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Introduction: Bene cial microbes provide a sustainable approach to improving
crop production and reducing risks from intensive farming. Microbial consortia,
complementary traits, often outperform single strains in promoting plant health.
This study aimed to develop an effective biological strategy to enhance soybean
growth and health using bene cial bacterial consortia.
Methods: Bacteria were isolated from the root endosphere and rhizosphere of
eld-grown soybean plants and screened for traits such as nutrient solubilization,
hormone production, and pathogen suppression. Seven synthetic bacterial
communities (SBCs), each comprising 5 to 20 SABB strains, were constructed to
evaluate their potential in promoting soybean growth and health. Impact of SBC
seed treatments on the structure of soybean microbiota was also investigated.
Results: Two SBC sets, Set2 and Setm4, demonstrated superior performances in
enhancing plant growth and resistance to the fungal pathogen Rhizoctonia
solani when applied via seed treatment. Notably, seed treatment with Set2 or
Setm4 also improved soybean resilience to abiotic stresses, including drought
and waterlogging. Pro ling of the root endosphere and rhizosphere microbiota
revealed that SBC application through seed treatment signi cantly altered the
composition of soybean-associated microbial community, including the
enrichment of key symbiotic taxa, such as Bradyrhizobium elkanii, and
increased microbial network complexity.
Discussion: The bene cial effects of SBC through seed treatment are closely
related to microbiome restructuring in soybean roots. This study provides valuable
insights into the development of innovative and sustainable crop management
strategies, highlighting the potential of SBC-based seed treatments to enhance
growth and stress resilience in soybeans and other major crops.
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1 Introduction

Exploiting the potential of bene cial microbes stands out as a
promising strategy to enhance the sustainability of crop production,
mitigating risks associated with intensi ed agricultural practices
(Bushy et al., 2017; Chouhan et al., 2021; Singh et al., 2018, 2020).
While the exploration of bene cial microbes for crop growth and
protection has traditionally focused on the speci ¢ biological
activity of single microorganisms (De Souza et al., 2015;
Lugtenberg and Kamilova, 2009; Qiu et al., 2019; Sebastien et al.,
2015; Ray et al., 2020), recent studies have demonstrated that the
collective activities of multiple bene cial microbes can outperform
individual members in enhancing crop productivity (Ma et al.,
2024; You et al., 2025; Xu et al., 2025; Chouhan et al., 2021; Trivedi
et al., 2020). Unlike individual strains, microbial consortia
combine complementary traits such as nutrient solubilization,
phytohormone production, nitrogen xation, and antifungal
metabolite synthesis, leading to synergistic effects and broader
functional coverage (Khan et al., 2022; Thingujam et al., 2025). It
was reported that commonly used genera, including Bacillus,
Pseudomonas, Rhizobiuamd Enterobactercollectively enhance
nutrient uptake, induce systemic resistance, and improve root
colonization, where Rhizobiumoccupies nodules for nitrogen

xation, while Bacillusand Pseudomonasiominate the
rhizosphere and suppress pathogens (Santoyo et al., 2021). Other
studies also demonstrated that microbial consortia signi cantly
improved plant performance by promoting root and shoot
biomass, enhancing photosynthetic ef ciency, accelerating
nutrient cycling, and increasing productivity, indicating their
potential as biofertilizers in conventional agricultural systems
(Lobo et al., 2019; Moretti et al., 2024; Parveen and Ghosh, 2025).

Microbial consortia have also shown strong ef cacy in
mitigating biotic stresses. Combined application of Bacillus
subtilis and Pseudomonasuorescensuppressed the fungal
pathogen Rhizoctonia solanin tomato, while co-inoculation of
Rhizobiumand Bacillusreduced root rot in beans and improved
yield (De Jensen et al., 2002; Mezeal, 2014). Microbial consortia can
also enhance abiotic stress tolerance by promoting osmotic
adjustment, regulating antioxidant enzymes (such as catalase and
peroxidases), and reducing oxidative damage, particularly under
drought, salinity, and heat stress. For instance, drought-resilient
consortia composed of EnterobacterBacillus cereuand Bacillus
megateriumimproved wheat growth by enhancing root
development, chlorophyll retention, and membrane stability
(Shankar and Prasad, 2023). Similarly, it was reported that saline-
stress mitigation by co-cultured Pseudomonas koreenaisd
Microbacterium hydrothermalsas attributed to enhanced ACC
deaminase activity, suppressed ethylene accumulation, and
improved hormonal regulation (Choudhury et al., 2021). In
spinach and wheat, Bacillusbased consortia also enhanced
drought and salt tolerance by stabilizing K*/Na* homeostasis,
promoting seedling establishment and improving chlorophyll
content (Khan et al., 2022; Petrillo et al., 2022). These synergistic
outcomes are largely driven by shared production of lipopeptides,
metabolites, siderophores, and phytohormones, resulting in broad-

Frontiers in Plant Science 02

10.3389/fpls.2025.1729743

spectrum pathogen inhibition and optimized growth and defense
regulation (Timofeeva et al., 2023).

