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Review Article

ABSTRACT

The soil microbiome, a complex community of microorganisms including bacteria, fungi, archaea,
and protozoa, plays a pivotal role in sustaining plant nutrition and soil health. Through processes
such as nutrient cycling, organic matter decomposition, and symbiotic relationships, sail
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microorganisms enhance the availability of essential nutrients like nitrogen, phosphorus, and
potassium. Beneficial microbes such as plant growth-promoting rhizobacteria (PGPR)
and mycorrhizal fungi improve plant growth by increasing nutrient uptake, producing
growth hormones, and promoting disease resistance. Furthermore, the soil microbiome
significantly contributes to soil structure, fertility, and resilience by aiding in soil aggregation,
water retention, and stress tolerance. It also plays a critical role in suppressing plant pathogens
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1. INTRODUCTION

1.2 Importance of Soil Health

The soil microbiome, comprising diverse Soil health is a critical determinant of ecosystem
communities of bacteria, fungi, archaea, and function, agricultural productivity, and
protozoa, is a fundamental component of soil environmental sustainability. Healthy soils
ecosystems. These microorganisms play a support diverse microbial communities that

critical role in regulating plant growth, nutrient

contribute to vital ecosystem services, including

cycling, and maintaining soil structure, directly nutrient cycling, water regulation, carbon
influencing agricultural productivity and sequestration, and disease  suppression
ecosystem sustainability. The intricate  (Lehmann et al.,, 2020). However, modern

interactions between soil microorganisms and
plants are essential for nutrient acquisition,
particularly in nutrient-limited soils, making
the microbiome an integral part of plant nutrition
and soil health (Fierer, 2017; Bender et al.,
2016).

1.1 Definition and Composition of the Soil

agricultural practices, such as the extensive use
of chemical fertilizers and pesticides, have
disrupted natural microbial populations, leading
to decreased soil fertility and increased
vulnerability to pathogens (Geisen et al., 2019).
Understanding the role of the soil microbiome in
maintaining soil health is essential for developing
sustainable land management practices that

Microbiome promote long-term agricultural productivity and
environmental resilience (Banerjee et al.,
The soil microbiome refers to the collective 2019).

community of microorganisms present in the sail,
which includes a wide array of bacteria, archaea,
fungi, and other microbes. These
microorganisms inhabit different soil zones,
with  many concentrated in the rhizosphere,
the narrow region of soil influenced by
plant root exudates. This zone harbors a
particularly high density of microbes, leading to
complex microbe-plant interactions (Philippot et

1.3 The Role of the Microbiome in Plant
Nutrition

The soil microbiome plays a pivotal role in
nutrient cycling and availability to plants.
Microbial processes, such as nitrogen fixation,
phosphorus solubilization, and organic matter
decomposition, convert nutrients into bioavailable
forms that plants can absorb (Van der Heijden et

al., 2013). The composition of the . g :

soil  microbiome is highly dynamic and aI.,_ 20_08)' Nltrogen-ﬂ)_(m_g bacte_rla, .SUCh as
influenced by various environmental factors, Rhizobia, form_symblotlc relatlo_nshlps .W'th
such as soil type, climate, and agricultural leqgumes, providing the plants with a direct

management practices (Bardgett and van der
Putten, 2014).
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source of usable nitrogen, while mycorrhizal
fungi extend plant root networks, facilitating the
uptake of phosphorus and other immobile
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nutrients (Smith and Read, 2008). Additionally,
many soil microbes produce plant growth-
promoting substances, such as phytohormones,
that enhance root development and nutrient
absorption, further emphasizing the integral role
of the microbiome in plant health (Berendsen et
al., 2012).

As the global population continues to rise, there
is increasing pressure on agricultural systems to
produce more food with fewer inputs. Given the
central role of the soil microbiome in enhancing
plant nutrition and soil health, harnessing these
microbial communities through sustainable
management practices offers a promising
solution to improve crop yields while reducing
environmental degradation (Lopes et al., 2020).
This review explores the diverse functions of the
soil microbiome, its role in promoting plant
nutrition, and strategies for managing microbial
communities to improve soil health and
agricultural productivity.

2. ROLE OF SOIL MICROBIOME
NUTRIENT CYCLING

IN

2.1 Nitrogen Cycling

Nitrogen is a critical nutrient for plant growth, and
the soil microbiome plays a fundamental role in
making atmospheric nitrogen available to plants.
Nitrogen-fixing bacteria, such as Rhizobium spp.
in legume nodules, convert atmospheric nitrogen
into ammonia, which plants can directly absorb.
Similarly, free-living nitrogen-fixing bacteria like
Azotobacter and Azospirillum contribute to
nitrogen fixation in non-legume crops (Subbarao
et al., 2006).

