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Abstract 30 

Background: Due to the excellent invasive ability, the plant Sphagneticola trilobata 31 

poses a severe threat to local ecosystems. We hypothesized that its invasive success is 32 

highly related to its ability of shaping a beneficial rhizosphere microbiome. To test this, 33 

we compared the rhizosphere bacterial communities of S. trilobata (SRS) and a 34 

common greening grass Axonopus compressus (ARS).  35 

Result: We found that S. trilobata cultivates a significantly more diverse and 36 

structurally distinct bacterial community, enriched with key taxa (Rhizobiales, 37 

Cytophagales, Pseudomonadaceae, Comamonadaceae, and Novosphingobium) that are 38 

known as the groups associated with nitrogen fixation and plant growth promotion, and 39 

exhibited a more complex and cooperative interaction network than ARS. Functional 40 

predictions indicated an enhanced capacity for lipid and carbohydrate metabolism in 41 

SRS, suggesting efficient nutrient cycling around its rhizosphere. Crucially, a synthetic 42 

community (SynCom) constructed from SRS-enriched bacteria promoted the biomass 43 

of S. trilobata significantly and altered resource allocation towards roots under nutrient-44 

poor conditions.  45 

Conclusion: Our findings provide strong evidence that S. trilobata engineers a 46 

specialized rhizosphere microbiome that confers direct competitive advantage 47 

compared with other local plants, revealing a key microbial mechanism underlying its 48 

successful invasion. 49 

Keywords: ecological balance; microbe-plant interplay; weed invasion; rhizosphere 50 

microbiome 51 

 52 

Background 53 

Globalization and increasing anthropogenic activities have made invasive plants one of 54 

the most pressing challenges to global ecosystems [1]. By competing for resources, 55 

altering soil properties, and disrupting the ecological niches of native species, the 56 

invasive plants could impact biodiversity and ecology balance significantly. Together 57 

with the typically characterized by robust ecological adaptability and high reproductive 58 

capability, which enable them to outcompete native species for resources. Additionally, 59 



they can influence the growth of other plants by releasing allelochemicals, which have 60 

been demonstrated to affect soil enzyme activity and alter the composition of soil 61 

microbial communities [2]. These changes potentially lead to alterations in soil nutrient 62 

cycling. Meanwhile, the altered microbial activity, driven by allelochemicals, affects 63 

plant interactions, cycling and availability of nutrients in the soil, ultimately reshaping 64 

ecosystem structure and function [3,4]. Extensive studies have demonstrated that 65 

invasive plants such as Solidago canadensis L. and Conyza canadensis L. can 66 

significantly inhibit the growth of native plant species and facilitate their invasion by 67 

releasing allelochemicals [5-7]. Further scientific evidence indicates that 68 

allelochemicals induce changes in microbial communities, triggering significant 69 

responses in functional genes, particularly those associated with carbohydrate 70 

metabolism, nitrogen fixation, ammonia oxidation, nitrite reduction, and phosphate 71 

transport [8]. These microbial shifts may influence nutrient cycling in soil and affect 72 

nutrient acquisition by plants, playing a key role in the formation of plant communities. 73 

 74 

The rhizosphere is a crucial ecosystem where interactions occur among plant roots, soil 75 

microorganisms, minerals, and organic matter interact, collectively influencing plant 76 

growth and development [9], as well as the role in regulating soil nutrient availability, 77 

modulating plant endogenous hormone signalling, and the suppressing pathogen 78 

proliferation [10]. Moreover, researches have also demonstrated that invasive plants 79 

can substantially increase soil microbial biomass and the abundance of harmful 80 

organisms, thereby enhancing soil microbial diversity [11,12]. For instance, Mikania 81 

micrantha has been shown to modify the composition of rhizosphere microbial 82 

communities via its root exudates, resulting in augmented soil microbial functional 83 

diversity, particularly in the rhizosphere [13]. Hence, these microbial alterations foster 84 

a soil micro-environment that favors the proliferation and propagation of invasive 85 

plants. 86 

 87 

S. trilobata has invaded southern China extensively and is now exhibiting a trend of 88 

spreading towards the colder northern areas [14], and is designated as a Level 2 invasive 89 



species (serious invaders requiring containment) in China [15]. Meanwhile, through the 90 

secretion of allelochemicals, which threatens local biodiversity and disrupts ecological 91 

balance greatly [16]. Axonopus compressus, an introduced species naturalized in 92 

southern China [17], owing to its tolerance for poor soils and trampling, which is widely 93 

utilized in parks, gardens, and lawns, and has become a major turfgrass across tropical 94 

and subtropical regions [18]. However, because of its ecological niche overlaps with 95 

that of S. trilobata, making it one of the primary species affected by the latter’s invasion. 96 

