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Abstract 

Many medicinal plants exhibit clonality, but the impact of clonal integration and its 

interaction with exogenous microbial agents on these plants remains unknown. In 

order to investigate this, we conducted a greenhouse experiment using Glechoma 

longituba, a common clonal medicinal herb. Pairs of connected ramets were grown 

in the two adjacent pots, with one pot containing basal (relatively older) ramets 

treated with or without Bacillus subtilis agent and the other pot containing apical 

(relatively younger) ramets without B. subtilis agent treatment, the connection 

between basal and apical ramets were either left intact or severed. Clonal integra-

tion reduced the growth of basal ramets, but increased the apical ramet growth. B. 

subtilis agent primarily affected the root-shoot ratio of both basal and apical ramets 

as well as the whole fragments. Furthermore, it exhibited a significant interaction 

with clonal integration in affecting the root-shoot ratio of basal ramets and whole 

plant fragments. Addition of B. subtilis reduced the content of total flavonoids and 

chlorogenic acid in basal portions and chlorogenic acid at the whole fragment level. 

Clonal integration and B. subtilis agent significantly changed the composition of soil 

fungal communities of basal portions and bacterial communities of apical portions. 

The fungal composition of basal portions responded reciprocally to clonal integration 

and B. subtilis, with a significant increase in the relative abundance of Basidiomy-

cota and a decrease in Ascomycota under clonal integration, whereas the effect of 

B. subtilis was opposite. B. subtilis significantly increased fungal diversity in basal 

portions while decreasing bacterial diversity in apical portions under clonal integra-

tion. However, neither clonal integration nor B. subtilis has showed a positive effect 

on the overall growth and quality of G. longituba. These findings provide valuable 

insights into its role in scientific cultivation and management of the clonal medicinal 

plants in the practical production.
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Introduction

Clonal integration is a crucial characteristic of clonal plants, realizing resource shar-
ing among interconnected ramets [1–2]. Numerous studies have demonstrated that 
older ramets can effectively transfer resources to younger ones, thereby promoting 
their successful establishment and growth [1,3–10]. Moreover, ramets rooted under 
stressful or resource-poor conditions can acquire resources from connected ramets 
rooted in more favorable environments to enhance their survival via clonal integration 
[7,11,12].

Medicinal plants serve as a valuable natural resource for medicine, playing a 
pivotal role in both traditional Chinese medicine and modern pharmaceutical sys-
tems [13–15]. Enhancing the yield and quality of medicinal plants is crucial to meet 
the growing medical demands and ensure a stable supply of medicinal herbs prod-
ucts [16–18]. Notably, a large number of medicinal plants exhibit clonality, such as 
Glechoma longituba, Duchesnea indica, and Mentha canadensis [19–21]. These 
plants are rich in bioactive constituent, including flavonoids, phenolic acids, and 
terpenoids, and demonstrate pharmacological activities, such as antibacterial, 
antioxidant, choleretic, and diuretic effects [19–21]. However, very few studies have 
investigated the effects of clonal integration on the bioactive constituents of medici-
nal clonal plants, despite its potential to provide a theoretical basis for enhancing the 
yield and quality of these plants.

For clonal medicinal plants, clonal integration may influence growth performance 
and physiological processes by modulating resource allocation among intercon-
nected ramets, thereby altering the accumulation of bioactive constituents [22–24]. 
Moreover, biotic stimuli such as microbial agents, are frequently utilized in agricul-
tural practices to enhance soil microecology and promote plant growth [25–29]. 
These microbial agents can directly affect metabolic pathways by regulating root 
nutrient uptake (e.g., phosphorus and nitrogen) or indirectly stimulate the produc-
tion of defense-related metabolites, such as terpenoids and phenolic compounds, 
through induced systemic resistance mechanisms [25–29]. Nevertheless, it remains 
unclear whether microbial agents can influence medicinal plants through clonal 
integration.

We conducted a greenhouse experiment to investigate the effects of clonal 
integration and Bacillus subtilis agent on the growth and bioactive constituent accu-
mulation of G. longituba, a commonly used medicinal plant in China. Additionally, 
considering the intimate association between soil microorganisms and plants, we 
also investigated the effect of clonal integration and B. subtilis agent on the soil 
microbial communities in the root zone of G. longituba. We planted pairs of inter-
connected ramets of G. longituba in two adjacent pots, with the with or without the 
addition of B. subtilis agent into the soil where the basal (relatively older) ramets were 
rooted, while no B. subtilis agent was added into the soil where the apical (relatively 
younger) ramets were rooted. Furthermore, the stolons between the basal ramets 
and apical ramets were left intact or severed. Specifically, we aimed to test the fol-
lowing hypotheses: (i) clonal integration can affect the growth, bioactive constituent 
contents, and root zone microbial communities not only in basal and apical ramets 
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but also throughout whole fragments; (ii) exogenous B. subtilis agent added to the basal ramets can affect the growth, 
bioactive constituent contents, and root zone microbial communities of the apical ramets through clonal integration.

Materials and methods

Plant species

Glechoma longituba is a clonal medicinal herb belonging to the Lamiaceae family [30–32]. It is abundant in flavonoids, 
chlorogenic acid, and other bioactive constituents [33–35]. The species produced a monopodial stolons with nodes that 
have the potential to generate ramets [36–38]. Each ramet bears two opposite leaves, which are heart-shaped or nearly 
kidney-shaped and covered with pubescence [12,39,40]. Every leaf axil contains one bud, which has the potential to 
develop into a secondary stolon [41,42]. It is widely distributed except in Qinghai, Gansu, Xinjiang, and Tibet in China 
[42,43]. The experimental plant materials were purchased from a commercial supplier located in Shanghai. Prior to the 
commencement of the experiment, the plants were cultivated in a greenhouse (36°34′N, 114°29′E) situated at Handan 
University in Handan City of Hebei Province, China.

On 11 May 2022, more than 100 ramets (consist one node and a pair of leaves) were cut from the stock plants culti-
vated in the greenhouse, as previously described, to prepare the plant materials required for subsequent experiments. 
These ramets were cultivated in seed tray filled with a substrate composed of vermiculite (particle size was 1–2 mm) and 
potting soil (pH value: 5.5–6.5, organic matter: > 45%; Jiqing Biotechnology Co. LTD, China) at a volume ratio of 1:1.

Experimental design

The experiment employed a full factorial design, comprising two microbial agent treatments (with vs. without) and two 
stolon treatments (left intact vs. severed), resulting a total of four treatments (S1 Fig). On 5 June 2022, 20 well-developed 
fragments of uniform size (each consisting of 3–5 new ramets and an apex) were selected from the plant cultivated as 
the experimental material described earlier for use in this experiment. The three relatively older ramets referred to as the 
basal portion of the whole fragment, were rooted in the center of the pot (13 cm in diameter and 10.5 cm in height). The 
apex and its adjacent ramets, referred to as the apical portion, were allowed to root separately in another pot with the 
same size. Each pot was filled with a mixture of potting soil (7.9 g total N kg-1 and 224.7 g total C kg-1; Dewoduo Fertilizer 
Co., China) and locally collected topsoil (0.83 g total N kg-1 and 20.37 g total C kg-1) at a volume ratio of 1:1. On 15 June 
2022, after confirming successful colonization of all plants, ten pairs of G. longituba were randomly selected for severing 
treatment by cutting the stolon that connected the basal and apical portions at their midpoint to made them to independent 
portions. The stolons of the rest plants were left intact, that is the basal and apical portions were interconnected.

