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Introduction: The cultivation and sale of medicinal plants are some of the main
ways to meet the increased market demand for plant-based drugs. Panax
notoginseng is a widely used Chinese medicinal material. The growth and
accumulation of bioactive constituents mainly depend on a satisfactory
growing environment. Additionally, the occurrence of market fraud means
that care should be taken when purchasing.

Methods: In this study, we report the correlation between saponins and climate
factors based on high performance liquid chromatography (HPLC), and
evaluate the influence of climate factors on the quality of P. notoginseng. In
addition, the synchronous two-dimensional correlation spectroscopy (2D-
COS) images of near infrared (NIR) data combined with the deep learning
model were applied to traceability of geographic origins of P. notoginseng at
two different levels (district and town levels).

Results: The results indicated that the contents of saponins in P. notoginseng
are negatively related to the annual mean temperature and the temperature
annual range. A lower annual mean temperature and temperature annual range
are favorable for the content accumulation of saponins. Additionally, high
annual precipitation and high humidity are conducive to the content
accumulation of Notoginsenoside R1 (NG-R1), Ginsenosides Rgl (G-Rgl),
and Ginsenosides Rbl (G-Rbl), while Ginsenosides Rd (G-Rd), this is not the
case. Regarding geographic origins, classifications at two different levels could
be successfully distinguished through synchronous 2D-COS images combined
with the residual convolutional neural network (ResNet) model. The model
accuracy of the training set, test set, and external validation is achieved at 100%,
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and the cross-entropy loss function curves are lower. This demonstrated the
potential feasibility of the proposed method for P. notoginseng geographic
origin traceability, even if the distance between sampling points is small.

Discussion: The findings of this study could improve the quality of P.
notoginseng, provide a reference for cultivating P. notoginseng in the future
and alleviate the occurrence of market fraud.

KEYWORDS

Panax notoginseng, active components, climate factors, synchronous 2D-COS
images, deep learning model, geographical traceability

Introduction

Because of the high price of precious Chinese medicinal
materials, some criminals often blend pure substances with less
expensive materials in order to earn illegal profits (Liu et al,
2019; Ichim and de Boer, 2021). Recently, as a popular medicinal
material for the treatment and prevention of diseases and for
keeping healthy, Panax notoginseng has also been affected by the
same situation. A large variety of P. notoginseng is sold on the
market, which results in some illegal traders mixing the cheap
and sub-quality materials with the genuine product, the inferior
with the superior (Yao et al., 2021; Yu et al., 2022; Cui et al.,
2022). As a common Chinese medicinal material for alleviating
blood stasis, hemostasis, swelling, and pain relief, P. notoginseng
is found in the dried roots of Panax notoginseng (Burk) F. H.
Chen of the Araliaceae family. It is especially suitable for patients
with hypertension, hyperlipidemia, hyperglycemia, heart and
cerebrovascular diseases, and patients who have low immunity,
anemia, and are prone to falling and sprains (Hawthorne et al,
20225 Jiang et al, 2022; Zheng et al, 2022). Additionally, it
improves blood circulation, moisturizes the skin, and slows
down aging (Peng et al.,, 2017; Teseo et al., 2021).
Phytochemical and pharmacological studies of P. notoginseng
have demonstrated that its main biologically active components
are dammarane-type saponins consisting of protopanaxadiol
and protopanaxatriol glycosides (Qiao et al, 2018; Marianela
et al,, 2021).

The composition of P. notoginseng in nature is complex and
is highly related to the cultivation years, processing methods,
geographical origin, etc. (Wang et al., 2012; Bai et al., 2021; Wan
etal, 2021; Zhang et al.,, 2021). The collection location points of
samples are an important factor of geographical origin, which
may be related to the content of active components and the
market price of P. notoginseng. Therefore, it is important to be
able to trace the origins of P. notoginseng. Climate factors
(temperature, light, rainfall) in different geographical collection
location points are some of the main factors that cause quality
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changes in medicinal plants (Liu et al., 2022). Every type of
Chinese medicinal material has its own growth preferences,
which results in different suitable growth areas. Therefore, it is
key to analyze the correlation between the content accumulative
of active components and climate factors, and comprehensively
assess the influence of climate factors on the quality of P.
notoginseng. In addition, Yunnan province (especially
Wenshan Prefecture) is one of the important growth and
export geographic origins of P. notoginseng. To prevent
confusion about the contents of the P. notoginseng that is on
the market, it is essential to develop a simple and quick method
of geographical origin traceability.

In recent studies, methods have been reported for the
traceability of the geographic origins of P. notoginseng, such as
sensory analysis (macroscopic and microscopic), inductively
coupled plasma mass spectrometry (ICP-MS), electronic
tongue or electronic nose, and isotope (Tian et al., 2021; Liang
et al, 2021; Ji et al., 2022). However, these methods have some
disadvantages, such as large variation and subjectivity (sensory
analysis), and being expensive, complex, time-consuming, and
labor-intensive. Infrared (IR) spectroscopy has the advantages of
being rapid, simple, and pollution-free. It has occupied a unique
position in the analytical field since its creation, which illustrates
its capabilities. With the continuous development of modern
technology and the increasing demand for quality detection, IR
technology has been widely applied in the research of Chinese
medicinal materials (Li et al., 2018; Zhou et al., 2020), food
(Wildea et al., 2019; Candogan et al., 2021), biology (Huber et al.,
2021; Kirschbaum et al.,, 2021), chemistry (Cura et al,, 2021;
Mishra et al., 2021), and other fields. Among its applications, an
IR-based approach to understand the complex composition of
P. notoginseng, where chemometrics and machine learning
models have been developed, has gained great popularity in
terms of the possibility of authenticating and tracing the origins
of P. notoginseng. However, traditional one-dimensional (1D)
linear spectra may not be specific enough and can create overlaps
of data, which can limit the amount of useful information
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extracted from data. Being more versatile, two-dimensional
correlation spectroscopy (2D-COS) could be used to overcome
this drawback and extract useful information from a series of
spectra under chemical or physical stimuli (Noda, 1989; Noda,
1990). On the other hand, with the improvement in data
processing and analysis, deep learning has become a promising
research algorithm for the qualitative detection of Chinese
medicinal materials, and it could be used as an auxiliary
method for the study of 2D-COS images (Lecun et al., 2015;
Jogin et al, 2018). Compared with other methods to trace
geographic origins, 2D-COS images combined with the deep
learning model do not require complex procedures, such as data
processing and feature extraction. 2D-COS is more focused on
processing problems of simple digital images, which are easier,
faster, and more representative than analyzing complex spectral
data itself.

