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Abstract

Purpose Scutellaria baicalensis Georgi in Yaozhou District in Shaanxi Province is an important Dao-di Herb. However,
little is known about the differences between wild and cultivated S. baicalensis rhizosphere microbial communities,
and how the differences and environmental variables affect the accumulation of flavonoid active ingredients.

Methods We analyzed the interactions between rhizosphere microbial communities- environmental variables,
environmental variables- flavonoid active ingredients of wild and cultivated S. baicalensis by high performance liquid
chromatography, high-throughput sequencing and multianalytical approach.

Results Wild S. baicalensis contained a significantly higher content of scutellarin and baicalin compared to culti-
vated. Bacterial genera Sphingomonas, RB41 and fungal genera Mortierella, Cordyceps, Phialophora were higher in wild
habitat than those of cultivated. The diversity of wild S. baicalensis rhizosphere fungal communities was higher,

while the diversity and richness of cultivated rhizosphere bacterial communities were higher. The difference of rhizo-
sphere microbial communities in wild and cultivated habitats may lead to differences in soil nitrogen, phosphorus
and potassium nutrients. The KEGG pathways of rhizosphere bacterial communities were mainly enriched in global
and overview maps. The relative abundance and species of functional species in the saprotroph in wild S. baicalensis
were higher than those in cultivated. Soil SOM, TP, TK and altitude were significantly positively correlated with flavo-
noid contents (P<0.05).

Conclusions Increasing the application of organic matter, TN: TP and TN: TK ratio was suggested in the future cultiva-
tion, meanwhile pH value of soil should be adjusted. Besides, it is speculated that Sphingomona has potential applica-
tion value in the cultivated S. baicalensis.

Keywords Rhizosphere microbial communities, Medicinal plants, Environmental variables, Accumulation in flavonoid
active ingredients

Introduction

Scutellaria baicalensis Georgi with a history of more
*Comespondence: than 2000 years’ application in medicine, has significant
Yani Bai pharmacological properties like anti-bacterial, anti-
?a'_yn@xa_b‘acm _ o ) inflammation, anti-viral, etc. (Wu et al. 2018; Xiang et al.

Bio-Agriculture Institute of Shaanxi, Xi'an 710043, China .. [ R

2 Enzyme Engineering Research Center of Shaanxi Province, Xi‘an 710600, 2022)' Baicalin, a flavonoid, is among the main Pharma'
China ceutical active ingredients, and the Pharmacopoeia con-

siders its content as the criterion for quality control of S.

©The Author(s) 2025. Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give appropriate credit to the
original author(s) and the source, provide a link to the Creative Commons licence, and indicate if changes were made. The images or

other third party material in this article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line
to the material. If material is not included in the article’s Creative Commons licence and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.


http://creativecommons.org/licenses/by/4.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13213-025-01811-z&domain=pdf
http://orcid.org/0000-0001-5912-7717

Feng et al. Annals of Microbiology (2025) 75:20

baicalensis (Committee 2020). In recent years, because
of its medicinal values, there is an increasing market
demand for S. baicalensis. Therefore, a large area of artifi-
cial cultivation was arranged by farmers (Bai et al. 2020).
Nevertheless, in the course of cultivation, the urgent
problem that needs to be resolved is how to keep the
plant’s quality intact and encourage the accumulation of
active substances.

S.baicalensis in Yaozhou area (China) is defined as
Dao-di Herbs, which means the medicine has better
quality and efficacy, its quality is stable, and the herbs
enjoy a high reputation (He et al. 2020). Yaozhou S. bai-
calensis produced in the bordering area of Guanzhong
Plain and Weibei Plateau has become famous since the
Tang and Song dynasties and has been certified as a
national geographical indication of agricultural prod-
ucts. According to Huang et al. (2007), the development
of geoherbalism is attributed to the combined influence
of genetic and environmental factors, including soil, cli-
mate, water quality, landform, and cultivation conditions.
For medicinal plants, soil is the foundational effect factor
influence rhizosphere microbiology (Butler et al. 2003).
Medicinal plants’ rhizosphere microorganisms play cru-
cial roles. They can not only synthesize plant growth
regulators and promote uptake of mineral nutrients such
as P, Ca, Zn and N (He et al. 2020); but also enhance or
endow medicinal plants with the characteristics of dis-
ease resistance, drought resistance, cold resistance and
saline-alkali resistance (He et al. 2020; Lubna et al. 2018;
Sturz and Matheson 1996). Meanwhile, they have impact
on the growth, traits, chemical composition, metabolism
and development of medicinal plants, eventually leading
to the difference between Dao-di Herbs and non-Dao-di
Herbs (Xiao et al. 2009). Therefore, it is highly significant
to clarify and excavate the regional differentiation rules
and causes of soil microorganisms (He et al. 2020), and to
screen and utilize regional exclusive microbial resources
for the cultivation of Dao-di Herbs.

