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Brassica napus (rapeseed) is a globally important crop, primarily valued for its oil production. However, 
feral B. napus in non-agricultural areas remains under-researched. This study aims to examine the 
roles of microbial generalists and network keystone species in shaping microbial diversity and network 
stability of feral B. napus. We analyzed prokaryotic, fungal, and eukaryotic communities in the 
rhizosphere and bulk soil from five grassland sites. The rhizosphere microbial communities differed 
significantly from those in adjacent bulk soil, showing lower diversity and richness. Pseudomonas 
brassicacearum (bacterium), Olpidium brassicae (fungus), and Glissomonadida (eukaryote) were 
predominantly found in the rhizosphere. Inter- and intra-kingdom association occurred almost 
exclusively within the rhizosphere, with low interconnectivity compared to the bulk soil, and network 
keystone species served to bridge these connections. Furthermore, structural equation modeling 
highlighted the role of generalists and network keystone species in maintaining microbial diversity 
and stability. Feral B. napus selectively influenced rhizospheric generalists, which, along with 
keystone species, played key roles in determining microbial diversity and network stability, controlling 
community structure and interspecies interactions.
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Brassica napus, commonly known as oilseed rape or canola, is of significant agricultural and economic 
value globally1. This versatile plant is prized for its oil-rich seeds, which are a useful resource in various 
industries, including production of cooking oil and biodiesel, and in animal feed. Natural ecosystems harbor 
feral populations of B. napus, which grow in habitats that are largely distinct from conventional cultivation 
environments, even though B. napus is believed to lack native habitats2–4. The ecological implications of canola 
growth outside managed agricultural settings deserves consideration. While cultivated canola is well-studied 
in controlled environments, the ecological dynamics of feral B. napus in natural ecosystems remain relatively 
unexplored5. Understanding the ecological behavior and value of feral canola may offer insights into interactions 
with native flora and fauna, ecosystem dynamics, and potential ecological services.

The composition of the rhizospheric microbial communities at broad phylogenetic levels (e.g. phylum, class 
level) exhibits largely similar patterns across a range of geographical regions and environments6,7, but specific 
plant species or even species genotypes are characterized by relatively unique microbial community structures 
in their rhizosphere8–10. Plants rely on a diverse and functional rhizosphere microbiome for improved nutrient 
uptake, pathogen suppression, and modulations in their immunity11. As an integral component of the plant root 
system, the rhizosphere selectively recruits microbes from the adjacent bulk soil, thereby establishing a distinct 
microbiome that contributes to plant health and growth11. Plant interactions with other species are diverse and 

1National Ecosystem Survey Team, National Institute of Ecology, 1210 Geumgang-ro, Maseo- myeon, Seocheon 
33657, Republic of Korea. 2LMO Team, National Institute of Ecology, 1210 Geumgang-ro, Maseo-myeon, Seocheon, 
Republic of Korea. 3Department of Biology, Wonkwang University, 460 Iksan-daero, Iksan, Republic of Korea. 
4College of life science, Changchun Sci-Tech University, Changchun 130600, China. 5Protist Research Division, 
Nakdonggang National Institute of Biological Resources, Sangju 7242, Republic of Korea. 6Fungi Research Division, 
Nakdonggang National Institute of Biological Resources, Sangju 7242, Republic of Korea. 7Division of Life Science 
and Plant Molecular Biology and Biotechnology Research Center, Gyeongsang National University, Jinju 52828, 
Republic of Korea. 8Yingshun Cui and Jihoon Kim have contributed equally to this work. email: sjchun@nie.re.kr

OPEN

Scientific Reports |        (2025) 15:17479 1| https://doi.org/10.1038/s41598-025-02562-2

www.nature.com/scientificreports

http://www.nature.com/scientificreports
http://crossmark.crossref.org/dialog/?doi=10.1038/s41598-025-02562-2&domain=pdf&date_stamp=2025-5-20


intricate, and depend on specific compartments12. Investigating the interactions between microbial communities 
in bulk soil and the rhizosphere is therefore essential to better understand the broader ecological role of B. 
napus in diverse environments13. In the context of soil ecosystems, key biological components such as archaea, 
bacteria, and eukaryotes (including fungi) interact synergistically to maintain diversity and functionality14. 
For instance, filamentous fungi, known for their thread-like structures, play a crucial role in nutrient cycling 
and organic matter decomposition in both bulk soil and the rhizosphere15. These fungi interact with bacteria 
and other eukaryotic organisms, contributing to the overall stability and functionality of the soil ecosystem16. 
Microeukaryotes, represented by protists such as amoebas and flagellates, are known predators that contribute to 
nutrient cycling and organic matter, and are pivotal components in soil ecosystems17,18. Their significance in the 
rhizosphere underscores their influence on plant–microbe interactions, shaping the ecological dynamics of the 
plant holobiont. Therefore, unraveling inter- and intra-kingdom interactions, particularly between communities 
in bulk soil and rhizosphere, is of paramount importance.

