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Abstract Sixty peony root training samples of the same age
were collected from various regions in Korea and China, and
their genetic diversity was investigated for 23 chloroplast
intergenic space regions. All samples were genetically indis-
tinguishable, indicating that the DNA-based techniques
employed were not appropriate for determining the samples’
regions of origin. In contrast, 'H-nuclear magnetic resonance
("H-NMR) spectroscopy-based metabolomics coupled with
multivariate statistical analysis revealed a clear difference
between the metabolic profiles of the Korean and Chinese
samples. Orthogonal projections on the latent structure-
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discrimination analysis allowed the identification of poten-
tial metabolite markers, including 'y-aminobutyric acid, ar-
ginine, alanine, paeoniflorin, and albiflorin, that could be
useful for classifying the samples’ regions of origin. The
validity of the discrimination model was tested using the
response permutation test and blind prediction test for inter-
nal and external validations, respectively. Metabolomic data
of 21 blended samples consisting of Korean and Chinese
samples mixed at various proportions were also acquired by
"H-NMR analysis. After data preprocessing which was
designed to eliminate uncontrolled deviations in the spectral
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data between the testing and training sets, a new statistical
procedure for estimating the mixing proportions of blended
samples was established using the constrained least squares
method for the first time. The predictive procedure exhibited
relatively good predictability (adjusted R*=0.7669), and
thus has the potential to be used in the quality control of
peony root by providing correct indications for a sample’s
geographical origins.

Keywords Nuclear magnetic resonance spectroscopy -
Metabolomics - Geographical origin - Chloroplast intergenic
space analysis - High-resolution melting analysis -
Constrained least squares method

Introduction

Peony root, the root of Paeonia lactiflora Pall, is one of the
most important and widely used traditional Chinese medi-
cines (TCMs) in Asia, especially in Korea and China. It has
traditionally been used in the treatment of a variety of dis-
eases including rheumatoid arthritis, hepatitis, muscle
cramping, and fever [1]. This root contains a number of
bioactive compounds including phenols, triterpenoids, and
monoterpene glycosides such as paeoniflorin, albiflorin,
benzoylpaconiflorin, and lactiflorin [2—4] that can possess
anti-inflammatory [5], anti-hyperglycemic [6], and anti-
hyperlipidemic [7] effects. In Korea, peony roots cultivated
in either Korea or China are on the market and they are
morphologically very similar regardless of their geographi-
cal origins. Considering that the origin is generally regarded
as one of the major factors in the grading and the pricing of the
TCMs, identification of the region of origin is deemed impor-
tant in the TCM market to sustain socioeconomic balance. In
addition, the geographic origins of medicinal plants may affect
medicinal efficacy and quality [8—16]. Nonetheless, the au-
thentication of medicinal plants in the current TCM market is
largely carried out by morphological inspection rather than by
standardized methods based on scientific measurements. Once
the peony roots from different origins are mixed (intentionally
or unintentionally) during distribution, morphological inspec-
tion is practically impossible for estimating the fractional
composition of roots from different origins. Therefore, tradi-
tional authentication methods cannot reproducibly assure the
quality of TCMs. This shortfall inherently poses the potential
dangers of causing unintended pharmacological effects and of
yielding incorrect value estimation upon distribution.

As a measure of quality control for the peony root, the
Korean Pharmacopoeia [17] suggests that only two monoter-
pene glycosides, paeoniflorin, and albiflorin, should be quan-
tified. According to Wang et al., however, the major bioactive
compounds of the peony root, including paeoniflorin and
albiflorin significantly varied depending on the peony root
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sample, and it was speculated that the variance was most
likely due to “processing procedure and habitat variation”
[18]. If the genetic makeup of the TCM products is different,
a genetic approach is used as the method of choice for differ-
entiating plants when possible [19-21]. When the plants are
genetically similar, however, the discovery of gene markers
becomes more challenging and genetic markers do not allow
researchers to distinguish between plants of the same species
cultivated in different environments.

