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Abstract The influence of different fermentation conditions
on intracellular polysaccharide (IPS) production and activities
o f t h e p h o s p h o g l u c omu t a s e ( PGM ) , UDPG -
pyrophosphorylase (UGP), phosphoglucose isomerase (PGI),
UDPG-dehydrogenase (UGD), and glucokinase (GK) impli-
cated in metabolite synthesis in Cordyceps militaris was eval-
uated. The highest IPS production (327.57±6.27 mg/100 mL)
was obtained when the strain was grown in the optimal medi-
um containing glucose (40 g ·L−1), beef extract (10 g ·L−1),
and CaCO3 (0.5 g ·L−1), and the initial pH and temperature
were 7 and 25 °C, respectively. The activities of PGM, UGP,
and PGI were proved to be influenced by the fermentation
conditions. A strong correlation between the activities of these
enzymes and the production of IPS was found. The transcrip-
tion level of the pgm gene (encoding PGM) was 1.049 times
and 1.467 times compared to the ugp gene and pgi gene
(encoding UGP and PGI), respectively, in the optimal culture
medium. This result indicated that PGM might be the highly
key enzyme to regulate the biosynthesis of IPS of C. militaris
in a liquid-submerged culture. Our study might be helpful for
further research on the pathway of polysaccharide biosynthesis
aimed to improve the IPS production of C. militaris.

Keywords Cordycepsmilitaris . Intracellular
polysaccharides . Biosynthesis . Enzyme activity

Introduction

Cordyceps militaris or North cordyceps sinensis is an
entomogenous fungus belonging to the Ascomycota,
Pyrenomycetes, Sphaeriales, Clavicipitaceae (Fam) O.E.
Erikss., Cordyceps (L. ex Fr.) Link. It was highly prized for
its application in traditional Chinese medicine. It had also
been increasingly studied and used in the West (Zheng et al.
2011; Paterson 2008; Zhou et al. 2009). Recently, artificial C.
militaris has been increasingly viewed as a substitute for the
natural Cordyceps because of their similar bioactive compo-
nents (Dong et al. 2012; Huang et al. 2009; Cui 2015). As a
new food material, C. militaris has multiple pharmacological
activities such as anti-inflammatory, anti-hyperlipidemia, en-
hancing insulin resistance, and insulin secretion (Won and
Park 2005; Choi et al. 2004). Furthermore, it has been indi-
cated that the antioxidant activity of C. militaris is even stron-
ger than that of Cordyceps sinensis and Cordyceps
kyushuensis (Chen et al. 2004). Although much information
has been accumulated on the culture, extraction, purification,
and biological properties of C. militaris, the problems of bio-
technological production and the novel medical applications
of bioactive compositions of C. militaris remain ambiguous.
Therefore, more investigations are required to optimize the
modern culture techniques, the degeneration of isolates, the
genes responsible for biosynthesis of bioactive components,
the methods of efficient purification and isolation of active
compounds, and the quality control ofC. militaris (Cui 2015).

