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Soil microbial communities are pivotal in driving ecosystem processes such as nutrient

cycling and carbon sequestration, which are central to soil health. Metagenomics
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Introduction

Soil health underpins agricultural productivity and ecosystem stability, largely due to the activities of microbial communities M.
These communities regulate critical processes, including nitrogen fixation, organic matter decomposition, and carbon cycling
21, Soil health varies across gradients influenced by factors such as soil organic carbon (SOC), pH, and management practices
BBl Metagenomics, the direct sequencing of DNA from environmental samples, offers a comprehensive view of microbial
functional potential without culturing (. This approach has transformed our understanding of soil microbiomes by revealing the
genetic basis of their ecological roles P,

Soil health gradients—from fertile, organic-rich soils to degraded, nutrient-poor soils—shape microbial community composition
and function 1. For instance, high SOC levels support diverse microbial taxa capable of complex metabolic processes, while
degraded soils favor stress-tolerant species [/l. Understanding these dynamics is vital for optimizing agricultural practices and
mitigating environmental impacts 1. This article examines how soil microbial functional potential, assessed through
metagenomics, varies across soil health gradients, with implications for sustainable land management.

Materials and Methods

Study Sites and Sampling

Soil samples were collected from three agricultural sites representing a soil health gradient: a fertile organic farm (Site A), a
moderately managed conventional farm (Site B), and a degraded, intensively farmed site (Site C). Sites were characterized for
SOC, pH, moisture, and nutrient levels (N, P, K) using standard protocols P!,
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Ten replicate samples (015 cm depth) were collected per site
in a randomized grid during the 2023 growing season.

DNA Extraction and Metagenomic Sequencing

DNA was extracted using the D Neasy Power Soil Kit
(Qiagen) 19, DNA quality was verified via agarose gel
electrophoresis, and quantities were measured with a Qubit
fluorometer. Metagenomic libraries were prepared using the
Illumina Nextera XT kit and sequenced on an Illumina
NovaSeq 6000, producing 150 bp paired-end reads. Each
sample generated at least 20 Gb of sequence data.

Bioinformatics Analysis

Raw reads were filtered using Trimmomatic (v0.39) to
remove adapters and low-quality bases (Phred < 20) 14,
Contigs were assembled with MEGAHIT (v1.2.9) [,
Functional annotation was performed using Prokka (v1.14)
and the KEGG database to identify genes involved in carbon,
nitrogen, and phosphorus cycling 3. Taxonomic profiles
were generated using Kraken2 with a custom soil microbial
database [*4l. Differential gene abundance was analyzed with
DESeq2 in R [*5],
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Statistical Analysis

Differences in functional gene abundance were assessed
using ANOVA with Tukey’s post-hoc test (p < 0.05).
Principal component analysis (PCA) visualized variation in
functional profiles. Statistical analyses were conducted in R
(v4.3.1).

Results

Soil properties varied significantly across sites (Table 1). Site
A had the highest SOC (4.2%) and pH (6.8), while Site C had
the lowest SOC (1.1%) and pH (5.2). Sequencing produced
an average of 25 million reads per sample, with 85%
annotated.

Functional gene profiles showed distinct trends (Figure 1).
Carbon cycling genes (e.g., cellulases, ligninases) were most
abundant in Site A (p < 0.01), reflecting higher organic matter
availability [2]. Nitrogen cycling genes (e.g., nifH, amoA)
were enriched in Site B compared to Site C (p < 0.05).
Phosphorus cycling genes (e.g., phoD) showed no significant
variation (p = 0.12). Taxonomic analysis revealed
Proteobacteria and Actinobacteria as dominant phyla, with
Bacteroidetes more abundant in Site A (Table 2).

Table 1: Soil Physicochemical Properties Across Study Sites

ite] SOC (%)

pH

Moisture (%)

Nitrogen (mg/kg)

Phosphorus (mg/kg)

Potassium (mg/kg)

4.2

6.8

25.3 120

45 200

2.8

6.2

18.7 85

30 150

O|w|>

1.1

52

124 50

20 90

Table 2: Dominant Microbial Phyla (% Abundance)

Phylum

Site A

Site B

Site C

Proteobacteria

35.2

38.1

423

Actinobacteria

254

27.8

30.1

Bacteroidetes

15.6

10.2

5.7

Firmicutes

8.9

9.5

10.3

0

SiteA @ SitieB @ Site C

Fig 1: Relative Abundance of Functional Genes

Discussion

The variation in functional gene abundance across soil health
gradients highlights the influence of soil properties on
microbial activity M. High SOC in Site A likely supported
diverse microbial communities capable of complex carbon
metabolism, as evidenced by the abundance of cellulase and
ligninase genes . These findings align with studies showing
that organic matter enhances microbial diversity Bl The
enrichment of nitrogen cycling genes in Site B suggests that
moderate  management practices optimize  nitrogen
transformations 1.

Site C’s degraded soils exhibited lower functional diversity,
likely due to limited resources and low pH I, The dominance
of Proteobacteria in Site C reflects their stress tolerance,
consistent with their prevalence in acidic soils 1. The lack of
variation in phosphorus cycling genes may indicate that
phosphorus availability is less limiting across these sites ['],
These results underscore the potential of practices like cover
cropping to enhance microbial functions and soil health (€],
Challenges in applying metagenomics to routine soil health
assessments include high costs and computational demands
1. Future research should focus on developing cost-effective
metagenomic tools and integrating them with traditional soil
metrics [%. Such advancements could guide precision
agriculture and improve ecosystem management [,
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Conclusion

Metagenomics reveals how soil microbial functional
potential varies across health gradients, with fertile soils
supporting diverse and active communities. These insights
can inform agricultural practices that enhance microbial
functions, improving soil fertility and sustainability. As
metagenomic technologies advance, their integration into soil
health monitoring will be critical for sustainable land
management.
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