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ABSTRACT: Fertilization is essential for high yield and quality in Chinese herbs. Grona styracifolia (Osbeck) H.
Ohashi, a distinctive medicinal plant in the Lingnan region, currently encounters cultivation issues stemming from
the overuse of chemical fertilizers. Adopting organic and microbial fertilizers presents a sustainable solution for its
cultivation management. This study compared a no-fertilization control group with eight treatment groups using
various concentrations of compound, organic, compound microbial, and Bacillus amyloliquefaciens fertilizers to
evaluate their effects on G. styracifolia and soil microbial communities. The results demonstrated that the different
fertilization treatments significantly enhanced plant growth and quality of G. styracifolia, while also increasing the
activity of soil enzymes such as urease, invertase, and cellulase, as well as the levels of effective soil nutrients.
Comprehensive affiliation function analysis demonstrated that applying Bacillus amyloliquefaciens fertilizer (15 g/kg)
exhibited optimal performance in enhancing the growth of G. styracifolia and improving soil fertility parameters.
Microbial sequencing of the soil indicated that under the application of Bacillus amyloliquefaciens fertilizer (15 g/kg),
the relative abundance of Actinobacteria and Ascomycota increased significantly by 27.42% and 74.91%, respectively
(p < 0.05). The application of microbial-based fertilizers significantly enriched the abundance of Mortierellomycota.
Furthermore, LEfSe analysis identified distinct microbial biomarkers associated with different fertilizers. Additionally,
redundancy analysis identified Invertase and available potassium (AK) as the primary drivers of soil bacterial and
fungal community structures, respectively. This study demonstrated that the application of Bacillus amyloliquefaciens
fertilizer (15 g/kg) significantly enhanced soil fertility and restructured microbial communities. These improvements
led to increased yield and quality of G. styracifolia, providing a scientific foundation for sustainable cultivation.
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1 Introduction

Grona styracifolia (Osbeck) H. Ohashi & K. Ohashi, a member of the genus Grona (Leguminosae),
is a authentic medicinal herb native to the Lingnan region. It contains bioactive compounds such as
flavonoids, polysaccharides, and phenolics [1], and is clinically used to treat renal calculi. Schaftoside,
the main active ingredient of G. styracifolia, is commonly used in kidney stones [2]. However, the rapid
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increase in market demand has made wild resources insufficient to meet the market’s needs, leading to
cultivated medicinal materials becoming the primary source for commercial use. Fertilization serves as a
primary approach in agricultural practices to enhance nutrient absorption and transformation in crops,
thereby increasing yields and improving economic returns [3,4]. It also plays a pivotal role in promoting
metabolite accumulation and elevating the quality of traditional Chinese medicinal materials [5,6]. Previous
studies have demonstrated that nitrogen-phosphorus-potassium (NPK) fertilization enhances both the
growth and quality of G. styracifolia [7]. Inorganic fertilizers serve as a crucial source of soil nutrients in
commercial cultivation of G. styracifolia, providing short-term benefits such as increased crop yields through
improved nutrient availability. However, prolonged over-application of inorganic fertilizers may lead to
soil degradation, greenhouse gas emissions, and biodiversity loss, ultimately compromising the health and
functioning of agroecosystems [8,9].

Organic fertilizer, rich in organic matter and essential plant nutrients, represents a potential alternative
to inorganic fertilizers. It contains humic acid and other active substances that can promote the formation of
soil aggregates and enhance both water conservation and fertilizer retention [10]. Lots of studies have consis-
tently found that applying organic fertilizer significantly improves soil fertility, as well as important physical
and chemical properties, ultimately leading to enhanced plant growth [11,12]. However, challenges remain
regarding their high application rates and inconsistent efficacy. Microbial fertilizer, a eco-friendly functional
fertilizer, contains beneficial microorganisms that can release phytohormones and enhance plant nutrient
absorption [13]. Upon its application, microbial fertilizer aids in nitrogen fixation, phosphorus dissolution,
and potassium release. Microbial fertilizer can not only promote the proliferation of beneficial bacteria [14],
but also improve the utilization rate of soil nutrients [15]. In addition, applying microbial fertilizers can help
fix nitrogen, dissolve phosphorus, and release potassium. Moreover, the application of microbial fertilizers
can enhance the resistance of plants to soil pathogens. For example, after inoculation with Bacillus subtilis
50-1, the mortality rate associated with ginseng root rot decreased [16]. Bacillus amyloliquefaciens, a versatile
endophytic plant bacterium, produces secondary metabolites that safeguard crops from pathogens, facilitate
nutrient uptake, and enhance soil structure [17]. Therefore, the combined use of organic and biofertilizers
offers an environmentally safe and sustainable approach for agricultural practices.

