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ABSTRACT: As a traditional Chinese medicine, Angelica sinensis is
primarily sourced from cultivated plants due to the significant

decline in wild resources. This shift raises concerns about potential O
differences in efficacy resulting from variations in morphological R e orovi

. e . provides a new
features and chemical composition between wild (WA) and comprehensive

evaluation method
for the quality

cultivated (CA) A. sinensis. In this study, a suite of advanced WL

study of wild and detection and

analytical techniques including electronic nose, electronic tongue, cultivated comparative study
. . . . o Angelica sinensis H of wild and
and electronic eye, alongside headspace solid-phase microextraction Analysis of volaile | cultivated Chinese
5 . components herbal medicines in
coupled with gas chromatography—mass spectrometry and high- the future
performance liquid chromatography, was applied to compare the Determination of [ :
. : indi T components
morphological features and chemical components of WA and CA. components (erutic [ 1 o

acid, ligustilide, etc.) [

Furthermore, principal component analysis and partial least-squares
discriminant were employed for data analysis. The morphological
features and chemical components of WA and CA were compared and analyzed. The results showed that three bionic technologies
can distinguish WA from CA well and that fusion signals can distinguish better. There were differences between WA and CA in odor,
taste, color, and content of the indicator components. There were correlations between the morphological features and the content
of indicator components.

1. INTRODUCTION separated wild and cultivated under some varieties such as
Radix Salviae Miltiorrhizae, Radix Codonopsis, and Radix
Stellariae. Comparing wild TCM with cultivated TCM,
differences and causes in quality will be found, and so the
changes in clinical efficacy brought by them, which is of
positive significance to explore the alternative use of wild and
cultivated TCM.

Angelicae Sinensis Radix is the dried root of Angelica sinensis
(Oliv.) Diels belonging to the family Apiaceae. It has the
effects of replenishing blood and promoting blood circulation,
regulating menstruation relieving pain, and cleaning the
intestine for relaxing bowels.”® Relevant studies have shown
that the distribution of wild (WA) A. sinensis resources in
China is very sparse, limited to some alpine regions and
inaccessible mountain jungles in Gansu, Sichuan, Tibet,
Yunnan, and other provinces.” In recent years, due to the
increasing demand and rising price of A. sinensis, farmers in
many producing areas have carried out devastating cutting of

Chemical components are the material basis for traditional
Chinese medicine (TCM) and exert their efficacy. According
to their different growth patterns, TCM can be divided into
wild and cultivated forms, both of which are used in clinical
practice. In the past, the supply of medicinal plants
substantially depended on wild resources. With the rapid
evolution of society, however, the impact of human activities
on the ecological environment is becoming increasingly
intense, leading to significant reduction in the natural habits
and reserves of wild resources. The gap between the escalating
market demand and the shrinking supply of raw materials has
become increasingly prominent. In this case, artificial
cultivation of medicinal plants has become one of the most
effective measures for addressing such an issue. In fact, most
TCMs commonly used in clinical practice have achieved large-
scale artificial cultivation, or in other words, the market
circulation of TCM has been dominated by the cultivated.
However, the morphological features of some cultivated TCM
have changed significantly. The change in morphological
features also indicates the change in chemical components of
TCM, and the efficacy is very likely to change. This has caused
concerns about the quality of cultivated TCM."” Because of
the large differences in morphological features of wild and
cultivated TCM,>* the Chinese Pharmacopoeia (2020) has
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Figure 1. Comparison of morphological features between WA and CA in 15 batches.

WA. In addition, the low germination rate, slow growth, and
long growth cycle of WA seeds have caused the resources of
WA to decrease sharply. At present, the main source of A.
sinensis is from cultivation.® Blindly replacing wild TCM with
domestic TCM without evaluating the quality consistency
between the two might change the original dose—response
relationship, thus bringing risks to clinical application.9
Therefore, it is of great significance to compare the
morphological features and chemical components of WA and
cultivated (CA) A. sinensis.

