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ABSTRACT

It scrutinizes the critical role of soil microbes in balancing nutrient demands and environmental
preservation, thereby ensuring the stability of our ecosystems. The document elucidates how these
microscopic organisms play a pivotal role in various ecosystem processes such as nutrient cycling,
organic matter decomposition, and the promotion of plant health. It details how their metabolic
processes influence soil fertility and plant growth, maintaining a fine equilibrium between the soil's
nutrient demand and environmental conservation. The review stresses the influence of microbes on
soil health and their potential role in mitigating climate change through carbon sequestration,
demonstrating their significance beyond primary production. The correlation between microbial
communities, climate change, and soil degradation is emphasized, showing how these factors
interact in a complex, interconnected network. Modern microbial management strategies,
highlighting sustainable methods to exploit their potential in agriculture and environmental
conservation. It advocates for more research into soil microbiome functionality, with a special focus
on the impact of human activities and climate change. By emphasizing that soil microbes, although
invisible, carry profound implications for global sustainability and food security. By optimizing
microbial functions, we can improve soil health and fertility, contributing significantly to ecosystem

resilience and stability.

Keywords: Organic matter decomposition; soil microbes; soil microbial diversity; soil fertility.

1. INTRODUCTION

Soil microorganisms, commonly known as soil
microbes, represent a substantial fraction of the
world's biodiversity, existing in complex and
diverse communities within the soil environment
[1]. These tiny, unseen organisms include a
myriad of species, types, and classes that
include bacteria, fungi, archaea, viruses, algae,
and protozoa, amongst others [2]. These
organisms are instrumental in the soil
ecosystem, existing in intricate networks that
interact and collaborate to drive several vital
processes in the soil. The collective action of
these microorganisms significantly influences the
biochemical characteristics of soil, contributing to
its productivity and overall health [3]. Soil
microorganisms play numerous and varied roles
within the environment, contributing to essential
functions that range from nutrient cycling to
climate regulation, disease  suppression,
decomposition of organic matter, and soil
formation [4]. One of the primary roles of soll
microbes is in the cycling of essential nutrients
within ecosystems, transforming inaccessible
forms of nutrients into accessible ones that can
be utilized by plants and other organisms [5].
This includes key cycles like the nitrogen cycle,
where soil microbes convert atmospheric
nitrogen into nitrate or ammonium, usable forms
for plant growth, or the carbon cycle, where
microbes break down organic matter, releasing
carbon dioxide back into the atmosphere [6]. Soll
microbes contribute to the suppression of
diseases through competition and inhibition of

pathogens, a role that supports plant health and
reduces the occurrence of disease outbreaks
within ecosystems [7]. Through the process of
decomposition, microbes help in the breakdown
of dead organic material, contributing to soil
fertility and structure, and ultimately to soll
formation [8].

2. SOIL MICROBES IN BALANCING
NUTRIENT DEMANDS AND
ENVIRONMENTAL PRESERVATION

The role of soil microbes in balancing nutrient
demands and environmental preservation is
becoming increasingly understood and
appreciated. Microbes mediate the flow of
nutrients in soil by breaking down complex
organic materials into simpler compounds that
plants can absorb and utilize [9]. Through these
mechanisms, soil microbes indirectly contribute
to plant growth and productivity, thus playing a
crucial role in agriculture and food production
[10]. Soil microbes influence environmental
preservation in several ways. By participating in
carbon sequestration, they contribute to climate
change mitigation. Soil microbes' activity in the
decomposition of organic materials and
stabilization of organic matter can lead to the
sequestration of carbon in the soil, thus reducing
the amount of carbon dioxide in the atmosphere
[11]. By fostering soil health and structure, soil
microbes help prevent soil erosion and
degradation, maintaining the functionality and
productivity of terrestrial ecosystems [12]. These
roles of soil microbes are not only vital for the
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Fig. 1. Both targeted and untargeted management of soil microbial diversity in the sustainable
improvement of plant health, food crop yield, its nutritional quality and safety
(Source: https://www.mdpi.com/)

ecosystems they inhabit but are also essential for
the well-being and survival of human societies
[13]. Given their significance, understanding the
complex roles of soil microbes and their
interactions with the environment is crucial for
the development of sustainable land use
practices, effective soil management strategies,
and potentially mitigating the effects of climate
change. This review aims to expand the current
understanding of the integral roles of soil
microbes in nutrient cycling and environmental
preservation, alongside addressing the existing
research gaps and upcoming trends in the field.