Interactions between plants and microorganisms are more intense in natural ecosystems than in cultivated 
fields5,19,20. In this study, we collected 154 rhizosphere and adjacent bulk soil samples of feral B. napus from five 
sites to investigate ecological relationships with three biological kingdoms: prokaryotes, fungi, and eukaryotes. We 
used network analysis and structural equation modeling (SEM) to evaluate intra- and inter-kingdom biological 
associations among amplicon sequence variants (ASVs) assigned to the different niche-based categories in two 
closely related microenvironments: the rhizosphere of feral B. napus and nearby bulk soil. The aims of this 
study were to (1) investigate differences in microbial communities and their ecological relationship within and 
between the natural rhizosphere of feral B. napus and surrounding bulk soil; (2) identify microbial variations 
and the roles of different niche-based ecological categories (generalists, common taxa, and specialists) in the 
rhizosphere and bulk soil; (3) detect network keystone species in the rhizosphere of feral B. napus and their 
potential contribution to the ecological network and microbial diversity; and (4) reveal factors that potentially 
affect the stability of the rhizosphere network and influence the microbial diversity of this microecosystem. By 
addressing these questions, we strived to provide a comprehensive understanding of the ecological dynamics of 
the feral B. napus rhizosphere in natural ecosystems and a reference for potential environmental risk assessments 
of genetically modified B. napus if released into the environment in the future.

Methods
Study site and sample collections
We collected 77 rhizosphere samples of feral B. napus plants and 77 nearby bulk soil samples from five different 
grassland ecosystems in South Korea during the flowering season in April 2021. Sampling locations were chosen 
to largely avoid human disturbance and to cover the natural habitats of feral B. napus in South Korea. Details 
regarding the sampling sites have been presented in our previous report21. Briefly, the distance between sampling 
sites ranged from 70 to 200 km, and between 16 and 39 rhizosphere samples were collected at the different 
locations.

To minimize root damage, we first excavated the plants using an ethanol-sterilized shovel and gently shook 
to obtain the dislodged soil; we defined this as the bulk soil. The remaining soil tightly attached to the roots of 
feral B. napus was defined as the rhizosphere. To reduce contamination, we rinsed the shovel, forceps, and blades 
with 70% ethanol and sterile water after each sample collection. The collected samples were preserved at − 80 °C 
until DNA extraction.

Bulk soil biogeochemical analyses
We determined the characteristics of bulk soil by analyzing ten samples from each site. The levels of soil organic 
matter, total nitrogen, and available phosphorus, the exchangeable cation composition (K, Ca, Mg, and Na), 
cation-exchange capacity, pH, electrical conductivity, NaCl concentration, and the relative percentages of sand, 
silt, and clay were measured at the AT Analysis Center Co., Ltd. in Incheon, Korea, according the methods 
established by the National Institute of Agricultural Science and Technology (NIAST, 2000).

DNA extraction and sequencing
DNA extraction was carried out using DNeasy PowerMax® soil kits (Qiagen, Hilden, Germany) following 
the manufacturer’s instructions. The quality and concentration of the extracted DNA were assessed on 
a NanoDrop 2000 spectrophotometer (Thermo Scientific, Wilmington, DE, USA). To comprehensively 
capture sample biodiversity, the analysis encompassed prokaryotic, eukaryotic, and fungal sequences. The 
prokaryotic 16  S rRNA gene was amplified using a universal prokaryotic primer set, with overhang adapter 
sequences, which target both bacterial and archaeal 16  S rRNA gene (342  F: 5′-​C​T​A​C​G​G​G​G​G​G​C​A​G​C​A​G-
3′ and 806R: 5′- ​G​G​A​C​T​A​C​C​G​G​G​G​T​A​T​C​T − 3′)22. The eukaryotic 18  S rRNA gene was amplified using a 
universal primer set with overhang adapter sequences, which targets the V4 region (TAReuk454FWD1: 
5′-CAGCASCYGCGGTAATTCC-3′ and TAReukREV3: 5′-ACTTTCGTTCTTGATYRA-3′)23. Due to the 
limitations of the eukaryotic 18 S rRNA gene in capturing the diversity of complex fungal communities24, we 
employed a universal primer set for the fungal internal transcribed spacer (ITS) gene region; specifically, ITS1F_
KYO1 (5′-CTHGGTCATTTAGAGGAASTAA-3′) and ITS2_KYO2 (5′-TTYRCTRCGTTCTTCATC-3′)25. 
Consequently, from this point forward, the term ‘eukaryotes’ refers specifically to non-fungal taxa, including 
protists and other small eukaryotic microbes, as fungal communities were analyzed separately using the ITS gene 
region to capture their diversity more accurately. Amplicon libraries were constructed according to the method 
described in our previous report21. Briefly, TaKaRa Ex Taq™ Hot Start Version (TaKaRa Bio, Shiga, Japan) was 
used for amplification. For prokaryotic sequencing, antimitochondrial peptide nucleic acid (mPNA: 5′-​G​G​C​A​A​
G​T​G​T​T​C​T​T​C​G​G​A-3′) was added to reduce the amplification of host DNA26. Purification was conducted using 
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a 1:1 ratio of AmpureXP beads (Beckman Coulter, IN, USA), and quantification was performed with Quant-iT™ 
PicoGreen® dsDNA detection kits (Invitrogen, San Diego, CA, USA). The final products were used for paired-
end read sequencing reactions and sequenced on a MiSeq platform (2 × 300 bp reads) at Macrogen Corporation 
(Seoul, South Korea).

Bioinformatics analysis
For high-resolution clustering, ASV analysis was performed using DADA2 (version 1.16), according to the 
pipeline tutorial v.1.16 for the 16 S and 18 S rRNA genes and v.1.8 for the ITS gene region (accessed date: March 
2023; https://benjjneb.github.io/dada2/tutorial.html and https://benjjneb.github.io/dada2/ITS_workflow.html) 
in R27.

