This is an open-access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/) v

(8§ s>
TRENDS IN ANIMAL AND PLANT SCIENCES |';"§, he 5@
https://doi.org/10.62324/TAPS/2023.005  \£X4 4475
www.trendsaps.com; editor@trendsaps.com Ny

REVIEW ARTICLE

A Deep Dive into the Soil Microbiome: Unseen Allies in Enhancing Crop Health and
Productivity

Amijad Ali", Muhammad Awais', Muhammad Tayyab Sadiq’, Arbaz Hassan?, *Ali Ammar?

"Institute of Soil & Environmental Sciences, University of Agriculture Faisalabad, Pakistan
*Department of Plant Breeding and Genetics, University of Agriculture Faisalabad, Pakistan
*Corresponding author: aliammar225@gmail.com

Article History: 23-010 Received: 22-Feb-2023 Revised: 23-Apr-2023 Accepted: 24-May-2023

ABSTRACT

In the face of growing global food demands and environmental challenges, optimizing agricultural productivity
while maintaining sustainability is a significant concern. One largely untapped resource lies beneath our feet: the
soil microbiome, a complex network of microbial communities. This review aimed to synthesize the current
understanding of the soil microbiome and its potential in enhancing crop productivity. We examined the soil
microbiome's diverse constituents, their roles in crop health and productivity, and the impact of human
interventions. Despite substantial progress in the field, complexities remain due to the inherent diversity of soil
microbial communities and the challenges in their study and manipulation. Our analysis reveals the promising
potential of soil microbes in augmenting crop yields, disease resistance, and resilience against environmental
stressors. Furthermore, the review emphasized that agricultural practices, biofertilizers, biopesticides, and genetic
engineering could significantly influence the soil microbiome. While potential risks and ethical considerations exist,
particularly in microbial engineering, emerging technologies offer exciting opportunities for microbiome-based
crop enhancement. The review underscores the crucial need for continued research in this area, given the
potential of the soil microbiome as a game-changer for sustainable agriculture. It also highlights the promising
future directions and the emerging techniques in the soil microbiome research.
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INTRODUCTION

The soil microbiome represents one of the most
complex and diverse communities on the planet,
influencing an array of processes vital for ecosystem
functioning and agricultural productivity (Fierer, 2017).
The microbiome, defined as the collective genomic
entity of microorganisms in a particular environment,
is comprised of a vast assortment of bacteria, archaea,
fungi, viruses, and other microbial and eukaryotic
species (Thakur and Geisen, 2019). The soil
microbiome, in particular, is an intricate ecological
network with a central role in regulating soil health and
fertility, which is fundamental for crop growth and
yield (Bender, et dl., 2016).

Agriculture has always depended on the sail
microbiome, albeit often unknowingly, due to its
importance in nutrient cycling, disease suppression, and

modulating plant responses to stressors (Bulgarelli et
al., 2013). Modern agricultural practices, such as
monoculture cropping and the overuse of chemical
fertilizers and pesticides, can alter the soil microbial
community's structure and function, often to the
detriment of soil health and crop productivity (Lupatini
etal., 2017). As such, the sustainable management of soil
microbial communities presents an opportunity to
enhance agricultural productivity while minimizing
environmental impact (abu Haraira et al., 2022).

The diversity of the soil microbiome and its
influence on crop health and productivity is an emerging
and rapidly expanding field of research (Busby et dl.,
2017). This is fueled by advancements in next-generation
sequencing technologies and bioinformatics, which allow
for in-depth exploration of soil microbial diversity and
functionality (Trivedi et al., 2020). As we begin to better
understand these complex interactions, the potential for
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harnessing the soil microbiome to support sustainable
agricultural practices becomes increasingly clear (AFZAL
etal., 2023).

In this review, we delve into the major components
of the soil microbiome, its role in crop health and
productivity, the impacts of human intervention, and
future perspectives in soil microbiome research.
Understanding these invisible allies under our feet is a
crucial step toward realizing the full potential of
sustainable agriculture.

Understanding the Soil Microbiome

The soil microbiome is the embodiment of nature's
complexity (I AMJAD et al., 2022). It encompasses a
myriad of microorganisms that interact with each other,
with plants, and with the soil itself, playing critical roles
in ecosystem functioning and stability (Delgado-
Baquerizo et al., 2018).

A. Major Microbial Components of the Soil (Bacteria,
Archaea, Fungi, etc.)

The soil microbiome is a consortium of diverse
organisms including bacteria, archaea, fungi, viruses,
protozoa, and other eukaryotes (Rillig et al., 2019).
Bacteria and archaea, the microscopic unicellular
prokaryotes, are the most abundant and arguably the
most essential components (Ammar et al., 2022). They
are key players in nutrient cycling, involved in processes
like nitrogen fixation, nitrification, and sulfur and
phosphorus transformations (Levy et al., 2018).

