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Bambara groundnut (BGN) is an underutilized legume commonly found in sub-Saharan
Africa. It thrives in marginal soils and is resistant to drought stress. Several studies have
been carried out on the nutritional properties of BGN, but very little is known about the
effects of plant growth changes and development on rhizosphere bacterial dynamics
and function. This study reports on the bacterial dynamics and function in the bulk
and rhizosphere soils of BGN at different growth stages (vegetative, flowering, pod-
filling, and maturation stages). Aside from the maturation stage that shows distinct
community structure from the other growth stages, results obtained showed no
significant differences in bacterial community structure among the other growth stages.
At a closer level, Actinobacteria, Proteobacteria, and Acidobacteria were dominant
in rhizosphere soils at all growth stages. The bulk soil had the least average phyla
abundance, while the maturity stage was characterized by the highest average phyla
abundance. Rubrobacter, Acidobacterium, and Skermanella were the most predominant
genus. It was observed from the analysis of operational taxonomic units that there was
significant change in the bacterial structure of the rhizosphere with a higher abundance
of potential plant growth-promoting rhizobacteria, at the different growth stages, which
include the genera Bacillus and Acidobacterium. Biomarker analysis revealed 7 and
4 highly significant bacterial biomarkers by linear discriminant analysis effect size and
random forest analysis at the maturation stage, respectively. The results obtained in this
study demonstrated that the bacterial communities of BGN rhizosphere microbiome
dynamics and function are influenced by the plant’s growth stages.

Keywords: Bambara groundnut, microbiome function, pattern analysis, PGPR biomarkers, plant microbe
interaction, underutilized legume, plant-growth dynamics, functional microbiome

INTRODUCTION

Rhizosphere bacterial communities are different across plant genotypes, locations, plant
compartments, and plant growth stages (Edwards et al., 2015; Stopnisek and Shade, 2021). Bambara
groundnut (BGN) [Vigna subterranea (L.) Verdc.] is a drought-tolerant, underutilized legume
notable for its ability to thrive in marginal soils (Mayes et al., 2019; Olanrewaju et al., 2021b,c).
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Although studies have reported bacterial communities from
various genotypes, compartments, and growth stages on many
plants (Hamonts et al., 2018; Brown et al., 2020; Wang et al.,
2020; Cordovez et al., 2021; Zheng et al., 2021), no such study
is available on BGN.

The rhizosphere is a beehive of activities and interactions
between plants, soil, and microorganisms in the soil
(Nihorimbere et al., 2011). The plants, via their roots, release
a wide range of chemical compounds and root exudates into
the environment, which are used to attract beneficial microbes.
These root exudates mediate the interactions between plants,
microorganisms, and the environment (Badri et al., 2013;
Chaparro et al., 2013). In the same way that root exudates
affect the microbial community in the rhizosphere, as a result
of the category of compounds secreted, microbes also have a
way of determining the compounds in the rhizosphere by the
type of volatiles or metabolites they secrete into the plant–root
environment (Huang et al., 2014). This means that the activities
of plant roots alter the biochemical environment of the soil,
which in turn affects the categories of microbes in the soil
at different seasons in the growth stages of plants (Shi et al.,
2015). High-throughput sequencing (e.g., Illumina and 454
pyrosequencing) of 16S rRNA gene amplicons has been observed
to enhance exploratory analysis of the structure of microbial
communities, their taxon compositions, and phylogeny. The
description of the root-associated microbial community diversity
is better enhanced using high-throughput sequencing (Caporaso
et al., 2011; Berendsen et al., 2012; Fierer et al., 2012; Peiffer et al.,
2013; Philippot et al., 2013).

It was hypothesized that plant growth stages alter rhizosphere
microbial dynamics and select for specific microbes through
the release of exudates and rhizodeposits (Chaparro et al.,
2012; Huang et al., 2014). This selection can be in response
to pathogen attack (Berendsen et al., 2012), abiotic stress (Liu
et al., 2020), low available nutrients (Guyonnet et al., 2018), and
general plant health (Olanrewaju et al., 2019). In this study, we
tested this hypothesis by analyzing the rhizosphere microbial
composition of BGN at four distinct physiological growth stages;
vegetative, flowering, pod-filling, and maturation. To the best
of our knowledge, no metagenomic studies to determine the
bacterial dynamics of BGN as affected by the growth stages
have been reported. Being an underutilized legume, it increases
the importance of this study to enable improved production of
this crop for increased food security. Furthermore, microbiome
function was predicted from the bacterial diversity present at
each growth stage.

