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Background: Panax ginseng is a type of traditional medicine. Fresh ginseng is one of the most important
ingredients used in the medical industry. Fresh ginseng from different regions has different quality and
significantly different prices; consequently, widespread adulteration occurs in the commercial market.
However, little scientific guidance for determining the origin of fresh ginseng from different regions is
available. We proposed a new strategy for identifying fresh ginseng from different regions. Methods: we
investigated the content of ginsenoside, and the activity and gene expression of seven key enzymes
involved in ginsenoside biosynthesis. HPLC was used to determine the content of ginsenosides. Gene
expression was studied using qRT-PCR. HPLC, GC-MS, LC-MS, enzyme-linked immunosorbent assayand
colorimetry were used to measure the activities of key enzymes. Results: the gene expression of the key
enzymes 3-hydroxy-3-methylglutaryl CoA reductase (HMGR) and dammarenediol synthase (DS) was

consistent with the saponin content of fresh ginseng from different regions. The correlation of gene
Received 28th August 2017 ions of HMGR and DS, and the content of the gi ide Re with total gi ide content
Accepted 30th Novernber 2017 expressions o an , and the content of the ginsenoside Re with total ginsenoside content, was
significant. Conclusion: HMGR and DS gene expression and the content of the ginsenoside Re are

DOI: 10.1039/c7ra09537¢ important for the authentication of ginseng from different regions. Our research provides an important
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1. Introduction

The roots of Asian ginseng (Panax ginseng Meyer), which are
used as an important herbal medicine, have existed for thou-
sands of years in China, Japan, and Korea." The roots have
crucial medicinal value, and their effectiveness reaches
legendary proportions in traditional culture.>* Modern medi-
cine has proved that the most important active ingredients are
ginsenosides, which have significant effects on humans,
including anti-cancer,® immunomodulatory, and anti-dia-
betic®” effects. The ginsenosides could be classified into two
groups (dammarane type and oleanane type) based on the
structure of aglycones. The dammarane ginsenoside, which is
the most common type of ginsenoside, consists of proto-
panaxadiol- and protopanaxatriol-type saponins.”> The ginseno-
side biosynthesis pathway of dammarane-type ginsenosides has
been reported previously.®**® As shown in Fig. 1, the biosyn-
thesis of ginsenoside is mainly completed in three reaction
steps. In the first step, isopentenyl diphosphate (IPP) and its
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reference for further studies on the regulatory mechanism of the biosynthetic pathway of ginsenosides.

isomer, dimethylallyl diphosphate (DMAPP), are generated by
several reactions, and the key enzyme is 3-hydroxy-3-
methylglutaryl CoA reductase (HMGR). In the second stage,
farnesyl diphosphate (FPP) is produced by the catalytic activity
of farnesyl diphosphate synthase (FPS). FPP generates squalene
by the activity of squalene synthase (SS).° Thereafter, 2,3-oxi-
dosqualene, which is essential for the synthesis of proto-
panaxadiol, is formed by squalene epoxidase (SE) from
squalene. The second-stage reactions mentioned above could
provide the carbon of the isoprenoid pathway for triterpene
biosynthesis. The metabolite 2,3-oxidosqualene could be con-
verted to protopanaxadiol in a reaction that is dependent on
dammarenediol synthase (DS). Cytochrome P450 (CYP450),
which is involved in modifications of the ring and side chain in
terpene biochemistry, could convert protopanaxadiol to proto-
panaxatriol. Finally, different amounts monosaccharides are
added to the triterpene aglycones by glycosyltransferase (GT),
and the procedure leads to the generation of different
ginsenosides.

In recent years, hairy roots induced by Agrobacterium rhizo-
gene infection are receiving increasing attention because they
are fast growing, easy to extract, and contain a stable gene.
Although such hairy roots are used in many research fields,
including genomics and metabolomics,*>** they are not suitable
for research on fresh ginseng, such as those grown in gardens,
on which the economy of the northeastern region of China
depends. The roots of fresh ginseng have a much higher

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Biosynthesis pathway of the ginsenoside, dammarane. Key enzymes (HMGR, FPS, SS, SE, DS, CYP450, and GT) involved in the synthesis

process are displayed.

