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ABSTRACT ARTICLE HISTORY
The fruiting body formation mechanisms of Cordyceps sinensis are still unclear. To explore the Received 26 May 2017
mechanisms, proteins potentially related to the fruiting body formation, proteins from fruiting Accepted 4 August 2017
bodies, and mycelia of Cordyceps species were assessed by using two-dimensional fluorescence KEYWORDS
difference gel electro.pho!'esi.s, apd the diﬁergntial expression proteins were identified by matrix- Proteomics; Cordyceps
assisted laser desorption/ionisation tandem time of flight mass spectrometry. The results showed sinensis; fruiting body
that 198 differential expression proteins (252 protein spots) were identified during the fruiting formation; molecular
body formation of Cordyceps species, and 24 of them involved in fruiting body development in mechanism; signal pathway
both C. sinensis and other microorganisms. Especially, enolase and malate dehydrogenase were

first found to play an important role in fruiting body development in macro-fungus. The results

implied that cAMP signal pathway involved in fruiting body development of C. sinensis, mean-

while glycometabolism, protein metabolism, energy metabolism, and cell reconstruction were

more active during fruiting body development. It has become evident that fruiting body forma-

tion of C. sinensis is a highly complex differentiation process and requires precise integration of a

number of fundamental biological processes. Although the fruiting body formation mechanisms

for all these activities remain to be further elucidated, the possible mechanism provides insights

into the culture of C. sinensis.

Introduction decreasing rapidly and resulting in serious habitat
destruction (Li et al. 2011). The price of C. sinensis
reached USD 13,000 per kg in 2008-2009 (Au et al.
2011), and the top quality C. sinensis rocketed up to
USD 32,000 per kg in Hong Kong and San Francisco in
late 2006 (Winkler 2008). Therefore, the cultured
C. sinensis becomes an urgent need and inevitable
trend. After several decades of efforts, 572 fungal
strains of more than 37 genera have been isolated
from natural C. sinensis (Zhang, Zhang et al. 2010,
Zhang, Sun et al. 2010). Generally, the fungus of
Hirsutella sinensis X.J. Liu, Y.L. Guo, Y.X. Yu & W. Zeng
is recognised as the anamorph of C. sinensis (Chen
et al. 2004; Li et al. 2006a; Zhong et al. 2010). Up to
date, the molecular mechanisms, which are critical for
cultivation of C. sinensis, of fruiting body development
of C. sinensis are still unknown.

Proteins usually play important biological roles in
regulating metabolic processes, signal transduction,

Cordyceps is a large genus of entomogenous fungi
with more than 400 species found world-wide, and
the most famous and valuable species is Cordyceps
sinensis (Berk.) Sacc. (Li et al. 2006a). Wild C. sinensis is
also known as “Dong Chong Xia Cao” in Chinese or
“Yartsa gunbu” in Tibetian, which means “Winter
Worm Summer Grass” because of their appearance
in different seasons (Paterson 2008) (Figure 1).
C. sinensis has multiple beneficial effects on hepatic,
renal, cardiovascular, immunologic, and nervous sys-
tems (Wang and Shiao 2000; Paterson 2008), and
been used as highly prized herbal medicine and
healthy food. Natural C. sinensis is found only in the
soil of a prairie at an elevation of 3 000 to 5 000 m
mainly in Tibet, Qinghai, Gansu, Sichuan, and Yunnan
provinces in China. The worldwide demand for natural
C. sinensis has been increasing continuously. With the
reckless exploration, the annual harvest has been
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Figure 1. The pictures of (a) natural Cordyceps sinensis, (b) early and (c) late stages of C. militaris, cultured fruiting bodies of (d)

C. militaris and (e) C. memorabilis.

small molecule or ion transportation, cell replication,
and apoptosis (Gauci et al. 2011). The identification
of differentially expressed proteins during fruiting
body development could improve better under-
standing of C. sinensis formation. Proteomics is
aimed at the large-scale and systematic characterisa-
tion of the entire protein complement of a cell line,
tissue, or organism at a particular time, under a
particular set of conditions (Graves and Haystead
2002; Beranova-Giorgianni 2003; Giepmans et al.
2006). Proteomics can be used as an important tool
in helping to elucidate mechanisms of biological
processes in a high-throughput mode. Classical
two-dimensional electrophoresis (2DE) for protein
isolation coupled with protein spot identification by
mass spectrometry is the most widely adopted
approach in proteomics studies (De Roos and
McArdle 2008), but traditional 2DE is time-consum-
ing, labour-intensive, limited sensitivity and prone to
experimental errors, so this approach requires several
replicate runs to overcome the gel-to-gel variations
(Minden 2007; Chevalier 2010). In order to overcome
the limitations of 2DE, a modified 2DE technique
called fluorescence difference gel electrophoresis
(DIGE) has been developed for direct quantitative
measurements among differentially labelled samples
using cyanine fluorescent dyes prior to gel electro-
phoresis and it is more accurate, sensitive, confident,
reproducible and not limited by the distortion from

gel-to-gel variation (Van Den Bergh and Arckens
2004; De Roos and McArdle 2008; Muroi et al. 2010).

To date, little has been known for the fruiting
body formation mechanism and proteome of
C. sinensis (Jin 2005; Kao 2006). The objective of this
study is to unveil the fruiting body formation
mechanism of C. sinensis as well as its related species
based on differential protein expression of the fruit-
ing body, sclerotium of C. sinensis and mycelium of H.
sinensis, mature (late stage), immature (early stage)
fruiting bodies and mycelium of Paecilomyces mili-
taris (Kob.) Brown & Smith ex Liang, anamorph of
C. militaris (L.: Fr.) Link (Liu et al. 2002), as well as
fruiting body and mycelium of Isaria farinose (Holm
ex S.F. Gray) Fr., anamorph of C. memorabilis (Ces.)
Sacc. (Zimmermann 2008).

Materials and methods
Natural C. sinensis, fungal strains and materials

Natural fresh C. sinensis, including the fruiting
body and sclerotium, were collected from Huzhu
County, Qinghai Province of China. The fungal
strain of H. sinensis was purchased by the
Institute of Microbiology of Chinese Academy of
Sciences, China. Fungal strain of P. militaris (ana-
morph of C. militaris) was gift from Zhangjiagang
City Zanglian Biotechnology Co., Ltd. Jiangsu



Province, China; and strain Isaria farinosa (ana-
morph of C. memorabilis) was isolated from
infected caterpillar  provided by Qinghai
Academy of Animal and Veterinary Science,
China, which was identified by the Institute of
Microbiology of Chinese Academy of Sciences,
China. Golden rabbit Thai fragrant rice purchased
from San Miu Supermarket Limited in Macao,
China; foxtail millet (Setaria italica) obtained
from Yilan County Seed Company, Heilongjiang
Province of China; silkworm larvae and silkworm
pupa powder bought from Sericulture and Farm
Produce Processing Research Institute,
Guangzhou, China; mould liquid medium pur-
chased from Guangdong Huankai Microbial Sci.
& Tech. Co., Ltd., China.

Fungal culture conditions and media

he fungi were cultured as the method described
in our previous report (Feng et al. 2009) with
modification. In brief, the fungal strains in tube
slant were implanted into improved mould liquid
medium (16.6 g mould liquid medium, the extract
of 200.0 g fresh potato, and 2.0 g yeast extract in
1 | with Milli-Q water, pH 5.6). Conical flasks
(500 ml) containing 150 ml of medium were
inoculated with purified colony and incubated in
an (C24KC refrigerated incubator shaker (New
Brunswick Scientific, USA) under 150 RPM at 16°C
for H. sinensis or 22°C for P. militaris and I. farinose
until plentiful mycelia balls presented. The myce-
lia were harvested by centrifugation, washed
twice with sterile PBS buffer, and stored at 4°C
after lyophillisation. The fruiting body of C. mili-
taris, C. memorabilis was cultured in improved rice
medium (290 g Golden rabbit Thai fragrant rice,
290 g foxtail millet (Setaria italica), 50 g silkworm
pupa powder, 16.6 g mould liquid medium and 1 |
distilled water) sterilised at 121°C for 30 min. Each
cultivation bottle was inoculated with 8 ml of
liquid seed and incubated in the dark at 22°C for
C. militaris and C. memorabilis with humidity levels
of 70%, respectively. When the mycelia comple-
tely colonised the jar, the jar was exposed to
fluorescent lamp (about 200 Ix). After 3 to
5 days, the temperature was set a cycle of 22°C
for 12 h, and 12°C for 12 h under a 12 h light/dark
cycle condition to promote primordia formation.

MycoLogy (&) 233

Once a large number of primordia were produced,
the temperature was kept at 22°C, and the rela-
tive humidity was kept at around 85% under a
12 h light/dark cycle condition for the formation
of the fruiting body. The early and late stage
fruiting bodies of C. militaris were cultured in
fiftth instar larvae of silkworm. In brief, the 5th
instar silkworm larva was surface sterilised with
medical povidone-iodine swabs and then 0.3 ml
of mycelial homogenate was injected under axe-
nic conditions. The inoculated larvae were fed
with fresh mulberry leaves at 22°C in the dark
with 70% relative humidity. After the larva grew
into stiff silkworm, the cultivation conditions were
the same as the fruiting body of C. militaris grown
on solid medium. When the fruiting body grew to
approximate 2 cm (early stage) or produced
spores (late stage), they were harvested and
stored at —80°C.

