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JUNG NAM CHOI,† JIYOUNG KIM,† MI YEON LEE,† DONG KI PARK,†

YOUNG-SHICK HONG,‡ AND CHOONG HWAN LEE*,†

†Department of Bioscience and Biotechnology and Bio/Molecular Informatics Center,
Konkuk University, Seoul 143-701, Republic of Korea, and ‡School of Life Science and Biotechnology,

Korea University, Seoul 136-701, Republic of Korea

Germinated soybean (GS) cultivated with Cordyceps militaris (GSC) might be a promising

efficacious source of novel bioactive compounds. In this study, the metabolome changes between

GS and GSC were investigated by liquid chromatography-mass spectrometry (LC-MS) and gas

chromatography-mass spectrometry (GC-MS) analysis coupled with a multivariate data set.

Principal component analysis (PCA) and orthogonal projection to latent structures discriminate

analysis (OPLS-DA) of GSC clearly showed higher levels of soyasaponin Bd, soyasaponin Bc(II),

daidzein, genistein, four isoflavones (compounds 1-4), glycerol, proline, glutamine, pentitol,

fructose, inositol, octadecanoic acid, and sucrose together with lower levels of pyroglutamic acid,

citric acid, histidine, and palmitic acid in GSC than in GS. The structures of compounds 1-4 were

analyzed by mass and NMR spectroscopy and were determined to be novel isoflavone methyl-

glycosides (daidzein 7-O-β-D-glucoside 400-O-methylate (1), glycitein 7-O-β-D-glucoside 400-O-methyl-

ate (2), genistein 7-O-β-D-glucoside 40 0-O-methylate (3), and genistein 40-O-β-D-glucoside 400-O-

methylate (4)). Multivariate statistical models showed that metabolic changes of GSC were maximal

within 1 week after the C. militaris inoculation, consistent with the strongest antioxidant activity of

GSC cultivated for 1 week. This metabolomics study provides valuable information in regard to

optimizing the cultivation process for bioactive compound production and describes an efficient way

to screen for novel bioactive compounds from GSC.
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INTRODUCTION

Fungalmetabolites havebeen traditionally used in easternAsia
for health care in the prevention and treatment of human
diseases (1, 2). Cordyceps, which is one of the most well-known
fungal traditional Chinese medicines (FTCM), has multiple
pharmacological activities, and it is believed to cure various
diseases (2). Previous research on Cordyceps has provided con-
vincing experimental evidence that it possesses significant phar-
macological activities (3). In addition, one of the most renowned
medicinal fungi, Cordyceps militaris, has been reported to have a
multitude of pharmacological properties (4, 5).

C. militaris has been reported to display various biological
activities such as anti-inflammatory (5), antifibrotic (6), and
anticancer activities (7). Subsequently, several other studies have
been conducted to examine the biological activities ofCordyceps.
As a result of these additional studies, many other biologically
active components have been reported such as polysaccharides,
cyclic peptides, dipicolinic acidm and 10-membered macrolides
(8-11). Although these components were biologically effective,
obtaining large amounts of nutrients fromC. militaris is not easy

because of its high production cost and long incubation time.
However, recent progress in the investigation of submerged
fermentation of C. militaris in mixed natural culture has been
made by growing C. militaris on germinated soybeans known to
be rich in nutrients and biologically active compounds (8, 12).

Recently, there has been a worldwide increase in the consump-
tionof soybeans due to the beneficial properties of its components
such as phenolic acid, flavonoids, and lignins (13, 14). Many
research groups have reported that these nutritional components
in soybean were associated with human health benefits such as
decreased risks of various cancers, heart disease, cardiovascular
disease, and increased antioxidative effects (15-17). In this
regard, germinated soybeans cultivated with C. militaris (GSC)
might provide a source of novel nutraceutical compounds that
reflect the biologically effective components of the two materials.

However, metabolomic studies of GSCs have not been re-
ported to date. Metabolomics is an emerging and rapidly devel-
oping science and technology that includes a comprehensive
experimental analysis of metabolite profiles, either as targeted
compounds or as global metabolites (18). Mass spectrometry
(MS) has been frequently used in earlier studies to detect and
quantify themetabolome (19). Among the differentmass spectro-
metry methods, LC-MS has been shown to be a powerful tool for

*Corresponding author (telephone þ82-2-2049-6177; fax þ82-2-
455-4291; e-mail chlee123@konkuk.ac.kr).



Article J. Agric. Food Chem., Vol. 58, No. 7, 2010 4259

metabolomic study not only because it gives information on
analytes but also because it detects a broad group of metabolites.
However, it is hard to detect primary or highly polar metabolites
such as sugars, sugar-phosphates, sugar-alcohols, organic acids,
and amino acids (19). Therefore, to obtain more information on
metabolites, LC- and GC-MS analyses has been used to investi-
gate metabolic changes in GSC caused by the cultivation time of
C. militaris. Typically, in metabolomic studies, the data sets were
hard to summarize and visualize without multivariate statistical
analysis tools (20). In the present study, principal component
analysis (PCA) and orthogonal partial least-squares to latent
structure discriminant analysis (OPLS-DA) models were em-
ployed to identify metabolites that had significantly changed as
a function of GSC.

In this paper,we determined the changes in antioxidant activity
and metabolites as a function of GSC cultivation time, using LC-
ESI-IT and GC-EI-IT-MS coupled with multivariate analyses.
The information provided in this study will prove to be valuable
in regard to optimizing the cultivation process of GSC for
bioactive compound production of GSC. In addition, several
novel isoflavone methyl-glucosides were detected in GSC, and
those structures were identified by 1D and 2D NMR spectro-
scopy.