3. SOIL MICROBES' ROLE IN NUTRIENT
CYCLING AND ENVIRONMENTAL
PRESERVATION

Soil microbes form the cornerstone of various
biogeochemical processes, including nutrient
cycling, which is the movement and exchange of
organic and inorganic matter back into the
production of living matter (Table 1) [14]. They
decompose organic material, releasing essential
nutrients into the soil, which plants and other
organisms then use for growth [15].
Microorganisms, particularly bacteria and fungi,
carry out the mineralization of nutrients, making

them available to plants in a form they can
assimilate [16]. For instance, nitrogen-fixing
bacteria convert atmospheric nitrogen into
nitrates, a form that plants can utilize, while other
types of bacteria are instrumental in the cycling
of phosphorus, sulfur, and other nutrients [17].
Soil microorganisms are instrumental in
preserving the environment. They contribute to
soil health and structure, thereby preventing soil
erosion and degradation, while also influencing
climate change through their role in carbon
sequestration [18]. By decomposing organic
matter, soil microbes participate in the carbon
cycle, contributing to the sequestration of carbon
within the soil [19]. Such activity is crucial for
mitigating the increase of atmospheric carbon
dioxide levels, a significant driver of global
climate change [20]. Despite the significant body
of knowledge accumulated over recent years,
there is still much we don't understand about soil
microbes, given their vast diversity and complex
interactions in the soil ecosystem [21]. Current
understanding remains limited regarding the
intricacies of these microbial processes and how
they are affected by external factors such as
changes in climate, land use, and farming
practices.
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Table 1. Role of soil microbes in nutrient cycling and environmental preservation

Soil microbe Role in nutrient cycling

Role in environmental preservation

Nitrogen-fixing

Converts atmospheric nitrogen into a

By reducing dependence on synthetic

Bacteria form plants can use, enhancing soll nitrogen fertilizers, they help prevent
fertility. water and air pollution.

Mycorrhizal Helps plants absorb nutrients, Helps in soil structure formation and
Fungi especially phosphorus, from the soil. prevention of soil erosion.
Decomposer Breaks down organic matter, recycling  Contributes to the carbon cycle,
Bacteria and nutrients back into the soil. supporting soil carbon sequestration and
Fungi reducing greenhouse gas emissions.
Denitrifying Converts nitrates in the soil back into Prevents excess nitrogen from polluting
Bacteria nitrogen gas. water bodies.
Sulfur-reducing Converts sulfate to sulfide, aiding in Prevents sulfur buildup, which can lead
Bacteria sulfur cycling. to soil acidification.

4. RESEARCH GAPS AND EMERGING communities than ever before. As such, it's

TRENDS IN THE FIELD

There are several research gaps and emerging
trends in the field of soil microbiology that this
review aims to address. For one, there is a need
for more in-depth studies on the relationship
between microbial diversity and ecosystem
functions [22]. Although researchers recognize
that diversity plays a role in the resilience and
stability of soil functions, exactly how this
happens is not entirely understood [23]. As we
move toward a future of increasing climate
unpredictability, there is a need to understand
how changes in temperature, rainfall, and other
climatic factors affect soil microbial communities
and their functions [24]. The development of
high-throughput sequencing technologies and
metagenomics has revolutionized the field of soil
microbiology, allowing for more comprehensive
and accurate studies of soil microbial

Degradation of
pesticides and
| soil pollutants

Organic matter
| decomposition

Nitrification
H, ——— N

expected that future research will be able to
address some of these gaps and deepen our
understanding of soil microbes. There's an
emerging trend in employing soil microbiome
engineering for sustainable agricultural practices
[25]. Researchers are beginning to explore how
we might manipulate soil microbial communities
to improve soil health and crop productivity,
offering a potential tool for sustainable farming
and food production in the face of growing
environmental challenges.

5. SOIL MICROBES AND NUTRIENT
CYCLING

Nutrient cycling is the process through which
nutrients move from the physical environment
into living organisms, and then are recycled back
into the physical environment [26]. This cycling
occurs as organisms extract nutrients from their

Denitrification

o; Nitrification

NO; 3

Fig. 2. Soil microbes and nutrient cycling
(Source: http://www.scirp.org)
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environment for growth, and then release these
nutrients back into the environment through
decomposition and waste excretion. Nutrients
involved in these cycles include, but are not
limited to, carbon, nitrogen, phosphorus, and
sulfur, which are essential elements for all life
forms [27]. The cycling of these nutrients often
involves complex biochemical transformations,
many of which are mediated by soil
microorganisms. Eg. The nitrogen cycle involves
several steps, including nitrogen fixation,
nitrification, and denitrification, all mediated by
different groups of bacteria [28]. In nitrogen
fixation, certain bacteria convert atmospheric
nitrogen into ammonium, which can be taken up
by plants. Through nitrification, other bacteria
transform this ammonium into nitrate, which is
also plant-accessible. Finally, in denitrification,
yet other bacteria convert nitrates back into
atmospheric nitrogen.