MATERIALS AND METHODS

Bulk Soil and Rhizosphere Soil Samples
Collection
Samples were collected in the bulk soil (designated as 0) in
October, just before planting, and during plant developmental
stages in November (N), December (D), January (J), and
February (F) of 2015/2016 from the North-West University
agricultural farm, Mafikeng campus (Lat. 25◦82′18′′, Long.

2561′44′′) Mafikeng, South Africa, corresponding to BGN
vegetative (4WAP), flowering (8WAP), pod-filling (12WAP), and
maturation stage (16WAP), respectively. For each time point of
the developmental/growth stage, rhizosphere soil was collected
from each plot following a destructive sampling method in which
the plants were uprooted and the soil samples attached to the
roots were gently shaken off into a plastic bag. In total, 20 samples
[2 samples from the bulk soil designated as 01 and 04, 2 samples
each from the rhizosphere soils at the vegetative growth stage
(N1 and N4), flowering stage (D1 and D4), pod-filling stage
(J1 and J4), and maturation stage (F1 and F4)] were collected.
Two collections were made for bulk soil and the rhizosphere
stages. The bulk soil sample was collected at the beginning of
the experiment (1) and after 4 weeks (4), while the rhizosphere
soils were collected at the beginning of each stage and toward the
end, designated as 1 and 4, respectively. Collected samples were
transported to the lab on dry ice and stored at−80◦C until further
processing and analysis.

DNA Extraction and PCR Amplification
The MOBIO PowerSoil R© DNA Isolation Kit was used to extract
DNA as directed (MO BIO Laboratories, Inc., Carlsbad, CA,
United States), and all DNA samples were frozen until further
analysis by the Molecular Research DNA analysis (MR DNA,
Shallowater, TX, United States). To target the 16S rRNA gene
for region V3 and V4, PCR primers 515/806 (Caporaso et al.,
2011) with barcoding on the forward primer were employed in
a 28 cycle PCR (5 cycles on PCR products) using the HotStar Taq
Plus Master Mix Kit (Qiagen, Germantown, TN, United States).
The PCR amplification was performed at 94◦C for 3 min, then 28
cycles of 94◦C for 30 s, 53◦C for 40 s, and 72◦C for 1 min, followed
by a final elongation step for 5 min at 72◦C.

Data Sequencing and Processing
We further checked PCR products in 2% agarose gel to determine
the relative intensity of bands. The PCR products were pooled in
equal proportions on their molecular weight and concentrations
and Illumina DNA library was subsequently prepared using the
calibrated Ampure beads-purified PCR products. Sequencing was
performed at MR DNA (1Shallowater, TX, United States) on a
MiSeq following the manufacturer’s guidelines, and generated
data were processed using their analysis pipeline.

Bioinformatic Pipeline for Analysis of 16S
Sequencing Dataset
Sequenced data were derived by sequencing the V3–V4 region
of the 16S rRNA gene as described at MR DNA Laboratory (see
text footnote 1). Barcodes, primers, sequences with ambiguous
calls, and sequences less than 150 bp were removed. Subsequent
removal of homopolymer runs (>6 bp) was followed by
denoising, generation of operational taxonomic units (OTUs),
and removal of chimeric sequences and all abnormal sequences
were removed. A 3% divergence (97% similarity) was used to
filter the OTUs at the species level and were further classified

1www.mrdnalab.com
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according to their taxonomy into “counts” and “percentage”
files using BLASTn against a curated database derived from
RDPII and NCBI2,3. Sequences >97% identity were counted
for the species. At the genus, family, order, class, and phylum
levels, consideration was based on the sequences having identities
between 95 and 97%; 90 and 95%; 85 and 90%; 80 and 85%; and
those between 77 and 80%, respectively (Mills et al., 2012).