In the past, several reports have studied the traceability of the
geographic origins of P. notoginseng geographic origins. For
example, Bai et al. (2021) generated high performance liquid
chromatography (HPLC) characteristic fingerprints of
P. notoginseng extract samples by a multi-wavelength fusion
profiling (MWEFP) method. They used the averagely linear
quantified fingerprint method (ALQFM) and an unsupervised
statistical method based on fusion fingerprint matching to
identify the geographical origins of P. notoginseng. Chen et al.
(2018) preprocessed through standard normal variables (SNV)
and first derivative (FD) for near infrared (NIR) spectra and
established a partial least-squares discriminant analysis (PLS-
DA) model to quickly identify the geographic origins of
P. notoginseng. Similarly, Zhou et al. (2020) carried out a
single-spectrum analysis and multi-sensor information fusion
strategy for Fourier transform mid-infrared (FT-MIR) and NIR
data combined with the multivariate classification algorithm to
successfully identify the geographic origins of P. notoginseng. In
contrast, another study used ultraviolet-visible (UV-Vis)
spectrophotometry, Fourier transform infrared (FT-IR)
spectrum and HPLC combined with chemometrics to
determine the total flavonoid content of P. notoginseng from
different geographic origins. The total flavonoid content was
analyzed and predicted by the standard linear equation of rutin
and the orthogonal signal corrected partial least squares
regression (OSC-PLSR) model, respectively (Li et al., 2017).
Meanwhile, some articles have studied the influence of
ecological factors on the growth of P. notoginseng. For
example, He et al. (2016) applied fingerprints of stable oxygen
isotope to study the “Dao-di” authenticity of P. notoginseng and
trace its geographical origins. The dominant ecological factors
and their weights affecting the taproot 8'%0 of P. notoginseng
were studied through correlation analysis, stepwise regression
analysis, partial correlation analysis, and path analysis. A total of
16 main ecological factors affecting the taproot §'*0 of
P. notoginseng were screened from 49 ecological factors, and
the size, direction, decisive factors, restrictive factors, and the
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dominant factor were analyzed. Additionally, Yue et al. (2022)
proposed the theory of P. notoginseng regionalization modeling.
The ecological suitability of P. notoginseng under current and
future climates was analyzed by the maximum entropy model
(MaxEnt). The study found that the current most suitable
habitat for P. notoginseng was mainly located in southwest
China. Global climate change is not conducive to the
development of P. notoginseng planting, and climate warming
may lead to serious shrinkage of the growth areas of
P. notoginseng. Considering future climate change, Yunnan
Province was still the most suitable habitat area for
P. notoginseng, and Sichuan Province was an important
potential suitable habitat area. The research provided a new
perspective on the ecological suitability of other medicinal plants
in the southwest mountainous area. Nevertheless, none of these
reports were based on HPLC to analyze the correlation between
active component content accumulation and climate factors to
alleviate the influence of climate factors on the quality of
P. notoginseng. In addition, there are no reports of using 2D-
COS images of NIR data combined with deep learning models to
trace the geographic origin of P. notoginseng at the levels of
district and town.

In this study, to ensure authenticity and traceability, all
P. notoginseng samples were collected from cultivation bases.
HPLC combined with the principal component analysis (PCA)
model was used to analyze the differences of P. notoginseng
between different districts and towns. Correlation analysis and a
partial least squares regression (PLSR) model were constructed
to research the correlation between the content accumulation of
the main components and climate factors of P. notoginseng and
to analyze the effect of climatic factors on the variation of
saponin content under different growth environments. On this
basis, in order to prevent the alteration of the product on the
market and associated consumer confusion, the geographic
origin traceability of P. notoginseng from different district
levels was further explored by converting raw spectral data
into 2D-COS images combined with the ResNet model. In
addition, the reliability of the model was verified by
identifying the geographic origin of P. notoginseng samples
from different town levels. The findings of this study could
improve the quality of P. notoginseng, provide a reference for
cultivating P. notoginseng in the future, and alleviate the
phenomenon of market fraud.

Materials and methods
Sample information

As the main objective of the present study was to evaluate the
quality of P. notoginseng under the influence of different

environmental factors and discrimination the geographical
origins. The sampling points were selected from more dispersed
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locations to be more representative and to allow an analysis of
environmental factors. Therefore, the geographical origins were
divided into four parts: DDB (Northeastern Yunnan), DDN
(Southeast Yunnan), DX (Western Yunnan), and DZ (Central
Yunnan). In addition, considering the Yunnan Province,
especially Wenshan Prefecture is the main geographical origin
of P. notoginseng, it is more meaningful and representative for
analysis. Therefore, four town-level samples from Wenshan
Prefecture, Yunnan Province were selected for analysis and
validation, respectively YS (Yanshan, Wenshan Prefecture), XC
(Xichou, Wenshan Prefecture), MG (Maguan, Wenshan
Prefecture) and QB (Qiubei, Wenshan Prefecture).

A total of 229 P. notoginseng samples were collected from the
cultivation base of Yunnan province, which meant the
authenticity and traceability of the sample could be guaranteed.
The altitude ranged from 1150 to 2382 m a.sl. Detailed sample
information of the geographical origins, collection locations, and
the corresponding amount have been demonstrated in Figure 1
and Table S1. The collected samples were cleaned with tap water.
The different parts were divided and dried at 50°C, then weighed
and recorded. Among them, part of the main roots used as the
main research object of this research was pulverized and passed
through 90 mesh screen. All samples were packaged and labeled in
zip-lock bags and stored at room temperature for further use.

Chemicals reagents

All methanol and acetonitrile used for HPLC analysis were
of HPLC grade, and the other chemicals were of analytical grade.

10.3389/fpls.2022.1009727

Notoginsenoside R1 (NG-R1), Ginsenosides Rgl (G-Rgl),
Ginsenosides Rbl (G-Rbl), and Ginsenosides Rd (G-Rd) were
supplied by the China Institute of Food and Drug Verification
(Beijing, China). The UPTL-II-40L system (Chengdu, China)
was applied for water purification.

Climate factors sources

The climate factors (bioclimatic variables and elevation
information) were bioclimatic variable layers, which included
Bio 1-Bio 19 and a spatial resolution of 30 s. These variables were
downloaded from WorldClim (https://www.worldclim.org/),
and the detailed information has been shown in Table S2. The
data (“.tif” format) were opened in ArcGIS 10.6 software, and the
climate factor indicators corresponding to the GPS coordinates
of P. notoginseng at different sampling points were extracted by
the “Sampling” tool.

Reference climate factors and
chemical analysis

Screening for climate factors

The 19 climate factors may correlate with each other. To
avoid co-linearity among these climate factors, a Pearson
autocorrelation analysis of the 19 climate factors was
conducted by the SPSS 20.0 statistical program. In this study,
climate factors that were higher than correlation coefficient (|R|

' . e, Wenshan
. DX DDB: %, o
Yunnan ** % ™ 7" Prefecture
Y e ] : 4 ,
Province ooy T

FIGURE 1

Detailed sample information of the geographical origins, collection locations, and picture of P. notoginseng.
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>0.8) and less significant for the distribution of P. notoginseng
were excluded.

