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Unveiling the authentic secrets of traditional herbal medicines: A
comprehensive investigation into the metagenomic, metabolomic,
and quality assessment of two categories of Codonopsis pilosula

from Shanxi Province, China

Abstract:

Background The main source of Codonopsis pilosula (CP) is the Campanulaceae
family Codonopsis pilosula (Franch.) Nannf., which is one of the traditional herbal
medicines in Shanxi Province, China. In Shanxi Province, CP can be divided into two
major categories, Lu CP (Lu dangshen in Chinese, LCP) and Tai CP (Tai dangshen in
Chinese, TCP), because of their geographical conditions and traits. Since LCP is
cultivated on a large scale, it has emerged as one of the commonly prescribed
medicines in TCM clinics. TCP predominantly exists as a wild species. The artificial
cultivation technology for TCP has not yet been fully developed, and the availability
of wild resources for TCP is limited. There have been few comparative studies on the
authentic evaluation of the two types of CPs.

Results The findings revealed that the two types of CPs met the quality standards.
With respect to the growing environment, TCP and LCP grow in the same
longitudinal extent, with a maximum longitudinal span of only 53'. Both regions
presented similar natural environments conducive to the growth of CP. Additionally,
the lobetyolin content in TCP was greater than that in LCP. The soil microbial
abundance in the TCP group was considerably significantly greater than that in the
LCP group, and a new genus, Ascobolus, was found in TCP. Additionally, compared
with TCP, LCP materials presented elevated levels of metals. These results not only
indicate the main ecological and environmental parameters of Shanxi Province as a
suitable production area for CP but also offer differential information for comparisons
between the two types of CP specifications in Shanxi Province.

Conclusions TCP and LCP share similar geographical environments for growth.
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However, TCP features a dense ring pattern beneath the stalk, a high content of
lobetyolin, and a new flora, Ascobolus, in the root soil.
Keywords genuine traditional herbal medicines, Tai Codonopsis pilosula, Lu

Codonopsis pilosula, secondary metabolites, soil microorganisms, soil metal elements

1. Introduction

Traditional herbal medicines (THMs) are derived from natural sources. Prior to the
introduction of synthetic drugs in Western medicine, Chinese people frequently relied
on natural remedies known as THMs to address illnesses, following traditional
Chinese medical (TCM) theories and principles. The assessment of THM quality and
clinical effectiveness is influenced by various factors, including the cultivation
environment, different processing methods and techniques employed in distinct
planting areas or regions. These factors are crucial in determining the extrinsic
characteristics of THMs as well as the content of intrinsic bioactive compounds or
secondary metabolites. The aforementioned factors can also be encapsulated by an
authentic TCM concept known as Daodi.

Daodi medicines are synonymous with genuine THMs (GTHMs). Daodi
medicines refer to those that have been selected through long-term application in
TCM clinical practice. Compared with similar THMs grown elsewhere, it is cultivated
in specific regions; has superior properties, quality, and efficacy; has consistent
quality; and is more popular.

China possesses an extensive land area, and its distinctive natural and
geographical conditions have fostered a wide range of GTHM resources. Northeast
China GTHMs are referred to as Guanyao, such as Asarum (Xixin in Chinese), Antler
(Lurong in Chinese), and Schisandrae fructus (Wuweizi in Chinese). Similarly, the
Henan Province THMs, such as Yam (Shanyao in Chinese), Achyranthes bidentata
(Nixi in Chinese), Rehmannia (Dihuang in Chinese), and Chrysanthemum (Juhua in
Chinese), are known as Huaiyao. The THMs produced in Zhejiang Province and the
coastal continental shelf, such as Zhejiang fritillaria (Zhebeimu in Chinese), Hangbai

chrysanthemum (Hang baiju in Chinese), and Scrophularia (Xuanshen in Chinese),
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are called Zheyao. Shanxi Province is situated in an area that lies between the North
China Plain and the Inner Mongolia Highlands and is located across the Yellow River
system. This advantageous geographical position provides perfect conditions for the
growth of GTHMSs, including Astragalus membranaceus (Huanggi in Chinese),
Codonopsis pilosula (Dangshen in Chinses, CP), Forsythiae (Liangiao in Chinese),
Polygala (Yuanzhi in Chinese), Radix bupleuri (Chaihu in Chinese), Scutellaria
baicalensis (Huangqgin in Chinese), Jujube seed (Suanzaoren in Chinese), Kushen
(Kushen in Chinese), Hawthorn (Shanzha in Chinese), and Peach kernel (7aoren in
Chinese). CP can be divided into many categories, such as Fang CP (Fang Dangshen
in Chinese), Wen Yuan CP (Wenyuan Dangshen in Chinese), and Tiao CP (Tiao
Dangshen in Chinese). According to its origin in Shanxi Province, geographical
conditions and traits can be divided into two major categories: Lu CP (Lu dangshen in
Chinese, LCP) and Tai CP (7ai dangshen in Chinese, TCP). Both of these categories
are derived from Codonopsis pilosula (Franch.) Nannf.,, which belongs to the
Campanulaceae family. LCP is cultivated mostly in Changzhi city in the Taihang
Mountains area, with the most famous LCP found in Pingshun County. There are two
main basins inside the county: the Zhuozhang River and the Wei River. The presence
of mountains, hills, and river valleys in the area provides suitable habitat for the
growth of the LCP. TCP is produced mainly in Xinzhou in the Wutai Mountain area of
Wutai County. The TCP growing area is characterized by a network of intersecting
gullies, and the TCP that grows in high-altitude cold mountain locations above 1,500
m is of exceptional quality. Currently, there is a lack of research on the evaluation of
real regions via modern analytical techniques and methods.

