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Abstract Antrodin C is one of the most potent bioactive
components produced by the medicinal mushroom Antrodia
camphorata. However, almost all studies in this field have
focused on the biological activity of Antrodin C and rela-
tively rare information has been reported regarding the bio-
synthetic process of Antrodin C. In this study, the strategies
of pH-shift and glucose feeding for enhanced production of
Antrodin C in submerged fermentation of A. camphorata
were successfully applied in stirred bioreactors. The critical
parameters for pH-shift and glucose feeding were systemati-
cally investigated. On one hand, the optimal culture pH for
cell growth was distinct with Antrodin C biosynthesis and
the maximum Antrodin C production was obtained by main-
taining the first-stage culture at initial pH 4.5 and adjusted
to 6.0 at day 8. On the other hand, it was beneficial for the
Antrodin C accumulation with the initial glucose concen-
tration of 40 g/L and feeding glucose to keep the residual
sugar above 10 g/L. The maximum Antrodin C production
(1,549.06 mg/L) was about 2.1-fold higher than that of con-
trol in 15-L stirred bioreactors by taking advantage of the
integrated strategy of pH-shift and glucose feeding. These
results would be helpful for the design of a highly efficient
Antrodin C biosynthesis process.
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Introduction

Antrodia camphorata, a valuable mushroom unique in Tai-
wan, has been well known as a traditional medicine for
treatment of diverse diseases [1, 2]. Many types of bioac-
tive compounds have been revealed from A. camphorata
including polysaccharides, terpenoids, succinic and maleic
derivatives, etc. [3-5]. Among these bioactive metabo-
lites, Antrodin C has been recognized as one of the most
potential bioactive components, which possesses notable
antiproliferative activity against Lewis lung carcinoma
tumor cell line and potent inhibitory activity on hepatitis
C virus [5, 6]. In spite of these potential pharmaceutical
applications, relatively rare information has been reported
hitherto regarding the biosynthetic process of Antrodin
C. This might be partially due to the fastidious nature of
A. camphorata that its fruiting body only grows slowly
on the inner heartwood wall of the Cinnamomum kanehi-
rai Hayata [7]. Furthermore, although some success has
been achieved by solid-state culture of A. camphorata,
the growth period is still too long and it is also difficult to
control the product quality. Thus, submerged fermentation
might be a simple, fast and efficient alternative approach
for the production of various valuable metabolites of A.
camphorata including Antrodin C. To our best knowledge,
there is only one study so far related to the bioprocess of
Antrodin C production reported by our group, in which a
biphasic fermentation system was used for alleviating the
product inhibition [8].

However, in our previous study, the cultivation was con-
ducted in shaking-flasks and the yield of Antrodin C was
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relatively low. Therefore, a further investigation on the pro-
cess parameters mostly related to the metabolites biosynthe-
sis should be carried out in the bioreactors. Among the pro-
cess that control strategies, pH-shift and sugar feeding have
been shown to be the most efficient strategies [9-16]. On one
hand, the pH-shift strategy is usually applied in submerged
fermentation due to the fact that the optimum pH for the cell
growth and metabolites biosynthesis are often different [16].
On the other hand, the sugar feeding strategy will lead to an
improvement of the metabolite yield by avoiding the inhibi-
tory effect of a relatively higher level of initial sugar [15].

In this study, the pH-shift and sugar feeding strategy
were applied for the submerged fermentation of A. cam-
phorata in stirred bioreactors. This approach will be of
great significance for the efficient production of bioac-
tive metabolites in the large-scale fermentation of A.
camphorata.

Materials and methods

Microorganism

Antrodia camphorata was from the collection of Key Labo-
ratory of Industrial Biotechnology, Ministry of Education,
School of Biotechnology, Jiangnan University (China).
Fermentation conditions

Fermentation in the shaking-flasks

The fermentation condition in the shaking-flasks was the
same as that of our previous work [8].

Fermentation in the stirred-tank bioreactors

The stirred-tank bioreactors used were 5-L and 15-L agi-
tated bioreactor with two six-bladed Rushton impel-
lers. The airflow rate and rotation speed was 4.0 vvm and
130 rpm, respectively. The other conditions were the same
as that of shaking-flask culture.