Metabolomics has been used extensively in plant research
to monitor the physiological responses of plants to external
stresses and has also been applied to discriminate between
plants of similar or identical genotypes [22] as well as to
classify medicinal plants of similar species for quality con-
trol purposes [23]. Our research group has been developing
an 'H-nuclear magnetic resonance ('H-NMR) spectroscopy-
based metabolomics methods to efficiently distinguish be-
tween medicinal herbs of different geographical origins [16]
because the sample analysis using this method is simple,
reproducible, rapid, and allows for the simultaneous detec-
tion of primary and secondary metabolites. Consequently,
this method has better predictability and stability than other
techniques [23-27].

In this study, peony roots were first collected from various
regions in Korea and China and the two DNA-based tech-
niques, chloroplast intergenic space (CIS) analysis, and high-
resolution melting (HRM) analysis, revealed they were genet-
ically indistinguishable, i.e., these techniques could not dis-
tinguish between samples from different locations. Therefore,
as described in this paper, a NMR-based metabolomics ap-
proach was developed and used as a simple yet efficient tool
for the discrimination between peony root samples of different
geographical origins. This paper also describes the first appli-
cation of a constrained least-squares method for estimating the
proportion of blended samples from each of the two geograph-
ical origins.

Materials and methods
Sample collection and preparation

On the TCM market in Korea, peony root is mostly distrib-
uted as the dried roots of P. lactiflora Pall cultivated either in
Korea or China. In both countries, the peony root is usually
harvested between mid-September and late November at the
age of 4 years. Thus, in this study, roots of 4-year-old P,
lactiflora Pall were directly collected from ten cultivation
locations in Korea and seven cultivation locations in China
during the regular harvesting season to assure the authentic-
ity of the geographical origins of the samples and to mini-
mize any unwanted introduction of variations arising from
factors such as the plant age and the harvesting season.
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Chosen cultivation locations that were in the same country were
relatively far from one another to represent a wide diversity of
cultivation environments. Detailed information about the collec-
tion locations is provided in Fig. S1 in the Electronic supple-
mentary material (ESM) and Table 1. Thirty samples (K1~30)
were collected from the areas of Yeongju, Andong, Uiseong,
Yeongcheon, Imsil, Sancheong, Jeongeup, Naju, Muan, and
Hwasun in Korea, and 30 samples (C1~30) were collected from
the areas of Chongqing, Yuncheng, Anguo, Heze, Neimenggu,
Zhumadian, and Bozhou in China. Between 1 and 16 samples
were collected from each location. In addition to the 60 training
samples described above, four blind samples (TJYO01 and TJY03
from Korea; TJY02 and TJYO04 from China) were collected
separately to assess the predictive capabilities of the discrimina-
tion model. Since knowledge of the cultivation origin was crucial
in this experimental design, samples were collected in person
from the actual cultivation locations indicated in Table 1, and the
morphology of each was examined by professionals (Dr. Young-
Bae Seo from the College of Oriental Medicine, Daejun
University, Daejun, Korea and Dr, Wan-Kyun Hwang from the
College of Pharmacy, ChoongAng University, Seoul, Korea) as
is the traditional authentication method.

Consistent with the treatment before being sold in the market,
the freshly collected samples were dried in the dark. After they
were pulverized using an electric blender, powdered samples

Table 1 Geographical origins of Paeonia lactiflora collected in Korea
and China

Country Location (City, Province) Number of samples
(sample name)

Korea Yeongju, Gyeongbuk 4 (K1, K2, K3, and K4)
Andong, Gyeongbuk 3 (K5, K6, and K10)
Uiseong, Gyeongbuk 3 (K7, K8, and K9)
Yeongcheon, Gyeongbuk 3 (K11, K12, and K13)
Imsil, Jeonbuk 3 (K14, K15, and K16)
Sancheong, Gyeongnam 3 (K17, K18, and K19)
Jeongeup, Jeonbuk 3 (K20, K21, and K22)
Naju, Jeonnam 2 (K23 and K24)
Muan, Jeonnam 3 (K25, K26, and K27)
Hwasun, Jeonnam 3 (K28, K29, and K30)

China Chongqing 4 (Cl1, C2, C3, and C4)

Yuncheng, Shanxi Sheng

6 (C5, Co, Cl10, C11,
C12, and C13)

Anguo, Hebei Sheng 1(C7)
Heze, Shandong Sheng 1 (C8)
Neimenggu 1(C9)

Zhumadian, Henan Sheng
Bozhou, Anhui Sheng

1(C14)

16 (C15, C16, C17, C18,
C19, C20, C21, C22,
€23, C24, C25, C26,
€27, C28, C29, and
C30)

were stored in 50 mL conical tubes at —20 °C until use. Powders
passing between 125 and 300 pm sieves were used for the DNA
analysis and the metabolic profiling.