The identification and quality evaluation of TCM have
always been carried out by methods of mouth taste, eye
observation, nose smell, and hand touch. These mainly rely on
the basic sensory functions of human beings. They are easily
affected by a variety of external factors and have a strong
subjectivity. With the development of modern science and
technology, bionic technology as a new quality evaluation
method has been gradually applied in the field of TCM.
Among them, the electronic nose, electronic tongue, and
electronic eye are commonly used analytical devices. The
electronic nose, electronic tongue, and electronic eye are,
respectively, equipped with gas, liquid, and color sensors to
mimic the human smell, taste, and visual systems. They can
digitize the subjective sensory functions of human beings,
making all kinds of human feelings more accurate, objective,
and transferable.'” Nowadays, many correlational studies have
been carried out to describe and evaluate the odor, taste, and
color of TCM by electronic nose, electronic tongue, or
electronic eye, respectively. However, the quality evaluation of
TCM is a comprehensive embodiment of many quality factors.
Therefore, the electronic nose, electronic tongue, and
electronic eye should be combined to establish a new
comprehensive evaluation method for morphological features
of WA and CA. Headspace solid-phase microextraction with
gas chromatography—mass spectrometry (HS-SPME-GC-MS)
combines headspace solid-phase microextraction technology
with gas chromatography—mass spectrometry to simplify the
sample pretreatment method. It is a fast and sensitive new
analytical method having a strong ability to separate volatile
components.'' In recent years, fingerprinting has proved to be
a simple and effective way to analyze TCM containing complex
natural components.12 Therefore, in this study, HS-SPME-GC-
MS and high-performance liquid chromatography (HPLC)
fingerprints were used to analyze and compare the chemical
components of WA and CA. This analysis provides

fundamental information for the further development and
optimization of imitation wild cultivation technology and the
breeding of A. sinensis with strong resistance and wide
adaptability. It is significant for the sustainable utilization of
A. sinensis resources and the exploration of alternative uses for
WA and CA. Additionally, it represents an important scientific
endeavor to guide the cultivation of high-quality A. sinensis and
ensure the safety of its use in medicine.’

2. MATERIALS AND METHODS

2.1. Materials and Reagents. Since A. sinensis is a kind of
genuine regional medical plant in Minxian County, the samples
were randomly collected from various townships and
surrounding areas of Minxian County, Dingxi City, Gansu
Province on September 22, 2023. The habitats of A. sinensis in
each collection site were similar, with altitudes ranging from
2000 to 2600 m, and the growth years were all two years. Ten
batches of CA were collected. Due to the rarity of WA and a
series of protections, only five batches of WA were collected.
About 5 WA plants and 1-2 kg of CA were collected per area.
The collected wild plants were identified in appearances. The
stems of the wild plants were found to be erect, purple in color,
smooth, and glabrous. The fruits were oval in shape with a pale
purple edge. The roots were cylindrical, yellowish brown with
branches and fibrous roots. Moreover, they had a strong
aroma. In addition, the root microstructures of wild and
cultivated plants were compared, as shown in Figure S1. It can
be identified as the roots of A. sinensis (Oliv.) Diels (Figure 1).
For sample collection information, refer to Table S1. The
growing environments of WA and CA are shown in Figure 2.
The collected fresh samples were dried in shade, and then
grounded into fine powder and stored in Ziploc bags at 4 °C
for analysis.

The standards, chlorogenic acid, ferulic acid, senkyunolide I,
senkyunolide H, coniferyl ferulate, falcarindiol, 3-n-butylph-
thalide, senkyunolide A, ligustilide, 3-butylidenephthalide, and
levistilide A were all purchased from Shanghai Yuanye
Biotechnology (purity >98%). Acetic acid glacial was
purchased from the Tianjin Damao Chemical Reagent Factory.
Chromatographic-grade methanol was purchased from Beijing
Mairuida Technology. NaCl was purchased from the
Sinopharm Group. 2-Octanol was purchased from Guangzhou
Jiatu Technology.

2.2, Bionic Technology Device and Signal Acquis-
ition. 2.2.1. Electronic Nose Setup and Signal Acquisition.
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Figure 2. Environments of WA (A) and CA (B).

Approximately 1.0 g of WA and CA powder were weighed and
placed into 15 mL headspace vials, which were then sealed
tightly with bottle caps. The headspace suction method was
applied to the PEN3 electronic nose system (Airsense,
Germany). The inlet flow rate was set at 300 mL/min, and
the sample was left at room temperature for S min to
equilibrate. Following this, the sensor underwent a self-
cleaning process for 60 s before initiating analysis and
sampling, which lasted 150 s. Each sample was tested in
triplicate to ensure accuracy and reproducibility.">'* The
sensitive components corresponding to the 10 electronic nose
sensors (W1C, WSS, W3C, W6S, WSC, W1S, W1W, W2S,
W2W, and W3S) are shown in Figure S2. The response values
of 10 sensors within 150 s are shown in Table S2.

