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Abstract

Objective To investigate the effects of Bacillus subtilis GYH20240327-1, isolated from traditional fermented yogurt, on
the rhizosphere microbiomics and metabolomics of Platycodon grandiflorus and Scutellaria baicalensis Georgi.

Methods The Bacillus subtilis strain was isolated from yogurt, applied to fertilizer, and used in the planting field. By
measuring four apparent plant growth indicators, high-throughput sequencing (16S rRNA and ITS), and LC-MS-based
metabolomics analysis of related rhizosphere soil samples, we preliminarily explored and compared the effects of
Bacillus subtilis-containing fertilizer on the growth and development, microbial communities, and metabolite profiles
of two medicinal plants.

Results The results show that fertilization treatment has a certain growth-promoting effect on Platycodon
grandiflorus and Scutellaria baicalensis during the critical three-month period from flowering to harvest, and it also
reshapes their rhizosphere microbial communities. In Platycodon grandiflorus soil, the abundances of Acidobacteriota
and Gemmatimonadota increased, while Proteobacteria decreased. In Scutellaria baicalensis soil, Basidiomycota
increased, whereas Ascomycota and Mortierellomycota decreased. Metabolomics revealed significant enrichment in
pathways for plant hormone biosynthesis, linoleic acid metabolism, biosynthesis of plant secondary metabolites, and
vitamin B6 metabolism.

Conclusion Bacillus subtilis GYH20240327-1 can effectively promote the growth and development of the rhizosphere
of medicinal plants, alter the soil microbial community structure, and affect the composition of plant metabolites,
showing its potential as a biofertilizer to improve cultivation efficiency.
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Introduction

Plant growth-promoting rhizobacteria (PGPR) refer to
beneficial rhizobacteria within the soil bacterial com-
munity that colonize the narrow zone around plant
roots, stimulate plant growth, and reduce the incidence
of plant diseases (Bhardwaj et al. 2025; Dong et al
2025). PGPR can promote plant growth and develop-
ment, improve nutrient acquisition, enhance soil fer-
tility, and consequently alter plant yield by secreting
various metabolites and enzymes, dissolving organic
matter, facilitating mineral absorption, fixing nitrogen,
generating volatile organic compounds, exhibiting anti-
fungal activity, enhancing plant-microbe symbiosis, and
secreting a multitude of substances that indirectly affect
overall plant morphology. This makes them environmen-
tally friendly and advantageous alternatives to chemical
fertilizers and pesticides(Souza et al. 2015; Lopes et al.
2021; Goginyan et al. 2025). Furthermore, PGPR improve
tolerance to abiotic stresses such as drought, salt stress,
high and low temperatures, and waterlogging by enhanc-
ing plant water retention capacity, producing plant
hormones, solubilizing nutrients, performing osmo-
regulation, activating antioxidant enzymes, and regulat-
ing stress-resistant genes(Khan et al. 2020; Shahid et al.
2023; Ali et al. 2024). PGPR also demonstrate excellent
potential in bioremediation, utilizing mechanisms such
as siderophore production and heavy metal removal, act-
ing as biosurfactants, performing biosorption, exhibit-
ing ACC deaminase activity to reduce ethylene levels,
and producing exopolysaccharides and polymeric sub-
stances to remediate heavy metal-contaminated environ-
ments (Saeed et al. 2021). Bacillus and Pseudomonas are
among the most abundant and phylogenetically diverse
genera within PGPR. They are effective rhizosphere
colonizers with a broad soil distribution, capable of pro-
ducing a wide range of metabolites that suppress vari-
ous pathogens in plants and improve crop yield (Sunita
et al. 2003; Gupta et al. 2022) Bacillus subtilis (B. subti-
lis) is a Gram-positive bacterium widely found in vari-
ous environments such as soil, plants, and the digestive
tracts of animals. It can synthesize lipopeptides, a class
of compounds that exhibit potent antimicrobial activity
against various pathogens. As it does not produce endo-
toxins and is “Generally Recognized As Safe” (GRAS), B.
subtilis is a probiotic widely used in agriculture, biomedi-
cine, and industrial production (Akinsemolu et al. 2024;
Gao et al. 2025a; Gharsallah et al. 2025). A report entitled
“Biofertilizers Market By Type, By Microorganism, By
Application, By Crop Type, By Form, Global Market Size,
Segmental analysis, Regional Overview, Company share

analysis, Leading Company Profiles And Market Fore-
cast, 2025-2035" (https://www.researchandmarkets.co
m/) shows that due to the increasing global demand for
sustainable agriculture, the biofertilizer market is grow-
ing rapidly. In 2024, the global biofertilizer market size is
2.64 billion USD, and it is expected to reach nearly 9 bil-
lion USD by 2035, with the Asia-Pacific region, including
India and China, being high-growth areas for the biofer-
tilizer market. According to the product registration data
from the Ministry of Agriculture and Rural Affairs of
China, there have been 1,646 types of microbial fertiliz-
ers registered from 2025 to the present. Among the effec-
tive strains, 1,259 types contain B. subtilis, accounting
for 76.488%. However, most of these microbial fertilizers
are suitable for vegetables and grains, followed by fruits,
with very few suitable for medicinal plants. For example,
the microbial fertilizer (2025) approval number (15773)
contains B. subtilis and can be applied to Codonopsis
pilosula, while the microbial fertilizer (2025) approval
number (15427) also contains B. subtilis and can be used
for Panax ginseng cultivation (https://iarrp.caas.cn/fljzzj
zx/wsw_djcp/index.htm#). It can be seen that this study
on using B. subtilis as a biofertilizer for medicinal plants
has practical value and economic significance.
Platycodon grandiflorus (Jacq.) A. DC. (P. grandiflorus)
is a plant within the genus Platycodon of the Campanu-
laceae family, with a long history of both medicinal and
edible use(Ma et al. 2025). . grandiflorus is rich in vari-
ous bioactive components, mainly including saponins,
polysaccharides, flavonoids, phenols, polyacetylenes,
and various trace elements (Fan et al. 2025). It pos-
sesses multiple pharmacological functions such as anti-
tumor (Sun et al. 2025), antimicrobial (Kwon et al. 2025),
anti-obesity (Zhi et al. 2025), hepatoprotective (Dang
et al. 2025), anti-inflammatory and anti-oxidant (Liu
et al. 2023). Additionally, in North Korea, South Korea,
Japan, and China, P. grandiflorus is a popular traditional
pickle. In the modern food industry, P. grandiflorus has
been developed into more edible forms, such as salads,
noodles, preserved fruits, and health beverages(Ji et al.
2020). Scutellaria baicalensis Georgi (S. baicalensis) is
a perennial herbaceous plant and a widely used tradi-
tional medicine in China. The root of S. baicalensis is its
medicinal part, and it is included in the Chinese Phar-
macopoeia (CP 2020), British Pharmacopoeia (BP 2018),
and European Pharmacopoeia (EP 9.0) (Wu et al. 2025a;
Zhang et al. 2025b). S. baicalensis mainly contains flavo-
noid compounds and has various pharmacological effects
such as treating respiratory diseases (Shen et al. 2025),
anti-tumor(Xiang et al. 2025), antimicrobial(Zhang et
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al. 2025¢), anti-inflammatory(Kuwar And Kalia 2025),
antioxidant(Johnson et al. 2025), nervous protective
(Song et al. 2025), preventing abortion(Gao et al. 2025b),
treating pulmonary hypertension (Xie et al. 2025), and
diabetic nephropathy (An et al. 2025).

