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Background: Panax ginseng Meyer which has been cultivated and grown naturally in mountainous forests is
formally called “Lin-Xia-Shan-Shen” (LXSS), but when cultivated it is called garden ginseng (GG), according
to the Chinese Pharmacopoeia (2015 edition). The medicinal value of LXSS is significantly higher than that of
GG based on the clinical experience of TCM. This study aimed to evaluate the variety of chemical
constituents in LXSS and GG. Methods: 18 LXSS and 6 GG samples were investigated using a UPLC-Q-
TOF-MS technique. Results: the contents of 16 metabolites, mainly involved in the biosynthesis of rare
ginsenosides (ginsenosides Rgs, -Rhy, -Rhy), galactose metabolism (myo-inositol), the citric cycle (citric
acid and succinic acid), GABA shunt (GABA) and amino metabolism (alanine and aspartic acid), were
higher in LXSS than in GG; while 14 metabolites, mainly involved in starch and sucrose metabolism
(fructose and sucrose), amino metabolism (tryptophan, proline, dencichine and pyroglutamic acid) and
campesterol biosynthesis (campesterol), were lower in LXSS than in GG. For LXSS with different growing
years, 5 metabolites showed a tendency to increase dependent on the number of years, and these were
related mainly to galactose metabolism (melibiose), the citric cycle (malic acid), fatty acid metabolism (2-
hydroxy stearic acid); while 5 metabolites showed a tendency to decrease on ascending the grades, and
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hexadecanoic acid) and campesterol biosynthesis (campesterol). Conclusion: this proposed analytical
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1. Introduction

With its restorative and tonic effects, ginseng is traditionally
used as a panacea in Chinese medicine."* Various chemical
constituents in ginseng include ginsenosides, polysaccharides,
amino acids and microelements,* which are responsible for its
multiple bioactivities and restorative functions, such as
strengthening of the immune response and cardiovascular
protection, as well as antidiabetes, anti-cancer, anti-obesity and
anti-oxidation activities.** These active components in ginseng
accumulate gradually over time and show a certain regularity.*®
In addition, ginsenosides are influenced by the growth envi-
ronment, including hours of sunshine® and soil.’*"* “Lin-Xia-
Shan-Shen” (LXSS) is derived from plants grown naturally in
mountainous forests after artificial seeding, whereas garden
ginseng (GG) is manually cultivated ginseng, according to the

“College of Pharmacy, Liaoning University of Traditional Chinese Medicine, Dalian,
116600, China. E-mail: degiangdou@126.com

*Experimental Research Center, China Academy of Chinese Medical Sciences, Beijing,
100700, China

T Electronic  supplementary
10.1039/c8ra04823a

information  (ESI) available. See DOL

30616 | RSC Adv., 2018, 8, 30616-30623

method coupled with multivariate analysis is fast, accurate, and reliable for discriminating GG and high

Chinese Pharmacopoeia (2015 edition). The similar appearance
of LXSS to wild ginseng grown for a longer number of years is
also one of the characteristics that make it attractive in the
culture of traditional Chinese medicine and its medicinal value
is significantly higher than that of GG according to clinical
experience in TCM. At present, the price of LXSS in the market is
about ten times that of GG."> Owing to its lower number of
cultivation years, convenient administration and higher
production, GG is still the main source of ginseng products. It is
also one of the main causes of adulteration in the market.
Therefore, a reliable method to discriminate the cultivation
ages of ginseng is required for the quality control of this
medicinal herb and the prevention of its adulteration in the
market.

Previous studies indicated that the contents of the chief
constituents (ginsenosides and polysaccharides) in LXSS were
higher than those in GG.*'* The change in ginsenosides is
related to numbers of years of cultivation and the origin of the
ginseng.'*** And the contents of ginsenosides are also different
in different parts of the ginseng.*®

However, these studies were mostly limited to the difference
between GG and lower cultivation years of LXSS (<10 years), and
paid little attention to the difference between GG and higher

This journal is © The Royal Society of Chemistry 2018
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cultivation years of LXSS (>10 years). Meanwhile, few studies
attempted to reveal the alterations in constituent metabolites
between GG and LXSS based on an LC-MS platform. None of
these works searched for a correlation between primary
metabolites and the ginsenoside network within GG and LXSS
to posit key views in the regulation of ginsenoside biosynthesis.

