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ARTICLE INFO ABSTRACT
Keywords: Microbial inoculation stands as a pivotal strategy, fostering symbiotic relationships between beneficial micro-
Common bean organisms and plants, thereby enhancing nutrient uptake, bolstering resilience against environmental stressors,

Microbial ecology
16S rRNA
ITS

and ultimately promoting healthier and more productive plant growth. However, while the advantageous roles of
inoculants are widely acknowledged, the precise and nuanced impacts of inoculation on the intricate interactions
of the rhizosphere microbiome remain significantly underexplored. This study explores the impact of bacterial
inoculation on soil properties, plant growth, and the rhizosphere microbiome. By employing various bacterial
strains and a synthetic community (SynCom) as inoculants in common bean plants, the bacterial and fungal
communities in the rhizosphere were assessed through 16 S rRNA and ITS gene sequencing. Concurrently, soil
chemical parameters, plant traits, and gene expression were evaluated. The findings revealed that bacterial
inoculation generally decreased pH and V%, while increasing H+Al and m% in the rhizosphere. It also decreased
gene expression in plants related to detoxification, photosynthesis, and defense mechanisms, while enhancing
bacterial diversity in the rhizosphere, potentially benefiting plant health. Specific bacterial strains showed varied
impacts on rhizosphere microbiome assembly, predominantly affecting rhizospheric bacteria more than fungi,
indirectly influencing soil conditions and plants. Notably, Paenibacillus polymyxa inoculation improved plant
nitrogen (by 5.2%) and iron levels (by 28.1%), whereas Bacillus cereus boosted mycorrhization rates (by 70%).
Additionally, inoculation led to increased complexity in network interactions within the rhizosphere (~15%),
potentially impacting plant health. Overall, the findings highlight the significant impact of introducing bacteria
to the rhizosphere, enhancing nutrient availability, microbial diversity, and fostering beneficial plant-microbe
interactions.

1. Introduction ecological interactions can be negative, neutral, or positive, including
communities of microorganisms in the rhizosphere soil. Beneficial in-

During their life cycle, plants establish relationships with microor- teractions involve microorganisms aiding plant establishment and de-
ganisms in their environment, which are essential for their survival in a fense, by solubilizing nutrients, mineralizing organic compounds,
highly variable and competitive ecosystem (Imam et al., 2016). These producing phytohormones, and inhibiting pathogens. Conversely,
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negative interactions involve phytopathogenic microorganisms causing
damage and economic losses through various attack strategies and
preferences for specific target tissues (Santoyo, 2016; Wang, 2022).

The beneficial interactions have attracted significant research in-
terest as they can lead to improved fitness and agricultural productivity
(Compant et al., 2019). Microbial interactions are most pronounced in
the rhizosphere, which is the soil region strongly influenced by roots and
characterized by high microbial activity (Philippot et al., 2013). This
proximity and the release of root exudates foster a thriving microbial
community, leading to enhanced nutrient acquisition (Mendes et al.,
2014), improved tolerance to abiotic stresses (Yang et al., 2009), and
heightened protection against pathogens (Chapelle et al., 2016; Mendes
et al., 2018, 2023). The rhizospheric effect is influenced by factors such
as plant species, genotypes, developmental stages, and soil’s physical
and chemical properties (Araujo, 2019; Moroenyane et al., 2021; Sousa
et al., 2020). These factors result in variations in the composition of root
exudates, which directly impact the behavior of the microbial commu-
nity in the rhizosphere, selectively attracting beneficial microorganisms
(Berg and Smalla, 2009; Canarini, 2019; Williams, 2022).

Considering population growth projections and the need to boost
agricultural output, employing microorganisms as bioinoculants has
shown significant effectiveness (Suman, 2022). These bioinoculants not
only enhance productivity and sustainability but also reduce reliance on
mineral fertilizers (Bomfim et al., 2021). By harnessing the beneficial
interactions between microorganisms and plants, bioinoculants
contribute to a more sustainable and ecologically friendly agricultural
management approach. Among the bacterial strains used as inoculants,
the genera Bacillus and Paenibacillus are prominent bacterial strains with
significant biotechnological potential as Plant Growth-Promoting Rhi-
zobacteria (PGPR). The genus Paenibacillus comprises species that pro-
mote plant growth through various mechanisms, including the
production of indole-3-acetic acid (IAA) and other auxins, the solubili-
zation of inaccessible phosphorus into more labile forms, and some
species are capable of atmospheric nitrogen fixation (Singh, 2018). The
genus Bacillus contributes to the maintenance of plant health, develop-
ment, and growth by inducing resistance pathways and producing hor-
mones such as auxins, gibberellins, and cytokinins (Tsotetsi et al., 2022).
These bacteria can also stimulate symbiosis with other beneficial mi-
croorganisms, enhancing, for example, endo- and ectomycorrhizal
infection (Medina, 2003). Furthermore, Brevibacillus has been recog-
nized for its multifaceted roles as plant growth-promoting bacteria,
exhibiting nitrogen-fixing abilities, and demonstrating efficacy in soil
bioremediation by removing toxic heavy metals from soils, water, and
the atmosphere (Nehra et al., 2016). Accordingly, PGPR can be effec-
tively employed as inoculants, either independently or in combination
with other bacterial or fungal strains, to enhance plant growth (Gos-
wami et al., 2016). This application demonstrates the recognized and
developing importance of PGPR in biotechnology, offering solutions to
challenges in food production based on a long history of successful use.

While the advantageous impacts of PGPR as bioinoculants are well-
documented, the nuanced effects these inoculants have on the rhizo-
sphere microbiome warrant further exploration. Given the critical role
of the plant microbiome in supporting plant health and growth, intro-
ducing inoculants represents a pivotal area of study for understanding
and potentially optimizing microbial community interaction within the
rhizosphere. This alteration can lead to increased plant growth by
enhancing the complexity of microbial interactions in the rhizosphere.
This study hypothesizes that the application of different bacterial strains
as inoculants induces distinct changes in the composition of the rhizo-
sphere microbiome, resulting in positive, neutral, or negative impacts on
the community, ultimately influencing plant health and growth. The
observed effects can be either direct, influenced by the inoculated or-
ganism itself, or indirect, through modulation of the microbiome. A
comprehensive assessment of the rhizosphere microbiome of common
bean was conducted using the bacterial 16 S rRNA gene and the fungal
ITS to evaluate the impact of plant growth-promoting rhizobacteria
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(PGPR) on plant growth and the interactions of the microbiome.
2. Materials and methods
2.1. Rhizobacteria strains and inoculum preparation