Given the widespread invasion of S. trilobata in southern China, this study aims to 97 

explore its competitive advantages over A. compressus by examining rhizosphere 98 

bacterial diversity characteristics. Through an comparative analysis of soil bacterial 99 

community composition, we aim to elucidate the underlying mechanisms of the 100 

invasive success of S. trilobata and provide insights into its ecological impact on the 101 

microbial level. 102 

Results 103 

Quantitative characteristics of the bacterial community 104 

The 16S rRNA amplicon sequencing of the 75 samples generated 451,019 raw 105 

sequences, and a total of 102,503 OTUs were identified. The bacterial community was 106 

classified into two domains (Bacteria and Archaea), encompassing 54 phyla, 164 107 

classes, 412 orders, 654 families, 1,272 genera, 2,002 species and 31,172 OTUs (Suppl. 108 

Tab. 1). Analysis of the dilution curves (Fig. 1a) based on the Pielou evenness index 109 

showed that the curves plateaued as sequencing depth increased, which indicates that 110 

the sequencing data were sufficient to capture the majority of the bacterial diversity in 111 

the samples. Our results demonstrated that the SRS exhibited the highest Pielou index, 112 

suggesting the most even bacterial distribution, whereas CK had the lowest index, 113 

indicating the least uniform distribution. The other three soil types (SSS, ARS, ASS) 114 

showed intermediate values, with relatively similar evenness. Significant differences in 115 

OTU composition were also observed among the five plot types (Fig. 1b). Venn analysis 116 

identified 1,392, 1,365, 1,183, 1,316, and 1,241 unique OTUs in the samples SRS, SSS, 117 

ARS, ASS, and CK, respectively. These findings highlight the distinct bacterial 118 

community structures associated with different soil environments of different plants. 119 



 120 

Fig. 1 Dilution curves among different soil types (a) and Venn analysis of shared and 121 

unique bacteria OTUs (b). 122 

 123 

Beneficial bacterial taxa are specifically enriched in the S. trilobata rhizosphere 124 

Analysis of the bacterial community composition at the phylum level revealed that 125 

Proteobacteria, Acidobacteriota, Chloroflexi, Bacteroidota, and Actinobacteria were the 126 

dominant phyla across all samples (Fig. 2a). A clear rhizosphere effect was observed, 127 

with the relative abundance of Proteobacteria and Bacteroidota increasing from bulk 128 

soil towards the rhizosphere of both plant species. Notably, this enrichment was more 129 

pronounced in SRS, where Proteobacteria reached 39.64% abundance, compared to 130 

36.25% in ARS and 28.73% in CK. At the class level, Alphaproteobacteria, 131 

Gammaproteobacteria, Acidobacteriae, Bacteroidia, and Actinobacteria were the 132 

predominant groups, and the Bacteroidia exhibiting higher abundance near the 133 

rhizosphere (Fig. 2b). At the order level, Burkholderiales was the most abundant group, 134 

followed by Rhizobiales, Vicinamibacterales, Chthoniobacterales, and 135 

Sphingomonadales. Furthermore, the bacterial composition of SSS was more similar to 136 

SRS, while ASS was more similar to ARS, indicating distinct influences of the two 137 

plant species on soil bacterial communities (Fig. 2c).  138 

 139 

To pinpoint the specific bacterial taxa that differentiate the rhizosphere microbiomes, 140 

we performed a Linear Discriminant Analysis Effect Size (LEfSe) analysis comparing 141 



SRS and ARS (Fig. 3a). The analysis identified a suite of biomarkers significantly 142 

enriched in the S. trilobata rhizosphere. The SRS harbored nine key biomarkers (LDA > 143 

3.5), including the orders Rhizobiales and Cytophagales, the families 144 

Pseudomonadaceae and Comamonadaceae, and the genus Novosphingobium (Fig. 3b). 145 