MATERIALS AND METHODS

Chemicals. HPLC-grade acetonitrile and water were supplied by
Burdick and Jackson (Muskegon, MI), and analytical grade formic acid
was purchased from Sigma-Aldrich (St. Louis, MO). NaOH, AlCl3,
sodiumcarbonate, gallic acid, Folin-Ciocalteu’s phenol reagent, potassium
persulfate, 2,20-azinobis(3-ethylbenzothiazoline-6-sulfonic acid) diammo-
niumsalt (ABTS), 2,20-azinobis(2-methyl-propionamidine) dihydrochloride
(AAPH), 1,1-diphenyl-2-picrylhydrazyl (DPPH), 2,4,6-tripyridyl-s-triazine
(TPTZ), FeCl3 3 6H2O, C2H3NaO2 3 3H2O, dimethyl sulfoxide (DMSO),
pyridine, methoxyamine hydrochloride, and N-methyl-N-(trimethylsilyl)-
trifluoroacetamide (MSTFA) were also obtained from Sigma-Aldrich.

Preparation of GSC Extracts. C. militaris was grown on GSCs as
previously described (8). Briefly, the mycelium of C. militaris was inocu-
lated on germinated soybeans and cultured at 20-25 �C for 8 weeks, and
samples were collected once each week. Each cultured material (5 g) and
soybean were ground and extracted with 80% MeOH for 48 h under
reflux. The collected extracts were filtered, and the residue was extracted in
the samemanner. After three extractions, all of the combined extracts were
concentrated to dryness in a rotary evaporator at 30 �C.

Determination of Total Polyphenol Contents (TPC) and Total

Flavonoid Contents (TFC). TPC was measured using the Folin-
Ciocalteu method (21). Briefly, 10 μL of each GSC crude extract was
added to 0.2 NFolin-Ciocalteu phenol reagent (160 μL) in 96wells. After
3 min, 30 μL of a saturated sodium carbonate solution was added to the
mixture and then incubated at room temperature for 1 h. The resulting
mixture’s absorbance was measured at 750 nm using a microplate reader
(Bio-Tek Instruments,Winooski, VT). TPC was calculated on the basis of
a standard curve with gallic acid. The standard solution concentrations
ranged from 12.5 to 400 μg/mL. Results were expressed in milligrams of
gallic acid equivalents (GAE) per gram of 80% methanol extracts.

TFCwasmeasured using a colorimetric assay described previously (22)
with a slight modification. Twenty microliters of the samples or standard
solutions of narigin was added to each well on a 96-well plate. The
standard solution concentrations ranged from 100 to 800 μg/mL.Distilled
water (40μL) and 6 μLof 5% (w/v) sodiumnitrite were added to eachwell.
After 5min, 12μLof 10% (w/v)AlCl3was added, and after 6min, 40 μLof
1 M NaOH was also added to the mixture, followed by the addition of
42 μL of distilled water. Absorbance was measured at 515 nm, and the
flavonoid content was expressed as milligrams of naringin equivalents per
gramof 80%methanol extracts. Experiments were carried out in triplicate.

Determination of 1,1-Diphenyl-2-picrylhydrazyl (DPPH) Free

Radical Scavenging Activity. The free radical scavenging activity of
GSC crude extracts was measured using a previously described proto-
col (23).Decolorationof the solution indicated the scavenging efficiency of
the added samples. For each crude extract, 20 μL of a 10 mg/mL solution

in 80%methanol was added to 180 μL of a DPPH solution (200 μM) and
incubated at 37 �C for 30 min. The absorbance was then measured at
517 nm on a microplate reader (Bio-Tek Instruments), and the percent
inhibition was determined by comparison with the 80%methanol treated
control groups. Results were expressed in milligrams of vitamin C equi-
valent concentration per gram of 80% methanolic extracts from GSCs.
The concentration of the standard solutions ranged from 0.156 to 2.5mM.
Experiments were carried out in triplicate.

Determination of Total Antioxidant Capacity by Stable 2,20-
Azinobis(3-ethylbenzothiazoline-6-sulfonic acid)Diammonium Salt

(ABTS) Radical Caution. The antioxidant capacity was represented as
the vitamin C equivalent antioxidant capacity (VCEAC) (24). AAPH
(1.0 mM) was mixed with 2.5 mM ABTS as a diammonium salt in a
phosphate-buffered saline solution (0.1 M potassium phosphate buffer,
pH 7.4, containing 0.15 M NaCl) and heated at 70 �C for 45 min. The
concentration of the resulting blue-green ABTS radical solution was
calibrated to an absorbance of 0.650 ( 0.020 (mean ( SD) at 734 nm.
After 20 μL of each crude extract solution (10 mg/mL dissolved in 80%
methanol) had been added to 180 μL of the ABTS radical solution, the
samples were incubated in darkness at 37 �C for 20min, and the decrease in
absorbance at 734 nm was measured using a microplate reader (Bio-Tek
Instruments). Twenty microliters of 80% methanol and 180 μL of the
ABTS solution were used as the control. The ABTS radical scavenging
capacities ofGSCswere presented on an extract weight basis asmilligrams
of vitamin C equivalent antioxidant capacity per 100 g (VCEAC). The
vitamin C standard curves at 1.6, 3.1, 6.25, 12.5, 25, and 50 μM concen-
trations of L-ascorbic acid were obtained using the ABTS solution.

Ferric ReducingAbility of Plasma (FRAP)Assay.The antioxidant
capacity of the crude extracts fromGSCswas determined using amodified
version of the FRAP assay developed by Benzie and Strain (25). Briefly,
the FRAP reagent was prepared from 300 mmol/L acetate buffer, pH 3.6,
20mmol/L ferric chloride, and 10mmol/L 2,4,6-tripyridyl-s-triazinemade
up in 40 mmol/L hydrochloric acid. Afterward, 300 μL of the FRAP
reagent heated to 37 �C was mixed with 10 μL of test sample (dissolved in
80% methanol), and the 80% methanol solution was used as the reagent
blank. The absorbance was measured at 593 nm after the sample was
allowed to react at room temperature for 6 min. Results were expressed in
milligrams of vitamin C equivalents concentration per gram of 80%
methanolic extracts from GSCs.