Determination of climate factors weights

Principal component analysis (PCA) is an exploratory data
analysis technique that uses a smaller number of principal
components to represent changes in data sets. The original
variables of centered and scaled may be on different
measurement scales. After the orthogonal transformation of
the normalization, principal components (PCs) were calculated
as linear combinations of the original variables. The first PC
accounts for more variance and the remaining PC for most likely
to occupy the variance not covered by the first PCs. In general,
the value of the cumulative variance should be greater than 80%
(variance criterion) to be meaningful (Margaritis et al., 2020).
PLSR analysis is a multivariate linear regression method that
could provide information on the correlation structure of
variables and structural similarity or dissimilarity. It can be
used to discover correlation models between predictor variables
and evaluate the response variables on an equal number of
samples. In this study, the variables with more influence in the
corresponding models were selected by PLSR (Farres et al,
2015). The variable importance in projection (VIP) selection
method can summarize the effect of each X variable on the PLS
model and select the variable that contributes most to the
explanation of y variance. In general, the VIP scores were
greater than 1 (the average of the squared), which indicates
that the variable makes a significant contribution to the model
(Tran et al, 2014). In this study, PCA was used to classify the
four saponins in P. notoginseng. The linear regression equations
of NG-R1, G-Rgl, G-Rbl, G-Rd, and the selected climate factors
were established by the PLSR method. Then, according to the
linear regression equation, the normal distribution plots of VIP
value were obtained. The VIP index value was normalized as the
weight coefficient of each climate factor.

HPLC analysis

The Shimadzu Nexera LC-40 (Kyoto, Japan) device was
equipped with an LC-40 binary pump, the SIL-40 automatic
sampling device was connected to an SPD-M40 detector, and a
Shim-pack VP-ODS column (250 x 4.6 mm, 5 pm) was applied.
The mobile phase contained A (water) and B (acetonitrile). The
gradient program was as follows: 0-5 min, 20% B; 5-10 min,
20%-25% B; 10-20 min, 25%-28% B; 20-30 min, 28%-30% B; 30-
40 min, 30%-36% B; 40-45 min, 36%-40% B; 45-55 min, 40%-
45% B; 55-60 min, 45%-90% B; 60-65 min, 90%-20% B; 65-
70 min, 20% B. The injection volume for each sample was 10 pL,
and the flow rate was 1 mL/min. After each run was balanced
(maintain) every 10 min. The column temperature was set at 33-
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35°C, and the results were monitored at 203 nm. The
methodology (linearity ranges, stability, repeatability,
precision, and spiked recovery) was investigated by referring
to the 2020 edition of the guiding principles of Chinese
Pharmacopoeia (National Pharmacopoeia Committee, 2020).

Spectra acquisition

The NIR spectrometer (Thermo Fisher Scientific INC., USA)
equipped with a diffused reflection mode was used to measure
the spectra of P. notoginseng. The sample was placed into a
sample cup (confirmed to be radiopaque), and the scanning
range was 10000-4000 cm'. The acquisition parameters of each
spectrum were scanned 64 times with a resolution of 4 cm™.
Each collection was collected twice, and the average spectra were
taken for analysis. In addition, it is worth noting that the spectra
were corrected by collecting the background to remove
atmospheric interference information.

2D-COS images acquisition and ResNet
model establishment

The 2D-COS is a perturbation-based method first proposed
by Noda. In this study, we extend it to generalized 2D-COS
image analysis based on 2D spectral theory and literature
references (Yang et al, 2013; Yang et al, 2014; Yang et al,
2015; Yang et al,, 2020). The variable-variable correlation
spectroscopy can set any kind of perturbation variables, such
as temperature, concentration, pressure, and time. Synchronized
2D-COS images have sharper characteristic peaks for better
characterization of different types of images (Dong et al,
2021). When measuring spectra with equal perturbation
intervals ¢ in steps m, dynamic spectral intensity was
represented as a column vector S at variable v, it was defined
as the following:

y(n.t1)

Y t)

The synchronous two-dimensional correlation intensities
between variables v, and v, are calculated as @ (v;, v>).

D(v,v,) = %S(VI)T -S(vy) (2)

According to the full-band 2D-COS images (Figure 2), the
bands of 7000-4000 cm™ fingerprint area were selected for
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FIGURE 2

The generation of synchronous 2D-COS (A, B). The original average NIR spectra of P. notoginseng from four different districts and towns. (C)
Full-band synchronous 2D-COS images from different districts and towns. The red box shows the selected synchronous 2D-COS images in the

range of 7000-4000 cm™.

subsequent analysis. In this study, 90% of the samples (60% as
the training set, 30% as the test set) were chosen to establish the
ResNet model and the remaining 10% for external validation.
Then, a self-built script in MATLAB 2017a was run to generate
synchronous 2D-COS images (in the form of JPEG images). This
provided a foundation for deep learning modeling. Moreover, we
set normalization and resizing in the script to keep the size of
images consistent (128x128pixel). We used the MxNet deep
learning framework and anaconda3-4.2.0 that comes with
Python 3.5.2 to further our learning. Additionally, the
TensorBoard and MxBoard were installed for training process
visualization and networking.

In this study, the traceability model of P. notoginseng from
different districts and towns was established by ResNet technology
in Convolutional Neural Network (CNN) network. The ResNet
technology of deep learning realized residuals with a “shortcut
connections” structure, which could simplify learning objectives,
reduce training difficulty, speed up the training, and improve the
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accuracy of the model. The residual module was applied to
simplify learning objectives; the detailed process is presented in
Figure S1. In addition, dimensional consistency of input and
output data to determine the structure as identity block or
convolution (conv) block was applied. The schematic diagrams
of conv and the identity block are shown in Figure S2A, B.

The synchronous 2D-COS images acted as the input data.
First, a layer of convolution operation is performed on the input
data. Then, the BatchNorm normalization and Relu nonlinear
activation processing were performed, and the data were input
into a 32-layer convolutional neural network (11*2 identity
blocks and 4*2 conv blocks) to extract features. The
parameters of the fully connected layer were simplified.
Additionally, the important features were extracted by global
average pooling. Finally, the learned “distributed feature
representation” was mapped to the sample label space using
the full connection layer output data. The traceability flow chart
of geographical origins is shown in Figure 3.
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FIGURE 3
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HPLC chromatograms at 203 nm, and the structure of four active compounds in P. notoginseng.
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Results and discussion

Analysis of saponin contents
in P. notoginseng

P. notoginseng is rich in saponins. Among all saponins, NG-
R1, G-Rgl, G-Rbl, and G-Rd have the highest content in
P. notoginseng. They are the most popular compounds applied
for quality control of P. notoginseng in most studies owing to
their excellent biological activity. The HPLC chromatograms
and linear regression data of the four saponins are shown in
Figure 4 and Table S3. The assay method of HPLC was validated.
It is evident from Table S3 that concentrations and peak areas of
the four components show an obvious linear relationship
(R*>0.9995). The relative standard deviation (RSD) value of
stability repeatability, precision, and spiked recovery of each
reference compound were all less than 3%. In view of this result,
the established method fulfills the requirements for qualitative
and quantitative analyses.