In the treatments with the addition of microbial agent, 50 mL solution of B. subtilis agent with a concentration of 2 g 
L-1 was introduced into the soil where the basal portions were rooted every two weeks. The B. subtilis agent (Shandong, 
Tianguanjia, Biological Techonology Co., Ltd) used in this experiment was in the form of wettable powder, with a colony-
forming unit (CFU) count of 2 × 1012 g-1. Simultaneously, 50 mL water was added to the soil where apical portions were 
rooted. All pots were randomly placed on a bench within the same greenhouse for material cultivation. The newly pro-
duced ramets from each portion were allowed to root in their respective original pots.

The experiment lasted until 20 July 2022. During the experiment, the mean air temperature and humidity in the 
greenhouse were measured every 2 hours by a temperature logger, with averages of 28.9°C and 53.1%, respectively. 
Throughout the experimental period, we maintained soil moisture in all pots by watering them based on the prevailing soil 
conditions.

Measurements

At harvest, we meticulously removed the soil matrix adhered to the roots of G. longituba and quantified both ramet num-
ber and total stolon length. Subsequently, the plants were partitioned into leaves, stolons, and roots for thorough drying 
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at 70oC until reaching a constant weight before being weighed. Additionally, we calculated the specific stolon length (total 
stolon mass/total stolon length) as well as the root-shoot ratio [root mass/ (leaf mass + stolon mass)]. The determination 
of total flavonoids and chlorogenic acid content was conducted using spectrophotometry with slight modifications to the 
method described by Li et al. [44] and Liu et al. [45].

We collected the soil from each pot and carefully removed visible debris, dirt, and plant roots. The soil samples were 
then fully mixed and stored at -40oC for subsequent analysis of the soil microbial communities. The total genomic DNA 
was extracted from the soil using the FastDNA SPIN kit (MP Biomedicals, USA) according to the manufacturer’s instruc-
tions. For bacteria, the V4 region of the bacterial 16S rRNA gene was amplified using the primer pair 515F (5’-GTGYCAG 
CMGCCGCGGTAA-3’) and 806R (5’-GACTACNVGGGTWTCTAAT-3’) [46]. For fungi, the ITS1 region of the fungal inter-
nal transcriptional spacer (ITS) was amplified with the primer pair ITS 1f (5’-CTTGGTCATTTAGAGGAAGTAA-3’) and ITS 
2 (5’-GCTGGTTCTTCATCGATG C-3’) [46]. The end-paired sequencing of DNA fragments was performed on the Illumina 
Novaseq platform, provided by Shanghai Personal Biotechnology Co., LTD., Shanghai, China.

Data analysis

Analysis of variance (ANOVA) was employed to examine the effects of clonal integration and B. subtilis agent on a series 
of measures about plant growth, bioactive constituents and soil microbial communities in this experiment. Before analysis, 
all data were checked for homoscedasticity and transformed as needed to improve homoscedasticity. The specific data 
transformation method are presented in the tables. All statistical analyses were conducted using SPSS 22.0 (IBM, Inc, 
ArInonk, NY, USA). In one of the experimental replicates where stolons were left intact without B. subtilis agent treatment, 
chlorogenic acid and total flavonoid content measurements could not be obtained due to insufficient sample amount; 
therefore these samples were excluded from further analyses.

In the bioinformatics analyses, the raw sequence data was filtered and initially processed using QIIME2 [47]. The 
Dada2 method was used to clip the bridge subsequences and primers from the original reads, eliminating low-quality 
sequences, chimeras, denoising, and splicing steps. Bacterial taxonomies were assigned by comparison with the Silva 
database [48], while fungal taxonomies were assigned by the UNITE database [49].

The alpha diversity indexes of bacterial and fungal communities, including Chao1, Shannon, Simpson, and Observed 
species, were subjected to statistical analysis using QIIME2. Additionally, the relative abundance of dominant bacterial 
taxa was assessed. Nonmetric multiple-dimensional scaling (NMDS) analysis was employed to visualize the beta diversity 
index across various treatments.

Results

Effects on growth and morphology

The biomass (total mass, leaf mass, stolon mass, and root mass), ramet number, and total stolon length of basal portions 
of G. longituba were less when stolons left intact compared to when they were severed (Table 1; Figs 1A–1D, 2A and 2B). 
However, root-shoot ratio significantly increased when stolons were left intact (Table 1; Fig 2D). Clonal integration did not 
exert any effect on specific stolon length (Table 1). Only the root-shoot ratio of basal portions was affected by B. subtilis 
agent (Table 1). Moreover, the presence of B. subtilis agent resulted in a reduction in the root-shoot ratio (Fig 2D). The 
interaction between clonal integration and B. subtilis agent had no effect on any measures of plant growth or morphology 
in the basal portion (Table 1).

The biomass, ramet number, and total stolon length of apical portions were greater when stolons were left intact 
compared to when they were severed (Table 1; Figs 1E–1H, 2E and 2F). There was no different in specific stolon 
length and root-shoot ratio between the two stolon treatments (Table 1). The presence of B. subtilis agent signifi-
cantly reduced the root-shoot ratio but had no effect on other measures of apical portions (Table 1; Fig 2H). The 
interaction between clonal integration and B. subtilis significantly affected total stolon length and root-shoot ratio 
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(Table 1). Clonal integration increased total stolon length with the addition of B. subtilis (Fig 2F). When stolons were 
severed, B. subtilis significantly increased the root-shoot ratio, whereas this effect was not observed when stolons 
were left intact (Fig 2H).

At the whole fragment level, there were no significant differences in biomass, specific stolon length, and root-shoot ratio 
between the two stolon treatments (Table 1). However, intact stolons treatment exhibited lower ramet number and total 
stolon length compared to severed stolons treatment (Table 1; Fig 2I and 2J). Leaf mass was higher in the treatment with 
B. subtilis while root mass and root-shoot ratio were lower compared to treatments without B. subtilis (Table 1; Figs 1J, 1L 
and 2L). The interaction between clonal integration and B. subtilis significantly affected total stolon length and root-shoot 
ratio (Table 1). Specifically, when stolons were severed, B. subtilis resulted in a significant decrease in total stolon length 
and root-shoot ratio, when stolons were left intact, B. subtilis significantly increased the total stolon length but significantly 
decreased the root-shoot ratio (Fig 2J and 2L).

Table 1.  Analysis of variance of the effects of clonal integration, Bacillus subtilis, and their interaction on growth and morphology of the 
basal portion, the apical portion and the whole fragment of Glechoma longituba.

Variable Integration (I) Bacillus subtilis (B) I × B

F1,16 P F1,16 P F1,16 P

Basal portion

  Total mass a 34.1 < 0.001 0.1 0.762 0.1 0.789

  Leaf mass b 29.7 < 0.001 3.6 0.074 0.5 0.498

  Stolon mass a 99.3 < 0.001 0.7 0.421 < 0.1 0.996

  Root mass b 6.8 0.019 4.5 0.051 < 0.1 0.827

  Ramet number 114.5 < 0.001 3.7 0.072 0.1 0.730

  Total stolon length b 110.2 < 0.001 < 0.1 0.888 1.0 0.332

  Specific stolon length a 4.0 0.062 0.5 0.510 2.6 0.125

  Root to shoot ratio b 81.5 < 0.001 63.2 < 0.001 0.9 0.347

Apical portion

  Total mass b 18.6 0.001 0.2 0.698 3.3 0.088

  Leaf mass b 20.0 < 0.001 0.8 0.398 4.2 0.057

  Stolon mass b 11.1 0.004 < 0.1 0.834 3.7 0.074

  Root mass 22.2 < 0.001 3.0 0.103 0.2 0.698

  Ramet number 14.8 0.001 0.2 0.696 0.9 0.368

  Total stolon length b 20.1 < 0.001 0.4 0.544 7.7 0.014

  Specific stolon length 2.0 0.172 0.6 0.438 0.3 0.616

  Root to shoot ratio a 2.9 0.109 8.2 0.011 12.3 0.003

Whole clonal fragment

  Total mass a 0.3 0.590 0.6 0.456 1.9 0.187

  Leaf mass 1.0 0.335 5.3 0.035 2.1 0.165

  Stolon mass b < 0.1 0.862 < 0.1 0.908 3.4 0.084

  Root mass a < 0.1 0.840 6.3 0.023 0.1 0.786

  Ramet number 57.3 < 0.001 4.1 0.059 0.8 0.384

  Total stolon length a 5.6 0.030 1.9 0.192 4.8 0.044

  Specific stolon length a 3.9 0.066 1.2 0.289 0.8 0.372

  Root to shoot ratio a 0.1 0.742 21.2 < 0.001 4.7 0.046
aNatural log transformation.
bSquare root transformation. Degree of freedom (subscript for “F”), F and P values are given. Values are in bold when P < 0.05.