It is well-established that the rhizosphere soil of plants harbors a vast number of microorganisms.
Soil microorganisms play a crucial role in various soil biochemical processes, including organic matter
decomposition, nutrient transformation, and the breakdown of pollutants. They are essential components of
agro-ecosystems and can act as sensitive indicators of changes in soil quality and health [18,19]. Several stud-
ies have shown that fertilization can directly impact soil properties, such as soil organic matter, pH, texture,
and moisture, which in turn affects changes in soil microbial communities [20-22]. Soil enzymes, which
originate from soil microorganisms, plant roots, and the decomposition of plant and animal residues, are
diverse and play a vital role in organic matter decomposition and nutrient cycling [23]. Soil microorganisms
and soil enzymes can be used as biological indicators for assessing soil health, and they are interconnected
through symbiotic relationships. When microbial activity is altered by external factors, soil enzyme activity
will also be affected [24]. However, previous studies on fertilization in G. styracifolia have primarily focused
on the effects of fertilizers on the plant itself. Research on how different fertilizers influence the yield and
quality of G. styracifolia by affecting rhizosphere soil nutrients and microbial community structure remains
scarce. To achieve sustainable production of high-yield and high-quality G. styracifolia while protecting soil
structure, this study designed a pot experiment using G. styracifolia as the experimental material. The aims
of this study were (1) to evaluate the effects of different fertilization types on the growth of G. styracifolia and
soil quality; (2) to determine the response of soil microorganisms to different fertilization types; and (3) to
reveal the effects of soil properties and microorganisms on the yield and quality of G. styracifolia.



Phyton-Int ] Exp Bot. 2025;94(3) 845

2 Materials and Methods
2.1 Experimental Design

The study site was situated at Guangdong Pharmaceutical University, Panyu District, Guangzhou
City, Guangdong Province, China (longitude 108°27'06" E, latitude 30°45'26” N). The GSO was
obtained from the planting base of Nanling Pharmaceutical in Yunfu City, Guangdong Province, China
(latitude 22°450.036” N, longitude 111°45'24.516" E). Sowing was conducted in April, and when the
plants grew to a height of 15 cm, uniformly growing GSO seedlings were transplanted to the campus of
Guangdong Pharmaceutical University. Fertilization treatments were applied on the 10th and 20th days
after transplantation, with the fertilizer concentrations based on previous studies conducted by the research
group and the research by Zhang et al. [25]. During application, shallow trenches were dug 5 cm away from
the base of the stems, and the fertilizer was evenly distributed in the trenches before covering with soil.
The experiment included a control group without fertilization, with a total of 9 treatments designed. Each
treatment was replicated in 5 pots, with one GSO plant per pot. During the fertilization period, regular
watering was carried out to maintain soil moisture. The experimental treatments, with abbreviations, are
shown in Table 1 below. The soil used in the experiment was a 3:1:1 (v:v:v) garden soil:nutrient soil:vermiculite
mixture. The garden soil was obtained from the medical plant nursery of the College of Traditional Chinese
Medicine, Guangdong Pharmaceutical University, Guangdong, China. The pH of the mixed soil was 5.14,
with available nitrogen at 54.28 mg-kg™!, available potassium at 43.75 mg-kg™!, and available phosphorus at
33.69 mg-kg ™.

Table 1: Experimental treatments

Treatment abbreviation Fertilizer type Concentration

CK No added fertilizer 0

T1 Compound fertilizer 0.25 g/kg
T2 Compound fertilizer 0.5 g/kg

T3 Organic fertilizer 20 g/kg

T4 Organic fertilizer 40 g/kg

T5 Compound biofertilizer 5 g/kg

T6 Compound biofertilizer 15 g/kg

T7 Bacillus amyloliquefaciens fertilizer 5 g/kg

T8 Bacillus amyloliquefaciens fertilizer 15 g/kg

2.2 Indicators and Methods
2.2.1 Agronomic Traits

The rapid growth period of GSO occurred from August to September, and the bud stage was reached in
October. Agronomic traits, such as plant height, basal stem diameter, number of branches, fresh weight, and
fresh weight, were measured by ruler, vernier calipers, and spring dynamometer. Each treatment included
five plants. The aboveground parts of the plants were harvested, washed, and dried in an oven at 60°C until
they reached a constant weight; then, the dry biomass was measured and recorded as the dry weight.

2.2.2 Determination of Flavonoid Content

The content of flavonoids (vicenin-1, schaftoside, isoschaftoside, and isovitexin) in GSO was determined
by high-performance liquid chromatography. The stems and leaves of GSO was dried and ground into fine
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powder (passed through 50 mesh). A subsample of 0.2000 g of the resulting powder was measured. After
adding 5 mL of 80% methanol and allowing it to stand for 12 h, the powder was then subjected to ultrasonic
extraction for 30 min. An Agela C18 column (4.6 nm x 250 mm, 5.0 pm; 150 A) was used for analysis.