One of the major useful bioactive constituents of
Cordyceps are the polysaccharides which are well-known for
their roles as energy storage molecules in cells and structural
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elements of the cell walls of living organisms. Moreover,
polysaccharides have been reported to have many interesting
biological activities, including health-promoting effects,
immuno-stimulating activity, antioxidant activity, antitumor
activity, and so on (Yu et al. 2007; Hou et al. 2008; Lee and
Hong 2011; Park et al. 2009). These unique bioactivities have
resulted in the successful applications of polysaccharide in
industrial fields such as pharmaceutical, cosmetics, food
industries, and agronomy. In recent years, Delattre et al.
(2015) have described the antioxidant activities of an oxidized
polysaccharide by regioselective oxidation obtained through
the reaction with NaOCl/NaBr by using 2,2,6,6-
tetramethylpiperidine-1-oxy radical (TEMPO) as catalyst.
Furthermore, several studies have demonstrated that many
natural polysaccharides and polysaccharide-protein com-
plexes have been applied or are under clinical trials as immune
modifiers and drugs for cancer therapies (Yang and Zhang
2009; Zhang et al. 2007). More generally, the activities of
polysaccharides are highly dependent on their chemical com-
position and structural characteristics such as glycosidic link-
ages, monosaccharides composition, and polymerization de-
grees (Methacanon et al. 2005). In fact, low molecular weight
polysaccharides and oligosaccharides also possess a large va-
riety of biological activities in numerous organisms.
Therefore, there are still abundant references related to the
therapeutic, prebiotic, and elicitor activities of probiotics and
prebiotics in oligosaccharides (Saad et al. 2013; Kothari et al.
2015). Moreover, plentiful literature have focused more par-
ticularly on new enzymatic degradation routes of polysaccha-
rides to produce specific oligosaccharides with high produc-
tion yields and few purification steps (Delattre and
Vijayalaksmi 2009; Mellal et al. 2008; Tavernier et al.
2008). Nevertheless, in most cases, the lack of industrial poly-
saccharide production is the main drawback limiting the bio-
logical applications of C. militaris. For this reason, there is an
urgent need to improve the yield of polysaccharides from
C. militaris. The limited natural resource and complex process
of artificial cultivation make cultivation of the full fruit body
of C. militaris very difficult in solid-state fermentation. Many
attempts are being made to obtain useful cellular materials or
to produce effective substances from a submerged mycelia
culture (Park et al. 2001; Kwon et al. 2009; Cui and Zhang
2012). For instance, Park et al. (2002) reported that plant oils
(vegetable, sunflower, and olive oil) and fatty acids (oleic,
palmitic, and linoleic acid) have different stimulation effects
on the exo-biopolymer production of C. militaris.

Based on the results of other research on polysaccharide
biosynthesis in fungus: the carbohydrate source has an influ-
ence on the activities of enzymes involved in sugar metabo-
lism in Pediococcus parvulus 2.6 (Velasco et al. 2007);
Different sugar and nitrogen sources affect the activities of
α-phosphoglucose mutase, UDPG-pyrophosphorylase, and
glucosyltransferase involved in pullulan synthesis and

pullulan production by Aureobasidium pullulans (Duan et al.
2008; Jiang et al. 2011). The pathway of polysaccharides bio-
synthesis in C. militaris is proposed based on the results of
other researchers may be in Fig. 1.

It has been reported that UDP-glucose plays an important
role in the biosynthesis of fungal polysaccharides, indicating
UDP-glucose mainly as a pivotal precursor in the sugar dys-
plasia process (Shingel 2004). UDP-glucose is formed from
glucose 1-phosphate and UTP in reverse reaction catalyzed by
UDPG-pyrophosphorylase (UGP, EC 2.7.7.9) (Daran et al.
1995): UTP + glucose-1-phosphate→UDP-glucose + PPi.
Then glucose-1-phosphate produced by catalyzed the revers-
ible transfer between glucose-1-phosphate and glucose-6-
phosphate via phosphoglucomutase (PGM, EC 2.7.5.1):
UTP + glucose-6-phosphate→ glucose-1-phosphate + PPi.
These phosphorylated sugars are important sugar donors for
the production of glucose-containing polysaccharides
(Elisavet et al. 2011). Hence, PGM plays a key role in the
pathways of metabolite synthesis. The phosphoglucose isom-
erase (PGI) leading to pyruvic acid formation and phospho-
glucomutase (PGM) leading to polysaccharide formation are
at the branch point between the Embden-Meyerhof-Parnas
(EMP) pathway and the later part of glycogen biosynthesis
(Tang and Zhong 2002). That is to say, the activity level of PGI
will determine the glucose-6-phosphate conversion direction.
Therefore, PGI may also control the polysaccharide synthesis

Fig. 1 Proposed main biosynthetic pathway of polysaccharides from
C. militaris. ➀ glucokinase (GK), ➁ phosphoglucose isomerase (PGI),
➂ phosphoglucomutase (PGM), ➃ UDPG-pyrophosphorylase (UGP) ➄
UDPG-dehydrogenase (UGD)
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to some extent. Glucokinase (GK) is the rate-limiting enzyme
in the first step of glycolysis. In animal cells, GK promotes
glucose phosphorylation; the phosphorylated glucose then
produces lactic acid through glycolysis, which itself partici-
pates in the tricarboxylic acid cycle (TAC), or is converted
into glycogen and stored in hepatocytes (Garcia et al. 2001).

