-
spectively. The results indicated that the cell growtksolfu-
cidumwas significantly inhibited when DOT was controlled
~10% of air saturation. In the culture d?seudomonas
putida and Amycolatopsis orientalis, Choi et al.[19] and
Mclntyre et al.[20] also reported that DOT should be kept
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Fig. 5. Time courses of DOT (A), DW (B) and residual sugar concentration
(C) during the submerged fermentation@flucidum in a turbine-agitated
bioreactor. Symbols for DOT+~10% of air saturation@) and ~25% of

air saturation @). The error bars in the figure indicate maximum errors
from two independent samples of two reactors.

The DOT gradient in the mycelia pellet can be calculated
according to the following equatidi 6,17}

d?c 2dc 0(Qo,)mC
p (F * ;a) =00 =" e

whereC is the DO concentration over the pellet cross sec-
tions at a distance from the pellet centerp the density

of cells in the pelletD the coefficient of oxygen diffusion
along the liquid channels inside the mycelia pell@tp,

the oxygen consumption rate per pellet volun@ef)m the
maximal oxygen consumption rate per pellet volume, and
Ko is oxygen constant. When DOT was controlled 0%

of air saturation, DO concentration was determined to be
2.44x 102 mol m~3, the radius of mycelia pellet was about
1.9 x 10~*m on an average, the maximal SOUR was mea-
sured as 1.85mmol&y~1DW h~1, the pellet density was
75kgDWnT3, D was assumed to bedx 10 2m2s1,
andKo was 447 x 10~°>molm~2 [17]. From Eq. (2) the
DOT in the center of mycelia pellet was estimated to be
zero, which indicted that the cells in the mycelia pellet were
under oxygen limitation.

Time courses of residual sugar are comparefign 5C
The substrate consumption corresponded well to the cell
growth. Compared with low DOT~10%), the cells con-
sumed lactose more quickly when DOT was controlled
~25%. Around 10% of DOT, at the end of fermentation (Day
12) there still remained a high level of residual sugar, i.e.
25.63+0.23 g L. In contrast,~25% of DOT, almost all the
sugar was utilized at the end of fermentation. The cell yield
on sugar was 384+ 0.01 and 048+ 0.00 g DW g ! lactose
~10 and 25% of DOT, respectively. An increase of DOT
led to a higher lactose consumption rate and a higher cell
yield against sugar. Similar phenomena were also observed
in the culture ofAzotobacter vinelandii [21].

Kinetics of EPS accumulation is indicated kig. 6A.
After inoculation, a rapid increase of EPS concentration was
observed. DOT level affected the final production of EPS.
EPS production and productivity obtainedl0% of DOT
(0.70+0.02 g 1 and 563+0.3 mg I per day) were higher
than those~25% of DOT (060 + 0.04g I and 480 +
2.0mg -1 per day). The IPS content10% of DOT was also
higher than that-25% of DOT {ig. 6B). The results sug-
gest that oxygen limitation was beneficial for the metabolic
flux towards the polysaccharide biosyntheBig. 6Cshows
the dynamic profiles of total IPS accumulation. The total
IPS production reached @+ 0.06 and 156+ 0.04gl!
~10 and 25% of DOT, respectively, and their correspond-
ing productivity was 42 + 4.2 and 1550 + 3.0mg ! per
day.

Time profiles of GA content are shown Fig. 7A. The
GA content~10% of DOT was higher than that25% of
DOT. Around 10% of DOT, after inoculation GA content
increased until Day 9, when a maximum GA content of

()



Fig. 6. Effect of DOT on the EPS production (A), IPS content (B) and
total IPS production (C). Symbols for DOT:10% of air saturation(Q)
and ~25% of air saturation@®). The error bars in the figure indicate
maximum errors from two independent samples of two reactors.

4.39+ 0.25mg per 100 mg DW was obtained. Later, it de-
creased sharply. In the cas@5% of DOT, after inoculation

GA content increased until Day 4, when a maximum GA
content of 322 + 0.14mg per 100mg DW was reached.
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Fig. 7. Effect of DOT on the GA content (A) and its total production
(B). Symbols for DOT:~10% of air saturation®) and ~25% of air
saturation @). The error bars in the figure indicate maximum errors from
two independent samples of two reactors.

When DOT was controlled-10% of air saturation, the
cells of mycelia pellet had relatively bigger sizes than those
at 25% of DOT (data not shown), which were under oxygen
limitation as discussed above. They did not grow after Day
4 (Fig. 5B) while maintaining the cellular activities, and the
metabolic flux was more shifted towards GA biosynthesis,
which led to a higher GA content in this case compared to
that at 25% of DOTig. 7A). Although a higher content of
IPS and GA Fig. 7A) was obtained~10% of DOT, a much
higher cell density was obtained25% of DOT {ig. 5B),
therefore, a higher total production of IPS and G#Ag( 7B)
was reached in the latter case. The highest IPS and GA
production was reached on the same day (Day 10) as the
biomass. The production and productivity of GA and IPS

After that, GA content decreased slowly until Day 10, and it ~25% of DOT were about two-fold those10% of DOT.
had a little increase at the end of fermentation (Day 12). The The results indicated that a high cell density was desirable

data indicated that a relatively lower DOT, where the cells
in the center of mycelia pellet could be under oxygen limita-
tion, was beneficial for the GA biosynthesis. The results im-
ply that oxygen limitation was beneficial for the metabolic
flux towards the GA biosynthesis. The kinetics of total GA
production is shown iffrig. 7B. The total GA accumulation

reached 145+9.7 and 3401+21.2 mg I ~10 and 25% of

DOT, respectively, and their corresponding productivity was
16.0+0.7 and 337+1.8 mg I per day. It is clear that a rel-

atively high DOT led to a higher GA production and produc-

tivity.

for total production of intracellular products in order to in-
crease the metabolite productivity.

The present work demonstrated that oxygen supply sig-
nificantly affected the cell growth, cellular morphology and
metabolite biosynthesis during submerged fermentation of
G. lucidum in a bioreactor. The experiments on both initial
Kpa values and DOT were also repeated, and the same con-
clusions were obtained. The results obtained are considered
useful for the simultaneous, highly efficient production of
the cell massGanoderma polysaccharide, and GA on a
large scale.
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