2.2.3 Soil Sampling

Soil was collected from the rhizosphere (0-20 cm depth) of GSO plants, gently shaken off the roots,
sealed in a ziplock bag, placed on ice, and immediately transported to the laboratory. Upon arrival, the soil
samples were divided into two portions. One portion promptly stored in a —80°C refrigerator for subsequent
sequencing-based soil microbial diversity analysis, while another portion was naturally dried for soil nutrient
and soil enzyme testing.

2.2.4 Determination of Soil Physical and Chemical Properties

Soil pH was determined using the potentiometric method, soil alkaline nitrogen (AN) was determined
using the alkali-hydrolysis diffusion method, and soil available phosphorus (AP) was determined by the
sodium bicarbonate extraction-molybdenum antimony anti-spectrophotometry method. Soil available
potassium (AK) content was determined by the sodium tetraphenylborate colorimetric method, the total
nitrogen (TN) content in the soil was determined using the Kjeldahl method [26].

2.2.5 Measurement of Soil Enzyme Activities

The phenol-sodium hypochlorite colorimetric method was using to determine Soil urease activity,
and soil Invertase activity and soil cellulase activity were both determined by the 3,5-dinitrosalicylic acid
colorimetric method [27].

2.2.6 Soil Microbial Community Structure

The rhizosphere soil samples stored at —80°C were sent to Hangzhou Lianchuan Biotechnology Co.,
Ltd. (Hangzhou, China) for amplicon sequencing.

2.3 Data Processing

The data were organized using Microsoft Excel 2019 software and plotted with GraphPad Prism 8.0.2.
Affiliation function analysis were conducted using SPSS 25.0. In order to determine the optimal fertilization
rate, the membership function analysis is used to rank. Additionally, the microbial data was analyzed and
visualized using the cloud platform provided by Hangzhou Lianchuan Biotechnology Co., Ltd. RDA analysis
was used to explore the relationship between microbial abundance and environment. Partial Least Squares
Path Modeling (PLSPM) was performed using the plspm package (version 4.4.2) in R. In the LEfSe analysis,
the treatment groups were analyzed based on different types of fertilizers. Except for the LEfSe analysis, all
other analyses were conducted separately for each treatment.

3 Results

3.1 Effect of Different Fertilization Treatments on Agronomic Traits of GSO

The impact on the growth of GSO was as follows (Table 2). The growth and development rate of
GSO was significantly improved after fertilization. The degree of growth varied depending on the type
and concentration of the fertilization. Compared with CK, there was no significant difference in the basal
ground diameter, and number of branches of GSO among each fertilization treatment. The longest plant
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length of GSO under T7 treatment increased by 65.03% (p < 0.001) compared to the control plant length.
The fresh weight and dry weight of GSO were significantly enhanced under fertilizer treatments (T2-T8).
The T8 treatment showed the most pronounced effects, increasing fresh weight and dry weight by 560.63%
and 309.10%, respectively, compared to the control (CK) (p < 0.001). Other treatments (T2-T7) resulted
in incremental increases of 35.42%-459.14% for fresh weight and 11.09%-244.16% for dry weight. Overall,
fertilizer concentration was positively correlated with growth promotion effects.

Table 2: Effects of different fertilization treatments on the growth of Grona styracifolia (GSO)

Treatment  Plant length Ground Number of Fresh weight ~ Dry weight (g)
(cm) diameter (mm) branches (g)
CK 43.93 + 5514 7.87 + 0.76% 4.67 + 0.58° 6.07 + 1.11f 5.05 + 1.014
Tl 45.93 + 3.76% 5.33 + 0.25° 1.67 + 0.58 8.22 +1.36¢f 5.61 + 0.58¢
T2 62.13 + 7.53%¢ 6.98 + 1.87°° 3+ 2.65 17.34 + 2.66% 11.59 + 1.36°
T3 63.07 + 11.4% 72 + 0.64%° 3+71 20.42 £3.65°4 1322 £ 3.07%°
T4 59.53 + 1.36%>d 864 +1.33° 233 + 0.58 33.94 + 255 1738 + 2.91?°
T5 49,57 + 2484 6.42 +0.53 3.67 + 0.58 21.47 + 4.46™°  11.63 + 2.36*°
T6 70.27 + 6.18° 8.5+ 0.42° 3.33 + 0.58? 29.2 + 3.04%b¢ 19.47 + 1.01*
T7 725 + 2.9 764 + 0.75° 3.33 + 0.58° 22.85 + 1.1 16.7 + 2.4°¢
T8 63 + 4.77° 7.38 + 0.31%° 3.67 + 2.08 40.1 £ 3.942 20.7 + 0.9

Note: Different letters indicate significant differences at 0.05 level (p < 0.05).