Extraction of proteins

The investigated materials (mycelia, worm or the
fruiting body) were ground to a fine powder in liquid
nitrogen using a mortar and pestle, added lysis buf-
fer (containing 7 M urea, 2 M thiourea, 4% (w/v)
CHAPS, 1% (w/v) DTT, 0.5% (v/v) IPG buffer pH
3-10, and 1T mM PMSF, from GE Healthacare) based
on the modified Handbook 80-6429-60AC (GE
Healthcare), and continued to grind to homogenate.
The homogenate was transferred to a 1.5 ml
Eppendorf tube and frozen in liquid nitrogen for
3 min, and then it was thawed in 37°C water for
3 min. For fully extracting the intracellular proteins,
this step was repeated three times. After centrifuga-
tion at 28,113 x g for 30 min at 4°C, the supernatant
was transferred to new tubes.

Clean-up proteins

Proteins were purified with a 2-D Clean-Up Kit
(GE Healthcare) according to the manufacturer’s
instructions, revision 80-6486-60/Rev. CO/11-02.
Briefly, proteins solution (200 pl) was mixed well
with 600 ul of precipitant and incubated for
15 min on ice, then 600 pl co-precipitant was
added and centrifuged at 28,113 x g for 5 min
at 4°C. Added co-precipitant 4 times the size of
the pellet after removing the supernatant, next
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centrifuged at 28,113 x g for 5 min. Pipetted
enough Milli-Q water to disperse the pellet, and
added 1 ml of pre-chilled wash buffer and 5 ul
wash additive at —20°C for at least 30 min, vor-
texed for 20-30 s once every 10 min. The mixture
was further centrifuged at 28,113 x g for 5 min at
4°C, and the supernatant was discarded and the
pellet was allowed to dry briefly. The pellet was
solubilised in lysis buffer without DTT and IPG
buffer. Lastly, the protein solution was centri-
fuged at 28,113 x g for 20 min at 4°C, and the
supernatant was collected and stored at —80°C.
Prior to quantification, pH of protein samples was
adjusted to 8.5 by using 1 M NaOH, as monitored
by the pH Test Strip (4.5-10.0, Sigma). Finally,
protein concentrations were determined with
Bio-Rad Protein Assay Dye Reagent Concentrate
(Bio-Rad) using BSA (2 mg ml™") as the standard.

Labelling of proteins with CyDye

All steps were operated in dark room. The proteome
samples were labelled for DIGE analysis using Cy2, Cy3
and Cy5 CyDye™ DIGE Fluor minimal dye (GE
Healthcare), respectively, according to the manufac-
turer manual (GE Healthcare). Cy2 was used to label
an internal standard which was pooled equal amounts
of each of all samples. Each 50 ug protein sample was
labelled at a ratio of 400 pmol of dye on ice for 30 min,
and the labelling reaction was terminated by adding 1
pl of 10 mM lysine and left on ice for 15 min. The three
labelled samples were mixed into a single tube, and
then both of extra 300 ug paired protein samples in a
gel were added to the same tube, thus total of 750 pug
protein samples were mixed in the tube and later could
be used as preparative gel for spots picking. Equal
volumes of 2x sample rehydration buffer (7 M urea,
2 M thiourea, 2% DTT, 4% CHAPS, 1% pH 3-10 NL IPG
buffer (GE Healthacare), and 0.004% bromphenol blue)
was added to the protein samples. Rehydration buffer
(7 M urea, 2 M thiourea, 4% CHAPS, 1% DTT, 0.5% IPG
buffer, and 0.004% bromphenol blue from Bio-Rad)
was added to reach volumes to 450 pl for rehydration.

Two-dimensional electrophoresis

The mixture was transferred to IPGbox (GE
Healthcare), and ReadyStrip IPG Strips (24 cm,
pH 5-8 from Bio-Rad) was put on the mixture

with the gel side down. The gel was covered
with DryStrip Cover Fluid (GE Healthcare), and
rehydrated for 18 h at 20°C. After rehydration,
the IPG strip was transferred to Ettan IPGphor
Manifold of Ettan IPGphor 3 Isoelectric Focusing
Unit (GE Healthcare). The first dimension isoelec-
tric focusing (IEF) separation of 2DE was per-
formed at 20°C with following sequential steps:
50 V rapid for 4 h; 150 V gradient for 2 h; 250 V
gradient for 2 h; 500 V gradient for 2 h; 1,000 V
gradient for 3.5 h; 5,000 V rapid for 1.5 h; 8,000 V
rapid for 2 h; 10,000 V rapid for 70,000 Vh. After
IEF, the strips were equilibrated in 50 mM Tris-HCl
(pH 8.8), 6 M urea, 30% glycerol, 2% SDS, and
0.01% bromophenol blue with the addition of
2% DTT for 15 min in the dark. Subsequently,
the strips were equilibrated with the same buffer
with 2.5% (w/v) iodoacetamide instead of DTT for
15 min in the dark. Prior to preparation of SDS-
polyacylamide gels, the longer low fluorescent
glass plate was painted with PlusOne™ Repel-
Silane ES (GE Healthcare) to assure gel release;
while the shorter glass plate was painted with
4 ml PlusOne™ Bind-Silane (GE Healthcare) in
1 ml of acidic ethanol (0.5% acetic acid in 95%
ethanol) to covalently attach the polyacrylamide
gel to glass surface. SDS-PAGE was performed as
second dimensional separation in 12.5% acryla-
mide gels in an Ettan™ DALT Six-Large Vertical
System (GE Healthcare). The electrophoresis was
performed at 15 mA per gel for 40 min, then
30 mA per gel until the bromophenol blue line
reached the bottom of the gel at 10°C in the dark.

Imaging and analysis

Cy2-, Cy3- and Cy5-labelled samples were acquired in
an Ettan DIGE Imager (GE Healthcare) according to
the manufacturer’s instructions. The images were
checked for intensity during the acquisition process
using ImageQuant™ TL software (GE Healthcare), and
analysed by using DeCyder™ 2-D Differential Analysis
Software v7.0 (GE Healthcare). After analysis, the gels
were stained in 0.1% Coomassie Brilliant Blue-R250
solution in 50% ethanol and 10% acetic acid for
2.5 h, and destained in 25% ethanol and 8% acetic
acid for 1.5 h. Then, they were washed with Milli-Q
water and scanned on a UMAX PowerLook 2100XL
scanner (UMAX Technologies). Protein spots at least



2-fold differences in expression level were automati-
cally and accurately excised into 96-cell plates using
Ettan Spot Picker (GE Healthcare). All parameters
were set according to the manufacturer’s protocol.

In-gel digestion and protein identification by
MALDI TOF/TOF MS

Each excised protein slice was washed with 100
pl Milli-Q water (twice, for 2 x 5 min) on ice, and
destained with 80 pl of 50 mM ammonium bicar-
bonate (Sigma) /acetonitrile (ACN, Sigma) (1:1) for
30 min at 37°C. The gel piece was incubated in
70 ul of acetonitrile until it was white and sticky.
After removing solution, the gel piece was rehy-
drated in 2 pl of trypsin solution (2 ug Promega’s
Sequencing Grade Modified Trypsin mixed with
140 pl of 25 mM ammonium bicarbonate contain-
ing 10% acetonitrile) on ice for 20 min. Excess
trypsin was removed, the gel piece was covered
with 20 pl of 25 mM ammonium bicarbonate
containing 10% acetonitrile, and trypsinised at
37°C for 16 h. After digestion, the peptides were
transferred into a new PCR tube, and the pellet
was extracted with 30 pl of 0.1% trifluoroacetic
acid (TFA, Sigma-Aldrich) in 67% acetonitrile at
37°C for 30 min, subsequently was ultrasonicated
for 20 min at room temperature. This step was
repeated again. Total extracts and the first
digested peptides were mixed, vacuum-dried,
and dissolved in 2 pl of 0.1% TFA in 30% acet-
onitrile. After in-gel digestion, 0.4 pl of the super-
natant was spotted onto a MALDI plate (Opti-
TOF™ 384-well Insert, Applied Biosystems), and
0.4 pl of matrix solution (saturated solution of a-
cyano-4-hydroxycinammic acid in 50% acetonitrile
and 0.1% TFA) were added to the peptide and
allowed to air-dry at room temperature. Tryptic
peptides of 0.5 upl were analysed using a 4800
plus  MALDI  TOF/TOF  Analyser  (Applied
Biosystems) with positive ion reflection mode,
and standards (ABlI 4700 Calibration Mixture,
Applied Biosystems) were conducted to calibrate
the spectrum to a mass tolerance within 0.1 Da.
The parameters for database searching were pep-
tide tolerance of 80-150 ppm; MS/MS tolerance
of 0.2-0.3 Da; one missed cleavage; variable mod-
ifications of carbamidomethyl (Cys), oxidised
(Met). GPS Explorer™ software v3.6 (Applied
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Biosystems) was used to search files in the
National Centre for Biotechnology non-redundant
(NCBInr) all species database, fungus database
and insect database. All the identified proteins
have MASCOT report total protein score C.I.% or
total ion C.1.% greater than 95% and identification
probability score at p < 0.05.