Fungi also form a significant part of the soil
microbiome, with roles in decomposing organic matter
and forming mutualistic relationships with plants as
mycorrhizae, thereby enhancing plant nutrient uptake
(Bonfante and Genre, 2015). Some fungi are pathogenic
to plants and can cause diseases, while others protect
plants by competing with or directly antagonizing these
pathogens (Schlatter et al., 2017).

In addition to bacteria, archaea, and fungi, the soil
microbiome also includes other less-understood but
potentially critical entities such as viruses and protozoa
(Bano et al., 2023). These organisms influence soil
microbial communities' structure and function through
predation and viral lysis, indirectly impacting nutrient
cycling and disease suppression (Roux et al., 2016).

B. Soil Microbiome Diversity

The soil microbiome is incredibly diverse, arguably
more so than any other habitat on Earth. It is estimated
that a gram of soil can harbor up to a billion
microorganisms belonging to thousands of species
(Roesch et al., 2007). This immense microbial diversity
is a product of the soil's heterogeneous nature,
providing a multitude of microhabitats and ecological
niches that different organisms can occupy (Fierer and
Jackson, 2006).

High microbial diversity often corresponds to
improved soil health and function because different
microorganisms carry out different functions,
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contributing to the resilience and stability of the soil
ecosystem (Wagg et al., 2014). A diverse soil microbiome
can also benefit plants by promoting nutrient
availability, improving resistance to pathogens, and
helping plants tolerate environmental stressors (ALMAS
etal., 2023).

C. Factors Influencing Soil Microbiome Composition

Soil microbial communities are shaped by various
biotic and abiotic factors. Abiotic factors include soil
properties like texture, structure, pH, temperature, and
moisture, which directly affect microbial activity and
survival (Fierer, 2017). Different microbial groups prefer
different soil conditions; for example, acidobacteria are
prevalent in acidic soils, while actinobacteria are
common in alkaline soils (Lauber et al., 2009).

Biotic factors such as plant types also influence the
soil microbiome (Ifrah Amjad et al., 2022). Different
plant species secrete different root exudates, attracting
specific microbial communities—a phenomenon known
as the 'rhizosphere effect' (Bulgarelli et al., 2013).
Further, land management practices, including crop
rotation, tillage, and application of fertilizers or
pesticides, can also drastically alter soil microbial
community composition (Lupatini et al., 2017).

Understanding the major components, diversity,
and factors influencing the soil microbiome's
composition provides critical insights into its role in soil
health and agricultural productivity. As we dig deeper
into this unseen world, we reveal opportunities to
harness the soil microbiome to enhance sustainable
agriculture (Ashraf et al., 2022).

Soil Microbiome and Crop Health

An underappreciated facet of agriculture is the
crucial role played by the soil microbiome in promoting
crop health (BASHIR et al., 2023). The vast microbial
network in the soil significantly influences nutrient
cycling, plant-microbe interactions, and disease
suppression, directly impacting crop productivity
(Berendsen, et al., 2012).

A. Role in Nutrient Cycling and Soil Fertility

Soil microorganisms are vital catalysts for
biochemical transformations that drive nutrient cycling
in the soil-plant system (Bhutta et al., 2023). They
decompose organic matter, converting complex
compounds into forms readily available to plants
(Chaudhry et al., 2022). Bacteria and archaea, for
instance, are involved in nitrogen cycling processes, such
as nitrogen fixation, nitrification, and denitrification
(Levy et al., 2018). Soil fungi also play a crucial role in
decomposition, particularly of more complex organic
compounds like lignin and cellulose (Baldrian, 2017).

Mycorrhizal fungi form symbiotic relationships with
the roots of most plant species, enhancing nutrient
uptake, particularly of phosphorus, and improving soil
structure (Smith and Read, 2008). Similarly, certain
bacteria, termed plant growth-promoting rhizobacteria



(PGPR), can enhance plant nutrient uptake and growth
by producing plant hormones, solubilizing phosphate,
and fixing nitrogen (Backer et al., 2018).

B. Microbe-Plant
Mutualists

The soil microbiome is a complex network of
interactions, including those between microbes and
plants. These interactions can range from beneficial
symbioses to deleterious pathogenic relationships
(Fatima, Saeed, Ullah, et al., 2022).

Pathogens in the soil can cause significant crop
losses. Some fungi, bacteria, and nematodes are known
to cause plant diseases, such as Fusarium wilt, bacterial
canker, and root-knot nematode disease, respectively
(Mendes et al., 2011). Understanding these pathogenic
interactions can aid in developing more effective disease
management strategies (Imtiaz et al., 2022).