In recent years, the rapid development of multi-omics
technologies, such as the combination of microbiome
and metabolome analysis, has provided new perspectives
for the in-depth analysis of plant-microbe interactions.
The rhizosphere microbiome can influence the chemical
composition and exudation of root systems through sys-
tematic signaling mechanisms, thereby affecting the met-
abolic profile of the plant rhizosphere soil(Korenblum et
al. 2020). High-throughput sequencing studies can reveal
the composition and structure of the soil microbial com-
munity, while metabolomics provides direct evidence
of changes in metabolites within the plant rhizosphere
soil(Lu et al. 2025; Zhang et al. 2025a). Unraveling the
changes in rhizosphere soil microorganisms and metabo-
lites during plant growth and development is crucial for
guiding plant production.

Throughout their life cycle, plants are constantly sub-
jected to biotic and abiotic stresses. The technology of
using biofertilizers formulated with PGPR contributes
to the development of more tolerant and productive
plants. This study investigated the effects of applying B.
subtilis GYH20240327-1, isolated from traditional fer-
mented yogurt of herders, on the metabolic and micro-
bial composition during the growth of P. grandiflorus and
S. baicalensis plants, using high-throughput sequenc-
ing and UPLC-MS/MS. The objective of this study was
to detect whether there are significant differences in the
metabolite profiles and microbial community composi-
tion of P. grandiflorus and S. baicalensis upon application
of B. subtilis GYH20240327-1. This research will deepen
our understanding of the physiological mechanisms aris-
ing from bacteria/host associations and provide a theo-
retical basis for further enhancing the impact of PGPR on
plant growth studies.

Materials and methods

Microbial isolation, purification, and identification
Traditional fermented yogurt was purchased from herd-
ers’ households. According to the “National Standard
of the People’s Republic of China - Food Microbiologi-
cal Inspection - Lactic Acid Bacteria Inspection” (GB
4789.35-2023), the strains in the yogurt were cultured
using the specified detection and culture methods. Bac-
terial isolation was then performed using the quadrant
streak plate method. Gram staining was conducted to
explore the morphological characteristics of the root
bacterial isolates under a microscope. After triple puri-
fication, biochemical tests including casein hydrolysis,
starch hydrolysis, Voges-Proskauer (VP) test, oxidase
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test, catalase test, citrate utilization test, gelatin liq-
uefaction test, and sugar fermentation tests were per-
formed. Molecular biological identification was carried
out by extracting bacterial genomic DNA using a Bacte-
rial Genomic DNA Extraction Kit (DP302-021, Tiangen
Biochemical Technology (Beijing) Co., Ltd.) according to
the manufacturer’s instructions. The 16S rRNA gene was
amplified using self-designed forward primer (5-AGAG
TTTGATCCTGGCTCAG-3’) and reverse primer (5-TA
CGGTTACCTTGTTACGACTT-3’). The amplification
system consisted of: 6 uL bacterial DNA template, 1 pL
forward primer, 1 pL reverse primer, 12.5 puL of 2xTaq
PCR Master Mix (KT201-01, Tiangen Biochemical Tech-
nology (Beijing) Co., Ltd.), and 4.5 pL dd H20O. Ampli-
fication of the 16 S rRNA gene was performed using a
PCR amplifier (Model WD-9402D, Beijing Liuyi Bio-
technology Co., Ltd.) with an initial denaturation at 94°C
for 3 min, followed by 30 cycles of denaturation (94°C,
30 s), annealing (55°C, 30 s), and extension (72°C, 1 min).
The PCR amplification products of the 16 S rDNA from
strains showing a single band on 1.2% agarose gel electro-
phoresis were sent to Sangon Biotech (Shanghai) Co., Ltd.
for bidirectional sequencing. The returned 16 S rDNA
upstream and downstream sequences were assembled
using DNAMAN 9 software. The assembled sequences
were compared using the Basic Local Alignment Search
Tool (BLAST) in the GeneBank database of the National
Center for Biotechnology Information (NCBI) to deter-
mine the species and name of the strain.

Research location and field experiments

The study was conducted from June 2022 to Octo-
ber 2024 at a Platycodon grandiflorus and Scutellaria
baicalensis cultivation base in Qianmeilihe Village,
Meilihe Town, Yuanbaoshan District, Chifeng City,
Inner Mongolia Autonomous Region, China (East
Longitude 119°09; North Latitude 42°12’). The area is
located in a temperate continental monsoon climate
zone, with an average annual surface temperature of
6.2°C, an average of -12.5°C in January, and an average
of 23.2°C in July. The average annual precipitation is
355 mm, and the annual evaporation ranges between
2000 and 2300 mm. The main soil types include gravel
soil, cinnamon soil, and black soil (Liu et al. 2025).
Each plot contained 130 P. grandiflorus plants or 160
S. baicalensis plants. The size of the experimental plots
was 4 m®, with a spacing of approximately 15 x 20 c¢cm
for P. grandiflorus and 12x20 cm for S. baicalensis.
Each treatment had three replicates, and the plots
were separated and surrounded by at least two rows of
buffer zones in each direction.
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Production and application of probiotic compound
fertilizer