Recently, the new ‘omics’ approaches have been widely used
in modern biology. Metabolomics, a fine combination of
analytical and statistical techniques, is one of the latest addi-
tions to the ‘omics’ wave, and has been used to unravel the
complex of primary and secondary metabolites fluctuating in
the whole plant and the comprehensive metabolite network flux
associated with various plant species and with specific tissues."”
Metabolomics approaches involving liquid chromatography
mass spectrometry (LC-MS), gas chromatography mass spec-
trometry (GC-MS), and nuclear magnetic resonance (NMR) have
been used to discriminate and analyze the metabolites of
ginseng.">* The cultivation age of GG is usually about 6 years,
but the cultivation age of LXSS is generally greater than 10 years
in the market. But because of diseases and pests, the cultivation
age of LXSS is usually no more than 20 years.”® In this paper,
therefore, 6 GG samples and 18 LXSS samples (of three different
subgroups: 13 years, 15 years and 20 years) were selected and
used to compare the various chemical constituents of LXSS
(high cultivation years) and GG by an UPLC-Q-TOF-MS metab-
olomics approach. On the one hand, this proposed analytical
method coupled with multivariate analysis is fast, accurate, and
reliable for discriminating LXSS and GG and is a potential tool
for standardizing quality control in the ginseng industry. On the
other hand, we followed an interest in the interactive links
between alterations in ginsenosides and primary metabolites
between LXSS and GG, which offered a new train of thought
about the mechanisms of ginsenoside biosynthesis at the
metabolite level.

2. Materials and methods
2.1 Materials

Eighteen samples of LXSS (three samples each growing for 13
years, 15 years or 20 years) and six samples of GG were used in
the study. The GG samples were purchased from Anhui Mon-
teggia Chinese Herbal Medicine Co., Ltd. (no: 131009; Anhui,
China) and the LXSS samples were purchased from Benxi,
Liaoning Province and were identified by Bing Wang (Professor
of Liaoning University of Traditional Chinese Medicine).

2.2 Chemicals and reagents

HPLC-grade acetonitrile, methanol and MS-grade formic acid
were purchased from Merck (Merck, Germany). Ultra-pure water
was treated with a Milli-Q water purification system (Millipore,
France) and other reagents were analytical grade. The standards
of ginsenosides Ras, -Rby, -Re, -Rd, -Re, -Rf, -Rgy, -20(S)Rg3, -Rhy,
-20(S)F4, -Rh,, -F; and pseudo-ginsenoside F,; were purchased
from the Chinese Medical and Biological Products Institute
(Beijing, China). Malic acid, malt sugar, citric acid, malonic
acid, adenosine and amino acid mixed standards were
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purchased from Sigma (USA). GABA, dencichine, inositol and
glucuronic acid and pyruvic acid were purchased from the
Aladdin Industrial Corporation (Shanghai, China). Fumaric
acid was purchased from TCI (Tokyo Industrial Co., Ltd, Japan).

2.3 Liquid chromatography

Chromatographic separation was performed on an Acquity
UPLC HSS T3 column (2.1 mm x 100 mm, 1.7 um, Waters
Corp., Milford, USA) and an BEH Amide column (2.1 mm x 100
mm, 1.7 pm, Waters Corp., Milford, USA) using a Waters Acq-
uity UPLC system, equipped with a binary solvent delivery
system. The column was maintained at 45 °C and eluted at
a flow rate of 0.3 ml min~", using separate mobile phases of (A)
0.1% (by volume) formic acid in water and (B) methanol, and (A)
water and (B) acetonitrile. The gradient programs were opti-
mized as follows: T3 column, 0 — 1 min: 0% B; 1 — 3 min: 0%
— 20% B; 3 — 13 min: 20% — 50% B; 13 — 15 min: 100% B; 15
— 16 min: 100% B; 16 — 16.1 min: 100% — 0% B; 16.1 —
18 min: 0% B, BEH Amide column, 0 — 1.5 min: 0% B; 1.5 —
8 min: 0% — 50% B; 8 — 8.1 min: 50% — 0% B; 8.1 —
10.5 min; curve: 6. The column eluent was directed to the mass
spectrometer without splitting.

