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Abstract

The rhizosphere microbiome plays a crucial role in mediating plant-soil interactions
that determine crop productivity and soil ecosystem functioning, yet the specific
linkages between microbial community composition and agricultural outcomes remain
poorly understood. This study investigated relationships between rhizosphere
microbiome composition, crop productivity, and soil functionality across 54 field sites
encompassing major crop species over three growing seasons. High-throughput 16S
rRNA and ITS sequencing revealed distinct rhizosphere microbiomes that consistently
correlated with crop performance and soil health indicators. High-productivity sites
(>8.5 tha! grain yield) showed 85% higher rhizosphere microbial diversity compared
to low-productivity sites (<5.2 t ha™'), with Shannon indices of 6.2+0.4 versus 3.3+£0.5
respectively. Beneficial microbial taxa including plant growth-promoting bacteria
(PGPB) were 3.2-fold more abundant in high-productivity rhizospheres, with
Rhizobium (+420%), Pseudomonas (+285%), and Bacillus (+195%) showing the
strongest associations. Arbuscular mycorrhizal fungi (AMF) colonization rates
reached 78% in high-productivity systems compared to 35% in low-productivity
systems, correlating strongly with phosphorus uptake efficiency (R = 0.82). Functional
gene analysis revealed enhanced metabolic diversity in productive rhizospheres, with
2.8-fold higher abundance of genes for nutrient cycling, stress tolerance, and
biocontrol. Soil functionality metrics including aggregate stability (92% vs 64%),
enzyme activities (+150%), and nutrient availability (+85%) were consistently higher
in systems with diverse rhizosphere microbiomes. Machine learning models using
rhizosphere microbial composition predicted crop yields with 89% accuracy and soil
health scores with 87% accuracy. Economic analysis demonstrated that microbiome-
guided management could increase net returns by $245-380 ha™' through optimized
productivity and reduced input costs. Network analysis identified 23 keystone
microbial taxa that disproportionately influenced both crop performance and soil
functionality. These findings establish rhizosphere microbiome composition as a
critical determinant of agricultural sustainability, providing new targets for
microbiome-based crop improvement strategies.

Keywords: Rhizosphere Microbiome, Crop Productivity, Soil Functionality, Plant-Microbe Interactions, Microbial Diversity,
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Introduction

The rhizosphere, defined as the narrow zone of soil directly influenced by plant roots and their exudates, represents one of the
most dynamic and biologically active ecosystems on Earth [*°1, This unique environment supports diverse microbial communities
that engage in complex interactions with plant roots, fundamentally influencing crop productivity, nutrient cycling,
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disease resistance, and overall soil ecosystem functioning 16
71, Understanding the relationships between rhizosphere
microbiome composition and agricultural outcomes is
essential for developing sustainable intensification strategies
that harness biological processes to enhance food production
while maintaining environmental quality [8],

Plant roots actively modify their surrounding soil
environment through the release of organic compounds
including organic acids, sugars, amino acids, enzymes, and
secondary metabolites [, These root exudates serve as
carbon and energy sources for soil microorganisms while also
acting as signaling molecules that can selectively recruit
beneficial microbial species . The resulting rhizosphere
microbiome differs dramatically from bulk soil microbial
communities in terms of composition, diversity, and
functional capacity 24,

The rhizosphere effect, characterized by 10-100 fold higher
microbial abundance and activity compared to bulk soil,
creates intense competition among microorganisms for
resources and space [?2, This competitive environment favors
microorganisms that can effectively utilize root-derived
substrates while providing reciprocal benefits to plants
through mechanisms such as nutrient solubilization, nitrogen
fixation, phytohormone production, and biocontrol of
pathogens [?% 241, The strength and specificity of these plant-
microbe interactions vary among plant species, soil types,
and environmental conditions, creating complex patterns of
microbiome assembly and function [?°1,

Plant growth-promoting bacteria (PGPB) represent a
functionally defined group of rhizosphere microorganisms
that enhance plant growth through direct and indirect
mechanisms [, Direct mechanisms include biological
nitrogen fixation, phosphate solubilization, production of
phytohormones (auxins, cytokinins, gibberellins), and
synthesis of enzymes that facilitate nutrient uptake [7,
Indirect mechanisms include production of antibiotics and
siderophores that suppress plant pathogens, induction of
systemic resistance, and competition for nutrients and
colonization sites [?81,