Organic fertilizer refers to commonly used chemical
fertilizers, such as compound fertilizer 14-16-15 (New
Yangfeng Agricultural Technology Co., Ltd.) and diam-
monium phosphate 18-46-0 (Yunnan Sanhuan Zhong-
hua Chemical Fertilizer Co., Ltd.) in a 1:1 ratio. Organic
fertilizer was applied once per month from June to Sep-
tember 2023, at a rate of 0.06 kg per m*. The composi-
tion and proportion of the probiotic compound fertilizer,
by parts by weight, are as follows: Probacterial agent (B.
subtilis): Chitosan: Humic acid: Calcium chloride: Cellu-
lase =10: 3: 14: 2: 1. The biofertilizer was applied once per
month from June to September 2023, at a rate of 0.6 kg
per m>,

Soil sampling

Soil samples were collected in mid-October locally using
the diagonal method, with random sampling from five
points. Soil from the rhizosphere (1-2 mm around the
roots), root surfaces, and adhering soil was obtained
using the soil drilling method. Debris such as foreign
matter and plant root residues was removed, and the
samples were mixed thoroughly, placed into sample bags,
and stored for subsequent high-throughput sequenc-
ing of 16S rDNA and ITS amplicons and metabolomics
analysis.

Measurement of plant growth indicators

Each type of plant was set up with a control group (no
fertilizer applied), an organic fertilizer group, and an
organic fertilizer + composite biofertilizer group. Dur-
ing the harvesting of medicinal plants, the height of the
aboveground parts and the root length of 2. grandiflorus
and S. baicalensis were measured. The roots of P. gran-
diflorus and S. baicalensis were cleaned according to the
2020 edition of the Chinese Pharmacopoeia. The fresh
weight of the roots was measured, and the medicinal
materials were dried according to the drying procedures
described in the Pharmacopoeia to determine the dry
weight of the medicinal materials.

Microbial diversity analysis

Soil microbial DNA extraction and sequencing

Total genomic DNA was extracted from soil samples
using the cetyltrimethylammonium bromide (CTAB)
method. The V4 region of the bacterial 16S rRNA gene
was amplified using the forward primer (5-ACTCC
TACGGGAGGCAGCA-3) and the reverse primer
(5-GGACTACHVGGGTWTCTAAT-3). The fungal
internal transcribed spacer (ITS) region was ampli-
fied using the universal primers ITS1F (5-CTTGGTC
ATTTAGAGGAAGTAA-3) and ITS2R (5-GCTGCG
TTCTTCATCGATGC-3’). Soil microbial analysis was
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performed with the assistance of Panomix (Suzhou)
Biomedical Technology Co., Ltd.Library quality control
was performed using the Agilent High Sensitivity DNA
Kit on an Agilent Bioanalyzer, followed by library quan-
tification using the Quant-iT PicoGreen dsDNA Assay
Kit on a Promega QuantiFluor fluorescence quantifica-
tion system. The amplification products first underwent
sequence end repair: the 5 overhanging bases of the
DNA sequences were excised using the End Repair Mix
2 from the kit, while a phosphate group was added and
the missing bases at the 3’ end were filled in. An ‘A’ base
was added to the 3’ end of the DNA sequences to prevent
self-ligation of DNA fragments and to ensure the target
sequences could ligate to the sequencing adapters (which
have a single ‘T’ base overhang at the 3’ end). Sequencing
adapters containing library-specific indexes (i.e., Index
sequences) were ligated to the 5" ends of the sequences,
enabling the DNA molecules to be immobilized on the
Flow Cell. Adapter self-ligation fragments were removed,
and the post-ligation library system was purified using
BECKMAN AMPure XP Beads for size selection. The
adapter-ligated DNA fragments were then PCR-ampli-
fied to enrich the sequencing library templates, and
the enriched library products were purified again using
BECKMAN AMPure XP Beads. Final fragment selec-
tion and purification of the library were performed via
2% agarose gel electrophoresis. Sequencing libraries were
prepared using Illumina’s TruSeq Nano DNA LT Library
Prep Kit, and high-throughput sequencing analysis of the
bacterial rRNA genes was performed.

Statistical and bioinformatics analysis

DADA?2 denoising was performed using QIIME2 (ver-
sion 2019.4). Primer fragments were first removed from
the sequences using giime cutadapt trim-paired, and
sequences where primers were not matched were dis-
carded. Subsequently, giime dada2 denoise-paired was
called to execute DADA2 for quality control, denois-
ing, merging, and chimera removal. After denoising all
libraries, the ASV feature sequences and ASV table were
merged, and singleton ASVs were removed.For both
bacterial 16 S rRNA gene and fungal ITS sequences,
the Silva database (Release 132, http://www.arb-silva.d
e) was used. Taxonomic annotation was performed for
each ASV feature sequence or each OTU representa-
tive sequence using the pre-trained Naive Bayes classi-
fier within QIIME2 software with default parameters,
employing the classify-sklearn algorithm (Bokulich et al.,
2018) (https://github.com/QIIME2/q2-feature-classifier).
For functional genes or other requirements, the localized
nt database (downloaded in 2019.8, ftp://ftp.ncbi.nih.gov
/blast/db/) was used for annotation. For the nt database,
the BROCC algorithm (Nilsson et al., 2006) (https://git
hub.com/kylebittinger/q2-brocc#the-brocc-algorithm)
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was employed: first, blastn was used to align sequences
against the nt database (or a specific subset thereof);
then, the brocc.py script was called with recommended
parameters to obtain annotation information.Global
Untargeted Metabolomics.

Extraction of metabolites from soil samples

In collaboration with Suzhou Panomix Biomedical Tech-
nology Co., Ltd., ultra-performance liquid chromatog-
raphy—tandem mass spectrometry (UPLC-ESI-MS/
MS) was employed to profile metabolite composition in
soil samples. Specifically, 0.10 g of each soil sample was
accurately weighed into a 2 mL centrifuge tube, and 600
pL of an internal standard solution—2-chloro-L-phenyl-
alanine (4 ppm, Aladdin) prepared in methanol—was
precisely added. The mixture was vortex-mixed for 30 s,
after which a steel bead was introduced and homogeniza-
tion performed using a tissue grinder at 55 Hz for 90 s.
Subsequently, the sample was subjected to ultrasonica-
tion at room temperature for 30 min, followed by incuba-
tion on ice for 30 min. Centrifugation was carried out at
12,000 rpm and 4°C for 10 min. The resulting supernatant
was filtered through a 0.22 ym membrane, and the filtrate
was transferred into an injection vial for UPLC-MS/MS
analysis.