These taxa are well-known for their roles in crucial ecological functions such as 146 

nitrogen fixation, organic matter decomposition, plant growth promotion, and the 147 

degradation of allelochemicals. However, the ARS was characterized by only seven 148 

biomarkers, primarily belonging to the phylum Gemmatimonadota and the order 149 

Chloroflexales, which are often associated with oligotrophic or stress conditions. These 150 

results indicate that S. trilobata can shape and host a unique soil community actively, 151 

then lead to the significant enrichment of a functionally beneficial consortium of 152 

bacteria in its immediate root zone. 153 

 154 

Fig. 2 Comparison of bacterial community abundance in different soil types on Phylum 155 

(a), Class (b), and Order (c) levels. 156 

 157 



 158 

Fig. 3 LEfSe analysis (a) and LDA distribution (b) of different species in SRS and ARS. 159 

 160 

The S. trilobata rhizosphere microbiome exhibits a distinct structure and higher 161 

diversity of rhizosphere bacterial community 162 

Based on the compositional differences, we then further assessed the overall structure 163 

and diversity of the bacterial communities. Non-metric Multidimensional Scaling 164 

(NMDS) analysis supported a clear separation of bacterial communities according to 165 

sample type (Fig. 4a). The rhizosphere soil communities of SRS and ARS formed two 166 

distinct clusters, which were also well-separated from their surrounding soils (SSS and 167 

ASS) and the adjacent bulk soil (CK). Notably, the SRS samples clustered more tightly 168 

together than any other group, suggesting that S. trilobata consistently assembles a 169 

more stable and uniform microbial community across different sampling locations. 170 

To further quantify the differences in community richness and evenness, we analyzed 171 

alpha diversity indices. The rhizosphere of S. trilobata (SRS) harbored a significantly 172 

richer bacterial community, as indicated by the highest Chao1 index among all groups 173 

(p < 0.05 vs. CK, Fig. 4b). Furthermore, the SRS community was also more diverse and 174 

evenly structured. It exhibited the highest Shannon index and the lowest Simpson index 175 

(p < 0.05 vs. CK), indicating a well-balanced community not dominated by a few taxa 176 

(Fig. 4c, 4d). The high Pielou’s evenness index for SRS further corroborated this 177 

finding (Fig. 2a). In contrast, the alpha diversity indices for ARS were generally lower 178 



than SRS and closer to those of the bulk soil, suggesting a less profound influence on 179 

the richness and evenness of its rhizosphere community. 180 

The uniqueness of the SRS community was also evident at the OTU level. Venn 181 

diagram analysis showed that SRS contained the highest number of unique OTUs 182 

(1,392) among all plant-associated soil types (Fig. 2b). 183 

In summary, these analyses demonstrate that the specific enrichment of taxa in the S. 184 

trilobata rhizosphere translates into a community that is structurally distinct, more 185 

stable, and possesses higher species richness and evenness compared to that of A. 186 

compressus. 187 

 188 

Fig. 4 Alpha and Beta diversity of bacteria community. (a) NMDS analysis of bacterial 189 

community (b) Chao1 index (c) Simpson index (d) Shannon index. “*” indicates a 190 

significant difference at the p<0.05. 191 

 192 



The S. trilobata rhizosphere fosters a more complex and functionally robust 193 

microbial network 194 

To reveal the symbiotic relationships among soil microorganisms, correlation network 195 

analysis was performed at the top 30 genus level. The soil from the S. trilobata area 196 

(SRS+SSS) displayed the highest network complexity (Fig. 5a): it possessed the 197 

greatest number of nodes, connections, and positive correlations, and harboured six 198 

keystone genus (each with >5 links). In contrast, the A. compressus soil (ARS+ASS) 199 

and the adjacent bulk soil (CK) formed markedly simpler networks with fewer nodes 200 

and a higher proportion of negative links (Fig. 5bc). This pattern indicates that the SRS 201 

bacterial community is more collaborative and stable, whereas competition or 202 

antagonism prevails in the other two soils.  203 

 204 

Functional profiles were then predicted with the COG database. Cluster analysis of the 205 

ten most enriched functional genes showed that SRS and ARS grouped together, clearly 206 

separated from the non-rhizosphere soils (Fig. 6). Between the two rhizosphere soils, 207 

SRS exhibited a significant enrichment in carbohydrate transport and metabolism (G), 208 

whereas ARS was notably enriched for lipid transport and metabolism (I). These results 209 

suggest that the SRS community is geared toward efficient energy and material cycling, 210 

whereas the ARS community may experience environmental stress, given that lipid 211 

metabolism is often linked to stress signalling. 212 

 213 

 214 

Fig. 5 Bacterial correlation networks in different soil types. (a) SRS+SSS; (b) 215 