Arbuscular mycorrhizal fungi (AMF) form obligate
symbiotic relationships with approximately 80% of terrestrial
plant species, creating extensive hyphal networks that
dramatically expand plant access to soil nutrients and water
29 These symbioses are particularly important for
phosphorus nutrition, as AMF can access phosphorus from
soil regions beyond the reach of plant roots and transfer it to
host plants in exchange for photosynthetically derived carbon
[0 AMF associations also enhance plant tolerance to
environmental stresses including drought, salinity, and heavy
metals while contributing to soil aggregation and carbon
sequestration [,

Soil functionality encompasses the capacity of soil to support
essential ecosystem processes including nutrient cycling,
water regulation, carbon storage, and biological activity [,
The rhizosphere microbiome influences soil functionality
through multiple pathways including organic matter
decomposition, enzyme production, aggregate formation, and
regulation of nutrient transformations [l. Understanding
these linkages is critical for developing management
practices that optimize both crop productivity and soil health
4]

Recent advances in high-throughput DNA sequencing and
bioinformatics have revolutionized the ability to characterize
rhizosphere microbiome composition and predict functional
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capacity 1. These molecular tools enable detailed analysis of
microbial community structure, identification of keystone
species, and assessment of functional gene content that was
previously impossible using culture-based approaches [,
Integration of microbiome data with crop performance and
soil health measurements provides opportunities to identify
microbial indicators of agricultural sustainability 1.
Machine learning approaches offer powerful tools for
analyzing complex microbiome datasets and identifying
patterns that predict agricultural outcomes (€. Random forest,
support vector machines, and neural network models can
integrate multiple microbial and environmental variables to
predict crop vyields, soil health scores, and management
recommendations 1, These predictive models have practical
applications for precision agriculture and microbiome-based
crop improvement strategies 11,

This study addresses critical knowledge gaps by investigating
relationships between rhizosphere microbiome composition,
crop productivity, and soil functionality across diverse
agricultural systems. The specific objectives were to: (1)
characterize rhizosphere microbiome composition in relation
to crop productivity levels, (2) identify key microbial taxa
and functional genes associated with high-performing
agricultural systems, (3) quantify relationships between
rhizosphere microbiomes and soil functionality metrics, and
(4) develop predictive models for crop performance and soil
health based on microbiome composition 1,

Materials and Methods

Study Sites and Experimental Design

This study was conducted across 54 field sites distributed
among three major agricultural regions: Midwest Corn Belt
(n=18), Great Plains (n=18), and Pacific Northwest (n=18).
Sites were selected to represent diverse soil types, climatic
conditions, and management practices while maintaining
comparable crop species 2, Each region included six sites
each of corn (Zea mays), wheat (Triticum aestivum), and
soybean (Glycine max) production systems 141,

Sites were categorized into productivity classes based on
three-year average grain yields: high productivity (>8.5 t
ha'), medium productivity (5.2-8.5 t ha!), and low
productivity (<5.2 t ha™') 4. This classification enabled
analysis of microbiome patterns associated with different
productivity levels while controlling for crop species and
environmental factors.

Rhizosphere Sampling and Processing

Rhizosphere samples were collected at peak vegetative
growth stages (V6-V8 for corn, Feekes 5-6 for wheat, VV4-V5
for soybean) to capture maximum root-microbe interactions
%1, Sampling involved carefully excavating intact root
systems, gently shaking off loosely adhering soil, and
collecting tightly adhering soil within 1-2 mm of root
surfaces [,

Rhizosphere soil was separated from roots using sterile
brushes and phosphate buffer solution, then processed within
4 hours of collection 1. Samples were divided into
subsamples for molecular analysis (stored at -80°C), enzyme
activity assays (stored at 4°C), and chemical analysis (air-
dried) (81,

DNA Extraction and Sequencing
DNA extraction was performed using the DNeasy PowerSoil
Kit (Qiagen) following manufacturer protocols with
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modifications for rhizosphere samples containing root debris
(19 DNA quality and concentration were assessed using
NanoDrop spectrophotometry and Qubit fluorometry 2],
Bacterial communities were characterized by amplifying the
V4 region of 16S rRNA genes using primers 515F/806R with
unique barcodes for multiplexed sequencing Y. Fungal
communities were analyzed using ITS1 region primers
ITS1F/ITS2 22, PCR conditions included initial denaturation
at 94°C for 3 minutes, followed by 35 cycles of 94°C for 45
seconds, 50°C for 60 seconds, and 72°C for 90 seconds, with
final extension at 72°C for 10 minutes 231,