2.4 Mass spectrometry

Mass spectrometry was performed on a Waters Xevo G2 QTOF
quadrupole accelerated time-of-flight mass spectrometer
(Waters Corp., Manchester, USA) with an electrospray ioniza-
tion source (ESI) operating separately in positive and negative
ion modes (T3 column) and positive ion mode (amide column).
The MS condition is described in ESI Table 1.t

2.5 Sample preparation

Reference compounds were dissolved in 60% aqueous meth-
anol to obtain stock solutions at approximately 1.0 mg ml ',
and they were stored at 4 °C.

For the UPLC-Q-TOF MS analyses, ginseng samples were
extracted by an optimized method for detecting diverse ginseng
metabolites.”*** Briefly, the roots of the ginseng samples were
pulverized, and approximately 30 mg of the ground sample was
accurately weighed and ultrasonically-extracted three times
with 0.6 ml of 60% aqueous methanol for 30 min at room
temperature, and centrifuged at 1200 rpm for 10 min. The
supernatants were merged and transferred to a 2 ml volumetric
flask, 60% aqueous methanol added to volume, and mixed. The
mixed solutions were filtered through a 0.22 pm PTFE syringe
filter, and 3 pl of each filtrate was subjected to UPLC-Q-TOF-MS/
MS analysis. To validate the stability of the established method,
an in-house QC sample was prepared by mixing an equal
volume (100 pl) from each sample, which was injected after
every 6 samples during the whole sample analysis.>

2.6 Multivariate statistical analysis

To gain a comprehensive assessment of the quality and to
explore the discriminating variables of LXSS and GG, all the
UPLC-Q-TOF-MS data were recorded by Markerlynx 4.1
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software. All processed data of the ginseng were analyzed by
multivariate statistical methods, such as PLS-DA and hierar-
chical clustering analysis (HCA). PLS-DA analysis was employed
to determine the specific variation between LXSS (growing for
13 years, 15 years or 20 years) and GG groups. The potentially
interesting metabolites were identified and selected by using
the cutoff of the PLS-DA Variable Importance in Projection (VIP)
score, using the criteria that the VIP should be larger than 1 and
p should be less than 0.05, using the Statistical Package for
Social Science program (SPSS 20.0, Chicago, IL, USA).

2.7 Metabolite identification and metabolic annotations

Potential biomarkers were identified with available reference
standards by matching their retention time and accurate mass
measurement with the databases METLIN (http://
metlin.scripps.edu/), HMDB (http://www.hmdb.ca/) and KEGG
(http://www.genome.jp/kegg/). The database MetPA (http://
metpa.metabolomics.ca./MetPA/faces/Home.jsp), based on
database sources including the METLIN, HMDB, KEGG and
SMPD (http://www.smpdb.ca/), was used to perform the inge-
nuity pathway analysis (IPA).

3. Results and discussion
3.1 Identifying and analyzing potential biomarkers

The PLS-DA analysis was used to distinguish the difference
between GG and LXSS and to look for potential marker
compounds in GG and LXSS. The data from the positive ion
mode (T3 column), the negative ion mode (T3 column), the
positive ion mode (amide column) and for all three models were
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analyzed by PLS-DA, and are shown in ESI Fig. 1-31 and 1. In the
PLS-DA score plots, a clear separation was observed between GG
and LXSS (ESI Fig. 1-31). The R2Y and Q2 (cum) of the newly
established PLS-DA model were 0.997 and 0.987 in the positive
ion mode (T3 column), 0.998 and 0.993 in the negative ion
mode (T3 column), and 0.759 and 0.690 in the positive ion
mode (amide column), respectively, and the values of R2 and Q2
are shown in ESI Fig. 4-6,1 indicating that the model showed
great fitness and prediction. In order to comprehensively
analyze the constituents in ginseng, all the data from the three
models were analyzed further by PLS-DA in this study (Fig. 1).
The reproducibility of the UPLC-Q-TOF-MS was determined
from four replicated analyses of the same quality control
sample (QC) interspersed throughout the analysis.