Results and discussion

Proteins in fruiting bodies, sclerotia and mycelia of
Cordyceps species

Differential proteins in the fruiting body/sclerotia
and fruiting body/mycelia from natural C. sinensis
Natural infection of fungus of
Cordyceps is difficult to obtain for the proteomics
investigation due to specific life cycle of C. sinensis
and the habitat. Therefore, the fruiting body and
sclerotia (dead larvae) from natural C. sinensis were
used, and 2100 spots were detected in both the
fruiting body and sclerotium (Figure 2). The number
was much more than 18 spots in natural C. sinensis
(Jin 2005). Among the detected spots, 639 (30.4%)
and 626 (29.8%) spots were up-regulated and down-
regulated, respectively, in fruiting bodies of natural
C. sinensis (Threshold mode: 2.0-fold). Among the
detected proteins, only 62 proteins in 70 spots
(36.8%) out of 190 picked spots (Figure 3) were
successfully identified. The most likely reason for
low ratio identification attributed to the limited gen-
ome or proteome database of C. sinensis, which is the
greatest challenge for the study on proteome of
C. sinensis. Indeed, no spot was identified except
one protein, which was found in the fruiting body
of natural C. sinensis rather than mycelia of Hirsutella
sinensis, had high similarity to protein of hypothetical
protein AN8043.2, putative fimbrial usher or UDP-N-
acetylglucosamine pyrophosphorylase according to
10 amino acids sequence of its N-terminal (Jin
2005). Our results confirmed that UDP-N-acetylgluco-
samine pyrophosphorylase compared to sclerotium
was up-regulated in the fruiting body of C. sinensis.
Besides, only serine protease among the identified
proteins was reported in an entomopathogenic fun-
gus CS2 from C. sinensis (Zhang et al. 2008). The
other proteins were firstly identified in C. sinensis.
For the identified proteins, 6 proteins, such as serine
protease, GAF domain protein, predicted similar to

worm without
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Figure 2. 2 D-DIGE images of proteins from Cordyceps materials labeled with Cy3 (green in online versiton) or Cy5 (red in online
versiton) and their merge (color in online versiton) and statistical analysis of differentially expressed spots. A. Fruiting body (red in
online versiton) versus sclerotia (dead larvae, green in online versiton) of C. sinensis. B. Fruiting body (red in online versiton) of C.
sinensis versusmycelia (green in online versiton) of H. sinensis. C. Later (red in online versiton) versus early (green in online versiton)
stage fruiting body of C. militaris. D. Fruiting body (red in online versiton) versusmycelia (green in online versiton) of P. militaris. E.
Fruiting body (red in online versiton) versus mycelia (green in online versiton) of /. farinosa.

For gel image, pH, 5 to 8 linear from left to right; mass, ~100 kDa to ~10 kDa from top to bottom.



MycoLogy (&) 237

Figure 3. Picked high differential expression protein spots in gels. (a—e) the same as in Figure 2.
For gel image, pH, 5 to 8 linear from left to right; mass, ~100 kDa to ~10 kDa from top to bottom. Green number indicates the protein spot ID.

Actin-5C isoform 1, actin 6, beta actins, heat shock 70
kd protein cognate 1, were down-regulated, while 53
proteins, including acetaldehyde dehydrogenase,
enolase, tubulins, eukaryotic initiation factor 4A,
elongation factor 2, elongation factor 3, cobalamin-
independent methionine synthase, fructose-bispho-
sphate aldolase, inorganic pyrophosphatase, UTP-glu-
cose-1-phosphate uridylyltransferase, vacuolar ATP
synthase catalytic subunit A, malate dehydrogenase,
O-acetylhomoserine sulfhydrylase, mannose-1-phos-
phate guanyltransferase, septin, rab GDP-dissociation
inhibitor, T-complex protein 1 subunit zeta, heat
shock 70 kDa protein, putative Hsp70 chaperones,
etc. were up-regulated in the fruiting body of
C. sinensis (Table 1).

Though Hirsutella sinensis is usually considered
as the anamorph of C. sinensis (Chen et al. 2004;
Li et al. 2006a; Zhong et al. 2010), cultivation of
its fruiting body is still very difficult. Alternatively,
proteomic comparison of the fruiting body from
natural C. sinensis and mycelia of H. sinensis was
determined to explore the potential proteins
related to the formation of the fruiting body.
There were 1983 protein spots detected in both
the fruiting body of natural C. sinensis and myce-
lia of H. sinensis, which was also much more than
previous reports, 188 spots in mycelia of H. sinen-
sis (Jin 2005) and 630 spots in mycelia of an

isolated fungal strain of C. sinensis (Kao 2006).
Among the detected spots, 559 (28.2%) and 401
(20.2%) spots, respectively, were up-regulated
and down-regulated in fruiting bodies of natural
C. sinensis (Threshold mode: 2.0-fold) (Figure 2),
and 64 proteins in 69 protein spots (35.9%) out of
192 picked spots (Figure 3) were successfully
identified (Table 1). There was no spot was iden-
tified in previous report (Kao 2006).

Differential proteins in late/early stages of the
fruiting body and fruiting body/mycelia of

C. militaris

C. militaris is a major species of Cordyceps widely
used in the market. The fruiting body of
Paecilomyces militaris, anamorph of C. militaris, is
easily formed in cultured media. It is great help to
know the proteins expression during fruiting body
formation based on the investigation of proteins
in mycelia, early and late stages of the fruiting
body of C. militaris. As a results, 2175 protein
spots were detected in both early and late stage
fruiting bodies of C. militaris, 295 (13.6%) and 234
(10.8%) out of the detected spots were up-regu-
lated and down-regulated in the late stage fruit-
ing body, respectively (Threshold mode: 2.0-fold)
(Figure 2). Among 95 picked spots (Figure 3), 40
proteins in 48 protein spots (50.5%) were
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successfully identified (Table 1). On the other
hand, there were 2227 protein spots detected in
both the fruiting body and mycelia of P. militaris,
and 523 (23.5%) and 449 (20.2%) of detected
spots were up-regulated and down-regulated,
respectively, in the fruiting body of C. militaris
(Threshold mode: 2.0-fold) (Figure 2). Finally, 33
proteins in 40 protein spots (44.4%) out of 90
picked spots (Figure 3) were successfully identi-
fied, which included 18 up-regulated and 22
down-regulated proteins in the late stage fruiting
body of C. militaris (Table 1).

Differential proteins between the fruiting body and
mycelia of C. memorabilis

C. memorabilis is one of the species of Cordyceps
genus. The fungus, Isaria farinose, anamorph of
C. memorabilis, could form the fruiting body under
laboratory conditions. Therefore, comparison of pro-
teins in the fruiting body and mycelia of 1. farinose is
also helpful to well understand the molecular
mechanism of formation of natural C. sinensis. By
DIGE analysis, 2275 protein spots were detected in
both the fruiting body and mycelia of I farinosa.
Among the detected spots, 554 (23.9%) and 430
(18.9%) spots were, respectively, up-regulated and
down-regulated in the fruiting body (Threshold
mode: 2.0-fold) (Figure 2), and 23 proteins in 25
protein spots (29.8%) out of 84 picked spots
(Figure 3) were successfully identified (Table 1).

Totally, 115 differential expression proteins in 134
protein spots were found in both fruiting bodies and
mycelia of three species of Cordyceps (C. sinensis,
C. memorabilis, and C. militaris). It was worth to
note that enolase/putative enolase up-regulated,
while ATP synthase down-regulated coincidentally
in all fruiting bodies of Cordyceps.

For natural C. sinensis, acetaldehyde dehydro-
genase, beta-tubulin, elongation factor 2, enolase,
malate dehydrogenase, heat shock 70 kDa protein
and hypothetical protein FG09893.1 were simulta-
neously up-regulated in both fruiting bodies of
C. sinensis versus sclerotia and fruiting bodies of
C. sinensis versus mycelia of H. sinensis. These
results suggested that the seven proteins played
important roles during the fruiting body forma-
tion of natural C. sinensis. Besides, the enolase or
putative enolase was up-regulated, while ATP
synthase was down-regulated coincidentally in

fruiting bodies of C. memorabilis and C. militaris
than that in corresponding mycelia of I. farinosa
and P. militaris, which showed that the enolase
and ATP synthase were the most important pro-
teins for fruiting body formation of Cordyceps.
The beta-tubulin was also up-regulated in the
fruiting bodies of C. militaris as well as in natural
C. sinensis. Although malate dehydrogenase and
acetaldehyde dehydrogenase were up-regulated
in fruiting bodies of natural C. sinensis, they
were down-regulated in the fruiting bodies of
C. memorabilis.