Microbiome studies on soybean (Glycine max..), one of the
most important crops worldwide, have predominantly focused on
taxonomical characterization in various plant compartments, such
as seed, phyllosphere, root nodules, and rhizosphere (Yang et al.,
2024; Rascovan et al., 2016; D@z-Cruz and Cassone, 2022), or at
different growth stages (Longley et al., 2020; Cheng et al., 2022).
Other research areas include temporal and spatial dynamics of a
microbial community in uenced by crop management practices
(D@z-Cruz and Cassone, 2022; Bell-Dereske et al., 2023;
Moroenyane et al,, 2021; Longley et al., 2020; Calderon et al.,
2021). While some studies have characterized natural or synthetic
microbial communities that suppress diseases or enhance nutrient
uptake (Mendes et al., 2011; Hussain et al., 2024; Wang et al., 2021),
our understanding of the soybean microbiome structure underlying
their bene cial impacts on soybean growth and health is still
limited. Nevertheless, recent advances in the study of plant-
associated microorganisms have shifted towards a systems-level
understanding of the collective functionality of microbiome, aiming
to improve host health and vigor (Compant et al., 2025; Dai et al.,
2025; Trivedi et al.,, 2021; Nyholm et al., 2020; Xu et al., 2021).

In this study, we investigated the bene cial effects of bacterial
consortia comprised of assorted soybean-associated bene cial
bacteria (SABB) on soybean growth and resilience to biotic and
abiotic stresses, especially through seed treatment, and explored the
dynamics of soybean microbiome pro les associated with their
bene cial activities.

2 Materials and methods

2.1 Isolation, screening, and identi cation
of soybean-associated bene cial bacteria

The soybean roots and rhizospheric soil samples were collected
from robust and visibly healthy plants in soybean elds located at
the Doyle Chambers Central Research Station (Baton Rouge, LA),
the Red River Research Station (Bossier City, LA), and the H. Rouge
Caffey Rice Research Station (Rayne, LA) in Louisiana. Samples
were transported in a cooler and stored at temperatures ranging
from 4°C to 15°C. Soybean-associated bacteria (SAB) were isolated
within 48h after sample collection, following the protocol described
by Sasser et al (Sasser et al., 1990).

Antagonistic capabilities of the bacterial isolates were assessed
through dual-plate confrontation assays, as previously described by
Shrestha et al (Shrestha et al., 2016). Additionally, SAB were screened
for other bene cial activities for plant growth, including nitrogen

xation, indole-3-acetic acid (IAA) production, phosphate
solubilization, siderophore production, and starch hydrolysis, using
previously described methods (Jensen, 1942) (Pikovskaya, 1948;
Gordon and Weber, 1951; Alexander and Zuberer, 1991; Shruti et al.,
2013) (see the ‘Supplementary Information’ for detailed methodology).

Selected bacterial isolates exhibiting robust bene cial activities
were identi ed based on their 16S rRNA gene sequences. DNA
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extraction was performed using Qiagen DNA kit (Qiagen,
Germantown, MD, USA), and the 16S rRNA gene was ampli ed
using the forward primer fD1 (5-AGAGTTTGATCCTGG
CTCAG-3’) and the reverse primer rP2 (5-ACGGCTACCTTG
TTACGACTT-3) (Weisburg et al.,, 1991). Sequencing of PCR
products was conducted by MACROGEN, Inc. (Seoul, Korea),
and the DNA sequencing data were analyzed for homology to
identify corresponding bacterial taxa, using the BLAST program of
the NCBI website (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The
phylogenetic tree was constructed using Randomized Axelerated
Maximum Likelihood (RAxXML), following the methodology
outlined by Stamatakis (2014).

2.2 In vitro co-culture compatibility assay,
formulation, and evaluation of bacterial
consortia

Compatibility of bacterial strains was determined utilizing the
cross-streak test as described by Santiago et al. (2017), where
compatibility was indicated by normal colony development of both
strains at the junction point, while the presence of inhibition zone or
lysis at the junction point was considered as incompatibility.