Liquid Chromatography Coupled with Electrospray Ionization

and Ion Trap Tandem Mass Spectrometry (LC-ESI-IT-MS/MS)
Analysis. The dried extracts were dissolved in MeOH (Burdick and
Jackson) and analyzed by LC-ESI-IT-MS/MS. The analyzed data were
obtained via either direct infusion or liquid chromatographic introduction
into a Varian 500-MS equipment (Varian Inc., Palo Alto, CA), which
consisted of a 212-LC binary gradient solvent delivery pump, a ProStar
335 photodiode array detector, a ProStar 410 autosampler, and a 500-ion
trap mass spectrometer. Metabolite profiling of the various extracts from
GSCswas achievedusing aChromosep SSC18 column [150� 2.0mm i.d.,
5 μm (Varian)] at a flow rate of 0.2 mL/min. Mobile phases A and B were
high-purity water and acetonitrile, respectively, both containing 0.1%
formic acid. Gradient elution was conducted as follows: 0-50 min for
5-100% B with a linear gradient, followed by 50-55 min of 100% B.
Afterward, 5%Bwas flowed for 55-60min.A photodiode arraywas used
to continuously record the absorbance from 200 to 600 nm for metabolite
identification. The chromatographic mass spectrometry determination
was performed with an electrospray source in positive and negative
ionization modes over the range of m/z 50-1000. The needle voltage
was set to 4000 V and -4000 V, the spray shield voltage was set to 600 V
and -600 V, the capillary voltage was set to 80 V, and the spray chamber
temperature was set at 50 �C. High-purity nitrogen (N2) was used as the
drying gas, and its pressure and temperature were set to 20 psi and 350 �C,
respectively. High-purity helium (He) was used as the damping gas, and its
flow rate was set to 1 mL/min. High-purity nitrogen (N2) was also used as
the nebulizer gas in the positive ion mode, but a mixed gas of nitrogen and
air at a pressure of 40 psi was used in the negative ion mode. MSn was
analyzed using Turbo DDS, data-dependent scanning for the 500-MS
system, under the same conditions used for full metabolite scanning.

Sample Derivatization for GC-MS Analysis. The soybean and
GSC extracts were dried in a freeze-dryer until the extract was completely
dry (for 24 h). The lyophilized extracts were derivatized in two steps to
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protect carbonyl function. First, dried samples were dissolved in 100 μL of
20 mg/mL solution of methoxyamine hydrochloride in pyridine (Sigma,
St. Louis,MO) and reacted at 60 �C for 60min. Afterward, to increase the
volatility of the polar compounds, acidic protons were exchanged against
the trimethysilyl groupusing 100μLofN-methyl-N-trimethylsilyltrifluoro-
acetamide (MSTFA, Sigma) at 70 �C for 60 min.

Gas Chromatography Coupled with Electron Impact and Ion

Trap Tandem Mass Spectrometry (GC-EI-IT-MS) Analysis. Each
1 μL of sample was analyzed via GC-EI-IT-MS, which consisted of a CP-
3800 gas chromatograph coupled to a 4000 ion trap mass spectrometer
equipped with a CP-8400 autosampler (Varian). The samples were
vaporized at 250 �C in standard split mode (1:25) and separated on a
30 m � 0.25 mm VF-1MS capillary column coated with a 0.25 μm low
bleed, FactorFour column (Varian). The inlet temperature and transfer
line temperature were set to 250 and 280 �C, respectively. The oven
temperature was set to 100 �C for 2 min, then increased to 300 at 10 �C/
min, and held at 300 �C for 10min. Helium carrier gas (purity>99.999%)
flow rate was adjusted to 1 mL/min. The interface and ion source
temperatures were set at 200 �C, and electron impact ionization (70 eV)
was utilized. The scan average was set to 3 microscans and full scanning
with a range of m/z 50-1000. Metabolites were identified by comparison
to the NIST 2005 database (version 2.0, FairCom Co., Columbia, MO).

Data Processing.Data preprocessing was performed with VarianMS
Workstation 6.9 software. The LC-MS raw data files were converted into
netCDF (*.cdf) format with Vx Capture (version 2.1, Laporte, MN) for
further analysis. After conversion, automatic peak detection and align-
ment were performed by XCMS. R-program version 2.9.0 (The R project
for statistical computing (www.r-project.org) and XCMS version 1.16.3
were used). The XCMS parameters for the R language were performed by
simple commands as XCMS’s default settings with the following: http://
masspec.scripps.edu/xcms/documentation.php. Also, GC-MS data files
were converted into netCDF (*.cdf) format for further analysis. For

automated baseline correction, mass spectra extraction, and subsequent
spectral data alignment, GC-MS data sets were processed simultaneously
using the dedicatedMetAlign software package (http://www.metalign.nl).
With mass/retention time pairs, the corresponding peaks were confirmed
in the original chromatogram and compared to the NIST mass spectral
database (National Institute of Standards andTechnology, FairComCo.).

Multivariate Statistical Analysis. Statistical analyses were per-
formed on all continuous variables using the SIMCA-Pþ (version 12.0,
Umetrics, Ume

�
a, Sweden). Univariate statistics were performed by

breakdown and one-way ANOVA using SPSS (version 15.0, SPSS Inc.,
Chicago, IL) and Statistica (version 7.0, StatSoft Inc., Tulsa, OK).
Unsupervised principal component analysis (PCA) was run to obtain a
general overviewof the variance ofmetabolites, and supervisedorthogonal
projection to latent structures discriminant analysis (OPLS-DA) was
performed to obtain information on differences in the metabolite compo-
sition of the samples. The ellipse that was shown in the PCA score plots of
the models defines the 95% confidence interval of the modeled varia-
tions (26). The quality of the fittingmodel can be explained byR2x andQ2

values. R2x displays the variance explained in the model and indicates the
goodness of fit. Q2 displays the variance in the data predictable by the
model and indicates the predictability (26). Biomarkers for differences
between soybean and GSCs were subsequently identified by analyzing the
loading S-plot of OPLS-DA, which was declared with the covariance (p)
and correlation (pcorr). All variables were mean centered and scaled to
Pareto for both PCA andOPLS-DA of the metabolites fromLC andGC-
MS in a column-wise manner. The correlation coefficient at different
cultivation times was determined using Statistica.