market value than dried roots, and the highest content of
malonyl ginsenosides, amino acids, and polysaccharides are
present in fresh ginseng.'** As an important traditional and
folk medicine in China, Japan, and Korea,®> the medical effect
of cultivated ginseng might be better than that of wild
ginseng." Fresh ginseng from different regions differ signifi-
cantly in quality, and therefore in prices, leading to wide-
spread adulteration in the commercial market. However,
studies until date have not provided scientific guidance for the
distinguishing fresh ginseng from different regions. For a long
time, the recognition of a certain type of ginseng relied on
empirical personal experience, such as the completeness of
the external shape and the amount of roots. Owing to the lack
of effective methods of identifying ginseng from different
regions, customers often pay more for ginseng that is not of
the desired quality, resulting in loss of faith towards its
medicinal properties. Therefore, a more reliable means of

This journal is © The Royal Society of Chemistry 2017

quality determination is required to recognize the origin of
ginseng and restore the confidence of the customers.'
Meanwhile, the development of modified atmospheres
packing (MAP) makes the research on cultivated ginseng
possible by increasing the duration of storage.'*"~*°

In the present study, we used fresh ginseng collected during
the month of harvest from various regions and measured the
content of total and individual ginsenosides, in addition to the
transcription level and activities of seven key enzymes. Further,
we proposed a strategy that combines the content of total gin-
senoside, single ginsenoside types, gene expression, and activity
of key enzyme to find a marker that has significant correlation
with the total ginsenoside content in fresh ginseng. The results
could be used to evaluate the quality of fresh ginseng and for
the authentication of its region of origin.

RSC Adv., 2017, 7, 55646-55652 | 55647
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2. Materials and methods
2.1 Samples

Fresh ginseng growing for five years was sampled (60 per year)
from different regions [Ji An (JA), Jing Yu (JY), Fu Song (FS),
Wang Qing (WQ)] of Jilin province, China in October 2015 and
2016. The fresh ginseng was stored using the MAP method."”

2.2 Total saponin content

One gram of the roots was homogenized with a cryogenic
grinding machine (Jingxin Industrial Development Co., Ltd.,
Shanghai, China) and placed in a centrifuge tube; thereafter,
10 mL of 70% ethanol was added, followed by shaking at
a speed of 100 rpm overnight.

The sample was treated three times with ultrasonic waves (40
kHz). The solution extracted was allowed to evaporate during
rotation until no liquid residue remained. Distilled water (10
mL) and ether (10 mL) were added into the separator funnel, the
process was repeated three times, and aqueous layer was ob-
tained. The aqueous layer was extracted three times by water-
saturated butanol (10 mL). Distilled water (10 mL) was added
thrice to remove polysaccharides and obtain the organic layer.
The solution was subjected to rotatory evaporation until no
liquid residue remained. Chromatographically pure methanol
solution (10 mL) was added and the resultant solutions were
stored in brown bottles to avoid photooxidation.

2.3 Analysis of ginsenosides by HPLC

The samples were dissolved in methanol and filtrated through
a 0.45 um filter for HPLC analysis. HPLC was performed on an
HPLC-20A system (Shimadzu, Japan), equipped with an auto
sampler and an UV detector using a C18 column (250 mm x 50
mm, 4.6 um; Agilent, USA). The mobile phase was solvent A
(100% acetonitrile) and solvent B (100% water) and the
following gradient program was used: 0-32 min, 18% A (iso-
cratic); 32-50 min, 18-25% A; 50-70 min, 25-30% A; 70-
100 min, 30-35% A; 100-120 min, 35-70% A. The sample
injection volume was 10 uL and the temperature was 25 °C. The
flow rate was 1.0 mL min~ ' and UV absorption was measured at
203 nm. Quantitative analysis was performed using the stan-
dard curve method and external standards of authentic
ginsenoside.