Statistical and Network Analysis
All analyses were conducted using the MicrobiomeAnalyst
Platform4 (Dhariwal et al., 2017; Chong et al., 2020). Microbiome
Analyst is a comprehensive statistical, visual, and meta-analysis
tool for microbiome data that utilizes the Microbiome Analyst
R package for statistical analysis and graphical outputs. From
the data that were passed to the MicrobiomeAnalyst pipeline,
low abundant features were filtered based on the mean values
with the minimum count set at 4 while the low variance
features were removed based on the interquartile range. After
data filtering, the remaining features were normalized using
the total sum scaling (TSS) method before further analysis.
Alpha diversity was calculated using the chao1 and Shannon
index. For the beta diversity and significant testing, the PCoA
ordination method was used with the Bray–Curtis index at
the species level with PERMANOVA applied as the statistical
method. The core microbiome analysis was conducted at the
genus level with a sample prevalence of 20 and a relative
abundance of 0.01. Furthermore, we performed a pattern search
to identify microbiome patterns at all growth stages using the
SparCC correlation at the species level. The linear discriminant
analysis (LDA) and random forest (RF) methods were used for
the biomarker analysis. The platform performs non-parametric
factorial Kruskal–Wallis sum–rank test to identify features
with significant differential abundance considering the class of
interest, followed by LDA to calculate the effect size of each
differentially abundant features. The features are considered
significant depending on their adjusted p-value. The default
adj.p-value cutoff = 0.05 and the LDA score is 2.0. The
randomForest package5 was further used to perform the RF
analysis. RF is a supervised learning algorithm that is suitable for
high-dimensional data analysis. This method uses an ensemble
of classification trees, each of which is grown via random
feature selection from a bootstrap sample at each branch
(Dhariwal et al., 2017).

RESULTS

Bacterial Microbiomes in the Bulk Soil
and Rhizosphere Soils Across Plant
Developmental Stages
The relative abundance of bacterial phyla and species detected
across all plant growth stages is shown in Figure 1A and
Supplementary Tables 1, 2. Taxonomic classification showed that

2www.ncbi.nlm.nih.gov
3http://rdp.cme.msu.edu
4https://www.microbiomeanalyst.ca

bacterial communities in the bulk and rhizosphere soils varied
across the four developmental stages (Figure 1A). Actinobacteria
(from 27.84 to 38.72%), Proteobacteria (from 18.67% to 26.17%),
and Acidobacteria (from 17.3% to 26.05%) represented more than
60% of the total bacteria detected (Figure 1A and Supplementary
Table 1). The most abundant families were Rubrobacteriaceae
(from 19.84% to 30%), Acidobacteriaceae (from 15% to 25.33%),
and Rhodospirillaceae (from 3.42% to 7.65%) (Supplementary
Table 2). The ANOVA and t-test analysis suggested that plant
developmental stage had a greater influence on bacterial Chao 1
and Shannon richness in the rhizosphere (especially at 16WAP,
which corresponds to seed maturation stage) than the bulk soil
(Figure 1B and Supplementary Figure 1). Both bacterial Chao
1 and Shannon richness were similar for the rhizosphere soils
at flowering and pod filling stages but lower at the vegetative
stage (Figure 1B). However, the highest values for both diversity
indices were recorded in the rhizosphere soils sampled at the
maturation stage of the plant. Remarkably, both ANOVA and
t-test revealed no significant effect of plant growth stage and soil
type on the diversity indices (p < 0.05) (Supplementary Table 3).
PERMANOVA analysis indicated that plant growth stages were
the primary source of beta diversity (R2 = 0.66, p < 0.037)
(Figure 1C). Axis 1 is influenced by diversity in the rhizosphere
soil samples at the maturity and flowering stages while axis 2 is
influenced by observed diversities at the flowering and vegetative
stages of the rhizosphere soil samples (Supplementary Table 4).
On the other hand, the bulk soil had little influence on axis 1 and
a more pronounced influence on axis 2 (Supplementary Table 4).