Effect of initial pH

For studying the effect of different initial pH values, the
medium pH values were adjusted to 2.0, 3.0, 4.0, 5.0, 6.0,
7.0 and 8.0 by adding 1.0 mol/L HCI or 1.0 mol/L NaOH.
pH-shift strategy

A pH-shift experiment was proposed in a 5-L stirred-tank

bioreactor by combining a first-stage culture at initial pH
4.5 for 7 days with a second-stage culture at pH 5.0, 6.0

@ Springer

and 7.0, respectively. It is worth mentioning that the sec-
ond-stage culture pH values were adjusted at the beginning
of day 8 and since then the pH was not further controlled.

Effect of initial glucose concentration

For the investigation on the effects of different initial glu-
cose concentrations, 25, 40, 55 and 70 g/L of glucose were
tested in 5-L stirred-tank bioreactor, respectively.

Glucose feeding strategy

When the residual sugar concentration decreased to 5, 10,
15 and 20 g/L, a fed-batch process with a pulse feeding of
a highly concentrated glucose solution into a reactor was
conducted to increase the residual glucose concentration by
10 g/L.

Integration of pH-shift and glucose feeding

Based on the results of above experiments, an integration
of pH-shift and glucose feeding was conducted in a 15-L
stirred-tank bioreactor for further enhancement of Antrodin
C production.

Substance measurements
Determination of biomass and residual sugar

For determination of the biomass concentration, the mycelia
were filtered through a pre-weighted filter paper under suc-
tion and washed with distilled water, then collected and dried
at 50 °C to a constant weight. Residual sugar in the filtrate
was determined by dinitrosalicylic acid (DNS) method.

Table 1 Effect of different initial pH values on the biomass and
Antrodin C production

Groups pH Biomass (g/L) Antrodin C

(mg/L)

Initial pH  Final pH

231.75 +£ 2.01*
114.63 + 1.878
153.58 + 1.45°€

12.17 £ 0.10°
10.76 + 0.09°
11.01 + 0.08°

Control 4.49 4+ 0.01
2.00 + 0.01
3.00 £ 0.01 2.66 +0.04

3.61 +£0.03
1.74 £ 0.03

1
2

3 400+ 0.01 3.19+0.03 12.05+0.11* 217.47 &+ 1.99
4 5.004+0.01 3.67£0.04 11.93 £0.07° 248.10 £ 2.35F
5 6.00 +£0.01 4.30+0.03 11.18 £0.09* 223.91 +2.47F
6 7.00 £0.01 4.714+0.05 9.56+0.07° 189.26 + 2.236
7 8.00+0.01 589+0.04 6.01+0.10% 76.04+ 1.98"

Conditions: The initial pH of the medium in control was about 4.5
without adjustment. Each culture was carried out at 28 °C for 10 days
at 130 rpm. Value (mean =+ standard deviation, n = 3) within each
column having different lowercase/capital letters have significant dif-
ference (ANOVA Tukey’s test; p < 0.05)
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Extraction and analysis of Antrodin C

The extraction and analysis of Antrodin C
our previously described method [8].
Results and discussion

Effects of initial pH

the shaking-flask and the results were shown in Table 1.
The biomass was obviously inhibited when the initial
pH was adjusted below 3.0 or above 6.0. An optimal ini-
tial pH for cell growth occurred at 4.5 (an original pH
of culture medium without adjustment) with the bio-
mass of 12.17 g/L, while the highest Antrodin C produc-
tion (248.10 mg/L) was obtained at the initial pH of 5.0.
The results indicated that cell growth might be better at
a lower pH range while the Antrodin C formation might
be beneficial at a relatively higher pH range, suggested

were based on

The effects of different initial pH values on the bio-
mass and production of Antrodin C were investigated in

that a pH-shift strategy was necessary for the enhance-
ment of Antrodin C production. It was in agreement with
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Fig. 2 Time course of the
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the results reported by Shu and Lung [16], in which the
preferable pH values for mycelial growth and exopolysac-
charide production of A. camphorata were 4.0 and 5.0,
respectively.