2.4 Quantification of transcript levels

In order to investigate the correlation of gene expression with
total ginsenoside content, we measured the transcription level
of the key enzymes in fresh ginseng from different regions using
RT-PCR. One-hundred milligrams of roots were mashed with
a cryogenic grinding machine. Total RNA was extracted from the
ginseng with the MiniBEST universal RNA extraction Kit
(Takara, Japan) which included the DNase I digestion step.
Thereafter, total RNA was reverse transcribed with the Print-
Script RT reagent Kit containing gDNA Eraser (Takara, Japan).
Quantitative real-time polymerase chain reaction (qRT-PCR)
was performed using 1 pg ¢cDNA in a 20 pL reaction volume
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using SYBR Premix Ex Taq™ (Takara, Japan). The thermal
cycler conditions recommended by the manufacturer were
used: 10 min at 95 °C, followed by 40 cycles at 95 °C for 3 s and
60 °C for 34 s. The fluorescent product was detected during the
final step of each cycle. Amplification, detection, and data
analysis were carried out on an ABI 7500 real-time rotary
analyzer (ABI, USA). The primers used are listed in ESI S1.1 To
determine the relative fold-differences in template abundance
for each sample, the C; values for each of the gene-specific
primers were normalized to the C, value for GAPDH (5'-
GGTGTAACCTAAGATTCCCTTGAGT-3’ and 5'-ACTGT-
CAGGTTGGCGAAGAAG-3') and calculated relative to a cali-
brator using the formula 2724,

2.5 Enzyme activity assay

2.5.1 Protein extraction. The protein was extracted by the
Plant total protein extraction kit (BestBio, China). Ginseng hairy
root was ground in a cryogenic grinding machine and kept at
4 °C. In addition, total protein content was determined using
the BCA Protein Quantitative Kit (BestBio, China).

2.5.2 HMGR activity assay. The HMGR activity assay was
performed using the HMG-CoA Reductase Assay Kit (Sigma-
Aldrich, USA). Unit definition: 1 unit converts 1.0 umol of
NADPH to NADP" per minute at 37 °C. The unit-specific activity
is defined as pumol min~" mg~" protein (units mg~"' P).

2.5.3 FPS activity assay. The reaction was performed based
on the method of Jonathan*' with some modifications. The IPP
(80 uM) and DMAPP (40 pM) were incubated with crude enzyme
(20 pg) in 200 pL of buffer (50 mM Tris-HCl, pH 7.0; 50 mM
MgCl, and 2 mM DL-1,4-dithiothreitol). The reactions were
conducted at 37 °C for 30 min, and the samples were further
incubated overnight in the presence of 20 U shrimp alkaline
phosphatase (Sigma-Aldrich, USA) to hydrolyze GPP and FPP to
their extractable forms (geraniol and farnesol). The sample was
subjected to extraction with 200 pL hexane on ice. The hexane
extract was dried over anhydrous Na,SO, and analyzed by a GC-
MS system (Agilent, USA). The system was equipped with a non-
polar DB-5 capillary column (30 m x 0.25 mm x 250 pm) and
the carrier gas was helium (1.0 mL min '). The column
temperature was increased at a rate of 8 °C min~" from 60 to
270 °C and maintained for 3 min at 305 °C. The mass spec-
trometer was operated in the electron impact ionization mode
(E1, 70 eV) and the scan mode at the range of 20-600 m/z. The
different concentrations of farnesol (Sigma-Aldrich, USA) was
prepared for the standard curve and analyzed by GC-MS under
the same conditions.

2.5.4 SS enzyme activity. The reaction mixture contained
100 mM Tris-HCI (pH 7.5), 10 mM farnesyl pyrophosphate tri-
ammonium salt (Sigma-Aldrich, USA), 10 mM MgCl,, 1 mM
DTT, 2% glycine, 3 mM NADPH, and 20 pg crude enzyme, and
the total volume was 1 mL. The process was performed at 32 °C
for 10 h followed by extraction with 200 puL hexane.””> The
analysis was performed on a GC-MS system (Agilent, USA),
which was equipped with DB-5 column (30 m x 0.25 mm x 250
um) and the carrier gas was helium (1.0 mL min~"). The column
temperature was maintained at 120 °C for 3 min, increased at

This journal is © The Royal Society of Chemistry 2017
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the rate of 15 °C min " to 180 °C, followed by elevation to 260 °C
at the rate of 25 °C min™" and final 3 min maintenance at
305 °C. The mass range was 20-600 m/z and performed in scan
mode. Different concentrations of squalene (Sigma-Aldrich,
USA) were prepared for the standard curve and analyzed by
GC-MS using the same conditions as described above.

2.5.5 SE enzyme activity. The Plant squalene epoxidase
ELISA kit (TSZ, USA) was used to measure the activity of SE. The
concentration of SE in the samples was determined by
comparing the OD of the samples with the standard curve.