Therefore, the activities of PGM, UGP, PGI, UGD, and GK
the enzymes potentially involved in the production of precur-
sors for polysaccharide biosynthesis in C. militaris have a
close relationship with the production of Cordyceps polysac-
charides. Although many investigators have reported the cor-
relation of fermentation conditions with biomass and polysac-
charide production of C. militaris (Kwon et al. 2009; Shih et
al. 2007; Cui and Jia 2010), there are still few researches
conducted on the mechanism analysis of the effect of fermen-
tation conditions on the activities of relevant enzymes of poly-
saccharide biosynthesis. The objectives of this work were to
investigate the effects of different fermentation times, different
types of carbon source, nitrogen source, inorganic salt, differ-
ent initial pH value, and temperature on the intracellular poly-
saccharide production and the activities of enzymes involved
in metabolite synthesis of C. militaris.

Materials and methods

Fungi strain

Cordyceps militaris (CICC14015) were obtained from the
China Center of Industrial Culture Collection (CICC), and
stored in the Key Laboratory of Food Nutrition and Safety
(Ministry of Education, China), College of Food Science
and Biotechnology (Tianjin University of Science and
Technology, Tianjin, China).

Media and fermentation conditions

The strain of C. militaris was maintained on potato dextrose
agar (PDA) slant, it was stored at 4 °C after the slant was
incubated at 25 °C for 7 days before was transferred to the
seed culture medium by punching out about 5-mm diameter
agar discs from a culture grown on PDA plates.

The seed culture was grown in a 250-mL flask containing
100 mL of seed culture medium (glucose 20 g L−1, peptone
10 g L−1, KH2PO4 1 g L−1, MgSO4 · 7 H2O 1 g L−1, distilled
water, initially natural pH) at 25 °C on a rotary shaker incu-
bator at 150 rpm for 3 days.

The flask culture experiments were set in a 250-mL flask
containing 100 mL of the basal culture medium (glucose
40 g L−1, peptone 10 g L−1, KH2PO4 0.5 g L−1, MgSO4 · 7
H2O 0.5 g L−1, distilled water, initially natural pH) after being
inoculated with 8 % (v/v) of the seed liquid. All experiments
were performed in triplicate to ensure the reproducibility.

Extraction and measurement of intracellular
polysaccharides

The cultured mycelia were separated from the liquid medium
by centrifugation at 5000×g for 15 min. After repeated wash-
ing with distilled water, the mycelia were dried at 60 °C for a
sufficient time to a constant weight. Intracellular polysaccha-
rides (IPS) were extracted from dried mycelia power (400 mg)
by suspending the mycelia in 8 mL distilled water at 80 °C for
2 h, and then repeating for two times. The extracts were gath-
ered in one container and added with four volumes of 95% (v/
v) ethanol to overnight at 4 °C and centrifuged at 4500×g for
20 min to collect the precipitate. The crude polysaccharides
used for measuring the polysaccharide yield were obtained
from freeze drying. The sugar content was measured by a
phenol sulfuric acid method (Dubois et al. 1956).

Enzyme extract

Mycelia was washed twice with cell extract buffer (pre-cooled
at 4 °C) [20 mM potassium phosphate buffer: 0.425 % (m/v)
KH2PO4, 0.0292 % (m/v) NaCl, 0.0952 % (m/v) MgCl2,
0.0154 % (m/v) DTT, pH 6.5], then it was putted in the mortar
(pre-cooled at 4 °C) and grinded three times with liquid nitro-
gen. If not immediately processed, biomass was stored at
−80 °C. 100 mg of mycelia power was suspended in 1.0 mL
of 20 mM potassium phosphate buffer followed by centrifu-
gation at 12,000×g for 20min at 4 °C, and the supernatant was
stored at −80 °C and used as a source of enzymes.

Enzymes assays

All in vitro enzyme assays were performed in a volume of
250 μL at 30 °C in a α-Heλios spectrophotometer
(Thermoespectronic), and the formation or disappearance of
NAD(P)H was monitored by measuring the absorbance at
340 nm (ε340 =6.22 M

−1 cm−1). The activities of the enzymes
described below were expressed in nmol NAD(P)H (mg
protein)−1min−1. The protein content of the extracts was de-
termined using the Bradford method (Bradford 1976) and was
compared with a bovine serum albumin standard. All enzyme
activity measurements were repeated three times.