UPLC-ESI-MS/MS analysis

Metabolite profiling in soil samples was performed using
a UPLC-ESI-MS/MS system, consisting of a Thermo
Vanquish UPLC (Thermo Fisher Scientific, USA) coupled
with a Q Exactive mass spectrometer (Thermo Fisher
Scientific, USA) via an LC-ESI ion source. Chromato-
graphic separation was achieved on an ACQUITY UPLC®
HSS T3 column (2.1 x 100 mm, 1.8 pum; Waters, Milford,
MA, USA) maintained at 40 °C, with a flow rate of 0.3
mL/min and an injection volume of 2 uL. For positive ion
mode [LC-ESI (+)-MS], the mobile phase consisted of
0.1% formic acid in acetonitrile (B2) and 0.1% formic acid
in water (A2). The gradient elution program was as fol-
lows: 0—1 min, 8% B2; 1-8 min, 8% to 98% B2; 8—10 min,
98% B2; 10-10.1 min, 98% to 8% B2; 10.1-12 min, 8% B2.
For negative ion mode, the mobile phase included aceto-
nitrile (B3) and 5 mM ammonium formate in water (A3),
with the following gradient: 0—1 min, 8% B3; 1-8 min,
8% to 98% B3; 8—10 min, 98% B3; 10-10.1 min, 98% to
8% B3; 10.1-12 min, 8% B3 (Zelena et al. 2009). The col-
umn effluent was directed into the mass spectrometer for
analysis. Data were acquired in both positive and negative
ionization modes. The spray voltage was set to 3.50 kV for
positive mode and -2.50 kV for negative mode. Sheath
gas and auxiliary gas flows were maintained at 40 arb and
10 arb, respectively. The capillary temperature was 325°C.
Full-scan MS' spectra were acquired at a resolution of
70,000 over the m/z range 100-1000. Data-dependent
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MS? acquisition was performed using higher-energy col-
lisional dissociation (HCD) with a collision energy of
30 eV and a resolution of 17,500. The top 10 most intense
ions were selected for fragmentation, and dynamic exclu-
sion was applied to avoid redundant MS/MS spectra
(Want et al. 2013).

Data processing and statistical analysis

Raw mass spectrometry data were converted to mzXML
format using the MSConvert tool within the ProteoW-
izard software package (v3.0.8789)(Rasmussen et al.
2022). Peak detection, filtering, and alignment were
performed using the R package XCMS with the follow-
ing parameters: bw=2, ppm=15, peakwidth=c(5, 30),
mzwid =0.015, mzdiff=0.01, method = “centWave” A
feature table was generated and normalized by total
peak area to correct for systematic bias(Navarro-Reig
et al. 2015). The preprocessed results were exported as
an.xlsx file containing retention time (RT), m/z values,
and peak intensities. Base peak chromatograms (BPC)
were obtained from continuous MS scanning. Metabolite
identification was conducted by querying spectral data-
bases including HMDB (Wishart et al. 2007), MassBank
(Horai et al. 2010), LMSD (Sud et al. 2007), mzcloud
(Abdelrazig et al. 2020), KEGG (Ogata et al. 1999), and
Nuomi Metabolome’s in-house library, with a mass tol-
erance of <30 ppm. Molecular formulas were inferred
based on precursor ion m/z, mass error (ppm), and
adduct information for level-1 identification. Level-2
identification was achieved by comparing experimental
MS/MS spectra with database records. Metabolites with
MS? annotations were further screened using P value
and VIP thresholds from univariate analysis to identify
differentially expressed metabolites(Kieffer et al. 2016).
Multivariate statistical analyses—PCA, PLS-DA, and
OPLS-DA—were performed using the R package ropls
(Thévenot et al. 2015). Model overfitting was assessed by
permutation testing, with R2X, R2Y, and Q2 values indi-
cating model fit and predictive ability. Potential biomark-
ers were selected based on P value<0.05, VIP>1, and
fold change. Differentially expressed metabolites were
subsequently subjected to KEGG pathway enrichment
analysis via MetaboAnalyst.

Statistical analysis

The software GraphPad Prism 10.1.2 was used to orga-
nize, analyze, and graph data related to plant growth.
Analysis was conducted using one-way ANOVA, fol-
lowed by Tukey’s-b post hoc test, with a confidence
interval of 95%. Results are presented graphically and
expressed as mean * standard deviation (SD).
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Fig. 1 Microscopic observation results of Gram staining for

GYH20240327-1

Table 1 Biochemical characterization of B. subtilis
GYH20240327-1 isolated from traditional yogurt
Biochemical experiment

Result

Oxygen demand +
Litmus milk reduction +
V-P Measurement +
MP Test -
Casein hydrolysis
Starch hydrolysis
Citrate utilization
Catalase test
Gelatin liquefaction

+ o+ o+ o+ o+

Nitrate reduction

Urea utilization
Glucose fermentation
Fructose fermentation
Lactose fermentation
Maltose fermentation
Sucrose fermentation
Xylitol fermentation

+ o+ o+ o+ o+ o+

Mannitol fermentation

“+" indicates a positive test result, and “-" indicates a negative test result

Results

Strain identification results

The Gram staining microscopic identification results of
the strain are shown in Fig. 1, and the biochemical test
results are shown in Table 1. The Strain amplification
product sequence is shown in SI. 1, and the System phy-
logenetic tree are shown in SI. 2. Through sequence com-
parison, the strain isolated from traditional yogurt was
identified as B. subtilis and was named GYH20240327-1.
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Effects of applying biofertilizer on plant growth

The above-ground height, root length, root fresh weight,
and root dry weight of P. grandiflorus and S. baicalensis
samples were measured to evaluate the effects of a bio-
composite fertilizer containing strain GYH20240327-1
on the growth of P. grandiflorus and S. baicalensis. The
results are shown in Fig. 2. The results indicate that fer-
tilization treatment had a certain growth-promoting
effect on the plants during the critical three-month
period from flowering to harvest: overall, plants treated
with an organic fertilizer composite biofertilizer showed
better promotion on above-ground height, root length,
root fresh weight, and root dry weight compared to
those treated with only organic fertilizer, and compared
with the unfertilized control, all four growth indica-
tors were significantly improved (p<0.05). For P gran-
diflorus, applying a composite biofertilizer containing
GYH20240327-1 has a more significant growth-promot-
ing effect on biennial P. grandiflorus (JG2) than on annual
P. grandiflorus (JG1), especially in promoting root devel-
opment, with roots being the main site of accumulation
of the pharmacologically active components of P gran-
diflorus. For annual S. baicalensis(HQ), after applying
the composite biofertilizer, the effect on root length and
weight is extremely significant, indicating that a compos-
ite biofertilizer containing GYH20240327-1 may play an
important role in the accumulation of pharmacologically
active components in S. baicalensis.