Sequencing was performed on Illumina NovaSeq 6000
platform using 2x250 bp paired-end chemistry 4. Raw
sequences were processed using QIIME2 (version 2023.5)
with DADAZ2 for quality filtering, denoising, and amplicon
sequence variant (ASV) generation 23],

Functional Gene Analysis

Functional gene profiles were predicted from 16S rRNA
sequences using PICRUSt2 with the latest Kyoto
Encyclopedia of Genes and Genomes (KEGG) database [?61,
Additionally, shotgun metagenomics was performed on
representative samples (n=108) using NovaSeq 6000 with
2x150 bp chemistry 7, Metagenomic sequences were
assembled using MEGAHIT and annotated using Prokka and
eggNOG-mapper [?8],

Soil Functionality Assessment

Soil chemical properties including pH, electrical
conductivity, organic carbon, total nitrogen, and available
nutrients (P, K, S, micronutrients) were measured using
standard protocols 2?1, Physical properties including bulk
density, aggregate stability (wet sieving method), porosity,
and water holding capacity were determined %,

Biological functionality was assessed through enzyme
activity assays for key soil processes. f-glucosidase (carbon
cycling), urease (nitrogen cycling), acid phosphatase
(Phosphorus cycling), and dehydrogenase (overall microbial
activity) were measured using fluorometric methods [,
Additional enzymes including chitinase, arylsulfatase, and
phenol oxidase were analyzed to provide comprehensive
assessment of biochemical processes 2,

Plant Performance Measurements

Crop performance was assessed through multiple metrics
including grain yield, biomass production, nutrient uptake
efficiency, and stress tolerance indicators 1. Tissue samples
were collected at physiological maturity for nutrient analysis
using ICP-OES ™. Root morphology was characterized using
WinRHIZO software on scanned root samples I,

AMEF colonization was quantified using cleared and stained
root samples with assessment of hyphal length, arbuscule
frequency, and vesicle abundance following established
protocols [, Plant growth-promoting effects were evaluated
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through greenhouse bioassays using sterilized soil inoculated
with rhizosphere communities 71,

Data Analysis and Statistical Methods

Statistical analyses were performed using R software (version
4.3) with appropriate packages for microbiome data analysis
including phyloseq, vegan, and microbiome [, Alpha
diversity metrics (Shannon index, Simpson index, observed
richness) were calculated and compared among productivity
classes using ANOVA with post-hoc Tukey tests 1.

Beta diversity was assessed using weighted and unweighted
UniFrac distances with visualization through principal
coordinate analysis (PCoA) 1%, Community composition
differences were tested using PERMANOVA with Adonis
function 4, Differential abundance analysis was performed
using DESeq? to identify taxa significantly associated with
productivity levels (2,

Network Analysis and Keystone Species Identification
Microbial co-occurrence networks were constructed using
SparCC correlation analysis with filtering for significant
correlations (JR| > 0.7, P < 0.01) [, Network properties
including node degree, betweenness centrality, closeness
centrality, and modularity were calculated using igraph
package 1. Keystone species were identified based on high
betweenness centrality (>0.02) and degree centrality (>100
connections) combined with significant associations with
crop productivity or soil functionality 1. Network stability
was assessed using targeted and random node removal
simulations [16],

Machine Learning Model Development

Predictive models were developed using multiple machine
learning approaches including random forest, support vector
machines, and gradient boosting 1. Models were trained to
predict crop yields and soil health scores using rhizosphere
microbiome composition data (¢, Feature selection was
performed using recursive feature elimination to identify the
most predictive microbial taxa [,

Model performance was evaluated using cross-validation
with 80% training and 20% testing datasets (2%, Performance
metrics included R2, root mean square error (RMSE), and
mean absolute error (MAE) for regression models 21,

Results

Rhizosphere Microbiome Diversity and Composition
Rhizosphere microbiome diversity showed strong positive
correlations with crop productivity across all sites and crop
species (Table 1). High-productivity sites supported
significantly more diverse microbial communities, with
bacterial Shannon indices averaging 6.2+0.4 compared to
3.3+0.5 in low-productivity sites [??1. Fungal diversity showed
similar patterns, with Shannon indices of 5.1+0.3 versus
2.9%0.4 in high versus low-productivity sites respectively 123,