The large-scale cultivation of LCP has been extensively practised in Shanxi,
while TCP predominantly exists as a wild species. The artificial cultivation
technology for TCP has not yet been fully developed, and the availability of wild
resources for TCP is limited. Admittedly, there have been few comparative studies on
the authentic evaluation of the two types of CPs. The present study investigated the
relationships of TCP and LCP from Shanxi Province with the environment, secondary

metabolites, and THM authenticity via metagenomic, metabolomic, and
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comprehensive quality assessment methods. These findings reveal the details of
THMs and serve as valuable references for artificial cultivation, site selection, and
processing in the Shanxi Province, which specializes in two types of CP.

2 Results
2.1 TCP and LCP geographical environment analysis

The TCP and LCP acquisition sites are specified in Section 2.1, and a comprehensive
analysis of the growth environments of the two CP species in these regions was
performed. The geographical environment map indicated that the transition from blue
to orange depicted the increasing distributions of precipitation, temperature, and
sunshine time. The comparison is as follows.

Wutai County is situated in the northeastern part of Shanxi Province between
112°57'41" and 113°50'56" east longitude and 38°28" and 39°4'49" north latitude. The
precipitation in Wutai County shows a spatial distribution that is characterized by
unevenness, with a pattern that extends from low in the south to high in the north. The
maximum recorded precipitation is 69.5 mm. Precipitation is mostly concentrated in
the Wutai Mountain region, particularly in the northern part of Wutai County, where
the altitude is relatively high. The annual rainfall in this area can reach approximately
500 mm. The county experiences moderate temperatures during the summer and
frigid temperatures during the winter. The primary factor contributing to the
temperature variation in the county is the decrease in altitude. The temperature
inversely correlates with altitude, exhibiting latitudinal and altitudinal distributions
from high in the south to low in the north. The low-temperature area is mainly
concentrated in the Wutai Mountain area, which is located at relatively high altitudes
in the northern part of the county. The minimum temperature can decrease to as low
as -3.14 °C. The distribution of sunshine duration in Wutai County exhibited spatial
disparities, varying from shorter in the south to longer in the north. The regions
characterized by extended periods of sunlight were found primarily in the elevated
terrain to the north of the county. The annual total duration of sunshine was 2400—
2700 h. TCP growth may be facilitated by the natural conditions of Mount Wutai in

Wutai County, such as its high altitude of 3061 m, which results in relatively low
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temperatures and lengthy periods of sunshine (Fig. 1A-C).

Pingshun County is located in southeastern Shanxi Province and spans from
113°11'45" to 113°44'04" east longitude and from 35°56'37" to 36°27'44" north
latitude. Pingshun County experiences uneven precipitation distributions, with the
rainfall density increasing from southwest to northeast. The northeastern
mountainous area receives the highest amount of precipitation, reaching 65.38 mm,
while the annual precipitation in the county is 584 mm. The temperature in the county
is mild in summer and cold in winter, and the temperature gradient increases from
south to north. The region with the lowest temperature is located primarily in the
southern mountainous area of the county, where the minimum temperature is 7.66 °C.
The distribution of sunshine duration varies from east to west, with longer durations
predominantly found in the eastern portion of the county. The maximum duration
recorded was 6.22 hours, and the yearly average duration of sunshine was 2,517.8 h
(Fig. 1D-F).

In conclusion, both Wutai and Pingshun Counties share the same longitude, with
a maximum longitude difference of only 53°. TCP thrives in regions characterized by
high elevation, low temperatures, approximately 500 mm of rainfall, and extended
periods of sunlight. The natural environments of the two locations are similar and are
conducive to CP cultivation. However, there is a considerable difference in height

within the Wutai Mountain area of Wutai County.

2.2 TCP and LCP quality complies with regulations

Both CPs complied with the requirements stated in the Chinese Pharmacopoeia (2020
edition). An analysis of the properties revealed that the circular patterns beneath the
root head of the LCP decreased in thickness as they moved downwards, but the
circular patterns beneath the root head of the TCP were denser. Microscopic analysis
revealed that the LCP powder was a light yellow colour with many inulins, many
fragmented laticiferous vessel containing light yellow particles, and reticular ducts
that were easily observable. The similarity of the TCPs suggests that both varieties

conform to the specifications outlined in the "Chinese Pharmacopoeia" (2020 edition)
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(Fig. 1G-H).
The lobetyolin content in TCP was determined to be 1.68%, whereas that in LCP

was found to be 1.17%. These results indicate a higher concentration of codontoside

in TCP than in LCP (Fig. 11).

2.3 The secondary metabolites of LCP and TCP are similar

The total ion chromatograms (TICs) of the QC samples were compared
via spectral overlap analysis. The results indicated that the response intensity and rete
ntion time of each chromatographic peak were essentially the same. PCA was
performed on each sample, revealing a clear separation between LCP and TCP.

The PCA model parameters of TCP compared to LCP, which were
obtained after 7-fold cross-validation, yielded R?X=0.998. This finding
indicates that the model is reliable and that there are significant differences between th
e groups (Fig. 2C).

Simultaneously, OPLS-DA was employed to further validate that the degree of
dissociation between TCP and LCP was remarkable and that the experimental results
were reliable. By comparing the secondary spectra of the database, the components
with  relatively high contents of TCP and LCP were identified.
The peak labelling results for different species are as follows.
The BPC diagram of TCP shows 17 chromatographic peaks (14 in the positive ion mo
de and 3 in the negative ion mode), and
the BPC diagram of LCP shows 15 chromatographic peaks (11 in the positive ion mo
de and 4 in the negative ion mode) (Fig. 2A-B).