QC samples play an important role in untargeted metab-
olomic studies.”” Generally, the platform-dependent acceptance
criterion of a QC sample is as follow: RSD < 20% for UPLC-
MS.>*3% In this paper, the RSDs of the peak area of all the
metabolites in the QC samples are below 20%, demonstrating
good stability and reproducibility throughout the entire
sequence of sample runs. Metabolic profiling was acquired in
the positive and negative ion modes of the different columns.
The QC samples clustered together tightly in the score plot of
PLS-DA, which indicated that system stability was suitable for
this metabolomics study (Fig. 1).

In the study, 46 significantly different biomarkers were
identified on the basis of accurate elemental compositions and
in the context of their retention times compared with available
reference standards and the available database (ESI Table 27).
34 biomarkers (numbers: 1-34, shown in ESI Table 31) were
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Fig. 1 PLS-DA scores plot of different ginseng groups.
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confirmed with available reference standards by matching their
retention times and accurate mass measurements. To further
understand the metabolic differences between GG and LXSS,
a clustering heatmap was generated for all identified
biomarkers, demonstrating their relative increase (red) or
decrease (green). In Fig. 2, the distance between GG and LXSS
was related to the degree of similarity between them and the
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results indicated that GG was close to 13-LXSS, followed by 15-
LXSS and 20-LXSS.

3.2 An integrative analysis of potential metabolites

Based on database sources, including MetPA, METLIN, HMDB,
KEGG and SMPD and the molecular structures of ginsenosides
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Fig.2 Heatmap of identified metabolites in LXSS and GG groups a clustering heatmap was generated for all identified biomarkers, demonstrating

the relative increase (red) or decrease (green).
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(ESI Table 4%), a metabolic network in light of the identified
primary metabolites and ginsenosides was drawn up to reveal
their tight interlinking (Fig. 3), which made clear the internal
differences between LXSS and GG. Fig. 3 shows that 12 primary
metabolites, three sugars, seven amino acids and two acids
differed significantly between GG and LXSS. Thus, these
compounds act as the best discriminating factors between LXSS
and GG. Since the primary compounds have different roles in
different tissues,* this may be the main reason why ginseno-
sides show different significant accumulations in a tissue-
specific way. In addition, there was a significant accumulation
of rare ginsenosides in LXSS, including ginsenosides Rgs, -Rh,
-Rh,, and a significant accumulation of campesterol and -
amyrone in GG, which explained the phenomenon of ginseno-
sides being lower in GG than in LXSS.