The latest Silva database (release 138) was used to align and classify the sequences of the 16 S and 18 rRNA 
genes28. After classification, the chloroplast, mitochondrial, and eukaryotic sequences were removed from the 
16 S rRNA gene dataset. For 18 S rRNA datasets, ASVs assigned to Archaeplastida and labeled as “NA” at the 
phylum level, as well as those categorized under Fungi at the order level, were excluded from subsequent analyses. 
The UNITE database (UNITE general FASTA release for Fungi 2. Version 10.05.2021.) was used to align and 
classify the sequences of the fungal ITS gene region29. ASVs that comprised only singletons, doubletons, or 
tripletons were removed from further analyses. The raw sequences, along with the accompanying metadata and 
detailed parameters used in the pipelines, are accessible in the Sequence Read Archive of NCBI under the project 
accession numbers PRJNA821335 and PRJNA816676, and published in Data in Brief21.

All statistical analyses were performed using the R software (version 3.4.0)30. We used non-metric 
multidimensional scaling (NMDS) with Bray–Curtis distances to order the samples in the microbial community 
based on dissimilarities, using the “metaMDS” function in Vegan31. The NMDS results were quantitatively 
evaluated using analysis of similarity (ANOSIM) and permutational multivariate analysis of variance 
(PERMANOVA) using the “anosim” and “adonis” functions in Vegan, respectively (permutation 999).

To categorize ASVs into generalist, common taxa, and specialist groups, we employed the normalized niche 
breadth index32,33, with values assigned as follows: generalist (> 0.6), common taxa (0.4–0.6), and specialist 
(< 0.4)33. Next, the averaged proportions and observed frequencies of each ASV in both the rhizosphere and 
bulk soil were calculated and represented using box plots (Fig. S1). The Chao1 and Shannon diversity indices 
were calculated using the “diversity” functions in Vegan. The reads were normalized to the lowest number of 
reads in the “rrarefy” function of Vegan31. The lowest read counts were 22,434 for bacteria, 11,743 for fungi, 
and 2,389 for eukaryotes in bulk soil. However, due to the very low diversity of eukaryotic ASVs observed in 
rhizosphere samples, rarefying was not performed for those samples. A Venn diagram was constructed to show 
the distribution of ASVs among different niche-based categories in the rhizosphere and bulk soil, using the 
webtool developed by Bioinformatics & Evolutionary Genomics ​(​​​h​t​t​p​s​:​/​/​b​i​o​i​n​f​o​r​m​a​t​i​c​s​.​p​s​b​.​u​g​e​n​t​.​b​e​/​w​e​b​t​o​o​l​
s​/​V​e​n​n​​​​​)​.​​

Cross Kingdom ecological network analysis
To investigate inter- and intra-kingdom microbial interactions, as well as potential microbial connections 
between the two microenvironments, a network was constructed with ASVs (described below) from prokaryotes, 
eukaryotes, and fungi using the SpiecEasi (Sparse inverse covariance estimation for Ecological association 
inference) package34,35. The parameters were configured as follows: method = “mb,” sel.criterion = “bstars,” 
lambda.min.ratio = 0.001, nlambda = 100, and thresh = 0.005. The original ASV tables were categorized into six 
groups, prokaryotic, eukaryotic, and fungal ASVs in bulk soil and rhizosphere samples. To reduce inclusion 
of rare ASVs in each dataset, only those meeting the following thresholds were considered: (1) detected in at 
least 25% of the samples and (2) at a relative proportion of > 0.01% for at least one sample. ASVs that did not 
meet the criteria were consolidated and included in a category labeled “Others” and excluded from further 
analyses. The network was visualized using the Compound Spring Embedder algorithm in the open-source 
software Cytoscape 3.10.136. Network topological parameters, including average number of neighbors, density, 
degree of heterogeneity, centralization, average clustering coefficient, characteristic path length, and small-world 
coefficient, were calculated using the Networkanalyzer plugin in Cytoscape37. Network modules based on the 
Louvain algorithm were computed using the “cluster_louvain” function in the igraph package38,39. Erdös–Rényi 
random networks with the same numbers of nodes and edges of the real networks were generated using the 
Network Randomizer plugin in Cytoscape and used as a null model to compare network topological features40. 
To ascertain the topological roles of each node in the microbial network, we computed the within-module 
connectivity (Zi), which describes how well a node is connected to other nodes in the same module, and the 
among-module connectivity (Pi), which indicates how well a node is connected to nodes in other modules41. 
Nodes were categorized into four groups: peripherals (Zi ≤ 2.5, Pi ≤ 0.62), module hubs (Zi > 2.5, Pi ≤ 0.62), 
connectors (Zi ≤ 2.5, Pi > 0.62), or network hubs (Zi > 2.5, Pi > 0.62), based on threshold values according to 
Olesen, et al.42.

Structural equation modeling (SEM) analysis
We used SEM to estimate the relationships among different niche-categories, network stability, diversity, and 
environmental parameters. To eliminate multicollinear variables, Spearman rank correlation coefficients (ρ) were 
calculated before SEM analysis. The model was constructed using the “sem” function in the Lavvan package43. 
Conceptually, the hypothetical relationships were that (i) rhizosphere generalists and microbial network 
stability influence the rhizosphere microbial diversity and (ii) ecological network keystone species influence the 
rhizosphere network stability and microbial diversity. Considering that Zi and Pi values represent the relatedness 
of a specific node (or ASV) with other nodes (or ASVs) in the same or other modules, respectively, we assumed 
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that these two values could be useful as metrics of the stability of an ecological network. Additionally, the 
presence or absence of each ASV across samples was considered to contribute to network stability. Hence, latent 
variables representing network stabilities were computed by summing the product of Zi and Pi values for each 
ASV, multiplied by the corresponding occurrence data for each vertex. All variables were normalized using 
min–max feature scaling44. Given that the Shannon index of each biological kingdom in the rhizosphere may 
represent the level of microbial diversity within each kingdom, we utilized this index to create another latent 
variable, Rhizosphere diversity. As over 98.5% of the observed ASVs in the rhizosphere were from bacteria 
and fungi, we employed data from these two biological kingdoms to represent the rhizosphere microbiome to 
simplify the model. We calculated the first component of the NMDS of the rhizosphere generalist and network 
keystone species (rhizosphere ASVs only) and used them as representatives of rhizosphere generalist and network 
keystone species, respectively. Indices of fitness were calculated using the “model_performance” function in the 
performance package45. The fitness indices, as described by Schermelleh-Engel et al.46, included the following:

Chi-square test (χ2: The model has an acceptable fit when χ2/df ≤ 3.
Comparative Fit Index (CFI): 0.95 ≤ CFI < 1.0.
Goodness-of-Fit Index (GFI): 0.90 ≤ GFI < 1.0.
Tucker-Lewis Index (TLI): 0.95 ≤ TLI < 1.0.
Standardized Root Mean Square Residual (SRMR): 0 ≤ SRMR ≤ 0.1.
Root Mean Square Error of Approximation (RMSEA): 0 ≤ RMSEA ≤ 0.08.

Results
Physiochemical characteristics of bulk soil
The variability in the physiochemical characteristics of bulk soil samples can be attributed to inherent features 
of the natural grassland sampling sites, which are characterized by a diverse community of wild plants. The 
characteristics of bulk soil from each sampling site are summarized in Table S1. Pairwise t-tests indicated that 
no significant differences were observed across the sampling sites, although organic matter levels were slightly 
higher in Gurye and Naju (2.5% and 3.3%, respectively) compared to other regions. The relatively uniform soil 
properties measured in this study suggest that their influence on microbial community variation was likely 
limited.

Microbial community composition and diversity index in the rhizosphere and bulk soil
The total read counts per bulk soil and rhizosphere were approximately 2,800,000 bacterial reads, 3,700,000 
fungal reads, and 24,000 eukaryotic reads (excluding fungi) in the rhizosphere, and 5,200,000 bacterial reads, 
3,400,000 fungal reads, and 1,900,000 eukaryotic reads in bulk soil. After removing unnecessary ASVs according 
to the criteria mentioned above, we identified 123 archaeal, 38,399 bacterial, 5,702 eukaryotic, and 4,564 fungal 
ASVs. All samples reached saturation in the rarefaction curves (Fig. S2), indicating the validity of comparison 
across the samples. In the bulk soil, bacterial ASVs displayed the highest diversity, with 31,934 ASVs, followed by 
eukaryotic (5,469 ASVs), fungal (4,162 ASVs), and archaeal ASVs (131). In contrast, a much limited number of 
ASVs were detected in the rhizosphere. Similar to the pattern in bulk soil, bacterial ASVs dominated with 17,973 
ASVs, followed by Fungi (2,425 ASVs), Eukaryota (269 ASVs), and Archaea (37 ASVs). The NMDS ordination 
plots, constructed using data from prokaryotic, fungal, and eukaryotic communities, showed distinct clustering 
of samples from the rhizosphere and bulk soil (Fig. 1a, b, and c). Both the ANOSIM and PERMANOVA analyses 
supported the significant differences between bulk soil and rhizosphere microbial communities (prokaryotes: 
ANOSIM, R = 0.59, p = 0.001 and PERMANOVA, pseudo-F = 20.3, p = 0.001; fungi: ANOSIM, R = 0.41, p = 0.001 
and PERMANOVA, pseudo-F = 16.9, p = 0.001; and eukaryotes: ANOSIM, R = 0.54, p = 0.001 and PERMANOVA, 
pseudo-F = 44.1, p = 0.001). Compartment-specific PCoA plots (Fig. S3) and PERMANOVA revealed significant 
site-specific differences in both bulk soil and rhizosphere microbial communities (Table S2, PERMANOVA, 
p = 0.001). Most pairwise comparisons showed significant differences across sites in both compartments and 
for all biological kingdoms, except for fungi in the rhizosphere (Table S2). For example, fungal communities 
were not significantly different between Naju and Sangju (p = 0.516) and between Gurye and Seosan (p = 0.242). 
These results suggest that spatial heterogeneity exists in both bulk soil and rhizosphere microbial communities, 
although rhizosphere fungal communities appear more conserved, likely due to plant-mediated selection. 
Diversity values calculated using the Shannon diversity and Chao1 indices were significantly higher in bulk soil 
than in rhizosphere samples (t-test: p < 0.001) (Fig. 1d). Across regions, no significant differences were observed 
in terms of the diversity indices, except for the prokaryote Chao1 index in the bulk soil (Fig. S4).

Archaea constituted approximately 0.2 ± 0.3% of the prokaryotic community, and a predominant portion 
were taxonomically classified as candidatus Nitrocosmicus (Crenarchaeota). We identified 44 bacterial phyla, 
and approximately 40% of the observed sequences belonged to the phylum Proteobacteria (Fig. 2a). The relative 
abundance of Proteobacteria, Bacteroidota, and Actinobacteriota in the rhizosphere was approximately 1.5-
fold higher than that in the bulk soil. The most dominant bacterial ASV in both sample types was identified 
as Bradyrhizobium sp. (ASV_B00001). This was consistently observed in all samples, at an average of 1.3% in 
the total prokaryotic community. Several ASVs were identified as common microbes in the rhizosphere but 
were absent (or nearly absent) in the bulk soil: ASV_B00254 (Polaromonas sp.), ASV_B00062 (Devosia sp.), 
ASV_B00810 (uncultured Sandaracinaceae), and ASV_B00174 (Pseudomonas brassicacearum), with a relative 
abundance of up to 4.6% in the rhizosphere (Fig. S6).