3.2 Effects of Different Fertilization Treatments on Flavonoid Content of GSO

In Fig. 1, the effects of different fertilization treatments on the flavonoid content of GSO are represented
by labels A to D. The trends in the contents of vicenin-1, schaftoside, isoschaftoside and isovitexin were
consistent within the same fertilization treatment. The contents of active components in the compound
fertilizer treatment group, organic fertilizer treatment group, and Bacillus amyloliquefaciens treatment group
all exhibited an increasing trend as the fertilizer concentration increased. Among them, the application
of microbial-based fertilizers (T5-T8) greatly increased the content of active ingredients in GSO. The T8
treatment was associated with the highest contents of vicenin-1, schaftoside, isoschaftoside, and isovitexin,
with significant increases of 340.59% (p < 0.001), 354.76% (p < 0.001), 356.19% (p < 0.001), and 331.54% (p <
0.001), respectively, higher than those under CK conditions.
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Figure 1: The effects of different fertilizer treatments on the content of Vicenin-1 (A), schaftoside (B), isoschaftoside
(C) and isovitexin (D) in Grona styracifolia (GSO). Different letters indicate significant differences at 0.05 level (p <
0.05)

3.3 Effects of Different Fertilization Treatments on Soil Physicochemical Properties of GSO

As shown in Fig. 2, soil pH increased under the T4 treatment. The T8 treatment significantly increased
soil AN content and TN, which increased by 38.52% (p < 0.05) and 120.38% (p < 0.001) respectively
higher than that under CK conditions. In terms of AP, the content of soil available phosphorus exhibited a
descending order among the treatments: T8 > T7 > T4 > T3 > T5 > T6 > T2 > T1 > CK. The highest available
phosphorus content was observed in the T8 treatment, showing a 2.87-fold increase compared to CK (p <
0.001). All fertilization treatments except T2 treatment increased the content of soil available potassium. The
results of the study showed that fertilizer application greatly increased the soil quick-acting nutrient content
and promoted nutrient uptake by plants.
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Figure 2: Effects of different fertilizer treatments on soil pH (A), alkali-hydrolyzable nitrogen (B), available phosphorus
(C), available potassium (D) and total nitrogen (E). Different letters indicate significant differences at 0.05 level (p <
0.05)

3.4 Effects of Different Fertilization Treatments on Soil Enzyme Activities of GSO

The soil enzyme activities of GSO under different fertilization treatments are presented in Fig. 3.
Compared with CK conditions, soil urease activity was highest under the T8 treatment, which increased by
128.12% (p < 0.001). An increase in fertilizer concentration led to an increase in soil Invertase activity. This
was supported by significantly higher soil Invertase activity under the T4, T6, and T8 treatments (p < 0.001).
Cellulase activity showed T4 > T6 > T7 > T8 > T5 > T2 > T3 > CK > T1. The cellulase activity under T4
treatment was the highest, with a significant increase of 82.95% (p < 0.001) compared to CK conditions, and
cellulase activity under T5, T6, T7, and T8 treatments exhibited significant increases of 42.05%, 60.23% (p <
0.001), 60.00% (p < 0.001), 50.00% (p < 0.01), and 51.14% (p < 0.01), respectively. The results indicate that the
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application of microbial-based fertilizers promotes the degradation of cellulose to glucose in the soil, thus
providing more available carbon sources for plants.
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Figure 3: Effects of different fertilizer treatments on the activities of urease (A), invertase (B) and cellulase (C) in soil.
Different letters indicate significant differences at 0.05 level (p < 0.05)

3.5 Correlation Analysis of Various Indices under Different Fertilization Treatments for GSO

To further investigate the relationship between the phenotype and active components of GSO and
soil, the agronomic traits, active components, soil physical and chemical properties and soil enzymes were
analyzed by Pearson correlation analysis (Fig. 4). This analysis revealed that both the growth and the
concentration of active ingredients in GSO were closely linked to soil properties. Notably, Invertase, cellulase,
AK, and AN demonstrated a highly significant positive correlation with yield (p < 0.001). Furthermore,
urease and AN contributed to the accumulation of active ingredients (p < 0.001). An increase in pH was also
associated with an increase in the ground diameter of GSO (p < 0.05).
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Figure 4: Correlation analysis between agronomic traits, active ingredients and soil enzymes and soil physicochemical
properties of Grona styracifolia (GSO) under different fertilization treatments (*p < 0.05; **p < 0.01; ***p < 0.001)

3.6 Comprehensive Evaluation of the Affiliation Function of Different Fertilization Treatments on the
Growth and Quality of GSO

To effectively identify the most suitable fertilization method, we analyzed 17 indicators for agronomic
traits, active ingredients, soil enzymes, and soil physical and chemical properties as affiliation functions.
The comprehensive evaluation (Table 3) revealed that the scores of all fertilization treatments except T1
(compound fertilizer, 5 g/kg) were higher than that of CK conditions. The D values of all treatments
were ranked as follows in descending order: T8, T6, T4, T7, T5, T3, T2, CK, T1. Notably, T8 (Bacillus
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amyloliquefaciens fertilizer, 5 g/kg) treatment obtained the highest score (0.749), significantly surpassing the
score under CK conditions without fertilizer (0.211), indicating that it is optimal for promoting both GSO
growth and soil fertility.