The phosphoglucomutase (PGM) reaction mixture
contained 50 mM of Triethanolamine buffer (pH 7.2), 5 mM
MgCl2 , 0.4 mM NADP, 0.05 μmol glucose-1,6-
bisphosphatase, 50 μM glucose-6-phosphate, 4 U glucose-6-
phosphate dehydrogenase, and 30 μL cell-free extracts. The
reaction was started by adding 1.4 mM of glucose-1-
phosphate (Qian et al. 1994).

The UDP-glucose pyrophosphorylase (UGP) forward reac-
tion mixture contained 50 mM Tris–HCl (pH 7.8), 14 mM
MgCl2, 0.3 mM NADP, 0.1 mM UDP-glucose, 2.1 U phos-
phoglucomutase, 4 U glucose-6-phosphate dehydrogenase,
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and 30 μL cell-free extracts. The reaction was started by
adding 4 mM of inorganic pyrophosphate (Martínez et al.
2011).

The phosphoglucose isomerase (PGI) reverse reaction
contained 50 mM potassium phosphate buffer (pH 6.8),
5 mM MgCl2, 0.4 mM NADP, 4 U glucose-6-phosphate de-
hydrogenase, and 30 μL cell-free extracts. The reaction was
started by adding 5 mM fructose-6-phosphate (Grobben et al.
1996).

The reaction mixture for the glucokinase (GK) assay
contained 100 mM Tris–HCl (pH 7.5), 5 mM MgCl2,
0.2 mM NADP, 0.2 U glucose-6-phosphate dehydrogenase,
and 5 M ATP. The reaction was started by adding a cell-free
extract (Petit et al. 1991).

The statedmixture for UDPG-dehydrogenase (UGD) in the
assay contained 100 mM Tris–HCl (pH 7.5), 5 mM MgCl2,
1 mM NADP, 5 mM UDP-glucose, and 1 mM DTT. The
reaction was started by adding a cell-free extract (Schiller et
al. 1973).

Total RNA extraction

Total RNA of about 100 mg of fresh cells was ground into a
fine powder and transferred into a 1.5-mL Eppendorf tube,
and then 1 mL of Trizol solution (Invitrogen, Carlsbad, CA,
USA) was added and rested for 30 s at room temperature
followed by centrifugation at 12,000×g for 5 min at 4 °C.
The supernatant was placed on the clean tube mixed with
200 μL chloroform and agitated vigorously, then rested for
30 s at room temperature followed by centrifugation at 12,
000×g for 15 min at 4 °C. The supernatant was then mixed
with 0.5 volume of chilled isopropanol and incubated at
−20 °C for 20 min. The precipitated RNAwas collected from
the supernatant by centrifugation at 12,000×g, 4 °C for
20 min. The sediment was washed with of 75 % (v/v) ethanol
and air-dried for about 10 min. The RNA was dissolved in
30 μL of DEPC treated water and stored at −80 °C. Total
RNA solution was loaded on 1.2 % agarose gel to assess the
integrity of total RNA bands. The DNA maker was DM 2000
(CWbio. Co. Ltd).

Primer designing and RT-PCR analysis

The transcriptional analysis of those three genes, i.e., pgm
(encoding phosphoglucomutase), ugp (encoding UDPG-
pyrophosphorylase), and pgi (encoding phosphoglucose
isomerase) was carried out by real-time quantitative PCR
(qRT-PCR) using Bio-Rad IQ5 (Bio-Rad, American).
Specific primers were showed in Table 1. The cycling condi-
tion was 10 min at 95 °C, then 40 cycles of 5 s at 95 °C, 30 s at
optimal annealing temperature 55 °C, followed by 81 cycles
of 10 s at 55 ∼95 °C. The expression levels of different genes
were normalized against GAPDH (as the internal control

gene). For each gene, the reference sample (the basal group
at each harvest time) was defined as the expression level 1.0,
and results of the other samples were expressed as the fold of
the messenger RNA (mRNA) level over the reference sample.
The 2-△△Ct method was applied to analyze the qRT-PCR data
(Livak and Schmittgen 2001).

Statistical analysis

All data obtained in this work were on a three-time basis, and
the error bars indicated the corresponding standard deviation
(SD).