Compared with the prokaryotic profile, the structure of the fungal community, at the class level, differed 
substantially between the rhizosphere and bulk soil, (Fig. 2b). Olpidium sp. (ASV_F0001), which was observed 
across sampling regions in both bulk soils and the rhizosphere, ubiquitously dominated the rhizosphere of 
feral B. napus. This ASV comprised an average of 60% of the fungal community in the rhizosphere, with an 
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approximately 10-fold higher abundance than that in the bulk soil. In a few samples from Gurye and Sangju, 
ASVs belonging to Letiomycetes (mostly Tetracladium) dominated instead of ASV_F0001, comprising up to 
24% of the total fungal community. Conversely, Fusarium sp. (ASV_F0003) and Mortierella sp. (ASV_F0004) 
were an average eight-times more abundant in bulk soil than in rhizosphere samples (Fig. 2d).

Regarding the structure of the eukaryotic community, the SAR supergroup (62%) and Opisthokonta (35%) 
dominated in both bulk soil and rhizosphere (Fig.  2c). Notably, Peronosporomycetes (formerly Oomycetes) 
exhibited a five-fold higher abundance in the rhizosphere than in bulk soil, while Ciliophora dominated the bulk 
soil communities (at a relative average of 8.5%) but accounted for < 1% in the rhizosphere. At the ASV level, 
bacterivorous amoeboflagellate Glissomonadida sp. (ASV_E0030), nematode Acrobeloides sp. (ASV_E0004), 
oomycete Lagena sp. (ASV_E0017), and cercozoan Spongospora sp. (ASV_E0012) constituted approximately 
one-third of the rhizosphere eukaryotic community (Fig. 1d and Fig. S5).

Niche-based habitat specialization
To explore the ecological roles of each ASV in the bulk soil and rhizosphere, we calculated the normalized niche 
breadth of each ASV, which were then categorized into generalists, common taxa, and specialists (Fig. 3a and 
b). Overall, ASVs assigned to generalists were found to be ubiquitous across almost all collected samples and 
accounted for an average of 0.4% in the bulk soil samples and 5.3% in the rhizosphere samples. ASVs assigned 
to specialists, on the other hand, were more localized and accounted for either low average proportions or only 
dominated in a few samples of either origin. In the bulk soil, 22 ASVs were assigned to generalists, with a relative 
abundance of 3.4%, 2.5%, and 4.1% in the total prokaryotic, eukaryotic, and fungal communities, respectively 
(Fig. 3c; Table 1). Approximately half of the generalist ASVs (11) in bulk soil belonged to the Rhizobiales group. 
Specialists consisted of more diverse taxa and were much more abundant, making up to 88.3% of prokaryotes, 
91.8% of eukaryotes, and 92.8% of fungi (Fig. 3c). In the rhizosphere samples, 11 prokaryotic ASVs and one 
fungal ASV (ASV_F0001, assigned to Olpidium sp.), but no eukaryotic ASVs, were identified as generalist taxa, 
constituting 5.9% of the prokaryotes and 58.6% of the fungi (Fig. 3c; Table 1). Interestingly, six generalist ASVs 
in the rhizosphere were also classified as generalists in the bulk soil, while 13 ASVs were unique to generalists in 
bulk soil, and three ASVs were unique to rhizosphere generalists (Fig. 3d).

Fig. 1.  Non-metric multidimensional scaling (NMDS) ordination plots. The plots were generated based on 
Bray–Curtis community dissimilarities based on (a) prokaryotic, (b) fungal, and (c) eukaryotic ASVs. (d) 
Shannon diversity index and Chao 1 index of prokaryotic, eukaryotic, and fungal communities. Different 
letters above the plot indicate statistically significant differences between groups based on t-test results 
(p < 0.001).
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Inter- and intra-kingdom association network
To explore inter- and intra-kingdom biological associations in the bulk soil and rhizosphere, we constructed 
SpiecEasi networks to identify keystone species and investigate their roles in shaping community structure and 
stability (Fig. 4a). The networks consisted of 2,664 nodes with 5,589 positive and 1,066 negative edges, displaying 
an average neighbor count of 5.036. A characteristic path length of 5.621 suggested efficient communication, 
while a clustering coefficient of 0.065 and a low network density of 0.002 indicated a relatively sparse and 

Fig. 2.  Diversity of microbial communities. (a–c) Relative abundance of prokaryotes, fungi, and eukaryotes, 
respectively, at the class level in the bulk soil and rhizosphere. (d) Dendrogram and heatmap obtained via 
hierarchical clustering analysis based on observations from prokaryotes, fungi, and eukaryotes at the genus 
level.
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decentralized organization, with a degree of network heterogeneity of 0.696 and centralization of 0.008. Network 
features (degree of heterogeneity, centralization, and average clustering coefficient) surpassed those observed 
in Erdős–Rényi random networks, indicating that rhizosphere and bulk soil microbial networks had small-
world properties (that is, microbial interconnections are closer than those predicted in a random network with 
similar size) and modular structures. Therefore, the loss of keystone species in a small-world network may 
weaken network integrity and potentially lead to dysbiosis or disruption of the microbial community structure. 
Microbial interconnections were clearly differentiated in bulk soil and rhizosphere, with interactions within each 
microenvironment found to be more pronounced than those between the two microenvironments (Fig. 4a). 
Furthermore, within the network, a majority of eukaryotic and fungal ASVs were identified as originating from 
bulk soil ASVs (Fig. 4b). Approximately 75% of the connections of the rhizosphere microbes occurred within 
the rhizosphere, and, accordingly, approximately 70% of the rhizosphere microbes formed their own modules, 
with a lower average node degree (1.40) than that in the bulk soil (2.28). Among the rhizosphere microbes, we 
observed 33 network keystone species, including 22 module hubs and 11 connectors. Most connections of these 
rhizosphere module hubs occurred within the rhizosphere microbes, with only 4% representing connections with 
the bulk soil microbes (Fig. 5). In contrast, connectors showed 26% of connections with the bulk soil microbes. 
Taxonomically, over 60% of these network keystone species were assigned to Chitinophagaceae, Rhizobiaceae, 
Comamonadaceae, Xanthobacteraceae, Mycobacteriaceae, Flavobacteriaceae, and Rhodanobacteraceae.

