


[bookmark: OLE_LINK5][bookmark: OLE_LINK6]Supplemental information
Deterministic assembly of rhizosphere bacterial community enables predictable and stable suppression of Verticillium wilt via microbial homeostasis
Jiamin Ai, Jiangying Huang, Chenyuan Wang, Xinrui Wang, Yiduo Zhao, Gehong Wei*, Zhefei Li*
[bookmark: _GoBack]State Key Laboratory for Crop Stress Resistance and High-Efficiency Production, College of Life Science, Northwest A&F University, Yangling, Shaanxi 712100, China

*Corresponding author:
Gehong Wei: weigehong@nwafu.edu.cn
Zhefei Li : lizhefei@nwafu.edu.cn 
Tel: +86 29 87081416
Fax: +86 29 87092262


Isolation and identification of rhizosphere bacteria of Astragalus
A total of 5 g of rhizosphere soil from Astragalus was placed into a triangular flask containing 45 mL of sterile water and sterile glass beads. The mixture was shaken at 28 °C and 180 rpm for 30 minutes. One milliliter of the supernatant was transferred, and 9 mL of sterile water was added to prepare a rhizosphere soil suspension with a 10-¹ dilution. Using this gradient dilution method, the soil suspension was serially diluted to 10-², 10-³, and so on, up to 10-⁷. A total of 30 μL soil suspension with dilutions of 10-5,10-6 and up to 10-7 was applied to TSA (Tryptose Soya Agar), R2A (R2A Agar Medium), and LB (Luria-Bertani) solid media, respectively. Each dilution gradient was subjected to three replicates and incubated at 28 °C for 3 to 7 days. Colonies exhibiting different morphologies, colors, and sizes were selected and purified on the new LB plate. Phylogenetic identification of the isolated strains was performed by colony PCR using the universal primers 27F and 1492R targeting the 16S rRNA gene. Bacterial 16S rDNA was amplified and sequenced by Sangon Biotech Co., Ltd (Shanghai, China). Sequence alignment was performed on the EzBioCloud website, and each microbial species was preserved in 1 mL of 30% glycerol (v/v) at -80 °C. Phylogenetic trees were constructed using the neighbor-joining (NJ) method in MEGA v5.
Effects of different inoculation time on the function of synthetic communities
Bacteria were cultured to an OD600 of 0.8 in LB liquid medium, and HD-, DD-, and DS-SynComs were prepared by mixing equal volumes of bacteria according to the groupings described above. Pathogenic fungi were cultured in a PDB liquid medium, and spore suspensions (10⁶ spores/mL) were prepared. Planting bags were filled with 500 g of substrate (soil: vermiculite = 3:1, v/v). In the early inoculation treatment, surface-sterilized seeds were soaked in the SynComs suspension for 24 hours. This duration was chosen to ensure that the SynCom members could pre-emptively occupy the ecological niches on the seed coat and the emerging radicle surface, establishing a “priority effect” before indigenous soil microbes. During the 24-hour soaking period, the seeds and bacterial solution were placed on a horizontal shaker at an 80 rpm at room temperature. This ensured a homogenous distribution of the SynCom members and maintained adequate aeration. Following inoculation, seeds underwent a brief rinse with 75% ethanol (30 seconds) and multiple washes with sterile water to remove non-adherent cells. After a subsequent 24-hour soak in sterile water and germination on sterile, moist filter paper. Seven germinated seeds were sown in each planting bag. After 7 days, seedlings were thinned to five per bag, and each plant was inoculated with 2 mL of sterile water. One week later, 2 mL of pathogen spore suspension (10⁶ spores/mL) was inoculated per plant. In the late inoculation group, surface-sterilized seeds were soaked in sterile water for 48 hours. The seeds were then germinated on sterile, moist filter paper. Seven germinated seeds were sown in planting bags. After 7 days, seedlings were thinned to five per bag and inoculated with 2 mL of SynComs per plant. One week later, 2 mL (per plant) of pathogen spore suspension (10⁶ spores/mL) was inoculated.
Resource utilization profile assay
The growth of SynComs and V. dahliae VD1 on 31 carbon sources was evaluated using the Biolog EcoPlate, following the manufacturer’s protocol. Briefly, cells (150 μL, OD600 = 0.2 or 10⁶ spores/mL) were inoculated onto Biolog plates and incubated at 28 °C, 150 rpm. Color changes from colorless to purple, indicating cellular respiration through the reduction of tetrazolium-based dyes, were monitored every 24 hours. During the cultivation period, absorbance at 590 nm and 750 nm are measured every 24 hours for each well, and the effective absorbance value was calculated as the difference between absorbances at 590 nm and 750 nm. If the relative absorbance value of a particular well (i.e., the effective absorbance value minus the effective absorbance value of the control well) exceeds 0.06, indicating that the bacteria can utilize the carbon source in that well. The ability of microorganisms to utilize carbon sources was represented by calculating the average well color development (AWCD) [1]. Ai is the relative absorbance of the ith well, and AA1 is the relative absorbance of the A1 well.