Results

Effects of fermentation time on enzyme activities and IPS
production

In order to identify optimal fermentation time of C. militaris,
the effects of fermentation time on IPS production and the
activity of enzymes involved in the pathway of IPS biosyn-
thesis were studied at first. C. militaris cells were cultured in
the basal medium for 9 days. Certain figures were calculated
at the end of each day. The fermentations proceeded without
pH control at 25 °C. The maximum production of IPS was

Table 1 Sequences of the primers used for the qRT-PCR analysis

Target gene Primer sequences (5′–3′)

GAPDH Forward: 5′-GCCGAGGAAACAACAGAA-3′

Reverse: 5′-GCAGTCGTGGCAAGGAT-3′

pgm Forward: 5′-GTCGCCTGGCTCAACATC-3′

Reverse: 5′-GTCGTAGCGGGTGAAGAAT-3′

pgi Forward: 5′-GCAATGTTAGCGGATGGG-3′

Reverse: 5′-GGGCTTCAGTATGTGGG-3′

ugp Forward: 5′-GCCCAACTACGGCGTCTACCT-3′

Reverse: 5′-GCCCACAATCTTGCCACTT-3′
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Fig. 2 Effects of fermentation time on enzyme activities and IPS
production in shake flask cultures of C. militaris. Data are given as
means ± SD, n= 3
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obtained when cells were grown for 5 days. These results did
not match up with the results of other investigators (Shih et al.
2010; Shih et al. 2007). Figure 2 also shows the profiles of the
activity levels of PGI, UGP, UGD, PGM, and GK measured
along different time points of the fermentation. The five en-
zymes all exhibited un-conspicuous activities during the incu-
bation period (1–3 days). During the exponential growth
phase (3–5 days), however, there was a sharp increase of
PGM, UGP, and PGI activities, while a slight increase of
UGD and GK activities was detected. In addition, the profile
of the activities of the five enzymes remained similar in
growth and decline trends with the IPS production profile
during 4–6 days, and PGM, UGP, and PGI activities were
obviously higher than that of UGD and GK. It indicated that

there was a close relationship between the activities of PGM,
UGP, and PGI with IPS biosynthesis, and the order of corre-
lation was PGM>UGP>PGI. Entering the decline phase
from the 6th day, the IPS production was falling and the ac-
tivities of the five enzymes exhibited a similar state with the
incubation period. Therefore, the 5th day was taken as the
optimal fermentation time.

Fig. 5 Electropherogram of total RNA samples extracted from the
mycelium of different culture medium. 1 total RNA of mycelium from
the basal medium. 2 total RNA ofmycelium from the optimal medium.M
DNA marker (DM 2000)
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Fig. 4 Effects of different initial pH (a) and temperatures (b) on enzyme
activities and IPS production in shake flask cultures of C. militaris. Data
are given as means ± SD, n= 3
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Fig. 3 Effects of different carbon sources (a), nitrogen sources (b) and
inorganic salts (c) on enzyme activities and IPS production in shake flask
cultures of C. militaris. The initial carbon source, nitrogen source and
inorganic salt concentrations in the media were 40 g L−1, 10 g L−1, and
0.5 g L−1, respectively. Data are given as means ± SD, n= 3
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Effects of carbon source on enzyme activities and IPS
production

Carbohydrates provide an important nutrient and energy source
for the growth and synthesis of secondary metabolites of higher
fungi. To study the influence of different carbon sources on IPS
production and the activity of enzymes involved in the pathway
of IPS biosynthesis by C. militaris, the glucose component of
basal medium was separately replaced by various carbon
sources (such as sucrose, soluble starch, lactose, and soft sugar)
at a concentration of 40 g L−1. The profiles of IPS production
and enzyme activities were showed in Fig. 3a. The highest IPS

production was observed in the medium containing glucose as
a carbon source, and the lowest parameter was observed in the
medium that contained soluble starch. This result was in
accordance with the nutritional requirements of other species
of fungi in submerged cultures. Duan et al. (2008) reported that
glucose was the best carbon source for polysaccharide produc-
tion by A. pullulans Y68. The activities of five enzymes had
similar trend with IPS production, and the PGM obtained the
maximum activity on glucose-grown medium, followed by
PGI and UGD. However, compared to bacteria, the activity
of PGM was higher on maltose-grown cultures than that on
glucose or fructose (Velasco et al. 2007). Activity levels of

Fig. 6 The amplification curve of pgm gene (a), ugp gene (b), pgi gene (c), and GAPDH (d); the melting curve of pgm gene (e), ugp gene (f), pgi gene
(g), and GAPDH (h)
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UGD and GK were found irrespective of the carbon source,
and they had no relationship with the synthesis of IPS. In con-
clusion, the higher level of IPS production and PGM activity of
C. militaris were detected on the glucose-grown medium.