2.2.2. Electronic Tongue Setup and Signal Acquisition.
Approximately 1.0 g of WA and CA powder were weighed.
Subsequently, 120 g of pure water was added and the mixture
was stirred thoroughly. The sample was then dispersed by
using ultrasonic treatment for 20 min. The suspension was
transferred to a centrifuge tube and centrifuged at 4000 rpm
for S min then cooled to room temperature. 20 mL of the
supernatant was placed in a specific container and tested on a
TS-5000Z Taste Analysis System (INSENT, Japan).'*'> The
sensitive components corresponding to the electronic tongue
sensor are shown in Table S3. The first taste (such as sourness,
saltiness, etc.) and aftertaste (such as aftertaste-bitter, after-
taste-astringency, etc.) could be obtained through an electronic
tongue test.

30 mM NaCl (30 mM) and tartaric acid (0.3 mM) were
mixed to make a reference solution. The output value of the
reference solution was used as a tasteless point. The tasteless
points of 9 sensors are shown in Supporting Information Table
S4. The taste output value of the sample below the tasteless
point indicates that the sample has no such taste. The Richness
in the table is the aftertaste of umami, which reflects the
persistence of the sample’s umami. It is also known as the
durability of umami. Aftertaste-bitter [aftertaste (B)] reflects
the degree of residual bitterness, and aftertaste-astringency
[aftertaste (A)] reflects the degree of residual astringency.

2.2.3. Electronic Eye Setup and Signal Acquisition. After
the NH310+ portable computer color difference meter
(Shenzhen Sanenshi Technology) was turned on and stabilized
for 5 min, a whiteboard was used to correct it. The initial
values were recorded as L, a,, and b,. The test began after the
light was stabilized.' =18

Approximately 2.0 g of WA and CA powder were weighed.
Subsequently, they were spread on the slide, pressed flat, and
placed on the whiteboard. Each sample was tested in triplicate,
and the average value was taken. 5 mm aperture, light source

D65, and standard viewing angle 10° were set. L*, a*, and b*
values were recorded, and the AE value was calculated. L* is
the brightness value. The larger the value, the greater the
brightness. a* is a red-green value. The larger the value, the
redder it is, while the smaller the value, the greener. b* is the
yellow-blue value. The larger the value, the yellower, while the
smaller the value, the bluer. AE is the total chromaticity value
calculated by the formula AE = [(L — Ly)* + (a — a,)* + (b —
by)?]V/2.1

2.3. Analysis of Volatile Components of WA and CA.
Volatile components are one of the main components in A.
sinensis. The Chinese Pharmacopoeia (2020) stipulates that
volatile components in A. sinensis should not be less than 0.4%
(mL/g). Therefore, volatile components and their relative
contents in 15 batches of WA and CA were analyzed by
7890B-7000D Gas Chromatograph Mass Spectrometer
(Agilent Technolo§ies) using the literature method with a
slight modification.” 0.5 g WA and CA powder (0.5 g) were
taken and placed in a 20 mL headspace sampling bottle. 2-
Octanol at a concentration of 3 mg/L was used as the internal
standard. Subsequently, a saturated NaCl solution was added.
The sample was heated to 80 °C for 30 min. Then, the
headspace microextraction injection needle was inserted into
the headspace bottle for 30 min, and the sample was analyzed
at 250 °C for S min. The chromatographic conditions were as
follows. The chromatographic separation was achieved on an
HP-SMS column (30 m X 025 mm X 0.25 um, Agilent
Technologies). The initial column temperature was S0 °C
lasting for 2 min and then increased to 180 °C within 5 min at
S °C/min, and continuously increased to 250 °C at 10 °C/min
within 5 min. The carrier gas was helium, and the flow rate was
1.0 mL/min. The inlet temperature was 250 °C, and the
transmission line temperature was 280 °C. The electron energy
of the EI source was 70 eV, the ion source temperature was
230 °C, and the four-stage rod temperature was 150 °C. The
shunt ratio was 50:1, and the scanning range was from m/z 40
to 600.