Korean and Chinese samples were mixed at various pro-
portions to produce seven blended samples. Before blending,
all of the 30 powdered samples from Korea were mixed in the
same proportion to produce a representative Korean sample,
and the same procedure was performed for the Chinese sam-
ples. Then, the blended samples were prepared in triplicate by
mixing the two representative Korean and Chinese samples at
seven different ratios: 0 (sample Nos. 1-3), 10 (sample Nos.
4-6), 25 (sample Nos. 7-9), 50 (sample Nos. 10-12), 75
(sample Nos. 13-15), 90 (sample Nos.16-18), and 100 %
(sample Nos. 19-21) of the Korean sample.

DNA extraction and PCR analysis

Total DNA was extracted from the powdered samples using
the modified cetyl trimethylammonium bromide method as
previously described [28]. A total of 48 primer pairs [29]
were applied to amplify the intergenic spaces of the chloro-
plast genome (Table S1 in the ESM). Polymerase chain
reaction (PCR) was performed in a 20-pL volume containing
20 ng DNA, 20 pmol of primer pairs, 2.5 mM of dNTPs, and
0.4 unit of Tag polymerase (Vivagen, Seongnam, Korea).
PCR amplification was performed as follows: 5 min at 94 °C;
38 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for 20 s
and a final extension at 72 °C for 5 min. The PCR products
were separated by electrophoresis on a 1 % agarose gel.
Polyacrylamide gel electrophoresis (PAGE) on a 9 % gel
was used for identifying InDel polymorphisms. HRM anal-
ysis was carried out using a LightCycler 480 (Roche Applied
Science, Mannheim, Germany) to identify nucleotide se-
quence variation between collections.

Metabolite extraction

One hundred milligrams of powdered material was vortexed
in 1.5 mL of a 1:1 mixture of CD;0D and a pH 6.1 phosphate
buffer composed of 4 mM sodium phosphate monobasic and
2 mM sodium phosphate dibasic in D,O and was then
extracted by ultrasonication at room temperature for 15 min.
3-(trimethylsilyl)propionic-2,2,3,3-d, acid (TMSP; 0.025 %
(w/v)) was used as the internal chemical shift standard. The
extracted sample was centrifuged at 13,000xg for 10 min,
followed by filtration of the supernatant through a cellulose
membrane (0.45 pum). Six hundred microliters of the filtrate
was transferred to a 5S-mm NMR tube for NMR analysis.

NMR spectroscopy

Spectrum measurement of the 60 training samples and the 4
blind samples was performed at room temperature using a
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JEOL NMR ECA 500 spectrometer, equipped with a THS
probe (JEOL, Tokyo, Japan) to establish a model for origin
discrimination. An AVANCE 500 FT-NMR spectrometer
(Bruker biospin, Rheinstetten, Germany) was utilized for
the 21 blended samples. Acquisition parameters were a
5.7-us (45°) pulse, 9,384.0-Hz spectral width, number of
scans equal to 8, and 5-s relaxation delay with 64 transients
collected into 32 k data points. Undesired signal caused by the
residual water was removed by presaturation during the relax-
ation delay. The data were Fourier transformed using a line-
broadening factor of 0.2 Hz, phase and baseline were corrected,
and the data were then calibrated by shifting the TMSP signal
to 0.0 ppm using Delta software version 4.3.6 (JEOL, Tokyo,
Japan). One-dimensional NMR spectral peaks were assigned
using Chenomx NMR software (version 7.1, Chenomx Inc.) by
referring to the chemical shifts and the coupling constants in
previously reported papers [30-33] or in a free database [34].
Identities of selected peaks were further confirmed by two-
dimensional correlation methods including total correlation
spectroscopy (TOCSY), heteronuclear single quantum coherence
(HSQC), and heteronuclear multiple bond coherence (HMBC).
Two-dimensional NMR spectra were measured on the same
spectrometer that was used for one-dimensional measurements.

