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Abstract
Soil is home to a vast array of microorganisms that are essential to ecosystem multifunctionality (EMF), which includes
climate regulation, organic matter breakdown, and nutrient cycling. This literature review summarizes the state of knowledge
regarding how soil microbial diversity affects agricultural ecosystem services and functions, emphasizing important processes
including phosphorus solubilization, nitrogen fixation, and nutrient mobilization. It describes the ideas of functional redundancy
and niche complementarity, which help ecosystems remain stable and resilient in the face of environmental stress. In addition,
it also examined the anthropogenic forces that affect soil microbial communities, such as pollution and land-use change.
This article describes the biotic and abiotic drivers of microbial diversity. The promise of methodological advancements like
machine learning, stable isotope probing, and omics technologies to expand the understanding of soil microbial ecology
is investigated. To maximize microbial potential for environmental resilience and sustainable development, we provide the
review of promoting new emerging technology for microbial diversity identification and policy integration. Overall, this article
shows the importance of preserving and managing soil microbial diversity to promote sustainable agriculture, enhance soil
health, and reduce the effects of climate change.
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1. INTRODUCTION

The term “microbial diversity” refers to the variety of bac-
terial and fungal species within microbial communities;
genetic diversity, which is the quantity and distribution of
genetic information within microbial species; and ecologi-
cal diversity, which is the variation in community structure,
complexity of interactions, number of trophic levels, and
number of guild (Nannipieri et al., 2017). The soil micro-
biome, one of the planet’s most varied and vital ecosys-
tems, is the base of terrestrial life. Soil microorganisms,
which include bacteria, fungi, archaea, protists, and viruses,
are responsible for a variety of life-sustaining functions,
including carbon sequestration and nutrient cycling (Bard-
gett et al., 2008). Soil microorganisms are invisible, but
they control more than 90% of biogeochemical processes;
therefore, their biodiversity is essential to the health of the
planet (Wall et al., 2015). It is anticipated that agricultur-
ally significant microorganisms will be crucial in several
strategies to produce a profitable and healthy crop, such
as integrated nutrient management and disease and insect
control to reduce the use of agrochemicals without sacri-
ficing agronomic output. These helpful microorganisms
appear to have every possibility to offer a different way to

mitigate the negative impacts of certain aspects of conven-
tional agriculture that are widely used (Gupta et al., 2022).
The structure of the soil microbial community has been
discovered to be affected by agricultural practices such as
conventional tillage, the use of agrochemicals, crop rotation,
composting, etc.

As a result, any decline in microbial diversity caused by
global environmental changes like land use, nitrogen en-
richment, and climate change will control microorganisms’
ability to support a variety of above- and below-ground
ecosystem services (Jing et al., 2015). This makes it more dif-
ficult to develop sustainable management and conservation
strategies and to predict how microbes multifunctionality
will change facing continuous global environmental change
(Delgado-Baquerizo et al., 2016). Previous study showed
that biogeochemical cycling in agricultural land was im-
pacted by diversity loss which caused significant danger
to soils (Philippot et al., 2013). Therefore, the objective of
this article is to explore how microbial diversity supports
agricultural ecosystems for sustainability and long-term
production and to highlight gaps and recommend mea-
sures to improve microbial functioning.
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2. COMPOSITION OF SOIL MICROBIAL DIVERSITY

The origin, characteristics, and the makeup of inorganic and
organic components in soils have a significant impact on
the composition of microbial population quantitatively and
qualitatively (Balasubramanian, 2017). Soil microorganisms
are primarily categorized as bacteria, fungi, actinomycetes,
algae, and protozoa under various size of micro and macro
fauna. Most soil microorganisms make up less than 0.4 to
0.5% (w/w) of the total soil mass. However, they have a
significant influence on the processes and characteristics of
the soil. Algae, cyanobacteria, fungi, bacteria, yeasts, and
actinomycetes are among the soil microorganisms. Most
of them can break down nearly every type of natural sub-
stance. A significant portion of the world’s terrestrial biodi-
versity is made up of soil organisms (Chakraborty, 2022).