Through a comparative analysis of the differential substances found in TCP
and LCP, using a screening condition of a response intensity greater than 3 times, one
unknown component was found in wild TCP,
and two unknown components were determined in LCP. Isovalerylcarnitine, 8-
methoxyatractylenolide I, and atractylenolide I were identified as shared compounds f
ound in both wild Tai Codonopsis pilosula and cultivated Tai Codonopsis pilosula.

Bufotenine, 3-
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indolyllactic acid, and sinapyl alcohols are the common compounds in wild varieties o
f TCP and LCP. Anileridine, 9-octadecenoic acid, 5,8,11-trihydroxy-, and hexyl 6-O-
pentopyranosylhexopyranoside were found in both cultivated TCP and LCP.
Lobetyolin and anileridine are common compounds found in all the
three varieties of Codonopsis pilosula. Both lobetyolin and hexyl 6-O-
pentopyranosylhexopyranoside

were detected in both positive and negative ion modes (Fig. 2E).

2.4 The abundance of microbial flora in TCP nonrooted soil was high

The locations for the collection of TCP and LCP soils are described in Section 2.1.
Nonroot soil was investigated through metagenomics. The results revealed that the
community in TCP (YF Group) presented more significant changes in diversity and
species composition than did that in LCP (PF Group) (Fig. 3A).

The analysis of alpha diversity in the soil samples from the two regions revealed
similar distribution patterns but varying richness levels. Compared with the LCP
samples, the TCP samples presented greater diversity (Fig. 3B).

Beta diversity analysis was employed to examine alterations in species
composition across different time and spatial scales. Principal component analysis
was conducted on bacteria, fungi, and archaea in each sample at the sublevel. The
PCoA map clearly shows distinct separation of the YF and PF groups in the bacterial
community, indicating significant variations in the soil microbial composition across
locations. In the PCoA diagram, there is a noticeable tendency for the YF and PF
groups to separate in terms of distribution. The proximity between each group is
minimal, and the disparity between the groups is both slight and noteworthy (Fig. 3C).

In this study, LEfSe (LDA> 3.5, P<0.05) difference analysis of the microbial
community was used to analyse the species with significant differences in the relative
abundance of nonroot soil microbial colonies in different regions. LEfSe revealed 101
significantly different populations, including 52 in the YF group and 22 in the PF
group. (Fig. 3D)

To investigate the effects of soil microbial diversity on CP growth in various
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production regions, the high-throughput sequencing results of bacteria, fungi, and
archaea were annotated to 2663, 201, and 171 genera, respectively. The top 10 genera
with clear annotation information were defined as the dominant genera.

The abundances of the bacterial genera Branchiibius, Candidatus Rokubacteria,
Chloroflexi, Gemmatimonadetes, and Verrucomicrobia in the YF group significantly
increased, and the abundances of Betaproteobacteria, Sphingosinicella, and
Verrucomicrobia in the PF group significantly increased. The YF group presented a
considerable increase in the abundance of the fungal genera Rhizophagus, Aspergillus,
and Fusarium. Similarly, the PF group presented significant increases in the
abundances of Rhizophagus, Fusarium, and Diversispora. The PF group presented an
increase in the abundance of Thermoplasmata and Nitrosopumilales, whereas the
abundance of the remaining genera decreased (Fig. 3E).

Moreover, the functional metabolism of microorganisms in non-root system soil
was analysed via eggNOG annotation. The eggNOG functional classification, which
is based on microorganisms from various production areas, revealed that the most
abundant categories were function unknown, energy production and conversion,
amino acid transport and metabolism. This process is followed by signal transduction
mechanisms, translation, ribosomal structure and  biogenesis, cell
wall/membrane/envelope biogenesis, and transcription. The least abundant categories
were nuclear structure, RNA processing and modification.

When the PF group was compared with the YF group, there was a significant
increase in the abundance of genes related to RNA processing and modification,
replication, recombination and repair, translation, ribosomal structure and biogenesis,
and energy production and conversion in the PF group. On the other hand, the YF
group presented an increase in carbohydrate transport and metabolism, inorganic ion
transport and metabolism, translation, ribosomal structure and biogenesis, and amino
acid transport and metabolism (Fig. 3F).

Finally, the degree of species variation in nonroot system soils may differ across
different regions. Among all the groups, the YF group presented the greatest number

of different colonies, suggesting that the soil microbial diversity of TCP was both
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abundant and distinctive. The expression of functional genes in soil bacteria from
various places exhibited similar patterns, although the relative abundance of

individual genes varied.

2.5 The abundance of microbial flora in TCP-rooted soil was high

The analysis of soil microorganisms in the non-root system soil revealed that the
community of TCP (YG group) presented more pronounced changes in community
diversity and species composition than did the communities of LCP (PG group).

Alpha diversity analysis indicated that the bacterial populations in the soil
samples from the root system soils in the two regions presented similar distribution
patterns but varied in terms of abundance. However, there were distinct variations in
the distribution and abundance of bacterial populations in the soil across different
regions. The diversity of the soil microflora in TCP (YG group) was greater than that
in the LCP soil (PG group). Beta diversity analysis revealed that the principal
component analysis of bacteria, fungi and archaea in each sample was performed at
the genus level, indicating that the YG and PG groups were obviously separated on
the PCoA diagram in terms of the community distributions of bacteria, fungi and
archaea, indicating that there were significant differences in the structure of
rhizosphere soil microbial colonies in different regions. LEfSe (LDA>3.5, P<0.05)
was employed to analyse the species that exhibited significant differences in the
relative abundance of root soil microbial colonies across several locations. LEfSe
analysis revealed 171 distinct bacterial populations at the genus level, including 81 in
the YG group and 37 in the PG group (Fig. 4A—C).