NMR data processing and statistical analysis

"H-NMR spectra were converted to the ASCII format for data
processing and were segmented into 241 bins between 0.2 and
10 ppm with a bin width of 0.04 ppm. Bins corresponding to
the residual methanol peaks between 3.29 and 3.37 ppm were
removed, producing a total of 239 bins. The integral values
were normalized against the TMSP signal. The resulting data
sets were imported into SIMCA-P software (version 12.0,
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Umetrics, Umea, Sweden) for multivariate statistical calcula-
tions and plotting. Univariate statistical analysis was conducted
using SPSS (version 12.0, SPSS, Chicago, IL).

Results and discussion
DNA profiling of the collected peony samples

Random amplified polymorphic DNA analysis was carried
out to classify peony cultivars of similar morphologies which
may or may not be of the same species [35]. Microsatellite
markers were developed to investigate the genetic diversity of
the peony species but were not designed to determine the
location of cultivation [36]. Nuclear genome-based markers,
in which a number of variations can be found, are a weak tool
for classification because too many variations exist within
populations [29]. In contrast, chloroplast genomes are gener-
ally highly conserved among plants but a considerable amount
of nucleotide variation was identified in the intergenic regions
in the chloroplast genomes despite the conservation of
genic regions. Therefore, CISs have been used for the
systematic study of various plants. These regions provide
solid information for distinguishing between not only dif-
ferent species but also different samplings within the same
species [37, 38]. Consequently, 48 CISs were examined to
identify polymorphisms among the 60 samples and a total
of 23 CISs were successfully amplified. None of the 23 CIS
regions were polymorphic among the four representative
samples, two Korean samples (K12 and K21) and two
Chinese samples (C15 and C20) (Fig. S2a in the ESM),
and the CIS region of rpl23-trnl(CAU) did not show any
diversity among the 60 samples (Fig. S2b in the ESM).

1

2
LMo LAJL'M.
3 25 2 15 1

ppm

T s

45 40 35 30 25 20 15 10 05 00 -05

ppm

Fig. 1 Overlaid representative "H-NMR spectra of the samples collected from Korea (black K18) and China (red C26). I Peoniflorin, 2 alanine, 3
albiflorin, 4 arginine, 5 GABA, 6 sucrose, 7 glucose, 8 (+)-catechin, 9 threonine
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These findings indicated very narrow genetic diversity HRM analysis has been applied to detect SNPs and small
within plants of the same species of P. lactiflora from  InDels based on the melting curves of PCR amplicons from
different geographic locations. nuclear genomes in plant species [39, 40]. In the current

Table 2 '"H-NMR chemical shifts (in parts per million), multiplicity, and coupling constants (in Hertz) of assigned metabolites

Metabolite Chemical Structure ~ Assignment

o-Glucose * 5.41(d, J=3.7, H-1)

Sucrose * 5.19 (d,J=3.7, H-1)

Paeoniflorin ° 7.44 (t, J=8.0, H-37, 57), 7.68 (tt, J=1.7, 7.5, H-4"),

8.05 (dd, J=1.4, 8.3, H-2", 6"), 1.42 (s, H-10)

Albiflorin 7.44 (t, J=8.0, H-3", 5, 7.68 (tt, J=1.7, 7.5, H-4"),
8.05 (dd, J=1.4, 8.3, H-2", 6”), 1.54 (s, H-10)
Y-Aminobutyric acid * . o " 2.32(d,J=7.5, H-2)
2
Arginine * 1.91 (m, J=2.9, H-16, 17)
Alanine * 1.48 (d, J=7.2, H-3)

(+)-Catechin ° 6.05 (d, J=2.4, H-8)

Threonine * 1.32 (d, J=6.6, H-5)