Wild Yaozhou S. baicalensis had a higher baicalin con-
tent than cultivated ones. It has been reported that after
2 or 3 years of cultivation, S. baicalensis might suffer
from soil-borne diseases and a decrease in quality. Zhang
et al. (2010) suggested that it might be caused by infec-
tious agents Pythium ultimum and Rhizoctonia solani.
But it is reported that wild medicinal plants have strong

Table 1 The monthly basic statistics on climate of sampling sites
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resistance in the natural environment, and although their
biomass is lower than that of artificial cultivars, they can
coexist harmoniously with nature for a long time (Wu
and Lin 2020). This posed the question: are there dif-
ferences in the root microorganisms between wild S.
baicalensis and cultivated S. baicalensis? Will it have an
impact on the accumulation of active ingredients in S.
baicalensis? Until now, little is known about the differ-
ences between the rhizosphere microbial communities
of wild and cultivated S. baicalensis. This study aimed to
compare the differences of rhizosphere microbial com-
munities and environmental variables between wild and
cultivated S. baicalensis, analyzed the effects of rhizos-
phere microbial communities and environmental vari-
ables on the accumulation of flavonoid active ingredients
in S. baicalensis, and provided improvement strategies
for soil management of cultivated S. baicalensis.

Materials and methods

Samples collection

All S. baicalensis samples were collected from Yaozhou
District, Tongchuan City, Shaanxi Province, China. The
monthly basic statistics on climate of sampling sites are
shown in Table 1. Annual average temperature is 11.7°C,
highest temperature is 36.2°C, lowest temperature is
—14.0°C. Annual precipitation is 517.8 mm. Annual sun-
shine hours are 2298.1 h. Mean wind speed is 2.4 m/s.
Relative humidity is 68%. Frost-free period is 160 days.
Pressure is 905.4 hPa (Shaanxi Provincial Bureau of
Statistics).

Wild samples were collected at Caihe Village, Miaowan
Town (W1), and at Koujiayuan Village, Shizhu Town
(W2). Cultivated samples were collected from the
Planting Demonstration Base (C1) and Baojian Village,
Sunyuan Town (C2). As shown in Table 2, the sampling
information of S. baicalensis habitat samples is presented.

The method of collecting rhizosphere soil referred to
the “shaking method” of Chen et al. (2022): After com-
pletely digging out fresh and healthy S. baicalensis with
soil and shaking it gently, large chunks of bulk soil were
removed. Subsequently, the rhizosphere soil that was
still adhering to the root was gathered by a small steri-
lized fine brush. One portion was subsequently placed in
sterile PE tubes and conserved in a —80 °C freezer, while
another portion was dried in the open air to determine

1 2 3 4 5 6 7 8 9 10 1 12
Monthly average temperature (°C) 14 -0.6 92 13.2 16.6 235 239 240 175 109 6.3 -2.2
Monthly precipitation (mm) 17.0 7.1 34.8 21.0 229 54.1 161.9 88.0 19.1 65.2 22.8 39
Monthly sunshine hours (h) 1444 183.7 169.3 203.7 250.0 2934 2352 1959 166.5 1239 1213 210.8
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Table 2 Sampling information of samples from S. baicalensis habitat

Samples Longitude Latitude Altitude(m)
Caihe Village, Miaowan Town (W1) 108°48'19" E 35°8'53" N 1209
Koujiayuan Village, Shizhu Town (W2) 108°58'43" £ 35°10'55" N 1242
Planting Demonstration Base (C1) 109°0"16" E 34°55'20" N 727

Baojian Village, Sunyuan Town (C2) 109°0'29" E 34°55'20" N 738

the soil’s physicochemical properties. At each sampling
site, three replicate samples were collected (each repli-
cate was the mixture of 10 samples), and a total of 12 soil
samples were collected. Correspondingly, 12 samples of
S. baicalensis were collected.

Phenotypic characteristics

The seeds of cultivated S. baicalensis were selected
from wild populations by multi-generation single plant
cooperative selection. For the wild samples, the under-
ground dry weight was 20.61+12.65 g, the root diam-
eter was 14.94+1.91 mm, the above ground length was
9.87+2.16 cm. While for the cultivated samples, the
underground dry weight was 14.06+4.06 g, the root
diameter was 11.81+2.15 mm, and the above ground
length was 18.54+5.19 cm.

Management mode of the cultivated

When the height reached 8-10 cm, the plants were
moved into the soil, with a distance of 8—15 cm among
each other. No fertilizer was applied in the transplant-
ing year. In the next year, when the plant height reached
10-15 cm, 75 kg/ha urea was applied; from the end
of June to the beginning of July, 150 kg/ha potassium

sulphate and 150 kg/ha ammonium phosphate dibasic
were applied. In the third year, after the rejuvenation of
S. baicalensis, 300 kg/ha 12% calcium superphosphate,
75 kg/ha urea and 75 kg/ha potassium sulphate were
applied. No extra watering was needed.