In the analysis of nonroot soil microorganisms described in Section 3.4, a new
strain of Ascobolus was identified among the fungal species in the YG group (Fig.
4D).

The soil metabolism in the root system was analysed via eggNOG annotation.
Compared with the YG group, the G group presented significant increases in energy
production, inorganic ion transport, and nuclear structure (Fig. 4E).

Ultimately, the degree of variation in root soil composition among different
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places varies. Among all the groups, the YG group presented the greatest variation in
the number of colonies, suggesting that the soil microbial richness of TCP was high
and possessed distinct characteristics. The expression of functional genes in soil
bacteria from various places exhibited similar overall patterns, although the relative

abundance of specific genes varied.

2.6 Ecological function analysis

The top 10 genes were identified as the dominant species by analysing the nitrogen
cycling of non-root and root system soils at the genus level, for example. The
abundances of different species increased or decreased to different degrees during
nitrogen cycling. Nitrospira and Bradyrhizobium are likely the primary genes
involved. All of them exhibited an increasing pattern during nitrogen cycling, as

depicted below (Fig. 5SA-B)

2.7 Horizontal abundance of TCP metallic elements
The findings of the examination of metallic elements in the soil are presented in Table
1. A comparison of the metallic element data of the two groups of non-root system
soils revealed that the contents of Ti, Mg, Cr (P <0.01), and Ni (P < 0.001) in the YF
group were significantly greater than those in the PF group. The contents of Al (P <
0.05), Ca, Cu, Mn, V and Ba (P < 0.001) in the PF group significantly increased. The
contents of the other elements in each group were identical. The content of metallic
elements in Group F was the highest, and the types were the most abundant.

Analysis of the metallic element data from the two groups of root system soils
clearly revealed that the YG group presented significantly higher concentrations of
Ti, Zn, Ni, and Cr (P < 0.001) compared with the PG group. The PG group presented
increased levels of K, Na, Mn, Mo (P < 0.001), Al (P < 0.05), Ca, and V (P < 0.01),
whereas the concentrations of the remaining elements in the other groups were similar.
The YG group presented the highest concentrations of metallic elements and the most

diverse range of metallic elements.



312 Table 1 Metallic element 1 (X&s, n=6)

313

Metallic
elements YF group PF group YG group PG group
(mg/g)

K 10.18+0.42™ 13.6+0.31™ 10.28+0.61 14.44+0.94™"
Ti 1.78+0.01"" 1.65+0.01" 1.82+0.05™ 1.7+0.08™
Na 1.03+£0.19™ 1.85+0.02" 1.07+0.1" 2.06+0.16™
Al 27.55+0.67"" 43.99+0.4" 27.66+0.64"" 46.86x1.51"
Ca 1.97+0.2" 4.17£0.23™" 2.08+0.2"" 7.39+0.55™
Mg 8.83+0.4™" 8.24+0.217" 8.87+0.66""" 8.41+0.37°
Fe 20.67+0.6 25.86+0.24"" 20.96+0.91 26.77+£1.417
Cu 46.79+£0.85™"  65.75+0.68™"  45.74+1.45"" 71.44+1.8"
Zn 127.35+7.24™"  128.32+3.19"" 159.3+5.19 123.59+5.24
Mn 649.42421.63""  725.15+4.35™"  684.17£10.06™" 734.78+15.86™"
A% 65.23+£1.04™"  88.86+0.26™"  67.15+£1.47"" 93+1.63""
Co 12.66£0.2" 13.8+0.17" 12.55+0.63" 14.93+0.63™"
Ni 63.67+£1.08"™"  37.49+0.49™"  65.45+£1.43"" 14.93+0.63™"
Mo 0.94+0.04™ 0.91+0.03™ 0.91+0.03 1.17+0.09"
Ba 198.32+£5.07"  306.25+0.74™"  202.55+2.67""  324.93+11.9"
Sb 0.38+0.01 0.39+0.01 0.39+0.01 0.39+0.01
Cr 155.2+2.61 68.78+0.77 165.14+£2.46™"  72.49+1.82™
Se 0.51+0.05""" 0.57+0.01" 0.43+0.05 0.5£0.04
Sr 60.27+1.72 93.13+0.53" 63.67+0.89™" 79.34+£2.21

Note: Compared with the TF group, P < 0.05, P < 0.01, *P < 0.001; Compared with the TG
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group, * P<0.05," P<0.01,""P<0.001.