Ten bacterial strains (Table S1) belonging to the Cellular and Mo-
lecular Biology Laboratory (CENA/USP) were used in this study. The
strains were isolated from the rhizosphere of common bean cultivars
with different levels of resistance to Fusarium oxysporum, grown in
Amazonian dark earth soils (Mendes et al., 2019), and taxonomically
classified as belonging to the genera Bacillus, Paenibacillus, Fictibacillus,
and Brevibacillus (Pellegrinetti et al., 2023, 2024). Previous tests showed
that four of these isolates (Brevibacillus agri CENA-BCMO005, Bacillus ce-
reus CENA-BCMO007, Paenibacillus polymyxa CENA-BCMO009, and Paeni-
bacillus polymyxa CENA-BCMO010) have growth-promoting potential,
and were selected for evaluation in greenhouse experiments. Before
preparing the inoculation treatment with the strains, compatibility
among the candidate strains to compose the bacterial consortium was
confirmed using a synergy assay following the streak plate dilution
method. The isolates were considered compatible when no growth in-
hibition was observed when cultivated on the same plate (Figure S1).
The compatible strains were: CENA-BCMO001, CENA-BCMO004,
CENA-BCMO006, CENA-BCMO007, and CENA-BCMO008. For the start of in
vivo analyses, the chosen isolates were revived on KING agar culture
medium, and subsequently transferred to 50 mL of KING liquid culture
medium, based on the time stipulated by the bacterial growth curve (at
the concentration of 108 CFU/mL, verified by ODeco = 1.4 for Bacillus
and Brevibacillus, and ODeco = 1.5 for Paenibacillus; Figure S2). The
cultures were incubated at 28 °C with constant agitation at 130 rpm.
Bacterial cells were harvested by centrifugation for 10 minutes and then
resuspended in 50 mL of sterile Phosphate-Buffered Saline solution
(PBS). The draft genome and raw reads of the strains are submitted to
the NCBI Sequence Read Archive under the identification BioProject
PRJNA988090.

2.2. Bioassay and experimental design

Soil samples were collected from the 0-20 cm layer in an agricultural
experimental area at the “Luiz de Queiroz” College of Agriculture
(ESALQ/USP, Piracicaba, Brazil), located in Sertaozinho Farm
(22°43°01.6" S and 47°36°49.0" W). The soil in the area is classified as a
medium-textured Red-Yellow Latosol. The physical and chemical soil
attributes were determined based on 500 g of soil sent for analysis, and
the results are described in Table S2. The sampled soil was sieved
through a 4 mm mesh, and pH was corrected with lime reaching 70%
base saturation. To adjust the soil fertility, basal fertilization was carried
out following the recommendations for common bean cultivation in the
state of Sao Paulo and pot cultivation (Novais et al., 1991; Raij et al.,
1997), considering the soil’s chemical attributes. The soil was fertilized
with 10 g per pot using a 04-14-08 NPK formulation as a source of
macronutrients.

To analyze the influence of bacterial strain inoculation on the growth
of common bean plants, nutrient availability, and rhizosphere microbial
communities, the treatments consisted of plants without bacterial
inoculation (Control); inoculation with Brevibacillus agri CENA-BCM005
(T1); Bacillus cereus CENA-BCMO007 (T2); Paenibacillus polymyxa CENA-
BCMO009 (T3); Paenibacillus polymyxa CENA-BCMO010 (T4); and the
Synthetic Community (SynCom, composed of P. vini CENA-BCMO001,
Fictibacillus sp. CENA-BCMO004, P. polymyxa CENA-BCMO006, B. cereus
CENA-BCMO007, and P. polymyxa CENA-BCMO008)(Table S1). Common
bean seeds (Phaseolus vulgaris L.) of the cultivar IAC Milénio (Carbonell
et al.,, 2014) were used in the experiment. Mesocosms were set up in
polyethylene pots (30 cm height x 20 cm diameter) and approximately
7 kg of soil was used to fill the pots. Briefly, the seeds were carefully
disinfested in a 10% NaClO solution and 70% alcohol for 2 minutes,
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followed by rinsing with distilled water. Seed inoculation was per-
formed for 2 minutes under manual agitation, using the inoculum so-
lution (108 CFU mL 1) at a dose of 1 mL per seed, while seeds in the
Control treatment received only PBS Buffer solution without inoculum.
Three seeds were sown per pot, and thinning was performed 20 days
after planting, leaving only one plant per pot. The pots were arranged in
a completely randomized design, with 4 replicates of each treatment,
including four isolates, the SynCom, a control treatment with plants, and
a control treatment without plants (bulk soil). Fifteen days after sowing,
1 mL of the inoculants was re-inoculated at the base of the plant stems to
reinforce the inoculation. The Control pots received the same amount of
PBS Buffer solution. Weeds were manually removed, and the soil
moisture in the pots was maintained at 80% of field capacity, ceasing
one day before dismantling to facilitate soil collection.

2.3. Plant growth parameters and rhizosphere sampling

The plants were collected at the R1 stage (early flower) at 35 days.
Initially, measurements of stem diameter, plant height, and leaf area
were taken. Subsequently, the third trifoliate leaf of each plant was
collected for gene expression analysis and stored in an ultrafreezer at
—80°C. The plants were carefully removed from the pots and the roots
were shaken to remove the loose soil and the firmly attached soil,
considered to be rhizosphere soil, was collected with a sterile spatula.
Soil samples collected from the pots without plants were considered bulk
soil. The bulk soil and rhizosphere samples were stored at —80°C until
further processing. For soil chemical analysis, approximately 100 g of
soil was collected from the pots and stored in sealed bags. For soil
enzyme analysis (arylsulfatase, B-glucosidase, and acid phosphatase),
approximately 30 g of soil was collected and kept refrigerated until the
analyses were performed. The delicate roots were separated for
mycorrhizal colonization analysis and stored in an FAA solution (Acetic
Acid: Alcohol: Formaldehyde, in a ratio of 5%:50%:10% + 35% water).
At the end of the experiment, root length, above-ground dry mass, and
root dry mass were evaluated.

2.4. Soil enzymatic activity and mycorrhizal colonization

The activity of p-glucosidase was determined following the method
described by Tabatabai (1994). Briefly, 1.0 g of soil was treated with
p-nitrophenyl p-glucopyranoside and incubated for one hour at 37 °C.
Subsequently, the activity of f-glucosidase was measured by spectro-
photometry at 410 nm. The activity of acid phosphatase was determined
according to Tabatabai and Bremner (1969). In summary, 1.0 g of soil
was incubated with disodium phosphate p-nitrophenyl as the substrate
and incubated for one hour at 37 °C. Afterward, the activity was
quantified by spectrophotometry at 420 nm. The activity of arylsulfatase
was determined according to Spencer (1958). For this, 1.0 g of soil was
treated with a potassium p-nitrophenyl sulfate solution and incubated at
37 °C for one hour.

For the analysis of mycorrhizal colonization, the roots were treated
with a 10% KOH solution for 30 minutes at 90 °C and then washed and
incubated in a 0.3 M HCI solution for 30 minutes. Subsequently, a 0.5%
dilution of Parker Quink Washable Blue ink (in a ratio of 1:10) was
added and the roots were incubated for 8 minutes at 90 °C. The dye was
removed, and the roots were transferred to slides containing 50%
glycerol. The roots were arranged linearly on microscope slides, with ten
root fragments per slide. Each fragment was divided into ten parts to
facilitate the visualization of the presence or absence of mycorrhizal
fungi. The roots were observed and photographed using a Zeiss AXIO
Zoom V16 stereoscopic microscope.