* Assigned using standard data in BioMagResBank (http://www.bmrb.wisc.edu/)
® Assigned by comparison with published data
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Fig.2 Score plots of PCA (a) and OPLS-DA (b) for the 60 samples and
the origin prediction (¢). Black circles for the Korean samples; red
squares for the Chinese samples; green triangles for the blind test
samples from Korea; green diamonds for the blind test samples from
China; black line for the Korean samples; red line for the Chinese
samples; gray line for the blind test samples (TJYO1 and TJYO03 from
Korea; TIY02 and TJY04 from China)

study, HRM analysis was performed on the amplified CIS
regions for rpl23-trnl(CAU) (Fig. S2¢ in the ESM). The
HRM profiles of the 60 samples revealed no variations,
however, indicating a lack of an association in sequence
variations. These results suggest that discriminating between
samples of peony root grown in different geographic loca-
tions is not feasible using DNA-based methods.

"H-NMR spectrum measurement and metabolite
identification

Metabolic profiles of the aqueous methanol extracts of the
peony root samples were collected using "H-NMR analysis.
Representative one-dimensional "H-NMR spectra of the pe-
ony root samples from Korea and China are shown in Fig. 1.
They display dominant signals in the carbohydrate (3.0—
5.0 ppm), the aliphatic/organic acid (0.5-3.0 ppm), and the
aromatic (6.0-8.0 ppm) regions. The assignment of the iden-
tified metabolites is shown in Table 2. Many peaks originat-
ing from carbohydrates were observed in the region between
3.1 and 4.3 ppm, and the characteristic signals corresponding
to sucrose and x-glucose appeared at 5.19 (d, J=3.7 Hz,
H-1) and 5.41 (d, J=3.7 Hz, H-1) ppm, respectively. Identified
aliphatic/organic acids included y-aminobutyric acid (GABA,;

2.32 ppm), arginine (1.91 ppm), alanine (1.48 ppm), and thre-
onine (1.32 ppm). In the aromatic region, peaks of (+)-catechin
(6.05 ppm) were found and the peaks corresponding to
paeoniflorin and albiflorin, which are the two representative
metabolites of P. lactiflora, were observed at 7.44 (t, J=8.0 Hz,
H-3",5"), 7.68 (tt, J=1.7, 7.5 Hz, H-4"), and 8.05 (dd, J=1.4,
8.3 Hz, H-2", 6”) ppm. The CHj singlet signal of paeoniflorin
was found at 1.42 ppm, while that of albiflorin was shifted
downfield (1.54 ppm), and the distinctive acetal proton signal of
paeoniflorin was detected at 5.53 ppm.

Multivariate statistical analysis for the differentiation
between geographical origins

The metabolomics data obtained by NMR analysis were first
subjected to PCA. The PCA score plot and loading plot from
the "H-NMR spectra of P. lactiflora are shown in Fig. S3 in the
ESM and Fig. 2a, respectively. Although PCA was used to
identify outliers and to indicate data patterns and trends as an
unsupervised classification method, the score plot projected
into two dimensions showed a clear separation between
Korean and Chinese samples by PC2 (11.6 %). The one ex-
ception to this trend was sample C8, which was collected from
China but segregated with the Korean samples (Fig. 2a). Based
on the PCA loading plot of PC2 (Fig. S3 in the ESM), aromatic
compounds and sugars that were present at high levels in the
Chinese samples and amino acids, which showed higher inten-
sities in the Korean samples, facilitated the differentiation be-
tween the samples.