6. NUTRIENT CYCLING IN ECOSYSTEMS

Nutrient cycling is of critical importance in all
ecosystems, from the smallest pond to the
largest forest. It is an essential process for life,
ensuring the continued availability of necessary
elements for biological processes [29]. These are
vital in determining the productivity of
ecosystems. The rates at which nutrients cycle
influence the amounts of nutrients available for
plant growth and consequently the overall
primary productivity of an ecosystem [30]. It is
integral to soil fertility and health, with
implications for agriculture and food production.
Healthy soils with active nutrient cycles can
support robust plant growth and high crop yields
[31]. Understanding nutrient cycling processes
also has significant implications for
environmental sustainability and climate change
mitigation. For instance, the carbon cycle is
integral to the global carbon budget and thus has
direct implications for atmospheric CO, levels
and climate change [32].

7. SOIL  MICROBES IN
CYCLING

NUTRIENT

Soil microbes are the primary agents of nutrient
transformations in soil, playing a crucial role in
the cycling of nutrients through the biosphere
[33]. They perform an array of biochemical
processes that convert nutrients between various
forms, some accessible to plants and other
organisms, and others not. A fundamental
mechanism through which soil microbes facilitate
nutrient cycling is the decomposition of organic

matter. During this process, microbes metabolize
organic materials, releasing simpler, mineral
forms of nutrients in the process [34]. This
nutrient release, often called mineralization,
provides nutrients in a form that can be taken up
by plants. Microbes also participate in the
immobilization of nutrients, the opposite of
mineralization. This process occurs when
microbes take up nutrients from the soil solution,
incorporating them into their own biomass [35].
Immobilization temporarily locks nutrients in
organic form, making them unavailable to plants.
The balance between mineralization and
immobilization processes, primarily regulated by
soil  microbial  activity, determines  the
availability of nutrients in the ecosystem,
influencing  plant  productivity and  other
ecosystem processes.

8. NUTRIENT CYCLES

Different soil microbes specialize in various parts
of nutrient cycles, largely due to their metabolic
capacities.

Nitrogen Cycle: Nitrogen is an essential
element for all life, yet its most abundant form
(N, gas) is inaccessible to most organisms.
Certain bacteria, known as diazotrophs, can
convert N, into biologically available forms in a

process called nitrogen fixation. Examples
include Rhizobium, which forms symbiotic
relationships with legumes, and free-living

bacteria like Azotobacter [36]. Once nitrogen is
available in the soil, other bacteria, including
Nitrosomonas and Nitrobacter, carry out
nitrification, converting ammonium to nitrite and
then nitrate, which is more accessible to plants
[37]. Denitrification, the process of converting
nitrate back into atmospheric nitrogen, is
performed by various bacteria such as
Pseudomonas and Paracoccus under low-
oxygen conditions.

Phosphorus Cycle: Soil microbes also play a
crucial role in the phosphorus cycle. Many soil
bacteria and fungi produce enzymes, known as
phosphatases, which release inorganic
phosphate from organic compounds in the soil, a
process referred to as mineralization [38].
Certain  bacteria, known as phosphate
solubilizing bacteria, can make insoluble forms of
phosphate accessible to plants.

Sulfur Cycle: Microbes play a role in the sulfur
cycle too, transforming sulfur between its organic
and inorganic forms. Certain bacteria, such as
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Desulfovibrio, carry out sulfate reduction under Thiobacillus, carry out the opposite process,
anaerobic conditions, converting sulfate to oxidizing sulfide or other sulfur compounds to
hydrogen sulfide [39]. Other bacteria, like sulfate [40].

~atmospheric
nitrogen (N2)

emissions
industrial
: 2 ; industrial
lightning., 5/ Ay, Vo combustion

: ANo and
gasoline
engines

% fertlllzer
nitltogen_ dead animals denltr cation
bfgg?egria and plants
in root nltrates (N03 )
nodules
decomposers
. (bacteria and fungi) @
nitrogen- ammonification
fixing nitrites (NO2™)

bacteria
in soil

=== Human activities
=== Natural activities

) S 2.

STl (NH4™)  nitrification
a

ammonia (NHg) © Encyclopaesdia Britannica, Inc.

Fig. 3. Nitrogen cycle
(Source: www.britannica.com)

Phosphorus cycle

phosphate
uptake by
plants

organic decomposition
(animal waste, decaying
plants and animals)

marine sedimentation

© 2012 Encyclopaedia Britannica, Inc.