2.5. Foliar nutritional analysis

For the evaluation of foliar macro and micronutrients, common bean
leaves were air-dried and ground in a Wiley mill with a 1 mm sieve (20
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mesh). The samples were then sent to the Laboratory of Plant Nutrition
at the Faculty of Engineering of Ilha Solteira, Sao Paulo State University
"Jalio de Mesquita Filho" (UNESP), for nutritional analysis. The contents
of P, K, Ca, S, Mg, B, Cu, Fe, Mn, and Zn were determined using ICP-MS.
The total N content was determined through sulfuric digestion and
Kjeldahl distillation (Malavolta et al., 1997).

2.6. Foliar RNA extraction and gene expression analysis

Frozen common bean leaves were macerated in liquid nitrogen and
stored in an ultra freezer at —80°C until further processing. Total RNA
from the plant material was extracted using the SV Total RNA Isolation
System kit (Promega, Madison WI, USA), following the manufacturer’s
instructions. The quality and purity of the isolated total RNA were
analyzed using a spectrophotometer (NanoDrop 2000c¢) and its integrity
was verified by 1.5% agarose gel electrophoresis (Figure S3). Subse-
quently, 1 pg of total RNA was used for cDNA synthesis. Reverse tran-
scription was performed using the SuperScript III First-Strand Synthesis
SuperMix kit (Invitrogen®, Waltham MA, USA), with Oligo(dT)20 as the
primer, following the manufacturer’s protocol.

To evaluate relative gene expression, the product of the first-strand
cDNA reaction was diluted 1:45 in nuclease-free water. Gene expres-
sion was assessed in common bean leaves subjected to six treatments
(Control, T1, T2, T3, T4, and SynCom). Primers were selected based on
gene expression studies in common beans, with actin (ACT) as the
reference gene, and the target genes were chlorophyll a/b-binding proteins
(CAB), 2,4-D inducible glutathione S-transferase (GST), and WRKY tran-
scription factors (WRKY) (Table S3). Primer efficiencies were estimated
for each experimental set using the LinRegPCR program (Untergasser
et al., 2021), and the obtained values were used in subsequent analyses.
Real-time quantitative PCR (qPCR) analyses were conducted using a
StepOnePlusTM Real-Time PCR System (Applied Biosystems, Waltham
MA, USA). The reaction mix was prepared as follows: 2.8 pl of diluted
cDNA (1:50), 5 pl of SYBR Green Master Mix PowerUp, 0.5 pl (5 pmol) of
each primer, 0.2 pl of BSA, and 1 pl of nuclease-free water in a final
volume of 10 pl. The amplification conditions consisted of an initial
denaturation at 95°C for 10 min, followed by 40 cycles of 15 s dena-
turation at 95°C, 30 s annealing at 60°C, and 30 s extension at 72°C
(with data collection). The melting curve analysis involved denaturation
at 95°C for 15 s, and annealing at 60°C for 1 min, with data collection
during annealing and extension for every 0.7°C increase (from 60°C to
95°C). On each plate, in addition to the reference gene (ACT), the target
genes, and negative controls were included. The results of the analyses
were recorded at each amplification cycle using StepOneTM Software
version 2.2.2. The amplification curves of each gene-+tsample were
analyzed, ensuring that the technical replicates had Ct differences
smaller than 0.5. Additionally, the melting curves for each gene+sample
were examined to observe the specificity of the reactions (Figure 54).

2.7. Soil DNA extraction, sequencing, and data processing

Total DNA extraction from bulk soil and rhizosphere samples was
carried out using the DNeasy PowerSoil® Kit (MoBio Laboratories,
Carlsbad, CA, USA), according to the manufacturer’s protocol. Mea-
surements of DNA quality and quantity were performed by 1% sodium
boric acid agarose gel electrophoresis and NanoDrop 1000 spectropho-
tometer (Thermo Scientific, Waltham, EUA). For taxonomic profiling, a
total of 56 DNA samples were sequenced, which includes 7 treatments
(bulk soil, control, and 5 inoculated) x 4 replicates per treatment x 2
genes (16 S and ITS). The sequencing targeted the bacterial V3-V4 re-
gion of the 16 S rRNA gene with the primers 341 F (5-
CCTAYGGGRBGCASCAG-3) e 806 R (5-GGACTACNNGGGTATCTAAT-
3) (Yu et al., 2005), and the fungal ITS region with the primers
ITS5-1737 F (5-GGAAGTAAAAGTTCGTAACAAGG-3) e ITS2-2043R
(5-GCTGCGTTCTTCATCGATGC-3) (Bellemain et al., 2010) on an Illu-
mina Miseq Sequencing System (Illumina, San Diego CA, USA)
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according to the company’s protocol (Novogene Corporation Inc, Sac-
ramento CA, USA).

The sequences obtained from 16 S rRNA and ITS were preprocessed
using the QIIME2 v2021.11 software (Bolyen et al., 2019). The files
containing the forward and reverse sequences were merged using the
PEAR software (Zhang et al., 2014). Then the sequences were demulti-
plexed and quality control was carried out using DADA2 (Callahan et al.,
2016), using the consensus method to remove any remaining chimeric
and low-quality sequences (< q20). The 16 S rRNA sequencing approach
generated approximately 4547,000 reads with <10% of chimera. After
trimming, 3320,643 high-quality sequences remained with an average
of 118,600 sequences per sample. Afterward, samples were rarefied to
99,430 sequences, following the number of the lowest sample, and
singletons and doubletons were removed. For the ITS, the sequencing
generated approximately 3397,000 reads with 2928,016 high-quality
sequences after trimming, with an average of 104,572 sequences per
sample. Afterward, samples were rarefied to 50,680 sequences,
following the number of the lowest sample, and singletons and dou-
bletons were removed. Taxonomic classification of the 16 S rRNA region
was performed using QIIME2, using the qiime-feature-classifier tool
trained with the SILVA database version 132 (97%) (Quast et al., 2012).
For the ITS region, classification was performed using the UNITE 9.0
database (Nilsson et al., 2018). The sequences are submitted to the NCBI
Sequence Read Archive under the identification BioProject
PRJINA1054175.

2.8. Data analysis

For statistical analysis of gene expression, the raw amplification data
were exported in RDML format and analyzed using the LinRegPCR
program (Untergasser et al., 2021), which corrected the baselines for
each gene+sample. The program generated linear regression data to
obtain Ct values for each sample (the number of cycles required for the
fluorescent signal to reach the detection threshold) and calculate Effi-
ciency (E) values for each gene. Gene expression data and statistical
analyses were performed using the REST (Relative Expression Software
Tool) program (Pfaffl et al., 2002), where p< 0.05* and p<0.01**
indicated treatments that significantly differed from the Control
treatment.