2.4. Quantitative Fingerprint Analysis of WA and CA.
The standards, chlorogenic acid, ferulic acid, senkyunolide I,
senkyunolide H, coniferyl ferulate, falcarindiol, 3-n-butylph-
thalide, senkyunolide A, ligustilide, 3-butylidenephthalide, and
levistilide A, were dissolved in methanol to prepare a mixed
reference solution with mass concentrations of 0.092, 0.078,
0.326, 0.303, 0.247, 0.253, 0.261, 0.178, 3.323, 0.316, and
0.059 mg/mL, respectively. 2.5 g of A. sinensis powder was
weighed accurately and placed in a tapered bottle with a plug.
25 mL of methanol was added, and the mass was weighed. An
ultrasound was conducted for 45 min. Subsequently, the
tapered bottle with a plug was allowed to cool to room
temperature and weighed again. Any weight loss was
compensated for by adding methanol, followed by thorough
shaking.”' The extract solution was filtrated and analyzed on
the LC-2030CPlus high-performance liquid chromatograph
(DAD) (Shimadzu Company, Japan). Shim-pack GIST C18
chromatographic column (250 mm X 4.6 mm, S ym, Shimadzu
Corporation, Japan) was used.

2.5. Data Analysis. Software “Origin 2022”, “Simca”,
“Graphpad Prism”, and “SPSS 25.0” were used for data
analysis.

3. RESULTS AND DISCUSSION
3.1. Bionic Technology Signal Acquisition Results.
Principal component analysis (PCA) is a multivariate statistical

https://doi.org/10.1021/acsomega.4c04400
ACS Omega 2024, 9, 41408—-41418


https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04400/suppl_file/ao4c04400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04400/suppl_file/ao4c04400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04400/suppl_file/ao4c04400_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.4c04400/suppl_file/ao4c04400_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04400?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04400?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04400?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.4c04400?fig=fig2&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.4c04400?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Omega

http://pubs.acs.org/journal/acsodf

Q wiC —CA B
WA

wis wss

w2w W3(

Saltiness

W6S

Richness

WIW WSC

wis Umami

—CA ‘ e —CA

—WA 100 ——WA

Bitterness

/

Astringency

Aftertaste-B

Aftertaste-A v

Figure 3. Radar maps of WA and CA based on electronic nose signals (A), electronic tongue signals (B), and electronic eye signals (C).

-
44
.
P waw /
4 / : 4 /
<3 / .t / wis
' ‘ v
& p
i wiw
() 7 v
o ey WS
4 Ayus -
o0 ¥ a—— = -
l‘:: . h W
3 Wis
‘e, aws
r T T T r T r T ,
10 8 6 4 0 2 4 6 8 10
PC1 (48.2%)
. -

2(41.8%)

PC

PC1 (57.9%)

B .

o)

PC2 (25.29

v 0 5 10

PC1 (59.3%)

PC2(25.1%)

0 s
PC1(34.3%)
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signals (C) and fusion signals (D).

method that can transform and reduce the dimensionality of
the collected data. Radar maps can effectively represent
multidimensional data and are very suitable for displaying
performance data. The radar maps of WA and CA based on
electronic nose signals, electronic tongue signals, and
electronic eye signals were drawn, as displayed in Figure 3.
Figure 3A shows that the difference in odor characteristics
between WA and CA mainly concentrated on W2W, W2S,
WI1W, and WSS, namely, aromatic components/organic
sulfides, alcohols, inorganic sulfides, and nitrogen oxides.
Figure 3B shows that the taste characteristics of WA and CA
were different. The sourness and saltiness values of WA and
CA were both below the tasteless point, indicating that except
for sourness and saltiness, other taste indexes were effective
taste indexes of A. sinensis. Among them, the astringencies and
richnesses of WA and CA were significantly different. The
astringency of CA was stronger than that of WA, and the
umami of CA was more durable than that of WA. There is no
significant difference between the other taste indicators except
sourness and saltiness. Figure 3C showed that there was no

significant difference in L* between WA and CA, but a* and
b* of CA were slightly higher than those of WA, indicating that
CA powder was more red and yellow than WA. As can be seen
from the standard deviation in Figure 3, the electronic nose
data of CA are more stable than those of WA. In addition, the
standard deviation of the electronic tongue and electronic eye
of WA and CA are smaller than that of the electronic nose,
indicating that the electronic tongue and electronic eye data
are more stable than those of electronic nose. This may be
because the phthalides in A. sinensis are highly affected by
factors such as light and temperature, which leads to the
instability of the odor of A. sinensis.””