According to previous studies, saponins are one of the most
important components to exert the drug efficacy of
P. notoginseng. Saponins are typically used as a quality
indicator for evaluating P. notoginseng. In this study,
combined with Chinese Pharmacopoeia (Chinese
Pharmacopoeia Committee 2020) and literature reports, four
saponins in P. notoginseng were selected as indicators (Wei et al.,
2018; Bai et al, 2021). The level of the four saponins in
P. notoginseng from different districts and towns is shown in
Table 1. The results showed that in P. notoginseng from different
districts and towns, the highest content was of G-Rgl, followed
by G-Rbl and finally G-Rd and NG-R1. This is in line with
previous studies by Wei et al. (Wei et al., 2018). In addition, the
four saponins in DDB were lower than other districts, and
the total average content was 16.55 mg/g. Relatively speaking,
the total average content from DDN was the highest at 26.47 mg/
g. Among the samples collected from different towns, the total
average content from XC was the highest (32.78 mg/g), and the
QB provided the lowest (22.04 mg/g). The total average content

10.3389/fpls.2022.1009727

from YS and MG were similar (27.04 and 26.25 mg/g,
respectively). These results indicated that there were certain
differences between the content of saponin from different
districts and towns. Therefore, comprehensively and properly
evaluating the quality of P. notoginseng using the four saponins
as quality control indicators is feasible. Simultaneously, the
above results show the necessity and importance of the
identification of P. notoginseng. However, there is uncertainty
in analyzing the differences of P. notoginseng from different
districts and towns only based on the content of four saponins.
Therefore, the unsupervised multivariate method (PCA) was
employed for further analysis.

PCA analysis

In order to further reflect the differences of four saponins
(NG-R1, G-Rgl, G-Rb1 and G-Rd), PCA was applied to analyze
P.notoginseng from different districts and towns, respectively. Be
seen from Figures 5A, 5B, the first two components accounted for
97.94% of the total variance, which could explain most of the
information in the sample. From the PCA score plots (Figure 5A),
P. notoginseng from different districts is distributed in different
quadrants. The P. notoginseng from DDB is located in the fourth
quadrant and had a larger dispersion, indicating that saponins
contribute substantially to the principal components.
Furthermore, they are shown to be negatively correlated with
both the first and second principal components. The dispersion of
saponins in DZ, DX, and DDN samples is relatively low, which
indicated that the component structures of the saponins are
relatively similar and could be clustered into one category.
However, the contribution rate for the principal components is
not high. Figures 5C, D present the PCA score plots of P.
notoginseng from four different towns. The samples of QB and
XC have large dispersion, located in the second and third
quadrants, respectively. In other words, saponins substantially
contribute to the principal components. In addition, there is an
overlapping trend between YS and MG, which could be clustered

TABLE 1 Each content and total contents of four main components in P. notoginseng from different districts and towns. (x = SD) %.

Notoginsenoside R1 = Ginsenosides Rg1 = Ginsenosides Rb1  Ginsenosides Rd  Total (NG-R1+G-Rg1+G-Rb1+G-Rd)

DDB 8.26 £ 1.52 31.28 + 3.98 19.95 + 247
DDN 11.39 + 2.69 44.67 + 4.04 34.41 + 333
DX 10.88 + 2.17 38.68 + 3.36 32.80 + 3.57
DZ 11.01 + 2.79 36.67 + 3.60 2643 + 3.17
YS 11.38 + 2.68 48.07 + 4.34 35.11 +3.22
XC 1541 + 2.98 53.25 + 4.14 41.83 + 3.44
MG 12.90 + 2.42 46.53 + 3.54 30.69 + 3.38
QB 7.73 £2.23 34.52 + 3.00 31.62 + 2.86
Frontiers in Plant Science 08

6.71 + 1.48 16.55 + 3.63
15.44 + 2.85 2647 +4.21
14.70 + 2.67 24.26 + 3.89
12.01 + 2.46 21.53 +3.75
13.59 £ 3.02 27.04 £ 442
20.64 + 294 32.78 + 443
14.87 + 2.82 26.25 + 4.09
14.28 £2.21 22.04 + 3.65
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FIGURE 5

Principal component score plots and loading plots of saponins in P. notoginseng from different districts (A, B) and towns (C, D).

into one category and have a low contribution rate for principal
components. The PCA scores scatter plot was established after
further analysis. The color of the point represents the contribution
of different variables to the principal components. As shown in
Figures 5B, D, the four saponins varied considerably between
different geographic origins. Therefore, the correlation analysis
was further carried out, with a view to observing the influence of
climate factors on the content accumulation of saponins from
different geographic origins.

Correlation analysis between saponin
contents and climate factors

Climate factors have a critical effect on the distribution and
secondary metabolites of plants. Generally speaking, linear
correlation between the independent variables should be
examined before constructing a regression model to prevent
affecting the fitting effect of the regression model. Therefore,
Pearson correlations were used to eliminate climate factors with
high correlation coefficients (|R|>8) and less significance for the
distribution of P. notoginseng samples. The results are shown in
Figure 6. In the end, a total of seven climate factors (Bio 1, Bio 4,
Bio 7, Bio 12, Bio 14, Bio 15, and Bio 17) were obtained for
analysis. There was a significant correlation between the level of
the four saponins and seven climate factors. Therefore, these
seven climate factors were selected as independent variables.

The regression equations between the level of the four
saponins and seven climate factors established by PLSR are
shown below: NG-R1: Y=18.806-0.545 Biol+0.04 Bio4-0.505
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Bio7-0.001 Bio12-0.903 Biol4+0.133 Biol5+0.226 Biol7; G-
Rgl: Y=197.720-2.552 Biol-0.043 Bio4-4.425 Bio7+0.029
Bio12-0.927 Biol4-0.196 Biol5-0.104 Biol7; G-Rbl:
Y=110.283-1.221 Biol-0.046 Bio4-1.185 Bio7+0.037 Biol2-
1.144 Biol4-0.406 Biol5-0.141 Biol7, and G-Rd: Y=38.450-
0.477 Biol+0.012 Bio4-0.728 Bio7+0.012 Biol2-1.055 Biol4-
0.156 Bio15-0.102 Biol7. The results show that temperature

S D R LA D
501 @0 0 @000 00 00 '
Bio2 @@ 9000000 0-°0 08
B3@O 00 0o [ ’
Bio4 @ 0.6
Bos @O0 OOO® © © ®
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FIGURE 6
The autocorrelation test of climate factors. The definitions of
climate factors are shown in Table S2.
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and precipitation are crucial climate factors impacting the
content of the four saponins in P. notoginseng. The content of
NG-R1 correlated negatively with Biol, Bio7, Biol2, and Biol4,
and correlated with Bio4, Biol5, and Bio 17. For G-Rgl and G-
Rb1, their content displayed a negative correlation with Bio 1,
Bio 4, Bio 7, Bio 14, Bio 15, and Bio 17, and demonstrated a
positive correlation with Biol2. The correlation between the
contents of G-Rd and climate factors is similar to G-Rgl and G-
Rb1, the only difference is the positively correlation with Bio4. In
the analysis of PLSR, the explanatory power of the independent
variable to the dependent variable is measured by the VIP.
Therefore, the VIP values of the contents of the four saponins
and seven climate factors were analyzed (Figure 7). The variables
with larger contributions (VIP>1) were screened as important
variables. From Figure 7, it is clear that Bio7 and Biol2 have a
greater impact on the content accumulation of the four saponins.
In addition, the content accumulation of the four saponins was
also affected by Biol, Biol, Biol7, and Biol5, respectively.