2.5.6 DS enzyme activity. The 500 pL reaction volume was
prepared by adding 100 ng 2,3-oxidosqualene (Sigma-Aldrich,
USA) to the centrifuge tube containing Tris-HCI buffer (pH
6.0). Crude enzyme (20 pg) was added and incubated at 37 °C
for 1 h. The reaction was stopped by moving the reaction
mixture from 37 °C to 100 °C.>®* The dammarenediol product
was used for quantitative analysis by LC-MS. The chromato-
graphic column was a C18 column (150 mm X 4.6 mm). The
mobile phase was methanol : water (85 : 15, v/v), the flow rate
was 1.0 mL min~?, the column temperature was 30 °C, and the
detection wavelength was 203 nm. The MS operating condi-
tions were as follows: all spectra were obtained in the positive
mode of the electrospray ionization source (ESI), Decluster
Potential (DP) voltage was 70 V, and a Collision Potential (EP)
voltage was 30 V. The amount of product (dammarenediol)
was calculated by comparing with the peak area ratio of the
standard (1 mg L™1).

2.5.7 CYP450 activity. The P450 activity was determined by
NADPH subtraction method. The NADPH oxidation assay was
determined the activity of CYP450 towards different
substrates. The reaction mixture contained a total of 1 mL
0.3 mM tetradecanoic acid solution in 2% DMSO and 20 pg
crude enzymes in 50 mM potassium-phosphate buffer (pH
7.5). The reaction was begun by adding 100 pL 1.5 mM
aqueous NADPH solution, and followed at 340 nm (eNADPH =
6.22 mM " cm ) for 5 min.*

2.5.8 GT enzyme activity. The 0.5 mL enzyme reaction
system consisted of 20 pg crude enzymes, Tris—-HCl buffer,
5.0 mM UDPG, 0.5 mM ginsenoside Rh2, and the reaction lasted
for 30 min. After completion of the reaction, 0.2 mL of n-butanol
was added to stop the reaction, centrifuged at 10 000g for
10 min, n-butanol phase was collected, and the n-butanol was
evaporated under reduced pressure at 5 °C and dissolved in
0.05 mL of HPLC grade methanol. The amount of enzyme
required to produce 1 pmol Rg3 in 1 min at 37 °C was defined as
1 unit of enzyme activity. Quantitative detection of Rg3
production was performed by detecting the standard curve of
different concentrations of Rg3.

2.6 Statistical analysis

The correlation analysis was conducted using SPSS software
(IBM, USA). The confidence coefficients among the groups of
data were compared using the paired t-test at the P < 0.05 level.
The results of correlation analyses were visualized using R.*
The results were tested by Tukey's multiple comparison test
(total saponin content).

This journal is © The Royal Society of Chemistry 2017
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3. Results and discussion

3.1 Correlation of total ginsenoside content with that of
single ginsenosides

We purchased the different fresh ginseng in October. The
individual ginsenosides were identified by HPLC in Fig. 2. The
content of total ginsenoside and individual ginsenoside (Fig. 3),
measured by the vanillin—perchloric acid colorimetric method
and the HPLC, revealed that the total saponin of JY, FS, and WQ
had significant difference as compared with that of JA. FS had
the highest content, approximately 2% more than that of WQ.
The content of ginsenoside determined the quality of ginseng.
In addition, the quality of ginseng from the four regions
differed significantly. The content of ginsenosides Re and Rc
differed significantly among regions. However, Re and Rc
content was consistent with the trend of total saponin content,
indicating that the Re and Rc content might have significance in
the discrimination of ginseng from different regions. The
content of single ginsenosides (Re, Re, Rf) and total ginsenoside
content were strongly correlated (Fig. 4). Nevertheless, only the
Re content in fresh ginseng differed significantly among
regions. These results indicate that the Re content may be
useful in distinguishing ginseng from different regions.

Several studies on different species of ginseng were based on
single-nucleotide polymorphisms (SNP), such as American
ginseng and Oriental ginseng.>**** However, the SNPs were
developed from single cultivars and had not been screened across
ginseng from different regions for authentication. Different
growth conditions affect saponin content.*** In the present
study, we proposed that a marker having statistical correlation
with the total saponin content might be related to the quality of
ginseng, and it might be suitable for the identification of ginseng
from different regions. The percentage of the ginsenoside Re
differed among regions. This ginsenoside is well-known as an
anti-inflammatory and anti-diabetic substance.*® Chan et al.**
reported that the ratio of Rg1 : Re varied across two species of
ginseng. In these species, the content of Re was the highest
among the ginsenosides.* Therefore, in ginseng from different
regions, the Re content will determine the content of total gin-
senoside. Moreover, it has potential use as a marker for differ-
entiating among ginseng from different regions.