Temporal Dynamics of Bacterial
Rhizobiome Composition Across Soil
Niches
Nine bacteria genera were identified as core at a prevalence
threshold of 100% across bulk and rhizosphere soils and across
plant growth stages (Figure 2 and Supplementary Table 5).
The BGN core microbiome primarily included Rubrobacter,
Acidobacterium, Skermanella, Bacillus, Microvirga, Conexibacter,
Flavisolibacter, Solirubrobacter, and Arthrobacter genera.
In the rhizosphere soil, Sphingobacterium and Chloroflexus
were found at 88% threshold prevalence, while Rhodoplanes,
Steroidobacter, and Geothermobacter were present at 75, 50,
and 50%, respectively (Figure 2A and Supplementary Table 5).
Interestingly, in addition to the primary core microbiome genera,
the bulk soil had Ohtaekwangia and Prosthecobacter at 100 and
50%, respectively (Figure 2B and Supplementary Table 5).
Furthermore, core genera associated with each growth stage were
generally part of the overall core taxa at the 100% prevalence
threshold. At all growth stages, Chloroflexus, Sphingobacterium,
and Rhodoplanes were present in the rhizosphere soils in
all growth stages, while Geothermobacter, Steroidobacter,
Ohtaekwangia, and Prosthecobacter joined the core taxa in
the rhizosphere soils at vegetative, flowering, and pod-filling
stages (Figures 2C–E). Pirellula, Nitrospira, and Bradyrhizobium
were observed only at the vegetative and pod-filling stages
(Figures 2C,E), and Sphingomonas was observed at flowering
and maturation stages (Figures 2D,F). Rubellimicrobium and
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FIGURE 1 | Rhizobacterial community assembly of Bambara groundnut plants during their growth cycle. (A) Taxonomic distribution of bacterial communities in the
rhizosphere soils at different growth stages and in the bulk soil. (B) Alpha diversity of 16S rRNA rhizosphere bacterial sequences of Bambara groundnut in the
rhizosphere soils at different growth stages. Shannon and Chao 1 diversity indices were calculated with Total Sum Scaling (TSS) normalized counts. (C) Principal
Coordinate Analysis (PCoA) of 16S rRNA diversity in the rhizosphere of the Bambara groundnut growth stages and the bulk soil.

Adhaeribacter were only present during maturation (Figure 2F),
while Saccharibacter and Gaiella were only present in rhizosphere
soils at the vegetative stage (Figure 2C) and Kaistobacter was
present only in the flowering stage (Figure 2D).

Bacterial Community Biomarkers
Associated With Bambara Groundnut
Growth Stages
Linear discriminant analysis (LDA) identified the major bacterial
taxa that were significantly imparted by the growth stages
(Figure 3A and Supplementary Table 6). Except for the pod-
filling stage, some bacterial taxa were identified as significant
markers in each stage. However, the bacterial communities

tend to be less affected in the vegetative, flowering, and pod-
filling stages with few bacterial taxa identified in these stages
(Figure 3A). Interestingly, five bacterial markers were identified
in the bulk soil. Two were identified in the vegetative stage,
one was identified in the flowering stage, none was identified
in the pod-filling stage, and seven were identified in the
maturation stage (Figure 3A). Random forest analysis identified
the flowering stage as having the least impact on the bacterial
community because no taxa were identified as being significantly
high in this stage (Figure 3B). Interestingly, eight bacterial
taxa were significantly more abundant in the bulk soil when
compared to the rhizosphere soils from the different growth
stages, which together contained only seven bacterial taxa in high
abundance (Figure 3B).
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FIGURE 2 | Heatmap of the core bacterial genera. x-axis, relative abundance; colors indicate the prevalence in the sample. (A) Rhizosphere soil, (B) bulk soil [0], (C)
vegetative growth stage [4WAP], (D) flowering stage [8WAP], (E) pod-filling stage [12WAP], and (F) maturation stage [16WAP].

We further performed pattern correlation analysis to assess
the dynamics of bacterial interactions across the plant growth
stages (Figure 3C and Supplementary Table 7) along the
plant–soil continuum. Only the top 25 significant correlations
(p < 0.05) are shown. Our results showed that bacterial
network patterns shifted clearly across the growth stages.
Interestingly, the bulk soil had three significant negative
correlations, the vegetative stage had two significant positive
correlations, the flowering stage had eight significant positive
correlations, the pod-filling stage had one significant positive
correlation, and the maturation stage had eleven, with six being
positive and five being negative correlations (Figure 3C and
Supplementary Table 7).

Patterns of Bacterial Diversity in the Bulk
and Rhizosphere Soil Samples
The heatmap showed a high abundance of some taxonomy
classes in the bulk soil, and in the rhizosphere soils at the
different growth stages of the plant (Figure 4A). The purple color