Fig. 4. Phosphorus cycle
(Source: www.britannica.com)

994



Srivastava et al.; Int. J. Plant Soil Sci., vol. 35, no. 18, pp. 989-1000, 2023; Article no.lIJPSS.103295

Sulfur Cycle
4 Sulfur (SO,, H,S)

in the atmosphere

Sunlight

L é

P
Precipitation

(acid rains  Volcanization
sano

Smelting & burning
of fossil fuels

Animal
»

uptake

S;(I)fazte /‘ '\%M
= - | in(fert?liler }|ant 2 an{nal A
S ﬁ@ remains/wastes
Sulfate Qg'z‘q’
(s0,%) | 5| Organic
in soil |~ | sulfur
Bacterialt ‘Bacterial
oxidation reduction
Reduced
sulfur
?;gf;_? (H,S, HS")| Decomposition

in water

Sulfide (S?)
in sediments

R ScivaceFacks i

Fig. 5. Sulphur cycle
(Source: https://www.sciencefacts.net/)

9. SOIL MICROBES AND
ENVIRONMENTAL PRESERVATION

Soil fertility, a measure of a soil's ability to
support plant growth, is largely governed by its
microbial inhabitants. Soil microbes, through their
diverse metabolic activities, play a critical role in
maintaining and enhancing soil fertility [41].
Microbes are vital in nutrient cycling, as they help
in the transformation of nutrients from
unavailable to available forms for plant uptake, a
process often referred to as mineralization [42].
This includes the conversion of nitrogen,
phosphorus, and other essential elements into
forms that plants can assimilate, enabling the
productivity of agroecosystems and natural
ecosystems alike [43]. Microbes also promote
soil fertility through the formation of symbiotic
relationships  with  plants. For instance,
mycorrhizal fungi form symbiotic relationships
with most plant species, aiding in nutrient uptake,
especially phosphorus and nitrogen, which leads
to improved plant growth and soil fertility [44].
Soil microbes also contribute to the formation
and stabilization of soil aggregates, which
enhance soil structure, water holding capacity,
and resistance to erosion, all of which are
important factors in soil fertility [45].

10. SOIL MICROBES' ROLE IN ORGANIC
MATTER DECOMPOSITION AND ITS
IMPORTANCE TO SOIL HEALTH

Soil microbes play a crucial role in the
decomposition of organic matter, a process vital
to soil health. The decomposition of organic
materials such as dead plant material, animal
waste, and dead microbial cells is primarily
performed by a diverse array of soil microbes,
including bacteria and fungi [46]. The
decomposition of organic matter by soil microbes
results in the mineralization of nutrients, making
them available for plant uptake and thus
enhancing soil fertility [47]. The by-products of
decomposition, including humic substances,
contribute to the formation and stabilization of
soil aggregates, improving soil structure and
water holding capacity [48]. It is also a significant
source of soil organic carbon, a critical
component of soil health. Soil organic carbon
improves soil physical properties, supports the
soil microbial community, and enhances the
soil's capacity to retain and supply nutrients.
Organic matter decomposition by soil microbes
also influences soil pH, which in turn affects
nutrient availability and microbial activity. Hence,
soil microbes, through the decomposition of
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organic matter, play a pivotal role in maintaining
and enhancing soil health.

11. SOIL MICROBES AND CARBON
SEQUESTRATION

Carbon sequestration, the long-term capture and
storage of carbon dioxide from the atmosphere,
is a crucial strategy in combating climate change
[49]. It reduces greenhouse gas concentrations
in the atmosphere, hence mitigating the global
warming potential of carbon dioxide. Soil acts as
one of the largest carbon sinks on Earth,
harboring approximately 2500 gigatons of
carbon, which is more than the amount in the
atmosphere and vegetation combined. This
ability of soil to capture and store carbon, known
as soil carbon sequestration, is a key ecosystem
service that contributes significantly to climate
change mitigation. Soil carbon sequestration has
the potential to offset a significant proportion of
the world's annual carbon dioxide emissions,
contributing to the objectives of the Paris
Agreement to limit global warming to well below
2 °C above pre-industrial levels [50]. To
mitigating  climate  change, soil carbon
sequestration  improves soil health and
productivity, contributing to sustainable
agriculture and food security.