The data from plant biometric analyses, soil and plant chemistry, and
enzyme assays were subjected to the Shapiro-Wilk test for normality and
Levene’s test for homoscedasticity. All statistical analyses were per-
formed using the R software. The variation of these data compared to the
Control and their respective significances were obtained using the
ExpDes.pt package, which performs ANOVA with post-hoc tests using
the Tukey test. The community structures of bacteria and fungi were
evaluated using redundancy analysis (RDA) with Bray-Curtis distance
for microbiological variables and Euclidean distance for environmental
variables. The environmental variables with the greatest influence on
community structure were selected using the Vegan package with the
envfit function. The RDA ordination plot was generated using the
microeco and ggplot2 packages for R. To test the significant difference in
functional profiles among different treatments, the PERMANOVA test
(Anderson, 2001) was used. Richness and alpha diversity (Shannon
index) analyses were calculated using the microeco package and tested
for differences among treatments using ANOVA. To explore the re-
lationships between the relative abundance of microbial groups at the
phylum level and plant properties, Spearman’s rank correlation co-
efficients were calculated using the 'multtest’ package in R, with cor-
rections applied using the Benjamini-Hochberg FDR method.

Differential abundance between the inoculated treatments and the
Control was obtained using the two-sided Welch’s t-test with the STAMP
software (Parks et al., 2014). Network analysis was performed using the
abundance tables of bacteria and fungi (asv_table) in the microeco
package, using the trans_network function with parameters: cor_method
= "sparcc", sparcc_method = "SpiecEasi", filter_thres = 0.0005. The
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network was generated using the cal_network function with parameters:
COR_p_thres = 0.001 and COR_cut = 0.8. Finally, the networks were
generated and saved in "gexf" format to be plotted in the Gephi software
(Bastian and Jacomy, 2009). In Gephi, the Fruchterman Reingold layout
was selected, node size represents the number of interactions of each
ASV (average_degree), and the color of each node represents the do-
mains "Bacteria" and "Fungi". The color of each edge is represented in
blue for positive correlations and red for negative correlations. Network
statistics were generated by the Gephi software.

3. Results

3.1. Effect of the rhizosphere and microbial inoculation on soil chemical
properties

Comparing bulk soil with the rhizosphere, it was observed that the
values of sulfur (S), pH, and base saturation (V%) were higher in the
bulk soil. On the other hand, the rhizosphere soil exhibited higher levels
of aluminum saturation percentage (m%) and potential acidity (H+Al).
Additionally, organic matter content varied among the treatments
(Table S2). Analyzing the impact of inoculation on the chemical pa-
rameters of rhizosphere soil, it was observed that pH and V% tended to
decrease in the inoculated treatments. Specifically, the treatment with
SynCom exhibited lower pH, while plants inoculated with B. cereus
CENA-BCMO007 (T2) showed lower V% compared to the control (P <
0.05). Conversely, inoculation tended to increase H4+-Al and m%, with
the inoculation of P. polymyxa CENA-BCMO010 (T4) resulting in higher
H+Al compared to the control (P < 0.05). The analysis of soil enzymatic
activity showed significant differences only for the acid phosphatase in
the interaction between the inoculated and non-inoculated treatments,
while no significant differences were observed for the $-glucosidase and
arylsulfatase enzymes (Table 54).

3.2. Effect of microbial inoculation on plant parameters

The growth parameters of the evaluated plants did not show a sig-
nificant difference between the control and the inoculated treatments (P
> 0.05, Table S5). Significant differences were observed in the leaf
chemistry analysis for Nitrogen (N), Magnesium (Mg), Copper (Cu), and
Iron (Fe) among treatments (P < 0.05) (Table S6). Inoculation with
P. polymyxa CENA-BCMO010 (T4) exhibited the highest concentrations of
N (54.0 g Kg 1), while inoculation with P. polymyxa CENA-BCMO009 (T3)
showed the lowest concentrations (49.5 g Kg ™%, P < 0.05). Similarly, for
Mg, the treatment with P. polymyxa CENA-BCMO010 (T4) had the highest
foliar content (6.8 g Kg_l, P < 0.05). In terms of Cu leaf content,
P. polymyxa CENA-BCMO009 (T3) and the SynCom had the highest values
(43.8 and 45.3 mg Kg ™}, respectively, while for Fe, the treatments with
P. polymyxa (T3 and T4) showed higher values (191.2 and 189.8 mg
Kg !, respectively). Overall, it is evident that the inoculation with the
Paenibacillus polymyxa yielded the best results for foliar nutrition
(Table S6).

The relative expression of the CAB, GST, and WRKY genes in plant
leaves following inoculation with different isolates was then evaluated
(Figure S5). The findings indicated consistent down-regulation of the
CAB and GST genes across all treatments. Moreover, repression of the
WRKY gene was noted in treatments with B. agri CENA-BCMO005 (T1), P.
polymyxa CENA-BCMO010 (T4), and SynCom. Notably, a significant up-
regulation of the WRKY gene was observed in treatments with B. cereus
CENA-BCMO007 (T2) and P. polymyxa CENA-BCMO009 (T3), which did
not differ from the Control.

An assessment of the symbiosis between plant roots and mycorrhizal
fungi, essential for plant nutrition and development, was also conduct-
ed. The presence of mycorrhizae on the roots was confirmed through
microscopic observation of stained mycorrhizal structures (hyphae) in
all plants (Figure S6). The inoculation distinctly affected the mycorrh-
ization rate among the treatments, with the highest mycorrhization rate
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observed in plants inoculated with B. cereus CENA-BCMO007 (T2)
(Figure S6C).

3.3. Effects of rhizobacteria inoculation on the prokaryotic rhizosphere
microbiome assembly

After performing quality trimming, approximately 3.33 million 16 S
rRNA sequences were obtained, and a total of 14,933 prokaryotic
Amplicon Sequence Variant (ASVs) were identified at a 97% sequence
similarity threshold. Taxonomic classification at the phylum level
showed that samples were dominated by Actinobacteria (40.6% of all
sequences), followed by Proteobacteria (28.1%), Firmicutes (17%),
Acidobacteria (4.7%), Chloroflexi (2.8%), Gemmatimonadetes (1.9%),
and Bacteroidetes (1.7%) (Fig. 1A). The phylum Actinobacteria was
more abundant in the rhizosphere after the inoculation of B. agri CENA-
BCMO005 (T1), P. polymyxa CENA-BCMO010 (T4), and SynCom, while
Proteobacteria was more abundant in the rhizosphere of the Control
treatment (P < 0.05). Upon examining diversity measurements, it was
found that prokaryotic richness did not exhibit significant differences
among the treatments. However, diversity increased in the rhizosphere
after the inoculation (Fig. 1B).

The RDA analysis was conducted to investigate the structure of
prokaryotic communities and their correlation with soil characteristics
and plant parameters, as shown in Fig. 1C. The results demonstrated that
the microbial inoculation with a single strain acted as a driver for the
rhizosphere microbial community structure. The first two axes of the
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RDA explained 68% of the data variation, and significant differences
were observed between the inoculated and non-inoculated groups.
Additionally, differences were found between Bulk soil and rhizosphere
samples. The structure of the rhizosphere bacterial community in the
Control strongly correlated with soil pH and Zinc. Conversely, the bac-
terial community in the inoculated treatments showed correlations with
plant height, root length, and foliar content of magnesium, boron, and
phosphorus. To conduct a more detailed analysis, the Bulk soil samples
were excluded from the analysis, and each inoculated treatment was
compared to the Control using Principal Coordinates Analysis (PCoA)
with Bray-Curtis distance (Fig. 1D). The results revealed a significant
effect of inoculation on the community structure in the rhizosphere
across all treatments (P < 0.05). However, the treatment with B. cereus
CENA-BCMO07 (T2) exhibited a less pronounced difference in commu-
nity structure compared to the Control (P = 0.084).