pH-shift strategy in 5-L bioreactors

Based on the preliminary results of the time course study,
the pH of fermentation broth remained relatively constant
at 4.5 during the first 7 days, after which it showed an obvi-
ous decrease and reached 2.43 at the end of fermentation
(data not shown). Therefore, different degrees of pH-shift
were applied in 5-L stirred bioreactors and the results were
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shown in Fig. 1. It was found that both the biomass and
Antrodin C production were remarkably influenced by dif-
ferent second-stage culture pHs. The biomass decreased
obviously when the pH shifted from 4.5 to 5.0, 6.0 and 7.0
on day 8, suggesting that the mycelial growth required a
relatively acidic environment. In contrast, the application
of pH-shift led to a significant increase in the Antrodin C
yield. Thus, it was concluded that a pH-shift culture was
successfully developed for enhancing Antrodin C accumu-
lation. The highest Antrodin C production (839.31 mg/L)
was obtained when the pH was shifted from 4.5 to 6.0 on
day 8, which was increased by 83.47 % compared with the
control. The present results were similar with the report of
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Fig. 3 Time profiles of biomass, pH, residual sugar and Antrodin C production of A. camphorata in 15-L stirred bioreactors with the integrated

strategy of combining pH-shift and glucose feeding

Kim et al. [14], in which the maximum exopolysaccharides
production of Ganoderma lucidum was achieved by shift-
ing the controlled pH from 3.0 to 6.0 after day 4.

Glucose feeding strategy in 5-L bioreactors

The effects of initial glucose concentration were investi-
gated for the further application of glucose feeding strat-
egy. On one hand, the higher biomass could be obtained
at a relatively higher initial glucose concentration, which
may be attributed to rapid growth of mycelia in nutrition-
rich environment (data not shown). On the other hand, the
highest Antrodin C production was achieved at the initial
glucose concentration of 40 g/L (data not shown). How-
ever, excessive supply of glucose was detrimental for the
production of Antrodin C, possibly caused by the inhibitory
effect of glucose on the related enzymes. As demonstrated
in a fed-batch culture of Ganoderma resinaceum DG-6556
for production of exopolysaccharides, the application of
sugar feeding was effective for preventing the product inhi-
bition by the substrate [17].

Thus, the glucose feeding strategy would be useful for
the enhanced production of Antrodin C. As shown in Fig. 2,
it was found that the supply of glucose was beneficial for
the mycelial growth and an earlier feeding of glucose led to
a higher biomass, indicating that the mycelial growth was
more susceptible to the glucose supplement at the logarith-
mic growth phase than at the stationary phase. Compara-
tively, the earliest feeding of glucose did not result in the
highest Antrodin C yield, indicating that the supplement
of glucose at too earlier fermentation time may be partly

converted into biomass rather than metabolites biosynthe-
sis. Based on the results, the maximum Antrodin C produc-
tion (1,138.92 mg/L) was obtained when the glucose con-
centration maintained no less than 10 g/L.

Integrated strategy of pH-shift and glucose feeding
in 15-L bioreactors

In order to further enhance Antrodin C biosynthesis, the
integrated strategy of pH-shift and glucose feeding was
applied in a 15-L bioreactor. As shown in Fig. 3, the bio-
mass increased rapidly from day 1 to 14, after that the
biomass kept relatively stable. Although the accumula-
tion of Antrodin C was slow before day 4, the continued
increase in its biosynthesis could be achieved during the
subsequent fermentation period, by taking the advantages
of the integrated strategy. The yield of Antrodin C reached
1,549.06 mg/L at the end of the fermentation, corresponded
to an increase of 210 % when compared with that of the
control (data not shown). These results indicated that the
integrated strategy of pH-shift and glucose feeding had a
synergistically favorable effect on the Antrodin C bio-
synthesis. Tang et al. [13] developed a similar process of
a fed-batch fermentation process by combining pH-shift
strategy and DOT-shift strategy that resulted in a significant
synergistic enhancement of ganoderic acid accumulation in
the submerged fermentation of G. lucidum in stirred-tank
bioreactor. Thus, an integrated strategy of combining of
well-directed process parameters shift with carbon source
feeding can provoke physiological changes that posi-
tively affects process performance, representing a valuable
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integrated strategy for the cell growth and metabolites bio-
synthesis [13, 18].

Conclusion

In this work, for the first time, the strategies of pH-shift and
glucose feeding for the efficient production of Antrodin C
were successfully demonstrated during the submerged fer-
mentation of A. camphorata in bioreactors. It was found
that the responses of the mycelial growth and Antrodin C
biosynthesis to pH-shift and glucose feeding were differ-
ent. A significant synergistic enhancement of Antrodin C
production was achieved by combining the above-men-
tioned pH-shift and glucose feeding strategies in 15-L
stirred bioreactors. The results obtained in this study offer
a promising approach for high Antrodin C production and
will be helpful for the design of a highly efficient Antrodin
C biosynthesis process on a large scale.
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