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ABSTRACT

Soil fertility is governed by complex interactions between biological and geochemical processes, with soil microorganisms and minerals
playing central yet often overlooked roles. Microbes regulate nutrient cycling, organic matter decomposition, and mineral weathering,
while minerals influence microbial habitat formation, nutrient retention, and soil structural stability. Together, these interactions control
the availability of essential macro- and micronutrients such as nitrogen, phosphorus, potassium, iron, and zinc, thereby sustaining plant
growth and ecosystem productivity. Recent advances in soil ecology have highlighted the importance of mineral-associated organic
matter, microbial chelation mechanisms, and rhizosphere dynamics in enhancing nutrient use efficiency and long-term soil health. This
review synthesizes current knowledge on microbe—mineral interactions and their contributions to nutrient mobilization, carbon
stabilization, and soil aggregation. Understanding these hidden drivers of soil fertility provides new opportunities for developing
sustainable agricultural practices, reducing dependence on chemical fertilizers, and promoting climate-smart farming systems. Integrating
microbial-based technologies with mineral management strategies offers a promising pathway for improving soil resilience, productivity,

and environmental sustainability.
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Introduction
Soil fertility is foundational to sustainable agricultural production and
ecosystem resilience. At the heart of fertile soils are not only their physical
and chemical attributes, but also dynamic biological processes driven by
vast communities of soil microorganisms and their interactions with soil
minerals. These microbe-mineral interactions underpin nutrient cycling,
organic matter stabilization, and soil structure formation—processes that
sustain plant growth and environmental health [1].
Recent advances in soil ecology emphasize that soil should be viewed as a
living ecosystem, where microbes and minerals together regulate
biogeochemical processes at micro- to macro-scales. These complex
interactions both mobilize essential nutrients from insoluble mineral forms
and stabilize organic matter in soils, influencing soil fertility more
profoundly than previously appreciated.
This article explores the mechanisms by which soil microbes and minerals
interact, how these interactions drive nutrient cycles and soil structure, and
the implications for agricultural sustainability.
Soil Microorganisms: Key Biological Agents
Soils harbor diverse microbial communities, including bacteria, fungi,
actinomycetes, protozoa, and archaea. These organisms are central to soil
fertility because they carry out biochemical transformations that control
nutrient availability for plant uptake and influence soil physicochemical
properties.
Nutrient Cycling and Microbial Activity
Microbes are integral to nutrient cycling, particularly for major elements
such as carbon (C), nitrogen (N), phosphorus (P), sulfur (S), and
micronutrients like iron (Fe), zinc (Zn), and manganese (Mn). Through
decomposition, mineralization, and redox reactions, microbial processes
convert nutrients from organic and mineral pools into forms accessible to
plants [2].
® Nitrogen Cycle: Nitrogen-fixing bacteria (e.g., Rhizobium,
Azotobacter) convert atmospheric N» into biologically available
ammonium, enriching the soil N pool without synthetic fertilizer
inputs. Other microbes perform nitrification and denitrification
reactions, cycling nitrogen between different forms and affecting soil
fertility and greenhouse gas emissions.

® Carbon Cycle: Saprophytic fungi and bacteria decompose complex
organic matter (such as lignin and cellulose), releasing carbon and
nutrients while forming humic substances that enhance soil structure
and cation exchange capacity.

® Phosphorus and Potassium: Phosphate-solubilizing bacteria and
fungi secrete organic acids and phosphatases that liberate phosphorus
from insoluble mineral complexes, making it available for plant uptake.
Similarly, potassium-solubilizing microbes release K* ions from
silicate minerals.

® Micronutrients: Microbial chelation (e.g., siderophore production)
enhances the solubility and bioavailability of micronutrients such as Fe,

Published on: 31 January, 2026

Zn, and Mn, which play vital roles in plant enzymes and stress

responses.
Importantly, microbial diversity influences the efficiency and resilience of
these nutrient cycles. High microbial diversity correlates with faster organic
matter decomposition and more stable nutrient release, supporting robust
plant growth [3].
Minerals as Major Regulators of Soil Fertility
Minerals derived from parent rock weathering form the inorganic matrix of
soils. They supply essential nutrients and create habitats for microbial
colonization, with different mineral types (e.g., clay minerals, metal oxides)
shaping soil chemical and physical properties.
Mineral Weathering and Nutrient Release
Mineral weathering—the breakdown of rock minerals into smaller
particles—releases macro- and micronutrients into the soil. While this
process occurs via abiotic mechanisms, biotic weathering mediated by
microbes accelerates it significantly.
Microbes produce organic acids, siderophores, and chelating agents that
dissolve mineral lattices, releasing phosphorus, potassium, and
micronutrients. This biological weathering not only contributes to soil
fertility but also plays a role in long-term carbon cycling by transforming
mineral structures [4].
Minerals as Microbial Habitats
Soil minerals provide surfaces for microbial colonization and aggregate
formation. Research has shown that microbial communities differ across
mineral types, reflecting selective colonization and niche specialization
driven by mineral chemistry and surface properties.
Furthermore, minerals such as iron and aluminum oxides interact with
organic matter to form mineral-associated organic matter (MAOM)—a
stable soil carbon pool that influences soil fertility and carbon sequestration.
Microbes facilitate the formation of MAOM, which enhances nutrient
retention and protects organic compounds from rapid decomposition [5].
Microbe—-Mineral Interactions: Mechanisms and Impacts
The synergistic interactions between microbes and minerals shape soil
fertility through a variety of biochemical and physical mechanisms.
1. Phosphate Solubilization and Mineral Dissolution
Phosphorus is often bound to mineral surfaces or locked in insoluble
compounds. Microorganisms overcome this limitation through two primary
mechanisms:

® Organic acid secretion: Microbes release acids (e.g., gluconic, citric)
that chelate metal cations and lower pH locally, dissolving phosphate
minerals into plant-available forms.

