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Abstract To further improve the ganoderic acid (GA)
production, a novel integrated strategy by combining
nitrogen limitation and calcium ion addition was devel-
oped. The effects of the integrated combination on the
content of GA-T (one powerful anticancer compound),
their intermediates (squalene and lanosterol) and on the
transcription levels of GA biosynthetic genes in G. lucidum
fermentation were investigated. The maximum GA-T
content with the integrated strategy were 1.87 mg/ 100 mg
dry cell weight, which was 2.1-4.2 fold higher than that
obtained with either calcium ion addition or nitrogen lim-
itation alone, and it is also the highest record as ever
reported in submerged fermentation of G. lucidum. The
squalene content was increased by 3.9- and 2.2-fold in this
case compared with either individual strategy alone.
Moreover, the transcription levels of the GA biosynthetic
genes encoding 3-hydroxy-3-methyglutaryl coenzyme A
reductase and lanosterol synthase were also up-regulated
by 3.3-7.5 and 1.3-2.3 fold, respectively.
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Introduction

Medicinal mushrooms are viewed as a rich source of bio-
logically active and therapeutically useful agents. Gano-
derma lucidum has long been used for treating and
preventing various diseases in East Asia due to its benefi-
cial effects [1-3]. Ganoderic acids (GAs) are the major
constituents in G. lucidum and they play an important role
in its biological effects [4, 5]. Among the GAs, ganoderic
acid T (GA-T) is considered as one of most promising
antitumor and anti-metastasis candidates based on exten-
sive in vitro and in vivo pharmacological studies [6-8].
The biosynthesis of GAs is proceed via the mevalonate/
isoprenoid (MVA) pathway. This pathway includes the
conversion of farnesyl diphosphate to squalene, 2, 3-oxi-
dosqualene, and lanosterol. Lanosterol is the common
cyclic intermediate of triterpenes in G. lucidum. The final
steps following lanosterol formation are yet unclear, but
most likely include a series of oxidation, reduction, and
acylation reactions [4]. Some genes involved in the MVA
pathway have been isolated and characterized in G. luci-
dum. The 3-hydroxy-3-methyglutaryl coenzyme A reduc-
tase (HMGR), squalene synthase (SQS), and lanosterol
synthase (LS) are key enzymes in the GA biosynthesis [9].
Due to the important pharmacological function of GA-T
and other GAs, the demand for them has increased in
recent years [3, 10]. Various cultivation methods have been
developed to increase GA production in G. lucidum. The
submerged fermentation of mushroom is considered as a
promising approach for the efficient production of major
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metabolites because it is fast, cost effective, and easy to
control the product quality [5, 11]. Many attempts such as
optimization of fermentation conditions [12-14], addition
of inducers [15-20] and development of new bioprocessing
strategies [21, 22] as well as overexpression of key GA
biosynthetic genes [23-25] have been made to increase GA
production in the submerged culture of G. lucidum. For
example, increased GA-T production, compared with tra-
ditional shaking culture, was demonstrated in static liquid
culture of G. lucidum [26]. However, to meet the demand
for GA-T for large-scale pharmacological testing and
clinical trials, further increase in GA-T production is
expected to reduce the product cost.

Our previous work demonstrated that nitrogen limitation
is an efficient strategy for increasing the production of GA-
T, and the nitrogen-regulated transcription factor AreA
may be involved in regulation of GA biosynthesis [27]. A
calcium ion addition strategy was also developed to
enhance GA-T production, and the results showed that
Crzl (calcineurin-responsive zinc finger), a transcription
factor, is pivotal for regulating GA biosynthetic genes at
the transcription level [28]. Bioinformation analysis found
that both Crzl and AreA binding sites exist in the promoter
sequences of hmgr, sqs and Is (Supplementary data),
implying the GA biosynthesis may be synergistically reg-
ulated by both nitrogen status of the cells and calcineurin
signal transduction pathway. It would be interesting to
investigate whether the integration strategy with simulta-
neous nitrogen limitation and calcium ion addition will
lead to more GA-T accumulation in static liquid culture of
G. lucidum.