Effects of nitrogen source on enzyme activities and IPS
production

Nitrogen is an essential component of proteins and nucleic
acids, and nitrogen deficiency impairs fungal growth and me-
tabolite production (Papagianni 2004). The effect of different
nitrogen sources on enzyme activities and IPS production by

C. militaris were shown in Fig. 3b. The highest IPS produc-
tion (159.09±4.12 mg/100 mL) and the highest activities of
PGM, PGI and UGP [857, 550, and 281 nmol NAD(P)H (mg
protein)−1min−1, respectively] were observed in the media
containing beef extract as a nitrogen source. Protein, although
used as a universal nitrogen source for polysaccharide produc-
tion, was proved as not the best nitrogen source. In terms of
metabolite synthesis, the production of polysaccharides is
higher with organic nitrogen sources than the inorganic
sources (ammonium and nitrate). This was consistent with
the previously suggested results of C. militaris growth in sub-
merged cultures (Kim et al. 2003). Some other Cordyceps

Fig. 6 (continued)
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species obtained similar results (Kim et al. 2002; Xiao et al.
2004). These results clearly showed that the type of nitrogen
source in the culture medium affected IPS production and
activity of the five enzymes. In addition, the activity of
PGM, UGP, and PGI were highly correlated with the amount
of IPS produced. This result coincided with the previous re-
ports of other fungi (Jiang et al. 2011). Therefore, beef extract
was selected for further study.

Effects of inorganic salt on enzyme activities and IPS
production

In addition to carbon and nitrogen sources, very low con-
centrations of some compounds including vitamins, fatty
acids, and inorganic salt are known to stimulate fungal
cell growth and metabolite formation (Xiao et al. 2010).
Hence, various inorganic salts (ZnSO4, FeSO4, CaCO3,

Fig. 6 (continued)
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and CaCl2) were applied separately in cultivation medium
to observe their effects on IPS production and enzyme
activities of C. militaris. As shown in Fig. 3c, the type
of inorganic salt had different effects on IPS biosynthesis.
CaCO3 and CaCl2 addition obtained a similar and higher
IPS production, while ZnSO4 and FeSO4 had lower im-
pacts on IPS accumulation. The results suggested that
SO4

2− may not be a stimulatory factor to enhance the
metabolite production, which was similar to the report

on the biosynthesis of cordycepin from C. militaris (Fan
et al. 2012).

Effects of initial pH on enzyme activities and IPS
production

The medium pH has been known to have a significant impact
on the uptake of various nutrients and product biosynthesis
(Yang et al. 2014) in all the environmental factors. As shown

Fig. 6 (continued)
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in Fig. 4a, the highest IPS production (316.15 ± 7.92 mg/
100 mL) was obtained when the initial pH value of fermenta-
tion medium was 7.0, and the activities of PGM, PGI, and
UGP were all higher than other samples of pH group. The
activities of UGD and GK did not change in all the fermenta-
tion media of different initial pH values. This indicated that
the activities of PGM, PGI, and UGP were affected by initial
pH in submerged fermentation. Since the IPS production was
highly correlated with these enzyme activities, IPS can be
most efficiently synthesized when pH=7.0. Another report
(Fan et al. 2012) claimed that the medium pH was decreased
during the period of fermentation, possibly because of the
continuous consumption of carbon and nitrogen sources
which would produce lots of acidic metabolites. The control
of pH could improve metabolite content.