https://doi.org/10.1371/journal.pone.0325605.t001

https://doi.org/10.1371/journal.pone.0325605.t001
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Effects on total flavonoids and chlorogenic acid

In the basal portions, no significant differences were observed in content of total flavonoids or chlorogenic acid between 
the two stolon treatments (Table 2). The addition of B. subtilis agent resulted in lower levels of total flavonoids and chlo-
rogenic acid in the basal portions compared to those without the agent (Table 2; Fig 3A and 3B). The interaction between 
stolon treatment and B. subtilis agent did not significantly affect the content of total flavonoids or chlorogenic acid in the 
basal portions (Table 2).

In the apical portions, neither stolon treatment, B. subtilis agent, nor their interaction had any significant effect on the 
content of total flavonoids or chlorogenic acid (Table 2).

At the whole fragment level, the addition of B. subtilis agent significantly reduced the content of chlorogenic acid (Table 
2; Fig 3F). There was no significant effect of stolon, B. subtilis or their interaction on these active constituents (Table 2).

Effects on soil microbial communities

A total of 2,266,800 high-quality reads (bacterial 16S rRNA gene) and 2,381,809 high-quality reads (fungal ITS1 
region) were retained after sequencing and quality filtering from all samples. At the phyla level, Proteobacteria, 

Fig 1.  Effects of clonal integration and Bacillus subtilis on total mass (A, E, I), leaf biomass (B, F, J), stolon biomass (C, G, K), and root bio-
mass (D, H, L) of the basal, apical portion, and whole fragment of Glechoma longituba. Bars and vertical lines represent mean and SE (n = 5).

https://doi.org/10.1371/journal.pone.0325605.g001

https://doi.org/10.1371/journal.pone.0325605.g001


PLOS One | https://doi.org/10.1371/journal.pone.0325605  June 16, 2025 7 / 16

Actinobacteriota, Acidobacteriota, Chloroflexi, Gemmatimonadota, Planctomycetota, Bacteroidota, Myxococcota, Ver-
rucomicrobiota and Armatimonadota were identified as the predominant bacterial taxa accounting for 94.0% to 94.8% 
under different treatments (Fig 4A and 4C). Clonal integration and B. subtilis did not significantly affect the composition 
of bacterial communities in the root zone soil of basal and apical portions; however, while their interaction had a signif-
icant effect on the relative abundance of Verrucomicrobiota of basal portions (S1 and S2 Tables). B. subtilis decreased 
the relative abundance of Verrucomicrobiota when the stolon was left intact, but increased it when the stolon was sev-
ered (Fig 4A). Regarding fungi composition analysis, the most predominant fungal taxa were Ascomycota and Basidio-
mycota which accounted for 95.1% to 98.1% under different treatments (Fig 4B and 4D). Clonal integration significantly 
increased the relative abundance of Basidiomycota, but significantly decreased the relative abundance of Ascomy-
cota in root zone soil of basal portions (S1 Table; Fig 4B). B. subtilis significantly increased the relative abundance of 
Ascomycota but significantly decreased the relative abundance of Basidiomycota and Chytridiomycota (S1 Table; Fig 
4B). Moreover, the interaction between clonal integration and B. subtilis significantly affected the relative abundance of 
Chytridiomycota of apical portions (S2 Table). B. subtilis increased the relative abundance of Chytridiomycota when the 
stolon was left intact (Fig 4D).

Fig 2.  Effects of clonal integration and Bacillus subtilis on ramet number (A, E, I), total stolon length (B, F, J), specific stolon length (C, G, K), 
and root-shoot ratio (D, H, L) of the basal, apical portion, and whole fragment of Glechoma longituba. Bars and vertical lines represent mean and 
SE (n = 5).

https://doi.org/10.1371/journal.pone.0325605.g002

https://doi.org/10.1371/journal.pone.0325605.g002


PLOS One | https://doi.org/10.1371/journal.pone.0325605  June 16, 2025 8 / 16

The NMDS analysis results showed that bacterial community composition of basal did not show significant differences 
between the different treatments (Fig 5A). Furthermore, the two-dimensional plots clearly demonstrated that the fungal 
communities of basal soils in intact stolon treatment without B. subtilis (BI) and basal soils in severed stolon treatment 
without B. subtilis (BS) were distinctly separated along the second axis, with a clear separation between presence or 
absence of B. subtilis agent, indicating substantial alterations to soil fungal communities of basal portions due to clonal 
integration and B. subtilis (Fig 5B). Additionally, there were variations observed in the distribution patterns of bacterial 
and fungal communities between basal and apical portions. The bacterial community composition of apical soils showed 
significant differences along the first axis of NMDS plots for apical soil in intact stolon treatment without B. subtilis (AI) 

Table 2.  Analysis of variance of the effects of clonal integration, Bacillus subtilis, and their interaction on total flavonoids and chlorogenic 
acid of the basal portion, the apical portion, and the whole fragment of Glechoma longituba.

Variable Integration (I) Bacillus subtilis (B) I × B

F1,15 P F1,15 P F1,15 P

Basal portion

  Total flavonoids a 0.5 0.485 6.6 0.022 < 0.1 0.925

  Chlorogenic acid a < 0.1 0.968 15.2 0.001 1.4 0.256

Apical portion

  Total flavonoids a 0.6 0.433 0.3 0.617 0.2 0.684

  Chlorogenic acid a 3.0 0.103 0.6 0.458 1.1 0.304

Whole clonal fragment

  Total flavonoids 0.3 0.584 1.9 0.192 0.3 0.602

  Chlorogenic acid a 0.9 0.363 5.3 0.037 1.8 0.204

aNatural log transformation. Degree of freedom (subscript for “F”), F and P values are given. Values are in bold when P < 0.05.

https://doi.org/10.1371/journal.pone.0325605.t002

Fig 3.  Effects of clonal integration and Bacillus subtilis on total flavonoids (A, C, E) and chlorogenic acid (B, D, F) of the basal, apical portion, 
and whole fragment of Glechoma longituba. Bars and vertical lines represent mean and SE (n = 5 except n = 4 in one treatment; details are described 
in the data analysis section).

https://doi.org/10.1371/journal.pone.0325605.g003

https://doi.org/10.1371/journal.pone.0325605.t002
https://doi.org/10.1371/journal.pone.0325605.g003
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and apical soil in intact stolon treatment with B. subtilis (AIBs), while there was also a clear separation in bacterial 
community composition between AI and apical soil in severed stolon treatment without B. subtilis (AS) (Fig 5C). On the 
other hand, no significant differences were found in fungal community composition among different treatments for apical 
portions (Fig 5D).