3.2.1 Ginsenosides. GG is cultivated ginseng and its
optimal harvesting year is approximately year six. However,
LXSS is cultivated for at least 10 years and 15 years is very
common. In the study, therefore, LXSS samples were selected
from 13 years, 15 years and 20 years. Previous research indi-
cated an UHPLC-Q-TOF-MS based metabolomic approach
could be used to discriminate different cultivation ages of P.
ginseng (from 1 to 6 years).>* In this study, the results indicated
that there was no distinction between the types of
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ginsenosides in GG and LXSS; however, their contents were
different. 15 ginsenosides were obtained and the data for
molecular structure are exhibited in ESI Table 3.1 The contents
of 7 metabolites in LXSS, ginsenosides Ras, -Rd, -20(S)Rgs,
-Rh;, -Rh,, -20(S)F; and notoginsenoside R;, were higher than
those in GG; while the contents of 6 metabolites in LXSS,
ginsenosides Rc, -Rb,, -Re, -Rf, -F; and pseudo-ginsenoside
Fy4, were lower than those in GG; of these, ginsenosides Rg3,
-Rh; and -Rh, are rare. As for LXSS with different growing
years, ginsenoside Rg; showed a tendency to increase depen-
dent on the number of years; while pseudo-ginsenoside F,,
and campesterol showed a tendency to decrease as the grades
were ascended. Meanwhile, the results indicated that the
contents of ginsenoside Rb;, ginsenoside Rh,, notoginseno-
side R;, ginsenoside Re, ginsenoside Rc, and ginsenoside F;
were the highest and the content of ginsenoside Rf was the
lowest in LXSS grown for 15 years than for the other years;
thus, 15 years was a turning point for the accumulation of
these components in LXSS. Among these, the results of the
change in ginsenoside Rb,; and ginsenoside Re in LXSS were
the same as in a previous study.>® Considering the difference
in ginsenosides for different growing years of LXSS, LXSS
should be rationally planted and harvested, to obtain the
maximum benefits of industrialization.
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Further, analysis of the molecular structure and biosynthetic
pathway of ginsenosides was performed and the results indi-
cated that rare ginsenosides, such as ginsenosides 20(S)Rgs,
-Rh; and Rh,, showed a significant accumulation in LXSS,
which is a result of geographic and environmental factors and
the duration of cultivation. The glucosidic bond of the primary
ginsenoside was hydrolyzed by microorganisms or the respec-
tive enzyme, and gradually transformed into the secondary
ginsenoside or rare ginsenoside (Fig. 3). Now, it is known that
2,3-oxidized squalene in ginseng has four metabolic pathways:
two ginsenoside biosynthesis pathways (dammarane ginseno-
side and B-amyrin), sterol biosynthesis and lupeol biosynthesis.
The biosynthesis of campesterol and p-amyrone belongs to the
ginsenoside biosynthesis type of pathway, so it can compete
with dammarane ginsenoside biosynthesis (Fig. 3). Therefore,
the accumulation of campesterol and B-amyrone in GG could
explain this phenomenon from the point of view that the
content of ginsenoside is lower in GG than in LXSS.

3.2.2 Sugars, amino acids and other organic metabolites.
Carbon metabolism, such as sugar metabolism, glycolysis, the
TCA cycle and shikimate-phenylpropanoid metabolism, are
responsible for the production of accessible energy, resistant
metabolites and carbon skeletons for plant life during growth
and development.*” Carbon metabolism is closely related to
plant growth and senescence, and it can include carbon
assimilation, carbon transformation and accumulation among
various plant physiological processes.** Eight metabolites of the
respective sugars were obtained in the study. The contents of
fructose and sucrose were significantly higher in GG than in
LXSS, but myo-inositol was significantly lower in LXSS; and this
could be used to distinguish between GG and LXSS. The
contents of fructose, maltose and sucrose in LXSS grown for
different years showed a significant tendency to increase as the
grades were ascended, whereas the contents of myo-inositol and
melibiose showed a decrease; and the level of stachyose was
highest in the 15 year LXSS than in the other years. Sucrose is
used as a transport sugar for entry into glycolysis and the TCA
cycle for the production of ATP and NADH.** Fructose is
a monosaccharide and a degradation product of sucrose.
Significant accumulations of fructose and sucrose were detec-
ted in GG, indicating that the shift from C assimilation to
accumulation occurred more in GG than in LXSS. This may be
due to environmental factors such as hours of sunshine.” The
former experiences more hours of sunshine than the latter. And
the accumulation of ginsenosides in LXSS requires more sugar.
Significant accumulation of myo-inositol was detected in LXSS;
myo-inositol is a substrate of raffinose, playing an important
role in the metabolism of plants and having multiple functions.
In addition, myo-inositol is the precursor of cell wall poly-
saccharides, such as glucuronic acid and pentose units, which
play an important role in external and non-biological stress.*
LXSS was planted in the wild and suffered more external and
non-biological stress and the cell wall became gradually
incrassated. Therefore, the level of myo-inositol in ginseng was
higher than in GG and increased as the number of growing
years increased. Raffinose and stachyose are mainly soluble
sugars in the seeds, roots and rhizomes and they effect the