Isolation and Structural Analysis of New Isoflavone Methyl-

glycosides. The mycelium of GSC cultivated for 1 week (50 g) was
ground and extracted with 80% MeOH. The methanol solution was
evaporated to dryness and suspended in high-purity distilled water
(500 mL) and then extracted using EtOAc (500 mL � 3). The extracts

Table 1. Effect of Cultivation Time on Antioxidant Activity and Total Flavonoid and Total Phenolic Contents of GSCsa

cultivation time (weeks) ABTS (mg of VCE/g) DPPH (mg of VCE/g) FRAP (mg of VCE/g) TFC (mg of NAE/g) TPC (mg of GAE/g)

soybean 1.32( 0.31a 0.05( 0.01 a 4.14( 0.30 a 3.21( 0.01 b 10.34( 0.28 a

1 3.46 ( 0.21 b 0.58( 0.02 bcd 8.64 ( 0.44 cd 4.36( 0.01 a 24.25 ( 0.63 bcd

2 2.30( 0.28 c 0.54( 0.02 b 9.79( 0.58 d 2.67( 0.01 c 23.92( 0.60 bc

3 2.09( 0.18 bc 0.61( 0.02 de 8.04( 0.56 bc 1.96( 0.01 d 23.38( 0.82 b

4 2.12( 0.39 bc 0.64( 0.03 e 9.16( 0.81 de 1.61( 0.01 fg 23.92( 0.34 bc

5 1.95( 0.45 b 0.63( 0.03 de 8.57( 0.65 cd 1.52( 0.01 h 23.68( 0.47 bc

6 1.88( 0.31 b 0.59 ( 0.03 cd 9.43( 0.67 d 1.63 ( 0.01 f 23.89( 0.24 bc

7 1.80( 0.43 b 0.62( 0.03 de 7.91( 1.00 bc 1.68( 0.01 e 24.68( 0.75 cd

8 1.83( 0.24 b 0.55( 0.01 bc 7.30( 0.84 b 1.63( 0.01 g 25.03( 0.72 d

aData are expressed as means of triplicate experiments on a dry weight basis. Values marked by the same letters within each sample in each column are not significantly
different (p < 0.05).

Figure 1. Principal component analysis (PCA) score plots derived from LC-MS (A) and GC-MS (B) data sets of germinated soybean (GS) and Cordyceps
militaris grown on germinated soybeans (GSCs) extracted with 80%MeOH. These plots show that the metabolomes were clearly different and depended on
the cultivation time of C. militaris. The numbers indicate the cultivation time in weeks.
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appeared as brown syrup (20 g) upon concentration. The sample was then
fractionated using silica gel column chromatography (50� 4.3 cm i.d.) in a
stepwise gradient solvent system comprising 800 mL each of chloroform/
methanolmixtures (99:1, 98:2, 96:4, 93:7, 86:14, 76:24, 60:40 v/v). Fraction
5 was concentrated and loaded onto a Sephadex LH-20 column (120 �
3.3 cm i.d.) in a solution that contained a methanol/distilled water ratio of
8.5:1.5. Ten milliliter fractions were collected separately, and the final
purification of compounds 1-4was accomplished viaHPLC (YMCpack-
pro C18 column) using an isocratic aqueous acetonitrile solvent system.
Each purified compound was dissolved in CD3OD and analyzed by 1D
NMR (1H (500 MHz) and 13C (125 MHz) NMR, Varian Unity-500) and
2D NMR (HMBC, Varian Unity-500) techniques.

RESULTS AND DISCUSSION

Antioxidant Activities and Total Polyphenolic and Flavonoid

Contents of GSCs. To determine the differences in the metabolite
composition between soybean and cultivatedGSCs, the TFC and
TPC were investigated. As summarized in Table 1, a significant
difference (p< 0.05) in TFC and TPC was observed in all of the
germinated soybeans cultivated with C. militaris (GSC). In
particular, the TFC content in GSC, which was cultivated for
1 week, was higher than that of soybean germinated only (GS),
and it decreased significantly with cultivation time. The amounts

Figure 2. OPLS-DA score plots (A) and loading S-plots (B) derived from LC-MS data set of GS and GSC1 extracted with 80%MeOH. The S-plot shows the
covariance w against the correlation pcorr of the variables of the discriminating component of the OPLS-DA model. A loading plot with jack-knifed confidence
intervals (C)was used for metabolites that were significantly different between GS andGSC1. A cutoff value of p < |0.01| was used. The selected variables are
highlighted in the S-plot with retention time and m/z (2). The last numbers indicate the sample numbers.

Table 2. Significantly Different Metabolites between GS and GSCs Identified by LC-MS

no. tR (min) [M - H]- (m/z) MSn fragment ions (m/z) tentative identification ref

1 17.08 429 429, 252 . 223191, 169 compound 1

2 17.42 459 459, 283 . 249, 175 compound 2

3 18.92 445 445, 268 . 240, 223, 211, 195, 179, 167 compound 3

4 19.76 445 445, 269 . 240, 223, 211, 195, 179, 167 compound 4

5 20.85 253 253 . 223, 209, 197, 167, 135 daidzein (29)a-(32)

6 21.14 473 473, 268 . 240, 223, 211, 195, 179 genistein O-hexoside acetylated (29)a-(32)

7 22.82 957 957 . 895, 795, 733, 597, 525, 457 soyasaponin Bd standardb

8 23.78 269 269 . 225, 213, 201, 181, 169, 133, 107 genistein (29)a-(32)

9 28.53 912 912 . 849, 703, 615, 525, 457 soyasaponin Bc(II) standard

a Identified by an in-house library. b Identified by direct comparison with standard.
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of TPC in the GSC extracts were found to be similar, but were
higher than the amount of TPC in GS. The differences in
antioxidant activities of GS and GSCs were also investigated
using the ABTS, DPPH, and FRAP assays. On the basis of the
results of these three different assays, the antioxidant activities of
GSCs were significantly higher than those of soybean except for
the DPPH radical scavenging activity. However, the antioxidant
activities of all samples decreased at longer cultivation times
(Table 1). The antioxidant activities in raw soybeans have recently
been reported, and it was shown that TFC and TPC are the most
important factors affecting the antioxidant activity of soy-
bean (27). Therefore, amount of TFC in GSC is important to
have maximum antioxidant activity.