200
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Re | l
|
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Fig. 2 The retention time of different ginsenosides. (The mixture of

standards of individual dammarane. Ginsenosides in the root were
analyzed by HPLC and were separated at different time points.)
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3.2 Correlation of gene expression with total ginsenoside
content

The expression of almost all genes was found to be significantly
higher in the FS group than in ginseng from other regions
(Fig. 5). The gene expression of the key enzymes HMGR, FPS, SE,
and DS was consistent with the content of saponins in fresh
ginseng from different regions (FS > JY > JA > WQ), which
probably explained the variation in saponin content among
regions and indicated that these four enzymes might have
significance in differentiating among the regions of origin.
The order of the correlation of gene expression with saponin
content (Fig. 6) was HMGR (0.99) > SE (0.99) > SS (0.98) > DS
(0.96) > GT (0.94) > FPS (0.9) > CYP450 (0.7). However, this
correlation was significant only for HMGR and DS (P < 0.05).
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Fig. 4 Correlation of the content of total ginsenoside and single
ginsenosides. Deeper colors and larger circles indicate stronger
correlation, **P < 0.01.
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However, HMGR, FPS, SE, DS content was consistent with that
of saponin, and the correlation analysis revealed that only the
gene expression of HMGR and DS significantly discriminated
among ginseng from different regions.

The activities of almost all key enzymes were higher in the FS
group than in ginseng from the other regions (Fig. 7). The
activities of almost all enzymes were the highest in FS ginseng,
which is consistent with the transcription level and the content
of ginsenoside. Further, the activities of four key enzymes
(HMGR, SS, SE, and DS) were consistent with the order of
saponin content in ginseng from different regions, which might
indicate that the four enzymes will have significance in
authenticating ginseng from different regions. However, the
correlation was not significant.

HMGR is a key rate-limiting enzyme in the mevalonic acid
pathway. Its overexpression has been used to increase the
carbon flux through the mevalonic acid pathway and increase
the production of many terpenoids, including triterpenoids and
diterpenoids.**** Meanwhile the reduction of its expression
could reduce the content of ginsenosides. Moreover, HMGR
plays an important role in the accumulation of ginsenosides
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Fig. 5 Gene expression of key enzymes in ginseng from different
regions (the JA region was used as the control group, n = 8).
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Fig. 6 Changes in enzyme activity in fresh ginseng from different
regions (the JA region was used as the control group, n = 60).

over years.” The expression of HMGR could determine the
content of saponins. Different regions have different contents of
total ginsenosides; differences in the expression of HMGR
might underlie this difference and thus be of significance for
identifying ginseng from different regions.

DS is a key enzyme in the biosynthesis of different ginse-
nosides among the ginseng cultivars.” It could synthesize
dammarenediol, which is the main precursor of several ginse-
nosides, and have many pharmacological effects. DS is the key
enzyme that determines the production rate of the dammarane-
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type ginsenoside precursor dammarenediol-II, and its over-
expression could enhance the content of ginsenosides.*>*
Several studies have reported that the DS gene could be used to
discriminate among different kinds of ginseng.*»*

The aim of this present study was to elucidate the effects of
environmental conditions on ginsenoside synthase activity,
gene expression, and ginsenoside content in ginseng from
different regions of Jilin Province, and to study the correlation
between saponin synthase activity, gene expression, and gin-
senoside content in different regions. We randomly collected 60
ginseng samples in different areas of ginseng cultivation.
Although climate, soil, planting altitude, planting habit, and
other factors could affect saponin synthase activity, gene
expression, and ginsenoside content, the effects of these factors
can be attributed to the effect of regional elements.**** We have
investigated fresh ginseng from four regions of Jilin province. A
new strategy for the discrimination of fresh ginseng from
different regions using the ginsenoside Re and gene expression
profiles of HMGR and DS was demonstrated. In order to verify
whether the measured indicators are universal, ginseng
sampled from more areas should be investigated.
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Fig. 7 Correlation of total ginsenoside content with gene expression and enzyme activity. Darker colors and larger circles represent stronger

correlation, **P < 0.01, *P < 0.05. "_
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1" and "_2" represent the gene expression of key enzymes.
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