Clonal integration and B. subtilis did not significant affect bacterial alpha diversity in root zone soil of basal and apical 
portions of G. longituba (S3 Table). However, the interaction between clonal integration and B. subtilis had a significant 
effect on the bacterial alpha diversity of apical portions (S3 Table). When the stolon was left intact, B. subtilis reduced the 
bacterial alpha diversity of apical portions (S3 Table; Fig 6C). Clonal integration and B. subtilis did not have a significant 
effect on fungal alpha diversity in root zone soil of basal and apical portions, but their interaction significantly affected 
fungal alpha diversity in root zone soil of basal portions (S3 Table). When the stolon was left intact, B. subtilis increased 
fungal alpha diversity (Fig 6B).

Discussion

Responses of growth and morphology

Clonal integration is a crucial trait that realizes resource transfer from basal ramets to the connected apical ramets, 
thereby promoting their survival and growth [43,50–52]. This resource transfer establishes a cost-benefit relationship 
between basal and apical ramets [6,12,53]. However, previous studies have reported inconsistent findings regarding 
whether clonal integration leads to reduced growth in basal ramets [3,4,6–9,12,53]. In some studies, despite providing 
resources to apical ramets, basal ramets remained unaffected and even benefited from the compensatory responses 
to the stress experienced by apical ramets [3,8,9,54]. Conversely, other studies indicated that basal ramets might suf-
fer growth reductions due to resource sharing with apical ramets [6,7,53]. At the whole plant level, the benefits of clonal 

Fig 4.  The composition of bacterial (A) and fungal (B) communities of the basal portion and bacterial (C) and fungal (D) communities of the 
apical portion under different treatments (n = 3). BI: Basal soils in intact stolon treatment without Bacillus subtilis; BS: Basal soils in severed stolon 
treatment without B. subtilis; BIBs: Basal soils in intact stolon treatment with B. subtilis; BSBs: Basal soils in severed stolon treatment with B. subtilis; AI: 
Apical soils in intact stolon treatment without B. subtilis; AS: Apical soils in severed stolon treatment without B. subtilis; AIBs: Apical soils in intact stolon 
treatment with B. subtilis; ASBs: Apical soils in severed stolon treatment with B. subtilis.

https://doi.org/10.1371/journal.pone.0325605.g004

https://doi.org/10.1371/journal.pone.0325605.g004
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integration depended on whether the cost incurred by basal ramets outweighs the advantages gained by apical ramets. 
In this experiment, intact stolons led to increased biomass accumulation, ramet number, and total stolon length in api-
cal portions but resulted in decreased these measurements for basal portions. For whole fragments, maintaining intact 
stolons did not affect biomass but significantly reduced ramet number and total stolon length. These findings suggested 
that clonal integration enhanced the growth (measured as biomass), vegetative propagation potential (measured as ramet 
number), and expansion ability (measured as total stolon length) of apical portions of G. longituba due to resource provi-
sion by the basal portions. However, clonal integration may not promote biomass accumulation of the whole fragments of 
due to the equal trade-off between the benefits gained by apical portions and the costs incurred by basal portions, which 
is a finding consistent with our previous study [12]. Nevertheless, clonal integration exhibited a significantly negative effect 
on vegetative propagation and expansion ability, also aligning with our earlier finding [12]. Furthermore, clonal integration 
increases the root-shoot ratio of basal portions, suggesting an adaptive strategy that favors enhanced resource uptake 
such as water and nutrients through roots from soil for the benefit of both apical and basal portions growth [55–57].

Although numerous studies have demonstrated the positive impacts of exogenous microbial agents on plant growth 
[58,59], no such effects were observed in basal portions upon addition of the B. subtilis agent in this experiment. However, 
a significant effect of the B. subtilis agent on root-shoot ratio was detected in both basal and apical portions, as well as in 

Fig 5.  The NMDS plots of bacterial (A) and fungal (B) communities of the basal portion and bacterial (C) and fungal (D) communities of the 
apical portion based on Bray-Curits distance (n = 3). BI: Basal soils in intact stolon treatment without Bacillus subtilis; BS: Basal soils in severed sto-
lon treatment without B. subtilis; BIBs: Basal soils in intact stolon treatment with B. subtilis; BSBs: Basal soils in severed stolon treatment with B. subtilis; 
AI: Apical soils in intact stolon treatment without B. subtilis; AS: Apical soils in severed stolon treatment without B. subtilis; AIBs: Apical soils in intact 
stolon treatment with B. subtilis; ASBs: Apical soils in severed stolon treatment with B. subtilis.

https://doi.org/10.1371/journal.pone.0325605.g005

https://doi.org/10.1371/journal.pone.0325605.g005
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the whole fragments. In basal portions, the exogenous B. subtilis agent resulted in a decrease in root-shoot ratio, implying 
its potential to enhance biomass allocation towards shoot development. Moreover, the interaction between the B. subtilis 
agent and stolon treatment affected biomass allocation in apical portions and whole fragments, suggesting that B. sub-
tilis can increase their shoot mass allocation through clonal integration. Additionally, an intriguing finding from this study 

Fig 6.  Microbial alpha diversity of bacterial (A) and fungal (B) communities of the basal portion and bacterial (C) and fungal (D) communities 
of the apical portion under different treatment (n = 3). BI: Basal soils in intact stolon treatment without Bacillus subtilis; BS: Basal soils in severed 
stolon treatment without B. subtilis; BIBs: Basal soils in intact stolon treatment with B. subtilis; BSBs: Basal soils in severed stolon treatment with B. sub-
tilis; AI: Apical soils in intact stolon treatment without B. subtilis; AS: Apical soils in severed stolon treatment without B. subtilis; AIBs: Apical soils in intact 
stolon treatment with B. subtilis; ASBs: Apical soils in severed stolon treatment with B. subtilis.

https://doi.org/10.1371/journal.pone.0325605.g006

https://doi.org/10.1371/journal.pone.0325605.g006
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revealed that when stolons remained intact and B. subtilis agent was added to basal portions significantly increased total 
stolon length not only in apical portions but also throughout whole fragments alike which may further promote expansion 
of apical portions. This indicates that, although initially applied only to the basal portions, the effect of B. subtilis can prop-
agate to the apical portions through clonal integration. Moreover, it may exhibit a potential to enhance the aboveground 
yield of G. longituba at the whole fragment level.

Responses of total flavonoids and chlorogenic acid

Although the growth and morphology of both the basal and apical portions of G. longituba were significantly affected 
by the stolon treatment, no significant differences were observed in the content of two main active constituents-total 
flavonoids and chlorogenic acid-across different stolon treatments. This suggests that while the clonal integration has 
a positive on plant growth, its effect on regulating bioactive constituents is relatively limited. The total flavonoid and 
chlorogenic acid content in the basal portions, as well as the chlorogenic acid content in the whole fragment, exhibited 
a significant negative response to B. subtilis. Specifically, the addition of B. subtilis led to a decrease in these active 
constituents, which was observed not only in the basal portions but also verified in the whole fragment. This indicates 
that B. subtilis may inhibit the accumulation of these active constituents through certain mechanisms or alter metabolic 
pathways within the plant, resulting in reduced content. Based on this study, we are unable to fully explain the specific 
role of B. subtilis in regulating the bioactive constituents of G. longituba. Exogenous microbial agents are widely used 
in agriculture and horticulture and are generally recognized for promoting plant growth [58,59]. However, this study 
shows that the application of B. subtilis in G. longituba did not achieve the expected outcomes in terms of improving 
quality and even had a negative effect. Our findings highlight that different plants may respond differently to microbial 
agents, underscoring the importance of selecting appropriate microbial agents and application methods for specific 
plant species.