Measurement of the primary flavonoid active components
in the roots

Employing high performance liquid chromatography
techniques, we measured the concentrations of seven
active components, namely scutellarin, baicalin, wogon-
oside, apigenin, baicalein, wogonin, and melaleuca A
(Fig. 1). For each sample, firstly, the roots were dried and
ground. And then 0.5 g root powder was measured. To
extract the active ingredient, 50 mL of 70% ethanol was
added into the powder and ultrasonic extraction (200 W,
40 kHz) was performed for 60 min. After that, the super-
natant was filtered through a 0.45 pum filter membrane,
so as to prepare it for HPLC analysis. Substances were
examined using an Agilent Technologies 1200 Series
(America) that had an Agilent ZORBAX Eclipse XDB-C8
column installed (4.6 X 150 mm, 5 pm). The mobile phase
consisted of acetonitrile (A) and 0.1% formic acid (B), and
the gradient elution was carried out with the following
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Fig. 1 The HPLC chromatograms for seven active ingredients in reference and samples. a The chromatograms of the standard samples. 1.
scutellarin; 2. baicalin; 3. wogonoside; 4. apigenin; 5. baicalein; 6. wogonin; 7. melaleuca A. b The representative chromatograms of the sample. 1.
scutellarin; 2. baicalin; 3. wogonoside; 4. apigenin; 5. baicalein; 6. wogonin; 7. melaleuca A
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concentrations: 10% A (0 min); 100% A (15 min); 100%
A (20 min); 10% A (21 min); 10% A (25 min). All separa-
tions occurred with the column temperature held steady
at 28°C (wavelength: 274 nm, flow rate: 1.0 mL/min).

Soil physicochemical characteristics

Soil samples were air dried and ground passed through
a 2 mm sieve at room temperature. Soil suspensions
were made by combining soil and water in a 1:2.5 (w/w)
ratio, and a pH meter (PHSJ-3E, INESA, China) was uti-
lized to assess the pH values of these suspensions. Soil
suspensions were formed by mixing soil and water at a
1:5 (w/w) ratio, a conductivity meter (DDS-307, LeiCi,
China) was utilized to assess the electrical conductivity
(EC) values of these suspensions. The Walkley and Black
method was employed to measure the soil organic mat-
ter (SOM) (Huang et al. 2006). The contents of available
nitrogen (AN), available phosphorous (AP), and available
potassium (AK) in the soil samples were measured fol-
lowing the procedures outlined in “Soil and Agricultural
Chemistry Analysis” (Bao 2000). After digestion with
H,SO,, the Kjeldahl method was utilized to measure the
total nitrogen (TN) content in soils (Huang et al. 2006).
Once digested by H,SO,, HNO, and HCIO,, respectively,
soil samples had their total phosphorus (TP) content
determined according to the Murphy and Riley (1962)
method, and the flame spectrometry method was used to
determine the total potassium (TK) content.

High-throughput sequencing of rhizosphere microbial
communities

The total DNA of rhizosphere samples was extracted
using the E.Z.N.A.® soil DNA Kit (Omega Bio-tek, Nor-
cross, GA, USA). Then, a Scandrop200 (Analytik Jena
AG, Jena, Germany) was used to measure the concentra-
tion of DNA. The specific primers for the 16S rRNA gene
(Zeng et al. 2011) were 338F (5'-ACTCCTACGGGA
GGCAGCAG-3') and 806R (5-GGACTACHVGGG
TWTCTAAT-3'), and those for the fungal ITS region
(Adams et al. 2013) were ITSIF (5-CTTGGTCATTTA
GAGGAAGTAA-3’) and ITS2R (5-GCTGCGTTCTTC
ATCGATGC-3’). TransStartFastPfu PCR Supermix
(AP221, TransGen Biotech, China) was used for the PCR
reaction. The 20 pL reactions included 5 FastPfu bufter
(4 uL), dNTPs (2.5 mM; 2 pL), forward primer (5 mM;
0.8 pL), reverse primer (5 mM; 0.8 pL), FastPfu polymer-
ase (0.4 pL), BSA (0.2 pL), template DNA (10 ng), and
then ddH,O was used to add to 20 pL in total. An ABI
GeneAmpv thermal cycler (9700, Thermo Fisher Scien-
tific, USA) was used to perform the PCR reactions. For
the 16S rRNA gene, the thermocycler program began
with initial denaturation at 95°C for 3 min. This was fol-
lowed by 27 cycles, each cycle consisting of 30 s at 95C,
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30 s at 55°C, and 45 s at 72°C. Finally, a final extension was
carried out at 72°C for 10 min. The thermocycler proto-
col for the fungal ITS gene was configured with an initial
denaturation step at 94°C for 5 min. This was followed by
35 cycles, each cycle consisting of 45 s at 94°C, 45 s at
55°C, and 1 min at 72°C. Finally, a final extension was con-
ducted at 72°C for 10 min. The Quanti FluorTM—ST sys-
tem (Promega, USA) was used to quantify the obtained
amplicons, in order to pool in equimolar concentrations
for samples. Finally, the pooled amplicons were subjected
to paired- end sequencing on the Illumina MiSeq plat-
form (Majorbio, Shanghai, China).