Synthetic bacterial communities (SBCs) were prepared by
combining equal volumes of compatible strains adjusted to
ODgoo = 1.0 (> 1 X 10° CFU/mI). Subsequently, the formulated
SBCs were systemically evaluated under laboratory, greenhouse,
and eld conditions. Statistical analyses were performed using JMP
Pro Statistics, version 15.1.0 (SAS Institute, Cary, NC).

2.3 Evaluation of the soybean growth-
promoting and defense-enhancing
activities of SAB and SBCs

The direct growth-promoting activity of individual SAB was
assessed using plastic pouches in the laboratory (Supplementary
Figure S1). Initially, seeds were sterilized with 30% hydrogen
peroxide for 5 min, after which the seeds were washed extensively
with sterile water (Copley et al., 2017). Soybean seeds were then
inoculated with bacterial suspensions (from 24h-old bacterial
cultures) in 10 mM MgCl, amended with 2% carboxymethyl
cellulose (CMC) in 250-ml asks and incubated on a shaker at
180 rpm for 30 min at 30 + 2°C, while the control seeds were treated
with an equal amount of the 10 mM MgCl, and 2% CMC solution.
After incubation, the treated seeds were placed in a Petri dish and
air dried under a laminar ow overnight (12-16 h). Sterile plastic
pouches containing moistened paper towels were seeded with
untreated seeds as a control, alongside seeds treated with
individual SAB isolates or SBCs adjusted to ODgpp = 1.0 (> 1 X
10° CFU/ml). These pouches were then placed on the plant-growing
shelves set in the laboratory (25°C, 14 h light/day) and watered with
sterile water.

Seedling rot assays were performed using sterile pouches and
sterile paper towels in a growth chamber condition set as 25°C/23°C
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(day/night), 14 h light period, and 400- 600 umol light intensity.
Rhizoctonia solaAG1 was cultured on potato dextrose agar plates
(PDA) at 30°C in the dark in an incubator for 3 to 5 days. A 5 mm-
diameter mycelial plug of R. solaniwas placed at the root-shoot
junction of the 10-day-old seedling and wrapped with the
aluminum foil to maintain humidity. Sterile 5-mm-diameter PDA
plugs were used for mock inoculation. Symptom development
caused by the fungal pathogen R. solaniwas assessed using a
disease severity rating scale ranging from 1 to 5, in which 1
indicates no root rot; 2 represents 1 to 33% of roots with visible
lesions or root rot; 3 corresponds to approximately 33 to 50% of the
roots rotted or damaged; 4 indicates approximately 51 to 75% of the
roots affected; and 5 denotes preemergence damping-off with few, if
any, roots present (Dorrance et al., 2003). The performances of the
SAB isolates and SBCs in the pouch assay were validated through
greenhouse experiments.

In the greenhouse condition, two sets of experiments were
conducted for assessing resistance to R. solaniand growth
promotion with 10-day-old and 28-day-old plants, respectively.
For the disease assay with R. solanisoybean seeds treated with
either individual SABB or mixtures (SBCs) or the untreated seeds as
control were sown in 10 cm x 10 cm square pots lled with the river
silt soil provided by the Plant Material Center of LSU AgCenter.
Prior to each trial, the soil was sterilized three consecutive days at
121 °C for 90 min. Disease rating was conducted 7 days after
inoculation of the seedlings. For assessing growth promotion,
treated or untreated seeds were directly sown into 28 cm
diameter pots lled with eld soil. The treatments were arranged
in a Randomized Complete Block Design (RCBD) with four
replications. After 4 weeks, plant growth and nodule formation
were assessed, using a ruler and a WinRHIZO root scanner (Regent
Instruments Inc., Canada), respectively.

Field trial was conducted at the eld plot of the Doyle Chambers
Central Research Station, Baton Rouge, Louisiana (30°21'38.8"N
91°10'14.6"W) to evaluate the effect of Set2 and Setm4 SBCs in
comparison with untreated treatments and commercial seed-
treating fungicide (Apron Maxx RTA, Syngenta). Due to the large
volume required in the eld, seeds were not surface sterilized prior
to the seed treatment of the SBCs. Each treatment was planted in a
regular plot dimension of 3.05 m width by 7.62 m length in raised
beds. Five replications were imposed for each treatment following
RCBD. The eld plots were maintained following regular cultural
management but without fertilization or pesticide application. One-
way ANOVA followed by Tukey’s HSD test was used for statistical
analysis of data for plant growth, disease severity, and yield.