Antibacterial activity assay of SynComs
The antagonistic ability of bacteria against V. dahlia was tested by the plate confrontation method [2]. The bacteria were cultured in an LB liquid medium to an optical density at 600 nm (OD600) of 0.8. The 3 μL V. dahlia spore suspension (1×10⁶ spores/mL) was inoculated in the center of the PDA plate, and 3 μL bacteria were inoculated at 2 cm from the pathogen. The plate inoculated with V. dahlia but without the bacteria served as the control group. All plates were placed in an incubator at 25 °C for 7 days to measure colony diameter.
For the VOC-mediated antifungal activity, an inverted assay was performed using sterile Petri dishes (9-cm diameter) [3]. Briefly, 50 μL aliquots of bacterial suspension (OD600 = 0.8) were evenly spread on the TSA (1.5 g/L tryptone, 0.5 g/L soytone, 0.5 g/L NaCl, and 15 g/L agar, pH 7.0). As a control, an equal amount of sterile water instead of the bacterial suspension was used. Inoculate 3 μL of V. dahlia spore suspension (1×10⁶ spores/mL) on PDA medium. Incubate the plates in a 28 °C incubator for 24 hours. After incubation, place the TSA plate at the bottom and the PDA plate on top, sealed with Parafilm, and incubate at 28 °C (Fig. 1, Step 5).
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Table S1 Construction of SynComs
	Enriched
sample
	Ecological
process
	SynComs
	Differential
ASVs
	Isolated strains
	Similarity between ASV and strain
	Bin

	Healthy
	HoS
	HD
	ASV_161
	Arthrobacter bambusae HQB-145
	99.74%
	Bin2

	
	HoS
	
	ASV_238
	Arthrobacter pascens SM-560
	100.00%
	Bin2

	
	HoS
	
	ASV_292
	Arthrobacter globiformis SCK-424
	97.39%
	Bin2

	
	HoS
	
	ASV_120
	Paenarthrobacter aurescens SM-486
	99.47%
	Bin2

	
	HoS
	
	ASV_621
	Pseudarthrobacter sulfonivorans SM-535
	99.47%
	Bin2

	
	HoS
	
	ASV_405
	Streptomyces bobili SCK-375
	98.45%
	Bin18

	
	HoS
	
	ASV_522
	Exiguobacterium artemiae SCK-B-670
	99.47%
	Bin104

	
	HoS
	
	ASV_151
	Novosphingobium pentaromativorans SCK-463-3
	100.00%
	Bin86

	
	HoS
	
	ASV_290
	Aminobacter carboxidus SCK-459
	97.08%
	Bin77

	
	DL
	HS
	ASV_1128
	Paenibacillus vietnamensis XR-120
	99.73%
	Bin63

	Diseased
	HoS
	DD
	ASV_1761
	[bookmark: _Hlk200695592]Bacillus velezensis XS-164
	99.74%
	Bin101