Statistical analysis

Fastp software (https://github.com/OpenGene/fastp,
version 0.20.0) was used for the quality control of
obtained raw sequences. Splicing of the raw sequences
was conducted using FLASH software (http://www.cbcb.
umd.edu/software/flash, version 1.2.7). Chimeras were
removed using the UPARSE software (http://drive5.com/
uparse/, version 7.1) with the 97% clustered similarity
of OTUs as the basis. In detail, a 10-base-pair window
was established to screen out bases at the terminal part
of reads with a quality score lower than 20. When the
mean quality score within the specified range fell below
20, the bases at the end of the read (backend) within
that range were removed. Once the quality control pro-
cedure was completed, reads shorter than 50 base pairs
were screened out, and reads with N-bases were elimi-
nated. If the pairs of reads have an overlap length of at
least 10 base pairs, the two sequences were combined
into a single sequence. The splicing sequence’s overlap
region allowed a mismatch ratio of up to 0.2, and non-
conforming sequences were filtered out. The orientation
of the sequences was adjusted according to the barcodes
and primers situated at either end. For barcode, the maxi-
mum mismatch number was 0; while for primer, the
maximum mismatch number was 2. Taxonomic assign-
ment was performed by comparing the categories in the
database, bacteria: 16S silval38/16s_bacteria, fungus: ITS
unite8.0/its_fungi. No normalizations were applied.

IBM SPSS Statistics 22 was used to conduct a One-
way ANOVA for data analysis and post-hoc multiple
comparison tests (including the least significant differ-
ence and Dunnett’s tests) was used to assess the differ-
ences among treatments. Mothur software (http://www.
mothur.org/wiki/Calculators) was utilized to compute
the alpha diversity of microbial communities. Based on
Euclidean distance algorithm, PCoA analysis (principal
co-ordinate analysis) in R language (version 3.3.1) was
applied to assess the resemblance of microbial commu-
nity structure across samples. CCA and RDA analyses in
R language (version 3.3.1) were conducted to calculate
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the correlations between microbial communities and
environmental variables. Spearman correlation analysis
of the bacterial and fungal communities, environmental
variables, and flavonoid active ingredient content was
conducted using OriginPro 2023 software. Figures were
created in OriginPro 2023 and Excel software.

Results

Concentrations of the key flavonoid bioactive components
in the roots

The content of scutellarin and baicalin in wild S. bai-
calensis was significantly greater than that in cultivated
ones. The content of baicalein, wogonin and melaleuca
A in wild S. baicalensis was significantly less than that in
cultivated ones. The content of wogonoside and apigenin
did not show significant differences (Table 3).

Soil physicochemical properties

The statistical analysis of soil physicochemical properties
in the current study indicated that the pH, TP, TK in wild
habitats were significantly lower than those in cultivated
habitat. On the contrary, the content of SOM, AN, TN in
wild habitats were significantly higher than those in cul-
tivated habitat (Table 4). And this finding suggested that
the soil environment of wild and cultivated S. baicalensis
differed significantly.

OTUs and a diversity analysis of microbial communities
The original data have been deposited on the NCBI web-
site, with PRINA991737 and PRJNA991750 assigned as
the respective accession numbers.

On average, 58,000 bacterial 16S rDNA sequences and
51,000 fungal ITS1 sequences were obtained per sam-
ple. After screening, filtration and chimera removal, the
sequences were clustered by 97% similarity of OTUs
levels. Finally, we obtained 5338 OTUs for bacteria and
1799 OTUs for fungi separately. By annotation of OTUs,
a total of 37 phyla, 111 classes, 266 orders, 420 families,
749 genera, and 1559 species of bacteria were obtained.
While 14 phyla, 49 classes, 108 orders, 229 families, 444
genera, and 658 species of fungi were obtained.

Table 3 Contents of flavonoid active ingredients
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Table 4 Basic physicochemical properties of soils
Samples W1 w2 1 c2
pH 8.12+001b 7.83+0.06¢ 834+001a 830+004a
EC(uS/cm) 138930902  7957+040d  12061+053b  111.50+0.50
SOM(g/kg) 1813+045b  41.52+081a  1131+068d  12.64+076¢
AN(mg/kg) 10333+296b  147.11+449a 4382+262c  4625+231c
AP (mg/kg) 2.47+0.17d 1080+056b  1943+081a  577+0.12c
AK(mg/kg) 22333+208b  18567+1.53c  161.00+200d  237.67+306a
TN(g/kg)  1.10+002b 277+011a 081+0.04c 086+001c
TP(g/kg) ~ 049+005b  047+002b  0.71+002a 0.76+002a
TK(g/kg)  1367+015b  1720+056a  17.60+046a  17.77+045a

Significant differences within the same column are denoted by different letters
(P<0.05)

The species richness of the community is reflected by
alpha diversity (Table 5). The bacterial community diver-
sity of the cultivated group was greater than that of the
wild group (P<0.05), and the diversity of fungal com-
munities in the cultivated group was lower than that of
the wild group (P<0.05). The Simpson index of the sam-
ples did not show any significant difference. The culti-
vated samples exhibited a significantly greater richness
of the bacterial community compared to the wild samples
(P<0.05), while the fungal communities of the samples
did not show significant differences.