ARS+ASS; (c) CK. Nodes represent species, with the size of the node indicating the 216 

number of its connecting lines. Different colours represent different genus 217 

classifications at the phylum level, and the lines between nodes indicate correlations 218 

between orders, with solid lines representing positive correlations and dashed lines  219 

representing negative correlations. 220 

 221 

 222 

Fig. 6 Cluster analysis Heatmap of different soil types base on COG database. Heat-223 

map colours represent centred and scaled relative abundances of each functional 224 

category; red indicates enrichment, blue indicates depletion. 225 

 226 

A synthetic community of enriched taxa directly promotes S. trilobata growth 227 

To evaluate the functional benefits of bacteria enriched in the S. trilobata rhizosphere, 228 

68 cultivable isolates were obtained from its rhizosphere soil. Functional screening 229 

using Root extract (RE) identified one Streptomyces and three Pseudomonas strains that 230 

exhibited significantly enhanced growth in RE-supplemented medium compared with 231 

controls (Suppl. Fig. 1a-d; Suppl. Fig. 2). Interestingly, their taxnomic identities were 232 

consistent with bacterial groups enriched S. trilobata rhizosphere as revealed by 233 

amplicon sequencing (Suppl. Fig. 3). Thus, a synthetic microbial community (SynCom) 234 

composed of these four strains was subsequently established for inoculation 235 



experiments under sterile nutrient-poor conditions. 236 

 237 

Quantitative assessment of plant performance revealed significant treatment-dependent 238 

differences (Fig. 7; Fig. 8). Plants grown in feritile soil (FS) exhibited the highest 239 

biomass accumulation and growth, whereas those in infertile soil (IS) showed markedly 240 

reduced development across all measured parameters (Fig. 8 a,b,d,e). However, 241 

SynCom inoculation in nutrient-deficient soil substantially alleviated this growth 242 

suppression, leading to significantly higher biomass and root development compared 243 

with IS (Fig. 8 a,b,d,e). Moreover, SynCom treatment increased the root-to-shoot ratio 244 

compared to IS and FS (Fig. 8c), suggesting an adaptive shift in biomass allocation. In 245 

addition, the specific leaf area (SLA) was highest in IS plants, but significantly reduced 246 

by SynCom inoculation, approaching values observed in FS (Fig. 8f). Together, these 247 

results demonstrate that SynCom inoculation functionally beneficial for nutrient 248 

limitations by enhancing plant biomass production and improving resource allocation 249 

efficiency.  250 

 251 

Fig. 7 Comparative morphology of S. trilobata under differential soil treatments. (a) FS 252 



plants exhibiting vigorous shoot growth; (b) IS+SynCom plants showing moderate 253 

growth with leaf curling; (c) IS plants displaying stunted growth; (d) Extensive root 254 

system development in FS; (e) Underdeveloped root architecture in IS; (f) Moderately 255 

developed roots in IS+SynCom. 256 

 257 

 258 

 259 

Fig. 8 Growth parameters of S. trilobata under differential soil treatments. (a) Total 260 

biomass; (b) Root biomass; (c) Root-shoot ratio; (d) Plant height; (e) Total leaf area; (f) 261 

Specific leaf area (SLA). 262 

 263 



 264 

Fig. 9 The differences in root - microbe interactions between S. trilobata and A. 265 

compressus. The soil bacteria are represented by different colored dots, and the 266 

thickness of the arrows indicates the strength of the interactions. 267 

 268 

 269 

Discussion 270 

 271 

Differential bacterial community assembly in invasive and Naturalized plant 272 

rhizospheres 273 

Due to its high ecological adaptability and reproductive capacity, S.trilobata has 274 

become a successful invader in southern China, severely threatening native biodiversity 275 

and ecosystem balance. Understanding its invasion mechanisms is essential for 276 

controlling its further spread. This study compared the rhizosphere microbiomes of S. 277 

trilobata and the turfgrass A. compressus, revealing that the invader assembles 278 

specialized microbial communities which enhance its growth and competitive 279 

dominance. The contrasting root–microbe interactions of invasive plant S. trilobata and 280 

naturalized plants A. compressus illuminate a mechanistic basis for their competitive 281 

asymmetry (Fig. 9). SRS exhibited significantly higher Shannon diversity and greater 282 

community evenness (Pielou’s index) than ARS (Fig. 1a; Fig. 4d), highlighting the 283 

capacity of S. trilobata to assemble a more diverse and balanced rhizosphere 284 



microbiome. The dominance of Proteobacteria in SRS (Fig. 2a), which were positively 285 