Effect of temperature on enzyme activities and IPS
production

Using IPS production as maker, we tested three different fer-
mentation temperatures (20, 25, and 30 °C) in shake flask
cultures (Fig. 4b). The IPS obtained the highest production
when the culture temperature was 25 °C. This result was co-
incided with the report in the literature that the best cultivation
temperature for Cordyceps mycelial in submerged fermenta-
tion culture medium appeared to be 25 °C (Lin and Chiang
2008). The activities of PGM, PGI, and UGP reached the
highest at the same culture temperature. However, the activi-
ties of UGD and GK which have no relationship with the
synthesis of IPS and were not affected by different tempera-
tures in the shake flask cultures.

The results indicated that the fermentation conditions had
influences on the biosynthesis of intracellular polysaccharide
and activities of some key enzymes involved in the polysac-
charide biosynthetic pathway. The maximum IPS production
was obtained on day 5, and the optimal carbon source, nitro-
gen source, inorganic salt, initial pH and temperature were
glucose, beef extract, CaCO3, 7 and 25 °C, respectively. The
PGM, UGP, and PGI were highly correlated with IPS
biosynthesis.

Transcription levels of mRNA

The quality of extracted total RNA described in this study was
judged in 1.2 % agarose gel electrophoresis. Figure 5 shows
that 28S and 18S bands were intact and bright, which demon-
strated that the total RNA, extracted from mycelium of the
basal medium and the optimal medium, respectively, was
not degraded.

To gain insight into the probablemechanism underlying the
enhanced IPS production under optimal culture medium, the
transcriptional levels of three genes, i.e., pgm (encoding phos-
phoglucomutase), ugp (encoding UDPG-pyrophosphorylase),

and pgi (encoding phosphoglucose isomerase) were investi-
gated by RT-PCR with samples grown in the optimal medium
and the basal medium, respectively.

As shown in Fig. 6, the amplification curve of pgm gene
(Fig. 6a), ugp gene (Fig. 6b), pgi gene (Fig. 6c), and GAPDH
(Fig. 6d) were all smooth. It indicated that the primer of all
genes could be used for RT-PCR, and the results were accurate
and reliable. The melting curves of pgm gene (Fig. 6e), ugp
gene (Fig. 6f), pgi gene (Fig. 6g), and GAPDH (Fig. 6h) all
had a single peak. It indicated that all of them had the specific
amplification of target products with good repeatability.

In order to determine the accuracy and repeatability of the
real-time PCR reaction, all the reactions of these samples were
repeated three times. The standard deviations (SD) of the Ct
values were 0.03∼0.11 (Table 2). This indicated that the RT-
PCR reaction for investigate gene expression differences had
strong accuracy and repeatability. The relative quantitative
results of the above genes in the optimal medium and the basal
medium could be calculated by relative quantitative calcula-
tion formula 2-△△ct, the results were showed in Table 3. In the
case of optimal group, all the three genes were highly
expressed compared with the three genes of basal group.
The expression levels of the pgm gene, ugp gene, and pgi gene
of the optimal group were at around 2.094, 1.997, and 1.427
times compared to the basal group. This suggested that the
fermentation conditions had a great influence on the transcrip-
tion level of pgm gene, ugp gene, and pgi gene, which

Table 2 Ct values of pgm gene, pgi gene, ugp gene, and GAPDH

Gene Ct value SD Mean

Repeat 1 Repeat 2 Repeat 3

pgma 24.6059 24.7595 24.8146 0.1082 24.7266

pgia 24.5058 24.7102 24.6641 0.1072 24.6267

ugpa 24.5312 24.6848 24.7399 0.1082 24.6520

pgmb 24.0909 24.0445 24.0996 0.0296 24.0783

pgib 24.4057 24.6102 24.5640 0.1072 24.5266

ugpb 23.9261 24.1306 24.0844 0.1072 24.0470

GAPDHa 19.2480 19.4524 19.4063 0.1072 19.3689

GAPDHb 19.6663 19.8198 19.8751 0.1082 19.7871

a gene of the basal group
b gene of the optimal group

Table 3 RT-PCR detection relative quantitative results

pgm pgi ugp

Basal group 1 1 1

Optimal group 2.0944 1.4273 1.9970

The blank sample was used as the control sample.
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encoding PGM, UGP, and PGI, respectively. It indicated that
all of the three enzymes were the key enzymes of the pathway
of polysaccharide biosynthesis. In addition, the expression
level of the pgm gene was the highest among the three genes
of the optimal group, and it was 1.049 and 1.467 times com-
pared to ugp gene and pgi gene, respectively. But because of a
lack of similar works in the literature, we could not compare
these results. The results implied that the pgm gene played a
highly critical role in polysaccharide biosynthesis pathway,
and the PGM was the highly key enzyme in this pathway.