3. FACTORS CONTROLLING SOIL MICROBIAL DI-
VERSITY
3.1 Abiotic Factors
The non-living elements that affect the makeup and quan-
tity of microorganisms in the soil are referred to as abiotic
drivers of microbial diversity. Temperature, pH, salinity,
soil moisture, and nutrient availability are some of these
variables. Changes in soil physical and chemical properties
can have an indirect impact on the variety of microorgan-
isms, but have a direct impact on microbial growth and
survival. The α-diversity of both bacteria and fungi is signif-
icantly shaped by the abiotic soil properties. An important
abiotic factor controlling bacterial α-diversity is the level of
soil pH. The level of acidity and alkalinity has a direct im-
pact on cytoplasmic homeostasis (Krulwich et al., 2011), soil
phosphorus and nitrogen availability, and different sym-
biotic strategies for plant nutrient acquisition throughout
the pH gradient (Hong et al., 2022). Soil pH has a signif-
icant effect on bacterial richness and variety. However,
because of the detrimental indirect effect through interac-
tions with vegetation diversity, aboveground biomass, and
soil organic matter (SOM), the overall effect of pH on fungal
α-diversity is negligible (Bahram et al., 2018).

3.2 Biotic factors
Plant diversity, litter quality, and interactions within the soil
microbial community are examples of biotic factors that con-
trol soil microbial diversity. Microbes’ access to resources
can be influenced by plant diversity, which can increase
diversity and niche divergence. Plant functional groups de-
termine the quality of the litter, which affects the makeup of
the microbial population and the decomposition processes.
Microbial α-diversity is also strongly influenced by biotic
variables, particularly for fungi and aboveground biomass
(Kinsbergen et al., 2025). There was positive connection
between diversity and functions of soil microorganisms,
highlighting the potential of replacing mineral fertilizers
with organic amendments to preserve microbial diversity,

enhance soil microbial functions and increase crop yields
(Shu et al., 2022).

3.3 Anthropogenic Factors
Global soil microbial communities have been impacted by a
range of environmental stressors caused by human activity,
such as chemical pollution and climate change. Numerous
environmental stressors influenced by human disturbances
significantly affect microbial populations in various envi-
ronments. Studies have calculated the effects of a single
stressor in detail, but limited information available on how
microbial communities react to several environmental stres-
sors at once. Several stresses were responsible for the com-
petitive and cooperative behaviors among microorganisms
(Wu et al., 2024). Concern over whether and how various
anthropogenic pressures endanger microbial populations
has been grown, given the significance of soil microorgan-
isms in supporting ecological activities (Ban et al., 2022).

4. BENEFITS OF SOIL MICROBES

Microbes in the soil serve as ecosystem engineers mediat-
ing critical processes in both natural and managed systems.
Different microbial communities, such as bacteria, fungi,
archaea, protozoans, and nematodes are generally found in
soil. These populations are vital to sustainable agriculture
and enhance the processes that support plant health, soil
fertility, and ecosystem resilience. Soil microbes have po-
tential roles through enhancing the processes of nitrogen
fixation, phosphate solubilization, the synthesis of chem-
icals that promote growth, nutrient uptake, soil structure
stabilization, and the detoxification of toxic substances. All
these processes improve the growth of plants (Kiprotich
et al., 2025).

4.1 Nutrient Cycling
Numerous ecosystem processes related to production of
inorganic nitrogen, nitrogen cycling, carbon cycling and
numerous other ecosystem attributes and services are sig-
nificantly controlled by the actions of microbes and their
interactions (Philippot et al., 2024). In addition to having
a major impact on soil-plant-microbe interactions, soil mi-
crobes are also crucial for preserving the quality of the soil.
Nutrient cycling is the most significant of these interactions.
Soil biota regulates root growth, flow, and nutrient storage
in a healthy soil-plant system. Effective rhizospheric bacte-
ria may even filter fertilizers before the crop or plant uses
them (Dubey et al., 2016).