Multivariate Statistical Analysis of GS and GSCs Derived from

LC and GC-MS Data Set. To determine significant differences in
metabolite compositions betweenGS andGSCs and variations in
compositions as a function of cultivation time, metabolites were
profiled for 27 samples (3 soybean samples and 3 sets of GSCs
that were collected for 8 weeks at weekly intervals) using mass
spectrometry analysis combined with multivariate statistics.
From the 27 samples, 897 peaks were extracted by XCMS from
the LC-MS data set and 1153 peaks were extracted by metAlign
from the GC-MS data set, respectively. The preliminary differ-
ences between GS and GSCs were assessed by the unsupervised
PCA method for the entire data set. The PCA score plot helps to
determine in what aspect one sample is different from another,

and the loading plot showswhich variable contributes themost to
this difference (28).As shown inFigure 1, PCA score plots derived
from LC- and GC-MS data sets explained 73 and 62.9% of the
total variance (R2), respectively. The predictability (Q2) of each
data set was 55.9 and 47.1%, respectively. According to the score
plot derived from the LC-MS data set, GS andGSCswere clearly
separated by PC1 (44.9%) and variation among the GSCs as a
function of cultivation time was discriminated by PC2 (28.1%)
(Figure 1A). Also, the score plots of GS and GSCs derived from
the GC-MS data set were clustered into different regions and
separated by PC2 (21.1%). In addition, GSCs were divided
depending on the cultivation time in compliance with PC1
(41.8%) (Figure 1B).

As shown in these two score plots, GSCs were separated from
GS and divided according to cultivation time. The result of the
PCA score plots suggested that the compositions ofmetabolites in
GSCs changed during the early fermentation process and chan-
ged slowly from 3 to 8 weeks.

Identification of Significantly Different Metabolites between GS

and GSC by LC-MSAnalysis.To clearly identify compounds that
discriminated GS and GSCs, OPLS-DA models were applied to
the LC-MS data set. This model was constructed with data from
GS and GSC that had been cultivated for a week. The model
showedone orthogonal component thatwas explainedwithR2=
0.691, Q2 = 0.996 (Figure 2A). The periodic metabolite changes
in C. militaris cultivation were subsequently analyzed using

Figure 3. Structures of compounds 1-4 and HMBC correlations.

Table 4. Significantly Different Metabolites between Soybean and GSCs Identified by GC-MS

no. name tR (min) MS fragment ions (m/z) derivatizeda p value

1 glycerol 6.53 218, 205, 147, 117, 103, 73 TMS(�3) <0.005

2 proline 6.81 244, 216, 142, 73 TMS(�2) <0.001

3 pyroglutamic acid 9.36 258, 230, 156, 147, 73 TMS(�2) <0.001

4 glutamine 9.91 348, 320, 246, 147, 128, 73, 56 TMS(�3) <0.005

5 pentitol 10.78 319, 231, 205, 147, 73, 69 TMS(�4) <0.005

6 citric acid 12.77 465, 375, 348, 274, 211, 147, 73 TMS(�4) <0.001

7 fructose 13.53 364, 307, 277, 217, 147, 73 TMS(�5) <0.001

8 histidine 13.63 356, 254, 217, 154, 73 TMS(�3) <0.001

9 inositol 14.48 612, 507, 318, 266, 218, 147, 73 TMS(�6) <0.001

10 palmitic acid 14.78 328, 313, 145, 129, 117, 75 TMS(�1) <0.001

11 octadecanoic acid 16.52 357, 341, 201, 129, 117, 73 TMS(�1) <0.001

12 sucrose 21.80 361, 305, 217, 204, 147, 73 TMS(�8) <0.005

aNumber of hydrogen atoms derivatized.
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loading S-plots, which were represented with covariance (w)
against correlation (pcorr) (20). The S-plots of the OPLS-DA
were used to identify potential biomarkers of group separa-
tion (20). This can be used to identify variables that most
significantly differentiate closely related samples. The indicators
in the loading S-plot representing the metabolites with a cutoff
value of p<0.01were used (Figure 2B). To avoid overinterpreta-
tion of the S-plots, only metabolites having variables showing a

jack-knifed confidence interval were investigated (Figure 2C).
Significantly different metabolites were identified using an in-
house database (29), cochromatography, and the MS/MS spec-
tral data of the authentic compounds available and/or by com-
parison with published literature (30-32).

The most important variables that contributed to this differ-
ence are summarized inTable 2. Genistein, daidzein, genisteinO-
hexoside acetylated, soyasaponin Bd, soyasaponin Bc(II), and

Figure 4. (A) Box and whisker plot of compounds that were significantly different between GS and GSCs cultivated for 1 week, which were identified with LC-
MS. (B) Significant compounds associated with cultivation time.
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several novel compounds 1-4 were detected as significant vari-
ables between GS and GSC1-M. According to previous studies,
the total contents of isoflavone glycosides were decreased, but
those of isoflavone aglycones, including daidzein, glycitein, and
genistein, showed a dramatic increase during fermentation of
soybean (33). Thus, it is likely that the different amounts of
genistein and daidzein in GSC1-M were due to the cultivation of
C. militaris.

Structural Identification of Compounds 1-4. Compounds 1-4

were purified according to themethods described underMaterials
and Methods. The molecular formula of compounds 1-4 were
determined as C22H22O9, C23H24O10, C22H22O10, and C22H22O10

fromHRFAB-MS data atm/z 431.1406, 461.1483, 447.1324, and
447.1291, indicating a [M þ H]þ, and also the ESI-MS negative
ion detected atm/z 429, 459, 445, and 445, respectively (Table 3B).
As summarized inTable 3A, the proton and carbonNMRspectra
of compounds 1-4 exhibited the same characteristic patterns of
daidzin, glycitin, and genistin (34-36), with a variation only in
the glucosyl moiety of compound 4. In comparison, compounds
1-3 differed from compound 4, where the latter had a glucose
molecule bound to the 40-position of the B ring. The HMBC
correlations from H-100 to C-7 (1-3) and from H-100 to C-40 (4)
proved that the glucose molecules were connected by 1,7-glyco-
sidic linkages in compounds 1-3 and by a 1,40-glycosidic linkage
in compound 4, respectively. In addition, the anomeric proton
H-10 0 was coupled to H-200 (J=7.5 Hz), indicating that the

compounds were β-D-glucopyranosides (37). In addition, in all
of the compounds one more methylene proton and carbon peak
were detected at the same chemical shift, δH (CD3OD) 3.59
(3H, s) and δC (CD3OD) 61 (C-70 0). The HMBC correlations
from H-300,-40 0 to C-70 0 and from H-70 0 to C-40 0 confirmed the
position of the methylene, which was bound at C-400 through an
O-methyl linkage to the glucose molecules.