2.4 Assays for soybean tolerance to
drought and waterlogging

The effectiveness of bacterial consortia (Set2 and Setm4) in
enhancing soybean tolerance to abiotic stresses was evaluated under
greenhouse conditions. Seeds treated with Set2 or Setm4, along with
untreated controls (UTC), were sown in a 1:1 soil-to-sand mixture
(pH 6.8) in 19-cm circular pots, with six seeds per pot and 30 seeds
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per treatment arranged in a completely randomized design (CRD).
Following emergence, 15 and 12 healthy seedlings per treatment
were selected for drought and ooding stress applications,
respectively. Flooding stress was imposed for O, 4, or 7 days by
placing pots in trays containing stagnant water to maintain soil
moisture at 55-65%, whereas drought stress was induced 3—4 days
after emergence by withholding water until soil moisture decreased
to 10-15% as measured with a soil moisture meter, and was
maintained for 4 and 7 days. At the end of each stress period,
seedlings were carefully uprooted, roots were washed to remove
adhering soil, and root and shoot lengths were measured with a
calibrated ruler, while fresh weight was recorded immediately after
blotting excess moisture. Dry weight was determined by oven-
drying seedlings at 55 °C for 45 h. Data on root length, shoot length,
fresh weight, and dry weight were analyzed using one-way ANOVA
followed by Tukey’s HSD test to identify signi cant differences
among treatments, thereby evaluating the role of Set2 and Setm4 in
mitigating the adverse effects of ooding and drought stress
in soybean.

2.5 Mesocosm study to characterize the
soybean microbial community associated
with growth promotion

A mesocosm experiment was conducted to characterize the
soybean-associated microbial community using eld-collected soil
under greenhouse conditions. The experiment utilized the eld soil
obtained from the Doyle Chambers Central Research Station in
Baton Rouge, Louisiana, which showed slightly neutral pH and
contained moderate organic matters (Supplementary Table S1).

Methodology for collecting samples of the root endosphere and
the rhizosphere were conducted following Edwards et al. (2015).
Soil samples from the rhizosphere and the root tissue samples for
the root endosphere were processed for DNA extraction using the
Qiagen PowerSoil® DNA Isolation Kit (Qiagen, USA). The quantity
and quality of the extracted DNA samples were assessed using
NanoDrop 1000 (Thermo Scienti ¢, Wilmington, DE, USA). The

nal DNA samples were sent to either the Genomics Research
Laboratory of the Biocomplexity Institute of Virginia Tech
(Blacksburg, VA, USA) or the Microbiome Services of the
University of Minnesota Genomics Center for sequencing.
Sequencing followed the 16S Illumina Amplicon Protocol from
the Earth Microbiome Project (https://earthmicrobiome.org/
protocols-and-standards/16s/), with ampli cation of the V4 -V5
region of the 16S rRNA gene using the 515F/926R primer pair
(Parada et al., 2016; Quince et al., 2011) and sequencing on the
MiSeq platform (lllumina, Inc., San Diego, CA).

Analysis of microbial community was performed using the
Quantitative Insights into Microbial Ecology (QIIME 2) pipeline
(Estaki et al., 2020). The ‘g2 diversity’ plugin was utilized for
alpha diversity and beta diversity metric calculations after
rarefaction of samples at an even sampling depth. The rarefaction
curves of the microbiome plateau, indicating a suf cient proportion
of diversity represented in the sampling, are presented in
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Supplementary Figure S2. Statistically signi cant differences in
microbial community structure were assessed using permutational
multivariate analysis of variance (PERMANOVA) based on
multivariate distance matrices with 999 permutations. Because
PERMANOVA can be sensitive to differences in within-group
dispersion, we also evaluated the homogeneity of multivariate
dispersions using the permutational analysis of multivariate
dispersions (PERMDISP) test, which formally assesses whether
the average distance of samples to their respective group centroid
is equal across groups. Core microbiome analysis was conducted
using the core function in the R package microbiome (Lahti and
Shetty, 2017). Datasets from QIIME output were further visualized
using microbiomeAnalyst (Chong et al., 2020).