represents those taxonomic classes that were highly abundant
while the yellow color represents the less abundant taxonomic
classes in the rhizosphere soils at each growth stage. The
abundance of Chloroflexia and Bacilli were abundant in the
bulk soil, while the vegetative stage was characterized by a
high abundance of Nitrospira and Deltaproteobacteria in the
rhizosphere. Interestingly, the flowering stage was characterized
by a high abundance of five taxonomic classes, while the pod
filling and maturity stages were each characterized by a high
abundance of four and eleven taxonomic classes, respectively
(Figure 4A). Interestingly, the pattern analysis also identified
eleven correlated patterns at the species level (Figure 3C).
Clustering analysis of the bulk soil and the rhizospheric soils
based on the identified taxonomy presented a result of mixed
patterns in the clusters (Figure 4B). Only the maturation stage
had a distinct cluster from the other stages. This supports the
results from the heatmap analysis (Figure 4A), pattern network
analysis (Figure 3C), LDA (Figure 3A), alpha (Figure 1A), and
beta diversity analysis (Figure 1B), where it showed distinct
attributes to other stages.
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FIGURE 3 | Bacterial biomarkers associated with bulk soil and plant growth stages. (A) LDA analysis indicating the differences in bacterial taxa among the growth
stages (B) Random forest analysis indicating the differences in bacterial taxa among the growth stages. (C) Correlation pattern network analysis indicating the
differences in bacterial taxa among the growth stages. Only predictors with significant effects are shown. Color from blue to red indicates from low to high level of
significance.
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FIGURE 4 | (A) Heatmap of the bacterial biota in the bulk and rhizosphere soil at the different developmental stages at the class level. (B) Phylogenetic tree showing
the relationship between the bulk soil and rhizosphere soil samples at the class level.

DISCUSSION

Plant Developmental Stage Strongly
Influences the Assembly of Plant
Microbiomes
Defining the ecological principles and complex interactions in
plant microbiome development is crucial to understanding the
coevolution of plants with their biomes and the coevolution of
inter-kingdom interactions in the plant microbiome for future
application and introgression into plant breeding. Invariably,
plants shape their microbiomes because of their responses to
pests, low nutrients, drought, and salinity stress (Berendsen
et al., 2012; Sharma and Verma, 2018; Korenblum et al., 2020).
Plant developmental stages are also important in shifting plant
microbiome diversity and function (Qiao et al., 2017). These
changes are made possible through the release of root exudates,
which serve as communication links between plants and their
biomes (Berendsen et al., 2012; Olanrewaju, 2016; Olanrewaju
et al., 2019). From our results, BGN microbiome assembly is
highly influenced by the rhizosphere microbiome rather than
the bulk soil microbiome. Furthermore, plant rhizobacterial
communities respond differently to plant developmental stages
than bulk soil bacterial communities based on multiple microbial
attributes implemented in this study, such as alpha and beta
diversities, community structure, biomarker analysis, and pattern
network analysis. Our findings are consistent with previous
results showing that plant developmental stages shape the
assembly of plant microbiomes (Chaparro et al., 2014; Qiao et al.,
2017; Cordovez et al., 2021; Ma et al., 2021; Xiong et al., 2021a).

This was similar to the report by Shi et al. (2015) who observed
that the growth of plants drove the succession of rhizobacteria in
the rhizosphere of Avena fatua. Li et al. (2014) observed changes
in the maize rhizosphere bacterial communities between early
and late growth stages, which were due in part to either the
growth stages or seasonal effects. Chaparro et al. (2014) reported
that rhizospheric bacterial communities of Arabidopsis thaliana
at the seedling growth stage were distinct and different compared
to the other growth stages. There was a difference between
the bacterial community of the rhizosphere of soybean during
growth, evident after 6 weeks corresponding to the vegetative
stage compared to the bulk soil using pyrosequencing analysis at
the phylum level (Sugiyama et al., 2014).

Furthermore, metagenomic analysis in our study revealed that
the bacterial diversity in the BGN rhizosphere varied across the
four developmental stages. The plant exerts a strong selection
mechanism that recruits and selects for specific bacterial taxa
during the plant’s development (Fazal et al., 2021; Sun et al.,
2021). In addition to previous studies of plants shaping their
microbiomes through the various compartments and varying
genotypes (Agoussar et al., 2021; Stopnisek and Shade, 2021;
Wagner, 2021; Xiong et al., 2021b), this study further identifies
plant development stages as an important process in plant-
engineered microbiome assembly and function.