12.ROLE OF SOIL MICROBES IN
CARBON SEQUESTRATION

Soil microbes play a crucial role in soil carbon
sequestration. Through the decomposition of
organic matter, soil microbes contribute to the
formation of humus, a stable form of soil organic
carbon that can persist in the soil for decades to
centuries [51]. Soil bacteria and fungi are primary
decomposers in the soil, transforming plant
residues and other organic materials into
microbial biomass and by-products, some of
which are resistant to decomposition and
contribute to stable soil carbon pools [52].
Mycorrhizal fungi, in particular, play a significant
role in carbon sequestration. They form
mutualistic symbioses with plants, helping them
access nutrients in return for photosynthetically
derived carbon. Soil microbes can also influence
soil carbon sequestration indirectly by affecting
soil physical properties. For example, they
contribute to the formation and stabilization of
soil aggregates, which can physically protect
organic carbon from decomposition, thus
enhancing carbon sequestration [53]. The role of
soil microbes in carbon sequestration, however,
is influenced by various factors, including soil

type, land use, and climate change.
Understanding these influences is crucial for
harnessing the potential of soil microbes in
carbon sequestration for climate change
mitigation.

13. CHALLENGES AND OPPORTUNITIES

The study and application of soil microbes in
environmental science and agriculture face
several challenges. One of the fundamental
challenges is the complexity and diversity of soil
microbial communities. It is estimated that a
single gram of soil may contain thousands to
millions of microbial species [54]. The sheer
number of species and their complex interactions
pose a challenge to understanding and
manipulating these communities for beneficial
purposes. A related challenge is that many soil
microbes cannot be cultured in the laboratory
using traditional methods, making it difficult to
study their functions and interactions [55].
Advances in metagenomics and other culture-
independent techniques have enabled the study
of these so-called ‘unculturable’ microbes, but
these techniques are often expensive and
require specialized knowledge and equipment
[56]. The effects of global climate change on soil
microbial communities and their functions also
pose a significant challenge. Changes in
temperature, moisture, and other climatic factors
can alter microbial community composition and
function, affecting nutrient cycling and other
ecosystem processes. However, predicting these
effects is challenging due to the complexity of
microbial responses and their interactions with
other components of the ecosystem [57].

14. FUTURE OPPORTUNITIES

Despite the challenges, soil microbial research
holds immense potential for further research and
development. One such area lies in the
exploration and harnessing of novel microbial
processes. For instance, harnessing microbes
capable of fixing atmospheric nitrogen in non-
leguminous crops could significantly reduce the
reliance on synthetic nitrogen fertilizers, which
contribute to environmental pollution [58]. There
is a need for more research on the implications
of climate change on soil microbial communities
and their functions, particularly in relation to
nutrient cycling and carbon sequestration.
Another promising area for research is the role of
soil microbes in the phytoremediation of polluted
soils. Certain microbes have the ability to
degrade or immobilize pollutants, and their use in
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combination with plants could offer an effective
and sustainable solution for soil remediation [59].

15. EMERGING TECHNOLOGIES AND
METHODOLOGIES THAT COULD
ENHANCE OUR UNDERSTANDING

AND APPLICATION OF SOIL
MICROBES
Emerging technologies are opening new

avenues for the study and application of soil
microbes. High-throughput sequencing
technologies, for instance, are allowing scientists
to explore the immense diversity of soil microbial
communities at an unprecedented scale [60].
These technologies are being combined with
bioinformatics tools to predict the functional
potential of microbial communities based on their
genetic composition (meta-genomics), offering
new insights into their roles in nutrient cycling
and other ecosystem processes [61]. Advances
in ‘omics' technologies (genomics,
transcriptomics, proteomics, and metabolomics)
are enabling researchers to study soil microbes
and their functions at multiple scales, from
individual microbes to entire communities [62].
New methodologies are being developed for the
cultivation and study of 'unculturable' microbes.
Techniques such as single-cell genomics and
microfluidics allow for the isolation and genomic
analysis of individual microbial cells, offering a
new perspective on microbial diversity and
function [63]. Synthetic biology, the design and
construction of new biological parts, devices, and
systems, also holds promise for the manipulation
of soil microbial communities for beneficial
purposes, such as enhancing soil fertility or
degrading pollutants [64]. The field of soil
microbial research is on the brink of a new era,
driven by technological advances and a growing
recognition of the crucial role of soil microbes in
sustaining life on Earth.

16. CONCLUSION

Soil microbes play a critical role in maintaining

the balance of nutrient demands and
environmental preservation. Despite facing
challenges such as diversity in microbial

communities, difficulty in culturing microbes, and
the impacts of climate change, the potential for
future research and advancements is significant.
Emerging technologies and methodologies are
continually expanding our understanding of these
essential organisms. Harnessing the potential of
soil microbes through novel processes, climate
change resilience, and remediation strategies

represents a promising avenue for enhancing soil
health, productivity, and sustainability. Continued
exploration and research in this field is crucial for
the preservation of our delicate ecosystems.
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