2.6 DNA sequence analysis to characterize
differential abundance patterns of
individual SABB strains within the SBCs
(Set2 and Setm4)

Monitoring individual SABB strains of Set2 and Setm4 in the
soybean microbiota was conducted based on sequence-read
similarities. Prior to seed treatment, a portion of each SBC,
prepared with pure-cultured SABB, underwent the same
procedure to obtain the amplicon sequence pro le corresponding
to the same V4-V5 region. This pro le served as a reference
sequence, indicating the original composition of the SBC and
facilitating the identi cation of its SABB components in the
microbiome sequences. The ‘species’ instead of ‘genus’ taxonomic
rank was chosen to identify the SABB strains of the SBC treated
based on the sequence read, with the highest sequence similarity in
the microbiome.

2.7 Statistical analysis

Differential abundance of bacterial species was determined
using DESeq?2 package in R (Love et al., 2014). Random Forest
(RF) in R package was used to nd the most signi cant taxa in the
microbiome (Liaw and Wiener, 2002).

The co-occurrence network analysis was performed using the
eigraph” package in R (Csardi and Nepusz, 2006). Correlation
between two amplicon sequence variants (ASVs) was considered
statistically signi cant at > 0.6 of Spearman’s correlation coef cient
(rs) and <0.01 of the p value (Barberan et al., 2012; Junker and
Screiber, 2008; Ju et al., 2014). Benjamini-Hochberg standard false
discovery rate correction method was performed using multiple
correction to adjust the p values and reduce the chance of obtaining
false-positive results (Benjamini and Hochberg, 1995). Topological
properties and statistical analyses were calculated with R using
vegan (lhaka and Gentleman, 1996) and Hmisc (Harrell, 2008)
packages. The network was visualized using Gephi platform (http://
gephi.github.io/) (Bastian et al., 2009). Bacterial co-occurrence
interaction patterns were determined using a python script
previously developed by Ju and Zhang (2015).
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3 Results

3.1 Selection of soybean-associated
bene cial bacteria

A total of 1,740 bacterial isolates were obtained from the root
endosphere and the rhizosphere of soybean plants. Of these
‘soybean-associated bacteria (SAB)’, 345 isolates were screened as
‘soybean-associated bene cial bacteria (SABB)’ based on their
antifungal and other bene cial activities (Figures 1A, B). This
culture collection included 141 isolates that inhibited Rhizoctonia
solaniin culture (41%), 104 isolates that promoted seedling growth
(30%), 279 isolates that could x nitrogen (81%), 266 isolates that
produced IAA (77%), 41 isolates that produced siderophore (12%),
41 isolates that produced amylase (12%), and 14 isolates that
solubilized phosphate (4%). Some of these isolates exhibited
multiple bene cial traits. Speci cally, 49 isolates (14.2%) exhibited
nitrogen xation, 1AA production, and siderophore synthesis. A
broader range of activities was observed in 43 isolates (12.46%),
which combined nitrogen xation, IAA production, amylase
activity, siderophore synthesis, and antifungal properties.
Additionally, 41 isolates (11.88%) exhibited nitrogen xation and
IAA production. Furthermore, 26 isolates showed nitrogen xation,
IAA production, and siderophore synthesis along with amylase
activity, whereas 25 isolates displayed the same traits but lacked
amylase activity. Notably, strains belonging to the genera Bacillus,

10.3389/fpls.2025.1729743

and Set3: Setm1 through Setm4, were also evaluated to get minimal
sets having maximum ef cacy, and Setm4 was chosen along with
Set2 for further analyses due to its highest growth-promoting
ef cacy among the four subsets tested (Supplementary Figure S4).

Nodulation assessments using a WinRHIZO root scanner
(Regent Instruments Inc., Canada) revealed that Set2- or Setmé4-
treated plants showed a signi cantly greater number of nodules
compared to the non-treated group, with Setm4 being more
effective than Set2 in promoting nodule formation (Figure 2E).
The number of nodules per plant showed a signi cant correlation
with overall plant growth (Spearman correlation rs= 59%,
p = 0.0103). In the eld condition, plants grown from seeds
treated with Set2, Setmd4, or a commercial seed-treating product
(Comm FC) exhibited signi cantly higher yields (p < 0.05) than
those from untreated seeds (Figure 2F).