correlated with root proximity, implies active recruitment via root exudates. These taxa 286 

contribute crucially to nitrogen cycling and soil fertility through nitrogen fixation, 287 

denitrification, and organic matter decomposition [19,20], thereby directly enhancing 288 

plant competitiveness. In contrast, Acidobacteria abundance declined toward roots, 289 

likely due to rhizosphere alkalization driven by root exudates and respiration [21,22]; 290 

their highest levels in CK (Fig. 2a) also reflect the acidified soil background typical of 291 

southern China [23]. LEfSe analysis further identified key functional groups enriched 292 

in SRS (Fig. 4), including nitrogen-fixing Rhizobiales [24,25], allelochemical-293 

detoxifying Novosphingobium [26,27], and antifungal/growth-promoting 294 

Pseudomonadaceae and Comamonadaceae [28,29]. Conversely, ARS was 295 

characterized by biomarkers indicative of chronic stress, primarily drought-adapted 296 

Gemmatimonadaceae and Chloroflexales (30-32). This contrast is ecologically 297 

significant: the extensive root system and dense growth of S. trilobata (Suppl. Fig 4a) 298 

enhance its ability to exploit subsurface water, thereby imposing hydraulic stress on 299 

adjacent A. compressus, which exhibits lower vegetation cover and reduced root 300 

biomass (Suppl. Fig 4b). Consequently, the enrichment of stress-tolerant taxa with 301 

sporulation capacity and low metabolic rates in ARS reflects both niche partitioning 302 

and the outcome of resource competition [33,34]. These findings collectively 303 

demonstrate that S. trilobata shapes a beneficial rhizosphere microbiome that supports 304 

nutrient acquisition and growth, whereas A. compressus harbors a stress-adapted 305 

community, underscoring a key microbial mechanism underlying the invader’s 306 

competitive dominance. 307 

Community stability, networks and functional genes  308 

NMDS analysis revealed a tightly clustered and stable bacterial community in SRS (Fig. 309 

4a), suggesting that S. trilobata consistently assembles a conserved core microbiome 310 

across different microenvironments. This stability contrasts sharply with the dispersed 311 

clustering of bulk soil (CK) communities, underscoring the strong host filtering effect 312 

of the invasive plant. Further supporting this finding, co-occurrence network analysis 313 

indicated that the SRS microbiome formed a more complex and interconnected network, 314 



with a higher proportion of positive correlations and more keystone taxa (Fig. 5). Such 315 

topological features often indicate enhanced functional redundancy and resilience to 316 

environmental disturbance [35]. In contrast, the simpler, more antagonistic network 317 

observed in ARS and bulk soils implies a less cooperative and more stress-prone 318 

microbial community. Functional predictions via PICRUSt aligned with these structural 319 

differences, revealing a strategic functional partitioning between the two rhizospheres. 320 

The enrichment of genes related to carbohydrate transport and metabolism in SRS 321 

suggests a microbiome optimized for energy acquisition and carbon turnover, 322 

potentially supporting the high growth rates of S. trilobata. On the other hand, the 323 

significant enrichment of lipid metabolism pathways in ARS may indicate a stress-324 

adapted response. Lipid metabolism is often upregulated under environmental 325 

challenge, serving as a component of signaling and membrane adaptation mechanisms 326 

under resource competition or osmotic stress [36]. 327 

Functional validation via synthetic community inoculation  328 

Our SynCom experiment provides causal evidence that the SRS signature is 329 

functionally advantageous rather than merely correlative. Among them, the three 330 

Pseudomonas strains further overlapped with LEfSe indicators in SRS (Fig. 3) and 331 

occupied keystone positions in the network analysis (Fig. 5). Although Streptomyces 332 

was not an LEfSe indicator or network keystone, its abundance in SRS was 1.8–2.3× 333 

higher than in ARS or CK (Suppl. Fig 3b), justifying its inclusion as a “quantitative 334 

keystone” taxon with documented nitrogenase and antibiotic biosynthetic capacity [37]. 335 

When inoculated into sterile nutrient-poor substrate, the SynCom markedly enhanced 336 

host plant growth (Fig. 7). More notably, a profound shift in carbon allocation strategy 337 

was observed: SynCom-inoculated plants exhibited a significantly higher root-to-shoot 338 

ratio (Fig. 8c), reflecting a strategic investment belowground consistent with the 339 