To investigate the level of microbial associations between and within microenvironments and niche-based 
categories, we assessed the ratio of observed connections among theoretically possible connections, defining 

Fig. 3.  Normalized niche breadth (B). The metric allowed assignment into specialists (B < 0.4), common taxa 
(0.4 ≤ B ≤ 0.6), and generalists (B > 0.6) in    (a)  the bulk soil and (b) rhizosphere. The x-axis indicates the 
log-transformed relative abundance of each ASV. Gray, blue, and red dots represent prokaryotic, eukaryotic, 
and fungal ASVs, respectively. Few representative generalists are arrow-marked with their ASV IDs. (c) The 
accumulated relative abundance of generalists, common taxa, and specialists in the rhizosphere and bulk soil. 
(d) Venn diagram constructed using data from generalists and common taxa in the rhizosphere and bulk soil.

 

Scientific Reports |        (2025) 15:17479 7| https://doi.org/10.1038/s41598-025-02562-2

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


it as the connectivity ratio (Fig. 4c and d). Connectivity ratios were highest within prokaryotes and lowest in 
eukaryotes in both the rhizosphere and bulk soil. Most connections of the rhizosphere generalists occurred 
within the rhizosphere, and no module hub was assigned to the rhizosphere generalist.

SEM results
We used SEM to estimate the relationships among niche-based categories, network stability, diversity, and 
environmental parameters (Fig. 6). We compared several candidate models, and selected the best-fitting model. 
The final model resulted in a χ2/df ratio of 1.28, CFI of 0.986, GFI of 0.944, TLI of 0.92, RMSEA of 0.073, and 
SRMR of 0.049, indicating performance within acceptable limits and good fit for the intended purpose. The 
rhizosphere generalists showed a direct influence on the diversity of the rhizosphere microbial community, 
suggesting the key roles of these generalists in shaping the microbial community composition. The network 
keystone species, which were composed of module hubs and connectors, affected both the rhizosphere diversity 
indices and network stability. Since the role of keystone species was to promote stability and resilience within 
specific modules by maintaining network structure and function, their presence contributed to enhanced 
network stability and overall resilience of the rhizosphere microbial community. In addition, rhizosphere 
network stability positively influenced rhizosphere diversity, suggesting that the more stable the network, the 
greater its ability to support a diverse microbial community.

Discussion
Differences in the structure of microbial communities between the rhizosphere and bulk soil have been well 
documented in previous studies. The soil microbiome is highly dynamic and composed of a wide variety of 
microorganisms, partly due to the highly heterogeneous soil environment, serving as a pool for the rhizosphere 
and influencing the microbial community structures of the rhizosphere47. We found significant differences 
in the community compositions of three biological kingdoms between rhizosphere and bulk soil, which were 
particularly remarkable in the eukaryotic communities. Consistent with previous results48, the proportions 
of Bacteroidetes, Actinobacteria, and Proteobacteria were enriched in the rhizosphere compared with those in 

ASVs

Niche-based category Relative abundance (%) Appearance ratio (%)

Taxa (Phylum; Order; Genus)Bulk soil Rhizosphere Bulk soil Rhizosphere Bulk soil Rhizosphere