3 Correlation analysis

Through the study of the correlation of soil bacteria and metabolic material, in the top
20 bacterial groups, Bradyrhizobiaceae, Bradyrhizobium, Hyphomicrobiaceae,
Rhodoplanes, Gaiellaceae, Gaiella, Streptomycetaceae, Streptomyces,
Phyllobacteriaceae, Mesorhizobium and dangshen Bufotenine, and hexyl 6-O-
pentopyranosylhexopyranoside components were positively correlated and negatively
correlated with 1-isopropylbenzimidazole-2-sulfonic acid, 8-benzylcanadine, and 1-
(2-chlorobenzyl)pyrrole-2-carboxamide in CP. Sphingomonadaceae, Sphingosinicella,
Solirubrobacteraceae, Solirubrobacter, Geodermatophilaceae, Blastococcus,
Gemmatimonadaceae, Gemmatirosa, Sinobacteraceae, Steroidobacter,
Sphingomonadaceae, Sphingomonas, Xanthobacteraceae, Pseudolabrys and 1-
isopropylbenzimidazole-2-sulfonic acid, 8-benzylcanadine, and 1-(2-chlorobenzyl)
pyrrole-2-carboxamide components were positively correlated; however, with the
dangshen Bufotenine peak, hexyl 6-O-pentopyranosylhexopyranoside was negatively
correlated. Through correlation analysis of metal elements and metabolic substances,
the contents of the metal elements zinc, Mg, Mn, Ti, Mo, Co, Ni, and Cr in the soil
and the hexyl dangshen composition 6-O- pentopyranosylhexopyranoside and
Bufotenine were positively correlated and negatively correlated with the remaining
dangshen composition. K, Al, Ca, Na, Cu, Ba, Cd, V, Sr and lobetyolin, alpha-D-
xylopyranose, 8-benzylcanadine, 1-isopropylbenzimidazole-2-sulfonic acid, 7-
methoxy-2-propylquinolin-4-ol, and 1-(2-chlorobenzyl) pyrrole-2-carboxamide were
positively correlated and negatively correlated with the other components of

Codonginseng (Fig. 6 A—C).

4 Discussion
CP, a medicinal food that is homologous to traditional Chinese medicine, has been
widely utilized in clinical practice, health product development, and dietary

recommendations since ancient times. The primary sources of CP include three
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varieties: Codonopsis pilosula (Franch.) Nannf., Codonopsis pilosula Nannf. var.
modesta (Nannf.) L. T. Shen, and Codonopsis tangshen Oliv. The quality of these
herbs is closely linked to their origin and environmental conditions during growth.
Comparisons of precipitation and temperature can help determine the quality of CP.
From a soil microbial perspective, various components displayed comparable trends
in functional gene expression among soil bacteria, with variations in the relative
abundance of specific genes. Previous research has consistently demonstrated a
greater prevalence of ring markings in TCPs than in LCPs, with empirical data
corroborating this finding. Additionally, the examination of traits revealed a potential
link between the horizontal grain pattern observed on the root head rings of TCP and
their capacity to acclimate to low-temperature plateaus.

The present study also included an analysis of TCP and LCP cultivated in
mountainous regions at a longitude of 113°. Microscopic identification revealed the
presence of stone cells, cork cells, latex tubes, and inulin. Targeted metabolomic
analysis identified common secondary metabolites such as 9-octadecenoic acid,
5,8,11-trihydroxy, and 6-O-hexyl pentopyranosylhexopyranoside for TCP and LCP.
Furthermore, investigations of the soil microbial flora led to the discovery of a new
fungal genus, Ascobolus, in rhizosphere soil associated with TCP.

In addition to natural environmental conditions, soil properties play a significant
role in reflecting soil fertility and serve as the primary source of nutrients for plants,
thereby influencing the quality of medicinal materials. Previous studies have shown
that various physical and chemical indices of soil content considerably affect the
metabolism and accumulation of the main active components of plants. Our research
revealed positive correlations between the levels of specific bacterial species
(Blastococcus, Gemmatirosa, Steroidobacter, and Lysobacter) and metal elements (Na,
Ca, and Sr) with the level of lobetyolin in CP.

In contrast, Bradyrhizobium bacteria displayed adverse associations with the key
efficacy component Lobetyolin, which was likely attributable to lower metabolic
accumulation rates. Consequently, increasing the abundances of Blastococcus,

Gemmatirosa, Steroidobacter, and Lysobacter bacterial species, in conjunction with
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increasing Na, Ca, and Sr metal concentrations during CP cultivation, may increase
both potency levels and overall quality. These research results provide a foundation
for the systematic evaluation of CP production sites and cultivation techniques to
meet high-quality standards.

This study examined the distinctions between TCP and LCP with respect to their
shape characteristics, content, growth environment perspective, soil composition, and
flora. The findings suggest that, with the exception of differences in acetylene CP
content, the remaining variations are negligible. The TCP and LCP identified in the
Shanxi Province area serve as large reservoirs of GTHMs, exhibiting attributes similar
to those of soil flora and microorganisms. In particular, TCP presented a more
concentrated ring of horizontal grains and increased density at higher elevations, as

did the differences in soil genus levels and acetylene content in CP roots.

S Conclusion
TCP and LCP share similar geographical environments for growth. However, TCP
features a dense ring pattern beneath the stalk, a high content of Lobetyolin, and a

new flora, Ascobolus, in the root soil.

6 Materials and methods

6.1 Materials

On the basis of the findings of the fourth Chinese materia medica resource survey,
Wutai County in Shanxi Province was selected as the representative area for TCP
sampling, and Pingshun in Changzhi city was designated for LCP collection. The
specific sampling sites are detailed in Table 1.

The soil samples were collected in accordance with the Association Standard of
the People's Republic of China-2022 technical specifications for soil sampling,
preparation and long-term storage (T/GSSF004). With respect to the S-shaped route,
10 soil samples and root samples were obtained from several sites in the sampling
region, all of which had the same position and maturity. The soil samples from the
rhizosphere and root system were obtained from four different vertical directions,

approximately 1 m from the root, and were then deposited in sterile centrifuge tubes.
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The samples were promptly immersed in liquid nitrogen and preserved in dry ice,
after which they were stored at -80 °C.

The fresh CP samples from which the soil was collected were removed, and the
various parts were then separated. These pieces were placed in sterile self-sealing
bags, numbered, promptly immersed in liquid nitrogen, preserved on dry ice and
finally stored -80 °C. The collected samples were assigned numbers, and the precise
information is displayed in Table 2.