Responses of soil microbial communities

Clonal integration can affect plant growth and rhizosphere soil nitrogen transformation by sharing resource among inter-
connected ramets, thereby influencing the composition of soil microorganisms [60]. Our findings demonstrated that both 
clonal integration and B. subtilis significantly affected the composition of soil fungal communities of basal portions and 
bacterial communities of apical portions. Furthermore, while neither clonal integration nor B. subtilis affect alpha diversity 
of soil bacterial and fungal in the root zone soil of G. longituba, their interaction significantly affected microbial diversity. 
Through clonal integration, B. subtilis significantly increased fungi diversity of basal portions but decreased bacteria diver-
sity of apical portions; these results indicated that bacterial and fungal communities exhibit different responses to clonal 
integration and B. subtilis agent between basal and apical portions. One potential explanation is that fungi may be more 
susceptible to the influence of plant root exudates, while bacteria may be more susceptible to the influence of the external 
microenvironment [61]. Clonal integration resulted in reduced growth of basal ramets and increased their total flavonoid 
and chlorogenic acid content, leading to changes in fungal community composition in root-zone soils. We hypothesized 
the total flavonoid and chlorogenic acid content in plants could significantly affect the composition of fungal communities 
in root zone soils. Previous studies have demonstrated that B. subtilis can improve soil environment and alter soil fungal 
community composition through metabolite secretion and release of signaling substances [62–64]. Additionally, our results 
confirmed that clonal integration can combined with B. subtilis modulate biomass allocation to roots in apical portions, as 
well as influence the bacterial communities within their root zone soils. Unfortunately, further investigation is needed to 
elucidate the underlying mechanism behind this influence. Furthermore, clonal integration and B. subtilis had significant 
effects on the abundance of Ascomycota and Basidiomycota in basal portions root zone soils, but they exerted opposite 
trends regarding their influence. This result further supported that B. subtilis agent diminished certain advantages derived 
from clonal integration in basal ramets.
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Conclusion

We conclude that B. subtilis enhances aboveground yield through clonal integration while suppressing the accumulation 
of flavonoids and chlorogenic acid. Its interaction with clonal integration reshapes soil microbial diversity and partially 
offsetting the effects of clonal integration via counteractive shifts in fungal composition. These findings establish a theoret-
ical foundation for optimizing the “microbial-clonal integration regulation” cultivation model in medicinal plants agriculture. 
In future research, transcriptomics and metabolomics could be utilized to elucidate the mechanisms underlying the effects 
of B. subtilis and clonal integration, and field-scale validation experiments could be conducted to bridge the gap between 
theory and practical application.

Supporting information

S1 Table.  Analysis of variance of the effects of clonal integration, Bacillus subtilis, and their interaction on composi-
tion of bacterial and fungal communities at phyla level in root zone soil of the basal portion of Glechoma longituba. 
(DOCX)

S2 Table.  Analysis of variance of the effects of clonal integration, Bacillus subtilis, and their interaction on com-
position of bacterial and fungal communities at phyla level in root zone soil of the apical portion of Glechoma 
longituba. 
(DOCX)

S3 Table.  Analysis of variance of the effects of clonal integration, Bacillus subtilis, and their interaction on bacte-
rial and fungal alpha diversity in root zone soil of the basal portion and the apical portion of Glechoma longituba. 
(DOCX)

S1 Fig.  Schematic representation of the experimental design. Basal portions of Glechoma longituba were grown in 
soil with or without the addition of Bacillus subtilis, while apical portions were grown in soil without B. subtilis. The stolon 
between basal and apical portions were either left intact or severed.
(TIF)

Author contributions

Conceptualization: Chao Si.

Formal analysis: Bing-Nan Zhao, Chao Si.

Investigation: Xiao-Gai Wang, Rui Zhang, Xue-Ge He.

Methodology: Bing-Nan Zhao, Xiao-Gai Wang, Chao Si.

Supervision: Chao Si.

Writing – original draft: Bing-Nan Zhao.

Writing – review & editing: Bing-Nan Zhao, Xiao-Gai Wang, Rui Zhang, Xue-Ge He, Chao Si.

References
	1.	 Caraco T, Kelly CK. On the adaptive value of physiological integraton in colonal plants. Ecology. 1991;72(1):81–93. https://doi.org/10.2307/1938904

	2.	 Alpert P. Nutrient sharing in natural clonal fragments of Fragaria chiloensis. J Ecol. 1996;84(3):395. https://doi.org/10.2307/2261201

	3.	 Cao X-X, Xue W, Lei N-F, Yu F-H. Effects of clonal integration on foraging behavior of three clonal plants in heterogeneous soil environments. For-
ests. 2022;13(5):696. https://doi.org/10.3390/f13050696

	4.	 Chen J-S, Lei N-F, Dong M. Clonal integration improves the tolerance of Carex praeclara to sand burial by compensatory response. Acta Oecol. 
2010;36(1):23–8. https://doi.org/10.1016/j.actao.2009.09.006

http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325605.s001
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325605.s002
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325605.s003
http://journals.plos.org/plosone/article/asset?unique&id=info:doi/10.1371/journal.pone.0325605.s004
https://doi.org/10.2307/1938904
https://doi.org/10.2307/2261201
https://doi.org/10.3390/f13050696
https://doi.org/10.1016/j.actao.2009.09.006


PLOS One | https://doi.org/10.1371/journal.pone.0325605  June 16, 2025 14 / 16

	 5.	 Li M, Jiang S, Wang T, Wang H, Xing L, Li H, et al. Clonal integration benefits Calystegia soldanella in heterogeneous habitats. AoB Plants. 
2024;16(3):plae028. https://doi.org/10.1093/aobpla/plae028 PMID: 38854500

	 6.	 Roiloa SR, Retuerto R. Clonal integration in Fragaria vesca growing in metal‐polluted soils: parents face penalties for establishing their offspring in 
unsuitable environments. Ecol Res. 2011;27(1):95–106. https://doi.org/10.1007/s11284-011-0876-6

	 7.	 Si C, Alpert P, Zhang J-F, Lin J, Wang Y-Y, Hong M-M, et al. Capacity for clonal integration in introduced versus native clones of the invasive plant 
Hydrocotyle vulgaris. Sci Total Environ. 2020;745:141056. https://doi.org/10.1016/j.scitotenv.2020.141056 PMID: 32717606

	 8.	 Song Y-B, Yu F-H, Keser LH, Dawson W, Fischer M, Dong M, et al. United we stand, divided we fall: a meta-analysis of experiments on clonal 
integration and its relationship to invasiveness. Oecologia. 2013;171(2):317–27. https://doi.org/10.1007/s00442-012-2430-9 PMID: 22915332

	 9.	 Wang J, Xu T, Wang Y, Li G, Abdullah I, Zhong Z, et al. A meta‐analysis of effects of physiological integration in clonal plants under homogeneous 
vs. heterogeneous environments. Funct Ecol. 2020;35(3):578–89. https://doi.org/10.1111/1365-2435.13732

	10.	 Zhang C, Yang C, Yang X, Dong M. Inter-ramet water translocation in natural clones of the rhizomatous shrub, Hedysarum laeve, in a semi-arid 
area of China. Trees. 2003;17(2):109–16. https://doi.org/10.1007/s00468-002-0211-5

	11.	 Zhang Y, Zhang Q, Luo P, Wu N. Photosynthetic response of Fragaria orientalis in different water contrast clonal integration. Ecol Res. 
2008;24(3):617–25. https://doi.org/10.1007/s11284-008-0533-x