PCA is not considered a proper mechanism for identifying
potential markers or predicting unknowns because of the
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Fig. 3 S-plot constructed from the OPLS-DA model. Cutoff value of p>/0.1] and correlation value of p(corr)>|0.5| are marked
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inherently undefined dependent variables. Therefore, or-
thogonal projections on latent structure-discriminant analy-
sis (OPLS-DA) was performed after the PCA analysis. In
OPLS-DA, important variables contributing to group sepa-
ration based on the dependent variables are maximized,
allowing for better discrimination and elucidation of marker
candidates [41]. Consistent with the results of the PCA
analysis, the score plot of the OPLS-DA displayed a clear
separation pattern between the samples of Chinese and
Korean origins with the exception of sample C8 (Fig. 2b).
The model was established using one predictive and two
orthogonal variations and had an acceptable goodness of fit,
Ry?, 0£92.2 % and predictive ability, 0%, of 89.7 %. The overall
variation of the independent variables explained by the model
in R, was 87.5 %. Only 10.7 % of that variation was correlated
to the dependent variables, whereas the residual 76.8 % was
systemically structured and uncorrelated to response. Overall,
OPLS-DA was more appropriate than PCA for discriminating
between peony root samples of different geographic origins.
Figure 2b shows a clear separation of the samples into two
groups according to the cultivation origin, with the exception
of C8. Korean samples were relatively concentrated compared
with Chinese samples, which were dispersed over a wide area.
When the individual samples were labeled in the score plots
based on a smaller regional scale such as city level (Fig. S4 in
the ESM), samples within the same province or nearby prov-
inces in the same country showed a tendency to cluster. The
sample C8 collected from Heze, Shandong Sheng was found
far from the other Chinese samples in both the PCA and the
OPLS-DA score plots (Fig. 2). Instead, the sample C8 plotted
close to the Korean samples. The misclassification of C8
suggests that its metabolomic profile may be more similar to
those of the Korean samples instead of the Chinese samples.
Indeed, Heze is close to Korea in terms of geographical
latitude compared with the districts from which the other
Chinese samples were collected (Fig. S1 in the ESM). Thus,
the cultivation environment in Shandong Sheng is likely to be
similar to that of Korea. Metabolomic analysis of more spec-
imens from the Shandong Sheng area and comparison of the
cultivation environments is necessary to test this hypothesis.

Validation of the discrimination model

After establishing the discrimination model, the response per-
mutation test (Y-scrambling) was performed for internal vali-
dation. In Y-scrambling, y variables were randomly shuffled,
and the models were rebuilt. These new models were compared
with the original models to test the possibility that the original
model arose by chance. Both the O* and R* parameters de-
creased substantially after 200 rounds of permutation, and the
y-intercept of the Q7 regression line was —0.111, indicating that
the model was not over-fit (Fig. S5 in the ESM).

@ Springer

Of the 60 training samples, C8 behaved differently from
the other Chinese samples in the predicted plots with a
prediction score above 0, indicating it was predicted to be
of Korean origin (Fig. 2¢). The overall classification rate was
98.33 %. In addition to the statistical validation, four blind
samples (TJYO1 and TJYO03 from Korea; TJY02 and TJY04
from China) were analyzed to further assess the predictive
capabilities of the model. As displayed in Fig. 2¢, the geograph-
ical origins of the blind samples were correctly predicted.

Determination of potential marker metabolites

Putative marker metabolites, which might contribute to the
differentiation between samples of different geographical
origins, were extracted from the S-plot constructed from
the OPLS-DA model (Fig. 3). In the S-plot, the covariance
p and correlation p(corr) variables are displayed, and the
variables with higher absolute values on both the horizontal
and vertical axes contribute significantly to group separation
with a high reliability. In this study, 22 variables showing p>|
0.1] and p(corr)>|0.5|, which are marked in blue or red
squares in the dotted rectangles in Fig. S6 in the ESM, were
selected as marker candidates. Their identities were con-
firmed by 2D NMR analysis including TOCSY, HSQC,
and HMBC as shown in Fig. S6 in the ESM.

The marker candidates were further analyzed by the univar-
iate statistical analysis, ¢ test with a=0.0002, which was
obtained by the Bonferroni correction (0.05/239) for the mul-
tiple comparisons. This strategy made the statistical analysis
more conservative but more reliable. It was found that each
marker candidate was significantly different between the
groups (p<0.0002). Based on the identified markers, Korean
samples were characterized by peaks between 1 and 3 ppm,
including the signals from GABA, arginine, alanine, and the
CHj; singlet signal of paeoniflorin (1.42 ppm). In contrast,

Table 3 Relative quantification of five marker metabolites based on
their peak areas in NMR spectra