On the basis of this structural analysis, compounds 1-4 were
determined to be daidzein 7-O-β-D-glucoside 400-O-methylate (1),
glycitein 7-O-β-D-glucoside 400-O-methylate (2), genistein 7-O-β-
D-glucoside 40 0-O-methylate (3), and genistein 40-O-β-D-glucoside
400-O-methylate (4) (Figure 3), respectively.

Metabolite Difference Dependent on Cultivation Time in LC-MS

Analysis. To clearly interpret the cultivation time dependent
metabolite change, the mass peak intensities of metabolites were
further analyzed using box and whisker plots and correlation
coefficients. As displayed in Figure 4A, GSC1-M contained
significantly higher amounts of daidzein 7-O-β-D-glucoside 40 0-
O-methylate, glycitein 7-O-β-D-glucoside 40 0-O-methylate, genis-
tein 7-O-β-D-glucoside 40 0-O-methylate, genistein 40-O-β-D-gluco-
side 40 0-O-methylate, genistein, daidzein, soyasaponin Bd, and
soyasaponin Bc(II) than GS (t test, p< 0.01). In addition, levels
of certain compounds, daidzein 7-O-β-D-glucoside 40 0-O-methyl-
ate (r=-0.769), glycitein 7-O-β-D-glucoside 400-O-methylate (r=
-0.689), genistein 7-O-β-D-glucoside 40 0-O-methylate (r=-0.585),
genistein 40-O-β-D-glucoside 40 0-O-methylate (r=-0.775),

Figure 5. OPLS-DA score plots (A) and loading S-plots (B) derived from GC-MS data set of GS and GSC1 extracted with 80%MeOH. The S-plot shows the
covariance w against the correlation pcorr of the variables of the discriminating component of the OPLS-DA model. Loading plot with jack-knifed confidence
intervals (C) was used to select the metabolites that were significantly different between GS and GSC1. A cutoff value of p < |0.001| was used. The variables
are highlighted in the S-plot with retention time and m/z (2). The last numbers indicate the sample numbers.
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daidzein (r = -0.619), soyasaponin Bd (r = -0.619), genistein
(r=-0.800), and soyasaponinBc(II) (r=-0.818), inGSCswere
significantly decreased at increasing cultivation time of GSCs up
to 8 weeks (Figure 4B). As mentioned above, the amount of TFC
and ABTS radical scavenging activity in GSCs also significantly
decreased with cultivation time. Therefore, different amounts of
the compounds dependent on the cultivation time and between
GS and GSCs can explain why GSCs had a high content of total
flavonoids and high antioxidant activity. On the basis of these
combined results, the optimum cultivation time for maximum
bioactive compound production and biological activity of GSCs
appears to be 1 week after inoculation.

Identification of Significantly Different Metabolites between GS

and GSC by GC-MS Analysis. As shown in the PCA score plot
(Figure 1B), clear differentiation was observed between GS and
GSCs, revealing clear metabolic differences derived by GC-MS.
OPLS-DA models were applied to identify the discriminating
metabolites of GSC1-M from GS. One orthogonal component
was identified by the model and had an R2 = 0.657 and a Q2 =
998, respectively (Figure 5A). The variables most relevant to
differentiating between GS and GSC1-M were identified in the
loading S-plots. Moreover, the metabolites were indicated by
retention time m/z and cutoff value of p<0.001 (Figure 5B).
Also, to not overinterpret the S-plots, only themetabolites having
variables that showed a jack-knifed confidence interval were
investigated (Figure 5C). The metabolites contributing to the
differentiations between GS andGSC1-Mwere identified using a
NIST library and are summarized in Table 4. The OPLS-DA
models clearly showed higher levels of glycerol, proline, gluta-
mine, pentitol, fructose, inositol, octadecanoic acid, and sucrose
of GSC1-M (Figure S1 in the Supporting Information) together
with lower levels of pyroglutamic acid, citric acid, histidine, and
palmitic acid compared to GS (Figure S2 in the Supporting
Information).

Soybeans contain functional isoflavone glycosides, and the
isoflavone glycosides are converted to aglycone through fermen-
tation with some microbes (33). Thus, it is likely that in the
present study some of the saccharides in GSCs, such as inositol,
fructose, and sucrose, were increased to higher levels than found
in GS, and C. militaris may be involved in the breakdown of
those carbohydrates. According to previous research,Cordyceps-
fermented rice exhibited higher amounts of metabolites such as
amino acids, carbohydrate, lipid, dietary fiber, and vitamin E
than raw rice (38). Thus, the higher amount of some amino acids
such as proline and glutamine in GSCs than in GS would be
associated with the growth of C. militaris.

Metabolite Difference Dependent on Cultivation Time in GC-

MS Analysis. To investigate significant changes in metabolites in
regard to the cultivation time of GSCs, correlation coefficients
were calculated using Statistica. Significant compounds were
identified in the same manner described above (Table 4). The
concentrations of most of the metabolites decreased significantly
when the cultivation time increased, but a few compounds were
found to increase, including proline (r = 0.602), pentitol (r =
0.533), pyroglutamic acid (r= 0.643), and citric acid (r=0.924)
(Figures S1 and S2 of the Supporting Information).

These results revealed that the concentration of most of the
primary metabolites in GSCs decreased during prolonged culti-
vations, which indicates that the fermentation process should be
completed within a week after C. militaris inoculation.