To sum up, all the regression coefficients of Biol and Bio7
selected based on the VIP value were negative for the four
saponins. It shows that these are negatively correlated with the
annual mean temperature and the temperature annual range.
That is to say, the lower annual mean temperature and the
temperature annual range are favorable for the content
accumulation of four saponins. DDN (Wenshan Prefecture) is
located near the Tropic of Cancer and has a subtropical climate,
where the temperature does not experience extremely high or
low temperatures. Its annual mean temperature is 15.8°C-19.3°
C, and the temperature annual range is small. This may be one of

10.3389/fpls.2022.1009727

the reasons why Wenshan Prefecture could be regarded as the
“Sanqi Hometown”. In addition, the regression coefficients of G-
Rgl, G-Rbl, G-Rd, and Biol2 were all positive values, which
showed a positive correlation. That is to say, high annual
precipitation and high humidity are suitable for the content
accumulation of G-Rgl, G-Rbl, and G-Rd. Interestingly, the
content accumulation of NG-R1 negatively correlated with
Biol2. That is, low annual precipitation could be more suitable
for the content accumulation of NG-R1. According to the actual
climate analysis of DDN, we speculate that this may be the
reason for the low contents of NG-R1 among four saponins.
These results are consistent with the traditional production areas
of P. notoginseng.

Analysis of original NIR spectra and 2D-
COS images

The original average NIR spectra of P. notoginseng from four
different districts and towns are shown in Figure 2A, B. It can be
clearly discovered that the spectra at 10000-7600 cm™ have got
low signal-to-noise ratios and intensities, which this region
probably unsuited for spectra differentiation (Gierlinger et al,
2004). At 7600-5200 cm™" are the first overtone C-H that stretches
vibrations in different groups. The peak of 5200-4000 cm™ is the
maximal value, which reflects the combined C-H absorption of
amino acids, sugars, and proteins (Li et al., 2018; Liu et al., 2019).
The broad bands at 8320 cm™* correspond to the second overtone
of the C-H stretching in different groups. The bands around 6356

Biol2 Biol Bio7 Biol5 B1614 Biol7 Bio4
Var ID (Primary)

Biol2 Bio7 Biol Biol5 Biol7 Biol4 Bio4
Var ID (Primary)

Biol2 Biol7 Bi67 Bio4 Biol4 Biol Biol5
Var ID (Primary)

Bio7 Biol2 Biol5 Biol4 Biol Bio4 Biol7
Var ID (Primary)

FIGURE 7

The variable importance in the projection (VIP) between the accumulation of the contents of the four main components in P. notoginseng and
the climate factors. (A) Notoginsenoside R1. (B) Ginsenosides Rgl. (C) Ginsenosides Rbl. (D) Ginsenosides Rd.
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and 6800 cm™" are assigned to the first overtones of the O-H and
the N-H stretching. The bands located around 5168 cm™
correspond to the combination of O-H stretching and the first
overtone of C-O deformation, and the 4756 cm™ are from the
combination of O-H deformation and the C-O stretching. In
addition, the absorption band of 4300 cm™ is assigned the
combination overtone of C-H and C-C stretching (Nie et al,
2013; Fu et al.,, 2017; Li et al., 2018; Yang et al., 2019). However,
from the original and average NIR spectra, there were less
significant differences between the four districts and towns. This
may be because the complex composition information of Chinese
medicinal materials leads to their similarly existing chemical
bonds. Another possible reason would be that the NIR spectra
are C-H, O-H, and N-H stretched overtones and combined bands.
They are characterized by absorption bandwidths, overlap, and
weak absorption, which leads to the characteristics being similar
(Nie et al., 2013). As a result, the geographic origins of
P. notoginseng may be difficult to discriminate directly by the
NIR spectra with the naked eye. Therefore, we converted the
spectral data into corresponding 2D-COS images combined with
the deep learning model for further analysis.

The synchronous 2D-COS images of P. notoginseng from
different districts and towns are displayed in Figure 2C. It can be
seen from the synchronous 2D-COS images that the feature
peaks are mainly distributed in the 7000-4000 cm™ bands.

10.3389/fpls.2022.1009727

Therefore, the bands of 7000-4000 cm ™ were used for further
deep learning modeling.

Geographical origins traceability
analysis of P. notoginseng based
on ResNet model

The samples of P. notoginseng from the four different
districts and towns were collected in a relatively large number.
The content of P. notoginseng from different geographic origins
shows great differences due to the influence of climate and
human factors. In Wenshan Prefecture, the “Sanqi Hometown,
there were also slight differences in the content of samples from
different towns. Therefore, tracing geographical origins was
carried out of the district level and the town level.

In this study, the weight attenuation coefficient A of the
ResNet model was set to 0.0001, and the learning rate was set to
0.01. In addition, accuracy curves and cross-entropy cost
function curves (smoothing parameter is 0.6) of the training
set and test set were generated by Mxboard to evaluate the
identification ability of the model. The value of accuracy curves
is closer to 1, and the cross-entropy cost function is closer to 0,
which indicated that the identification ability and convergence
effect of the model is better.
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FIGURE 8

The radar plots of accuracy and cross-entropy cost function of models based on synchronous 2D-COS images (A: District; B: Town) and the

confusion matrix of ResNet models (C: District; D: Town).
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We performed ResNet model analysis on synchronized 2D-
COS images of 152 training sets and 54 testing sets from four
different districts. The radar plots show the classification
accuracy and cross-entropy cost function of the model
generated based on synchronized 2D-COS images. As can be
seen from Figure 8A, the accuracy of both the training set and
the test set shows a rising trend. When the number of epochs
reaches 10, the accuracy of both the training set and the test set
is 1, the loss value is reduced to 0.001, and the model training
time is only 675 s. Furthermore, this study applied the
established ResNet model for validation on 23 external
validation sets, and all external validation samples from four
different districts were correctly identified (Figure 8C). It shows
that the model has strong robustness and could accurately
distinguish P. notoginseng from different districts in a short time.

As verification, a total of 93 P. notoginseng samples were
collected from four towns in Wenshan Prefecture and were also
analyzed by the same method. As shown in Figure 8B, when the
number of epochs is 25, the accuracy of both the training set and
the test set reaches 1, and the cross-entropy loss value reaches
the minimum (0.001). In addition, the results of the confusion
matrix demonstrate that the external validation samples are
classified correctly (Figure 8D). That is to say, the
classification models of P. notoginseng at different town levels
are as good as those at the district level. However, it was not
difficult to see that the training time of the model reduced to
597 s.

From the above results, the established model could
successfully trace the geographical origins of P. notoginseng
from different district and town levels. However, the training
time of the model may be affected due to the distance between
the collected samples. That is to say, the model did not have the
phenomenon of overfitting and had strong robustness. The
geographical origin of P. notoginseng can also be accurately
traced when the distance between sampling points is small. The
only difference was in the training time of the model, which may
be related to the sample number and the differences within
the group.

Conclusion

Some studies from previous literature show that 2D-COS
images combined with deep learning can authenticate different
herbal and boletus samples, including origin, growth year, and
species. In addition, there have been studies that analyzed different
bands and different types of 2D-COS images (synchronous,
asynchronous, and integrated 2D-COS images). The results of
all these studies indicate that synchronous 2D-COS images
combined with deep learning is the most suitable method for
discrimination analysis. Comparatively, few studies have analyzed
climatic factors and quality differences of P. notoginseng from
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different geographical origins .In this study, the method was used
to identify the geographical origin. In this study, an identification
model of geographical origins of P. notoginseng in different
districts was proposed and verified by town level samples, the
results have indirectly proven the reliability of the model.