Table 1: Rhizosphere Microbiome Properties Across Crop Productivity Classes

Parameter Low Productivity Medium Productivity High Productivity | P-value
Bacterial Shannon Index 3.3+0.5¢ 4.8+0.6° 6.2+0.42 <0.001
Fungal Shannon Index 2.9+0.4¢ 4.0£0.5 5.1+0.3¢ <0.001
Bacterial Richness 1,234+189¢ 1,876+245v 2,567+2982 <0.001
Fungal Richness 287+45¢ 423467 612478 <0.001
PGPB Abundance (%) 8.4+2.1° 15.7+3.2> 26.8+4.12 <0.001
AMF Colonization (%) 35+8¢ 56+12b 78192 <0.001
Pathogen Abundance (%) 4.8+1.3¢ 2.9+0.8> 1.440.5¢ <0.001

Values are means+ standard deviation. Different letters indicate significant differences (p< 0.05).
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Plant growth-promoting bacteria (PGPB) showed dramatic
increases with productivity levels, comprising 26.8% of
rhizosphere communities in high-productivity sites compared
to only 8.4% in low-productivity sites 4, Conversely, plant
pathogen abundance decreased from 4.8% in low-
productivity sites to 1.4% in high-productivity sites 2%,
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Key Microbial Taxa Associated with Crop Productivity
Differential abundance analysis identified specific microbial
taxa consistently associated with high crop productivity
across different crop species and environments (Figure 1).
Among bacteria, Rhizobium species showed the strongest
association with productivity, being 420% more abundant in
high-productivity rhizospheres [261,

500

Relative Abundance Change (%)

Microbial Taxa Associated with Crop Productivity Levels

Low

Productivity Level

@ High-Productivity Taxa @ Low-Productivity Taxa

Fig 1: Microbial Taxa Associated with Crop Productivity Levels

Other beneficial bacteria including Pseudomonas (+285%),
Bacillus (+195%), and Azotobacter (+165%) were
consistently enriched in high-productivity rhizospheres 271,
Among fungi, arbuscular mycorrhizal fungi (Glomus)
showed 180% higher abundance, while beneficial
saprophytes including Trichoderma (+155%) and Penicillium
(+125%) were also enriched 281,

Plant pathogenic taxa showed opposite patterns, with
Fusarium, Pythium, and Rhizoctonia being more abundant in
low-productivity systems 2%, This suggests that productive

agricultural systems maintain rhizosphere microbiomes that
suppress plant pathogens while promoting beneficial
microorganisms [0,

Functional Gene Profiles and Metabolic Capacity
Functional gene analysis revealed distinct metabolic profiles
associated with different productivity levels (Table 2). High-
productivity rhizospheres showed 2.8-fold higher abundance
of genes involved in nutrient cycling, stress tolerance, and
biocontrol compared to low-productivity systems [,

Table 2: Functional Gene Abundance in Rhizosphere Microbiomes Across Productivity Classes

Functional Category Gene Low Productivity | High Productivity | Fold Change
Nitrogen Cycling nifH (N fixation) 0.15+0.04 0.48+0.08 3.2x
amoA (nitrification) 0.18+0.05 0.31+0.06 1.7x
Phosphorus Cycling phoD (P solubilization) 0.22+0.06 0.67+0.11 3.0x
pgqC (P acquisition) 0.09+0.03 0.24+0.05 2.7x
Biocontrol chi_tinase 0.31+0.08 0.85+0.15 2.7%
antifungal 0.12+0.04 0.34+0.07 2.8%
Stress Tolerance trehalose synthesis 0.28+0.07 0.71+0.12 2.5%
osmoprotectant 0.19+0.05 0.52+0.09 2.7%
. auxin synthesis 0.14+0.04 0.42+0.08 3.0x
Phytohormone Production cytokinin synthesis 0.08+0.03 0.23+0.05 2 9x

Values represent percentage of total genes. All differences significant at P < 0.001.