Apart from the shared proteins, most of the
differential expression proteins were non-shared
proteins in the fruiting bodies of C. sinensis versus
sclerotia, and fruiting bodies of C. sinensis versus
mycelia of H. sinensis. The reasons may arise from
different samples (natural sclerotia and cultured
mycelia) and a small probability of picking the
same spot in different gels under blind screening
(the picked spot must possess simultaneously
higher differential expression and intact three-
dimensional separation map).

Biological activities of proteins during fruiting
body formation of C. sinensis

Fruiting body formation of filamentous fungi is one
of the most complex developmental processes. It not
only requires the aggregation of hyphae to form
three-dimensional structures, and leads to the differ-
entiation of a number of fruiting bodies-specific cell
types not present in the vegetative mycelium
(Nowrousian et al. 2007), but also requires precise
integration of a number of fundamental biological
processes under special environmental conditions
and is controlled by many developmentally regu-
lated genes (Poggeler et al. 2006).

Camp signal pathway in fruiting body formation of
C. sinensis

Two cytoplasmic signalling branches, the cAMP-
dependent protein kinase (PKA) and mitogen-acti-
vated protein kinase (MAPK) pathway, regulate
gene expression that finally leads to fruiting body
formation. Indeed, MAPK genes are required for fruit-
ing in Aspergillus nidulans, Neurospora crassa, and
Lentinula edodes, where MAPK kinase (Demeke et al.
1997), MEK kinase (MEKK) and MAPK involve in the
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pathway (Szeto et al. 2007). However, no proteins
related to the MAPK pathway were identified in this
study. Similarly, orthologous MAPK genes were not
transcribed (CCM_04200 vs. AN1017) or transcribed
at low levels (CCM_01235 vs. NCU02393) by C. mili-
taris (Zheng et al. 2011). The reasons may include: 1)
Different higher fungi might depend on different
signal pathways in fruiting body development; 2)
Although the related MAPK proteins involved in fruit-
ing body development of C. sinensis, they were not
successfully identified for the limited Cordyces
database.

In the two signalling cascades, either heterotri-
meric G proteins or ras and ras-like proteins relay
extracellular ligand-stimulated signals to the cyto-
plasm (Péggeler et al. 2006). Indeed, two main
upstream signalling regulators of adenylyl cyclase,
guanine nucleotide-binding protein (G proteins)
beta subunit-like protein and GTP-binding protein
Ran, increased in the fruiting body of C. sinensis
(Table 2). G proteins can interact with adenylyl
cyclases and catalyse the formation of cAMP
(D’'Souza and Heitman, 2001; Kamerewerd et al.
2008). GTP-binding protein Ran belongs to the
superfamily of Ras proteins and is crucial regulator
of adenylyl cyclase (Schlenstedt et al. 1997; Seewald
et al. 2003). Rab GDP-dissociation inhibitor (RabGDI)
is a key regulator of Rab/Ypt GTPases that controls
the distribution of active GTP and inactive GDP-
bound forms between membranes and cytosol (Rak
et al. 2003). Actually, RabGDI was up-regulated in the
fruiting body of C. sinensis (Table 2). The same result
has also been observed in the fruiting body of mush-
room L. edodes (Sakamoto et al. 2009). In addition,
GAF domain protein with 3', 5'-cyclic-cAMP phospho-
diesterase activity, downstream signalling regulator
of adenylyl cyclase, catalyses cAMP to AMP (De
Oliveira et al. 2007) decreased in the fruiting body
of C. sinensis. Finally, increased biosynthesis and
decreased degradation of cAMP result in accumula-
tion of cAMP in the fruiting body of C. sinensis. As a
signalling factor, cAMP plays an important role in
controlling fruit body formation (Kinoshita et al.
2002; Palmer and Horton 2006). It is closely related
to the onset of fruiting body development in L.
edodes (Miyazaki et al. 2005). The level of cAMP in
dikaryotic mycelia of Schizophyllum commune
reached peak before primodium formation, and
then gradually increased until the final stage of fruit

body formation (Kinoshita et al. 2002). Light causes
an increase of cAMP level in fungi Coprinus macro-
rhizus and S. commune, and induces their fruiting
body formation (Kinoshita et al. 2002). It has been
confirmed that C. militaris fail to form the fruiting
body without light. Moreover, cAMP also regulates
the expression of a large number of genes required
for fruiting body formation of Dictyostelium discoi-
deum (Bishop et al. 2002). Therefore, the cAMP signal
pathway should involve in fruiting body develop-
ment of C. sinensis.

Heat shock proteins responded to
environmental stress

In fungal kingdom, fruit body formation usually
could not happen until some severe stressors occur.
In nature, these stressors are heat and cold, fire and
flood, or nutrient deficiency (Holliday and Cleaver
2008). A sudden change in temperature (heat shock
or cold shock) or other adverse environmental con-
ditions can stimulate living organisms to produce
heat shock proteins (Hsps) for protection and cell
repairmen activities. Some Hsps play important
roles in all major growth-related processes including
cell division, DNA synthesis, transcription, translation,
protein folding and transportation, and membrane
translocation (Chaffin et al. 1998). Generally, heat
shock proteins Hsp70, Hsp70 chaperone and Hsp 90
in the fruiting body of C. sinensis had higher expres-
sion, and a similar change was also found in the
mature fruiting body of C. militaris (Table 2). Except
Cordyceps, in Podospora anserina, a gene encoding
Hsp90 homolog involves in both sexual development
and vegetative growth (Loubradou et al. 1997).
Under certain environmental stresses, dikaryotic
mycelia aggregate to form primordium, which
marks the beginning of fruit body development
(Chum, et al. 2008). Heat shock treatment accelerates
the fruiting body formation and sporulation of
Myxococcus xanthus because heat shock induces
some proteins expression and perhaps involve in
fruiting body formation and sporulation (Otani et al.
2001), which well explained why some fungal cul-
tures cannot produce fruit bodies without tempera-
ture downshift or light illumination (Yoon et al.
2002). As far as we know, natural C. sinensis grows
in Qinghai-Tibetan Plateau, where the temperature
difference between day and night can reach about
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20°C during fruiting body formation and develop-
ment season. Therefore, it is reasonable to speculate
that heat shock proteins (Hsps) highly express during
fruiting body formation and development. On the
other hand, Hsps are also immunodominant antigens
and major targets of host immune response during
different types of infection (Chaffin et al. 1998),
which is helpful to better understand why some
Hsps show higher expression in sclerotium. It could
be presumed that the host larva produces Hsps
when it is infected by hyphal or spore of fungus.

Proteins involved in carbohydrate metabolism

Carbohydrate catabolism not only provides energy
for hyphal growth but also supplies carbon skeleton
to other metabolisms (Deveau et al. 2008), which is
significantly changed during fruiting body initiation
and development of primordia into the mature fruit-
ing body (Kulkarni, 1990).

Proteins involved in the glycolytic pathway and
tricarboxylic acid cycle (TCA)

The fructose-bisphosphate aldolase, enolase and
pyruvate kinase of the glycolytic pathway, as
well as malate dehydrogenase of tricarboxylic
acid cycle (TCA), were shown higher expression
in the fruiting body of C. sinensis (Table 1). It
was very intriguing that putative enolase was
also up-regulated in fruiting bodies of C. memor-
abilis and C. militaris, and enhanced in the mature
fruiting body of C. militaris (Table 2). These results
suggest that enolase may play an important role
during fruiting body formation and development
of Cordyceps. It is consistent with that glycolysis
and TCA cycles are the major pathways of glyco-
metabolism in sporulating stage of fruiting body
development in Pleurotus ostreatus (Chakraborty
et al. 2003). In contrast to C. sinensis, malate
dehydrogenase showed lower expression in the
fruiting body of C. memorabilis and mature one
of C. militaris, which may attribute to the different
formation mechanisms of individual fungus
because the fruiting body of both C. memorabilis
and C. militaris could be produced under the
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same culture conditions, but C. sinensis failed to
develop its fruiting body.

Proteins involved in the glyoxylate pathway

Pyruvate kinase (PK) and aldehyde dehydrogenase
are putative indole receptor proteins involved in
multicellular development which are essential for
fruiting body formation in Stigmatella aurantiaca
(Stamm et al. 2005). Acetaldehyde dehydrogenase
of the glyoxylate pathway, which can be induced
by heat shock in M. Xanthus (Otani et al. 2001), is
related to fruiting body formation of mushroom
Flammulina velutipes (Yoon et al. 2002). These
enzymes increased in the fruiting body of C. sinensis
and the mature fruiting body of C. militaris (Table 2)
suggested these enzymes might involve in fruiting
body development.