Climate is one of the major factors that affects the growth
suitability of Chinese medicinal materials, including
P. notoginseng. Therefore, an investigation into the effects that
climate has on the accumulation of active components is
essential to improve the quality of P. notoginseng. In this
study, four saponins of P. notoginseng from different districts
and towns were determined using HPLC. The correlation
between the level of saponins and climate factors was
evaluated using PLSR and VIP, and the influence of climate
factors on the quality of P. notoginseng was analyzed. The results
showed that the presence of each saponin was negatively
correlated with annual mean temperature and temperature
annual range. A lower annual mean temperature and
temperature annual range were favorable for the accumulation
of the four saponins. In addition, high annual precipitation and
high humidity are suitable for the content accumulation of NG-
R1, G-Rgl, and G-Rbl, while this is not the case for G-Rd.

In addition, as a traditional Chinese medicinal material with
high medicinal value and a high price, P. notoginseng is often
fraudulently traded on the market. Therefore, a simple and
reliable method was proposed to conduct a comprehensive
geographic origin traceability study on P. notoginseng (from
different districts), where the reliability of the model (from
different towns) was verified. The results of the accuracy curve,
cross-entropy loss function curve, and confusion matrix show
that the synchronous 2D-COS model has a strong tendency
for generalization. The method proposed in this study could
achieve geographical origin traceability of P. notoginseng, even
though the distance between sampling points is small. The
findings of this study could lead to improvements in the
quality of P. notoginseng, provide a reference for cultivating
P. notoginseng in the future, and alleviate the phenomenon of
market fraud.

Data availability statement

The raw data supporting the conclusions of this article will
be made available by the authors, without undue reservation.

Author contributions

CL: Data curation and analysis, software, validation, and
writing - review and editing. ZZ: validation, project
administration, funding acquisition. FX: review - editing,
supervision, project administration. YW: Supervision,

frontiersin.org


https://doi.org/10.3389/fpls.2022.1009727
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al.

investigation, resources, project administration. All authors
contributed to the article and approved the submitted version.

Funding

This work was supported by the Natural Science Foundation
of Yunnan Province of China (202101AT070260).

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

References

Bai, ], Yue, P., Dong, Q., Wang, F., He, C. Y., Li, Y., et al. (2021). Identification of
geographical origins of Panax notoginseng based on HPLC multi-wavelength
fusion profiling combined with average linear quantitative fingerprint method.
Sci. Rep.-UK 11, 5126. doi: 10.1038/s41598-021-84589-9

Candogan, K., Altuntas, E. G., and igci, N. (2021). Authentication and quality
assessment of meat products by Fourier-transform infrared (FTIR) spectroscopy.
Food Eng. Rev. 13, 66-91. doi: 10.1007/s12393-020-09251-y

Chen, H,, Lin, Z., and Tan, C. (2018). Fast discrimination of the geographical
origins of notoginseng by near-infrared spectroscopy and chemometrics. J.
Pharmaceut. Biomed. 161, 239-245. doi: 10.1016/j.jpba.2018.08.052

Cui, Z.Y,, Liu, C. L, Li, D. D., Wang, Y. Z., and Xu, F. R. (2022). Anticoagulant
activity analysis and origin identification of Panax notoginseng using HPLC and
ATR-FTIR spectroscopy. Phytochem. Anal. 33, 971-981. doi: 10.1002/pca.3152

Cura, K, Rintala, N., Kamppuri, T., Saarimiki, E., and Heikkild, P. (2021).
Textile recognition and sorting for recycling at an automated line using near
infrared spectroscopy. Recycling 6, 11. doi: 10.3390/recycling6010011

Dong, J. E., Zuo, Z. T., Zhang, J., and Wang, Y. Z. (2021). Geographical
discrimination of Boletus edulis using two dimensional correlation spectral or
integrative two dimensional correlation spectral image with ResNet. Food Control.
129, 108132. doi: 10.1016/j.foodcont.2021.108132

Farrés, M., Platikanov, S., Tsakovski, S., and Tauler, R. (2015). Comparison of
the variable importance in projection (VIP) and of the selectivity ratio (SR)
methods for variable selection and interpretation. J. Chemometr. 29 (10), 528-
536. doi: 10.1002/cem.2736

Fu, H. Y, Yin, Q. B, Xu, L., Wang, W. Z,, Chen, F,, and Yang, T. M. (2017). A
comprehensive quality evaluation method by FT-NIR spectroscopy and
chemometric: Fine classification and untargeted authentication against multiple
frauds for Chinese Ganoderma lucidum. Spectrochim. Acta A. 182, 17-25.
doi: 10.1016/j.s2a.2017.03.074

Gierlinger, N., Schwanninger, M., and Wimmer, R. (2004). Characteristics and
classification of Fourier- transform near infrared spectra of the heartwood of
different larch species (Larix sp.). J. Near Infrared Spectrosc. 12, 113-119. doi:
10.1255/jnirs.415

Hawthorne, B., Lund, K., Freggiaro, S., Kaga, R., and Meng, J. (2022). The
mechanism of the cytotoxic effect of Panax notoginseng extracts on prostate cancer
cells. Biomed. Pharmacother. 149, 112887. doi: 10.1016/j.biopha.2022.112887

He, Z. ]., Liang, S. W., Ding, Y., Liu, Y., and Chen, Z. J. (2016). Relationships
between §'°0 in taproot of panax notoginseng and ecological factors. J. Nucl. Agric.
Sci. 03, 556-564.

Huber, M., Kepesidis, K. V., Voronina, L., Bozic, M., Trubetskov, M., Harbeck,
N., et al. (2021). Stability of person-specific blood-based infrared molecular
fingerprints opens up prospects for health monitoring. Nat. Commun. 12, 1511.
doi: 10.1038/s41467-021-21668-5

Ichim, M. C,, and de Boer, H. J. (2021). A review of authenticity and
authentication of commercial ginseng herbal medicines and food supplements.
Front. Pharmacol. 11. doi: 10.3389/fphar.2020.612071

Frontiers in Plant Science

10.3389/fpls.2022.1009727

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/
fpls.2022.1009727/full#supplementary-material

Jiang, Y. X,, Li, H. M., Huang, P. L., Li, S. L, Li, B. C,, Huo, L. N,, et al. (2022).
Panax notoginseng saponins protect PC12 cells against a8 induced injury via
promoting parkin-mediated mitophagy. J. Ethnopharmacol. 285, 114859.
doi: 10.1016/j.jep.2021.114859

Ji, C, Liu, J. Y., Zhang, Q., Li, J., Wu, Z. Q., Wang, X. Y., et al. (2022). Multi-
element analysis and origin discrimination of Panax notoginseng based on
inductively coupled plasma tandem mass spectrometry (ICP-MS/MS). Molecules
27, 2982. doi: 10.3390/molecules27092982

Jogin, M., Mohana,, Madhulika, M. S., Divya, G. D., Meghana, R. K, and
Apoorva, S. (2018). “Feature extraction using convolution neural networks (CNN)
and deep learning,” in 2018 3rd IEEE international conference on recent trends in
electronics. 2319-2323 (Bangalore, India: Information & communication
technology (RTEICT)).