In conclusion, this study showed not only the difference in
chemical composition between GS and GSCs but also changes in
the metabolite composition of GSCs as a function of cultivation
timewithC. militaris. Furthermore, this is the first study in which
a metabolomic approach was used to determine compositional

differences between GS and GSCs. The metabolic approach with
LC- and GC-MS analyses coupled with a multivariate statistical
data set was used to identifymetabolites dependent on cultivation
condition and time. In the metabolomic study, four isoflavone
methyl-glycosides (compounds 1-4) were detected as major
contributing compounds of the fermentation process, and those
structures were identified by 1D and 2D NMR spectroscopy as
novel compounds.

Supporting Information Available: Cultivation time depen-

dent metabolite changes of GSCs analyzed by GC-MS (Figures

S1andS2).Thismaterial is available freeof chargevia the Internet

at http://pubs.acs.org.

LITERATURE CITED

(1) Zhong, J. J.; Xiao, J. H. Secondary metabolites from higher fungi:
discovery, bioactivity, and bioproduction. Adv. Biochem. Eng. Bio-
technol. 2009, 113, 79–150.

(2) Paterson, R. R. M. Cordyceps: a traditional Chinese medicine and
another fungal therapeutic biofactory? Phytochemistry 2008, 69,
1469–1495.

(3) Zhu, J. S.; Halpern, G. M.; Jones, K. The scientific rediscovery of an
ancient Chinese herbal medicine:Cordyceps sinensis: part I. J. Altern.
Complement. Med. 1998, 4, 289–303.

(4) Jung, E. C.; Kim, K. D.; Bae, C. H.; Kim, J. C.; Kim, D. K.; Kim, H.
H. A mushroom lectin from ascomycete Cordyceps militaris. Bio-
chim. Biophys. Acta 2007, 1770, 833–838.

(5) Won, S. Y.; Park, E. H. Anti-inflammatory and related pharmaco-
logical activities of cultured mycelia and fruiting bodies ofCordyceps
militaris. J. Ethnopharmacol. 2005, 96, 555–561.

(6) Nan, J. X.; Park, E. J.; Yang, B. K.; Song, C. H.; Ko, G.; Sohn,D. H.
Antifibrotic effect of extracellular biopolymer from submerged
mycelial cultures of Cordyceps militaris on liver fibrosis induced by
bile duct ligation and scission in rats. Arch. Pharm. Res. 2001, 24,
327–332.

(7) Park, C.; Hong, S. H.; Lee, J. Y.; Kim, G. Y.; Choi, B. T.; Lee, Y. T.;
Park, D. I.; Park, Y.M.; Jeong, Y.K.; Choi, Y.H.Growth inhibition
of U937 leukemia cells by aqueous extract of Cordyceps militaris
through induction of apoptosis. Oncol. Rep. 2005, 13, 1211–1216.

(8) Ohta, Y.; Lee, J. B.; Hayashi, K.; Fujita, A.; Park, D.K.; Hayashi, T.
In vivo anti-influenza virus activity of an immunomodulatory acidic
polysaccharide isolated from Cordyceps militaris grown on germi-
nated soybeans. J. Agric. Food Chem. 2007, 55, 10194–10199.

(9) Rukachaisirikul, V.; Chantaruk, S.; Tansakul, C.; Saithong, S.;
Chaicharernwimonkoon, L.; Pakawatchai, C.; Isaka, M.; Intereya,
K. A cyclopeptide from the Insect pathogenic fungus Cordyceps sp.
BCC 1788. J. Nat. Prod. 2006, 69, 305–307.

(10) Rukachaisirikul, V.; Pramjit, S.; Pakawatchai, C.; Isaka, M.; Su-
pothina, S. 10-membered macrolides from the insect pathogenic
fungus Cordyceps militaris BCC 2816. J. Nat. Prod. 2004, 67, 1953–
1955.

(11) Watanabe, N.; Hattori, M.; Yokoyama, E.; Isomura, S.; Ujita, M.;
Hara, A. Entomogenous fungi that produce 2,6-pyridine dicar-
boxylic acid (dipicolinic acid). J. Biosci. Bioeng. 2006, 102, 365–368.

(12) Han, J. Y.; Im, J.; Choi, J. N.; Lee, C. H.; Park, H. J.; Park, D. K.;
Yun, C. H.; Han, S. H. Induction of IL-8 expression by Cordyceps
militaris grown on germinated soybeans through lipid rafts forma-
tion and signaling pathways via ERK and JNK in A549 cells.
J. Ethnopharmacol. 2010, 127, 55–61.

(13) Zhu, D.; Hettiarachchy, N. S.; Horax, R.; Chen, P. Isoflavone
contents in germinated soybean seeds. Plant Foods Hum. Nutr.
2005, 60, 147–151.

(14) Romani, A.; Vignolini, P.; Galardi, C.; Aroldi, C.; Vazzana, C.;
Heimler, D. Polyphenolic content in different plant parts of soy
cultivars grown under natural conditions. J. Agric. Food Chem. 2003,
51, 5301–5306.

(15) Messina, M. J.; Persky, V.; Setchell, K. D.; Barnes, S. Soy intake and
cancer risk: a review of the in vitro and in vivo data. Nutr. Cancer
1994, 21, 113–131.



Article J. Agric. Food Chem., Vol. 58, No. 7, 2010 4267

(16) van der Schouw, Y. T.; de Kleijn, M. J.; Peeters, P. H.; Grobbee,
D. E. Phyto-oestrogens and cardiovascular disease risk.Nutr.Metab.
Cardiovasc. Dis. 2000, 10, 154–167.

(17) Webb, C.M.; Hayward, C. S.; Mason,M. J.; Ilsley, C. D.; Collins, P.
Coronary vasomotor and blood flow responses to isoflavone-intact
soya protein in subjects with coronary heart disease or risk factors
for coronary heart disease. Clin. Sci. (London) 2008, 115, 353–359.

(18) Shyur, L. F.; Yang, N. S. Metabolomics for phytomedicine research
and drug development. Curr. Opin. Chem. Biol. 2008, 12, 66–71.