3.3 Effect of SBCs on disease resistance to
R. solani

The SBCs tested for growth-promoting activities, Setl to Set3 and
Setm1 to Setm4, were also further evaluated under controlled growth
chamber conditions for their ef cacy in defense enhancement
through inoculation with the fungal pathogen Rhizoctonia solani
(Figures 3A, B). Soybean seedlings were inoculated at the cotyledon
or VC stage (4 days after emergence). Among all treatments, Set2 and

Pseudomonas, Streptomycesgi®biacter, Kosakonia, LeclerciaSetm4 signi cantly enhanced seedling growth by 45 —57% with two-

Ensifer, Rhizobiumand Achromobactedemonstrated multiple
bene cial traits. These strains were preferentially included in SBC
construction to maximize synergistic effects among different plant
growth-promoting traits (Figure 1C). Nevertheless, none of these
SABB exhibited consistent growth-promoting activity alone
through seed treatment in greenhouse or eld conditions. Thus,
we designed a series of SABB mixtures to test if multiple SABB
strains would show synergistic or additive effects on the tness of
soybean plants collectively. SABB mixtures were formulated with
SABB strains that are compatible with each other based on the co-
culture compatibility assay (Supplementary Table S2). We used
Bacillus Pseudomonasind Enterobactestrains as base strains
because of their strong antifungal and other bene cial activities.
The SABB mixtures tested were composed of 5-23 selected SABB
strains (Supplementary Table S3; Supplementary Figure S3), and
from this point we use the term ‘synthetic bacterial community
(SBC)’ for the SABB mixtures used in this study.

3.2 Effect of SBCs on soybean growth and
yield

In greenhouse trials using the natural eld soil from the eld at
the Doyle Chambers Central Research Station (Baton Rouge,
Louisiana, USA), all three initial synthetic bacterial communities
(SBCs), Set-1, Set-2, and Set-3, demonstrated signi cant growth
promotion in biomass and yield (Supplementary Table S3;
Supplementary Figure S4; Figures 2A-D). Subsets of Setl, Set2,
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fold increase in biomass (p < 0.05) and improved root development
with reduced root rot lesions by 53 —61% compared to the untreated
control (p < 0.0001) (Figures 3A, B). Suppression of lesion
development by Set2 and Setm4 treatments was also observed in
additional greenhouse experiments (Figure 3C). No signi cant
difference was observed between Set2 and Setmd4, indicating that
both seed treatments were equally effective in suppressing lesion
development caused by R. solaniFigure 3C).

3.4 Effects of bacterial seed treatments on
soybean development under abiotic
stresses

Growth responses of soybean plants to drought stress were
evaluated in terms of shoot and root development across Set2,
Setm4, and untreated controls as shown in Figure 4. Before
imposing drought condition (0 days of drought), SBC treatments
resulted in no signi cant differences in shoot length (p = 0.156),
while Setm4-treated seedlings exhibited a signi cantly longer root
system than controls (p < 0.001) (Figure 4A). Under moderate
drought stress (4 days), shoot lengths remained similar across
treatments (p = 0.225). In contrast, root development was
enhanced signi cantly in seedlings treated with Set2 and Setm4
compared to untreated controls (p < 0.001) (Figure 4A). Under a
prolonged drought condition (7 days), effects of SBC treatments
became more pronounced. Set2- and Setmé4-treated seedlings
showed signi cantly longer shoot length (p = 0.010) and root
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FIGURE 1

italicized because their font style is xed in the output images.

Bene cial activities and taxonomic groups of soybean-associated bene cial bacteria (SABB) identi ed in this study. (A) Antifungal activities against
Rhizoctonia solani, (B) Bene cial activities for plant growth: (from left to right) indole acetic acid (IAA) production, nitrogen xation, phosphate
solubilization, siderophore production, and starch hydrolysis. (C) Classi cation of SABB at the genus level. The phylogenetic tree was constructed
based on 16S rRNA genes using Randomized Axelerated Maximum Livelihood (RAXML). Scienti ¢ names embedded within the panel (C) are not

length (p < 0.001) compared to untreated controls, which were
nearly collapsed by dryness (Figures 4A, B). Effects of SBC
treatments on drought tolerance were also supported by the
biomass data of individual plants in fresh and dry weights
(Supplementary Figure S5).

Growth responses of soybean plants to ooding stress were also
evaluated in terms of shoot and root development across Set2,
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Setm4, and untreated controls as shown in Figure 5. Before
imposing a ooding condition (0 day), bacterial treatments
showed no signi cant differences in shoot length (p = 0.121), and
root length differences were also not signi cant (p = 0.557)
(Figure 5A). Under moderate ooding stress (4 days), shoot
lengths remained similar across treatments (p = 0.861)
(Figure 5A). However, root length was signi cantly enhanced in
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