Proteins involved in the mannitol pathway

Mannitol-1-phosphate 5-dehydrogenase is pro-
posed as main enzyme for mannitol biosynthesis
(Véléz et al. 2007), and the enzyme abundance in
the fruiting body of C. sinensis was near 13-fold
higher than that in mycelia (Table 1). As a result, it
may increase the content of mannitol in natural
C. sinensis (Wang et al. 2009; Guan et al. 2010).
Increased mannitol is related to fruiting body
initiation and development of A. bisporus
(Kulkarni, 1990), and the mannitol content in the
fruiting body of A. bisporus is about 8-20 times
higher than that in mycelia (Hammond and
Nichols 1976; Wannet et al. 2000).

Proteins involved in the trehalose pathway

The trehalose pathway is clearly shown by enhanced
expression of UTP-glucose-1-phosphate uridylyltrans-
ferase (Uridine diphosphoglucose pyrophosphory-
lase) in the fruiting body, which is a developmental
regulation enzyme involving in trehalose, cellulose
and glycogen synthesis in fungus D. discoideum
(Fishel et al. 1982; Bishop et al. 2002). It is essential
for fungus to complete its life cycle, and it increases
3-fold at the stage of fruiting body formation than
that in vegetative growth and early stage of
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differentiation (Fishel et al. 1982). The UTP-glucose-1-
phosphate uridylyltransferase in the fruiting body of
C. sinensis was about 9-fold higher than that in scler-
otium (Table 1), which may contribute to the higher
trehalose content in the fruiting body of C. sinensis
(Wang et al. 2009).

Immunoglobulin heavy chain-binding protein
homolog was overexpressed in the fruiting body
of C. sinensis rather than in mycelium (Table 1).
Homolog gene of immunoglobulin heavy chain-
binding protein (78 kDa glucose-regulated protein)
is differentially expressed in primordium of mush-
room L. edodes, which can be inferred that glu-
cose-regulated protein involved in fruit body
development under certain environmental stresses
(Chum, et al. 2008).

Proteins involved in the mannose pathway

The content of mannose-1-phosphate guanyltrans-
ferase in the fruiting body of C. sinensis was higher
than that in sclerotium, but lower than that in
mycelium (Table 1). The overexpressed mannose-
1-phosphate guanyltransferase promotes increase
of GDP-mannose in fungus Trichoderma reesei.
GDP-mannose was effectively utilised by mannno-
syltransferases and resulted in hypermannosylation
of secreted proteins in both N and O glycosylation,
which indicated that GDP-mannose might play a
major regulatory role in protein glycosylation in T.
reesei (Zakrzewska et al. 2003).

Proteins involved in energy metabolism

Fruiting body developmental programme needs more
energy than simple vegetative growth (Busch and
Braus 2007). ATP synthase, which can be induced by
heat shock (Otani et al. 2001), is high expressed in
fruiting body development and maturation of A. bis-
porus (De Groot et al. 1997). Obviously, it is noticed that
vacuolar ATP synthase catalytic subunit A and inor-
ganic pyrophosphorylase were higher in the fruiting
body than those in sclerotium of C. sinensis. Especially,
inorganic pyrophosphorylase, which can catalyse
degradation of pyrophosphate and release energy, in
the fruiting body of C. sinensis was about 6-fold higher
than that in sclerotium (Table 1).

Proteins involved in protein synthesis and
degradation

Elongation factors, eEF1A, eEF2 and eEF3, serve an
essential function in translation cycle of protein synth-
esis in fungi. The transcript of eEF2 is also highly
expressed in fruiting body cDNA library of medicinal
fungus Ganoderma lucidum (Luo et al. 2010). In addi-
tion, the gene of elongation factor 1 is one of devel-
opmentally specific genes in primordium of L. edodes
(Miyazaki et al. 2005), and eEF1A controls fruiting body
formation of P. anserina, interacts with actin and tubu-
lin to activate some proteins degradation and is prob-
ably involved in signal transduction and cell cycle
regulation (Silar et al. 2001). Some factors of protein
synthesis, including eukaryotic initiation factor 4A
(elF4A), elongation factors eEF2 and eEF3, and riboso-
mal L18ae protein family, were expressed at higher
levels in the fruiting body of C. sinensis than that in
sclerotium and mycelium. Similarly, the abundance of
translation elongation factor EF-Tu in the fruiting body
of C. memorabilis was higher than that in mycelium
(Tables 1 and 2). Protein synthesis activity is very active
during fruiting body formation of C. sinensis, which is
consistent with a higher protein level (30.4%) in the
fruiting body of natural C. sinensis than that (14.8%) in
fermented mycelium (Hsu et al. 2002).

Besides proteases play an important role in turn-
over of nitrogenous compounds (e.g. protein and
amino acids) during fruiting body formation
(Terashita et al. 1998), proteolytic enzymes such as
serine proteases, proteasome component PUP3, and
probable proteasome subunit alpha were also highly
expressed in the fruiting body rather than in myce-
lium and sclerotium of C. sinensis (Table 1). Similarly,
although serine protease is active in all stages of
fruiting body development in Coprinopsis cinerea, its
expression is the most abundant during young tissue
development (Heneghan et al. 2009). High abundance
of serine protease in the fruiting body may decom-
pose useless proteins for fruiting body development.
But, serine protease in sclerotium may be beneficial
for fungus to infect its host through digesting protein
component of insect cuticles (Li et al. 2006b; Zhang
et al. 2008). Two cuticle-degrading serine proteases
from mycelium of fungus C. sinensis strain CS2 has
been obtained (Zhang et al. 2008). These results show
that the process of protein turnover is more active
during fruiting body formation.



Amino acid status also has a strong impact on
cleistothecium  development in A. nidulans
(Krappmann, and Braus, 2003). It is reported that
the total level of amino acids in the fruiting body
(16.4%) is higher than that in fermented mycelia
(9.23%) (Hsu et al. 2002). Some enzymes catalysing
amino acid synthesis, such as O-acetylhomoserine
sulfhydrylase, cobalamin-independent methionine
synthase and chorismate binding enzyme were
highly expressed in the fruiting body of C. sinensis
(Table 1), which indicated that amino acid biosynth-
esis is active in fruiting body formation. Indeed,
homocysteine synthase (O-acetylhomoserine sulfhy-
drylase), which was over-expressed in mature
ascoma of fungus Tuber borchii, might be involved
in its fruiting body formation (Zeppa et al. 2010).
Cobalamin-independent methionine synthase can
be only observed in conidia rather than in mycelia
of entomopathogenic fungus Metarhizium acridum
(Barros et al. 2010). The enzyme is inducible by
heat and estrogen in fungus Candida albicans (Burt
et al. 1999). While homologous chorismate binding
enzymes can catalyse the initial biosynthesis of tryp-
tophan, menaquinone and siderophores (Zwahlen
et al. 2007). Especially, chorismate mutase is the
first enzyme of the branch of the shikimate pathway
which catalyses a necessary step in biosynthesis of
aromatic amino acids. Aromatic amino acids are not
only the essential composition of proteins but also
crucial precursors for many secondary metabolites
(Pudelski et al. 2009). Fruit body formation and
ascosporogenesis of Aspergillus nidulans significantly
decreased with chorismate mutase gene aroC
knocked out (Krappmann, and Braus, 2003).
Unfortunately, chorismate mutase decreased in the
fruiting body of C. sinensis rather than mycelia of H.
sinensis. The mechanism need further study.

Proteins involved in cell reconstruction

It is a very complicated transformation that from wire-
like hyphal filaments into complex and sometimes con-
tainer-like fruit bodies, which is necessary for the trans-
formation to reconstruct major cells (Busch and Braus
2007).

Actins are highly conserved proteins involved in
various types of cell motility, and tubulins are
involved in complex structures like the mitotic spin-
dle, centrioles, cilia, flagella and cytoskeleton
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(Poetsch et al. 1989). During fruiting body formation
of fungus Physarum polycephalum, the most promi-
nent syntheses of an actin decreased while two
tubulins T1 and T2 were strongly increased (Putzer
et al. 1984; Poetsch et al. 1989). Increased tubulins
suggest the cellular reconstruction is active during
fruiting body formation. Actually, predicted similar to
Actin-5C isoform 1, actin 6, beta actins were down-
regulated, but beta tubulins were consonantly up-
regulated in the fruiting body of C. sinensis (Table 1).
Alpha 2 tubulin gene was highly expressed in the
immature fruiting body of L. edodes (Chum et al.
2011), while a-tubulins are constituents of microtu-
bules responsible for cytoskeleton and further cell
shape regulation (Juuti et al. 2005). It was noticed
that two different tubulins simultaneously decreased
in the mature fruiting body of C. militaris rather than
in early stage, which suggested that tubulins possi-
bly involved in fruiting body initiation rather than
maturation.

UDP-N-acetylglucosamine pyrophosphorylase is a
major enzyme in amino sugar synthesis during cyst
wall formation (encystment) of Giardia and that its
allosteric anabolic activation may shift the equili-
brium of this pathway towards UDP-Gal-NAc synth-
esis (Bulik et al. 2000). UDP-N-acetylglucosamine
pyrophosphorylase was increased in the fruiting
body of C. sinensis (Table 1), which was in accordance
with the previous report (Jin 2005).