The composition of the microbial communities

As shown in Fig. 2, at the phylum level, for both wild and
cultivated samples, Actinobacteriota (23.16%—37.67%),
Proteobacteria (20.88%—32.51%), Acidobacteriota
(11.11%—17.5%) and Chloroflexi (7.87%—13.33%) were
dominant in the bacterial communities. At the genus
level, the dominant genera of rhizosphere bacterial com-
munities in the wild samples (abundance >2%) included:
norank_f norank_o_Vicinamibacterales (4.81%),
norank_f Vicinamibacteraceae (3.77%), norank_f 67-14
(3.21%), Sphingomonas (2.86%), RB41 (2.50%), norank_f_
Xanthobacteraceae (2.49%), Gaiella (2.39%), and
Solirubrobacter (2.39%). The dominant genera (abun-
dance>2%) of rhizosphere bacterial communities in

Samples Contents of flavonoid active ingredients (Dry weight, %)

Scutellarin Baicalin Wogonoside Apigenin Baicalein Wogonin Melaleuca A
W1 0.79+0.07a 13.22+0.15a 4.55+0.29 0.03+0.01a 1.71+£0.32b 0.26+0.11b 0.18+0.05b
W2 0.76+£0.09ab 1285+0.77a 422+1.02a 0.07+0.05a 2.28+1.10b 0.35+0.15b 0.27+0.13b
C1 0.65+0.05b 12.32+0.67ab 421+0.02a 0.04+0.02a 1.80+045b 0.39+0.20b 0.31+0.13ab
2 0.64+0.05b 11.54+£0.62b 3.56+0.02a 0.03+£0.02a 3.81+0.48a 0.71+0.06a 0.50+0.12a

Significant differences within the same column are denoted by different letters (P <0.05)
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Table 5 Alpha-diversity indexes of microbial communities in S. baicalensis rhizosphere soil
Shannon index Simpson index Chao1 index ACE index

Bacteria W1 6.287+£0.144b 0.005+0.002a 2783.179+158.368¢ 2789.131+166.812¢
W2 5.992+0.102c 0.006+0.001a 2523.584+101.149¢ 2531.550+139.134¢
@ 6.144+0.124bc 0.011+0.008a 3083.342+203.082b 3087.497 +174.875b
2 6.545+0.091a 0.005+0.001a 3571.346+65.363a 3571.808+29.567a

Fungus W1 3526+0575a 0.096+0.04%a 325.787+118.965a 325586+120.281a
W2 4.299+0.276a 0.041+0.015a 424576+34.101a 423.268+35.008a
@ 2.375+1.030b 0.323+0.295a 345.232+28.590a 343.918+20.255a
(@] 3.721£0.090a 0.063+0.012a 446.202+50.736a 444537 +£54.636a

Significant differences within the same column are denoted by different letters (P <0.05)
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(a) Relative abundance of bacteria at the phylum level. (b) Relative abundance of bacteria at the genus level.

Fig. 2 Bacterial community structures at phylum and genus level in samples

cultivated samples included: Arthrobacter (5.01%),
norank_f Vicinamibacteraceae  (4.43%), norank_f
norank_o_Vicinamibacterales  (3.61%),  Blastococcus

(3.42%), norank f JG30-KF-CM45 (2.84%), Gaiella
(2.55%), norank f Gemmatimonadaceae (2.48%), Soli-
rubrobacter (2.46%), norank_f 67-14 (2.36%), norank_f
norank_o_norank_c_KD4-96 (2.30%).

As shown in Fig. 3, at the phylum level, six phyla
were identified in the rhizosphere fungal community
of both the wild and cultivated groups. Relative abun-
dance of Ascomycota (41.45%), Mortierellomycota
(27.96%), unclassified_k_Fungi (16.21%), and Basidi-
omycota (10.86%) accounted for 96.48% of the wild
fungal communities. On the other hand, Ascomycota
(71.31%), Mortierellomycota (15.46%), and Basidi-
omycota (11.00%) accounted for 97.77% of the spe-
cies abundance of cultivated fungal communities. At
the genus level, the dominant genera (abundance > 2%)
of soil fungal communities in the rhizosphere of
the wild group included: Mortierella (27.42%),

unclassified_k_Fungi (16.21%), unclassified_p_Asco-
mycota (7.61%), Cordyceps (4.21%), unclassified_f
Herpotrichiellaceae (2.44%), unclassified_f Pezizaceae
(2.23%), Phialophora (2.08%). The dominant genera
(abundance >2%) of the rhizosphere fungal commu-
nity in the cultivated group included: Talaromyces
(33.91%), Mortierella (15.32%), Cadophora (4.16%),
Solicocozyma (3.25%), Tetracladium (3.15%), Phoma
(2.69%), and Paraphoma (2.52%), Serendipita (2.41%),
Gibberella (2.20%), Vishniacozyma (2.10%).