The dynamics of plant developmental stages is a culmination
of plant metabolism, plant metabolites released as exudates,
volatiles, and other growth responses (Badri and Vivanco, 2009;
Weits et al., 2021). These exudates, which differ in their chemical
composition and function, act as signal molecules in recruiting
microbes to the plant biome (Baetz and Martinoia, 2014;
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Olanrewaju et al., 2019; Rolfe et al., 2019). This study expanded
our knowledge of the dynamics of the rhizosphere microbiome of
BGN at various growth stages. To the best of our understanding,
this is the first study of the rhizosphere microbiome dynamics of
BGN in response to developmental stages. Being an underutilized
legume, it further expands our knowledge for improved breeding
through effective selection and application of beneficial plant
growth-promoting bacteria to the crop.

The Differentiation in Ecological Roles of
Bacterial Communities Across Plant
Developmental Stages
Bacteria and their hosts have coevolved for more than 400 million
years (Martin et al., 2017); hence, they cannot be excluded from
playing important roles in plant growth and development. In this
study, bacterial interactions shifted across the four developmental
stages. The bacterial community possessed higher alpha diversity
and network correlations at the maturation stage. This implies
that the plant host selectively modifies its bacterial interactions to
meet the necessary requirements for nutrient and other growth-
promoting needs at each growth stage. In plant development,
the most crucial stage that affects yield is the flowering and
pod-filling stage; hence, highly correlated bacteria taxa in this
stage can be selected as effective biomarkers for improving crop
yield in BGN (Figure 3). Several studies have suggested that
rhizosphere bacteria can improve nutrient availability for plant
growth (Babalola et al., 2019; Olanrewaju and Babalola, 2019a;
Olanrewaju et al., 2021a). Due to the increase in diversity and
correlation network pattern at the pod-filling and maturation
stages, we can conclude that bacteria may play a more important
ecological role at these stages than at the other growth stages.
Our study supports the argument that plant hosts facilitate fitness
and microbiome balance through precise selection during plant
growth stages. These findings therefore provide new insights
into plant–microbe interactions for application in rhizosphere
microbiome engineering.

Bacterial Taxa and Their Ecological
Functions at Different Developmental
Stages: Linking Bacterial Dynamics With
Potential Function
The composition and potential functions of the microbiome
change over plant growth stages, and more Actinobacteria
and Proteobacteria were reported at the maturation stage than
at the other stages of plant growth, while more abundant
Acidobacteria were observed at the pod-filling stage than at
the other growth stages. Actinobacteria are well known for
their biocontrol abilities as a result of their high production of
antibiotics against pathogens (Olanrewaju and Babalola, 2019a,b;
Wonglom et al., 2019; Xu et al., 2019). Furthermore, rhizosphere
soils were significantly enriched in the Rubrobacteriaceae family
of the Actinobacteria class at all stages of development, but a
bit higher at the maturation stage (Supplementary Table 7).
Rubrobacteriaceae are highly desiccation-tolerant bacteria that
have been shown to maintain a high intracellular concentration
of the osmoprotectants trehalose and mannosylglycerate (Meier

et al., 2021). In the absence of a sufficient amount of water, these
osmolytes help in surviving desiccation. As a drought-tolerant
plant, we propose high activity of the Rubrobacteriaceae family in
the rhizosphere of BGN. This implies that the Rubrobacteriaceae
are an active ally in preserving the plant during low water levels
in the soil. The Acidobacteriaceae family, which were the second
most abundant, are known for their ability to survive at low
pH (Alves et al., 2018). Therefore, these families of bacteria
are important in disease suppression. Our study demonstrates
specificity in plant microbiome recruitment at different growth
stages. Revealing the complex molecular mechanisms involved in
this selection at various growth stages is important in deciphering
the succinct roles of the microbiome in plant growth and
adaptation to climate change impact and achieving sustainable
agriculture. We also propose that further research involving root
exudates at each growth stage should be examined to effectively
link plant succinct roles of influencing microbiome dynamics at
each growth stage.

CONCLUSION

This study provides a systematic understanding of BGN
microbiome composition and potential functions during
plant development by examining the temporal dynamics of
bacterial communities across soils and growth stages. Plant
developmental stage influences multiple microbial attributes
(alpha-diversity, community structure, markers, and correlation
pattern networks) in the rhizosphere more than in the bulk soils.
At the pod-filling and maturation stages, bacteria play a larger
role in maintaining plant health through disease suppression
and drought tolerance. From these findings, BGN appears to
have a strong selective modulation effect on the composition
and potential functions of plant microbiomes during their
developmental stages. These findings provide critical new
knowledge for future community research and the development
of microbiome tools to enhance BGN production.
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