As introduced above, therefore this work developed an
integrated fermentation strategy by combining nitrogen
limitation and calcium ion addition to enhance the GA
production in static liquid culture of G. lucidum. The
influence of the integrated strategy on GA biosynthesis was
carefully investigated by quantitatively analyzing GA
content, intermediate accumulation, and transcription
levels of key biosynthetic genes.

Materials and methods
Strain, prelature and culture conditions

G. lucidum CGMCC 5.616 was purchased from the China
General Microbiological Fermentation Center and grown in
potato dextrose agar slants at 30 °C. The preculture of G.
lucidum was conducted by the method of Xu et al. [26]. The
mycelia were isolated by centrifugation (10 min, 10,000g),
and washed 3 times with sterile water, and resuspended
in fermentation medium [27]. The fermentation medium
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consisted of the following components (g/L): glucose 20,
KH,PO, 1, K,HPO, 2, NaCl 0.2, MgSQO, 0.5, vitamin B1
0.05, CaCl,, and L-glutamine. The concentrations of CaCl,
and L-glutamine varied according to the experiment
requirement. The resuspended mycelia were moved to plate
for liquid static culture process [26].

For comparison of different cultivation strategies, the
control experiment was conducted in broth containing an
initial glutamine concentration of 60 mM. In the nitrogen
limitation experiment, cells were transferred to broth con-
taining an initial glutamine concentration of 3 mM glu-
tamine [27]. In the Ca®' addition experiment, 10 mM
CaCl, was added on day 2 to G. lucidum broth containing
an initial glutamine concentration of 60 mM according to
the previous work [28]. In the integrated strategy fermen-
tation, 10 mM CaCl, was added on day 2 to G. lucidum
broth containing an initial glutamine concentration of
3 mM.

Sampling, analysis of biomass, medium sugar,
GA-T, total crude GAs, squalene and lanosterol

Biomass and residual sugar concentration were measured
by gravimetric method and 3, 5 dinitrosalicylic acid (DNS)
method, respectively [27]. Total crude GAs, individual
GAs, squalene and lanosterol were extracted and deter-
mined according to the method described earlier [23, 25].

Total RNA extraction and cDNA synthesis

Total RNA was extracted using TriZol Reagent (Invitro-
gen) according to the manufacture’s instruction. RNA
concentration was determined using a Nanodrop 2000
(Thermo). After extraction, the total RNA was treated with
RNAase-free DNAase I (Fermentas) to remove genomic
DNA contamination. 1 pg of total RNA was reverse-tran-
scribed using the Superscript RNAase H- First-strand
synthesis kit (Invitrogen) following the manufacturer’s
recommendations.

Real-time quantitative PCR (qRT-PCR)
amplification

The transcription levels of the HMGR gene, SQS gene and
LS gene were determined by qRT-PCR using the procedure
reported previously [23]. Transcription levels were nor-
malized against G. lucidum 18S rRNA gene (an internal
control), which was constantly expressed under all exper-
imental conditions. For each gene, the reference samples
(60 mM glutamine) were set at 1.0, and the results of other
samples were expressed as the fold changes over the ref-
erence sample.
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Statistical analysis

Data are the average of three independent sample mea-
surements. Statistical analysis was performed with Stu-
dent’s ¢ test. The results were considered significant for
p values <0.05 in a two-tailed analysis.

Results and discussion

Effect of the integrated strategy of nitrogen
limitation and calcium ion addition on GA
production

Figure 1 shows the time profiles of cell growth and sugar
consumption in cultures with different strategies. The
maximum biomass was 12, 11.2, 8.0 and 8.8 g/L in the
control culture, with calcium ion addition, with nitrogen
limitation, and with coupling of calcium ion addition and
nitrogen limitation, respectively. Compared with the con-
trol, the integrated strategy reduced to some extent final dry
cell weight due to low nitrogen availability, which was
agreed with our previous report [27].