ASV_B00001 Gen. Gen. 1.05 1.62 100 100 Bac.; Rhizobiales; Bradyrhizobium

ASV_B00002 Spe. Gen. 0.94 0.62 90.9 94.8 Bac.; Micrococcales; Pseudarthrobacter

ASV_B00009 Com. Gen. 0.06 0.78 53.2 92.2 Bac.; Rhizobiales; Shinella

ASV_B00010 Com. Gen. 0.17 0.52 62.3 89.6 Bac.; Burkholderiales; Massilia

ASV_B00011 Com. Gen. 0.12 0.68 77.9 97.4 Bac.; Rhizobiales; Devosia

ASV_B00014 Gen. Gen. 0.17 0.50 88.3 94.8 Bac.; Streptomycetales; Streptomyces

ASV_B00024 Gen. Gen. 0.19 0.31 98.7 97.4 Bac.; Rhizobiales; Bradyrhizobium

ASV_B00033 Gen. Gen. 0.16 0.27 92.2 90.9 Bac.; Rhizobiales; Devosia

ASV_B00046 Gen. Gen. 0.13 0.19 84.4 80.5 Bac.; Rhizobiales; Devosia

ASV_B00055 Spe. Gen. 0.04 0.29 24.7 81.8 Bac.; Burkholderiales; Massilia

ASV_B00068 Gen. Gen. 0.11 0.12 70.1 81.8 Bac.; Caulobacterales; Phenylobacterium

ASV_F0001 Spe. Gen. 6.20 58.57 80.5 92.2 Fun.; Olpidiales; Olpidium

ASV_B00039 Gen. Com. 0.20 0.09 97.4 74.0 Bac.; Nitrospirales; Nitrospira

ASV_B00114 Gen. Com. 0.07 0.08 75.3 68.8 Bac.; Rhizobiales; Nordella

ASV_B00018 Gen. Spe. 0.27 0.29 97.4 70.1 Bac.; Rhizobiales; Bradyrhizobium

ASV_B00031 Gen. Spe. 0.24 0.09 85.7 58.4 Bac.; NA; NA

ASV_B00048 Gen. Spe. 0.19 0.08 96.1 49.4 Bac.; Rhizobiales; NA

ASV_B00063 Gen. Spe. 0.13 0.09 70.1 45.5 Bac.; Rhizobiales; NA

ASV_B00113 Gen. Spe. 0.11 0.02 85.7 22.1 Bac.; Rhizobiales; Rhodoplanes

ASV_B00117 Gen. Spe. 0.08 0.05 76.6 39.0 Bac.; Corynebacteriales; Mycobacterium

ASV_B00137 Gen. Spe. 0.08 0.03 80.5 41.6 Bac.; Rhizobiales; Rhodoplanes

ASV_B00200 Gen. Spe. 0.06 0.03 67.5 35.1 Bac.; Polyangiales; Pajaroellobacter

ASV_B00233 Gen. Spe. 0.06 0.03 87.0 45.5 Bac.; Burkholderiales; mle1-7

ASV_B00299 Gen. Spe. 0.06 0.02 79.2 18.2 Bac.; Rhizobiales; Labrys

ASV_E0013 Gen. Spe. 1.07 0.30 89.6 5.2 Euk.; Ochrophyta; Spumella

ASV_E0015 Gen. Spe. 0.97 0.15 92.2 6.5 Euk.; Ciliophora; NA

ASV_E0033 Gen. Spe. 0.44 0.23 88.3 3.9 Euk.; Cercozoa; Heteromita

ASV_F0003 Gen. Spe. 4.10 0.50 100 92.2 Fun.; Hypocreales; Fusarium

Table 1.  Habitat generalists in the rhizosphere and bulk soil. Average relative abundance, appearance ratio, 
and taxonomic features of each ASVs were listed. Abbreviations: Gen., Generalist; Spe., Specialist; Com., 
Common taxa; Bac., Bacteria; Euk., Eukaryote; Fun., Fungi.
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the bulk soil samples. Many species in these groups belong to copiotrophs, with multiple rRNA genes in their 
genomes49, enabling them to achieve rapid growth rates50. Therefore, the plant-secreted photosynthates (B. 
napus in this study) could contribute to the development of a resource-rich environment in the neighboring 
root zone, potentially facilitating copiotroph enrichment within the plant rhizosphere.

In contrast to the bacterial community structures in the feral B. napus rhizosphere, which were composed 
of relatively evenly distributed ASVs, Olpidium brassicae (ASV_F0001) and Glissomonadida (ASV_E0030) 
accounted for up to 97% and 66% of the total rhizospheric fungal and eukaryotic communities, respectively. 
As one of the dominant fungal groups in the cultivated B. napus rhizosphere51,52, O. brassicae was previously 
misclassified as O. virulentus, a well-known vector of viruses of cruciferous plants53. The low sequence similarity 
with O. virulentus (< 90%) and ubiquitous presence of O. brassicae (ASV_F0001) in healthy feral B. napus suggest 
that this fungal species is unlikely to be a pathogen that mediates plant disease.

Within the rhizospheric microeukaryotic community, E_ASV0030, an uncultured Glissomonadida identified 
as bacterivorous flagellates in a wide variety of environments54,55, was the dominant group, constituting up to 66% 
of the eukaryotes. In comparison, E_ASV0030 was depleted in the bulk soil, accounting for only up to 2% in our 
samples. This discrepancy suggests that these uncultured gliding flagellates may thrive in the microenvironment 
created within the rhizosphere of B. napus, potentially exerting control over the microbial community structure 
through their bacterivorous properties.

Ecological classifications according to niche breadth can enhance our understanding of how different 
organisms navigate and contribute to ecological niches, shedding light on their roles in ecosystem dynamics 
and resilience44,56,57. Vegetation functions as a key driver of the distribution of microbial generalists, which 
in turn contribute to reshaping the remaining microbial community structures in the tundra ecosystem44. In 

Fig. 4.  Microbial association network. The network represents (a) the different microenvironment 
(rhizosphere and bulk soil) and (b) the different biological kingdoms. (c) Intra- and inter-kingdom associations 
and connectivity ratios between and within microenvironments. (d) Observed interconnections and the 
connectivity ratios between and within niche-based categories. Numbers at rectangular (parentheses) represent 
numbers of ASVs. Edge thickness was in proportion to connectivity ratios. The numbers at edges represent the 
number of connections and connectivity ratios (parentheses). The rectangular size represents the total number 
of nodes in each module.
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Fig. 6.  Structural equation model (SEM). The model represents the relationships among rhizosphere 
generalists, microbial diversity index, network keystone species, the network stability. The latent variables 
Rhizosphere network stability and Rhizosphere diversity were calculated using the P and Z scores and 
prokaryote and fungal diversity indices, respectively. ***: p < 0.001; **: p < 0.01; *: p < 0.05. CFI, comparative fit 
index; GFI, Goodness-of Fit Index; TLI, Tucker–Lewis Index; SRMR, standardized root mean square residual; 
RMSEA, root mean square error of approximation.