The CP was authenticated by Professor Zhang Shuosheng from Shanxi University
of Chinese Medicine as the dried root of Codonopsis pilosula (Franch.) Nannf. of the
Campanulaceae family. The voucher samples were stored in the plant specimen room
of the Shanxi College of Traditional Chinese Medicine (specimen number: SXTCM-
Zhang-2023001-2023012).

Table 2 Numbering of the soil and root samples

No. of
no-root No.of  No.of
Col. Time Col. Loc. Lat/Long Group sym root sym.  root
0. smp. smp.
$O. smp.
TCP -
TCP-R1 TCP -1
NRI1
Heiyatang Vlg.
clyatang vig- 113°43'47.73" TCP -
Menjiaoshi Twp., TCP-R2 TCP-2
Wautai Cty., Shanxi 38°48'17.40" NR2
TCP - TCP -
TCP - R3
YF NR3 3
2023.08.11
group TCP - TCP -
TCP - R4
Wengzigou NR4 4
Vlg., Menjiaoshi 113°5818.55" TCP - TCP -
’ , TCP - R5
TWp., Wutai Cty, 38°70'63.89 NR5S 5
Shanxi
TCP - TCP -
TCP - R6
NR6 6

2023.08.12 Xincheng 113°29'11.1714" PF LCP- LCP-RlI LCP-
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Vig., 36°00'50.0110" group  NRI 1

Pingshun city,
Changzhi, Shanxi

LCP - LCP -
LCP-R2
NR2 2
LCP - LCP -
LCP-R3
NR3 3
LCP - LCP -
LCP - R4
Zhaodian NR4 4
Vig., 113°44'12.43" LCP - LCP -
. LCP -R5
Pingshun Cty, 36°14'508702° NRS5 5
Changzhi, Shanxi LCP - LCP -
LCP - R6
NR6 6

6.2 Instruments and reagents
Instruments: The instruments used in this study were as follows: a Q Exactive HF-X
mass spectrometer (Thermo Fisher Technology Co., Ltd., CA, USA); a Vanquish
UHPLC (Thermo Scientific, Waltham, MA); a low-temperature high-speed
Eppendorf 5430R centrifuge (Eppendorf Innovation Co., LTD., GER); a Mettler—
Toledo one-thousandth LE204E balance (METTLER TOLEDO Co., USA); a
NexION 5000 ICP-MS (PerkinElmer Co., LTD, CA, USA); an Agilent 710 ICP-OE
(Agilent Technologies, Palo Alto, Calif.); a Qubit 2.0 fluorometer (r Life
Technologies, CA, USA); an Agilent 2100 bioanalyzer (Agilent Technologies, Palo
Alto, Calif. ); CFX96 Touch Real-Time PCR (Bio-Rad, Co., CA, USA); a KZ-III-F
homogenizer (Servicebio Technology Co., Ltd., Wuhan, CN); an MX-S vortex mixer
(Dalong Xingchuang Experimental Instrument Co., Ltd., Beijing, CN); an SB-5200
ultrasonic cleaner (Xinzhi Biotechnology Co., Ltd., Ningbo, CN); and a vacuum
freeze dryer (Kangyibo Medical Devices Co., Ltd., Beijing, CN).

Chromatographic column: ACQUITY UPLC HSS T3 (2.1 mmx100 mm, 1.8
pm, Waters Co., Ltd., MA, USA).

Reagents: Ultra-pure water (MS grade, W6-4, Thermo Fisher Technology Co.,
LTD, CA, USA); acetonitrile (MS grade, A955-4, Thermo Fisher Technology Co.,
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Ltd., CA, USA); methanol (MS grade, A456-4, Thermo Fisher Technology Co., LTD,
CA, USA); formic acid (GR, F0654-25 ml, Tixi Ai Chemical Industry Development
Co., Ltd., Shanghai); hydrogen peroxide (GR, 20240103, National Pharmaceutical
Group Chemical Reagent Co., Ltd., Shanghai, CN); concentrated nitric acid (GR,
20231220, National Pharmaceutical Group Chemical Reagent Co., Ltd., Shanghai,
CN); and hydrofluoric acid (GR, C12897954, McLean Biochemical Technology Stock
Co., Ltd., Shanghai, CN).

Test kits: Magnetic bead-based soil and faeces genomic DNA Extraction Kit
(TTANGEN Biochemical Technology Co., Ltd., CN); RNase A (10 mg/ml, Cat:
RT405-02, TITANGEN Biochemical Technology Co., Ltd., CN); Qubit dsDNA Assay
Kit (Q32854, Life Technologies, CA, USA); and NEBNext Ultra DNA Library Prep
Kit for Illumina (NEB, Ipswich, MA, USA).

6.3 Software and database
Geographical  Database:  National = Tibetan = Plateau = Data  Centre
(http://data.tpdc.ac.cn).

Geographic information system: ArcGIS software (version 10.8,
http://www.esri.com/zh-cn/home).

Bioinformatics software: fastp (https://github.com/OpenGene/fastp), Prodigal
(https://github.com/hyattpd/Prodigal/releases/tag/v2.6.3), Bowtie2 (Bowtie
download|SourceForge.net), DIAMOND (version 0.9.110,
http://www.crystalimpact.com), MEGAN (https://software-ab.informatik.uni-
tuebingen.de), Gephi (https://gephi.org), BWA (http://maq.sourceforge.net), cBot
cluster generation system (https://support.illumina.com.cn), CD-HIT
(https://github.com/weizhongli/cdhit), and ARG-OAP
(http://smile.hku.hk/ARGs/indexing).