Further analysis of the dominant fungi showed that
there were potential pathogenic fungi such as Mor-
tierella, Talaromyces, Cadophora, Cordyceps, Phoma,
Gibberella in the samples (Table 6). The relative abun-
dance of Talaromyces, Phoma, Gibberella in cultivated
S. baicalensis was significantly greater than that in wild
S. baicalensis (P <0.05).
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(a) Relative abundance of fungi at the phylum level. (b) Relative abundance of fungi at the genus level.
Fig. 3 Fungal community structures at phylum and genus level in samples

Table 6 The rhizosphere’s proportion of potential pathogenic fungi at the genus level

Samples Relative abundance (%)

Mortierella Talaromyces Cadophora Cordyceps Phoma Gibberella
W1 26.05+8.54a 0.04+0.04b 1.90+1.21a 1068+ 17.97a 0.17+0.26b 0.07+0.01c
W2 2697 +£6.16a 048+0.71b 1.42+0.5% 0.09+0.12a 0.01+0.02b 0.05+£0.07c
@ 8.10+4.58a 50.05+28.60a 7.11+7.3% 0.001+0.002a 0.38+0.26b 142+061b
(@) 26.65+12.52b 11.7+£9.36b 0.31+£049a 0.002£0.004a 524+281a 298+ 1.23a

Significant differences within the same column are denoted by different letters (P <0.05)

Principal co-ordinates analysis of the microbial
communities

Each group of bacterial communities (Fig. 4(a)) principal
component 1 (PC1) and principal component 2 (PC2)
explained a total of 54.76% difference. PC1 clearly distin-
guished bacterial communities from wild and artificial
groups. The PC1 and PC2 of each group of fungal com-
munities (Fig. 4(b)) explained a total of 44.52% difference.
PC1 clearly distinguished the fungal communities of the
wild and artificial groups as well. For both bacteria and
fungi, the wild soil samples (W1 and W2) and the cultiva-
tion soil samples (C1 and C2) were located on the posi-
tive and negative half—axes of the PC1 axis respectively,
and were quite distant from each other. It means that
there were differences in the structure of bacterial com-
munities and fungal communities in the rhizosphere soil
of wild and cultivated S. baicalensis.

Correlations between microbial communities

and environmental variables

Firstly, the OTUs table (species—sample data with
97% similarity of samples) was used for DCA analysis,
and then the specific model was chosen according to
the axis-lengths value in the DCA1 analysis results. If
the axis-length value is less than 3.5, the RDA model
is used; otherwise, if it is greater than or equal to 3.5,
the CCA model is used. Figure 5(a) has an Axis-lengths
value of 1.8977 and Fig. 5(b) has an Axis-lengths value
of 4.0486. Therefore, RDA analysis was chosen for bac-
terial community analysis, while CCA analysis was cho-
sen for fungal community analysis. Figure 5 showed the
relationship between bacterial and fungal communities
and environmental variables at the OTU level. RDA
explained the total variance of 76.88% of bacterial com-
munities, and soil pH, SOM, AN had significant effect
on bacterial communities (P=0.001). CCA explained
the total variance of 34.87% of fungal communities, and
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(b) Fungal community
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Fig.5 CCA and RDA analysis of microbial communities and environmental variables

soil pH, SOM and altitude significantly influenced fun-
gal communities (P=0.001).

Functional prediction analysis

Based on the high-throughput sequencing of microbial
communities, PICRUSt2 functional prediction revealed
that the KEGG pathways of rhizosphere bacterial com-
munities in both wild and cultivated S. baicalensis were
predominantly enriched in metabolism (relative abun-
dance: 0.787), followed by genetic information processing
(0.064), environmental information processing (0.052),
cellular processes (0.043), human diseases (0.035), and
organismal systems (0.018) (Fig. 6).

Analysis using FUNGuild microecological tools
revealed that saprotrophs represented a substantial pro-
portion of the fungal community. Specifically, the rela-
tive abundances of saprotrophs labeled as W1, W2, C1,
and C2 were 0.61, 0.60, 0.86, and 0.66 in the samples,
respectively (Fig. 7(a)). Based on their utilization of envi-
ronmental resources, saprotrophs were further catego-
rized into ten functional guilds (Fig. 7(b)). Among wild
S. baicalensis samples, fungal functional guilds with an
average relative abundance exceeding 1% included Dung
Saprotroph, Dung Saprotroph-Plant Saprotroph, Dung
Saprotroph-Plant Saprotroph-Wood Saprotroph, Plant
Saprotroph-Wood Saprotroph, Soil Saprotroph, Wood
Saprotroph, and Undefined Saprotroph. In contrast, for
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Fig. 6 KEGG pathway annotation of wild and cultivated S. baicalensis rhizosphere bacterial communities
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Fig. 7 Fungal functional group composition changes derived from FUNGuild analysis
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cultivated S. baicalensis samples, the guilds with an aver-
age relative abundance greater than 1% were limited to
Dung Saprotroph-Plant Saprotroph-Wood Saprotroph
and Undefined Saprotroph. Notably, both the relative
abundance and species of functional species in the sap-
rotrophs were higher in wild S. baicalensis compared to
their cultivated counterparts (Fig. 7(b)).