Kirschbaum, C., Greis, K., Mucha, E., Kain, L., Deng, S., Zappe, A, et al. (2021).
Unravelling the structural complexity of glycolipids with cryogenic infrared
spectroscopy. Nat. Commun. 12, 1201. doi: 10.1038/s41467-021-21480-1

Lecun, Y., Bengio, Y., and Hinton, G. (2015). Deep learning. Nat. 521, 436-444.
doi: 10.1038/nature14539

Liang, S. W., He, Z. ], Xiong, J. F., and Hong, C. Q. (2021). Origin traceability of
main root of spring Panax notoginseng based on stable isotope fingerprint. China J.
Chin. Mater. Med. 46, 560-566. doi: 10.19540/j.cnki.cjemm.20201121.103

Liu, P,, Wang, J., Li, Q, Gao, J., Tan, X. Y., and Bian, X. H. (2019). Rapid
identification and quantification of Panax notoginseng with its adulterants by near
infrared spectroscopy combined with chemometrics. Spectrochim. Acta A. 206, 23—
30. doi: 10.1016/j.saa.2018.07.094

Liu, C. L., Zuo, Z. T., Xu, F. R,, and Wang, Y. Z. (2022). Authentication of herbal
medicines based on modern analytical technology combined with chemometrics
approach: A review. Crit. Rev. Anal. Chem. in press doi: 10.1080/
10408347.2021.2023460

Li, Y., Zhang, J. Y., and Wang, Y. Z. (2018). FT-MIR and NIR spectral data
fusion: A synergetic strategy for the geographical traceability of Panax notoginseng.
Anal. Bioanal. Chem. 410, 91-103. doi: 10.1007/s00216-017-0692-0

Li, Y., Zhang, J., Xu, F. R,, Wang, Y. Z., and Zhang, J. Y. (2017). Rapid prediction
study of total flavonoids content in panax notoginseng using infrared spectroscopy
combined with chemometrics. Spectrosc. Spect. Anal. 37, 70-74.

Margaritis, A., Soenen, H., Fransen, E., Pipintakos, G., Jacobs, G., Blom, G., et al.
(2020). Identification of ageing state clusters of reclaimed asphalt binders using
principal component analysis (PCA) and hierarchical cluster analysis (HCA) based
on chemo-rheological parameters. Constr. Build. Mater. 244, 118276. doi: 10.1016/
j.conbuildmat.2020.118276

Marianela, G. S., Chavarria-Rojas, M., Zuniga, R. V., Berrocal, G. C., and
Redondo, G. M. (2021). Ginsenosides and other phytochemicals of Panax spp.
properties and uses in the pharmaceutical field. Pharmacogn. Commn. 11, 177-181.
doi: 10.5530/pc.2021.4.36

Mishra, P., Woltering, E., Brouwer, B., and Hogeveen-Van, E. (2021). Improving
moisture and soluble solids content prediction in pear fruit using near-infrared

frontiersin.org


https://www.frontiersin.org/articles/10.3389/fpls.2022.1009727/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fpls.2022.1009727/full#supplementary-material
https://doi.org/10.1038/s41598-021-84589-9
https://doi.org/10.1007/s12393-020-09251-y
https://doi.org/10.1016/j.jpba.2018.08.052
https://doi.org/10.1002/pca.3152
https://doi.org/10.3390/recycling6010011
https://doi.org/10.1016/j.foodcont.2021.108132
https://doi.org/10.1002/cem.2736
https://doi.org/10.1016/j.saa.2017.03.074
https://doi.org/10.1255/jnirs.415
https://doi.org/10.1016/j.biopha.2022.112887
https://doi.org/10.1038/s41467-021-21668-5
https://doi.org/10.3389/fphar.2020.612071
https://doi.org/10.1016/j.jep.2021.114859
https://doi.org/10.3390/molecules27092982
https://doi.org/10.1038/s41467-021-21480-1
https://doi.org/10.1038/nature14539
https://doi.org/10.19540/j.cnki.cjcmm.20201121.103
https://doi.org/10.1016/j.saa.2018.07.094
https://doi.org/10.1080/10408347.2021.2023460
https://doi.org/10.1080/10408347.2021.2023460
https://doi.org/10.1007/s00216-017-0692-0
https://doi.org/10.1016/j.conbuildmat.2020.118276
https://doi.org/10.1016/j.conbuildmat.2020.118276
https://doi.org/10.5530/pc.2021.4.36
https://doi.org/10.3389/fpls.2022.1009727
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

Liu et al.

spectroscopy with variable selection and model updating approach. Postharvest
Biol. Tec. 171, 111348. doi: 10.1016/j.postharvbio.2020.111348

National Pharmacopoeia Committee. (2020). Chinese pharmacopoeia. (Beijing:
China Medical Science and Technology Press).

Nie, P. C., Wu, D., Sun, D. W., Cao, F., Bao, Y. D., and He, Y. (2013). Potential of
visible and near infrared spectroscopy and pattern recognition for rapid
quantification of notoginseng powder with adulterants. Sens. (Basel Switzerland).
13, 13820-13834. doi: 10.3390/5131013820

Noda, I. (1989). Two-dimensional infrared spectroscopy. J. Am. Chem. Soc 111,
8116-8118. doi: 10.1021/ja002032008

Noda, I. (1990). Two-dimensional infrared (2D IR) spectroscopy: Theory and
applications. Appl. Spectrosc. 44, 550-561. doi: 10.1366/0003702904087398

Peng, Y., Wu, Z. J., Huo, Y. P, Chen, Y. W,, Lu, F. H,, Peng, Q,, et al. (2017).
Simultaneous determination of ginsenosides Rgl, re, and Rb1 and notoginsenoside
R1 by solid phase extraction followed by UHPLC-MS/MS and investigation of their
concentrations in various kinds of cosmetics. anal. Methods-U. K. 9, 5441-5448.
doi: 10.1039/C7AY01651D

Qiao, Y. J,, Shang, J. H,, Wang, D., Zhu, H. T, Yang, C. R,, and Zhang, Y. J.
(2018). Research of Panax spp. in kunming institute of botany. CAS. Nat. Prod.
Bioprospect. 8, 245-263. doi: 10.1007/s13659-018-0176-8

Teseo, S., Houot, B., Yang, K., Monnier, V., Liu, G., and Tricoire, H. (2021). G.
sinense and P. notoginseng extracts improve healthspan of aging flies and provide
protection in a huntington disease model. Aging Dis. 12, 425. doi: 10.14336/
AD.2020.0714-1

Tian, L. X,, Li, J. H., Zhang, L, Ahmad, B., and Huang, L. F. (2021).
Discrimination of five species of panax genus and their geographical origin using
electronic tongue combined with chemometrics. World J. Tradit. Chin. Med. 7, 104.
doi: 10.4103/wjtcm.wjtcm_80_20

Tran, T. N., Afanador, N. L., Buydens, L. M., and Blanchet, L. (2014).
Interpretation of variable importance in partial least squares with significance
multivariate correlation (sMC). Chemometr. Intell. Lab. 138, 153-160.
doi: 10.1016/j.chemolab.2014.08.005

Wang, D,, Liao, P. Y., Zhu, H. T., Chen, K. K,, Xu, M., Zhang, Y. ], et al. (2012).