Proteins involved in cell division control

Septin, as a cell division control protein, is involved in
septa formation during cell division, and the highest
expression of septin is found in the transitional zone
between cap and stipe of mature mushroom A. bis-
porus (De Groot et al. 1998; Zeppa et al. 2002). The
expression of this enzyme is strongly induced during
fruiting body development and maturation of mush-
room A. bisporus (De Groot et al. 1997).

Mago nashi proteins, highly conserved among
eukaryotes, not only participate in oogenesis, embry-
ogenesis and germ-line sex determination during
animal development, but also play important roles
in pollen tube growth, root development and sper-
matogenesis during plant development (Chen and
Chu 2010; Lewandowski et al. 2010). They also parti-
cipate in fungi development and are abundantly
expressed in natural basidiomes (fruiting bodies) of
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medicinal fungus Antrodia cinnamomea (Chu et al.
2009).

In this study, septin, mago nashi protein and cell
division control protein 3 distinctly increased in the
fruiting body of C. sinensis, besides higher septin was
in the mature fruiting body of C. militaris (Table 1).
These indicate that cell division contributes to the
fruiting body formation.

In summary, this study identified 198 differential
expression proteins that may relate to fruiting body
development of Cordyceps, and 24 proteins have
been proven their roles in fruiting body develop-
ment in other fungi (Table 2). Among the identified
proteins, acetaldehyde dehydrogenase, beta-tubu-
lin, elongation factor 2, enolase, malate dehydro-
genase, heat shock 70 kDa protein are the key
proteins for fruiting body formation and

development of C. sinensis. Especially, enolase and
malate dehydrogenase were first proposed in fruit-
ing body development of mushroom. Besides, the
cAMP signal pathway as well as glycometabolism,
protein metabolism, energy metabolism, cell divi-
sion and cell reconstruction are presumed to be
related to fruiting body development of C. sinensis
(Figure 4). A map of metabolic pathways involved in
fruiting body development of C. sinensis was also
hypothesised (Figure 5). It has become evident that
fruiting body formation of C. sinensis is a highly
complex differentiation process and requires pre-
cise integration of a number of fundamental biolo-
gical processes. Although the fruiting body
formation mechanisms for all these activities remain
to be further elucidated, the study presented here
provides a framework for understanding them.
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cyclase
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Figure 4. Hypothesised cAMP signal pathways involved in fruiting body formation of C. sinensis.



trehalose-6-P ——> trehalose _" glucose

e

|UDP-qucose pyrophosphorylase |
UDP-glucose «<—— glucose-1-P <«—> glucose-6-P
mannitol-1-phosphate

5-dehydrogenase
>

mannitol-1-P fructose-6-P

mannitol <«—> fructose —> fructose-1,6-P

fructose-bisphosphate |aldolase

glyceraldehyde-3-P

1,3-diphosphoglycerate

ADA; . synthaseATP ADP v erythrose-4-P
G-protein 3-phosphoglycerate
cAMP

GAF|domain  ppj 2-phosphoglycerate
inorganiclpyrophosphatase
P

\

MYcoLogy (&) 255

6-phosphogluconolactone

Red : up-regulated
6-phosphogluconate Green : down-regulated

Brown : uncertain

ribulose-5-P

/N

ribose-5-P

xylulose-5-P

GDP-mannose
edoheptulose-7-P mannose-1-phosphate |guanyltransferase

mannose-6-P «—> mannose-1-P
transaldolase

fructose-6-P «—> glucosamine-6-P «—> N-acetyl-glucosamine-6-P

N-acetylglucosamine-1-P
UDP-N-acetylglucosamine|pyrophosphorylase

enolase
Pi phosphoenolpyruvate chorismate UDP-N-acetylglucosamine
pyruvate |kinase chorismatelmutase phenylalanine l
pyruvate > acetaldehyde prephenate < chitin

l acetaldehyde [dehydrogenase
acetyl-CoA
E ATP- ‘citrat—lyase

aspartate <> oxaloacetate citrate
l ma\ateidehydrogenase 1
v malate isocitrate

homocysteine

fumarate
cobalamin-independent |[methionine synthase 1

O-acetylhomoserine |sulfhydrolase/

methionine
|

o-ketoglutate —> —> arginine —> putrescine

succinate «—— > succinyl-CoA

tyrosine
peptide

serine| protease
proteasome|component PUP3
EF-2, EF-3 )
80S initiation complex —> —> protein

Hsp 70 [ Hsp90

40S-Met-tRNAIm-mRNA-GTP  protein folding
PRT= N and regulation
mRNA

spermidine [synthase 4
Met-tRNA

DNA
T—tRNA

RNATponmerase
spermidine

Figure 5. Hypothesised metabolic pathways during fruiting body formation of C. sinensis.
Up-regulated proteins shown in red, down-regulated proteins shown in green, and uncertained regulated proteins shown in brown.

Acknowledgements

We thank Ms Sio Kio Kuong from our institute and Prof. Yong-
huan Zhao from Canada for their assistance in the preparation
of the manuscript.

Disclosure statement

No potential conflict of interest was reported by the authors.

Funding

Funding was provided by both the University of Macau

[ULO15A] and the Macao Science and Technology
Development Fund [FDCT/059/2011/A3 and FDCT/0074/
2016/A2].

References

Au D, Wang L, Yang D, Mok DKW, Chan ASC, Xu H. 2011.
Application of microscopy in authentication of valuable

Chinese medicine I-Cordyceps sinensis, its counterfeits, and
related products. Microsc Res Tech. 75:54-64.

Barros BHR, da Silva SH, Marques EDR, Rosa JC, Yatsuda AP,
Roberts DW, Braga GUL. 2010. A proteomic approach to
identifying proteins differentially expressed in conidia and
mycelium of the entomopathogenic fungus Metarhizium
acridum. Fungal Biol. 114:572-579.

Beranova-Giorgianni S. 2003. Proteome analysis by two-
dimensional gel electrophoresis and mass spectrometry:
strengths and limitations. Trends Analyt Chem. 22:273-281.

Bishop JD, Moon BC, Harrow F, Ratner D, Gomer RH, Dottin RP,
Brazill DT. 2002. A second UDP-glucose pyrophosphorylase
is required for differentiation and development in
Dictyostelium discoideum. J Biol Chem. 277:32430-32437.

Bulik DA, Van Ophem P, Manning JM, Shen Z, Newburg DS,
Jarroll EL. 2000. UDP-N-acetylglucosamine pyrophosphory-
lase, a key enzyme in encysting Giardia, is allosterically
regulated. J Biol Chem. 275:14722-14728.

Burt ET, O'Connor C, Larsen B. 1999. Isolation and identifica-
tion of a 92-kDa stress induced protein from Candida albi-
cans. Mycopathologia. 147:13-20.

Busch S, Braus GH. 2007. How to build a fungal fruit body: from
uniform cells to specialized tissue. Mol Microbiol. 64:873-876.



256 K. FENG ET AL.

Chaffin WL, Lopez-Ribot JL, Casanova M, Gozalbo D, Martinez
JP. 1998. Cell wall and secreted proteins of Candida albi-
cans: identification, function, and expression. Microbiol Mol
Biol Rev. 62:130-180.

Chakraborty TK, Das N, Mukherjee M. 2003. Evidences of high
carbon catabolic enzyme activities during sporulation of
Pleurotus ostreatus (Florida). J Basic Microbiol. 43:462-467.

Chen YQ, Hu B, Xu F, Zhang WM, Zhou H, Qu LH. 2004.
Genetic variation of Cordyceps sinensis, a fruit-body-produ-
cing entomopathogenic species from different geographi-
cal regions in China. Fems Microbiol Lett. 230:153-158.

Chen YR, Chu FH. 2010. Mago nashi interacts with a Taiwania
(Taiwania cryptomerioides) pectin methylesterase-like pro-
tein. J Plant Biochem Biotechnol. 19:59-66.

Chevalier F. 2010. Highlights on the capacities of ‘Gel-based’
proteomics. Proteome Sci. 8:1-10.

Chu FH, Chen YR, Lee CH, Chang TT. 2009. Molecular char-
acterization and expression analysis of Acmago and AcY14
in Antrodia cinnamomea. Mycol Res. 113:577-582.

Chum WWY, Kwan HS, Au CH, Kwok ISW, Fung YW. 2011.
Cataloging and profiling genes expressed in Lentinula
edodes fruiting body by massive ¢cDNA pyrosequencing
and LongSAGE. Fungal Genet Biol. 48:359-369.

Chum WWY, Ng KTP, Shih RSM, Au CH, Kwan HS. 2008. Gene
expression studies of the dikaryotic mycelium and primor-
dium of Lentinula edodes by serial analysis of gene expres-
sion. Mycol Res. 112:950-964.

D’Souza CA, Heitman J. 2001. Conserved cAMP signaling cas-
cades regulate fungal development and virulence. FEMS
Microbiol Rev. 25:349-364.

De Groot PWJ, Schaap PJ, Van Griensven LJLD, Visser J. 1997.
Isolation of developmentally regulated genes from the edible
mushroom Agaricus bisporus. Microbiology. 143:1993-2001.