Effects of B. subtilis inoculation on the soil microbial
community

Diversities of soil bacterial and fungal microbiota

To assess differences in rhizosphere microbial composi-
tion between P grandiflorus and S. baicalensis follow-
ing the application of GYH20240327-1 (only applying
organic fertilizer/applying both organic fertilizer + com-
pound microbial fertilizer), statistical analyses were con-
ducted at multiple taxonomic levels. Rarefaction was
performed at 95% of the minimum sample sequence
depth. A total of 253,440 high-quality bacterial sequences
were clustered into 38 phyla, 66 classes, 173 orders, 342
families, 1,625 genera, and 46 species. For fungi, 663,972
high-quality sequences were obtained, representing 7
phyla, 4 classes, 13 orders, 15 families, 18 genera, and 121
species. Rarefaction curves nearly paralleled the x-axis,
indicating sufficient sequencing depth to capture overall
bacterial and fungal diversity (SI. 3). Alpha diversity indi-
ces, including Chaol, Simpson, Shannon, Pielou’s even-
ness, Observed species, Faith’s PD, and Good’s coverage,
showed no significant differences between the rhizo-
sphere soils of P grandiflorus and S. baicalensis (Fig. 3),
suggesting similar microbial richness, diversity, evenness,
and coverage.Beta diversity was evaluated using Bray—
Curtis-based PCoA and NMDS, along with UPGMA
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Fig. 2 Effects of Fertilization on Plant Growth. a Aboveground height of plants; (b) Root length of plants; (c) Fresh weight of plant roots; (d) Dry weight of

plant roots. JG1 represents 1-year-old P. grandiflorus, JG2 represents 2-year-old P. grandiflorus, HQ represents 1-year-old S. baicalensis.

*indicates p < 0.05,

**indicates p < 0.01, ** indicates p < 0.001, **** indicates p < 0.0001. Values are mean + SD of three replicates (n = 3)

clustering (Fig. 4). PCoA revealed that the first two
principal components collectively explained 38.7% and
41.7% of the variance in bacterial and fungal communi-
ties, respectively. While bacterial composition appeared
similar between the two species, fungal communities
showed clear separation. NMDS (Stress<0.2) indicated
distinct bacterial and fungal profiles between species.
UPGMA analysis identified JG1-3 (annual P grandiflo-
rus blank control) and HQ1 (annual S. baicalensis blank
control) as the most dissimilar. Bacterial communities
clustered closely within JG2 (biennial P grandiflorus
with GYH20240327-1), JG1-1 and JG1-2 (annual 2. gran-
diflorus with GYH20240327-1), and among HQ2, HQ3,
and HQ4 (annual S. baicalensis with GYH20240327-1).
Fungal communities exhibited high similarity within
all P grandiflorus samples and within all S. baicalen-
sis samples.Composition of the soil bacterial and fungal
community.

Taxonomic composition of microbial communities at
the phylum and genus levels was determined by com-
paring representative OTU sequences against refer-
ence databases (Fig. 5). The ten most abundant bacterial
phyla were largely consistent between P. grandiflorus and
S. baicalensis, including Acidobacteriota, Proteobacte-
ria, Actinobacteriota, Gemmatimonadota, Chloroflexi,
Myxococcota, Bacteroidota, Planctomycetota, Methylo-
mirabilota, and Verrucomicrobiota. In the control sample
JG1-3, Acidobacteriota and Gemmatimonadota were
less abundant, while Proteobacteria were more abundant
compared to the five treated samples, suggesting that the
application of GYH20240327-1 increased the abundance
of beneficial bacterial groups and reduced Proteobacteria,
potentially optimizing the soil micro-environment for P
grandiflorus growth. In S. baicalensis, the control sample
HQ1 showed lower relative abundance of Acidobacte-
riota and variable Actinobacteriota levels across samples,
indicating a modulatory effect of GYH20240327-1 on
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Fig. 3 Boxplot of Alpha Diversity Index by Group. a Bacteria. b Fung

dominant soil bacteria.For fungi, the top ten phyla
included Ascomycota, Basidiomycota, Mortierellomy-
cota, Chytridiomycota, Aphelidiomycota, Glomeromy-
cota, Rozellomycota, Olpidiomycota, Mucoromycota, and
Calcarisporiellomycota. In P grandiflorus, Mortierel-
lomycota abundance in JG1-3 resembled that in biennial
samples, possibly reflecting an effect of GYH20240327-
1. In S. baicalensis, HQ1 exhibited higher Ascomycota
(>18.56%) and lower Basidiomycota (>6.19%) and Mor-
tierellomycota abundances compared to treated samples.
At the genus level, the dominant bacterial genera were
similar between species, including Vicinamibacteraceae,
MND1, RB41, MB-A2-108, KD4 - 96, Rokubacteriales,
Subgroup_7, Subgroup_10, Latescibacterota, and Halian-
gium. RB41, MB-A2 - 108, and Rokubacteriales were less
abundant in JG1-3, while Vicinamibacteraceae and RB41
were reduced in HQI1. Fungal genera such as Lectera,
Tausonia, Fusarium, Cladosporium, Doratomyces, Cla-
dorrhinum, Verticillium, Alternaria, Aspergillus, and
Pyrenochaetopsis showed considerable variation among
samples. JG1-3 had notably higher Cladorrhinum and
Pseudeurotium, whereas HQ1 showed lower Tausonia
and higher Lectera and Alternaria abundances.