Nitrogen fixation genes (nifH) were 3.2-fold more abundant
in high-productivity rhizospheres, while phosphorus
solubilization genes (phoD) showed 3.0-fold increases [> %1,
Biocontrol genes including chitinase and antifungal
compounds were 2.7-2.8 fold more abundant, supporting the
observed suppression of plant pathogens 4.,

Phytohormone production genes showed particularly strong
associations with productivity, with auxin synthesis genes
being 3.0-fold and cytokinin synthesis genes 2.9-fold more
abundant in high-productivity systems [l These results

indicate that productive rhizospheres contain enhanced
capacity for plant growth promotion through multiple
mechanisms 6,

Soil Functionality and Ecosystem Services

Soil functionality metrics showed strong positive correlations
with rhizosphere microbiome diversity and beneficial taxa
abundance (Table 3). High-productivity sites with diverse
rhizosphere microbiomes consistently exhibited superior soil
health indicators ["],

4|Page



[ Journal of Soil Future Research

www.soilfuturejournal.com

Table 3: Soil Functionality Metrics Across Productivity Classes

Soil Function Low Productivity | Medium Productivity | High Productivity | % Improvement
Aggregate Stability (%) 64+9¢ 78+11° 9248 +44%
Water Holding Capacity (%) 28.4+4.2¢ 34.745.1b 41.8+5.92 +47%
Organic Carbon (g kg™) 18.5+3.2¢ 26.1+4.1° 34.7+4.8* +88%
Available N (mg kg™") 24.6+4.8¢ 38.2+6.1° 52.8+7.22 +115%
Available P (mg kg™") 15.3+£2.9¢ 22.7+3.8° 31.444.52 +105%
B-glucosidase Activity 32.1+6.2¢ 48.5+8.1° 67.3+9.4¢ +110%
Urease Activity 18.7+3.4¢ 29.1+4.7° 42.616.12 +128%
Phosphatase Activity 22.4+4.1¢ 34.8+5.6° 51.2+7.32 +129%

Values are means+standard deviation. Different letters indicate significant differences (P < 0.05).

Soil organic carbon content increased by 88% from low to
high-productivity sites, while nutrient availability showed
even greater improvements with nitrogen increasing by 115%
and phosphorus by 105% [& °l. Enzyme activities reflecting
soil biochemical processes increased by 110-129% in high-
productivity systems [1%,

Aggregate stability, a key indicator of soil structure and
erosion resistance, increased by 44% in high-productivity
sites [1Y. Water holding capacity improved by 47%,

indicating enhanced drought resilience and water use
efficiency (121,

Network Analysis and Keystone Species

Microbial network analysis revealed distinct structural
differences between productivity classes (Figure 2). High-
productivity rhizospheres exhibited more complex networks
with higher connectivity and modularity 121,

9,000
8,000
7,000
6,000
5,000 —

4,000

Metric Walue

3,000
2,000

1,000
0

Modes Edges

Rhizosphere Microbial Network Complexity Across Productivity Classes

Average Degree
Network Metrics

@ Low Productivity @ Medium Productivity @ High Productivity

Keystone Species Modularity

Fig 2: Rhizosphere Microbial Network Complexity Across Productivity Classes

Twenty-three keystone species were identified in high-
productivity networks, including critical nitrogen-fixing
bacteria (Rhizobium, Azotobacter), phosphorus-solubilizing
bacteria (Pseudomonas, Bacillus), and mycorrhizal fungi
(Glomus species) [4. These keystone taxa showed
disproportionate influence on network stability and function
despite representing <5% of total community abundance %1,
Network resilience analysis demonstrated that high-
productivity networks maintained functionality under
perturbation due to higher redundancy and alternative
pathways [61. Random removal of 40% of species still

maintained network connectivity in high-productivity
systems compared to 20% removal in low-productivity
systems [17],

Predictive Modeling and Agricultural Applications
Machine learning models successfully predicted crop yields
and soil health scores using rhizosphere microbiome
composition data (Table 4) ¥, Random forest models
achieved the highest accuracy, predicting grain yields with
89% accuracy (R2 = 0.89, RMSE = 0.67 t ha™) [*9],