The processing of Panax notoginseng and the transformation of its saponin
components. Food Chem. 132, 1808-1813. doi: 10.1016/j.foodchem.2011.12.010

Wan, G. Z., Wang, L, Jin, L., and Chen, J. (2021). Evaluation of environmental
factors affecting the quality of Codonopsis pilosula based on chromatographic
fingerprint and MaxEnt model. Ind. Crop Prod. 170, 113783. doi: 10.1016/
jindcrop.2021.113783

Wei, G. F, Dong, L. L, Yang, J., Zhang, L. J., Xu, J,, Yang, F,, et al. (2018).
Integrated metabolomic and transcriptomic analyses revealed the distribution of
saponins in Panax notoginseng. Acta Pharm. Sin. B 8, 458-465. doi: 10.1016/
j.apsb.2017.12.010

Frontiers in Plant Science

14

10.3389/fpls.2022.1009727

Wildea, A. S., Haughey, S. A., Galvin-King, P., and Elliott, C. T. (2019). The
feasibility of applying NIR and FT-IR fingerprinting to detect adulteration in black
pepper. Food Control 100, 1-7. doi: 10.1016/j.foodcont.2018.12.039

Yang, R. ], Dong, G. M,, Sun, X. S, Yu, Y. P, Liu, H. X, Yang, Y. R, et al. (2015).
Synchronous-asynchronous two-dimensional correlation spectroscopy for the
discrimination of adulterated milk. Anal. Methods-UK 7, 432-437. doi: 10.1039/c5ay00134j

Yang, R. ], Liu, R,, and Xu, K. X. (2013). Detection of adulterated milk using
two-dimensional correlation spectroscopy combined with multi-way partial least
squares. Food Biosci. 2, 61-67. doi: 10.1016/j.fbio.2013.04.005

Yang, R, Liu, C. Y., Yang, Y. R, Wu, H. Y,, Jin, H,, Shan, H. Y., et al. (2020).
Two-trace two-dimensional(2T2D) correlation spectroscopy application in food
safety: A review. J. Mol. Struct. 1214, 128219. doi: 10.1016/j.molstruc.2020.128219

Yang, X. D., Song, J., Peng, L., Gao, L. T, Liu, X. W,, Xie, L., et al. (2019).
Improving identification ability of adulterants in powdered Panax notoginseng
using particle swarm optimization and data fusion. Infrared Phys. Techn. 103,
103101. doi: 10.1016/j.infrared.2019.103101

Yang, R. ], Yang, Y. R, Dong, G. M., Zhang, W. Y., and Yu, Y. P. (2014).
Multivariate methods for the identification of adulterated milk based on two-
dimensional infrared correlation spectroscopy. Anal. Methods-UK 6, 3436-3441.
doi: 10.1039/c4ay00442f

Yao, C. L, Wang, J.,, Li, Z. W,, Qu, H,, Pan, H. Q,, Li, J. Y,, et al. (2021).
Characteristic malonyl ginsenosides from the leaves of Panax notoginseng as
potential quality markers for adulteration detection. J. Agr. Food Chem. 69,
4849-4857. doi: 10.1021/acs.jafc.1c00382

Yue, J. Q., Li, Z. M,, Zuo, Z. T., and Wang, Y. Z. (2022). Evaluation of ecological
suitability and quality suitability of panax notoginseng under multi-regionalization
modeling theory. Front. Plant Sci. 13. doi: 10.3389/fpls.2022.818376

Yu, N, Xing, R. R,, Wang, P., Deng, T. T., Zhang, J. K., Zhao, G. M, et al. (2022).
A novel duplex droplet digital PCR assay for simultaneous authentication and
quantification of Panax notoginseng and its adulterants. Food Control 132, 108493.
doi: 10.1016/j.foodcont.2021.108493

Zhang, ]. Y., Xu, X. Z, Kuang, S. B, Cun, Z, Wu, H. M,, Shuang, S. P, et al. (2021).
Constitutive activation of genes involved in triterpene saponins enhances the
accumulation of saponins in three-year-old Panax notoginseng growing under
moderate light intensity. Ind. Crop Prod. 171, 113938. doi: 10.1016/j.indcrop.2021.113938

Zheng, Y. R,, Fan, C. L., Chen, Y., Quan, J. Y., Shi, L. Z,, Tian, C. Y., et al. (2022).
Anti-inflammatory, anti-angiogenetic and antiviral activities of dammarane-type
triterpenoid saponins from the roots of Panax notoginseng. Food Funct. 13, 3590~
3602. doi: 10.1039/d1f00408%h

Zhou, Y. H.,, Zuo, Z. T., Xu, F. R,, and Wang, Y. Z. (2020). Origin identification
of Panax notoginseng by multi-sensor information fusion strategy of infrared
spectra combined with random forest. Spectrochim. Acta A 226, 117619.
doi: 10.1016/j.saa.2019.117619

frontiersin.org


https://doi.org/10.1016/j.postharvbio.2020.111348
https://doi.org/10.3390/s131013820
https://doi.org/10.1021/ja00203a008
https://doi.org/10.1366/0003702904087398
https://doi.org/10.1039/C7AY01651D
https://doi.org/10.1007/s13659-018-0176-8
https://doi.org/10.14336/AD.2020.0714-1
https://doi.org/10.14336/AD.2020.0714-1
https://doi.org/10.4103/wjtcm.wjtcm_80_20
https://doi.org/10.1016/j.chemolab.2014.08.005
https://doi.org/10.1016/j.foodchem.2011.12.010
https://doi.org/10.1016/j.indcrop.2021.113783
https://doi.org/10.1016/j.indcrop.2021.113783
https://doi.org/10.1016/j.apsb.2017.12.010
https://doi.org/10.1016/j.apsb.2017.12.010
https://doi.org/10.1016/j.foodcont.2018.12.039
https://doi.org/10.1039/c5ay00134j
https://doi.org/10.1016/j.fbio.2013.04.005
https://doi.org/10.1016/j.molstruc.2020.128219
https://doi.org/10.1016/j.infrared.2019.103101
https://doi.org/10.1039/c4ay00442f
https://doi.org/10.1021/acs.jafc.1c00382
https://doi.org/10.3389/fpls.2022.818376
https://doi.org/10.1016/j.foodcont.2021.108493
https://doi.org/10.1016/j.indcrop.2021.113938
https://doi.org/10.1039/d1fo04089h
https://doi.org/10.1016/j.saa.2019.117619
https://doi.org/10.3389/fpls.2022.1009727
https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org

	Study of the suitable climate factors and geographical origins traceability of Panax notoginseng based on correlation analysis and spectral images combined with machine learning
	Introduction
	Materials and methods
	Sample information
	Chemicals reagents
	Climate factors sources
	Reference climate factors and chemical analysis
	Screening for climate factors
	Determination of climate factors weights

	HPLC analysis
	Spectra acquisition
	2D-COS images acquisition and ResNet model establishment

	Results and discussion
	Analysis of saponin contents in P. notoginseng
	PCA analysis
	Correlation analysis between saponin contents and climate factors
	Analysis of original NIR spectra and 2D-COS images
	Geographical origins traceability analysis of P. notoginseng based on ResNet model

	Conclusion
	Data availability statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