PCA score plots and loading plots are illustrated in Figure 4.
Relevant studies have shown that in PCA, the PC1 accounts
for a larger weight.23 Therefore, Figure 4A—C shows that WA
and CA were different in odor, taste, and color. The loading
plot is to represent the influencing factors that contribute
greatly to the PC1 and PC2 in the two-dimensional diagram of
PCA. The closer the influence factor is to the two-dimensional
coordinate of the sample, the greater the influence of the
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Figure S. HPLC fingerprints of 1S batches of A. sinensis (A) and control fingerprints of A. sinensis (median method) (B).

loading factor.”* Figure 4A shows that W2W and W5S point
toward WA, and W3S and W2S point toward CA. Figure 4B
shows that richness, astringency, saltiness, and bitterness point
toward CA and sweetness point toward WA. In Figure 4C, L¥,
a*, b*, and AE all point toward CA. The results indicate that
W2W, WSS, and sweetness have a greater influence on WA. In
addition, W3S, W2S, richness, astringency, saltiness, bitterness,
L*, a*, b*, and AE have a greater influence on CA.

Since the principle of PCA is to find the maximization of
variance in the low dimensions, the pretreatment of original
signals by setting the mean value at the origin of each variable
and then dividing them by their standard deviation is not
suitable. In order to eliminate the effect of index dimension,
the data of the electronic nose, electronic tongue, and
electronic eye were all imported to “Excel” and scaled in the
range between —1 and 1 to obtain the fusion signals.'’ The
PCA score plot and loading plot of WA and CA based on
fusion signals are shown in Figure 4D. Compared with Figure
4A—C, there is no intersection between WA and CA regions in
Figure 4D. The results show that there were significant
differences between WA and CA based on fusion signals. In
addition, Figure 4D shows that W3C, WIC, W2§, W3S,
bitterness, richness, astringency, L*, a*, b*, and AE have a
greater effect on CA, and W1W, WSS, W2W, and sweetness
have a greater effect on WA. The results are consistent with
those shown in Figure 4A—C. The accuracy and feasibility of
the fusion signals were further illustrated. All four sets of data
were found to be within 95% confidence intervals. The

41412

parameter R?X represents the explanatory power of the model
in the X-axis direction, that is, how much percentage of
information the model explains in the original data through
principal components. The parameter Q® represents the
predictive ability of the model. The closer the R*X and Q*
values are to 1, the more stable and reliable the model is. In
general, the model can be considered valid when the Q* value
is greater than 0.5. For the model of the electronic nose, R
and Q* were 0.955 and 0.78S, respectively. The values were
0.974 and 0.867 for electronic tongue and 0.996 and 0.967 for
electronic eyes. For the model of fusion signals, the values were
0.954 and 0.806. The results show that the explanatory and
predictive power of the PCA models established by both single
and fusion signals are good.

3.2. Analysis and Comparison of Volatile Compo-
nents of WA and CA. TIC chromatograms are shown in
Figures S3 and S4. The relative peak area (PA) of each
component in volatile oils of WA and CA was calculated by the
PA normalization method, and the compounds were identified
by NIST spectral database retrieval (matching degree required
to reach more than 80%). Each compound was represented by
relative content (%), and the results are shown in Table SS.
Volatile components of WA mainly include (E)—3-butylidene-
4,5-dihydroisobenzofuran-1 (3H)-one (60.723%), Z-butylide-
nephthalide (4.133%), benzaldehyde,2,4,5-trimethyl-
(1.932%), etc. There were 4 species with a content greater
than 1%. Volatile components of CA mainly include (E)—3-
butylidene-4,5-dihydroisobenzofuran-1 (3H)-one (50.151%),
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(Z)-3-butylidene-4,5-dihydroisobenzofuran-1 (3H)-one
(16.054%), Z-butylidenephthalide (7.882%), etc. There were
9 types with a content greater than 1%. WA contained 36
qualitative chemical components, while CA had 30. Both WA
and CA shared 13 qualitative volatile components. Qualitative
component contents of WA and CA account for 77.915 and
88.908%, respectively. The highest volatile component in WA
and CA was (E)-3-butylidene-4,5-dihydroisobenzofuran-
1(3H)-one. Moreover, the content of (E)-3-butylidene-4,S-
dihydroisobenzofuran-1(3H)-one in WA was higher than that
in CA.

