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Introduction

Soil microbiomes, comprising bacteria, fungi, and archaea, regulate key ecosystem processes such as nutrient cycling, carbon
sequestration, and plant growth promotion M. These microbial communities are essential for maintaining soil health, which
underpins agricultural productivity and environmental sustainability . However, intensive farming practices, including
monoculture and chemical fertilization, often disrupt microbiome diversity, leading to reduced soil fertility and increased
greenhouse gas emissions Fl. Soil microbiome engineering, which involves manipulating microbial communities through
amendments like biofertilizers, compost, and cover crops, offers a solution to restore soil functions and promote sustainable
agriculture ™,

Recent advances in metagenomics have enabled detailed characterization of microbial communities, revealing their functional
potential and responses to management practices ¥, For instance, inoculating soils with nitrogen-fixing bacteria or mycorrhizal
fungi can enhance nutrient availability and plant resilience . Similarly, cover cropping can boost microbial diversity by
increasing organic matter inputs 1. This article investigates the impact of microbiome engineering on soil health and crop
productivity across three agricultural systems, using metagenomic and field data to assess microbial and agronomic outcomes

Materials and Methods

Study Sites and Experimental Design

Three agricultural sites were selected to represent diverse systems:

e Site A: Organic farm in lowa, USA, with loamy soils and maize-soybean rotation (50 ha).

e Site B: Conventional farm in Punjab, India, with sandy loam soils and rice-wheat rotation (60 ha).
e Site C: Smallholder farm in Western Kenya, with clay-rich soils and mixed cropping (30 ha).
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Each site was divided into four treatment plots (n = 5

replicates per treatment):

1. Control: Standard management (chemical fertilizers, no
amendments).

2. Microbial Inoculant: Application of a commercial
biofertilizer containing Rhizobium and Bacillus spp. (10?
CFU/qg, 5 kg/ha).

3. Cover Crop: Integration of leguminous cover crops
(e.g., clover in Site A, cowpea in Sites B and C) during
fallow periods.

4. Combined: Microbial inoculant plus cover crop.

Treatments were applied over two growing seasons (2023—
2024).

Soil Sampling and Analysis

Soil samples (0-15 cm depth) were collected at the start and
end of each season using a randomized grid design . Soil
properties, including organic carbon (SOC, %), nitrogen
(mg/kg), and pH, were measured using standard protocols I,
Crop yield (t/ha) was recorded for primary crops (maize, rice,
or mixed grains).

Metagenomic Sequencing

DNA was extracted from soil samples using the DNeasy
Power Soil Kit (Qiagen) (% Metagenomic libraries were
prepared with the Illumina Nextera XT kit and sequenced on
an Illumina NovaSeq 6000, generating 150 bp paired-end
reads (20 Gb/sample). Reads were quality-filtered using
Trimmomatic (v0.39) ™ and assembled with MEGAHIT
(v1.2.9) 2, Functional genes (e.g., nifH for nitrogen fixation,
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pmoA for methane oxidation) were annotated using Prokka
(v1.14) and the KEGG database (3], Taxonomic profiles were
generated with Kraken2 [4],

Statistical Analysis

Changes in microbial diversity (Shannon index), functional
gene abundance, and crop yield were analyzed using
ANOVA with Tukey’s post-hoc test (p < 0.05). Principal
component analysis (PCA) visualized shifts in microbial
community structure. Analyses were performed in R (v4.3.1).

Results

Soil properties varied across sites, with Site A showing the
highest SOC (3.8%) and Site C the lowest (1.2%) at baseline
(Table 1). After two seasons, the combined treatment
(inoculant + cover crop) significantly increased SOC and
nitrogen across all sites (p< 0.01) ™. Crop yields improved
by 15-20% in the combined treatment compared to controls,
with Site A showing the largest gains (maize: 8.2 t/ha vs. 6.9
t/ha) B,

Metagenomic analysis revealed increased microbial diversity
(Shannon index) in cover crop and combined treatments,
particularly in Site C (p< 0.05) (Table 2) ™. Functional gene
abundance showed significant increases in nifH (nitrogen
fixation) and cellulase genes in the combined treatment
across all sites (Figure 1) . Taxonomic profiles indicated
higher abundances of Rhizobium and Bacillus in inoculant-
treated plots, while cover crops enriched Bacteroidetes in Site
A Bl PCA showed distinct clustering of microbial
communities by treatment, with combined treatments
separating from controls (Figure 2) [,

Table 1: Soil Properties and Crop Yield After Two Seasons

0.4

Normalized Gene Abundance

Cellulase

Functional Genes

Site | Treatment SOC (%) Nitrogen (mg/kg) pH Crop Yield (t/ha)
A Control 3.8 110 6.7 6.9 (Maize)
A Combined 4.3 135 6.8 8.2 (Maize)
B Control 2.5 90 7.1 4.5 (Rice)
B Combined 2.9 105 7.2 5.3 (Rice)
C Control 1.2 55 5.4 2.8 (Mixed)
C Combined 1.6 70 5.5 3.4 (Mixed)

Table 2: Microbial Diversity (Shannon Index) by Treatment
Site Control Inoculant Cover Crop Combined
A 3.5 3.6 3.9 4.1
B 3.2 3.3 3.6 3.8
C 2.9 3.0 34 3.7
0.5
Treatment
= Control
E= Inoculant

3 Cover Crop
[ Combined

Fig 1: Functional Gene Abundance Across Treatments
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Fig 2: PCA of Microbial Community Structure

Discussion

The significant improvements in SOC, nitrogen, and crop
yield in the combined treatment highlight the synergistic
effects of microbial inoculants and cover crops ™. Increased
nifH and cellulase gene abundance (Figure 1) suggest
enhanced nitrogen  fixation and organic  matter
decomposition, which likely contributed to yield gains Fl.
The enrichment of Bacteroidetes in cover crop treatments
aligns with their role in degrading complex polysaccharides,
supporting soil carbon cycling 1.

Site C’s smallholder system benefited most from microbiome
engineering, likely due to its low baseline SOC and nitrogen
levels 12, However, the modest increase in microbial diversity
in Site B indicates that sandy loam soils may be less
responsive to amendments, possibly due to lower water
retention Bl. Long-term stability of engineered microbiomes
remains a challenge, as microbial communities may revert
under intensive management (6. Scalability is also limited by
the cost of biofertilizers and the need for region-specific
inoculants [,

Future research should focus on optimizing inoculant
formulations and integrating microbiome engineering with
precision agriculture technologies, such as remote sensing, to
monitor outcomes %1, Additionally, long-term studies are
needed to assess the durability of microbial changes and their
environmental impacts, such as reduced fertilizer use M,

Conclusion

Soil microbiome engineering, through microbial inoculants
and cover cropping, significantly enhances soil health and
crop productivity, offering a pathway to sustainable
agriculture. The combined treatment increased microbial
diversity and functional gene abundance, leading to improved
nutrient cycling and yields. While challenges like scalability
and stability persist, advances in metagenomics and tailored
amendments can overcome these barriers. Microbiome
engineering holds transformative potential for global
agriculture, supporting food security and environmental
sustainability.
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