	12.	 Zhang R, Chen Z-H, Li Y-M, Wang N, Cui W-T, Zhao B-N, et al. Effects of clonal integration and nutrient availability on the growth of Glechoma 
longituba under heterogenous light conditions. Front Plant Sci. 2023;14:1182068. https://doi.org/10.3389/fpls.2023.1182068 PMID: 37649995

	13.	 Marrelli M. Medicinal plants. Plants (Basel). 2021;10(7):1355. https://doi.org/10.3390/plants10071355 PMID: 34371558

	14.	 Mwangi RW, Macharia JM, Wagara IN, Bence RL. The medicinal properties of Cassia fistula L: a review. Biomed Pharmacother. 2021;144:112240. 
https://doi.org/10.1016/j.biopha.2021.112240 PMID: 34601194

	15.	 Zhu Z, Bao Y, Yang Y, Zhao Q, Li R. Research progress on heat stress response mechanism and control measures in medicinal plants. Int J Mol 
Sci. 2024;25(16):8600. https://doi.org/10.3390/ijms25168600 PMID: 39201287

	16.	 Lubbe A, Verpoorte R. Cultivation of medicinal and aromatic plants for specialty industrial materials. Ind Crops Prod. 2011;34(1):785–801. https://
doi.org/10.1016/j.indcrop.2011.01.019

	17.	 Ng CWW, So PS, Coo JL, Lau SY, Wong JTF. Interactions between nutrient types and soil hydrological properties on yield and quality of Pinellia 
ternata, a medicinal plant. Ind Crops Prod. 2023;195:116423. https://doi.org/10.1016/j.indcrop.2023.116423

	18.	 Niazian M, Torkamaneh D, Hesami M. Editorial: advances in biotechnology-based breeding of medicinal plants. Front Plant Sci. 2023;14:1228951. 
https://doi.org/10.3389/fpls.2023.1228951 PMID: 37416881

	19.	 Kumarasamy Y, Cox PJ, Jaspars M, Nahar L, Sarker SD. Biological activity of Glechoma hederacea. Fitoterapia. 2002;73(7–8):721–3. https://doi.
org/10.1016/s0367-326x(02)00237-x PMID: 12490241

	20.	 Xiang B, Yu X, Li B, Xiong Y, Long M, He Q. Characterization, antioxidant, and anticancer activities of a neutral polysaccharide from Duchesnea 
indica (Andr.) Focke. J Food Biochem. 2019;43(7):e12899. https://doi.org/10.1111/jfbc.12899 PMID: 31353707

	21.	 Yu X, Liang C, Chen J, Qi X, Liu Y, Li W. The effects of salinity stress on morphological characteristics, mineral nutrient accumulation and essential 
oil yield and composition in Mentha canadensis L. Sci Hortic. 2015;197:579–83. https://doi.org/10.1016/j.scienta.2015.10.023

	22.	 Li Q, Liu X, Chai Y-F, Yue M, Quan J. Physiological integration ameliorates the effects of UV-B radiation in the clonal herb Duchesnea indica. Folia 
Geobot. 2020;55(2):141–50. https://doi.org/10.1007/s12224-020-09369-1

	23.	 Glover R, Drenovsky RE, Futrell CJ, Grewell BJ. Clonal integration in Ludwigia hexapetala under different light regimes. Aquat Bot. 2015;122:40–6. 
https://doi.org/10.1016/j.aquabot.2015.01.004

	24.	 Zhang W, Yang G, Sun J, Chen J, Zhang Y. Clonal integration enhances the performance of a clonal plant species under soil alkalinity stress. PLoS 
One. 2015;10(3):e0119942. https://doi.org/10.1371/journal.pone.0119942 PMID: 25790352

	25.	 Hashem A, Abd_Allah EF, Alqarawi AA, Radhakrishnan R, Kumar A. Plant defense approach of Bacillus subtilis (BERA 71) against Macrophomina 
phaseolina (Tassi) Goid in mung bean. J Plant Interact. 2017;12(1):390–401. https://doi.org/10.1080/17429145.2017.1373871

	26.	 Nayak SK. Multifaceted applications of probiotic Bacillus species in aquaculture with special reference to Bacillus subtilis. Rev Aquacult. 
2020;13(2):862–906. https://doi.org/10.1111/raq.12503

	27.	 Mahapatra S, Yadav R, Ramakrishna W. Bacillus subtilis impact on plant growth, soil health and environment: Dr. Jekyll and Mr. Hyde. J Appl 
Microbiol. 2022;132(5):3543–62. https://doi.org/10.1111/jam.15480 PMID: 35137494

	28.	 Shukla N, Singh D, Tripathi A, Kumari P, Gupta RK, Singh S, et al. Synergism of endophytic Bacillus subtilis and Klebsiella aerogenes modulates 
plant growth and bacoside biosynthesis in Bacopa monnieri. Front Plant Sci. 2022;13:896856. https://doi.org/10.3389/fpls.2022.896856 PMID: 
35991388

	29.	 Zhao Y, Lu G, Jin X, Wang Y, Ma K, Zhang H, et al. Effects of microbial fertilizer on soil fertility and alfalfa rhizosphere microbiota in alpine grass-
land. Agronomy. 2022;12(7):1722. https://doi.org/10.3390/agronomy12071722

	30.	 Zuo W, Song WJ, Jin ZW, Li JM. Fine-scale spatial genetic structure of Glechoma longituba. Acta Ecol Sin. 2015;35(17):5761–8. https://doi.
org/10.5846/stxb201312223001

	31.	 Jin L, Liu L, Guo Q. Phosphorus and iron in soil play dominating roles in regulating bioactive compounds of Glechoma longituba (Nakai) Kupr. Sci 
Hortic. 2019;256:108534. https://doi.org/10.1016/j.scienta.2019.05.061

https://doi.org/10.1093/aobpla/plae028
http://www.ncbi.nlm.nih.gov/pubmed/38854500
https://doi.org/10.1007/s11284-011-0876-6
https://doi.org/10.1016/j.scitotenv.2020.141056
http://www.ncbi.nlm.nih.gov/pubmed/32717606
https://doi.org/10.1007/s00442-012-2430-9
http://www.ncbi.nlm.nih.gov/pubmed/22915332
https://doi.org/10.1111/1365-2435.13732
https://doi.org/10.1007/s00468-002-0211-5
https://doi.org/10.1007/s11284-008-0533-x
https://doi.org/10.3389/fpls.2023.1182068
http://www.ncbi.nlm.nih.gov/pubmed/37649995
https://doi.org/10.3390/plants10071355
http://www.ncbi.nlm.nih.gov/pubmed/34371558
https://doi.org/10.1016/j.biopha.2021.112240
http://www.ncbi.nlm.nih.gov/pubmed/34601194
https://doi.org/10.3390/ijms25168600
http://www.ncbi.nlm.nih.gov/pubmed/39201287
https://doi.org/10.1016/j.indcrop.2011.01.019
https://doi.org/10.1016/j.indcrop.2011.01.019
https://doi.org/10.1016/j.indcrop.2023.116423
https://doi.org/10.3389/fpls.2023.1228951
http://www.ncbi.nlm.nih.gov/pubmed/37416881
https://doi.org/10.1016/s0367-326x(02)00237-x
https://doi.org/10.1016/s0367-326x(02)00237-x
http://www.ncbi.nlm.nih.gov/pubmed/12490241
https://doi.org/10.1111/jfbc.12899
http://www.ncbi.nlm.nih.gov/pubmed/31353707
https://doi.org/10.1016/j.scienta.2015.10.023
https://doi.org/10.1007/s12224-020-09369-1
https://doi.org/10.1016/j.aquabot.2015.01.004
https://doi.org/10.1371/journal.pone.0119942
http://www.ncbi.nlm.nih.gov/pubmed/25790352
https://doi.org/10.1080/17429145.2017.1373871
https://doi.org/10.1111/raq.12503
https://doi.org/10.1111/jam.15480
http://www.ncbi.nlm.nih.gov/pubmed/35137494
https://doi.org/10.3389/fpls.2022.896856
http://www.ncbi.nlm.nih.gov/pubmed/35991388
https://doi.org/10.3390/agronomy12071722
https://doi.org/10.5846/stxb201312223001
https://doi.org/10.5846/stxb201312223001
https://doi.org/10.1016/j.scienta.2019.05.061