3.3. Quantitative Fingerprint Analysis of WA and CA.
3.3.1. HPLC Analysis and Method Validation. In order to
obtain the best separation in a relatively short period of time
and to maximize the characterization of chemical components
of A. sinensis in the fingerprints, several chromatographic
conditions, including mobile phase, detection wavelength, flow
rate, injection volume, and column temperature, were
optimized. The final chromatographic condition was that
octadecylsilane-bonded silica gel was used as a stationary phase
with 0.1% acetic acid glacial solution as mobile-phase A and
methanol as mobile-phase B. The flow rate was 0.8 mL/min.
Gradient elution, 0—5 min, 5—18% B; 5—6.5 min, 18—35% B;
6.5—9 min, 35—55% B; 9—15 min, 55—70% B; 15—20 min,
70—80% B; 20—25 min, 80% B, 25—45 min, 80—35% B. The
detection wavelength was 270 nm. The column temperature
was 30 °C. Due to the small number of WA, a batch of CA
samples (CAS) were randomly selected to establish a
fingerprint for verification of the optimized HPLC. The
precision of the instrument was evaluated by 6 consecutive
injections of the same test solution. The repeatability of the
method was evaluated by parallel preparation of 6 test
solutions with the same method. The stability of the test
solution was evaluated by analysis of the test solution at 0, 4, 8,
12, 16, and 24 h. The RSD values of retention times (RTs) and
PAs of common peaks for precision (RT < 0.18%; PA <
3.14%), repeatability (RT < 2.51%; PA < 1.93%), and stability
(RT < 0.69%, PA < 1.82%) were all less than 4.0%,
demonstrating that the developed method was valid and
reliable for fingerprint establishment.

3.3.2. Establishment and Similarity Analysis of Finger-
prints. The chromatographic data of 15 batches of A. sinensis
samples were imported into the “TCM Chromatographic
Fingerprint Similarity Evaluation System” to establish the
HPLC fingerprints (Figure SA). A random batch of samples
(CAL10) were selected as the reference chromatogram (R), the
time window was set at 0.1 min; and the control chromato-
gram was established using the median method. A total of 17
chromatographic peaks with good stability were obtained as
common peaks (Figure SB). A total of 8 chromatographic
peaks were identified through chromatographic comparison
with the mixed reference solution and literature review. Peak 3,
4, 6, 7, 8 9, 10, 11, 13, 14, and 16 were identified as
chlorogenic acid, ferulic acid, senkyunolide I, senkyunolide H,
senkyunolide A, coniferyl ferulate, falcarindiol, 3-n-butylph-
thalide, senkyunolide A, ligustilide, 3-butylidenephthalide, and
levistilide A, respectively.

The similarity evaluation was performed, and the results are
shown in Table 1. The results showed that the similarity of 15
batches of A. sinensis was above 0.9. The mean similarity of WA
(0.939) was slightly lower than that of CA (0.994), so there
were slight differences between the WA and CA.

Table 1. Results of Similarity Evaluation

sample similarity
WA1 0.905
WA2 0.979
WA3 0.922
WA4 0.937
WAS 0.951
CAl 0.993
CA2 0.998
CA3 0.999
CA4 0.985
CAS 0.998
CA6 0.997
CA7 0.998
CA8 0.996
CA9 0.981
CA10 1

3.3.3. Analysis of 11 Indicator Components. The contents
of 11 indicator components in WA and CA were determined
and employed for further cluster analysis, PCA, and partial
least-squares discriminant (PLS-DA) analysis. For cluster
analysis, the samples were measured by the squared Euclidean
distance and zero-mean normalization. The results are shown
in Figure 6A. The result showed that WA and CA could be
well grouped into two categories. PCA score plot and loading
plot of 11 indicator components were drawn, as shown in
Figure 6B. The PC1 was 55.4%, indicating that there were
differences in the content of 11 indicator components between
WA and CA. The contents of senkyunolide H, senkyunolide I,
falcarindiol, 3-butylidenephthalide, 3-n-butylphthalide, and
ferulic acid had a significant impact on CA, while the contents
of coniferyl ferulate, levistilide A, and ligustilide had a
significant impact on WA. The histogram of content was
drawn, as shown in Figure 6C. The results showed that the
contents of ferulic acid, senkyunolide I, senkyunolide H,
coniferyl ferulate, falcarindiol, 3-n-butylphthalide, and ligu-
stilide were significantly extremely different between WA and
CA. There was a significant difference in chlorogenic acid, 3-
butylidenephthalide, and levistilide A contents between the
two. However, there was no significant difference in the
senkyunolide A content between the two.