Table 3: The comprehensive score of membership function of different fertilization treatments on the growth and
quality of Grona styracifolia (GSO)

Treatment PCl1  PC2 PC3 PC4  Comprehensive score Ranking

CK 0.049  0.038 0.077  0.048 0.211 8
T1 0.057 0.010 -0.006 0.005 0.065 9
T2 0.167  0.033 0.053 0.015 0.267 7
T3 0.154 0.092 0.043 0.030 0.319 6
T4 0.314 0.193 0.022 0.009 0.538 3
T5 0379 -0.035 0.078 -0.030 0.392 5
T6 0.428 0.108 0.074 0.021 0.632 2
17 0.386  0.021 0.083 0.006 0.496 4
T8 0.691 -0.014 0.016 0.056 0.749 1

3.7 Effects of Different Fertilization Treatments on Microbial Communities of GSO
3.71 Alpha Diversity Analysis of Soil Microbial Communities

As shown in Fig. 5, indicating that the soil bacteria richness was significantly increased by 26.71% (p <
0.05) under the T4 treatment compared with CK conditions. There was no significant difference between
either Simpson’s index or the Shannon index of soil bacteria in each fertilization treatment. Meanwhile,
Simpson’s index and the Shannon index of soil fungi under T5 treatment showed a significant decreasing
trend compared with CK conditions. The Pielou_e index measures species evenness, and as the fertilizer
concentration increased, the Shannon index, Simpson’s index, the Chaol value and the Pielou_e index of
soil fungi under compound biofertilizer treatment showed a significant decreasing trend compared with CK
conditions; the Pielou_e index consistently showed an increasing trend, and the fungal richness increased.
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Figure 5: Comparison of soil bacterial and fungal diversity under different fertilization treatments. (A-D) represented
Shannon index of bacterial community, Simpson index represented Shannon index, Simpson index, Chaol value and
Pielou_e index of bacterial community, respectively. (E-H) represented Shannon index, Simpson index, Chaol value
and Pielou_e index of fungal community, respectively. Different letters indicate significant differences at 0.05 level (p <
0.05)
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3.7.2 Beta Diversity Analysis of Soil Microbial Communities

PCoA analysis explained 27.27% and 32.81% of the total variation in bacterial and fungal communities
across the nine treatments. As shown in Fig. 6A, the groups T3, T4, and T6 were distinctly separated
from the CK group, indicating significant differences in the soil bacterial community structure under
these three fertilizer treatments compared to the no-fertilization treatment. In Fig. 6B, the groups T6 was
significantly separated from the CK group, suggesting substantial differences in the soil fungal community
structure compared to the no-fertilization treatment. Furthermore, as shown in both Fig. 6A,B, the proximity
or overlap of different fertilizer treatment groups indicates minor differences in the soil bacterial and
fungal communities between these treatments. Notably, under the compound biofertilizer treatment, the
low concentration treatment (T5) showed overlap with the CK treatment, whereas the high concentration
treatment (T6) was completely separated from the CK treatment in Fig. 6A. This suggests that not only the
type of fertilizer application, but also the concentration of application, impacts the soil microbial structure.
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Figure 6: Analysis of B diversity of bacteria (A) and fungi (B) in rhizosphere soil of Grona styracifolia (GSO) under
different fertilization treatments

3.7.3 Bacterial Community Composition at the Phylum Level

In the analysis presented in Fig. 7, the top ten bacterial phyla in soil samples from various fertilization
treatments comprised 93.43% to 95.53% of the total abundance. The T8 treatment group showed a 27.42%
increase in Actinobacteria compared to the control group (CK). In the case of Acidobacteria, both the T2
and T3 treatment groups exhibited substantial increases of 43.40% and 55.10% respectively, compared to
the CK group. Furthermore, the abundance of Cyanobacteria increased significantly, by 1.32-fold, under the
T1 treatment compared to the CK group. LEfSe analysis revealed significant differences in soil bacterial
communities among fertilization treatments (p < 0.05, LDA > 4). A total of 2, 6, 2, 1, and 8 biomarkers
were identified in the CK, FHE, YJE and FWF groups, respectively (Fig. 7B). Micromonosporales were the
biomarkers at the order level in CK, while Rhizobiales were the only biomarkers in FWE The JYG group
showed the highest number of biomarkers, including 2 phyla, 2 orders, 1 family, 1 genus, and 1 species.
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Figure 7: Changes in bacterial community composition. (A) is the relative abundance of bacteria at the level of Grona
styracifolia (GSO) under different treatments. (B) was LEfSe bar (LDA score = 4, p < 0.05)