4.2 Organic Matter Decomposition
The breakdown of organic matter is mostly regulated by
soil microbes. Heterotrophic microflora and microfauna,
which include bacteria, fungi, actinomycetes, and protozoa,
are responsible for decomposition. Heterotrophs get their
energy and carbon for growth only from organic materials,
unlike autotrophic organisms that can make their own food
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from basic chemicals (Khatoon et al., 2017). Fungal hyphal
networks bind plant roots and soil aggregates create sta-
bile soil structures. Soil organic matter acts as a substrate
and supports microbial activity, number and growth [35].
Adsorption of microbial metabolites and organic matter
decomposition products on mineral surfaces are likely to
be involved in aggregate formation. Under field condi-
tions the effect of organic matter on aggregate stability or
aggregate-size distribution may be masked by multiple fac-
tors, such as climatic conditions, soil texture, type of clay,
the dynamics of soil moistures and organic matter content
[37].

4.3 Nitrogen Fixation
As the building block of key biological components, in-
cluding proteins, DNA, and RNA, nitrogen is a necessary
element for life. Nitrogen fixation is the process of trans-
forming atmospheric nitrogen into a form that is useful to
life, such as ammonia. As the main agents of nitrogen fixa-
tion, microorganisms—especially bacteria and archaea—are
essential to this process, maintaining the health and pro-
ductivity of ecosystems (Andrianantoandro et al., 2006).
Prokaryotic microorganisms, which can be divided into
two groups according to their ecological roles and symbi-
otic relationships, are principally responsible for nitrogen
fixation: These comprise some cyanobacteria like Anabaena
and Nostoc, as well as bacteria like Azotobacter and Clostrid-
ium. In soils, water, and other habitats, these microbes fix
nitrogen on their own.

4.4 Phosphorus Solubilization
Phosphorus significantly controls crop productivity and
plant growth. Available phosphorus in the forms of HPO4
and H2PO4 is the two main forms of phosphorus that plants
can absorb and use directly. Currently, about 400-1000
mg/kg of total phosphorus are found in soils globally, of
which only 1.00-2.50% is plant-accessible. This has a signifi-
cant impact on plant growth and agricultural productivity,
leading to a high level of total phosphorus in soils and a
shortage of available phosphorus. Phosphorus-solubilizing
bacteria (PSB) can significantly increase the uptake and uti-
lization of phosphorus by plants (Pan and Cai, 2023). The
genes for phosphorus solubilization in microbes include
glucose dehydrogenase (gcd) and pyrroloquinoline quinine
(pqq) are crucial to enhance the activity of PSB (Rawat et al.,
2021).

4.5 Soil Health
Land degradation lowers the functions of soil to promote
soil health and sustainability to support crop production.
The roles of soil microbes to better soil health are also con-
trolled by soil hydrology. The dynamics of soil water sig-
nificantly influences the population and activity of soil mi-
crobes to improve the properties of physical, chemical and

biological of soil. Studies indicate that soil microorgan-
isms have the potential to restore soil functions ecologically
(Coban et al., 2022). Mycorrhizal fungi and some Actino-
mycetes are considered helpful microbes which develop
symbiotic associations with plant roots, enhancing nutrient
and water intake and providing defense against soil-borne
infections. Soil fungi and bacteria are also crucial for the
process of organic matter decomposition, pathogen inhi-
bition, nitrogen cycling, and soil structure formation. For
instance, Firmicutes phylum contains Bacillus subtilis (bac-
teria) that can produce organic acids, Bacillomycin, and an-
tibiotic proteins which can prevent the growth and spread
of infections (Zhang et al., 2022).

4.6 Land Restoration
It has been suggested that microbial communities can be
used to improve the process of recovery of the degraded
ecosystems, in addition to serve as a gauge of ecosystem
health at any restoration level. Previous studies demon-
strate that soil microbial community has potential to re-
store soil functions physically, chemically and biologically
(Coban et al., 2022). Community manipulation shows
promise in increasing the rate of recovery of degraded sys-
tems, whereas community measurement displays the state
of the system with respect to restoration targets and the
efficacy of management measures (Harris, 2009).

4.7 Climate Change Mitigation
It is evident that certain soil bacteria have the capacity to
affect the sequestration and retention of soil carbon, and
that inoculation of soil systems can be used to foster and
leverage this capacity.