	
	HoS
	
	ASV_535
	Pseudomonas shirazensis HQB-679
	97.62%
	Bin29

	
	HoS
	
	ASV_903
	[bookmark: _Hlk200695627]Pseudomonas aeruginosa XS-134-8
	97.62%
	Bin29

	
	HoS
	
	ASV_660
	Pseudomonas kairouanensis HQB-635
	98.68%
	Bin29

	
	HoS
	
	ASV_875
	Pseudomonas piscicola SCK-226
	99.47%
	Bin29

	
	HoS
	
	ASV_1510
	Devosia neptuniae SCK-432
	99.74%
	Bin93

	
	DR
	DS
	ASV_16
	Pantoea vagans SCK-101
	98.14%
	Bin27

	
	DR
	
	ASV_484
	Pantoea agglomerans HQB-27
	100.00%
	Bin27

	
	DR
	
	ASV_1777
	Streptomyces albogriseolus SM-479
	99.74%
	Bin18

	
	DR
	
	ASV_67
	Lelliottia amnigena HQB-683
	100.00%
	Bin27

	
	DL
	
	ASV_942
	Brevundimonas basaltis SCK-462
	99.47%
	Bin88

	
	DR
	
	ASV_389
	Erwinia persicina HQB-694
	97.33%
	Bin28

	
	DL
	
	ASV_1614
	Sphingomonas turrisvirgatae SCK-909
	98.68%
	Bin83

	
	DL
	
	ASV_722
	Nocardioides phosphati MS-928
	97.63%
	Bin15
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Fig. S1 Disease-associated restructuring of bacterial and fungal communities in the rhizosphere and roots of Astragalus. a Plants were classified as “diseased” or “healthy” based on visual inspection of both aboveground tissues and the internal root structures. b β-diversity decomposition analysis of bacterial and fungal communities. The total dissimilarity calculated based on the Jaccard-based dissimilarity index was partitioned into two distinct components: Replacement (Repl) and Nestedness (Nest). S: Similarity. c Differential phyla in rhizosphere and root samples. DR: diseased root; HR: heathy root; DRS: diseased rhizosphere; HRS: heathy rhizosphere. Statistical significance was calculated using unpaired two-tailed t-tests. *p < 0.05; **p < 0.01 and ***p < 0.001. d Analysis of differential bacterial ASVs in the rhizosphere and roots of healthy and diseased Astragalus.
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Fig. S2 Identification of pathogenic fungi in diseased Astragalus samples. a Phylogenetic tree of Verticillium ASVs identified in diseased root samples. Phylogenetic tree of Verticillium ASVs based on the Neighbor-Joining (NJ) method. b Sequence alignment between ASV_5 and Verticilium dahliae VD1. HR: Healthy root; DR: Diseased root.
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Fig. S3 Quantitative assessment of the ecological assembly processes of bacterial and fungal communities. The relative importance of ecological processes driving bacterial and fungal community assembly was quantified using the iCAMP framework. HRS: Healthy rhizosphere soil; DRS: Diseased rhizosphere soil; HR: Healthy root; DR: Diseased root; HoS: homogeneous selection; HeS: heterogeneous selection; HD: homogenizing dispersal; DL: dispersal limitation; DR: drift.
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Fig. S4 Variations of ecological processes across healthy and diseased root. The circular visualization integrates phylogenetic relationships with ecological assembly processes and taxonomic information at the bin level. a The phylogenetic tree, constructed based on representative ASVs from each bin, is displayed at the center. The rings from the inside to the outside represent the main ecological processes of each bin in the healthy and diseased root (b), the relative abundance of the main bacterial genera in each bin (c), and the relative abundance of each bin (d). The outermost part is labeled with the bin and genus in which the SynCom ASVs are located.
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Fig. S5 Mechanism of rhizosphere fungal community assembly. The circular visualization integrates phylogenetic relationships with ecological assembly processes and taxonomic information at the bin level. a The phylogenetic tree, constructed based on representative ASVs from each bin, is displayed at the center. The rings from the inside to the outside represent the main ecological processes of each bin in the healthy and diseased rhizosphere (b), the relative abundance of the main bacterial genera in each bin (c), and the relative abundance of each bin (d). DRS: diseased rhizosphere; HRS: heathy rhizosphere.
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Fig. S6 Mechanism of root fungal community assembly. The circular visualization integrates phylogenetic relationships with ecological assembly processes and taxonomic information at the bin level. a The phylogenetic tree, constructed based on representative ASVs from each bin, is displayed at the center. The rings from the inside to the outside represent the main ecological processes of each bin in the healthy and diseased root (b), the relative abundance of the main bacterial genera in each bin (c), and the relative abundance of each bin (d). The ASV composition and relative abundance of the bin where the pathogenic fungus Fun_5 is located (e). DR: diseased root; HR: heathy root.