3.7.4 Fungal Community Composition at the Phylum Level

As shown in Fig. 8, a total of 12 phyla of inter-root soil microbial fungi were present across all samples.
For the Ascomycota phylum, the relative abundance in T3, T4, and T5 treatments increased significantly by
73.37%, 74.91%, and 64.45%, respectively, compared to CK. Conversely, the relative abundance of unnamed
fungi decreased in all treatment groups after fertilizer application. In the Zygomycota phylum, the relative
abundance under T8 treatment increased significantly by 1.46-fold compared to CK. LEfSe analysis identified
Fungi unclassified as the biomarker for CK. The FHF treatment had the most biomarkers, including one
phylum, two classes, one family, three genera, and three species. In the YJF treatment group, the biomarkers
included Sordariomycetes, Eurotiomycetes, Neurospora, and Chaetomiaceae, with Sordariomycetes having the
greatest effect at the level of the order.
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3.7.5 Redundancy Analysis of Soil Physicochemical Properties and Soil Enzymes on Microbial Communities

The results from the Redundancy Analysis (RDA), as illustrated in Fig. 9A, indicate that the first
and second principal components explained 34.16% and 26.26% of the variance in bacterial communities,
respectively, while in fungal communities, these components accounted for 41.52% and 22.53% of the
variance (Fig. 9B). At the phylum level, Invertase activity and AP emerged as significant determinants
of bacterial abundance. Positive correlations were observed for the phyla Verrucomicrobiota, Proteobac-
teria, Actinobacteriota, Bacteroidota, and Firmicutes concerning soil enzyme activities and various soil
physicochemical properties. In contrast, other bacterial phyla exhibited negative correlations with these
factors. Regarding the fungal microbial community, a synergistic interaction was noted between distinct soil
physicochemical properties and soil enzyme activities. Specifically, AK emerged as a key factor influencing
bacterial abundance, while Basidiomycota, Mortierellomycota, and Ascomycota exhibited positive correlations
with alkaline phosphatase. Furthermore, Fungi unclassified and Zygomycota were positively correlated with
urease activity. Conversely, a negative correlation was observed between the remaining fungal phyla and
both soil properties and enzyme activities. The organic fertilizer treatment displayed a significant separation
from the unfertilized group, suggesting that this fertilization strategy significantly influences the structural
dynamics of the soil fungal community.
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Figure 9: RDA analysis of soil physical and chemical properties and soil enzyme and microbial community composi-
tion. (A, B) represented the soil physicochemical properties under different fertilization treatments and the redundancy
analysis of soil enzymes on bacterial community and fungal community, respectively. In the figure, the blue arrow
represents soil physical and chemical properties and soil enzymes, and the red arrow represents soil physical and
chemical properties and soil enzymes

3.7.6 Correlation Analysis of Soil Physicochemical Properties and Soil Enzymes

Spearman correlation analysis of the 10 dominant bacterial phyla and 10 fungal phyla selected from
soil microbial communities (Fig. 10) revealed positive correlations between urease, invertase, AK, AP, AN,
and Actinobacteria abundance (p < 0.05). Additionally, pH was negatively correlated with Verrucomicrobiota
abundance (p < 0.05). Proteobacteria and Actinobacteriota were positively correlated with AP (p < 0.05),
while Chloroflexi was negatively correlated with AP (p < 0.05). As shown in Fig. 10B, soil properties and
soil enzyme activities exhibited positive correlations with the abundances of most fungal phyla, while the
correlation is not significant. Furthermore, cellulase level and AK level was negatively correlated (p < 0.05)
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with the abundance of the Glomeromycota and Olpidiomycota, and AK level was also negatively correlated
(p < 0.05) with the abundance of the Chytridiomycota.
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Figure 10: Correlation analysis of soil physical and chemical properties, soil enzymes and soil microbial community
structure under different fertilization treatments. (A) 10 dominant bacterial phyla; (B) 10 fungal phyla