Soil microorganisms influence the dynamics of major
greenhouse gases such as carbon dioxide and methane and
nitrous oxide for either produced or consumed. Soil prop-
erties such as total porosity, moisture content and fertility
level control whether soil microbe communities in the envi-
ronment contribute to greenhouse gas emission sources or
sinks. The greenhouse gas emission control is performed
by soil microbes which exists in soil systems to establish if
the soil will affect climate change or not (Mason et al., 2023).
Soil microbes can mitigate climate change by driving car-
bon sequestration, converting atmospheric carbon dioxide
into stable soil organic carbon. They also regulate green-
house gas emissions by managing nitrogen and methane
cycles. They also improve ecosystem resilience through
soil structure stabilization and plant health enhancement
(Tiedje et al., 2022).

5. BIODIVERSITY-FUNCTION RELATIONSHIPS

Soil microorganisms’ biodiversity-function represents how
the microbial community’s diversity controls the ecosystem
processes (Trivedi et al., 2016). It promotes the functions
of healthy ecosystem, although the degree of the associa-
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tion varies according to management techniques, functional
traits, and environmental context (Khatoon et al., 2017).

5.1 Niche Complementarity
Understanding the intricate relationships between bacteria
and fungi that control carbon (C) and nutrient fluxes, as
well as the structure, composition, and activities of micro-
bial communities in soil, is essential to understand the bio-
geochemical cycles. The primary determinant of adaptation
and niche divergence between these two major microbial
species in soil is competition for resources, among other
interactions. This is because energy and carbon constraints
on microbial development are the norm rather than the
exception. The carbon and energy requirements of the two
main kingdoms in soil, fungi, and bacteria are reviewed
here, along with how their struggle for these and other re-
sources leads to niche divergence and the effects of global
change on this competition (Wang and Kuzyakov, 2024).
According to the normalized microbial utilization prefer-
ence, fungi are 1.1-4.1 times more efficient at using complex
compounds as substrates than bacteria, which are 1.4-5
times more efficient at absorbing simple organic molecules
(Wang and Kuzyakov, 2024).

5.2 Functional Redundancy of Microbes
Amazing taxonomic diversity is frequently seen in micro-
bial communities raising the issue of the mechanisms that
allow species to coexist and how this diversity controls the
functions of microbial affects community. However, the
notion that species should occupy discrete metabolic niches
is contradicted by the fact that multiple coexisting, but
taxonomically distinct bacteria can encode the same energy-
yielding metabolic activities (Wohl et al., 2004). Through fa-
cilitation, higher beginning species richness sustains higher
species richness over time. This taxonomic variability of
soil microbes is often attributed to ecological drift between
similar microbes. These patterns, which link the roles of
function, functional redundancy, and taxonomy in micro-
bial systems, are unavoidable emergent characteristics of
open microbial systems that are primarily caused by biotic
interactions as well as environmental and spatial processes.
They are not likely to be the consequence of ecological drift
(Louca et al., 2018). For instance, 0.5% of the functional
genes were associated with carbon-degrading functions,
but over 21% of the genes were related to stress, and 15% of
the genes were related to carbon cycling on average across
all bacterial networks (Wohl et al., 2004).

6. DYNAMICS OF MICROBIAL DIVERSITY

6.1 Spatial and Temporal Scales of Microbial Diversity
Microbial populations significantly impact plant-livestock
disease, the biogeochemical cycle, farming system and
bioremediation. It has been challenging to identify the eco-
logical mechanisms that govern the formation of microbial
communities and to distinguish the various effects of these

mechanisms. Different processes predominate at different
dimensions, and a more precise, understandable, and prac-
tical understanding of microbial community construction
can be produced by explicitly considering geographical,
temporal, and phylogenetic grains and extents—the two
components of scale (Ladau and Eloe-Fadrosh, 2019). In
order to identify diversity hotspots and deserts, finding
the linking to the environmental conditions and test theo-
ries about dispersion restriction or the random nature of
community formation is crucial to comprehend how micro-
bial communities differ at various spatial scales (Gonzalez
et al., 2012). Like spatial studies, temporal studies can deter-
mine the relative contributions of various processes, such
as stochastic processes and priority effects, to community
structure, as well as correlations with environmental fac-
tors that impact the microbial communities (Balser and
Firestone, 2005).