To examine the effect of the integrated strategy on GA
biosynthesis by G. lucidum in detail, the time profiles of the
contents of both GA-T and total crude GAs under various
culture conditions were compared in Fig. 2a. The content
of GA-T with the integrated strategy increased rapidly until
day 8 then declined slightly on day 12, still maintaining a
higher level than those under other culture conditions. The
maximum GA-T content of 1.87 mg/ 100 mg DW was
obtained under the integrated strategy, which was 8.9-,
4.2-, and 2.1-fold of that obtained in the control, the cal-
cium ion addition and the nitrogen limitation conditions,
respectively. These results are well agreement with previ-
ous reports that the production of GA-T is increased under
nitrogen limitation or Ca®' induction conditions. The
maximum GA-T content in this study was 1.55 and 1.20
times higher than that reported for a liquid static culture of
G. lucidum under nitrogen limitation and elicitation with

Ca”*, respectively [27, 28]. The GA-T content obtained
here was the highest as ever reported in submerged cultures
of G. lucidum. The results indicated that the integrated
strategy was more effective in promoting GA-T biosyn-
thesis than other approaches. The content of total crude
GAs showed a similar trend as the GA-T, and the maxi-
mum level with the integrated strategy was 2.0-, 1.5-, and
1.1-fold that obtained with the other three conditions,
respectively (Fig. 2b). The combination of nitrogen limi-
tation and calcium ion addition resulted in a synergistic
enhancement of accumulations of both GA-T and total
GAs. This may be due to the up-regulation of some GA
biosynthetic genes in G. lucidum under a series of signal
transduction cascades being more strongly acted by the
integration strategy than other conditions [27, 28].

Effect of the integrated strategy on accumulations
of squalene and lanosterol

As squalene and lanosterol are important intermediates in
the GA biosynthetic pathway, we analyzed the contents of
squalene and lanosterol in different culture conditions to
understand whether the integrated strategy affected the
intermediate accumulation or not. Figure 3a shows that the
maximum squalene content obtained with the integrated
strategy was 48.7 ug/g DW on the day 8, which was 5.2-,
3.9-, and 2.2-fold that under the control, the calcium ion
addition and the nitrogen limitation conditions, respec-
tively. Although the squalene content decreased to
15.6 ng/g DW at day 16, it still maintained at a higher level
than the other cases. The amount of lanosterol with the
integrated strategy increased to a maximum of 27.5 ug/g
DW on day 8, but decreased to 20 pg/g DW at the end of
fermentation (Fig. 3b). The maximum content of lanosterol
with the integrated strategy was 1.4-fold and 1.2-fold
higher than those obtained with either the calcium ion
addition or the nitrogen limitation strategy. As shown in
Fig. 3a, the content of squalene was higher in the nitrogen
limitation condition than that in the control. In Schi-
zochytrium sp., it was reported that ammonium sulfate
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limitation can efficiently enhance squalene biosynthesis
[29]. The accumulations of squalene and lanosterol were
found to increase under Ca>" induction, which is in line
with another report showing that the increased cellular
calcium ion levels induce up-regulation of some genes
involved in MVA pathway [30]. The results also showed
that more intermediates accumulated throughout the culti-
vation under the integrate strategy than the other condi-
tions. This observation coincided with previous reports that
more accumulation of intermediates is beneficial to the GA
production [15, 16, 23, 25]. Our results suggested that
increased GA-T accumulation may be related to the
increased accumulations of its precursors such as squalene
and lanosterol.