3.7.7 Effect of Fertilization Treatments, Soil Fertility and Bacterial Diversity on Active Ingredients

The findings from the PLS-PM analysis indicated that fertilization treatment positively influenced both
soil chemical properties (0.9636***) and soil enzymes (0.6047), while having a negative impact on bacterial
diversity (Fig. 11). Notably, bacterial diversity (0.1816*) and soil chemical properties (0.3149) contributed
to enhancing soil enzyme activity and played a significant role in promoting the accumulation of active
ingredients in GSO. Among these factors, soil chemical properties had a marked positive effect on the active
ingredients, whereas soil enzymes exhibited a negative influence.
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Figure 11: The PLS-PM model examined the impact of various fertilization treatments on soil enzyme activity, soil
chemical properties, and microbial diversity, as well as their influence on the accumulation of chemical components in
GSO. The red arrow denotes a positive relationship, while the blue arrow indicates a negative relationship; the values on
the arrows represent the path coefficients. Path coefficients are calculated after 1000 bootstrap sessions. Gray numbers
indicate the loading scores of the observed variables that created the latent variables. R* values indicate the proportion of
Explained Variance for each variable. *p < 0.05, ***p < 0.001. The model’s performance was assessed using the Goodness

of Fit (GOF), which was found to be 0.69
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4 Discussion

4.1 Effects of Different Fertilization Treatments on Growth and Quality of GSO

Fertilizers contain various nutrients that promote the growth of plants. This study revealed that the
application of different types of fertilizers led to varying degrees of promotion of plant length, fresh weight,
and dry weight in GSO. Similar effects have been observed in other medicinal plants [28-31]. Soil nutrient
content increased significantly after fertilizer application. Correlation analysis (Fig. 4) indicates that AK, AP,
and cellulase activity had a highly significant effect on the yield of GSO (p < 0.001). Cellulase can accelerate
the decomposition of cellulose and enhance the availability of carbon nutrients in the soil. Previous studies
have indicated that phosphorus promotes the photosynthesis and respiration of potato plants, indirectly
affecting their growth, development, and yield [32]. Additionally, potassium can enhance plant growth rates
and increase yields [33,34]. Under the same fertilizer, increasing the concentration of applied fertilizer favors
the yield of GSO, consistent with previous reports [35]. Flavonoid composition is a crucial indicator of GSO
quality. There was a significant increase (p < 0.001) in the content of flavonoid components of GSO after
application of microbial fertilizers, including compound microbial fertilizer and Bacillus amyloliquefaciens
fertilizer, which indicated that microbial fertilizers promoted the accumulation of secondary metabolites of
GSO. Wei et al. [36] discovered that the combined application of microalgae and Bacillus can promote the
accumulation of cryptotanshinone, tanshinone IIA, total tanshinones, and salvianolic acid B. Additionally,
the biomass of both the aerial and underground parts of the plants was significantly increased. In particular,
the promoting effect of high-concentration Bacillus amyloliquefaciens fertilizer was particularly prominent.
Schaftoside, the active ingredient in GSO as noted in the Chinese Pharmacopoeia, exhibited a significant
354.76% (p < 0.001) increase (Fig. 1). In the PLS-PM analysis (Fig. 11), soil properties significantly promoted
the accumulation of active ingredients in GSO (p < 0.05). Correlation analysis (Fig. 4) revealed that AK was
highly significantly correlated with all four flavonoid components (p < 0.001). The application of microbial-
based fertilizers increased soil nutrient contents to varying degrees. Previous studies have demonstrated
that increases in AN, AP, and AK contents facilitate the synthesis of flavonoid compounds [37]. The
initial substrates for the biosynthesis and metabolism of flavonoid compounds in plants are photosynthetic
products, and enhanced photosynthesis is beneficial for the accumulation of active ingredients in GSO.
Numerous studies have confirmed that N, P, and K are essential nutrients for photosynthesis [38-40].
Additionally, N content is associated with phenylalanine ammonia-lyase (PAL) activity [41]. The deam-
ination of phenylalanine, catalyzed by PAL to produce trans-cinnamic acid, is the first and key step in
the shikimate pathway for flavonoid biosynthesis. Enhanced PAL activity strengthens the deamination of
phenylalanine in the shikimate pathway, thereby improving metabolic efficiency. Bacillus amyloliquefaciens
possesses nitrogen-fixing capabilities and significantly enhances plant nitrogen uptake [42]. In this study,
the application of high-concentration Bacillus amyloliquefaciens fertilizer significantly increased soil AN, AP,
and AK contents (p < 0.001), which subsequently improved the quality of GSO.