Table 4: Machine Learning Model Performance for Predicting Agricultural Outcomes

Target Variable Model Type R2 | RMSE MAE Key Predictive Taxa
Random Forest |0.89| 0.67 tha™ | 0.52 tha™ Rhizobium, Glomus, Pseudomonas
Grain Yield SVM 0.85/ 0.78 tha! | 0.61 tha™! Bacillus, Trichoderma, Azotobacter
Neural Network |0.87( 0.72 tha™ | 0.55 tha™ AMF, PGPB complex
Soil Health Score Random Forest |0.87| 4.2 points | 3.1 points Glomus, Rhizobium, Pseudomonas
SVM 0.83| 4.8 points | 3.7 points Beneficial bacteria cluster
Nutrient Use Efficiency Random Forest |0.84| 0.08 units | 0.06 units P-solubilizers, AMF

RMSE = Root Mean Square Error, MAE = Mean Absolute Error
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Soil health score predictions achieved 87% accuracy (R? =
0.87, RMSE = 4.2 points), while nutrient use efficiency
predictions reached 84% accuracy ?°. Feature importance
analysis consistently identified Rhizobium, Glomus (AMF),
and Pseudomonas as the most predictive taxa for agricultural
outcomes 24,
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Economic Analysis and Return on Investment

Economic analysis revealed substantial financial benefits
from managing for beneficial rhizosphere microbiomes
(Table 5) P4, High-productivity systems with diverse
rhizosphere communities generated $245-380 ha! higher net
returns through combined yield improvements and input cost
reductions 231,

Table 5: Economic Analysis of Rhizosphere Microbiome Management

Component Low Productivity High Productivity Net Benefit
Gross Revenue $1,285+156 $1,847+198 +$562
Fertilizer Costs $245+32 $178+25 -$67
Pesticide Costs $156+28 $89+18 -$67
Labor and Fuel $189+24 $167+22 -$22

Net Return $695+89 $1,413+142 +$718
ROI on Management - - 245-380%

Values in § ha'. Net benefit calculated as high minus low productivity returns.

Reduced fertilizer requirements due to enhanced biological
nitrogen fixation and phosphorus solubilization saved $67
ha™ annually 4. Decreased pesticide applications resulting
from natural disease suppression provided additional savings
of $67 ha™* %1, The return on investment for microbiome-
based management practices ranged from 245-380% (261,

Discussion

Mechanisms Linking Rhizosphere Microbiomes to Crop
Performance

The strong positive correlations between rhizosphere
microbiome diversity and crop productivity demonstrate the
fundamental importance of plant-microbe interactions for
agricultural sustainability 21, The 85% higher microbial
diversity in high-productivity systems reflects successful
plant recruitment of beneficial microorganisms through root
exudate chemistry and creates stable, multifunctional
microbial communities 21,

The 3.2-fold enrichment of plant growth-promoting bacteria
in productive rhizospheres indicates that successful crops
actively cultivate beneficial microbes 21, The specific taxa
identified (Rhizobium, Pseudomonas, Bacillus) represent
well-characterized PGPB with multiple plant growth-
promoting mechanisms including nitrogen fixation,
phosphate solubilization, phytohormone production, and
biocontrol activities 9.

The dramatic increase in AMF colonization (78% vs 35%) in
high-productivity systems highlights the critical role of
mycorrhizal symbioses for nutrient acquisition and stress
tolerance [, The strong correlation between AMF abundance
and phosphorus uptake efficiency (R = 0.82) confirms the
importance of these symbioses for phosphorus nutrition in
agricultural systems 21,

Functional Validation Through Gene Analysis and Soil
Health

The 2.8-fold higher abundance of functional genes in
productive rhizospheres provides mechanistic understanding
of enhanced plant performance . The specific increases in
nitrogen fixation (3.2x), phosphorus solubilization (3.0x),
and phytohormone production (3.0x) genes directly explain
the observed improvements in nutrient availability and plant
growth [+ 51,

The strong correlations between microbial diversity and soil
functionality metrics validate the ecosystem services
provided by diverse rhizosphere microbiomes 1. The 44%

improvement in aggregate stability and 47% increase in water
holding capacity demonstrate that rhizosphere microbes
enhance soil physical properties critical for sustainable
agriculture [ 8,

The 110-129% increases in soil enzyme activities in
productive systems indicate enhanced biochemical
processing capacity that supports nutrient cycling and organic
matter decomposition 1. These enzymatic improvements
translate directly into enhanced nutrient availability and soil
fertility (201,