This journal is © The Royal Society of Chemistry 2018
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transport of sugar in plant phloem.** To meet sugar metabo-
lism, raffinose and stachyose represented a significant change
in LXSS with different growth years in the study. Succinic acid,
citric acid and fumaric acid are important intermediate prod-
ucts of the TCA cycle. The results indicated that succinic acid
and citric acid were substantially more abundant in LXSS
compared with GG, but fumaric acid was significantly decreased
in LXSS. On the one hand, the TCA cycle is the main energy
source and LXSS needed more energy than GG to respond to
external and non-biological stress. Previous studies indicated
that the increase in the synthesis, accumulation, transport and
secretion of organic acids in plants is a response by plants to
environmental stress.’”*® Therefore, environmental stress may
lead to the production of abundant organic acid in LXSS. And,
the content of citric acid in LXSS was higher than that of other
organic acids, which may be related to its ability to inactivate
pathogenic microorganisms.*

Nitrogen metabolisms (e.g., amino acid metabolism) are
basic physiological mechanisms for the synthesis and decom-
position of nitrogenous compounds in plants.** Amino acids, as
important energy metabolites and synthetic precursors of
various bioactive molecules, are divided into aromatic, aliphatic
and heterocyclic amino acids based on their chemical struc-
tures. Compared to GG, 8 biomarkers were obtained and could
be used to distinguish GG and LXSS. Among them, the content
of GABA, alanine and aspartic acid were higher in LXSS;
however, tryptophan, arginine, pyroglutamic acid, dencichine
and proline were lower in LXSS. As for LXSS with different
growing years, the contents of lysine and GABA showed
tendencies to increase as the grades were ascended, whereas the
contents of pyroglutamic, decichine and valine showed a trend
of rising first then falling or falling first then rising in LXSS
grown for 15 years. As a response to environmental stresses,
GABA production often increases a lot.** An adverse growing
environment is the main reason for the GABA increase in LXSS.

Fatty acid metabolism is an important plant metabolism.
Fatty acids are the constituent part of membrane lipids, the
source of energy and the precursor of some signal molecules in
plants.*> Previous research indicated that the desaturation of
fatty acids in ginseng containing 20% saturated fatty acid and
80% unsaturated fatty acid had effects on cold and disease
resistance, which was an important component of the plant's
defense reaction. Linoleic acid shows the highest level of fatty
acids in ginseng, and the highest level of linoleic acid was
detected in LXSS grown for 20 years compared to the others in
the study. Compared to GG, 3-methyl-3-hexen-2-ol, nonanedioic
acid and 2-aminoadipate were up-regulated in LXSS. The cells of
the phellem layer were arranged flatter and more tightly in LXSS
than in GG, which limited moisture loss and resisted the inva-
sion of microorganisms. As for LXSS grown for different
numbers of years, 2-hydroxy stearic acid showed a tendency to
increase dependent of the number of years; while 2-hydroxy
hexadecanoic acid showed a tendency to decrease as the grades
were ascended. Volatile oil of ginseng is the signal conduction
substance for phytoalexins and florescence, and it has a signif-
icant influence on ginseng output. The results indicated that 3-
methyl-3-hexen-2-ol showed significant accumulation in LXSS.
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4. Conclusion

Metabolomic approaches are now widely used in evaluating and
identifying ginseng. In this study, a UPLC-Q-TOF-MS metab-
olomics approach was used to compare the various chemical
constituents of LXSS and GG. 30 metabolites can be used to
identify GG and LXSS and 10 metabolites can be used to identify
LXSS growing for different numbers of years. Further, a meta-
bolic network in light of the identified primary metabolites and
ginsenosides was drawn up to reveal their tight interlinking. We
found that metabolites mainly involved in sugar metabolism,
amino acid metabolism, fatty acid metabolism and energy
metabolism existed in GG and LXSS, which may be due to
environmental stress and the duration of cultivation, which
explained the differences in metabolites between LXSS and GG
at the metabolite level and can provide a reference for the
reasonable planting and quality control of ginseng.
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