“functional equilibrium” model, wherein plants prioritize root development when 340 

microbial symbionts improve nutrient availability [38]. Further supporting this 341 

metabolic reallocation, a reduction in specific leaf area (SLA) indicated thicker, more 342 

nitrogen-rich leaves—a trait associated with relieved nutrient stress and heightened 343 

photosynthetic efficiency [39]. This phenotypic response mirrors observations in other 344 



systems where beneficial microbiota mitigate abiotic stress, such as in Coffea arabica 345 

under drought conditions following inoculation with ACC deaminase-producing 346 

bacteria [40].Taken together, these results demonstrate that S. trilobata not selectively 347 

recruits but also functionally leverages a specialized root microbiota that enhances 348 

nutrient assimilation, modulates host resource allocation, and ultimately confers a 349 

growth advantage in challenging environments—thereby facilitating its successful 350 

invasion. 351 

Conclusion 352 

The invasive advantage of S. trilobata over A. compressus is strongly linked to its 353 

ability to shape a more specialized and beneficial rhizosphere bacterial community. The 354 

rhizosphere microbiome of S. trilobata exhibited higher diversity, greater stability, and 355 

contained more keystone taxa involved in nutrient acquisition and allelochemical 356 

detoxification. In contrast, the rhizosphere of A. compressus supported a less complex 357 

microbial network with higher abundance of stress-adapted bacteria. Functional 358 

validation through synthetic community inoculation confirmed the growth-promoting 359 

effects of S. trilobata-enriched bacteria under nutrient-limited conditions. These results 360 

emphasize the importance of host-mediated microbiome assembly in enhancing plant 361 

fitness and invasion success, providing critical insights into the microbial mechanisms 362 

underlying plant invasions. 363 

 364 

Methods 365 

Research region  366 

The was conducted at the Campus of Hainan Normal University, Haikou, Hainan, China 367 

(110.510048°E, 19.981393°N), which is characterized by a tropical monsoon climate. 368 

To account for the diversity of vegetation and the potential influence of human activities 369 

within the campus, 15 sampling sites were selected (Fig. 10). Each site was situated 370 

within the interspecific competition zone between S. trilobata and A. compressus. In 371 

addition, to provide a comparative basement, each sampling site included areas with 372 

sparse or minimal vegetation cover, referred to as adjacent bulk soil. No permits were 373 

required as both species are common, non-endemic and not protected under Chinese or 374 



CITES regulations. Identification was carried out by Prof. Peng Li using the The 375 

Checklist of the Alien Invasive Plants of China. No voucher specimens were prepared. 376 

Soil sampling 377 

Five soil types were selected for this study: S. trilobata rhizosphere soil (SRS), S. 378 

trilobata surrounding soil (SSS), A. compressus rhizosphere soil (ARS), A. compressus 379 

surrounding soil (ASS), and adjacent bulk soil (CK). The large soil clumps adhering to 380 

plant roots were removed, and the plants samples were transported to ice box 381 

immediately and treated in the laboratory. Rhizosphere soil was collected by shaking 382 

the roots to remove the loose soil while the soil tightly adhering to the root surface were 383 

collected. Surrounding soil was collected from a depth of approximately 5-10 cm below 384 

the soil surface, with adjacent bulk soil sampled similarly from adjacent areas with no 385 

plants. Each soil type was sampled five times within the same region, and the collected 386 

samples were thoroughly mixed to form a composite sample. A total of 15 locations 387 

were studied, yielding 75 composite soil samples. All samples were stored at -80°C for 388 

further analysis. Additionally, the same rhizosphere soil was used for subsequent 389 

bacterial isolation aimed at constructing a synthetic community 390 



 391 

Fig. 10 Characteristics of soil structure and invasion process of S. trilobata. 392 

 393 

DNA extraction and sequencing analysis 394 

Genomic DNA was extracted from soil samples using the DC306 Magnetic Bead Soil 395 

DNA Extraction Kit (Ark Biosafety Technology Co., Ltd., Guangzhou, China) 396 

following the manufacturer's instructions. The integrity and purity of the extracted DNA 397 

were assessed via 1% agarose gel electrophoresis, while DNA concentration and purity 398 

were determined using a NanoDrop One spectrophotometer (Thermo Fisher Scientific, 399 