Metabolite Relative quantification

China Korea p value*
Paconiflorin® 0.820+0.079  0.997+0.029  9.98 E-07
Albiflorin® 0.118+0.061  0.060+0.114  8.95E-11
y-Aminobutyric acid ~ 0.147+0.041  0.287+0.016  4.80 E-20
Arginine 0.345+0.042  0.586+0.033 1.23 E-10
Alanine 0.1154+0.049  0.227+0.052  1.93 E-11

 Determined by ¢ test

® Quantified using the areas of non-overlapped peaks (paconiflorin,
1.42 ppm; albiflorin, 1.54 ppm)
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Fig. 4 Mean spectra before (a) and after (b) data preprocessing. Dashed
lines for the mean (11 ) of the spectra of the training data set; dotted lines
for the mean (V) of the spectra of blended (pure) sample; blue lines for
Korean samples; red lines for Chinese samples

Chinese samples were characterized by peaks in the CHj
singlet peak of albiflorin (1.54 ppm).Their relative quantifica-
tion is presented in Table 3.

In plants, GABA, which is produced by decarboxylation of
glutamate, is regarded not only as a signaling molecule but also
as a metabolite that plays a role in the response to biotic or
abiotic stresses and in the carbon-nitrogen balance [42].
Elevated levels of GABA, as found in Korean samples in the
present study, have been found to be associated with defense
against insects and protection against oxidative and osmotic
stresses [42], some of which might have occurred more

Q
=

Estimated proportion of Korean

00

T T 1 T T T
0.0 0.2 0.4 06 0.8 1.0

True proportion of Korean

Fig. 5 Predictive model constructed using the constrained least squares
method displaying the true proportion () versus the estimated propor-

tion ) for i=1,2,...,21. Adjusted B> was 0.7669

prevalently in Korea than China. Levels of the two amino acid
markers, arginine and alanine were significantly higher in
Korean samples than in those of Chinese origin. Previously,
exposure to more light [43] and to temperature stress (heat
shock or cold shock) [44] were reported to be associated with
upregulation of amino acid synthesis, implying that the differ-
ences in the amount of sunshine and temperatures between
Korea and China might have caused the different levels of the
amino acid marker metabolites. While the concentration of
paconiflorin, which exhibits a neuroprotective effect [45],
was higher in the Korean samples, the concentration of
albiflorin, which possesses anti-oxidative activity [46], was
higher in the Chinese samples. Although no specific reports
are available on the correlation of these secondary metabolites
with the environmental conditions, production of secondary
metabolites is known to be influenced by a number of abiotic
stresses, including humidity, light intensity, and water supply
[47], and by pesticide usage [48].

Construction of a new statistical procedure for estimating
the mixing proportions of blended samples of different origins

Metabolomics data from the 21 blended samples were used
to establish a new statistical procedure for estimating the
mixing proportions of the blended samples. The 21 NMR
spectra contained vector and scalar pairs, (y(’),ﬂ(’)) (=12, ...
,21), where yO=(1?,1,?, ... 230”) was a vector of intensity
and ) was the true mixing proportion of the Korean sample
in the ith sample. The 7 was assumed to be unknown
during analysis except for the first three (i=1, 2, 3; =0
for 0 %) and the last three (i=19, 20, 21; 7”=1 for 100 %)
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samples, which were known to be pure Chinese and Korean,
respectively. Then, 7t was estimated by testing the blended
sample’s y. In addition, v and 7% were set as the mean
vectors of the representative blended Chinese (0 % Korean) and
Korean (100 % Korean) samples, i.c., 7" = Iy3.y 0 and
~KR

PR — %z t?ilgy(t) )

It is expected that y;, the spectral intensity of the th bin, has a
~ KR ~CN ~ KR ~CN
meanof i} + (1-m)f ;" ,where i, and i, are the k-
th intensity of the mean vectors of 30 training samples from
Korea and China, respectively. A subset of bins were selected to
be used for estimating the mixing proportion based on the

premise that the two means ﬁfR and ﬁ,fN are statistically
separated from each other if the kth bins of the spectra show
disparity between Korean and Chinese samples. As a result,
12 bins were selected, ie., K={28,30,32,33,40,42,43,44,47,
48,52,56}, corresponding to the spectral region between 1.34
and 2.48 ppm. These bins include the peaks at 1.42 ppm for
paeoniflorin, 1.48 ppm for alanine, 1.54 ppm for albiflorin,
1.91 ppm for arginine, and 2.32 ppm for GABA, which were
identified as the marker variables for origin discrimination by
the OPLS-DA analysis and the t-test.