PLOS One | https://doi.org/10.1371/journal.pone.0325605  June 16, 2025 15 / 16

	32.	 Wei Q, Li Q, Jin Y, Wu S, Xiang J, He L, et al. Translocation pattern of nitrogen within clonal network of the stoloniferous herb Glechoma longituba 
and its horizontal redistribution mediated by clonal integration. Flora. 2020;263:151533. https://doi.org/10.1016/j.flora.2019.151533

	33.	 Jin L, Liu L, Guo Q, Wang L, Zou J. Variation in bioactive compounds of Glechoma longituba and its influential factors: implication for advanced 
cultivation strategies. Sci Hortic. 2019;244:182–92. https://doi.org/10.1016/j.scienta.2018.09.047

	34.	 Grabowska K, Amanowicz K, Paśko P, Podolak I, Galanty A. Optimization of the extraction procedure for the phenolic-rich Glechoma hederacea 
L. herb and evaluation of its cytotoxic and antioxidant potential. Plants (Basel). 2022;11(17):2217. https://doi.org/10.3390/plants11172217 PMID: 
36079600

	35.	 Shan T, Xu J, Zhong X, Zhang J, He B, Tao Y, et al. Full-length transcriptome sequencing provides new insights into the complexity of flavonoid 
biosynthesis in Glechoma longituba. Physiol Plant. 2023;175(6):e14104. https://doi.org/10.1111/ppl.14104 PMID: 38148235

	36.	 Chen J-S, Li J, Zhang Y, Zong H, Lei N-F. Clonal integration ameliorates the carbon accumulation capacity of a stoloniferous herb, Glechoma 
longituba, growing in heterogenous light conditions by facilitating nitrogen assimilation in the rhizosphere. Ann Bot. 2015;115(1):127–36. https://doi.
org/10.1093/aob/mcu207 PMID: 25429006

	37.	 Guo Y, Quan J, Wang X, Zhang Z, Liu X, Zhang R, et al. Predictability of parental ultraviolet-B environment shapes the growth strategies of clonal 
Glechoma longituba. Front Plant Sci. 2022;13:949752. https://doi.org/10.3389/fpls.2022.949752 PMID: 35991455

	38.	 Zheng L-L, Yao S-M, Xue W, Yu F-H. Small islands of safety promote the performance of a clonal plant in cadmium-contaminated soil. Plant Soil. 
2023;489(1–2):453–64. https://doi.org/10.1007/s11104-023-06031-5

	39.	 Hutchings MJ, Price EAC. Glechoma hederacea L. (Nepeta glechoma Benth., N. hederacea (L.) Trev.). J Ecol. 1999;87(2):347–64. https://doi.
org/10.1046/j.1365-2745.1999.00358.x

	40.	 Liao M, Yu F, Song M, Zhang S, Zhang J, Dong M. Plasticity in R/S ratio, morphology and fitness-related traits in response to reciprocal patch-
iness of light and nutrients in the stoloniferous herb, Glechoma longituba L. Acta Oecologica. 2003;24(5–6):231–9. https://doi.org/10.1016/j.
actao.2003.07.001

	41.	 Chu Y, Yu F, Dong M. Clonal plasticity in response to reciprocal patchiness of light and nutrients in the stoloniferous herb Glechoma longituba L. 
JIPB. 2006;48(4):400–8. https://doi.org/10.1111/j.1744-7909.2006.00237.x

	42.	 Li-Li Z, Ming D, Ren-Qiang L, Yan-Hong W, Qing-Guo C. Soil-nutrient patch contrast modifies intensity and direction of clonal integration in 
Glechoma longituba. Chin J Plant Ecol. 2007;31(4):619–24. https://doi.org/10.17521/cjpe.2007.0079

	43.	 Zhang L-L, He W-M. Consequences of ramets helping ramets: no damage and increased nutrient use efficiency in nurse ramets of Glechoma 
longituba. Flora. 2009;204(3):182–8. https://doi.org/10.1016/j.flora.2008.02.001

	44.	 Li J, Wang R, Sheng Z, Wu Z, Chen C, Ishfaq M. Optimization of baicalin, wogonoside, and chlorogenic acid water extraction process from the 
roots of Scutellariae Radix and Lonicerae japonicae Flos using response surface methodology (RSM). Processes. 2019;7(11):854. https://doi.
org/10.3390/pr7110854

	45.	 Liu J, Li C, Ding G, Quan W. Artificial intelligence assisted ultrasonic extraction of total flavonoids from Rosa sterilis. Molecules. 2021;26(13):3835. 
https://doi.org/10.3390/molecules26133835 PMID: 34201870

	46.	 Walters W, Hyde ER, Berg-Lyons D, Ackermann G, Humphrey G, Parada A, et al. Improved bacterial 16S rRNA gene (V4 and V4-5) and fungal 
internal transcribed spacer marker gene primers for microbial community surveys. mSystems. 2015;1(1):e00009-15. https://doi.org/10.1128/mSys-
tems.00009-15 PMID: 27822518

	47.	 Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, et al. Author correction: reproducible, interactive, scalable and extensible 
microbiome data science using QIIME 2. Nat Biotechnol. 2019;37(9):1091. https://doi.org/10.1038/s41587-019-0252-6 PMID: 31399723

	48.	 Glöckner FO, Yilmaz P, Quast C, Gerken J, Beccati A, Ciuprina A, et al. 25 years of serving the community with ribosomal RNA gene reference 
databases and tools. J Biotechnol. 2017;261:169–76. https://doi.org/10.1016/j.jbiotec.2017.06.1198 PMID: 28648396

	49.	 Nilsson RH, Tedersoo L, Ryberg M, Kristiansson E, Hartmann M, Unterseher M, et al. A comprehensive, automatically updated fungal ITS 
sequence dataset for reference-based chimera control in environmental sequencing efforts. Microbes Environ. 2015;30(2):145–50. https://doi.
org/10.1264/jsme2.ME14121 PMID: 25786896

	50.	 Xue W, Wang W-L, Yuan Q-Y, Yu F-H. Clonal integration in Phragmites australis alters soil microbial communities in an oil-contaminated wetland. 
Environ Pollut. 2020;265(Pt B):114828. https://doi.org/10.1016/j.envpol.2020.114828 PMID: 32480007

	51.	 Lu Z, Franklin SB. Clonal integration and regeneration in bamboo Bashania fargesii. For Ecol Manage. 2022;523:120504. https://doi.org/10.1016/j.
foreco.2022.120504

	52.	 Cao T, Shi M, Zhang J, Ji H, Wang X, Sun J, et al. Nitrogen fertilization practices alter microbial communities driven by clonal integration in Moso 
bamboo. Sci Total Environ. 2024;924:171581. https://doi.org/10.1016/j.scitotenv.2024.171581 PMID: 38461973