4.2 Effects of Different Fertilization Treatments on the Microbial Structure of the Soil

The rhizosphere soil microbial community responds to fertilization and plays a significant role in
nutrient cycling and soil organic matter decomposition [43,44]. In this study, we evaluated the effects of
eight fertilization treatments on the microbial community structure. The results show that Actinobacteria
and Proteobacteria were the most abundant bacterial phyla in all fertilization treatments, both of which
are commonly found in soil bacterial communities [45]. LEfSe analysis reveals that Acidobacteria were
significantly enriched in the compound fertilizer treatment group, and their relative abundance increased
with higher fertilization concentrations. Long-term application of chemical fertilizers may lead to soil acidi-
fication. Acidobacteria thrive in acidic environments because they are acidophilic [46]. In the RDA analysis,
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Acidobacteria showed negative correlations with soil nutrients and enzyme activities, which was further
supported by Mantel test. As oligotrophic microorganisms, Acidobacteria typically adapt to low nutrient
levelsin soil [47]. It has been reported that Acidobacteria can effectively promote lignin decomposition in soil,
and some species are even capable of photosynthesis, playing important roles in carbon and iron cycling [48].
Gammaproteobacteria, belonging to the y-Proteobacteria class, were identified as a biomarker in the organic
fertilizer treatment group. These microorganisms are generally adapted to carbon-rich environments.
Therefore, this biomarker may reflect the increased carbon content in the rhizosphere soil under organic
fertilizer treatment. In the determination of soil enzyme (Fig. 3), the activities of Invertase and cellulase
significantly increased with higher fertilization concentrations in the organic fertilizer treatment (p < 0.001).
The increase in available carbon substrates in the soil likely promoted the activities of these enzymes,
confirming the earlier hypothesis. Actinobacteria can accelerate soil nutrient cycling and organic matter
decomposition, while also producing various antibiotics to suppress pathogens [49]. The application of
Bacillus amyloliquefaciens fertilizer significantly increased the relative abundance of Actinobacteria (p < 0.05).
Sphingomonas was identified as a biomarker in the Bacillus amyloliquefaciens fertilizer treatment group.
Studies have shown that Sphingomonas can fix nitrogen, solubilize phosphorus, and promote the production
of indole-3-acetic acid (IAA). Therefore, the application of Bacillus amyloliquefaciens fertilizer can effectively
enhance the growth of GSO, thereby improving yield. Our study indicates that Ascomycota is the most
dominant phylum in the fungal community, consistent with previous studies [50]. The phylum Ascomycota
encompasses the majority of saprophytic fungi, which are capable of effectively degrading organic matter
in the soil and promoting the cycling and utilization of nutrients [51]. The introduction of organic fertilizer
significantly boosted the prevalence of Ascomycota, aligning with previous research results [52]. This increase
may be owing to the application of organic fertilizer added to the soil organic matter content, which prompted
the flourishing of Ascomycota. Sordariomycetes can inhibit the growth of weeds and shrubs and are widely
used in weed control studies [53]. LEfSe analysis revealed that Sordariomycetes is a biomarker for the organic
fertilizer treatment group, and its enrichment may limit the growth of weeds that compete with Glechoma lon-
gituba for nutrients. Basidiomycota was identified as a biomarker for the Bacillus amyloliquefaciens fertilizer
treatment group. Basidiomycota functions similarly to Ascomycota in decomposing organic matter. However,
Basidiomycota is typically responsible for lignin decomposition. It is widely distributed in soil and can form
symbiotic mycorrhizae with crops, thereby enhancing plant growth [54,55]. Additionally, Basidiomycota
also participates in the decomposition of recalcitrant carbon and increases the content of soil organic
carbon [56]. The increased activities of Invertase and cellulase under Bacillus amyloliquefaciens treatment
confirm this point. Basidiomycota were negatively correlated with Ascomycetes in RDA analysis, and it was
previously hypothesized that there might be a competitive relationship between these two phyla [57]. Our
study found that Mortierellomycota was enriched in the microbial fertilizer treatment group and is considered
a biomarker for healthy rhizosphere soil [58]. Microbial fertilizers enhance crop stress resistance by inducing
the production of substances related to defense responses, such as antioxidant enzymes, chitinases, plant
antibiotics, and phenolic compounds, thereby inhibiting the production of harmful bacteria [59].

5 Conclusion

The results of our study showed that different fertilization regimes had distinct effects on the growth and
soil microbial structure of GSO. This study reveals that microbial-based fertilizers are an ideal fertilization
strategy. The application of microbial-based fertilizers enhances soil fertility and provides a healthy soil
environment for plant growth. Specifically, the application of Bacillus amyloliquefaciens at 15 g/kg had the
most prominent effect, increasing soil nutrient content, improving soil ecological functions, and enhancing
the abundance of potentially beneficial soil bacteria and fungi. These changes collectively contributed
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to the improved quality of GSO. Our findings provide preliminary insights into the combined effects
of different fertilization regimes on the growth of GSO and soil properties, including enzyme activities,
nutrients, and microorganisms. Future research should focus on verifying these findings through field
experiments and further investigating the interactions between exogenous beneficial microorganisms and
indigenous microbial communities in microbial fertilizers. Additionally, it is essential to explore whether
these microorganisms can survive stably in natural environments.
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