Network Analysis and Microbial Interactions

The identification of 23 keystone species in high-productivity
networks provides targets for microbiome management and
crop improvement strategies M. These keystone taxa
represent critical nodes that disproportionately influence
network stability and function, making them attractive
candidates for microbial inoculant development 21,

The higher network complexity and resilience in productive
systems suggest that diverse microbial communities provide
functional insurance against environmental perturbations [,
This enhanced stability is critical for maintaining crop
performance under climate variability and other stresses 41,
The modular structure of productive rhizosphere networks
enables specialized functional groups while maintaining
overall system stability %1, This organization allows for
efficient resource utilization and rapid response to changing
plant needs throughout the growing season 1261,

Practical Applications and Management Implications
The successful prediction of crop yields and soil health from
microbiome composition data demonstrates the practical
utility of microbial indicators for precision agriculture 171,
The 89% accuracy in yield prediction enables farmers to
identify fields requiring intervention and optimize
management practices ['8],

The economic benefits of $245-380 ha™! from microbiome-
guided management provide strong incentives for adopting
biological approaches to crop improvement [9. The
combination of yield increases and input cost reductions
creates win-win scenarios for farmers and the environment
[20]

The identification of specific beneficial taxa enables
development of targeted microbial inoculants and breeding
programs focused on plant traits that recruit beneficial
microbes [?Y, The keystone species identified in this study
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represent priority targets for commercialization and
application in sustainable agriculture systems [?2,

Implications for Sustainable Agriculture

These findings demonstrate that rhizosphere microbiome
management represents a viable strategy for sustainable
intensification of agriculture %21, The ability to enhance crop
productivity while improving soil health addresses the dual
challenge of feeding growing populations while maintaining
environmental quality 241,

The reduced dependence on synthetic fertilizers and
pesticides through biological processes aligns with global
goals for sustainable agriculture and climate change
mitigation 2, The enhanced soil carbon storage and
improved soil structure provide additional environmental
benefits [26,

The consistency of results across different crop species and
environments suggests broad applicability of microbiome-
based management approaches 2. However, site-specific
factors will require adaptive management strategies tailored
to local conditions 1281,

Conclusion

This comprehensive study establishes clear linkages between
rhizosphere microbiome composition, crop productivity, and
soil functionality across diverse agricultural systems. High-
productivity sites consistently supported 85% more diverse
rhizosphere microbiomes dominated by beneficial taxa
including plant growth-promoting bacteria and arbuscular
mycorrhizal fungi. The 3.2-fold enrichment of beneficial
microorganisms in productive rhizospheres correlated with
enhanced functional gene expression for nutrient cycling,
stress tolerance, and biocontrol.

Soil functionality metrics including aggregate stability,
enzyme activities, and nutrient availability improved by 44-
129% in systems with diverse rhizosphere microbiomes,
demonstrating the ecosystem services provided by beneficial
plant-microbe interactions. Network analysis revealed that
productive systems maintained more complex and resilient
microbial networks with 23 keystone species that
disproportionately influenced system function.

Machine learning models successfully predicted crop yields
with 89% accuracy and soil health scores with 87% accuracy
using rhizosphere microbiome composition data. These
predictive  capabilities enable precision agriculture
approaches that optimize management based on biological
soil health indicators.

Economic analysis revealed net benefits of $245-380 ha™
from microbiome-guided management through combined
yield improvements and input cost reductions. The return on
investment of 245-380% provides compelling economic
justification for adopting biological approaches to crop
improvement.

The identification of specific beneficial taxa and keystone
species provides targets for developing microbial inoculants
and breeding programs focused on plant traits that recruit
beneficial microbes. The consistency of results across
different crops and environments suggests broad applicability
of these findings for sustainable agriculture systems.

Future research should focus on developing practical
methods for manipulating rhizosphere microbiomes through
management practices, breeding, and targeted inoculation.
Understanding the temporal dynamics of rhizosphere
assembly and the environmental factors that influence
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beneficial microbe recruitment will be critical for optimizing
microbiome-based crop improvement strategies.

These findings demonstrate that the rhizosphere microbiome
represents a largely untapped resource for enhancing
agricultural sustainability. The ability to simultaneously
improve crop productivity and soil health through biological
processes provides a pathway for sustainable intensification
that meets growing food demands while maintaining
environmental quality. The integration of microbiome
science with agricultural practice offers transformative
opportunities for developing resilient, productive, and
sustainable food production systems.
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