To investigate changes in community composition, a differential
taxonomic abundance analysis was conducted at the ASV level,
revealing specific differences in bacterial abundances between the Bulk
soil and treatments with and without bacterial inoculation in the
rhizosphere (Fig. 2A). For instance, Cluster II comprises 44 ASVs
significantly more abundant in the Bulk soil (P < 0.05), while the other
clusters exhibit ASVs enriched in the rhizosphere. For example, Cluster
IV shows 14 ASVs enriched in the SynCom treatment, and clusters I, II,
and V display ASVs enriched in treatments with a single bacterial strain
inoculation. This analysis primarily indicates a rhizospheric effect that
modulates microbial relationships by altering the community’s
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Fig. 1. Prokaryotic community composition, structure, and diversity in bulk soil and rhizosphere of common bean inoculated with different bacterial strains. The
taxonomic profiling was based on the 16 S rRNA gene affiliated to the Silva database at 97% of similarity. (A) Barplot showing the composition at the phylum level.
(B) Richness and diversity measurements based on ASV level. Different lower-case letters indicate significant differences based on Tukey’s HSD test (P <0.05). (C)
Redundancy analysis (RDA) of the prokaryotic community and correlation with plant and soil parameters. (D) Principal coordinate analysis (PCoA) for pairwise
comparison between control and treatments with inoculation using different bacterial strains. The color groups within the plots indicate a grouping based on
PERMANOVA (P <0.05). Root _L.: root length; Mg-L: leaf magnesium; P-L: leaf phosphorus; B-L: leaf borum; Zn-S: soil zinc; pH-S: soil acidity.
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Fig. 2. Prokaryotic community composition in bulk soil and rhizosphere of common bean inoculated with different bacterial strains. The taxonomic profiling was
based on the 16 S rRNA gene affiliated to the Silva database at 97% of similarity. (A) Heatmap showing the differential abundance of ASVs among all treatments. (B)
Pairwise comparison between control and each treatment with inoculation. In all graphs, only significant different ASVs are shown, based on Welch’s t-test with

Benjamini-Hochberg correction (P <0.05).

composition through changes in the abundance of specific microbial
groups. Furthermore, inoculation with different bacterial species also
resulted in differential ASV abundances across various clusters. For a
more comprehensive analysis, a pairwise comparison was conducted
between the Control and the treatments involving inoculation (Fig. 2B-
F). Inoculating with a single microbial species resulted in an increased
abundance of the order Gaiellales and the family Xanthobacteraceae.
Across all inoculated treatments, there was a decrease in the abundance
of the genera Rhizobium and Dyella compared to the Control. Notably,
the groups Bradyrhizobium, Acidobacteriales, and Gemmatimonadaceae
were consistently present in rhizospheric bacterial communities inocu-
lated with P. polymyxa (Fig. 2D-E). When comparing the different
inoculation treatments, distinct profiles emerged between applying a
single strain and a bacterial consortium. The treatment with the SynCom
exhibited an abundance of various organisms, with the genera Nocar-
dioides, Jatrophihabitans, Mizugakiibacter, and Acidibacter being the most
prevalent (Fig. 2F).

3.4. Effects of rhizobacteria inoculation on the fungal rhizosphere
microbiome assembly

After quality trimming, approximately 2.9 million ITS sequences
were obtained, with a total of 2070 fungal ASVs identified at a 97%
sequence similarity threshold. Taxonomic classification at the phylum

level showed that samples were dominated by Ascomycota (69% of the
total sequences), followed by Basidiomycota (21.4%), and Chy-
tridiomycota (1%), with a proportion of unidentified fungal ASVs
(8.4%) (Fig. 3A). The phylum Ascomycota exhibited higher abundance
in the Control, and inoculation with B. cereus CENA-BCMO007 (T2), and
P. polymyxa CENA-BCMO009 (T3). Conversely, the phylum Basidiomy-
cota was more abundant in the rhizosphere under treatments with B. agri
CENA-BCMO005 (T1), P. polymyxa CENA-BCMO010 (T4), and SynCom.
Additionally, the phylum Chytridiomycota was more abundant in the
rhizosphere inoculated with B. agri CENA-BCMO005 (T1) (P < 0.05).
Examining diversity measurements, both richness and diversity varied
between the treatments, with the highest values observed in the rhizo-
sphere inoculated with P. polymyxa CENA-BCMO010 (T4) (Fig. 3B).

The RDA analysis revealed that the inoculation had a lesser effect on
the community structure compared to the prokaryotic community
(Fig. 3C). The first two axes of the RDA explained 76.6% of the data
variation and the comparison between Bulk soil and the rhizosphere of
the Control treatment showed minimal differences in the community
structure. Soil pH exerted a significant influence on the fungal structure
in both the rhizosphere samples, regardless of the inoculation. In a
pairwise comparison between the individual inoculated treatments and
the Control, significant differences in the fungal community structure
were observed only for the treatments involving Paenibacillus polymyxa
(Fig. 3D).
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Fig. 3. Fungal community composition, structure, and diversity in bulk soil and rhizosphere of common bean inoculated with different bacterial strains. The
taxonomic profiling was based on the ITS gene affiliated to the UNITE database at 97% of similarity. (A) Barplot showing the composition at the phylum level. (B)
Richness and diversity measurements based on ASV level. Different lower-case letters indicate significant differences based on Tukey’s HSD test (P <0.05). (C)
Redundancy analysis (RDA) of the fungal community and correlation with plant and soil parameters. (D) Principal coordinate analysis (PCoA) for pairwise com-
parison between control and treatments with inoculation using different bacterial strains. The color groups within the plots indicate a grouping based on PER-
MANOVA (P <0.05). Root _L.: root leagth; Mg-L: leaf magnesium; P-L: leaf phosphorus; B-L: leaf borum; Zn-S: soil zinc; pH-S: soil acidity.
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In terms of the fungal community composition, the impact of bac-
terial strain inoculation on composition was less pronounced compared
to the prokaryotic community, with fewer ASVs responding to the
treatments (Fig. 4A). For instance, Cluster II exhibited an increase in
some ASVs when P. polymyxa and SynCom were applied. Apart from the
rhizospheric effect of the plant, inoculation with different bacterial
species also influenced the abundance of specific ASVs in various clus-
ters within the soil fungal community in the rhizosphere. The pairwise
comparison between the Control and the rhizosphere inoculated with
B. agri (T1) revealed a reduction in the abundance of the genus Saito-
zymas (Fig. 4B), while inoculation with B. cereus (T2) increased its
abundance and reduced the abundance of the genera Lycoperdon,
Dimorphiseta, and Phialocephala (Fig. 4C). The genera Dimorphiseta and
Penicillium were commonly present in the fungal community of rhizo-
spheres inoculated with P. polymyxa (Fig. 4D-E). It is worth noting that
the strain P. polymyxa CENA-BCMO009 reduced the genus Neocosmospora,
while the strain CENA-BCMO010 increased. When comparing P. polymyxa
CENA-BCMO009 and the Control, it can be observed that the strain
increased the abundance of the genera Exophiala, Rhizopus, Candida, and
Westerdykella (Fig. 4D). The treatment with P. polymyxa CENA-BCM010
increased the abundance of the genera Acremonium, Clonostachys,

Control
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Cladosporium, and Gibberella (Fig. 4E). Finally, the treatment with Syn-
Com increased the abundance of certain genera such as Trichoderma and
Clonostachys (Fig. 4F).