Gene expression response to different culture
strategies

To understand the possible molecular mechanisms
responsible for the enhanced GA-T production under the
integrated strategy, the transcription levels of three
biosynthetic genes (hmgr, sqs and Is) of GAs were ana-
lyzed by qRT-PCR in different culture conditions. As
shown in Fig. 4, the transcription level of hmgr under the
integrated strategy on day 4 was about 7.5 and 3.3 times
higher than those under the nitrogen limitation strategy and
the calcium ion addition strategy, respectively. In the case
of sgs, the transcription level on day 4 under the integrated
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strategy was induced by 1.8-fold and 1.6-fold compared
with those under the nitrogen limitation strategy and the
calcium ion addition strategy, respectively. For Is, the
transcription level on day 4 under the integrated strategy
was 2.3-fold and 1.3-fold higher than those in the nitrogen
limitation strategy and the calcium ion addition strategy,
respectively. The transcription levels of three biosynthetic
genes were much higher under the integrated strategy on
day 4 than those obtained in other culture conditions.
Among the three genes monitored, himgr exhibited a higher
transcription level compared to sgs and Is under the inte-
grated strategy. Our results indicated that the calcium ion
addition and the nitrogen limitation strategies may exert a
combined effect on transcription of GA biosynthetic genes
especially Amgr. It is known that HMGR is a key enzyme
in the MVA pathway that leads to the biosynthesis of
various precursors used for the synthesis of terpenes [31].
Those results were in accordance with our previous report
that the overexpression of hmgr in G. lucidum results in a
remarkable increase of GA production [23]. Bioinforma-
tion analysis showed that both calcineurin-responsive zinc
finger (Crz) and AreA/NIT2 binding sites exist in the
promoter sequences of hmgr, sgs and Is (Supplementary
data). The accumulation of GA-T began to increase sharply
from day 4 under the integrated strategy, which was con-
sistent with the increased expressions of hmgr, sqs and Is
on day 4. The above results suggested that the higher
transcription levels of GA biosynthetic genes in the early-
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Fig. 4 Transcription levels of three biosynthetic genes in static liquid
culture of G. lucidum with calcium ion addition, with nitrogen
limitation, and with coupling of nitrogen limitation and calcium ion
addition. Expression of the samples from the control experiment is set
at 1.0, and the results under other culture conditions are expressed as
the fold changes over the reference sample. d days

stage culture may result in higher production of GA-T. The
similar phenomenon was also observed in the enhanced GA
production by phenobarbital induction and acetic acid
induction [15, 16]. Previous studies also reported that there
is a positive correlation between biosynthetic gene
expression and the content of triterpenes in Arabidopsis

[32], Eleutherococcus senlicosus [33] and G. lucidum [18,
26], to which this work also agreed well. Those informa-
tion may be useful to other related studies for enhancing
triterpene production by genetic or bioprocessing approa-
ches in future.

Conclusions

This work demonstrated a novel integrated strategy for
efficient production of antitumor GA-T and total GAs in
static liquid cultures of G. lucidum by simultaneously
adopting calcium ion addition and nitrogen limitation
strategy. The integrated strategy could induce the GA
biosynthesis through up-regulation of the biosynthetic gene
transcription and increased supply of precursors. The work
will be helpful to develop a more efficient fermentation
process for hyperproduction of the antitumor secondary
metabolites.

Acknowledgments Financial support from the National Natural
Science Foundation of China (31360495 and 21566016) and the start-
up grant from Kunming University of Science and Technology
(KKSY201226107) are gratefully acknowledged. J.J.Z. appreciates
the financial aid from the National High Technology R&D Program
(863 project No. 2012AA021701).

References

1. Paterson RRM (2006) Ganoderma—a therapeutic fungal bio-
factory. Phytochemistry 67:1985-2001

2. Xu JW, Ji SL, Li HJ, Ren MF, Duan YQ, Dang LZ, Mo MH
(2015) Increased polysaccharide production and biosynthetic
gene expressions in a submerged culture of Ganoderma lucidum
by the overexpression of the homologous alpha-phosphogluco-
mutase gene. Bioproc Biosys Eng 38:399—405

3. Boh B (2013) Ganoderma lucidum: a potential for biotechno-
logical production of anti-cancer and immunomodulatory drugs.
Recent Pat Anticancer Drug Discov 8:255-287

4. Xu JW, Zhao W, Zhong JJ (2010) Biotechnological production
and application of ganoderic acids. Appl Microbiol Biotechnol
87:457-466

5. Upadhyay M, Shrivastava B, Jain A, Kidwai M, Kumar S, Gomes
J, Goswami DG, Panda AK, Kuhad RC (2014) Production of
ganoderic acid by Ganoderma Ilucidum RCKB-2010 and its
therapeutic potential. Ann Microbiol 64:839-846

6. Chen NH, Liu JW, Zhong JJ (2010) Ganoderic acid T inhibits
tumor invasion in vitro and in vivo through inhibition of MMP
expression. Pharmacol Rep 62:150-163