7. METHODOLOGIES TO IDENTIFY SOIL MI-
CROBES
7.1 Culture-dependent Method for Microbial Diversity

Analysis
The study of soil microbial community has historically used
culturing methods by utilizing a range of culture media
intended to optimize the recovery of various microbial
species. This is particularly accepted for research on soil
health. In many instances, these methods have identified
a variety of microorganisms linked to different aspects of
soil quality, such as organic matter decomposition or min-
eralization and the plant disease suppression. It has been
estimated that less than 0.1% of the microorganisms found
in common farming land are culturable using existing cul-
ture medium formulations, despite recent efforts to develop
better culture media to optimize the recovery of various
microbial groups from soils. This is based on comparisons
between recovered colony-forming units and direct micro-
scopic counts of microorganisms in soil samples (Atlas,
1998).

7.2 Culture-independent Method for Microbial Analysis
Soil microbial ecologists are increasingly using culture-
independent community analysis techniques by consid-
ering the intrinsic limitations of culture-based approaches.
The composition of communities can be observed using
culture-independent approaches based on either sophisti-
cated fluorescence microscopy techniques or the extraction,
measurement, and identification of chemicals from soil that
are unique to certain microorganisms or microbial groups.
Phospholipid fatty acids and nucleic acids are useful sub-
stances for these kinds of investigations (van Elsas et al.,
2006), whereas the microscopic methods entail either the
hybridization of fluorescently labeled nucleic acid probes
with total RNA recovered from soils or hybridizations with
cells in situ (Hill et al., 2000).
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7.3 Advanced Techniques for Microbial Diversity Identi-
fication

7.3.1 Omics Techniques and Stable Isotope Probing
The limitations of traditional methods like PCR-based ap-
proaches and culture make soil microbiology an especially
difficult field. A useful method for getting over these chal-
lenges and illuminating the dynamic character of the mi-
crobial communities in soil is metagenomics (Garg et al.,
2024). Targeted metagenomics, which uses techniques like
high-throughput sequencing and stable-isotope probing, is
essential for analyzing specific microbial taxa and genes
in complex ecosystems. One method for identifying the
microorganisms in environmental samples that employ a
certain growth substrate is called stable isotope probing,
or SIP. To identify active microorganisms, the technique
uses a substrate that is greatly enriched in a stable isotope,
like (13)C, and selectively recovers and analyzes isotope-
enriched cellular components. stable isotope probing (SIP)
links identity to function by monitoring the transport of car-
bon from plants to microbial groups (Dumont and Murrell,
2005).

7.3.2 Machine Learning
The goal of machine learning (ML), a unique subfield of
artificial intelligence (AI), is to identify patterns in vast
amounts of diverse data. It was first proposed by Arthur
Samuel (Bell Labs, IBM, Stanford) in 1959 (McCarthy and
Feigenbaum, 1991). The basic principle is to use algorithms
to parse the data, evaluate the patterns in the data automati-
cally, and then utilize these patterns to generate predictions
and decisions on real-world events (Jordan and Mitchell,
2015). The primary accomplishments in the evolution of
microbial community research toward computational biol-
ogy are now classification and prediction (Jiang et al., 2022).
Algorithms use microbiological data to predict EMF; how-
ever, there are still issues in translating lab results to field
circumstances (Wagg et al., 2019).

8. CHALLENGES

8.1 Knowledge Gaps
Microbial communities, which collectively make up micro-
bial dark matter, contain billions of new species and genes,
as well as innumerable spatiotemporal dynamic patterns.
There is still much to learn about these communities (Zha
et al., 2022). The most prevalent and varied cellular life
forms on Earth are microbes, which occupy a variety of
environmental niches. We have just scratched the surface
of this enigmatic microbial world, though, as over 99% of
bacterial and archaeal species have not been acquired in
pure culture. The vast diversity of uncultivated microor-
ganisms that microbiologists can only investigate through
cultivation-independent methods is known as Microbial
Dark Matter (MDM) (Jiao et al., 2021).