Correlations between dominant microbial taxa,
environmental variables and flavonoid active ingredients
content in S. baicalensis

Soil SOM exhibited a significant positive correlation with
Proteobacteria, Sphingomonas, RB41 and Cordyceps. Soil
nitrogen content exhibited a significant positive cor-
relation with Proteobacteria, Acidobacteriota, Gaiella,
Sphingomonas, RB41 and Cordyceps. Soil phosphorus
content exhibited a significant positive correlation with
Chloroflexi, Arthrobacter, Blastococcus, Talaromyces,
Tetracladium, Paraphoma, Phoma, Vishniacozyma and
Gibberella. Soil potassium content exhibited a significant
positive correlation with Talaromyces, Tetracladium, Ser-
endipita and Paraphoma (Fig. 8(a)).
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The content of scutellarin exhibited a significant posi-
tive correlation with Sphingomonas, Cordyceps, SOM and
altitude. Conversely, it was significantly negatively associ-
ated with Chloroflexi, Phoma, TP and TK. For baicalin,
significant positive correlations were observed with Pro-
teobacteria, Sphingomonas and Cordyceps, while signifi-
cant negative correlations were found with Phoma, TP
and TK. Wogonoside content was significantly positively
correlated only with Cordyceps, but negatively correlated
with TK. Baicalein content showed a significant positive
correlation with Serendipita. Wogonin content was sig-
nificantly positively correlated with Serendipita, Phoma,
Gibberella and TP. Melaleuca A content was significantly
positively correlated with Phoma, Gibberella and TK, yet
significantly negatively correlated with Proteobacteria,
Sphingomonas and Cordyceps (Fig. 8(b)).

Discussion

Dao-di herbs are closely related to ecological environ-
ment. The physicochemical properties of rhizosphere soil
are influenced by root exudate, microbial activity, and
environmental conditions. In the current study, correla-
tion analysis showed that microorganism was correlated
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Fig. 8 Spearman correlations between dominant microbial taxa, environmental variables and contents of flavonoid active ingredients
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with the environmental variables (Fig. 8(a)). Similar to
our results, Zhang et al. (2023) found that the relative
abundance of Proteobacteria was usually related to soil
nitrogen content, this may be because Proteobacteria can
dominate biological nitrogen fixation and ammonium
oxidation processes (McCaig et al. 1999). The Chloro-
flexi was significantly positively correlated with phos-
phorus content, which was in line with the results of Ran
et al. (2023). Furthermore, Arthrobacter was significantly
positively correlated with phosphorus content. Sharma
et al. (2013) believed that Arthrobacter could secrete a
large amount of exopolysaccharide and showed strong
phosphorus dissolution ability. Sphingomonas was sig-
nificantly correlated with organic matter and nitrogen
content, which may be due to the dual pathways of nitro-
gen fixation (Videira et al. 2009) and nitrogen mineraliza-
tion (Serensen et al. 2001) by Sphingomonas to improve
soil nitrogen availability. The physicochemical properties
of soil are directly or indirectly affected by the metabolic
activities, decomposition and synthesis functions of bac-
teria. Therefore, the difference of rhizosphere bacterial
communities in wild and cultivated habitats might be the
main driving factor for the difference of nitrogen, phos-
phorus and potassium nutrients.

Besides, according to the results of the current study,
the relative abundance and species of functional species
in the wild S. baicalensis rhizosphere soil saprophytes
were higher and more diverse (Fig. 7(b)), which could
play a greater role in directly or indirectly affecting the
physicochemical properties of the soil. When we col-
lected samples, we found that there was a lot of litter
surrounding the wild plants. By secreting lignin enzyme,
cellulase and other extracellular enzymes, saprophytic
bacteria decompose complex organic matter and convert
macromolecular carbon into humus, soluble organic car-
bon and other small molecular compounds to improve
soil fertility (Cao et al. 2022). At the same time, fungal
metabolism and saprophytic decomposition of organic
matter produce organic acids (Li et al. 2025), which affect
soil pH. Goodell (2020) believed that lignin-degrading
bacteria tended to release organic acids in forest soil,
which reduced the soil pH. In addition, some fungi can
fix ammonium nitrogen in the soil through assimila-
tion to reduce nitrogen volatilization loss (Pellitier and
Zak 2018); they can also convert organic nitrogen into
ammonium nitrogen (NH,") and nitrate nitrogen (NO;")
through mineralization (Liu et al. 2024), thus improving
soil nitrogen availability. This may be one of the reasons
for the low pH and high organic matter and N content in
the rhizosphere soil of wild S. baicalensis (Table 4).

Soil physicochemical properties are the key factors
affecting plant nutrient absorption. Soil pH significantly
affects the nutrient absorption efficiency of plants by
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changing the chemical form of nutrients (Liu et al. 2022).
Soil organic matter is a reservoir of nutrients such as
nitrogen, phosphorus and sulfur, which can supply nutri-
ents slowly and continuously (Paul et al. 2013). Soil nitro-
gen content is closely related to plant photosynthesis and
affects the synthesis of macromolecules such as chlo-
rophyll and protein (Cruz et al. 2003). Soil phosphorus
content affects the structural components of many mac-
romolecules and important organic compounds in plants,
and participates in many metabolic processes in plants
(Prathap et al. 2022). Soil potassium content affects the
biochemical and biophysical reactions of plants, which
can promote energy conversion and assimilation product
transport in plants (Regmi et al. 2002).