PLS-DA is a statistical method mainly used for high-
dimensional data classification and discriminant analysis,
aiming to find patterns that distinguish between two or more
categories. It can be used for classification and discriminant
analysis. Herein, the PLS-DA model was calculated, with the
content of the 11 indicator components as the independent
variable (X) and the dummy matrix that codes the class
belonging to the samples using binary coding as the dependent
variable (Y). The values of the explanatory parameter R*X, R%Y,
and predictive parameter Q* were 0.773, 0.976, and 0.956,
respectively, indicating that the constructed model exhibited a
reliable predictor and statistical significance. From the PLS-DA
score plot presented in Figure 6D, it could be found that WA
and CA could be well distinguished, which is largely consistent
with the PCA analysis. In the PLS-DA model, the variable with
variable importance projection (VIP) value greater than 1 is
considered to be the main contributor to group classification.
As shown in Figure 6E, ligustilide possessed the highest VIP
value among the 11 indicator components, indicating that it is
the component with the greatest difference between WA and
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Figure 6. Clustering analysis tree of fingerprints (A), PCA (B), column chart for the content determination of 11 indicator components (C), score
plot of PLS-DA model (D), and VIP value plot about 11 indicator components in the PLS-DA model (E).

CA. In addition, VIP values of coniferyl ferulate, 3-n-
butylphthalide, ferulic acid, senkyunolide I, and senkyunolide
H were all greater than 1, indicating that these compounds had
the greatest difference between WA and CA. Such a result was
basically consistent with that of Figure 6C.

3.3.4. Correlation Analysis between Bionic Technologies
and 11 Indicator Components. Bivariate correlation analysis
(Pearson correlation analysis) was adopted to conduct
correlation analysis between the signals of the electronic
nose, electronic tongue, and electronic eye and the contents of
11 indicator components. The results are shown in Table 2.
Based on the research, the content of chlorogenic acid had a
significant negative correlation with L*, a*, and b*, had no
significant correlation with electronic nose sensors, and had a
significant negative correlation with bitterness, astringency,
aftertaste-B, and saltiness. Also, the content of ferulic acid was
significantly positively correlated with L*, b*, and AE,
correlated considerably with WSS, W3C, WIS, W2S, and
W2W, and significantly associated with astringency, umami,
richness, saltiness, and sweetness. The content of senkyunolide
I was significantly correlated with L*, a*, b*, and AE and had
significant correlations with W3C, W1S, W2W, and W3S,
having an extremely significant correlation with bitterness,
astringency, richness, and sweetness. The content of
senkyunolide H had an extremely significant correlation with
L*, a*, b*, and AE, had an extremely substantial correlation
with W3C, W18, W2S, W2W, and W3S, and had a significant
correlation with bitterness, astringency, richness, and sweet-
ness. The content of coniferyl ferulate was significantly
negatively associated with a*, b*, and AE and was significantly
correlated with W1S, W1W, W2S, W2W, and W3S. There was
an extremely significant correlation with bitterness, astrin-
gency, aftertaste-B, richness, saltiness, and sweetness. The
content of falcarindiol had an extremely significant positive
correlation with a*, b*, and AE*, had an extremely substantial
correlation with W1S, W2S, W3S, and W2W, and had a
significant correlation with bitterness, astringency, umami,
sourness, and sweetness. The content of 3-n-butylphthalide