MA, USA). PCR amplification (V3-V4 region) was performed using the extracted 400 

genomic DNA as the template with barcoded primers and Premix Taq (TaKaRa) 401 



selected based on the target sequencing regions. The concentrations of the PCR 402 

products were analyzed using GeneTools Analysis Software (Version 4.03.05.0, 403 

SynGene), and equimolar amounts of each sample were pooled. The pooled PCR 404 

products were purified using the E.Z.N.A.® Gel Extraction Kit (Axygen Biosciences, 405 

CA, USA), with the target DNA fragments eluted in TE buffer. Library construction 406 

followed the standard protocol of the NEBNext® Ultra™ DNA Library Prep Kit for 407 

Illumina®. Sequencing was conducted on the Illumina MiSeq platform, generating raw 408 

image data files, which were processes via base calling to produce raw sequencing reads 409 

in FASTQ format. This format includes both nucleotide sequence information and 410 

corresponding quality scores. All procedures, including DNA extraction, PCR 411 

amplification, library construction, and high-throughput sequencing, were performed 412 

by Guangdong Magigene Biotechnology Co., Ltd. (Guangzhou, China). Genomic DNA 413 

was extracted with the TIANamp Bacteria DNA Kit (Tiangen, DP302). The 16S rRNA 414 

gene was amplified using universal primers 27F (5′-AGAGTTTGATCCTGGCTCAG-415 

3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′). The qualify of the amplified 416 

sequences was assessed by agarose gel electrophoresis and sequenced by Hainan 417 

Nanshan Biotechnology Co., LTD, China.. 418 

Bioinformatic analysis for sequencing data 419 

During sequencing data processing, paired-end raw reads underwent initial quality 420 

control using fastp (version 0.23.4), an ultra-fast all-in-one FASTQ preprocessor, 421 

applying sliding window quality trimming (https://github.com/OpenGene/fastp). 422 

Primer sequences were then removed using Cutadapt based on primer information at 423 

the sequence ends, generating paired-end clean reads 424 

(https://github.com/marcelm/cutadapt). These clean reads were subsequently merged 425 

using USEARCH's fastq_mergepairs function with default parameters, including a 426 

minimum overlap length of 16 bp and a maximum of 5 mismatches in the overlap region, 427 

to filter out non-conforming tags and obtain raw tags (http://www.drive5.com/usearch/). 428 

Finally, the raw tags underwent an additional round of quality control using fastp for 429 

sliding window quality trimming, yielding high-quality clean tags for downstream 430 

analysis (https://github.com/OpenGene/fastp). All sequences were conduced on 431 



Magigene online cloud platform (cloud.magigene.com). 432 

 433 

Isolation of cultivable bacteria from the rhizosphere of S. trilobata  434 

Fresh rhizosphere soil of S. trilobata was suspended in 10 mL of sterile distilled water, 435 

vortexed for 2 minutes, and subjected to serial dilution (10⁻¹ to 10⁻⁵). Aliquots (100 µL) 436 

were spread onto LB agar plates and incubated at 30 °C for 48–72 hours. 437 

Morphologically distinct colonies were selected, purified through two rounds of 438 

subculturing, and stored in 20% glycerol at −80 °C. 439 

 440 

Root exudate (RE) preparation and screening assay  441 

Root exudates were prepared by rinsing intact root systems of S. trilobata three times 442 

with sterile distilled water, blotting the roots dry, and immediately grinding 5 g (fresh 443 

weight) in 20 mL of sterile distilled water using a pre-sterilized mortar and pestle. The 444 

resulting suspension was centrifuged at 12,000 × g at 4 °C for 15 minutes, and the 445 

supernatant was filtered sequentially through 0.22 µm sterile membrane filters twice to 446 

ensure sterility. Aliquots of the clarified root exudate were stored at −20 °C until further 447 

use. Overnight cultures of the bacterial isolates in LB broth were harvested by 448 

centrifugation, washed twice with sterile distilled water, and resuspended to an OD600 449 

of 0.6–0.8. Each isolate was inoculated into 200 µL of LB medium supplemented with 450 

20% clarified root exudate in a 96-well microplate, with an initial inoculum volume of 451 