De Groot PWJ, Visser J, Van Griensven LJLD, Schaap PJ. 1998.
Biochemical and molecular aspects of growth and fruiting
of the edible mushroom Agaricus bisporus. Mycol Res.
102:1297-1308.

De Oliveira SK, Hoffmeister M, Gambaryan S, Mller-Esterl W,
Guimaraes JA, Smolenski AP. 2007. Phosphodiesterase 2A
forms a complex with the co-chaperone XAP2 and regu-
lates nuclear translocation of the aryl hydrocarbon recep-
tor. J Biol Chem. 282:13656-13663.

De Roos B, McArdle HJ. 2008. Proteomics as a tool for the
modelling of biological processes and biomarker develop-
ment in nutrition research. Br J Nutr. 99:566-S71.

Demeke T, Sasikumar B, Hucl P, Chibbar RN. 1997. Random
amplified polymorphic DNA (RAPD) in cereal improvement.
Maydica. 42:133-142.

Deveau A, Kohler A, Frey-Klett P, Martin F. 2008. The major
pathways of carbohydrate metabolism in the ectomycor-
rhizal basidiomycete Laccaria bicolor S238N. New Phytol.
180:379-390.

Feng K, Wang S, Hu DJ, Yang FQ, Wang HX, Li SP. 2009. Random
amplified polymorphic DNA (RAPD) analysis and the nucleo-
sides assessment of fungal strains isolated from natural
Cordyceps sinensis. J Pharm Biomed Anal. 50:522-526.

Fishel BR, Manrow RE, Dottin RP. 1982. Developmental regula-
tion of multiple forms of UDPglucose pyrophosphorylase of
Dictyostelium. Dev Biol. 92:175-187.

Gauci VJ, Wright EP, Coorssen JR. 2011. Quantitative proteo-
mics: assessing the spectrum of in-gel protein detection
methods. J Chem Biol. 4:3-29.

Giepmans BNG, Adams SR, Ellisman MH, Tsien RY. 2006. The
fluorescent toolbox for assessing protein location and func-
tion. Science. 312:217-224.

Graves PR, Haystead TAJ. 2002. Molecular biologist’s guide to
proteomics. Microbiol Mol Biol Rev. 66:39-63.

Guan J, Yang FQ, Li SP. 2010. Evaluation of carbohydrates in
natural and cultured Cordyceps by pressurized liquid
extraction and gas chromatography coupled with mass
spectrometry. Molecules. 15:4227-4241.

Guo K, Chang WT, Newell PC. 1999. Isolation of spermidine
synthase gene (spsA) of Dictyostelium discoideum. Biochim
Biophys Acta-Mol Cell Res. 1449:211-216.

Hammond JBW, Nichols R. 1976. Carbohydrate metabolism in
Agaricus bisporus (Lange) Sing: changes in soluble carbo-
hydrates during growth of mycelium and sporophore. J
Gen Microbiol. 93:309-320.

Heneghan MN, Porta C, Zhang C, Burton KS, Challen MP, Bailey
AM, Foster GD. 2009. Characterization of serine proteinase
expression in Agaricus bisporus and Coprinopsis cinerea by
using green fluorescent protein and the A. bisporus SPR1
promoter. Appl Environ Microbiol. 75:792-801.

Holliday JC, Cleaver M. 2008. Medicinal value of the caterpillar
fungi species of the genus Cordyceps (Fr) link
(Ascomycetes). A review. Int J Med Mushrooms. 10:219-234.

Hsu T-H, Shiao L-H, Hsieh C, Chang D-M. 2002. A comparison
of the chemical composition and bioactive ingredients of
the Chinese medicinal mushroom DongChongXiaCao, its
counterfeit and mimic, and fermented mycelium of
Cordyceps sinensis. Food Chem. 78:463-469.

Jin ZX. 2005. Preliminary proteomic study on Cordyceps sinen-
sis College of Life Sciences. Tianjin: Nankai University.

Juuti JT, Jokela S, Tarkka MT, Paulin L, Lahdensalo J. 2005. Two
phylogenetically highly distinct B-tubulin genes of the basi-
diomycete Suillus bovinus. Curr Genet. 47:253-263.

Kamerewerd J, Jansson M, Nowrousian M, Péggeler S, Kiick U.
2008. Three a-subunits of heterotrimeric G proteins and an
adenylyl cyclase have distinct roles in fruiting body devel-
opment in the homothallic fungus Sordaria macrospora.
Genetics. 180:191-206.

Kao YT. 2006. The investigation of the protein profiles of the
isolates of Cordyceps spp. by proteomics Department of
Biological Science and Technology. Tainan County:
Southern Taiwan University of Technology.

Kinoshita H, Sen K, Iwama H, Samadder PP, Kurosawa SI, Shibai H.
2002. Effects of indole and caffeine on cAMP in the ind1 and
cfn1 mutant strains of Schizophyllum commune during sexual
development. FEMS Microbiol. Lett. 206:247-251.

Krappmann S, Braus GH. 2003. Deletion of Aspergillus nidulans
aroC using a novel blaster module that combines ET cloning
and marker rescue. Mol Genet Genomics. 268:675-683.



Kulkarni RK. 1990. Mannitol metabolism in Lentinus edodes,
the Shiitake mushroom. Appl Environ Microbiol. 56:250-
253.

Lewandowski JP, Sheehan KB, Bennett PE Jr, Boswell RE. 2010.
Mago Nashi, Tsunagi/Y14, and Ranshi form a complex that
influences oocyte differentiation in Drosophila melanoga-
ster. Dev Biol. 339:307-319.

Li G, Li Z, Fan M, Cheng W, Long Y, Ding T, Ming L. 2006a. The
composition of Hirsutella sinensis, anamorph of Cordyceps
sinensis. J Food Compos Anal. 19:800-805.

Li J, Yang J, Huang X, Zhang K-Q. 2006b. Purification and
characterization of an extracellular serine protease from
Clonostachys rosea and its potential as a pathogenic factor.
Process Biochem. 41:925-929.

Li L, Wright SJ, Krystofova S, Park G, Borkovich KA. 2007.
Heterotrimeric G protein signaling in filamentous fungi.
Annu Rev Microbiol. 61:423-452.

Li Y, Wang XL, Jiao L, Jiang Y, Li H, Jiang SP, Lhosumtseiring N,
Fu SZ, Dong CH, Zhan Y, et al. 2011. A survey of the
geographic distribution of Ophiocordyceps sinensis. J
Microbiol. 49:913-919.

Liu ZY, Liang ZQ, Liu AY, Yao YJ, Hyde KD, Yu ZN. 2002.
Molecular evidence for teleomorph-anamorph connections
in Cordyceps based on its-5.85 rDNA sequences. Mycol Res.
106:1100-1108.

Loubradou G, Bégueret J, Turcq B. 1997. A mutation in an
HSP90 gene affects the sexual cycle and suppresses vege-
tative incompatibility in the fungus Podospora anserina.
Genetics. 147:581-588.

Luo H, Sun C, Song J, Lan J, Li Y, Li X, Chen S. 2010. Generation
and analysis of expressed sequence tags from a cDNA
library of the fruiting body of Ganoderma lucidum. Chin
Med. 5:1-7.

Minden J. 2007. Comparative proteomics and difference gel
electrophoresis. Biotechniques. 43:739-745.

Miyazaki Y, Nakamura M, Babasaki K. 2005. Molecular cloning
of developmentally specific genes by representational dif-
ference analysis during the fruiting body formation in the
basidiomycete Lentinula edodes. Fungal Genet Biol.
42:493-505.

Muroi M, Kazami S, Noda K, Kondo H, Takayama H,
Kawatani M, Usui T, Osada H. 2010. Application of pro-
teomic profiling based on 2d-DIGE for classification of
compounds according to the mechanism of action.
Chem Biol. 17:460-470.

Nowrousian M, Frank S, Koers S, Strauch P, Weitner T,
Ringelberg C, Dunlap JC, Loros JJ, Kuck U. 2007. The
novel ER membrane protein PRO41 is essential for sexual
development in the filamentous fungus Sordaria macro-
spora. Mol Microbiol. 64:923-937.

Otani M, Tabata J, Ueki T, Sano K, Inouye S. 2001. Heat-shock-
induced proteins from Myxococcus xanthus. J Bacteriol.
183:6282-6287.

Palmer GE, Horton JS. 2006. Mushrooms by magic: making
connections between signal transduction and fruiting body
development in the basidiomycete fungus Schizophyllum
commune. FEMS Microbiol Lett. 262:1-8.

MycoLogy (&) 257

Paterson RRM. 2008. Cordyceps - a traditional Chinese medi-
cine and another fungal therapeutic biofactory?
Phytochemistry. 69:1469-1495.

Poetsch B, Schreckenbach T, Werenskiold AK. 1989.
Photomorphogenesis in Physarum polycephalum. Temporal
expression pattern of actin, a- and B-tubulin. Eur J Biochem.
179:141-146.