3.5. Effects of rhizobacteria inoculation on the rhizosphere microbial
interaction

The analysis of niche occupancy revealed that, in general, the rare
and generalist species surpassed the specialists, as shown in Figure S7.
Moreover, the inoculation of microbial species had a varying impact on
the percentage of specialists in the rhizosphere, resulting in an increase
ranging from 0.6% to 2%, depending on the inoculated species. Notably,
the treatment inoculated with the SynCom exhibited the highest per-
centage of specialists.

Furthermore, to investigate the response of the rhizosphere micro-
biome to microbial inoculation, co-occurrence networks were con-
structed using SparCC correlations. These networks displayed distinct
characteristics among the treatments, with a decrease in community
complexity observed from the bulk soil to the rhizosphere (Fig. 5 and
Table S7). Specifically, the bulk soil presented the highest complexity
(nodes = 550, edges = 2539, average degree = 9.23). Interestingly, the
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Fig. 5. Co-occurrence network analysis of the prokaryotic and fungal communities in bulk soil and rhizosphere of common bean inoculated with different bacterial
strains based on the 16 S rRNA and ITS genes. A connection stands for SparCC correlation with magnitude >0.8 (positive correlation-black edges) or <— 0.8
(negative correlation-red edges) and statistically significant (p <0.01). Each node represents taxa at ASV level, and the size of the node is proportional to the number
of connections (that is, degree). The color of the nodes is based on the betweenness centrality, where darker colors indicate higher values.
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inoculation led to increased complexity in the rhizosphere microbiome,
with the SynCom treatment displaying the highest complexity (nodes =
495, edges = 2358, average degree = 9.52) compared to the Control
(nodes = 425, edges = 1438, average degree = 6.76). Furthermore, the
network analysis unveiled a notable observation regarding the propor-
tion of interactions between fungi and bacteria. While the overall pro-
portion of fungi and bacteria remained relatively stable, the interactions
between these domains varied significantly among different inoculants.
For instance, the inoculation of P. polymyxa and SynCom resulted in
decreased proportions of bacteria-bacteria interactions (48.96%,
59.63%, and 53.15%, respectively). Conversely, fungal-fungal in-
teractions increased in the treatment with P. polymyxa CENA-BCMO009
but decreased in the B. cereus, P. polymyxa CENA-BCMO010, and Syn-
Com treatments (4.69%, 4.69%, and 4.45%, respectively). Finally, it was
observed that the relationship between fungi and bacteria was sub-
stantially modified only in the P. polymyxa CENA-BCMO009 treatment.
These findings highlight that the inoculation of different isolated species
not only influences the structure and complexity of relationships but
also affects the types of interactions between distinct taxonomic
domains.

3.6. Correlation between bacterial community and plant traits

To explore the correlations between specific bacterial groups, mi-
crobial diversity, and community complexity with plant nutrients and
biometrics, all possible Spearman’s rank correlations were computed
(Fig. 6). The results revealed that the majority of bacterial and fungal
phyla exhibited positive correlations with plant parameters (30 positives
and 13 negatives; Fig. 6A). Among these, the phyla demonstrating the
highest number of correlations with plant parameters were Patescibac-
teria (3 positives and 1 negative), Gemmatomonadetes (4 positives), and
Tenericutes (2 positives and 2 negatives). Conversely, the plant
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parameters that displayed the highest number of correlations with mi-
crobial phyla were the content of magnesium (4 positives and 3 nega-
tives), iron (5 positives), and copper (3 positives and 1 negative) in the
leaf, along with total dry mass (4 positives and 1 negative), and stem
diameter (3 positives and 1 negative). Also, given that inoculation
impacted both the diversity and complexity of interactions within the
rhizosphere microbiome, the correlation of these parameters with plant
nutrients and biometrics was verified (Fig. 6B). The results revealed a
positive correlation between diversity and shoot dry mass, total dry
mass, and iron, while an increase in complexity demonstrated a positive
correlation with stem dry mass and magnesium leaf content.

4. Discussion

In this study, the impact of rhizobacteria inoculation on soil prop-
erties, plant growth parameters, and the rhizosphere microbiome was
assessed. The introduction of bacterial species notably influenced soil
pH, leading to observed reductions, especially pronounced with SynCom
inoculation, resulting in increased soil acidity. Various species of PGPR
secrete chelators such as organic acids and siderophores in the rhizo-
sphere, contributing to the lowering of soil pH (Virk et al., 2022).
Additionally, certain bacterial groups release protons during metabolic
processes such as respiration or fermentation. It was also observed that
both inoculated and non-inoculated rhizospheres displayed decreased
base saturation and increased aluminum saturation in the soil. Plant
roots play a pivotal role in modulating rhizosphere properties by
releasing H' ions or organic acids, thus lowering pH and directly
affecting microbial communities and nutrient accessibility (Melo, 2006).
Similarly, bacterial inoculation induces changes in the soil’s chemical
and biochemical parameters by promoting acidification, thereby influ-
encing soil buffering capacity and cation exchange capacity (Zhang
et al., 2009; Miransari, 2011). As expected, the most significant
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differences were observed between Bulk soil and the rhizosphere,
implying that chemical alterations are more closely linked to modifi-
cations induced by plant roots rather than solely the presence of an
inoculant. Moreover, the rhizosphere samples, regardless of inoculation,
notably impacted acid phosphatase activity. This enzyme increases
when phosphorus is lacking in soil, boosting the solubilization and
redistribution of phosphate. In the experiments conducted, inoculants
had minimal influence on solubilization, with no differences observed
between the Control and the treated samples. The acid phosphatase
enzyme, produced by soil microorganisms and plant roots, hydrolyzes
organic phosphates into inorganic forms, thereby enhancing plant
nutrient accessibility. Its effectiveness is higher in acidic soils, and
potentially more pronounced in those with lower pH (Caires et al.,
2015). However, high aluminum saturation can hamper its function,
limiting phosphorus availability to plants (Acosta-Martinez and Taba-
tabai, 2000). This saturation inhibits plant root activity, reducing
nutrient absorption and affecting soil microorganism function, which
confirms the findings.