Additionally, microorganisms facilitate
nitrification, converting ammonium into nitrate, a
more plant-accessible form. However,
denitrification, mediated by anaerobic bacteria,
converts nitrates back into atmospheric nitrogen,
thus closing the nitrogen cycle (Zhang et al.,
2015).

2.2 Phosphorus Solubilization

Phosphorus, another essential nutrient, is often
present in forms unavailable to plants. Soil
microorganisms, particularly phosphate-
solubilizing bacteria (PSB) like Pseudomonas
spp. and Bacillus spp., and mycorrhizal fungi
play crucial roles in making phosphorus available
to plants (Reddy et al., 2002). These organisms
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release organic acids that dissolve insoluble
phosphate compounds, improving phosphorus
bioavailability in the soil.

2.3 Decomposition and Carbon Cycling

Decompoasition of  organic matter by
microbes results in the release of essential
nutrients such as nitrogen, phosphorus, and
sulfur, as well as contributing to carbon
sequestration. Fungi, such as Trichoderma spp.
and bacteria such as Bacillus spp., are key
decomposers that break down complex organic
materials, aiding in the recycling of nutrients and
carbon into the soil ecosystem (Singh et al.,
2018).

3. PLANT-MICROBE INTERACTIONS
FOR ENHANCED GROWTH

3.1 Plant Growth-Promoting
Rhizobacteria (PGPR)

Plant Growth-Promoting Rhizobacteria (PGPR)
are beneficial bacteria that colonize plant roots
and promote plant growth through various
mechanisms. PGPR, such as Bacillus and
Pseudomonas spp., enhance nutrient uptake,
produce plant hormones (e.g., auxins), and
improve resistance to stress. In India, research
has shown that PGPR application can increase
crop yield and improve nutrient use efficiency
(Nautiyal et al., 2000).
3.2 Symbiotic with
Mycorrhizae

Relationships

Mycorrhizal fungi form symbiotic associations
with plant roots, enhancing nutrient and water
uptake, particularly in phosphorus-deficient soils.
Arbuscular mycorrhizal fungi (AMF) are known to
significantly improve the growth and productivity
of crops like wheat and rice in Indian soils (Giri et
al., 2007). AMF colonization extends the root
system, improving access to soil nutrients and
water.

3.3 Induced Systemic Resistance

Soil microorganisms can trigger Induced
Systemic Resistance (ISR) in plants, enhancing
their ability to defend against pathogens. Certain
PGPR, such as Bacillus and Pseudomonas,
induce ISR by producing secondary metabolites
and signaling molecules that prime the plant
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immune system, improving resilience against
disease (Kumar et al., 2015).

4. MICROBIAL CONTRIBUTIONS TO
SOIL STRUCTURE AND FERTILITY

4.1 Soil Aggregation and Structure

Microorganisms play a vital role in sail
aggregation by producing polysaccharides and
other organic compounds that bind soil particles
together. This process improves soil structure,
enhancing water infiltration, root growth, and
reducing soil erosion. Mycorrhizal fungi are
particularly  important in  stabilizing  soil
aggregates, which are essential for maintaining
soil health in arid and semi-arid regions of India
(Rillig et al., 2015).

4.2 Humus Formation

Microbial decomposition of organic matter
contributes to the formation of humus, a stable
form of organic matter that enhances soil fertility.
Bacteria and fungi are crucial for breaking down
plant residues into simpler compounds that
eventually form humus, improving the soil's
nutrient-holding capacity (Singh and Sharma,
2002).

5. DISEASE
BIOCONTROL

SUPPRESSION AND

5.1 Antibiosis and Competition

Soil microorganisms suppress plant pathogens
through antibiosis, wherein beneficial microbes
produce antibiotics or other toxic compounds that
inhibit  pathogen  growth. For instance,
Pseudomonas fluorescens has been shown to
suppress soil-borne diseases like damping-off in
Indian crops through the production of antibiotics
such as 2,4-diacetylphloroglucinol (DAPG) (Saraf
et al., 2014).