7. Tang W, Liu JW, Zhao WM, Wei DZ, Zhong JJ (2006) Gan-
oderic acid T from Ganoderma lucidum mycelia induces mito-
chondria mediated apoptosis in lung cancer cells. Life Sci
80:205-211

8. Xu K, Liang X, Gao F, Zhong JJ, Liu JW (2012) Antimetastatic
effect of ganoderic acid T in vitro through inhibition of cancer
cell invasion. Process Biochem 45:1261-1267

9. Shi L, Ren A, Mu D, Zhao MW (2010) Current progress in the
study on biosynthesis and regulation of ganoderic acids. Appl
Microbiol Biotechnol 88:1243-1251

@ Springer



Bioprocess Biosyst Eng

10.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

Wang JL, Gu TY, Zhong JJ (2012) Enhanced recovery of anti-
tumor ganoderic acid T from Ganoderma lucidum mycelia by
novel chemical conversion strategy. Biotech Bioeng 109:754-762

. Diamantopoulou P, Papanikolaou S, Komaitis M, Aggelis G,

Philippoussis A (2014) Patterns of major metabolites biosynthesis
by different mushroom fungi grown on glucose-based submerged
cultures. Bioproc Biosys Eng 37:1380-1455

Wagner R, Mitchell DA, Sassaki GL, De Almeida Amazonas
MAL, Berovic M (2003) Current techniques for the cultivation of
Ganoderma lucidum for the production of biomass, ganoderic
acid and polysaccharides. Food Technol Biotechnol 41:371-382
Wei ZH, Duan YY, Qian YQ, Guo XF, Li YJ, Jin SH, Zhou ZX,
Shan SY, Wang CR, Chen XJ (2014) Screening of Ganoderma
strains with high polysaccharides and ganoderic acid contents
and optimization of the fermentation medium by statistical
methods. Bioproc Biosys Eng 37:1789-1797

You BJ, Lee HZ, Chung KR, Lee MH, Huang MJ, Tien N, Chan
CW, Kuo YH (2012) Enhanced production of ganoderic acids and
cytotoxicity of Ganoderma lucidum using solid-medium culture.
Biosci Biotech Bioch 76:1529-1534

Liang CX, Li YB, Xu JW, Wang JL, Miao XY, Tang YJ, Gu T,
Zhong JJ (2010) Enhanced biosynthetic gene expressions and
production of ganoderic acids in static liquid culture of Gano-
derma lucidum under phenobarbital induction. Appl Microbiol
Biotechnol 86:1367-1374

Ren A, Li XB, Miao ZG, Shi L, Jiang AL, Zhao MW (2014)
Transcript and metabolite alterations increase ganoderic acid
content in Ganoderma lucidum using acetic acid as an inducer.
Biotechnol Let 36:2529-2536

Ren A, Qin L, Shi L, Dong X, Mu DS, Li YX, Zhao MW (2010)
Methyl jasmonate induces ganoderic acid biosynthesis in the
basidiomycetous fungus Ganoderma lucidum. Bioresour Technol
101:6785-6790

Xu YN, Xia XX, Zhong JJ (2013) Induced effect of Na plus
on ganoderic acid biosynthesis in static liquid culture of Gano-
derma lucidum via calcineurin signal transduction. Biotechnol
Bioeng 110:1913-1923

You BJ, Lee MH, Tien N, Lee MS, Hsieh HC, Tseng LH, Chung
YL, Lee HZ (2013) A novel approach to enhancing ganoderic
acid production by Ganoderma lucidum using apoptosis induc-
tion. PLoS One 8:¢53616

Zhang JM, Zhong JJ, Geng AL (2014) Improvement of gan-
oderic acid production by fermentation of Ganoderma lucidum
with cellulase as an elicitor. Process Biochem 49:1580-1586
Tang YJ, Zhang W, Zhong JJ (2009) Performance analyses of a
pH-shift and DOT-shift integrated fed-batch fermentation process
for the production of ganoderic acid and Ganoderma polysac-
charides by medicinal mushroom Ganoderma lucidum. Bioresour
Technol 100:1852-1859