Poggeler S, Nowrousian M, Kiick U. 2006. Fruiting-body devel-
opment in Ascomycetes. In: Kiies U, Fischer R, editors.
Growth, differentiation and sexuality. New York: Springer
Berlin Heidelberg; p. 325-355.

Pudelski B, Soll J, Philippar K. 2009. A search for factors
influencing etioplast-chloroplast transition. Proc Natl Acad
Sci USA. 106:12201-12206.

Putzer H, Verfuerth C, Claviez M, Schreckenbach T. 1984.
Photomorphogenesis in Physarum: induction of tubulins
and sporulation-specific proteins and of their mRNAs. Proc
Natl Acad Sci USA. 81:7117-7121.

Rak A, Pylypenko O, Durek T, Watzke A, Kushnir S, Brunsveld L,
Waldmann H, Goody RS, Alexandrov K. 2003. Structure of
Rab GDP-dissociation inhibitor in complex with prenylated
YPT1 GTPase. Science. 302:646-650.

Sakamoto Y, Nakade K, Sato T. 2009. Characterization of the
post-harvest changes in gene transcription in the gill of the
Lentinula edodes fruiting body. Curr Genet. 55:409-423.

Schlenstedt G, Smirnova E, Deane R, Solsbacher J, Kutay U,
GORlich D, Ponstingl H, Bischoff FR. 1997. Yrb4p, a yeast
Ran-GTP-binding protein involved in import of ribosomal
protein L25 into the nucleus. EMBO J. 16:6237-6249.

Seewald MJ, Kraemer A, Farkasovsky M, Kérner C, Wittinghofer
A, Vetter IR. 2003. Biochemical characterization of the Ran-
RanBP1-RanGAP system: are RanBP proteins and the acidic
tail of RanGAP required for the Ran-RanGAP GTPase reac-
tion? Mol Cell Biol. 23:8124-8136.

Silar P, Lalucque H, Haedens V, Zickler D, Picard M. 2001.
eEF1A controls ascospore differentiation through elevated
accuracy, but controls longevity and fruiting body forma-
tion through another mechanism in Podospora anserina.
Genetics. 158:1477-1489.

Stamm |, Lottspeich F, Plaga W. 2005. The pyruvate kinase of
Stigmatella aurantiaca is an indole binding protein and
essential for development. Mol Microbiol. 56:1386-1395.

Szeto CYY, Leung GS, Kwan HS. 2007. Le.MAPK and its inter-
acting partner, Le.DRMIP, in fruiting body development in
Lentinula edodes. Gene. 393:87-93.

Terashita T, Murao R, Yoshikawa K, Shishiyama J. 1998. Changes
in carbohydrase activities during vegetative growth and
development of fruit-bodies of Hypsizygus marmoreus
grown in sawdust-based culture. J Wood Sci. 44:234-236.

Thanonkeo P, Monkeang R, Saksirirat W, Thanonkeo S,
Akiyama K. 2010. Cloning and molecular characterization
of glyceraldehyde-3-phosphate dehydrogenase gene from
thermotolerant mushroom, Lentinus polychrous. Afr J
Biotechnol. 9:3242-3251.

Van Den Bergh G, Arckens L. 2004. Fluorescent two-dimen-
sional difference gel electrophoresis unveils the potential
of gel-based proteomics. Curr Opin Biotechnol. 15:38-43.



258 K. FENG ET AL.

Véléz H, Glassbrook NJ, Daub ME. 2007. Mannitol metabolism
in the phytopathogenic fungus Alternaria alternata. Fungal
Genet Biol. 44:258-268.

Wang S, Yang FQ, Feng K, Li DQ, Zhao J, Li SP. 2009.
Simultaneous determination of nucleosides, myriocin, and
carbohydrates in Cordyceps by HPLC coupled with diode
array detection and evaporative light scattering detection. J
Sep Sci. 32:4069-4076.

Wang SY, Shiao MS. 2000. Pharmacological functions of
Chinese medicinal fungus Cordyceps sinensis and related
species. J Food Drug Anal. 8:248-257.

Wannet WJB, Hermans JHM, Van Der Drift C, Op Den Camp HJM.
2000. HPLC detection of soluble carbohydrates involved in
mannitol and trehalose metabolism in the edible mushroom
Agaricus bisporus. J Agric Food Chem. 48:287-291.

Winkler D. 2008. Yartsa Gunbu (Cordyceps sinensis) and the
fungal commaodification of Tibet's rural economy. Econ Bot.
62:291-305.

Yoon JJ, Munir E, Miyasou H, Hattori T, Terashita T, Shimada M.
2002. A possible role of the key enzymes of the glyoxylate
and gluconeogenesis pathways for fruit-body formation of
the wood-rotting basidiomycete Flammulina velutipes.
Mycoscience. 43:327-332.

Yu JH. 2006. Heterotrimeric G protein signaling and RGSs in
Aspergillus nidulans. J Microbiol. 44:145-154.

Zakrzewska A, Palamarczyk G, Krotkiewski H, Zdebska E,
Saloheimo M, Penttila M, Kruszewska JS. 2003.
Overexpression of the gene encoding GTP: mannose-1-
phosphateguanyltransferase, mpg1, increases cellular
GDP-mannose levels and protein mannosylation in
Trichoderma reesei. Appl Environ Microbiol. 69:4383-4389.

Zeppa S, Guidi C, Zambonelli A, Potenza L, Vallorani L,
Pierleoni R, Sacconi C, Stocchi V. 2002. Identification of
putative genes involved in the development of Tuber

borchii fruit body by mRNA differential display in agarose
gel. Curr Genet. 42:161-168.

Zeppa S, Marchionni C, Saltarelli R, Guidi C, Ceccaroli P,
Pierleoni R, Zambonelli A, Stocchi V. 2010. Sulfate metabo-
lism in Tuber borchii: characterization of a putative sulfate
transporter and the homocysteine synthase genes. Curr
Genet. 56:109-119.

Zhang Y, Liu X, Wang M. 2008. Cloning, expression, and
characterization of two novel cuticle-degrading serine pro-
teases from the entomopathogenic fungus Cordyceps
sinensis. Res Microbiol. 159:462-469.

Zhang Y, Zhang S, Wang M, Bai F, Liu X. 2010. High diversity of
the fungal community structure in naturally-occurring
Ophiocordyceps sinensis. PLoS One. 5, art. no. e15570.

Zhang YJ, Sun BD, Zhang S, Wang M, Liu XZ, Gong WF. 2010.
Mycobiotal investigation of natural Ophiocordyceps sinen-
sis based on culture-dependent investigation. Jun Wu Xi
Tong. 29:518-527.

Zheng P, Xia Y, Xiao G, Xiong C, Hu X, Zhang S, Zheng H,
Huang Y, Zhou Y, Wang S, et al. 2011. Genome sequence of
the insect pathogenic fungus Cordyceps militaris, a valued
traditional chinese medicine. Genome Biol. 12, art. no. R116.

Zhong X, Peng Q, Qi L, Lei W, Liu X. 2010. rDNA-targeted PCR
primers and FISH probe in the detection of Ophiocordyceps
sinensis hyphae and conidia. J Microbiol Methods. 83:188-
193.

Zimmermann G. 2008. The entomopathogenic fungi Isaria
farinosa (formerly Paecilomyces farinosus) and the Isaria
fumosorosea species complex (formerly Paecilomyces
fumosoroseus): biology, ecology and use in biological con-
trol. Biocontrol Sci Technol. 18:865-901.

Zwahlen J, Kolappan S, Zhou R, Kisker C, Tonge PJ. 2007.
Structure and mechanism of Mbtl, the salicylate synthase
from Mycobacterium tuberculosis. Biochemistry. 46:954-964.



	Abstract
	Introduction
	Materials and methods
	Natural C. sinensis, fungal strains and materials
	Fungal culture conditions and media
	Extraction of proteins
	Clean-up proteins
	Labelling of proteins with CyDye
	Two-dimensional electrophoresis
	Imaging and analysis
	In-gel digestion and protein identification by MALDI TOF/TOF MS

	Results and discussion
	Proteins in fruiting bodies, sclerotia and mycelia of Cordyceps species
	Differential proteins in the fruiting body/sclerotia and fruiting body/mycelia from natural C. sinensis
	Differential proteins in late/early stages of the fruiting body and fruiting body/mycelia of C.militaris
	Differential proteins between the fruiting body and mycelia of C. memorabilis

	Biological activities of proteins during fruiting body formation of C. sinensis
	Camp signal pathway in fruiting body formation of C. sinensis


	Heat shock proteins responded to environmental stress
	Proteins involved in carbohydrate metabolism
	Proteins involved in the glycolytic pathway and tricarboxylic acid cycle (TCA)
	Proteins involved in the glyoxylate pathway
	Proteins involved in the mannitol pathway
	Proteins involved in the trehalose pathway
	Proteins involved in the mannose pathway

	Proteins involved in energy metabolism
	Proteins involved in protein synthesis and degradation
	Proteins involved in cell reconstruction
	Proteins involved in cell division control
	Acknowledgements
	Disclosure statement
	Funding
	References