5.2 Parasitism and Predation

Some microorganisms directly attack and
parasitize plant pathogens, thereby controlling
their populations. For instance, Trichoderma
species act as biocontrol agents by parasitizing
fungal pathogens, releasing lytic enzymes, and
producing antifungal compounds (Singh et al.,
2018).
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6. STRESS TOLERANCE AND
RESILIENCE

6.1 Drought Resistance

Certain  soil  microorganisms,  particularly

mycorrhizal fungi, help plants tolerate drought
stress by improving water uptake and root
growth. Studies in India have demonstrated that
AMF inoculation can increase drought resilience
in crops like sorghum and maize (Bhuvaneswari
et al., 2013).

6.2 Heavy Metal Tolerance

Microbial interactions can also enhance plant
tolerance to heavy metals, an increasing concern
in  polluted soils. Microorganisms  like
Pseudomonas and Bacillus have been shown to
sequester heavy metals, making them less
available to plants, while also promoting plant
growth (Singh et al., 2015).

7. MICROBIOME-BASED
RESTORATION STRATEGIES

SOIL

Soil degradation caused by overuse of chemical
fertilizers and pesticides can be counteracted by
microbiome-based restoration strategies. This
involves introducing beneficial microorganisms
like biofertilizers or biochar to enhance soll
fertility. Studies from India show the positive
impact of microbial inoculants in rejuvenating
degraded soils (Chaudhary et al., 2017).

7.1 Biofertilizers

Biofertilizers, consisting of beneficial
microorganisms such as nitrogen-fixing bacteria,
phosphate-solubilizing bacteria, and
mycorrhizae, are increasingly being used in
Indian agriculture to enhance soil fertility and
reduce dependence on chemical fertilizers
(Sinha et al., 2015).

7.2 Organic Amendments

Incorporation of organic matter, such as compost
and manure, enhances microbial activity in the
soil. This practice has shown to improve soil
structure, increase nutrient availability, and
promote biodiversity in Indian soils (Singh et al.,
2018).



Chandan et al.; Int. J. Plant Soil Sci., vol. 37, no. 2, pp. 62-68, 2025; Article no.lJPSS.130512

8. ROLE OF MICROBIOME IN CLIMATE

RESILIENCE AND CARBON
SEQUESTRATION
Soil microorganisms are central to climate

change mitigation due to their role in carbon
sequestration and reducing greenhouse gas
emissions. Microbial processes like
decomposition and nutrient cycling are essential
for soil carbon storage, which helps regulate
atmospheric carbon dioxide levels (Lehmann and
Kleber, 2015).

8.1 Carbon  Sequestration by  Soil
Microbes
Soil microbes, particularly fungi, play an

important role in the formation of stable organic
carbon compounds, which are stored in soil for
long periods. This process enhances soil carbon
sequestration, contributing to climate change
mitigation (Rillig et al., 2015).

8.2 Microbial
Mitigation

Role in Greenhouse Gas

Microorganisms are also involved in the
reduction of greenhouse gas emissions, such as
methane and nitrous oxide, from agricultural
soils. Certain microbial communities can promote
methane oxidation and denitrification processes

that mitigate  nitrous oxide  emissions

(Bhattacharyya et al., 2018).

9. FUTURE DIRECTIONS AND
INNOVATIONS IN MICROBIOME
RESEARCH

The future of microbiome research lies in

integrating advanced molecular and genomic
tools with agricultural practices. Innovations like
metagenomics and CRISPR-based microbiome
engineering hold promise for precisely
manipulating microbial communities to enhance
plant growth and soil health (Mueller and Sachs,
2015).

9.1 Metagenomics and Microbiome
Profiling
Metagenomic  techniques allow for the

detailed analysis of soil microbial communities,
providing insights into their functional roles
in soil health. In India, several research
groups are working on microbiome profiling
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to identify beneficial microbial consortia that
can be used as biofertilizers (Prakash et al.,
2018).

9.2 Engineering the Microbiome for

Agricultural Sustainability

Future research may explore engineering the soil
microbiome through CRISPR-based gene editing
technologies to enhance the ability of microbes
to promote plant growth, suppress diseases, and
tolerate environmental stresses (Turner et al.,
2020; Verma et al., 2019).

10. CONCLUSION

Sustainable agricultural practices that
incorporate organic amendments, crop rotations,
and reduced chemical inputs are crucial for
maintaining a healthy and diverse soll
microbiome. This review highlights the essential
functions of the soil microbiome in plant nutrition
and soil health, emphasizing its potential to
promote sustainable agricultural practices and
ecosystem resilience.
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