@ Springer

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Zhu LW, Zhong JJ, Tang YJ (2010) Multi-fed batch culture
integrated with three-stage light irradiation and multiple additions
of copper ions for the hyperproduction of ganoderic acid and
Ganoderma polysaccharides by the medicinal mushroom Gano-
derma lucidum. Process Biochem 15:1904-1911

Xu JW, Xu YN, Zhong JJ (2012) Enhancement of ganoderic acid
accumulation by overexpression of an N-terminally truncated
3-hydroxy-3-methylglutaryl coenzyme A reductase gene in the
basidiomycete Ganoderma lucidum. Appl Environ Microbiol
78:7968-7976

Yu X, Ji SL, He YL, Ren MF, Xu JW (2014) Development of an
expression plasmid and its use in genetic manipulation of Lingzhi
or Reishi medicinal mushroom, Ganoderma lucidum (higher
basidiomycetes). Int J] Med Mushrooms 16:161-168

Zhou JS, Ji SL, Ren MF, He YL, Jing XR, Xu JW (2014)
Enhanced accumulation of individual ganoderic acids in a sub-
merged culture of Ganoderma lucidum by the overexpression of
squalene synthase gene. Biochem Eng J 90:178-183

Xu JW, Xu YN, Zhong JJ (2010) Production of individual gan-
oderic acids and expression of biosynthetic genes in liquid static
and shaking cultures of Ganoderma lucidum. Appl Microbiol
Biotechnol 85:941-948

Zhao W, Xu JW, Zhong JJ (2011) Enhanced production of gan-
oderic acids in static liquid culture of Ganoderma lucidum under
nitrogen-limiting conditions. Bioresour Technol 102:8185-8190
Xu YN, Zhong JJ (2012) Impacts of calcium signal transduction on
the fermentation production of antitumor ganoderic acids by medic-
inal mushroom Ganoderma lucidum. Biotech Adv 30:1301-1308
Sun L, Ren L, Zhuang X, Ji X, Yan J, Huang H (2014) Differ-
ential effects of nutrient limitations on biochemical constituents
and docosahexaenoic acid production of Schizochytrium sp.
Bioresour Technol 159:199-206

Wilkin DJ, Edwards PA (1992) Calcium ionophore treatment
impairs the sterol-mediated suppression of 3-hydroxy-3-methyl-
glutaryl-coenzyme A reductase, 3-hydroxy-3-methylglutaryl-
coenzyme A synthase and farnesyl diphosphate synthetase. J Biol
Chem 267:2831-2836

Maury J, Asadollahi MA, Mgller K, Clark A, Nielsen J (2005)
Microbial isoprenoid production: an example of green chemistry
through metabolic engineering. Adv Biochem Eng Biotechnol
100:19-51

Ohyama K, Suzuki M, Masuda K, Yoshida S, Muranaka T (2007)
Chemical phenotypes of the hmgl and hmg2 mutants of Ara-
bidopsis demonstrate the in-planta role of HMG-CoA reductase
in triterpene biosynthesis. Chem Pharm Bull 55:1518-1521

Seo JW, Jeong JH, Shin CG, Lo SC, Han SS, Yu KW, Harada E,
Han JY, Choi YE (2005) Overexpression of squalene synthase in
Eleutherococcus senticosus increases phytosterol and triterpene
accumulation. Phytochemistry 66:869-877



	Further improvement in ganoderic acid production in static liquid culture of Ganoderma lucidum by integrating nitrogen limitation and calcium ion addition
	Abstract
	Introduction
	Materials and methods
	Strain, prelature and culture conditions
	Sampling, analysis of biomass, medium sugar, GA-T, total crude GAs, squalene and lanosterol
	Total RNA extraction and cDNA synthesis
	Real-time quantitative PCR (qRT-PCR) amplification
	Statistical analysis

	Results and discussion
	Effect of the integrated strategy of nitrogen limitation and calcium ion addition on GA production
	Effect of the integrated strategy on accumulations of squalene and lanosterol
	Gene expression response to different culture strategies

	Conclusions
	Acknowledgments
	References