® Phosphatase enzymes: These enzymes hydrolyze organic phosphorus
compounds, releasing inorganic phosphate.

Phosphate-solubilizing microorganisms (PSMs) such as Pseudomonas,

Bacillus, and Aspergillus species enhance phosphorus availability and can

improve crop growth under P-deficient conditions [6].

2. Chelation and Micronutrient Mobilization
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Micronutrient availability in soils is often limited by low solubility.
Microbial  secretion of siderophores—high-affinity  iron-binding
molecules—mobilizes Fe** and associated micronutrients, increasing their
bioavailability for plants. Experimental evidence links micronutrients like
Fe and Mn to microbial diversity and nutrient cycling functions, influencing
soil redox reactions, carbon decomposition, and nitrogen transformations.
3. Organic Matter Stabilization and Aggregation

Microbial residues and metabolites contribute to the formation of soil
aggregates, which are physical structures critical for soil fertility. These
aggregates improve water retention, nutrient storage, and aeration—all of
which support root growth and microbial habitats. Extracellular polymeric
substances (EPS) produced by soil microbes bind mineral particles together,
stabilizing aggregates.

Minerals themselves also play structural roles. For example, clay minerals
and iron oxides serve as binding agents for organic matter, forming stable
organo-mineral complexes. These combined microbial and mineral
processes enhance soil structure and long-term fertility.

4. Redox Reactions and Soil Chemistry

Microbes mediate redox reactions involving soil minerals, especially those
containing iron and manganese. These reactions influence nutrient cycles
(e.g., carbon, nitrogen transformations) and can alter the oxidation state of
minerals, affecting their solubility and availability. For instance, under low-
oxygen conditions, microbial reduction of Fe* to Fe?" increases iron
solubility, facilitating plant uptake [7].

Plant-Microbe—Mineral Triad: A Cooperative Network

The interaction among plants, microbes, and minerals creates a cooperative
network that enhances nutrient uptake, plant growth, and soil fertility.
Rhizosphere Interactions

The rhizosphere—the soil zone surrounding plant roots—is a hotspot of
microbe—mineral interactions. Root exudates (e.g., sugars, amino acids)
stimulate microbial activity, while microbes enhance nutrient solubilization
and uptake. Mycorrhizal fungi extend root surface area, accessing nutrients
deep in mineral matrices and transferring them to the plant. Beneficial
bacteria (e.g., mycorrhiza helper bacteria) can further support fungal growth
and nutrient exchange. This dynamic interplay enhances both nutrient
acquisition and plant resilience to abiotic stresses [8].

Biofertilizers and Agricultural Sustainability

Harnessing microbe—mineral dynamics through biofertilizers and microbial
inoculants offers a sustainable strategy to improve soil fertility and crop
yields while reducing reliance on chemical fertilizers. Mineral-solubilizing
microbes have been developed as eco-friendly biofertilizers that enhance
nutrient availability and soil health, especially for phosphorus, potassium,
zinc, and other essential elements.

Integrated approaches that combine microbial amendments with
appropriate mineral fertilization represent a promising pathway toward
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climate-smart agriculture, balancing productivity with ecological
stewardship [9].

Challenges and Future Directions

Despite substantial advances, many aspects of soil microbe—mineral
interactions remain poorly understood, particularly the functional dynamics
under variable environmental conditions. Challenges include:

® Complexity of soil ecosystems: Soils are heterogeneous and dynamic,
with multiple interacting biotic and abiotic factors.

® Functional redundancy: Different microbial taxa may perform
similar roles, complicating efforts to link community composition with
ecosystem function.

® Environmental change: Climate shifts, land use change, and
fertilization practices alter microbial communities and mineral
accessibility.
Future research should integrate multi-omics approaches (e.g.,
metagenomics, metatranscriptomics) with advanced imaging and
mineralogical analyses to elucidate functional mechanisms at organism-,
community-, and ecosystem levels. Moreover, field validation of laboratory
findings is essential to translate scientific insights into agronomic practices
that enhance soil fertility and sustainability [10].
Conclusion
Soil fertility emerges from a complex interplay between biological and
mineral components. Microorganisms drive nutrient cycling, solubilize and
mobilize essential minerals, stabilize organic matter, and shape soil
structure. Minerals, in turn, influence microbial community structure and
function, acting as nutrient sources and habitat matrices.
Together, microbes and minerals form an integrated system that sustains
plant growth and soil health. Understanding these hidden drivers offers
pathways to sustainable agriculture, improved nutrient use efficiency, and
resilient ecosystems.
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