In the current study, correlation analysis showed that
SOM, TP, TK and altitude were correlated with the accu-
mulation of flavonoid active ingredients (Fig. 8(b)). Ren
et al. (2016) found that physicochemical properties of
soil affected 14 active ingredients of Rheum palmatum
L., which were in consistent with our results. This may be
because soil nutrients directly determine the absorption
of mineral elements (such as N, P, K, trace elements) by
plants, and mineral nutrition is the material basis of plant
metabolism. Studies have shown that organic matter can
promote photosynthesis and carbohydrate synthesis in
the above-ground parts of S. baicalensis, and phospho-
rus and potassium are involved in a variety of metabolic
processes in plants, providing more precursors such as
phenylalanine for flavonoid synthesis. Nitrogen affects
the synthesis and accumulation of alkaloids, non-protein
amino acids, phenols, terpenes, flavonoids, and tan-
nins in plants (Chen et al. 2010). Excessive nitrogen can
reduce the activity of key enzymes involved in flavonoid
synthesis, leading to competition with the large amount
of proteins synthesized by growing plants for the precur-
sor—phenylalanine, thereby inhibiting flavonoid synthe-
sis (Chen et al. 2010).

In the sampling, we selected healthy S. baicalensis.
We expected that through the study of healthy S. bai-
calensis, the complex interference caused by disease
factors can be excluded, and the relationship between
the flavonoid content and microorganisms can be more
accurately analyzed in a relatively simple system. As we
analyzed the makeup of the fungal community in the
samples, we identified that the relative abundance of Tal-
aromyces, Phoma, Gibberella in cultivated S. baicalensis
was significantly greater than that in wild S. baicalensis
(P<0.05) (Table 6). Meanwhile, the content of wogonin
and melaleuca A was significantly positively correlated
with Phoma and Gibberella (P<0.05). But the content of
scutellarin and baicalin was significantly negatively corre-
lated with Phoma (P<0.05) (Fig. 8). This may be because
when plants are infected by pathogens, the activity of
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key flavonoid synthesis enzymes such as phenylalanine
deaminase (PAL) and chalcone synthase (CHS) in plants
may increase, thus promoting flavonoid synthesis. How-
ever, not all species in the above genera are pathogenic
fungi, and the pathogenicity of microorganisms is also
affected by many factors.

The differences in the microecological environment of
wild and cultivated S. baicalensis roots and their effects
on flavonoid content were compared. We found the
content of baicalin was positively correlated with genus
Sphingomonas (Fig. 8(b)). This may be because Sphingo-
monas paucimobilis ZJSH1 produces plant hormones.
These hormones function as signaling agents in plants
and are capable of modulating the expression of genes
associated with flavonoid biosynthesis (Yang et al. 2015).
Meanwhile, Wang et al. (2022) found Sphingomonas sp.
Hbc-6 enhances photosynthesis of plants. The photo-
synthetic products provide carbon skeleton, energy and
reducing agent for the biosynthesis of flavonoids (Li et al.
2023). This conclusion is based on reasonable specula-
tion of correlation, reflecting statistical association rather
than causal relationship. In the future, it is necessary to
conduct comparative inoculation experiments, metagen-
omic and transcriptome data analysis to reveal the spe-
cific mechanism of action of Sphingomona in flavonoid
synthesis.

Mining rhizosphere soil microbial resources of medici-
nal plants can help develop effective and sustainable field
management strategies. In the future, we should fur-
ther strengthen the research on the growth-promoting
mechanism of beneficial microorganisms in the rhizos-
phere of medicinal plants and accelerate the development
of microbial inoculants. By studying how rhizosphere
microorganisms influence the accumulation of active
components in medicinal plants, we can explore the way
to stimulate the synthesis of active components and pro-
mote the scientific, ecological and standardized devel-
opment of artificial cultivation of Chinese medicinal
materials.

Conclusions

Wild S. baicalensis contained a significantly greater con-
tent of scutellarin and baicalin compared to cultivated
ones. Microorganisms were correlated with the envi-
ronmental variables, the difference of rhizosphere bac-
terial communities in wild and cultivated habitats may
be the main driving factor of the difference of nitrogen,
phosphorus and potassium nutrients. Both the relative
abundance and species of functional species in the sapro-
trophs were higher in wild S. baicalensis, and saprotroph
can decompose organic matter to produce a large amount
of humus and organic acids, which can reduce the pH
value and increase the content of organic matter and N of
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soil in wild habitat. Soil SOM, TP, TK and altitude were
significantly positively correlated with flavonoid contents
(P<0.05). In the current study, the proposed improve-
ment strategies for soil management of cultivated S. bai-
calensis are: increasing the application of organic matter
and the ratio of TN:TP and TN:TK, paying attention to
the pH value of the soil and to explore the potential appli-
cation of genus Sphingomona.
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