The mean spectral intensities of the representative blended
samples (V N and KR ) in the selected region deviated greatly
from those of the training samples (i <" and 71 %*) (Fig. 4a)
most likely because of random measurement errors. To reduce
these uncontrolled deviations, the data from the blended sam-

ples were preprocessed utilizing a point-wise linear matching,

0 =av" + by and i 5® = KR 1 by for each ke k.

Determining the values for @, and b, was directly achieved by
solving a system of linear equations. Then, for every i=1,2, ...,
21, ¥ was redefined as y,"=a,*+by. Using this transfor-
mation, the deviation in the mean spectra between blended and
training samples was removed (Fig. 4b).

The preprocessed data from the 12 bins above was used in
the constrained least-squares method to establish a procedure
for the estimation of the mixing proportions. The set of bins
to be used was denoted as K, consisting of bins such that, for
each ke k, 7" and 7i{" have enough disparity to distinguish
between the two groups. To estimate 71, we propose a two-step
procedure. First, for each ke k, m, was found to minimize

2
(ykﬂrkﬁ fR*(lﬂrk)ﬁ ,fN ) subject to 0<7;<1. The mini-
7/\(‘/\'
mum of the above was at 77, = min (max (% , O) .1
H 1
Then, 7t was estimated as 7 := %Zke « 7 . Finally, a model

for estimating the mixing proportions of blended samples was
established. Figure 5 displays the plot of the true mixing

proportion (%m) against the estimated mixing proportion
@YY for i=1, 2, ... , 21, which was calculated from the
established model for the seven groups of blended samples.

@ Springer

An adjusted R of 0.7669 for the plot indicates that the model to
estimate the mixing proportions of blended peony roots had a
relatively good predictive capability.

Peony roots contain a variety of bioactive components
including the marker metabolites paeoniflorin and albiflorin
identified in the present study, and their compositions may
vary according to their geographical origins. Accordingly,
the blended samples composed of Korean and Chinese peo-
ny roots may have different pharmacological effects than the
pure Korean or the pure Chinese samples depending on the
mixing ratio. The known pharmacological effects of peony
root, including anti-inflammatory and immunomodulatory
effects [1], may be evaluated on the blended samples at
various mixing ratios to address the question above, although
peony root is generally prepared as “Tang (concoction)” in
which other herbal medicines are mixed according to tradi-
tional oriental formulas. However, discrimination of the geo-
graphical origins of peony root and the estimation of the mixing
proportions in blended samples has more value in terms of
cultural and economic effects than in therapeutic effects.
Considering that the origin of the peony root is considered
essential for determining pricing in Korea, the roots’ geograph-
ical origins are always subject to counterfeiting. Correct indica-
tions of the geographical origins could help promote local socio-
economic development and develop consumer trust and loyalty.

Conclusions

In this study, two DNA-based techniques, CIS analysis and
HRM analysis were applied in parallel with metabolomics
analysis and were found to be inadequate to differentiate peony
root samples of the same species, P. lactiflora, according to
their cultivation areas. On the other hand, their metabolic pro-
files analyzed by "H-NMR spectroscopy showed clear differ-
ences based on their geographical origins. OPLS-DA enabled
clear classification of the samples according to their origin, and
several metabolites were identified as potential markers.
Internal and external validation by the response permutation
test and blind prediction test, respectively, suggested the
established model was practical for use in discriminating be-
tween peony root samples based on their geographical origin.
Finally, a new statistical procedure using a constrained least-
squares method allowed for the estimation of the mixing pro-
portions of blended samples. Consequently, we suggest that the
current study based on the "H-NMR metabolomics could be
applied for the quality control of TCMs. Because the geograph-
ical origins are regarded as essential in the grading and the
pricing of the peony root, correct identification of the origin
by the suggested method may help promote local socio-
economic development and build consumer trust and loyalty
by preventing origin counterfeiting.
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