Discussion

In the last decade, various efforts have been devoted to en-
hance further the bioactive composition production in
C. militaris (Xu et al. 2002; Cui and Jia 2010; Shih et al.
2007). These efforts primarily focus upon the optimal sub-
merged culture conditions for production of polysaccharides
from C. militaris. There is no report of the relationship be-
tween fermentation conditions and activities of related en-
zymes involved in intracellular polysaccharides (IPS) biosyn-
thesis of C. militaris. Therefore, the influence of different
fermentation conditions on the production of IPS and activi-
ties of enzymes involved in pathway of polysaccharide syn-
thesis of C. militaris in a liquid-submerged culture was ex-
plored in this work.

Our results show that the polysaccharide biosynthesis was
significantly influenced by the nutritional requirements and
environmental conditions in submerged cultures of
C. militaris. It is in agreement with the previous report that
culture media (carbon and nitrogen sources, metal ions, and
duration of fermentation) are directly linked with cell prolif-
eration and metabolite biosynthesis (Cui and Yuan 2011; Mao
et al. 2005; Park et al. 2004). Moreover, the control of envi-
ronmental conditions or the modification of media composi-
tion would be vital to enhance the production efficiency of
polysaccharides (Yang et al. 2000; Yang and Liau 1998).
The maximum IPS production (327.57± 6.27 mg/100 mL)
was obtained on day 5 in the optimal medium containing
glucose (40 g · L−1), beef extract (10 g · L−1), and CaCO3

(0.5 g ·L−1), and the initial pH and temperature were 7 and
25 °C, respectively. Furthermore, all the fermentation condi-
tions also significantly affect the activities of PGM, UGP, and
PGI, while had slight relationship with the activities of UGD
and GK. These results were in agreement with the previous
found (Pan et al. 2013) that the controlled pH, type and con-
centration of nitrogen source, and fermentation time all affect-
ed the activity of UDPG-pyrophosphorylase and polysaccha-
ride production. The results demonstrated that the higher ac-
tivities of PGM, UGP, and PGI were desirable for the biosyn-
thesis rate of IPS. It is similar to the report (Degeest and Vuyst
2000) that the levels of activity of a-phosphoglucomutase and

UDP-glucose pyrophosphorylase were highly correlated with
the amount of polysaccharide produced.

Previous studies indicated that the expression of genes is
highly dependent on cultivation condition (Rachmawati et al.
2013). Therefore, the transcription levels of synthetic genes
pgm, ugp, and pgi (encoding PGM, UGP, and PGI, respective-
ly) were also achieved. Upregulation of pgm gene, ugp gene,
and pgi gene transcription levels were noticed in the optimal
medium compared to the basal medium. It could be concluded
that pgm gene, ugp gene, and pgi gene were the key genes in
C. militaris could regulate the polysaccharide biosynthesis. In
addition, the expression level of pgm gene was higher than
that of ugp gene and pgi gene in the optimal medium. It im-
plied that pgm gene may be the highly key gene to control the
biosynthesis of intracellular polysaccharide ofC. militaris in a
liquid-submerged culture. It also indicated that PGMmight be
the highly key enzyme to regulate the intracellular polysac-
charide biosynthesis of C. militaris. This result was in agree-
ment with the report (Degeest and Vuyst 2000) that PGM
might play a controlling role in the flux from glucose 6-
phosphate to polysaccharide biosynthesis by Streptococcus
thermophilus LY03, an opposite conclusion was drawn from
the report (Levander and Radstrom 2001) that PGM activity
had no significant effect on exopolysaccharide production in
glucose-growth medium of the same strain. In addition, it also
similar to the investigative result of other higher fungus (Tang
and Zhong 2002) that there exists a positive correlation be-
tween PGM activity and polysaccharide biosynthesis by
Ganoderma lucidum. Overall, the information obtained in this
study may be helpful to the further manipulation of the cell
cultivation as well as to the molecular mechanism studies of
polysaccharide biosynthesis by C. militaris.
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