LEfSe analysis was employed to identify potential bio-
markers in the rhizosphere microbiota (Fig. 6). At the
bacterial phylum level, Bacteroidota exhibited the high-
est LDA score and was identified as a key taxon in S.
baicalensis. Among bacterial genera, the most discrimi-
native features were Acinetobacter, Sphingomonas, and
Inquilinus, listed in descending order of LDA score. For P
grandiflorus, the fungal phylum Basidiomycota played a
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major discriminative role, while at the genus level, Clado-
sporium, Ophiocordyceps, Thanatephorus, and Articulos-
pora showed the highest LDA scores.

Prediction of microbial community functional potential
Differential microbial communities enriched in the rhi-
zosphere soils of P. grandiflorus and S. baicalensis were
functionally annotated against the MetaCyc database
to categorize associated metabolic processes (Fig. 7).
Bacterial metabolic pathways were classified into seven
major categories: Biosynthesis, Degradation/Utilization/
Assimilation, Detoxification, Generation of Precursor
Metabolite and Energy, Glycan Pathways, Macromole-
cule Modification, and Metabolic Clusters. Among these,
Biosynthesis represented the most abundant functional
category in both plant species, followed by Generation of
Precursor Metabolite and Energy. Fungal pathways were
grouped into five categories—Biosynthesis, Degrada-
tion/Utilization/Assimilation, Generation of Precursor
Metabolite and Energy, Glycan Pathways, and Metabolic
Clusters—with Biosynthesis and Generation of Precursor
Metabolite and Energy also being the most predominant.
Key pathways such as Amino Acid Biosynthesis, Cofac-
tor, Prosthetic Group, Electron Carrier, and Vitamin Bio-
synthesis, Fatty Acid and Lipid Biosynthesis, Nucleoside
and Nucleotide Biosynthesis, and Respiration are essen-
tial for fundamental plant life processes and growth, indi-
cating that rhizosphere microorganisms play a critical
role in plant development.



He et al. Annals of Microbiology (2026) 76:24

Page 9 of 19
»
0.44
0.25
= 021 Group S 000 Group
ﬁ. ] " A ~ = = " A
@ B o B
x x
< <
n
0.04
-0.25
- =
[ L | "
-0.24 . \ . v . . v
-0.2 0.0 02 0.4 -02 0.0 0.2 0.4
Axis 1 [21.6%)] Axis 1[26.5%]
a b
Stress = 0.0468 Stress = 0.0788
2-
1.0
n
14 05 .
a
o - Group « — L Group
a - " A a 00 " A
= o1 B B = B
L =
|
-05
_14
n
-10
-2+ . v . . ' . v
-2 -1 0 1 2 -1 1
MDS1 MDS1
c d
oz ozn
gon oom
oze1 ozn
og04 0027
02ss ol oas
oz - o3
0248 0016 0.345
A — A
B B
0282 0367
oan oats
oms
oz oats
™
oses osu
oss 012
r T T T T T T 1 T T T T 1
03 03 025 02 015 01 005 O 0.4 03 0.2 0.1 0
e f
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Effects of B. subtilis inoculation on metabolic variations in
the soil

To mechanistically elucidate microbial community differ-
ences between the two medicinal plants, a comparative
metabolomics analysis was conducted on the rhizosphere
soils of P. grandiflorus and S. baicalensis under the con-
ditions of only applying organic fertilizer (without apply-
ing microbial fertilizer GYH20240327-1) and applying
both organic fertilizer + compound microbial fertilizer.
Based on UHPLC-MS/MS analysis, 216 metabolites were
detected across all soil samples. Orthogonal partial least
squares-discriminant analysis (OPLS-DA) was applied
to identify differential metabolites between the two plant
species. Model reliability was assessed via cross-valida-
tion parameters R2 (goodness of fit) and Q2 (predictive
ability), where values closer to 1 indicate greater model
stability and robustness. The permutation test confirmed
the model was not overfitted, supporting the validity
of metabolite selection based on variable importance
in projection (VIP) scores (Fig. 8). Under positive and

negative ionization modes, the OPLS-DA model yielded
R2X values of 0.444 and 0.591, R2Y values of 0.990 and
0.997, and Q2 values of 0.610 and 0.819, respectively,
indicating acceptable model stability and reliability.

Analysis of differential metabolites in soil

A total of 4,905 metabolites were identified, from which
216 significantly differential metabolites were screened
based on VIP>1 and P<0.05. As shown in Fig. 9a, com-
pared to JG2, JG1 exhibited 11 up-regulated and 33
down-regulated metabolites; compared to HQ, JG1
showed 38 up-regulated and 23 down-regulated metab-
olites; while only 5 up-regulated and 6 down-regulated
metabolites were observed between JG2 and HQ, sug-
gesting relatively minor metabolic differences between
these two groups. Figure 9b illustrates the differential
metabolites between P grandiflorus and S. baicalensis,
revealing higher similarity in metabolite profiles between
HQ (annual S. baicalensis) and JG2 (biennial P. grandiflo-
rus) than between JG2 and JG1 (annual P. grandiflorus).
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Fig.6 The linear discriminant analysis effect size (LEfSe). Cladogram of bacterial (a) and fungal (c) taxa that differ significantly in abundance among differ-
ent oolong tea varieties. Indicator bacterial (b) and fungal (d) with LDA scores in microbial communities among different oolong tea varieties

In Fig. 9c, stearolic acid was notably more abundant in
JG samples, particularly in JG1. The top five differentially
expressed metabolites between JG1 and JG2 (Fig. 9d)
were adenine, 3-dehydrosphinganine, epiandrosterone,
2-pyrocatechuic acid, and sphinganine. Between JG1 and
HQ (Fig. 9e), the top five differential metabolites were
aesculin, deoxycorticosterone acetate, epiandrosterone,
D-ribose 5-phosphate, and stearolic acid. Between JG2
and HQ (Fig. 9f), the top-ranking differential metabo-
lites included anabasine, linoleic acid, epiandrosterone,
LysoPA(16:0/0:0), and stearolic acid.

Metabolic pathway analysis
KEGG enrichment analysis of differential metabolites
revealed distinct pathway profiles across the comparisons

(Fig. 10). In the JG1 vs. JG2 comparison, “biosynthesis
of plant hormones” was the most significantly enriched
pathway, with differential metabolites also exerting a
notable influence on the “Asthma” pathway (Fig. 10a).
For JG1 vs. HQ, “linoleic acid metabolism” was the top
enriched pathway, and the associated metabolites simi-
larly impacted the “Asthma” pathway (Fig. 10b). In JG2
vs. HQ, “biosynthesis of plant secondary metabolites”
represented the most enriched pathway, while the “ste-
roid degradation” pathway was also substantially affected
(Fig. 10c). Collectively, these findings suggest that several
core metabolic pathways—biosynthesis of plant hor-
mones, plant hormone signal transduction, synaptic ves-
icle cycle, linoleic acid metabolism, biosynthesis of plant
secondary metabolites, steroid degradation, and vitamin
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B6 metabolism—may play pivotal roles in shaping the
metabolic divergence between the two plant species.