	53.	 Zhao B, Chen Z, Liu Z, He X, Chen Z, Gu X, et al. Clonal integration facilitates the expansion of Hydrocotyle vulgaris from a limited space to a 
larger area. Plant Species Biol. 2024;39(5):286–96. https://doi.org/10.1111/1442-1984.12478

	54.	 Xu C, Schooler SS, Van Klinken RD. Effects of clonal integration and light availability on the growth and physiology of two invasive herbs. J Ecol. 
2010;98(4):833–44. https://doi.org/10.1111/j.1365-2745.2010.01668.x

	55.	 Zhou J, Dong B-C, Alpert P, Li H-L, Zhang M-X, Lei G-C, et al. Effects of soil nutrient heterogeneity on intraspecific competition in the invasive, 
clonal plant Alternanthera philoxeroides. Ann Bot. 2012;109(4):813–8. https://doi.org/10.1093/aob/mcr314 PMID: 22207612

https://doi.org/10.1016/j.flora.2019.151533
https://doi.org/10.1016/j.scienta.2018.09.047
https://doi.org/10.3390/plants11172217
http://www.ncbi.nlm.nih.gov/pubmed/36079600
https://doi.org/10.1111/ppl.14104
http://www.ncbi.nlm.nih.gov/pubmed/38148235
https://doi.org/10.1093/aob/mcu207
https://doi.org/10.1093/aob/mcu207
http://www.ncbi.nlm.nih.gov/pubmed/25429006
https://doi.org/10.3389/fpls.2022.949752
http://www.ncbi.nlm.nih.gov/pubmed/35991455
https://doi.org/10.1007/s11104-023-06031-5
https://doi.org/10.1046/j.1365-2745.1999.00358.x
https://doi.org/10.1046/j.1365-2745.1999.00358.x
https://doi.org/10.1016/j.actao.2003.07.001
https://doi.org/10.1016/j.actao.2003.07.001
https://doi.org/10.1111/j.1744-7909.2006.00237.x
https://doi.org/10.17521/cjpe.2007.0079
https://doi.org/10.1016/j.flora.2008.02.001
https://doi.org/10.3390/pr7110854
https://doi.org/10.3390/pr7110854
https://doi.org/10.3390/molecules26133835
http://www.ncbi.nlm.nih.gov/pubmed/34201870
https://doi.org/10.1128/mSystems.00009-15
https://doi.org/10.1128/mSystems.00009-15
http://www.ncbi.nlm.nih.gov/pubmed/27822518
https://doi.org/10.1038/s41587-019-0252-6
http://www.ncbi.nlm.nih.gov/pubmed/31399723
https://doi.org/10.1016/j.jbiotec.2017.06.1198
http://www.ncbi.nlm.nih.gov/pubmed/28648396
https://doi.org/10.1264/jsme2.ME14121
https://doi.org/10.1264/jsme2.ME14121
http://www.ncbi.nlm.nih.gov/pubmed/25786896
https://doi.org/10.1016/j.envpol.2020.114828
http://www.ncbi.nlm.nih.gov/pubmed/32480007
https://doi.org/10.1016/j.foreco.2022.120504
https://doi.org/10.1016/j.foreco.2022.120504
https://doi.org/10.1016/j.scitotenv.2024.171581
http://www.ncbi.nlm.nih.gov/pubmed/38461973
https://doi.org/10.1111/1442-1984.12478
https://doi.org/10.1111/j.1365-2745.2010.01668.x
https://doi.org/10.1093/aob/mcr314
http://www.ncbi.nlm.nih.gov/pubmed/22207612


PLOS One | https://doi.org/10.1371/journal.pone.0325605  June 16, 2025 16 / 16

	56.	 Yu H, Shen N, Yu D, Liu C. Effects of Temporal heterogeneity of water supply and spatial heterogeneity of soil nutrients on the growth and intraspe-
cific competition of Bolboschoenus yagara depend on plant density. Front Plant Sci. 2019;9:1987. https://doi.org/10.3389/fpls.2018.01987 PMID: 
30713544

	57.	 Si C, Xue W, Lin J, Zhang J-F, Hong M-M, Wang Y-Y, et al. No evidence of greater biomass allocation to stolons at moderate resource levels in a 
floating plant. Aquat Ecol. 2020;54(1):421–9. https://doi.org/10.1007/s10452-020-09751-3

	58.	 Blake C, Christensen MN, Kovács ÁT. Molecular aspects of plant growth promotion and protection by Bacillus subtilis. Mol Plant Microbe Interact. 
2021;34(1):15–25. https://doi.org/10.1094/MPMI-08-20-0225-CR PMID: 32986513

	59.	 Syromyatnikov MY, Nesterova EY, Gladkikh MI, Tolkacheva AA, Bondareva OV, Syrov VM, et al. High-throughput sequencing as a tool for the 
quality control of microbial bioformulations for agriculture. Processes. 2022;10(11):2243. https://doi.org/10.3390/pr10112243

	60.	 Li Y, Chen J-S, Xue G, Peng Y, Song H-X. Effect of clonal integration on nitrogen cycling in rhizosphere of rhizomatous clonal plant, Phyllostachys 
bissetii, under heterogeneous light. Sci Total Environ. 2018;628–629:594–602. https://doi.org/10.1016/j.scitotenv.2018.02.002 PMID: 29454200

	61.	 Wang X, Sun R, Tian Y, Guo K, Sun H, Liu X, et al. Long-term phytoremediation of coastal saline soil reveals plant species-specific patterns of 
microbial community recruitment. mSystems. 2020;5(2):e00741-19. https://doi.org/10.1128/mSystems.00741-19 PMID: 32127422

	62.	 Buddrus-Schiemann K, Schmid M, Schreiner K, Welzl G, Hartmann A. Root colonization by Pseudomonas sp. DSMZ 13134 and impact on 
the indigenous rhizosphere bacterial community of barley. Microb Ecol. 2010;60(2):381–93. https://doi.org/10.1007/s00248-010-9720-8 PMID: 
20644925

	63.	 Chen L-H, Han R, Zhang H, Xu X-H, Shao H-B, Wang M-Y, et al. Irrigating-continuous cropping with Bacillus subtilis D9 fortified waste water could 
control the Fusarium wilt of Artemisia selengens. Appl Soil Ecol. 2017;113:127–34. https://doi.org/10.1016/j.apsoil.2017.01.015

	64.	 Chen P, Zhang J, Li M, Fang F, Hu J, Sun Z, et al. Synergistic effect of Bacillus subtilis and Paecilomyces lilacinus in alleviating soil degradation 
and improving watermelon yield. Front Microbiol. 2023;13:1101975. https://doi.org/10.3389/fmicb.2022.1101975 PMID: 36713202

https://doi.org/10.3389/fpls.2018.01987
http://www.ncbi.nlm.nih.gov/pubmed/30713544
https://doi.org/10.1007/s10452-020-09751-3
https://doi.org/10.1094/MPMI-08-20-0225-CR
http://www.ncbi.nlm.nih.gov/pubmed/32986513
https://doi.org/10.3390/pr10112243
https://doi.org/10.1016/j.scitotenv.2018.02.002
http://www.ncbi.nlm.nih.gov/pubmed/29454200
https://doi.org/10.1128/mSystems.00741-19
http://www.ncbi.nlm.nih.gov/pubmed/32127422
https://doi.org/10.1007/s00248-010-9720-8
http://www.ncbi.nlm.nih.gov/pubmed/20644925
https://doi.org/10.1016/j.apsoil.2017.01.015
https://doi.org/10.3389/fmicb.2022.1101975
http://www.ncbi.nlm.nih.gov/pubmed/36713202