5 µL per well. LB medium supplemented with sterile distilled water was used as the 452 

control. The microplates were incubated at 30°C. The OD600 was measured every 2 453 

hours until the growth curves reached a stable phase, indicating the end of exponential 454 

growth and the onset of stationary phase. This stable phase was characterized by 455 

minimal fluctuations in OD600 values, suggesting that the cultures had reached their 456 

maximum growth potential (K value). The duration of incubation varied among the 457 

isolates, ranging from 24 to 72 hours, depending on the growth characteristics of each 458 

strain. Isolates that exhibited an OD600 value at least 30% higher than that of the control 459 

at the stable phase were identified as root exudate-utilizing strains and selected for 460 

further analysis 461 



Construction of the synthetic community  462 

Based on the screening results, three Pseudomonas species and one Streptomyces 463 

species were selected for the construction of the synthetic community (SynCom). Each 464 

selected strain was cultured in LB broth until reaching the mid-logarithmic growth 465 

phase (OD600 ≈ 0.6). The bacterial cells were then harvested by centrifugation at 8,000 466 

× g for 5 minutes, washed twice with sterile distilled water, and resuspended to an OD600 467 

of 0.8–1.0 (approximately 1 × 108 CFU mL⁻¹). Equal volumes of the four bacterial 468 

suspensions were subsequently combined to generate the final SynCom mixture, which 469 

was immediately used for plant inoculation experiments. 470 

SynCom inoculation and plant growth assessment 471 

Surface-sterilized S. trilobata stem cuttings, with initial lengths standardized to ensure 472 

uniformity, were rooted in sterile vermiculite for 7 days and then transplanted into 473 

trapezoidal pots (base dimension: 5 cm × 5 cm; top dimension: 7 cm × 7 cm; height: 8 474 

cm). Prior to potting, all growth substrates were sieved through a 2-mm mesh to remove 475 

coarse debris and ensure textural homogeneity. The experiment consisted of three 476 

treatments. The fertile soil treatment (FS) was grown in autoclaved nutrient soil 477 

representing a nutrient-rich medium. The impoverished soil treatment (IS) was grown 478 

in autoclaved river sand soil without microbial inoculation, representing a nutrient-poor 479 

medium. The SynCom-amended treatment (IS+SynCom) was cultivated in the same 480 

autoclaved and sieved river sand soil and inoculated with 5 mL of the SynCom 481 

suspension applied directly to the root zone at transplantation. All plants were 482 

maintained in a growth chamber under controlled conditions (28°C, 16 h light/8 h dark 483 

photoperiod, 60% relative humidity). After a 3-day acclimation period, the inoculation 484 

procedure was repeated for the SynCom treatment group to reinforce microbial 485 

establishment. Plants were harvested 21 days after the final inoculation, and the 486 

following growth parameters were measured: root biomass, total biomass, root-to-shoot 487 

ratio, plant height, total leaf area, and specific leaf area (SLA). 488 

 489 

Statistical analysis  490 

Bacterial community α-diversity across different soil types was assessed using the 491 



Kruskal-Wallis test based on operational taxonomic units (OTUs), with diversity 492 

indices including Chao1, Shannon, Simpson, and Pielou. The β-diversity was evaluated 493 

using non-metric multidimensional scaling (NMDS) based on Bray-Curtis dissimilarity 494 

matrices. To analyze correlations between soil samples and bacterial taxa, network 495 

analysis was performed on the top 20 OTUs at the order level, applying a threshold of 496 

r=0.5 and p<0.05. Differentially abundant taxa among groups were initially using the 497 

non-parametric Kruskal-Wallis rank-sum test, followed by the Wilcoxon rank-sum test 498 

to validate the consistency of differences across subgroups. Linear discriminant 499 

analysis (LDA) was used to estimate the effect size of species abundance on the 500 

observed differences. Functional prediction of bacterial communities was conduced 501 

using PICRUSt, normalizing OTU abundance to account for 16S rRNA gene copy 502 

numbers. OTUs were mapped to their corresponding Greengenes IDs and aligned with 503 

the COG database to infer associated functional categories. Bacterial growth data were 504 

subjected to one-way ANOVA to compare OD600 values among treatments at the stable 505 

phase of the growth curves. Significant differences between groups were further 506 

analyzed using post-hoc Tukey's HSD tests. A p-value of less than 0.05 was considered 507 

statistically significant. In the plant growth validation assay, growth parameters: total 508 

biomass, root biomass, root-shoot ratio, plant height, total leaf area and specific leaf 509 

area (SLA), were analyzed using two-way ANOVA to evaluate the main effects of soil 510 

type and inoculation treatment, as well as their interaction. Post-hoc Tukey's HSD tests 511 

were conducted to identify pairwise differences among treatment groups. Statistical 512 

significance was defined as p < 0.05. All statistical analyses were carried out using R 513 

software (version 4.3.0), with the assistance of the vegan, ggplot2, and agricolae 514 

packages. 515 
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