41414

had an extremely significant positive correlation with a*, b¥,
and AE*, had an extremely substantial correlation with W3C,
WIS, W2S, W3S, and W2W, and had a significant correlation
with Dbitterness, astringency, richness, and sweetness. The
content of senkyunolide A was significantly negatively
correlated with a*. There was a significant positive correlation
with W1C and WSC and a significant negative correlation with
the richness. The content of ligustilide was significantly
negatively correlated with a*, b*, and AE. It had a significant
correlation with WSS, W3C, WSC, W1S, W1W, W2S, W2W,
and W3S, and it had a significant correlation with sourness,
bitterness, astringency, aftertaste-B, aftertaste-A, richness,
saltiness, and sweetness. The content of 3-butylidenephthalide
was extremely significantly positively correlated with a*, b*,
and AE. There was a significant correlation with W1S, W2,
W2W, and W3S and an extremely significant positive
correlation with bitterness, astringency, and richness. The
content of levistilide A was extremely significantly associated
with L* a* and AE, and it was extremely significantly
correlated with WSS, W2W, W2S, and W3S. There was an
extremely significant correlation with astringency, richness,
saltiness, and sweetness. It can be seen that the odor, taste, and
color of WA and CA have some correlation with the content of
the indicator components.

3.4. Discussion. Environmental factors, such as temper-
ature, light, and water availability, exert a significant influence
on the morphological features of plants and the accumulation
of secondary metabolites.”> Wild TCM is subjected to more
biological and abiotic stress factors during its growth. These
external stresses can have adverse effects, such as variability
and distortion of the root morphology. The adverse effects may
lead to changes in the content or proportion of secondary
metabolites, which may make wild TCM have a darker root
bark color and a stronger or unique odor than cultivated
products. However, the weak adversity effect leads to the
delicate epidermis, lighter color, and weaker odor of cultivated
TCM.” Related studies have found that WA has stronger
resistance to adversity, disease, and insect pests, and stronger
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resistance to early bolting ability.”® Therefore, it is speculated
that one of the main reasons for the differences in
morphological features and chemical composition content
between WA and CA is the adverse effects caused by external
stress.

This study draws the following conclusions: @ Electronic
nose, electronic tongue, and electronic eye can distinguish WA
from CA. The taste and color of A. sinensis are more stable than
the odor. According to Figure 4, compared with the
independent signals, fusion signals can distinguish WA and
CA better. @ The results of volatile component analysis
combined with the results of quantitative fingerprints showed
that ligustilide was the main component of A. sinensis, which
was consistent with related literature reports.””** ® The main
chemical components of WA and CA are basically the same, so
it can be preliminarily judged that the alternative use of WA
and CA is feasible. @ There were differences between WA and
CA in odor, taste, color, and content of indicator components.
There were correlations between morphological features and
the content of indicator components.

This study showed that the use of an electronic nose,
electronic tongue, and electronic eye, combined with
appropriate analytical methods, offers a more direct and
perceptive approach to the comparative analysis of TCM. This
provides a new comprehensive evaluation method for the
quality detection and comparative study of TCM in the future.
Since the clinical efficacy of TCM is the most convincing
criterion for evaluating the quality of TCM, the author puts
forward the following prospects for the comparative study of
wild and cultivated TCM in the future: @ Existing studies on
pharmacodynamic differences between wild and cultivated
TCM mainly focus on animal models,” ™! and occasionally
cell models.”” There were no standardized and rigorous clinical
pharmacodynamic observation reports. Due to the complexity
of TCM components, the small dosage of a single TCM
prescription, and the differences between the mouse model
and the human body, there is no significant difference in
common efficacy.”** As a result, the difference in drug effect
is not closely related to the difference in chemical components.
More sensitive and reliable animal experimental models should
be further explored, and new administration methods and
observation indicators should be established in order to further
study the differences between the pharmacodynamic effects of
wild and cultivated TCM. @ At present, comparative studies of
the quality of wild and cultivated TCM mainly focus on the
differences in morphological features and chemical compo-
nents. There is a lack of research on the molecular mechanism
of their differences, compared with cultivated plants such as
crops® ™ and fruits.”®~* It is necessary to strengthen the
research on the differences between wild and cultivated TCM
in terms of genome, transcriptome, etc. Based on the
differences in the content of primary and secondary
metabolites and the regulatory pathways of plant hormones
on germplasm variation, environmental stresses, human
intervention, and other factors, relevant research on the
regulatory mechanism of genes and transcriptomes of wild and
cultivated TCM can be carried out to find out the reasons for
the differences. It is of great significance to further develop and
optimize the imitation wild cultivation technology of TCM and
explore the alternative uses of wild and cultivated TCM.
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