Functional annotation database: Non-redundant protein database (NR database,
version 2021.11, wget-c fto://ftp.ncbi.nlm.nih.gov/blast/db/FASTA/nr.gz), Kyoto
Encyclopedia of Genes and Genomes database (KEGG  database,

http://www.genome.jp/), evolutionary genealogy of genes: Non-supervised
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Orthologous Groups database (eggNOG database, http://eggnog5.embl.de), and
Carbohydrate-Active enZYmes database (CAZy database, http://www.cazy.org).

6.4 Natural environmental data processing methods

The natural environmental data for Wutai and Pingshun Counties in Shanxi Province,
including precipitation, sunshine, and temperature data, were obtained from the
National Tibetan Plateau Data Centre. The acquired data were subsequently analysed
via ArcGIS software. The processing methodology employed was as follows. A total
of ten nc-formatted datasets spanning from 2012 to 2022 were selected, with each
dataset containing twelve months of data. The mean temperature data for these years
were extracted and stored in .tif format. Additionally, the R language was utilized to
retrieve sunshine duration data from the Global Surface Summary of the Day (GSOD)
meteorological stations in China covering the period between 2012 and 2022. The
IDW inverse weight matrix was utilized for data interpolation, with the inclusion of
only 5 adjacent stations to mitigate excessive smoothing. A downscaling operation
using the delta algorithm was applied to increase the precision postinterpolation. The

final raster data had a spatial resolution of 0.1°*0.1°.

6.5 UPLC-MS/MS analysis!!!

CP root sample preparation: After the sample was pulverized in liquid nitrogen, 100
mg of the resulting powder was weighed and placed in a 1.5 mL centrifuge tube. Then,
1 mL of 70% methanol was added to the tube, and the mixture was vigorously mixed
for 30 s by vortexing. The tube was subsequently subjected to sonication in a water
bath for 90 min, followed by centrifugation for 10 min at a speed of 16,000 x g at a
temperature of 4 °C. The supernatant was transferred to a 96-well protein filter plate
and filtered with nitrogen under positive pressure, and the filtrate was transferred to a
2-mL EOP tube and dried under vacuum. Next, 300 pL of 40% methanol solution was
added to the lyophilized sample to dissolve it. The mixture was then vigorously
agitated for 30 s by vortexing, followed by centrifugation for 10 min (16000 x g,
4 °C), and the supernatant was collected.

Chromatographic conditions: The samples were separated via ultrahigh-
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performance liquid chromatography (UHPLC) in combination with an ACQUITY
UPLC HSS T3 column (2.1 mm % 100 mm, 1.8 pm) with the column temperature
maintained at 35 °C and a flow rate of 0.3 mL/min. The elution gradient comprised
mobile phase A, which was a 0.1% aqueous solution of formic acid, and mobile phase
B, which was a 0.1% acetonitrile solution of formic acid. The process of gradient
elution was executed in accordance with the information provided in Table 3.

MS conditions: The primary and secondary spectra of the samples were
collected via a Q Exactive HFX mass spectrometer, which was connected to a
UHPLC instrument and equipped with an electrospray ionization (ESI) source
operating in both positive and negative ionization modes. The spray voltage was 3800
V (ESI+)/3500 V (ESI-), the sheath gas flow rate was 40 L/min, the ion transfer tube
temperature was 320 °C, and the atomization temperature was 350 °C. The detection
mode was full-MS/dd-MS2 mode, MS/MS spectra were obtained from the top 10
MSI ions, and the collision energy was normalized by stepwise energy levels 20, 40,

and 60. The mass—charge ratio of the first stage was scanned from 90 to 1300.

Table 3 UHPLC gradient elution

Time (min) Mobile phase A (%) Mobile phase B (%)
Initial 95 5
17.0 2 98
17.2 95 5
20 95 5

6.6 Properties and microscopic identification

The CP properties were determined in accordance with the criteria specified for the
CP traits in the Chinese Pharmacopoeia (2020 edition). The microscopic identification
was conducted following the guidelines outlined in the Microscopic Identification

Method 2001 of the Chinese Pharmacopoeia (2020 edition).

6.7 HPLC method!?
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Chromatographic conditions: The analysis was performed using a Hypersil
GOLD aQ column at a temperature of 30 °C. The detection wavelength was set to
220 nm. The mobile phase consisted of acetonitrile (phase A) and an aqueous
solution containing 0.3% phosphoric acid (phase B). Gradient elution, as shown
in Table 1, was employed for separation. The flow rate was maintained at 1
mL/min, and the injection volume was set to 10 uL.The process of gradient elution

was executed in accordance with the information provided in Table 4.

Table 4 HPLC gradient elution

Time/min A% B/%
0 10 90
10 25 75
30 60 40
35 10 90
40 10 90

Three milligrams of the reference substance codontoside was precisely
weighed and dissolved in 75% methanol. The solution was transferred to dry and
clean volumetric flasks with a capacity of 10 mL, ensuring a constant volume.
The mixture was shaken well to obtain the reference substance solution. Each
reference solution was removed into the same volumetric flask and diluted with

75% methanol to prepare the reference mixture.

6.8 Metagenomic sequencing

DNA extraction and quality control: DNA was extracted from the soil samples via a
magnetic soil and stool DNA kit (Cat: DP712, TIANGEN Biochemical Technology
Co., Ltd., CN). The DNA concentration was determined via a Qubit dsDNA Assay
Kit with a Qubit 2.0 fluorometer (Life Technologies, CA, USA). Only the DNA that

successfully underwent the quality check was eligible for use in the construction of
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the metagenomic libraries. The NEBNext Ultra DNA Library Prep Kit for Illumina
(NEB) was used to create metagenomic libraries. The attribute sequence of each
sample was then supplemented with an index. The index sample generated clusters on
the cBot cluster generation system. Following the generation of clusters, library

preparation was carried out via a NovaSeq 6000.