In the JG1 vs JG2 comparison, key metabolic pathways
and their associated differential metabolites were iden-
tified. The “biosynthesis of plant hormones” pathway
included four metabolites: up-regulated trans-Cinnamate
and down-regulated Jasmonic acid, Indoleacetic acid, and
beta-Carotene. The “plant hormone signal transduction”
pathway involved three down-regulated metabolites:
Jasmonic acid, Indoleacetic acid, and beta-Carotene.
Other pathways also showed distinct regulation: Phen-
ylpropanoid  biosynthesis:  trans-Cinnamate (up),
4-Hydroxystyrene (down), Chavicol (down). Sphingolipid
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metabolism: sphinganine (up), 3-dehydrosphinganine
(down). Purine metabolism: 2’-Deoxyadenosine (up),
adenine (down), dGMP (down). Pentose phosphate path-
way: Ribose 1,5-bisphosphate (up), 6-Phosphogluconic
acid (down). Biosynthesis of phenylpropanoids: Bio-
chanin A (up), Genistein (down), 2-pyrocatechuic acid
(down). Synaptic vesicle cycle: Norepinephrine (down),
Histamine (down). Asthma pathway: Histamine (down).
Primary bile acid biosynthesis: 25-Hydroxycholesterol
(up), Allocholic acid (down).

In the JG1 vs HQ comparison, several key metabolic
pathways exhibited distinct differential metabolite pro-
files: Biosynthesis of plant hormones: trans-Cinnamate
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(down-regulated), Jasmonic acid, Indoleacetic acid, and
beta-Carotene (all down-regulated). Vitamin B6 metab-
olism: Pyridoxine and D-ribose 5-phosphate (up-reg-
ulated), Pyridoxal phosphate (down-regulated). Purine
metabolism: adenine, D-ribose 5-phosphate, and dGMP
(up-regulated), 2’-Deoxyadenosine (down-regulated).
Linoleic acid metabolism: Arachidonic acid (up-regu-
lated), 9,10-Epoxyoctadecenoic acid, Bovinic acid, and
9(S)-HPODE (down-regulated). Regulation of lipolysis in
adipocytes: Norepinephrine and Arachidonic acid (up-
regulated). Vascular smooth muscle contraction: Norepi-
nephrine and Arachidonic acid (up-regulated). Synaptic
vesicle cycle: Norepinephrine and Histamine (up-regu-
lated). Fc epsilon RI signaling pathway: Arachidonic acid
and Histamine (up-regulated). Biosynthesis of unsatu-
rated fatty acids: Arachidonic acid, Erucic acid, and Doc-
osahexaenoic acid (up-regulated).

In the JG2 vs. HQ comparison, five key metabolites
exhibited differential regulation across multiple path-
ways: Linoleic acid was down-regulated in biosynthesis
of plant secondary metabolites, linoleic acid metabolism,

and biosynthesis of unsaturated fatty acids. Anabasine
was down-regulated in alkaloid biosynthesis pathways.
Epiandrosterone was down-regulated in steroid degra-
dation. trans-Cinnamate was up-regulated in pathways
related to phenylpropanoid and plant hormone biosyn-
thesis. Ciliatine was up-regulated in phosphonate and
phosphinate metabolism.

Discussion

B. subtilis possesses significant potential in promoting
plant growth, enhancing plant stress responses, waste-
water treatment, and soil remediation(Wang et al. 2025b;
Diniz et al. 2025). As bio-fertilizers and bio-inoculants, B.
subtilis can significantly improve the growth and devel-
opment of Brassica juncea (Ndeddy Aka And Babalola
2016), tomato(Qiao et al. 2017), maize(Mumtaz et al.
2017), capsicum(Panneerselvam et al. 2019), wheat and
Chinese cabbage (Zhang et al. 2019; Hussain et al. 2020),
black pepper (Lau et al. 2020), citrus(Ezrari et al. 2021),
sugarcane (Chandra et al. 2021), rice(Panneerselvam
et al. 2019; Mahmud et al. 2023), chickpea growth in
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calcareous soils (Nabati et al. 2025). Research shows that
B. subtilis SBO08 can influence the growth and develop-
ment of soybean plants through multiple mechanisms,
including the production of indole-3-acetic acid (IAA),
exopolysaccharides, siderophores, and amino acids,
along with hydrolytic enzymes (amylase, cellulase, pro-
tease, and chitinase) (dos Santos Oliveira et al., 2025).
Studies by Mykola et al. (Patyka et al. 2025) indicate that
inoculation with B. subtilis H38 can affect soybean phe-
notypic data, while significantly restructuring the rhizo-
sphere bacterial community and metagenome, and also
mention its ability to increase IAA and key siderophore
levels. In this study, we also reached similar conclusions,
showing that B. subtilis is beneficial to the growth of P
grandiflorus and S. baicalensis. Furthermore, B. subtilis
can inhibit pathogens such as Rhizoctonia solani, Fusar-
ium proliferatum, Athelia rolfsii, Colletotrichum gloeo-
sporioides, and Fusarium oxysporum f.sp. ciceris, thereby
controlling diseases like dry root rot and Fusarium head
blight, and enhancing salt stress tolerance (Panneer-
selvam et al. 2019; Mukherjee et al. 2020; Li et al. 2021;
Ezrari et al. 2021; Hadj Brahim et al. 2022), demonstrat-
ing its bio-controlling role. The Acidobacteriota phylum
is a highly diverse and abundant bacterial group, play-
ing a key role in maintaining ecosystem stability and is
particularly important in soil ecology. Acidobacteriota
participates in various biogeochemical cycles such as
carbon, nitrogen, and sulfur, and contributes to organic
matter decomposition and nutrient turnover (Gongalves
et al. 2025). The abundance of Acidobacteriota is often
higher in healthy, mature plants compared to some dis-
eased plants (Wu et al. 2025b). The Gemmatimonadota
phylum is found in various environments including soil,
freshwater, wastewater treatment plants, and oceans. Its
relative abundance is higher in semi-arid/arid soils and
deserts compared to other environments, and it responds
positively to soil moisture changes under drought condi-
tions (Cary et al. 2010; Gong et al. 2024). In this study,
the application of GYH20240327-1 biofertilizer increased
the relative abundance of Acidobacteriota in the rhi-
zosphere soil of both P grandiflorus and S. baicalensis
plants, and increased the relative abundance of Gem-
matimonadota in P. grandiflorus plants. The Proteobac-
teria phylum is a group of Gram-negative bacteria that
includes various species harmful to humans and animals,
such as Escherichia coli and Helicobacter pylori, drawing
significant attention (Zeng et al. 2025). The application of
GYH20240327-1 biofertilizer reduced the relative abun-
dance of Proteobacteria in P. grandiflorus, optimizing the
soil micro-environment for its growth. The Ascomycota
and Basidiomycota phyla are key soil decomposers, con-
tributing to nutrient cycling within microbial and pro-
tist communities (Wang et al. 2025a; Stani¢ et al. 2025).
Mortierellomycota is also associated with soil nutrient
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cycling; it can convert soil phosphorus into available
forms, promoting plant uptake and thereby enhancing
soil productivity (Nyimbo et al. 2025). After applying the
GYH20240327-1 biofertilizer, the relative abundance of
Ascomycota decreased in S. baicalensis, while the rela-
tive abundances of Basidiomycota and Mortierellomycota
increased, indicating that the GYH20240327-1 biofer-
tilizer contributes to the growth and development of S.
baicalensis.