 

Fig. 5.  Subnetwork constructed with rhizosphere microbial keystone species and their directly linked 
microbes.
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this study, Massilia, Phenylobacterium, Pseudarthrobacter, Streptomyces, Devosia, Shinella, and Bradyrhizobium, 
were enriched in the rhizosphere. The genus Massilia, which produces heteroauxin and cellulose-degrading 
enzymes58, is a well-known plant growth-promoting microorganism that colonizes the rhizosphere and roots 
of various plant species58–61. Our previous study demonstrated that ASVs within the genus Massilia exhibit 
distinct divisions depending on plant holobiont components, such as dead leaf and rhizosphere, suggesting 
that they mediate different ecological roles within the plant holobiont5. Six ASVs assigned to Rhizobiales were 
identified as rhizosphere generalists in this study, including Devosia, Shinella, and Bradyrhizobium, at the 
genus level. Previous studies have demonstrated that Devosia positively correlate with nitrogen input62, while 
Bradyrhizobium, along with other rhizospheric beneficial microbes, stimulates plant growth through enhanced 
mineral nutrient acquisition (nitrogen and phosphorus)63. Streptomyces has been reported to promote plant 
growth and tolerance to stressors by inhibiting pathogen growth through the production of antibiotics and 
antimicrobial peptides, among other agents64,65. Therefore, B. napus recruited potential beneficial microbes as 
generalists to support development and immune function, enhancing growth and resilience through improved 
nutrient uptake and pathogen suppression.

In ecological networks, module hubs and connectors are crucial keystone species, assisting other microbes 
and maintaining network structure and function66–68. We found that keystone species comprised a wide variety of 
microbes, including Acidothermaceae, Chitinophagaceae, Comamonadaceae, Devosiaceae, Flavobacteriaceae, 
Mycobacteriaceae, Oxalobacteraceae, Pseudomonadaceae, Rhizobiaceae, and Xanthobacteraceae. Among these 
groups, Acidothermus69, Ferruginibacter70, Niastella71, Terrimonas72, Rhizobacter73, Devosia62, Mycobacterium74, 
Pseudomonas69, and Bradyrhizobium73, at the genus level, promote plant growth or immune system development, 
with a potential to function as core plant root-associated microbes. We found that the rhizosphere keystone 
species, all of which were bacteria, were almost exclusively connected with rhizosphere microbes, indicating 
their substantial influence on the overall microbial community structure in the rhizosphere microenvironment. 
Notably, no keystone species were identified among the rhizosphere generalists or common taxa. We assume that 
the rhizosphere generalists recruited by the plant interact with the roots to support and/or improve plant growth 
or immune functions. Since rhizosphere generalists are recruited by the plant, they may primarily interact with 
the plant itself rather than with other microbes, which could explain why they did not serve as keystone species 
in the microbial network. However, as rhizosphere keystone species were correlated with rhizosphere generalists, 
their influence on rhizosphere microbial structure is likely indirect and mediated through keystone species.

Network stability is a crucial facet of complex ecological systems, reflecting the ability of networks to maintain 
consistent patterns of interactions while minimizing instability75,76. High network stability implies resilience to 
environmental changes, facilitating the seamless functioning of the entire system. This concept is fundamental 
for understanding and managing the robustness of ecosystems in the face of dynamic perturbations77. The SEM 
results demonstrated that the rhizosphere keystone species directly affected network stability and, together with 
the rhizosphere generalists, influenced microbial diversity in this microenvironment. These findings are also 
congruent with our earlier observations on a tundra ecosystem where vegetation-driven macroenvironmental 
filtering effects were identified as the key factor in shaping the distribution of generalists, which, in turn, 
controlled the overall microbial community44. The rhizospheric generalists in this study are typical plant 
root-associated beneficial microbes that can improve plant metabolism and enhance the plant immune 
system, thereby promoting growth. Consequently, plants may secrete more metabolites into the surrounding 
microenvironment, which can serve as nutrient sources for rhizospheric microbes, thereby affecting microbial 
diversity and influencing further the overall microbial community structures in the rhizosphere. The keystone 
species were identified as key drivers of network stability and microbial diversity in the rhizosphere and their 
loss can lead to the collapse and deterioration of the entire network78. As the keystone species assist other 
microbes and maintain the structure and function of the ecological network, they have the potential to directly 
influence network stability and microbial diversity. In summary, the microbial generalists and network keystone 
species in the rhizosphere of feral B. napus function as key drivers of microbial diversity and ecological network 
stabilization.

Conclusions
The present study highlighted the critical roles of rhizosphere microbial generalists and network keystone 
species in the regulation of microbial communities and interspecies interactions within the root system of feral 
B. napus. Consistent with previous studies6,13,47,54, the rhizosphere microbial community composition largely 
differed from that in adjacent bulk soils, exhibiting diminished microbial diversity and richness in all three 
biological kingdoms. These results suggest that microbial selection by the plant itself from the soil pool is critical 
in shaping the rhizospheric microbial communities. Microbial correlations were primarily observed among 
rhizosphere-associated taxa, with fewer correlations detected with bulk soil microbes, further supporting the 
role of plant-driven niche filtration in shaping rhizosphere microbial communities. No keystone species were 
detected from the rhizosphere generalists, suggesting the tight coupling of the latter with the plant itself rather 
than with the rhizosphere microbes. SEM revealed that the rhizosphere generalist and network keystone species 
functioned as key drivers of microbial diversity and network stability in the rhizosphere. In summary, B. napus 
exerted a selective effect on their rhizospheric generalists, which in turn, together with the rhizosphere keystone 
species, served as primary determinants of microbial diversity and network stability to control the microbial 
community structures and interspecies interactions.
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Data availability
The raw sequences, along with the accompanying metadata and detailed parameters used in the pipelines, are 
accessible in the Sequence Read Archive of NCBI under the project accession numbers PRJNA821335 and PRJ-
NA816676, and published in Data in Brief21.
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