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Fig. S7 Co-occurrence network analysis. a Co-occurrence network topology index of bacterial networks. b The positive and negative cohesion of bacterial networks. c Robustness and stability of the bacterial networks. d Co-occurrence network topology index of fungal networks. e The positive and negative cohesion of fungal networks. f Robustness and stability of the fungal network. DR: diseased root; HR: heathy root; DRS: diseased rhizosphere; HRS: heathy rhizosphere. To facilitate a direct comparison across diverse units and scales, all network topological parameters were normalized to a dimensionless range of [0, 1] using Min-Max scaling for visualization in the radar plot.
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Fig. S8 The rhizosphere and roots fungal co-occurrence network and network properties of ASVs associated with different ecological processes. a The network is based on the entire fungal communities, with colors representing the distribution of phyla and ecological processes. b Co-occurrence network of healthy and diseased rhizosphere soil and root. c Rhizosphere and roots network ZiPi analysis, with stacked plots on the right indicating the proportion of different ecological process in connectors. d Distribution of betweenness centrality of different ecological process ASVs. e Vulnerability of the rhizosphere and root network before and after removal of different ecological process ASVs to measure the importance of the different ecological process ASVs in contributing to the rhizosphere and root network structure. DR: diseased root; HR: heathy root; DRS: diseased rhizosphere; HRS: heathy rhizosphere.
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Fig. S9 Phylogenetic characterization of bacterial isolates from the Astragalus rhizosphere. The Neighbor-Joining (NJ) phylogenetic tree was constructed based on the 16S rRNA gene sequences of bacterial strains isolated in this study.
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Fig. S10 Strategic selection and characterization of bacterial isolates for SynCom construction. The bacterial isolates correspond to the differential ASVs, as well as their Bins and ecological processes. The stacked bar plot quantifies the relative importance of different ecological processes for each Bin. The far-right panel explicitly lists the Genus of each ASV/isolate.
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Fig. S11 Effects of inoculation of SynComs on bacterial community composition in rhizosphere and roots. a Effects of different inoculation time on bacterial community composition. b Effects of different inoculation concentrations on bacterial community composition. Differences among groups were evaluated using PERMANOVA (adonis2, 999 permutations).
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Fig. S12 Colonization of synthetic bacteria in rhizosphere and root under different inoculation time treatments. Lowercase letters above the bars indicate significant differences (p < 0.05) between the different treatments (one-way ANOVA).
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Fig. S13 Colonization of SynComs strains. a Colonization of SynComs bacteria in rhizosphere and roots under different inoculation. b Cumulative relative abundance of HD and DS SynComs under different inoculation concentrations. One-way ANOVA followed by Duncan’s Multiple Range Test (MRT) was employed to evaluate the differences between treatments. Lowercase letters above the bars indicate significant differences (p < 0.05) between the different treatments.
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Fig. S14 Effects of HD SynCom and HS strain combinations on Verticillium wilt resistance. One-way ANOVA followed by Duncan’s Multiple Range Test (MRT) was employed to evaluate the differences between treatments. Lowercase letters above the bars indicate significant differences (p < 0.05) between the different treatments.
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Fig. S15 The β-diversity differences of healthy and diseased rhizosphere samples collected in the field. a β-Diversity analysis of field samples. b Bata dispersion analysis of different samples. DRS: diseased rhizosphere; HRS: heathy rhizosphere.
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Fig. S16 Antibacterial activity assay of HD SynComs. Control: Verticillium dahliae VD1; HD: HD SynComs; HS: P. vietnamensis XR-120. Lowercase letters above the boxes indicate significant differences (p < 0.05) between the different treatments (one-way ANOVA).
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Fig. S17 Effects of isolates XS-134-8 and XS-164 on the disease index of Astragalus Verticillium wilt. Lowercase letters above the boxes indicate significant differences (p < 0.05) between the different treatments (one-way ANOVA).
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