(19) Villas-Boas, S. G.; Mas, S.; Akesson, M.; Smedsgaard, J.; Nielsen, J.
Mass spectrometry in metabolome analysis. Mass Spectrom. Rev.
2005, 24, 613–646.

(20) Wiklund, S.; Johansson, E.; Sjostrom, L.; Mellerowicz, E. J.;
Edlund, U.; Shockcor, J. P.; Gottfries, J.; Moritz, T.; Trygg, J.
Visualization of GC/TOF-MS-based metabolomics data for identi-
fication of biochemically interesting compounds using OPLS class
models. Anal. Chem. 2008, 80, 115–122.

(21) Singleton, V. L.; Orthofer, R.; Lamuela-Raventos, R.M. Analysis of
total phenols and other oxidation substrates and antioxidants by
means of Folin-Ciocalteu reagent. Methods Enzymol. 1999, 299,
152–178.

(22) Yoo, K. M.; Lee, C. H.; Lee, H.; Moon, B.; Lee, C. Y. Relative
antioxidant and cytoprotective activities of common herbs. Food
Chem. 2008, 106, 929–936.

(23) Lee, S. K.; Mbwambo, Z. H.; Chung, H.; Luyengi, L.; Gamez, E. J.;
Mehta, R. G.; Kinghorn, A. D.; Pezzuto, J. M. Evaluation of the
antioxidant potential of natural products. Comb. Chem. High
Throughput Screen. 1998, 1, 35–46.

(24) Kim, D. O.; Lee, K. W.; Lee, H. J.; Lee, C. Y. Vitamin C equivalent
antioxidant capacity (VCEAC) of phenolic phytochemicals. J. Agric.
Food Chem. 2002, 50, 3713–3717.

(25) Benzie, I. F.; Strain, J. J. The ferric reducing ability of plasma
(FRAP) as a measure of “antioxidant power”: the FRAP assay.
Anal. Biochem. 1996, 239, 70–76.

(26) Son, H. S.; Hwang, G. S.; Kim, K.M.; Ahn, H. J.; Park, W.M.; Van
Den Berg, F.; Hong, Y. S.; Lee, C. H. Metabolomic studies on
geographical grapes and their wines using 1HNMR analysis coupled
with multivariate statistics. J. Agric. Food Chem. 2009, 57, 1481–
1490.

(27) Xu, B.; Chang, S. K. Total phenolics, phenolic acids, isoflavones,
and anthocyanins and antioxidant properties of yellow and black
soybeans as affected by thermal processing. J. Agric. Food Chem.
2008, 56, 7165–7175.

(28) Jang, J. H.; Kim, E. S.; Wu, S. Y.; Lu, J. L.; Liang, H. L.; Du, Y. Y.;
Lin, C.; Liang, Y. R. Assessing geographic origins of green teas using
instuments. Food Sci. Biotechnol. 2008, 17, 1016–1020.

(29) Lee, J. S.; Kim,D.H.; Liu, K.H.; Oh, T.K.; Lee, C.H. Identification
of flavonoids using liquid chromatography with electrospray ioniza-
tion and ion trap tandemmass spectrometry with anMS/MS library.
Rapid Commun. Mass Spectrom. 2005, 19, 3539–3548.

(30) Yang, F.; Ma, Y.; Ito, Y. Separation and purification of isoflavones
from a crude soybean extract by high-speed counter-current chro-
matography. J. Chromatogr., A 2001, 928, 163–170.

(31) Wu, Q.; Wang, M.; Sciarappa, W. J.; Simon, J. E. LC/UV/ESI-MS
analysis of isoflavones in edamame and tofu soybeans. J. Agric. Food
Chem. 2004, 52, 2763–2769.

(32) Chen, L. J.; Zhao, X.; Plummer, S.; Tang, J.; Games, D. E.
Quantitative determination and structural characterization of iso-
flavones in nutrition supplements by liquid chromatography-mass
spectrometry. J. Chromatogr., A 2005, 1082, 60–70.

(33) Jeong, P. H.; Shin, D. H.; Kim, Y. S. Effects of germination and
osmopriming treatment on enhancement of isoflavone contents in
various soybean cultivars and cheonggukjang (fermented unsalted
soybean paste). J. Food Sci. 2008, 73, H187–H194.

(34) Markham, K. R.; Chari, V. M.; Mabry, T. J. Carbon-13 NMR
spectroscopy of flavonoids. In The Flavonoids: Advances in Research
since 1980; Harborne, J. B., Mabry, T. J., Eds.; Champman and Hall:
New York, 1982; pp 51-134.

(35) Li, D.; Park, J. H.; Park, J. T.; Park, C. S.; Park, K. H. Biotechno-
logical production of highly soluble daidzein glycosides using
Thermotoga maritima maltosyltransferase. J. Agric. Food Chem.
2004, 52, 2561–2567.

(36) Wang, H.; Nair, M. G.; Strasburg, G. M.; Booren, A. M.; Gray, J. I.
Antioxidant polyphenols from tart cherries (Prunus cerasus).
J. Agric. Food Chem. 1999, 47, 840–844.

(37) de Rijke, E.; de Kanter, F.; Ariese, F.; Brinkman, U. A.; Gooijer, C.
Liquid chromatography coupled to nuclear magnetic resonance
spectroscopy for the identification of isoflavone glucoside malonates
in T. pratense L. leaves. J. Sep. Sci. 2004, 27, 1061–1070.

(38) Zhang, Z.; Lei, Z.; Lu, Y.; Lu, Z.; Chen, Y. Chemical composition
and bioactivity changes in stale rice after fermentation with Cordy-
ceps sinensis. J. Biosci. Bioeng. 2008, 106, 188–193.

Received for review October 31, 2009. Revised manuscript received

February 25, 2010. Accepted March 3, 2010. This study was supported

by the Technology Development Program for Agriculture and Forestry,

Ministry for Agriculture, Forestry and Fisheries, and by Microbial

Genomics and Application Center and Priority Research Centers

Program through the National Research Foundation of Korea (NRF)

funded by the Ministry of Education, Science and Technology (2009-

0093824).