In this study, the identified PGPR was an allochtho-
nous B. subtilis. There are limitations in the study of B.
subtilis GYH20240327-1 as a plant biofertilizer. As a
preliminary study, the high-throughput sequencing and
metabolomics data were limited due to insufficient sam-
ple size, which somewhat weakens the persuasive power
of GYH20240327-1’s effect as a biofertilizer. This study
is only a preliminary investigation of GYH20240327-1
as a biofertilizer, and there are still many aspects
worth exploring in depth. For example, regarding
GYH20240327-1 itself, we still need to explore its value
through whole-genome, transcriptome, and proteome
sequencing. In the production of biofertilizers containing
GYH20240327-1, the effect of the carrier was not ruled
out, so whether the plant growth-promoting effect of the
biofertilizer comes from the carrier, such as cyclodextrin
and humic acid, or from the combined effect of the car-
rier and GYH20240327-1, requires further mechanistic
study. In future experimental design and grouping, bio-
fertilizer carriers containing organic fertilizer but not
containing GYH20240327-1 will be used as indepen-
dent groups for study. At the same time, the coloniza-
tion effects of GYH20240327-1 in the rhizosphere of two
medicinal plants are also worth studying. Subsequently,
our research group will use marker genes to modify
GYH20240327-1 into an engineered strain, measure the
colonization of the engineered strain GYH20240327-1
in the rhizosphere soil of the two medicinal plants, and
use metagenomic whole-genome sequencing tech-
nology to analyze more deeply the impact of strain
GYH20240327-1 on the rhizosphere soil microecology
of P. grandiflorus and S. baicalensis. This project will also
study the nutrients and basic physicochemical properties
of the plant rhizosphere soil, such as soil pH, radioactiv-
ity, exchangeable sodium, and soil enzyme activity. In
terms of sample testing, sufficient experimental groups
and sample sizes will be added to enhance the reliability
of the data statistics. In summary, based on this study,
future research could explore the colonization ability of
the GYH20240327-1 biofertilizer in the cultivation of P
grandiflorus and S. baicalensis, as well as its effects on
various functional indicators of plant growth, includ-
ing plant growth hormones, compounds with pharma-
cological activity, and tolerance to biotic and abiotic
stresses. This will help to gain a more comprehensive
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understanding of the potential of GYH20240327-1 as a
biofertilizer.

Conclusions

Microbial fertilizers have important economic and
environmental value for a variety of cash crops, includ-
ing medicinal plants, as they can improve soil structure
and physicochemical properties, enhance crops’ stress
resistance and quality. This study examined the role of
B. subtilis, isolated from yogurt, as a PGPR function-
ing as a biofertilizer, and did a preliminary investigation
into its effects on the growth and development of Platy-
codon grandiflorus and Scutellaria baicalensis, as well as
on their rhizosphere microbes and metabolites. In sum-
mary, soil microbial community analysis showed that
after the application of microbial compound fertilizer,
there was no significant difference in the microbial com-
munity diversity or composition in the rhizosphere soil of
the two medicinal plants, P grandiflorus and S. baicalen-
sis, which may be related to the limitation of insufficient
sample size in this study. The most dominant bacterial
phyla across all samples were Acidobacteriota, Proteo-
bacteria, Actinobacteriota, Gemmatimonadota, and
Chloroflexi, while the most prominent fungal phyla were
Ascomycota, Basidiomycota, and Mortierellomycota.
LEfSe analysis of bacterial and fungal communities indi-
cated that the key fungal biomarkers differed between
P grandiflorus and S. baicalensis. The main differen-
tially expressed metabolites identified included adenine,
3-dehydrosphinganine, epiandrosterone, 2-pyrocat-
echuic acid, sphinganine, aesculin, deoxycorticosterone
acetate, D-ribose 5-phosphate, stearolic acid, anabasine,
linoleic acid, and lysoPA(16:0/0:0). The soil metabolites
of P grandiflorus and S. baicalensis were significantly
enriched in several metabolic pathways, including bio-
synthesis of plant hormones, plant hormone signal trans-
duction, synaptic vesicle cycle, linoleic acid metabolism,
biosynthesis of plant secondary metabolites, steroid deg-
radation, and vitamin B6 metabolism. This study focused
exclusively on the application of B. subtilis as a PGPR for
fertilizing P. grandiflorus and S. baicalensis, preliminarily
exploring the effects of B. subtilis strain GYH20240327-1
on the growth and development of these two medicinal
plants, and investigating the differences in soil metabo-
lites and microbial communities of the two plants. Fur-
ther research is necessary to explore the relationships
between key metabolites and microbial communities in
P, grandiflorus and S. baicalensis, and to fully evaluate the
potential of B. subtilis GYH20240327-1 as a biofertilizer.
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