Bioinformatics analysis: Data generated from the Illumina platform were used
for bioinformatics analysis. The software and parameters are as follows.

Sequencing results preprocessing: The default parameters of fastpl®! software
were utilized to conduct preprocessing on the raw data acquired from the Illumina
sequencing platform. The splicing software MEGAHIT* was used to assemble the
clean data. A de Brujin graph was constructed according to the overlap relationship
between k-mers, resulting in the generation of contigs. Contigs exceeding a length of
800 bp were selected for data statistics and further analysis.

Gene prediction and abundance analyses: Prodigal®®! was used to predict the ORF
of the spliced contig sequence and then translate it into an amino acid sequence. The
ORF prediction results were subsequently used to calculate the abundance
information for genes in the corresponding samples. The abundance information,
measured in transcripts per million (TPM), for each gene in each sample was
computed via the following formula (where r represents the number of reads aligned

to the gene and L represents the length of the gene)-10:

Species annotation: DIAMONDI!!! (V0.9.9.110) was used to align the
sequences of bacteria, fungi, Archaea and viruses. The alignment results of each
sequence were filtered to include only those with an eigenvalue <le-5['?!. The species
annotation information of the sequence was then determined via the LCA algorithm,

which was applied to the taxonomic assignment of the MEGANI'3. On the basis of
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the abundance tables at each taxonomic level, Krona analysis!'* was used to
determine the relative abundance profile. Gephi software was then employed to
create a species association network map, with a threshold set at a species correlation
coefficient >0.7 and P<0.01.

Functional annotation: DIAMOND (Version 0.9.9.110) was used to compare
the nonredundant gene sets with the KEGG!!>: 161, eggNOG!!" and CAZy!'®! databases.
For each sequence alignment result, the selected BestBlastHit results were utilized
for further analysis!!>2!l, From the results of the alignment, the relative abundance of
different functional levels was determined. The number of annotated genes was
counted, and the relative abundance profiles are displayed.

Statistical analysis: PCA[?! (Rade4 package, Version 2.15.3) and NMDS
[23](Rvegan package, Version 2.15.3) dimension reduction analyses were applied to
compare the species and functional compositions between different groups. ANOSIM
and Adonis were employed to assess the dissimilarities between the groups. Then, the
Wilcoxon (two-group)/Kruskal-Wallis (multigroup) rank sum test (or STAMP
analysis)?* and LEfSe analysis/®®! were used to identify distinct species or functions
at each level between the groups.

6.9 Metallic element detection!?% 27l

After 0.1 g of the sample was weighed precisely, it was placed into the digesting inner
tank. Then, 5 mL of concentrated nitric acid was added, and the mixture was left
undisturbed overnight. The next day, 2 mL of hydrogen peroxide and 1 mL of
hydrofluoric acid were introduced into the inner tank, and a stainless-steel jacket was
firmly sealed. The tank was placed in a constant-temperature drying oven for
digestion at 150—170 °C for 4 h. After cooling, the stainless-steel jacket was carefully
unscrewed, and the digesting inner tank was subsequently removed. The inner tank
was heated on an electric hot plate at 160 °C for 30 min, 1% nitric acid was added to
25 mL, and the content of each element was measured by the instrument. The results
were calculated via the following formula:

Content of metallic element (mg/kg) =-C*V/m*D,

where C is the concentration of elements in the solution, mg/L; V is the extraction
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602  Abbreviation

Abbreviation Full name
nc format Network Common Data Format
IDW Inverse Distance Weighted
GSOD Global Surface Summary of the Day
MS Mass Spectroscopy
EIS Electrochemical impedance spectroscopy
HPLC High Performance Liquid Chromatography
DNA Deoxyribonucleic acid
ORF open reading frame
LCA Lowest Common Ancestor
KEGG Kyoto Encyclopedia of Genes and Genomes
NMDS Nonmetric multidimensional scaling
BPC Base Peak Chromatogram
PCoA Principal co-ordinates analysis
LEfSe Linear discriminant analysis effect size
Evolutionary gene genealogy Nonsupervised Orthologous
EggNOG
Groups
Ultraperformance liquid chromatography tandem mass
UPLC-MS/MS
Spectrometry
PCA Principal component analysis
VIP

Variable importance in projection
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Fig. 1 Precipitation distribution map of Wutai County, Shanxi Province (A); temperature

distribution map of Wutai County, Shanxi Province (B); sunshine distribution map of Wutai

County, Shanxi Province (C); precipitation distribution map of Pingshun County, Shanxi Province

(D); temperature distribution map of Pingshun County, Shanxi Province (E); sunshine duration
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identification map of wild TCPs and characteristics (G); microscopic identification map of LCPs

(H); Lobetyolin content map of control substance, TCP and LCP (I)
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751 Fig. 2 TCP active ingredient BPC standard peak figure (A); LCP effective component BPC

752 standard peak figure (B); TCP and LCP positive ion mode PCA scoring figure, PCA score plots of
753  TCP and LCP in the negative ion mode of the implant platform(C); TCP and LCP positive ion

754  mode OPLS-DA scoring figure, OPLS-DA score plots of TCP and LCP in the negative ion mode



755

756

of the implant platform (D); Differentially abundant metabolites in the positive ion mode of TCP

and LCP; F: TCP and LCP anion pattern difference metabolites (E)
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760  microorganisms (D); Difference map of the microbial abundances of bacteria, archaea and fungi in

761 nonroot soil (E); EggNOG annotation diagram (F)
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