8.2 Ethical and Practical Barriers
Concerns regarding unforeseen ecological consequences are
raised by the bioengineering of microbes for carbon capture
(Jansson et al., 2023). Deliberately altering and transferring
specially generated gene assemblies through sophisticated
methods has caused ongoing controversy throughout the
world. In addition to the advantages and benefits of these
fields, it is necessary to express ethical concerns about in-
formed consent, confidentiality, research subjects, equal
access to research benefits, mortality, and benefits to the in-
dividual hired for research, such as liability, insurance, and
intellectual property rights (Munshi and Sharma, 2018).

9. FUTURE DEVELOPMENTS

9.1 Emerging Technologies for Future
Numerous genetic circuits and metabolic pathways have
been programmed in individual cells through the devel-
opment of genetic components and devices based on tran-
scriptional, translational, and post-translational modules.
A novel area of synthetic biology is the extension of engi-
neering skills from single-cell behaviors to multicellular
microbial consortia. The use of synthetic microbial con-
sortia for distributed bio-computations, the generation of
chemicals and bioenergy, human health and medicine, and
ecosystems. A comprehensive understanding of naturally
occurring microbial consortia and the logical engineering of
these complex consortia for new applications will be made
possible by the synergistic development of systems and
synthetic biology (Song et al., 2014).

9.2 Policy and Management
Achieving sustainable development and biodiversity pro-
tection requires incorporating soil biodiversity into global
frameworks such as the Intergovernmental Science-Policy
Platform on Biodiversity and Ecosystem Services (IPBES)
and the UN Sustainable Development Goals (SDGs). This
integration encourages more efficient and comprehensive
land management techniques while acknowledging the
critical role that soil biodiversity plays in sustaining ecosys-
tem services and human well-being. One useful tool for
determining and analyzing the state of soil health would
be a consistent system for evaluating soil health (Amgain
et al., 2022). These measurable characteristics of soil, which
comprise its physical, chemical, and biological aspects,
are sometimes referred to as soil health indicators. Cost-
effectiveness, the impact of land management techniques
on soil characteristics, and the connection between soil func-
tions and agricultural productivity are all requirements for
the chosen soil health indicators (Nunes et al., 2021).

10. CONCLUSIONS

A fundamental element of agricultural ecosystems, soil mi-
crobial diversity powers vital processes that sustain life
on Earth. The importance of soil microbes in ecosystem
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multifunctionality (EMF), which includes nitrogen fixation,
organic matter breakdown, nutrient cycling, and climate
regulation, is highlighted in this review. All of these em-
phasize the foundation of soil ecosystem function and agri-
cultural sustainability is microbial diversity.

The understanding of mechanisms that connect micro-
bial diversity to EMF is still limited despite their enormous
ecological impact. This is because biodiversity research has
traditionally focused on plants and animals. The interac-
tion between niche complementarity and microbial func-
tional redundancy demonstrates how resilient and adapt-
able these communities are to changing environmental cir-
cumstances. Soil microbial communities are shaped by a
variety of biotic (such as plant diversity and microbial inter-
actions) and abiotic (such as pH and temperature) factors.
However, microbial diversity and the stability of ecosystem
services are under threat from human-induced stressors
such as pollution, climate change, and changes in land use.
Our understanding of microbial roles is being improved by
cutting-edge technologies like metagenomics, stable isotope
probing, and machine learning; yet there are still ethical
and practical obstacles to using this knowledge for ecolog-
ical restoration and climate change mitigation. However,
there are still a lot of unanswered questions, particularly re-
garding context-specific biodiversity-function correlations
and microbial dark matter.

In the future, it will be crucial to embrace recent biotech-
nologies and incorporate soil biodiversity into international
policy frameworks. In addition to being essential to envi-
ronmental sustainability, understanding and utilizing the
power of microbiological life beneath our feet is also critical
to human culture’s ability to adapt to a changing global
environment.
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