The plant growth parameters did not exhibit significant differences
among the treatments. However, the absence of statistical significance
does not necessarily indicate that the isolates had no impact on plant
growth but rather that this difference might not have been detectable. It
is plausible that the indigenous soil microbiota may have outcompeted
the introduced inoculants (Pereg and McMillan, 2015). Additionally, it’s
essential to note that the assessment occurred only 35 days after
planting. It’s possible that even though the inoculants remain effective,
plant growth parameters might stabilize during further developmental
stages (Berg et al., 2016; Pereg and McMillan, 2015). Further research
conducted throughout the growth cycle is required to comprehend the
influence of microbial inoculation on plant growth. Moreover, the rec-
ommended fertilization could also influence the growth parameters,
especially for plants that do not solely rely on recruiting microorganisms
to establish themselves in the soil (Hartman et al., 2018). The soil in the
experiment was chemically amended to enhance basal fertility by add-
ing the required macronutrients and raising the pH with lime, poten-
tially reducing the plants’ reliance on microbial interactions. Studies
have indicated that bioinoculants can decrease dependency on chemical
fertilizers (Etesami and Alikhan, 2016; Telles et al., 2023). Therefore,
new experiments encompassing diverse soil fertility levels are necessary
to assess the potential of these isolates in promoting plant growth.

Plant nutrition was also assessed, as the inoculation of different
bacterial species can impact nutrient absorption by plants through the
solubilization of these compounds. The findings revealed that the
treatment inoculated with P. polymyxa (T4) exhibited better results for N
and Fe in plants compared to other inoculated treatments and the
Control. The solubilization process involves the production of organic
acids and enzymes facilitating the release of nutrients from soil particles,
making them readily available for plants (Yadav et al., 2017). Some
diazotrophic bacteria, such as Paenibacillus, provide plants with a
portion of the fixed nitrogen in the form of ammonia and nitrate, in
addition to nitrogen fixation (Li et al., 2019). These bacteria are also
capable of supplying Fe to plants when this element is limited in the soil
by producing and secreting siderophores. These siderophores bind to
soil-bound iron, thereby making it available to plants (Wang et al., 1993;
Gray and Smith, 2005; Liu et al., 2019). Although Fe is a less mobile
nutrient, the results obtained for this nutrient demonstrate the effect of
the P. polymyxa strain, which synthesizes siderophores that chelate Fe3
and make it available as FeJ for plant absorption (McRose et al., 2018).
Interestingly, Fe was the leaf nutrient that correlated with the highest
number of microbial phyla, namely Gemmatimonadetes, Rokubacteria,
Nitrospirae, Chlamydiae, and Rozellomycota, suggesting that inocula-
tion may have an indirect effect on plant nutrition. This finding em-
phasizes the importance of microbial inoculation for nutrient
bioavailability in crops.

The findings indicated that the inoculation of bacterial strains
affected the expression of CAB, GST, and WRKY genes in bean leaves,
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resulting in their down-regulation. Bacterial inoculation can impact
gene expression in plants by activating signaling pathways, inducing
defense responses, and employing other mechanisms (Andersen et al.,
2018). Bacterial inoculation influences plant gene expression in diverse
ways. This variability underscores the complexity of interactions, as
documented in existing research (Borges, 2011; Zamioudis and Pieterse,
2012), reflecting the nuanced effects on different markers and metabolic
processes. The GST gene plays a role in detoxifying toxic compounds
within plant cells. Studies suggest that bacterial inoculation can
down-regulate the GST gene in plants because certain bacteria enhance
plant tolerance to toxic compounds without requiring the activation of
this gene (Dixon et al., 2010). As the upregulation of GST genes in plants
has been used as an indicator of oxidative stress and hypersensitive
resistance (HR) type in plant-bacteria interactions (Alvarez et al., 1998;
Desikan et al., 1998; Maleck et al., 2000), its downregulation here can
indicate the beneficial effects of all treatments with rhizobacterial
inoculation. The expression similar to the Control or the
down-regulation of the CAB gene indicates no effects of the inoculation
on the photosynthesis level or might occur because certain bacteria can
improve photosynthetic efficiency without necessitating an increase in
gene expression (Pickersky et al., 1989). WRKY genes oversee plant
defense responses (Chi et al., 2013), and their down-regulation, ac-
cording to expected, might indicate that the rhizobacterial inoculated
were not harmful to the plant. The WRKY gene family is responsible for
regulating the expression of PR genes in beans (Mayo et al., 2016) and
Arabidopsis (Zheng et al., 2006). In summary, the down-regulation of
CAB, GST, and WRKY genes could represent an adaptive response of
plants to inoculation, potentially reallocating resources to other crucial
functions. However, it’s vital to note that the suppression of these genes
could adversely affect plant resistance and growth, contingent on
experimental conditions and the specific interaction between bacteria
and plants. Understanding these mechanisms can aid in developing
more effective strategies to boost plant resistance and growth through
bacterial inoculation.

The impact of inoculation on the association between plant roots and
mycorrhizae was investigated. Results indicated that inoculation with
B. cereus (T2) led to a higher mycorrhization rate, likely by promoting
fungal colonization in plant roots. Studies suggest that bacteria from the
genus Bacillus may assist in nutrient cycling, inorganic phosphorus sol-
ubilization, root growth enhancement, and the improvement of plant
resistance to environmental stresses, facilitating interaction with
arbuscular mycorrhizal fungi (Apaza-Castillo et al., 2022; Soares et al.,
2023). Inoculants applied to the soil have the capability to assist the
colonization of other microbial groups, potentially contributing to plant
growth. Therefore, inoculation with the bacterium B. cereus could be a
promising strategy to improve the mycorrhization rate in plants. How-
ever, it’s essential to consider that different plant species and microor-
ganisms may respond differently to inoculation. Hence, evaluating the
effectiveness of inoculation under varying soil and climate conditions is
crucial.

The analysis of the prokaryotic community composition revealed a
differential abundance of ASVs between the Bulk soil and the rhizo-
sphere. Interestingly, the results revealed that inoculating bacteria into
the rhizosphere soil increased bacterial diversity to the same level as the
Bulk soil, suggesting that inoculation might bolster functional resilience
and positively impact plant health. The findings align with prior
research indicating that bacterial inoculation enhances plant growth
and augments bacterial diversity in the rhizosphere, thereby improving
soil and plant health (Mendes et al., 2013; Trabelsi et al., 2013).
Therefore, within the rhizosphere, significant variations in certain taxa
were observed between the Control group and the groups treated with
bacterial isolates. Notably, ASVs affiliated with the Burkholderiaceae
and Micrococcaceae families, as well as the genera Dyella and Rhizobium,
were the most abundant in the rhizosphere of the Control group. These
microorganisms likely adapted to the specific conditions of the rhizo-
sphere and may have been influenced by nutritional and chemical
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changes, alongside microbial competition post-inoculation (Philippot
et al., 2013; Pii et al., 2015; Sasse et al., 2018). On the other hand, in
treatments involving inoculation, we observed a higher abundance of
ASVs associated with the Gaiellales order, Xanthobacteraceae family,
and the genera Nocardioides and Conexibacter. Additionally, the genus
Bradyrhizobium exhibited higher abundance in groups treated with
Paenibacillus polymyxa. Prior studies have revealed that Nocardioides are
nitrogen fixers, capable of degrading xenobiotics and antibiotics (Yoon
etal., 1999; Kim et al., 2017; Nafis et al., 2019). The genus Conexibacter
plays a vital role in nitrogen and carbon cycling, participating in organic
matter decomposition and nutrient cycling. Bradyrhizobium is also
associated with nitrogen fixation (VanInsberghe et al., 2015; Zhang
etal., 2019; Pedrinho et al., 2020). These microorganisms are crucial for
various processes within the nitrogen cycle, such as nitrification and
denitrification. The findings obtained here suggest that inoculation
influenced the abundance of microbial groups beneficial to plants,
indicating the indirect effect of inoculation on soil conditions and the
plant’s response (Compant et al., 2019; Trivedi et al., 2020).

Regarding the fungal community structure, only the inoculation with
Paenibacillus polymyxa had a significant effect on the fungal community
structure, while the inoculation with other bacterial strains did not
result in significant variations. These structural changes promoted by
the Paenibacillus genus may be linked to the wide array of secondary
substances produced by this genus, such as antibiotics and antifungals,
suggesting the possibility of microbial community modulation (Yang
et al., 2018; Padda et al., 2017; Carrion et al., 2019). Analyzing the
diversity of fungi among the treatments in this study, lower diversity
was observed in the Bulk soil and groups inoculated with B. agri and the
SynCom, while the Control and the other treatments increased diversity.
It was also interesting to note that the treatment with P. polymyxa
resulted in higher diversity. In some cases, fungal diversity may increase
after bacterial inoculation, with the main reasons being enhanced plant
resistance, increased nutrient availability, soil property modification,
and the positive interaction between bacteria and fungi (Carrion, 2019;
Wu, 2022; Xu, 2012). In contrast to the results obtained for the pro-
karyotic community, the fungal community displayed a small number of
ASVs with differential abundance after inoculation, suggesting minimal
alteration in the community. This observation could be attributed to the
prolonged life cycle of fungi and their interactions with bacteria. Due to
these characteristics, potential impacts on their community may require
an extended period to become noticeable (Bahram et al., 2018).
Intriguingly, the findings indicate that different bacterial isolates can
exert distinct influences on the differential abundance of fungi. Specif-
ically, groups inoculated with B. cereus exhibited an increase in the
abundance of certain taxa, including the genera Saitozyma, Lycoperdon,
Dimorphiseta, and Phialocephala, while the treatment with B. agri showed
a reduction in the genus Saitozyma. The differential presence of these
fungal groups may be associated with increased organic matter
decomposition, spore production, and the establishment of symbiotic
relationships (Kjpller, 2012). However, a more pronounced effect was
observed in treatments with P. polymyxa, with 2-5 times more ASVs
responding to the inoculation. This heightened taxon diversity may
reflect significant changes in soil ecological functions, such as nutrient
cycling, functional resilience, secondary compound production, and
plant-microorganism interactions (Jing et al., 2015). Overall, these
findings indicate that the introduction of a single bacterial species as an
inoculant can lead to changes in the entire community structure, with
implications for functional traits and plant interactions. It is worth
noting that the prokaryotic communities were more sensible to inocu-
lation compared to the fungal community.

Finally, co-occurrence and niche occupancy analyses were per-
formed to assess the effect of inoculation on the microbial interactions in
the rhizosphere. The analysis of ecological niche occupancy revealed
that all treatments exhibited an increase in specialists compared to the
Control. However, the treatments with B. agri, P. polymyxa, and SynCom
showed the most substantial increase in these groups. Inoculation
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potentially enhances the recruitment of rhizosphere-specific bacteria,
which might assist in processes such as nutrient acquisition, strength-
ening the plant’s immune system, and even improving soil conditions
(Compant et al.,, 2019). Previous studies have demonstrated that
specialist organisms have a limited niche but exhibit higher fitness in
their ideal habitat (Kneitel; Chase, 2004; Monard et al., 2016). More-
over, according to Pandit et al. (2009), specialists are highly responsive
to environmental disturbances, including changes in soil chemical
properties. Therefore, alterations in pH and nutrient availability in the
rhizosphere might have created highly specific conditions that favored
the growth and diversity of specialists.

The network analysis revealed that the rhizosphere exhibits less
complex interactions compared to the Bulk soil, suggesting the
specialization of specialist taxa and potentially specific metabolic
pathways. A study of the soybean rhizosphere in Amazonian soils
showed similar results, demonstrating that the rhizosphere exhibits a
selection of specialists, leading to less complex relationships (Mendes
etal., 2014). However, in the rhizosphere, the inoculation with different
bacterial strains appears to increase this complexity compared to the
Control, indicating a change in microbial relationships after the addition
of an inoculant. Bacterial inoculants may distinctly modulate the
rhizosphere microbiome, altering both positive and negative relation-
ships and the complexity of interactions (Compant et al., 2019).
Particularly, treatments with B. agri, P. polymyxa, and SynCom stood out
for presenting considerably higher interaction complexity, demon-
strating a broader diversity and complexity of relationships compared to
the Control treatment. This suggests that inoculation may stimulate a
more complex network of interactions in the rhizosphere, which could
have significant implications for plant health and performance (Banerjee
et al., 2018). In this study, enhanced microbial diversity, together with
higher community complexity, showed a positive correlation with
overall plant dry mass (total, shoot, and stem), indicating the benefits of
these traits for plant growth. Similar outcomes are observed when
applying agricultural residues to soils, as a more complete and complex
community can significantly alter community interactions (Bell et al.,
2019). Additionally, in a study manipulating soil microbial diversity,
higher diversity was associated with increased plant productivity (Bar-
ros et al., 2022). The treatment with P. polymyxa CENA-BCMO009 was the
only one that substantially altered interactions between fungi and bac-
teria. These results highlight that inoculation with different strains af-
fects not only the structure and complexity of interaction networks but
also the types of interactions among different taxonomic domains
(Tipton et al., 2018; Hartman et al., 2018). In summary, the network
analysis revealed that bacterial inoculation in the rhizosphere can
distinctly influence the complexity of microbial interactions and the
balance between different taxonomic domains, with significant impli-
cations for the functionality of the microbial community, and conse-
quently, for the health and growth of plants.

5. Conclusion

In conclusion, the comprehensive investigation into the impact of
bacterial inoculation on soil properties, plant growth parameters,
rhizosphere microbiome, and microbial interactions yields valuable in-
sights into the complexity within the soil-plant-microbe continuum.
Overall, bacterial inoculation significantly influenced the rhizosphere
microbiome, leading to alterations in microbial community composition
and interactions, which in turn affected soil chemistry, plant nutrition,
and plant gene expression. Inoculation resulted in increased bacterial
diversity and complexity of interactions within the rhizosphere, poten-
tially enhancing plant health and performance. Notably, different bac-
terial strains exhibited varied effects on microbial communities,
emphasizing the importance of selecting appropriate inoculants tailored
to specific soil and plant conditions. Moreover, bacterial inoculation,
particularly with Paenibacillus polymyxa, positively influenced plant
nutrition by enhancing nutrient availability through solubilization
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processes and potentially modulating gene expression in plants to real-
locate resources for optimal growth and defense mechanisms. This study
highlights the diverse impacts of microbial inoculation on soil, plants,
and microbial communities. However, further research across different
stages and conditions is crucial for a comprehensive understanding.
Evaluating functional impacts using omics approaches will shed light on
community resilience despite changes induced by inoculants, thereby
advancing the understanding of plant-microbe relationships in the
rhizosphere.
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