On the other end of the spectrum, many soil
microbes engage in beneficial interactions with plants
(IQBAL et al., 2023). As mentioned, mycorrhizal fungi
and PGPR enhance plant nutrient uptake. Additionally,
endophytic bacteria and fungi, which live inside plant
tissues without causing harm, can confer benefits to
their host plants, such as enhanced tolerance to abiotic
stressors and protection against pathogens (Backer et
al., 2018).

Interactions: Pathogens and

C. Disease Suppression by Beneficial Microbes

Interestingly, certain members of the solil
microbiome can suppress plant diseases, offering a
biological alternative to chemical pesticides (Khalid &
Amjad, 2018a). Some microbes outcompete or
antagonize  pathogens,  produce  antimicrobial
compounds, or induce systemic resistance in plants,
making them more resistant to pathogens (Berendsen,
et al., 2012).

Disease-suppressive soils, naturally occurring or
induced by certain farming practices, are soils in which
specific pathogens cause less damage than expected,
thanks to their microbiome composition (Mendes et al.,
2011). Understanding these systems could pave the way
for innovative approaches to plant disease management.

In summary, the soil microbiome's critical roles in
nutrient cycling, plant-microbe interactions, and disease
suppression underscore its potential in enhancing crop
health and productivity. Harnessing these unseen allies
could revolutionize sustainable agriculture.

Soil Microbiome and Crop Productivity

The role of the soil microbiome in agriculture
extends beyond safeguarding plant health. It exerts
direct and indirect influences on crop productivity
through mechanisms such as boosting plant growth,
augmenting disease resistance, and modulating plant
responses to environmental stressors (Zaghum et al,,
2021). These interactions emphasize the integral role of
soil microbes in agricultural ecosystems
(Vandenkoornhuyse et al., 2015).
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A. Influences on Plant Growth and Yield

Microbial inhabitants of the soil contribute
extensively to nutrient cycling, providing a range of
essential elements to plants that aid in growth (FATIMA,
SAEED, KHALID, et al., 2022). This relationship extends
beyond nutrient supply. Microbes like mycorrhizal fungi
and plant growth-promoting rhizobacteria (PGPR)
interact intimately with plants, encouraging robust
growth that can potentially translate to increased crop
yield (Backer et al., 2018).

Beyond nutrient provision, PGPR and other
rhizobacteria impact plant growth through the
production of phytohormones like auxins, gibberellins,
and cytokinins, further emphasizing their key role in
promoting plant development (Glick, 2012). Endophytic
microbes, which inhabit plant tissues, represent another
microbial community that can promote plant growth
and yield through nutrient solubilization, modulation of
plant hormones, and alteration of plant metabolic
pathways (Hardoim et al., 2015).

B. Indirect Effects through Pest and Disease Resistance

The microbiome can also indirectly affect crop
productivity by bolstering plant resistance to pests and
diseases (Khalid & Amjad, 2018b). Certain beneficial
microbes in the soil are known to outcompete or inhibit
pathogens, produce antimicrobial substances, or trigger
systemic resistance in plants, enhancing their immunity
against potential pathogens (Berendsen, et al., 2012).

The potential of endophytes in pest management
should not be underestimated (Khalid et al., 2022). Some
endophytic bacteria, such as Bacillus thuringiensis,
produce toxins that are fatal to many agricultural pests
but harmless to humans and most non-target organisms
(Bravo et al, 201). Leveraging such biological
interactions can reduce reliance on synthetic pesticides,
encouraging more sustainable agricultural practices
(Khalid, Abdullah, et al., 2021).

C. Modulation of Plant Stress Responses (Drought,
Salinity, etc.)

Soil microbes also play a pivotal role in assisting
plants to withstand various abiotic stresses, including
drought, salinity, extreme temperatures, and heavy
metal toxicity (Shahani et al., 2021). Some bacteria and
fungi improve plant tolerance to these stresses through
various mechanisms, such as osmoprotection,
modulation of plant hormone levels, alteration of root
architecture, and sequestration or transformation of
toxic metals (Yang, et al., 2009).

For example, arbuscular mycorrhizal fungi can
enhance plant drought and salinity tolerance by
improving water and nutrient uptake, maintaining ion
homeostasis, and reducing oxidative damage (Augé,
2001). Likewise, certain PGPR can mitigate the
deleterious effects of salt stress in plants by producing
osmoprotective compounds, maintaining ion balance,
or modifying plant hormonal levels to enhance stress
resilience (Egamberdieva et al., 2017).



Interestingly, endophytes also play a role in
enhancing plant tolerance to abiotic stresses. They may
produce protective compounds, alter plant hormone
levels, induce changes in gene expression, or modulate
plant metabolic pathways to improve the stress
tolerance of their host plants (Rodriguez et al., 2008).

Taken together, the multifaceted contributions of
the soil microbiome in enhancing plant growth and yield,
promoting resistance to pests and diseases, and
modulating plant stress responses underscore its
potential as a powerful tool for improving crop
productivity. Leveraging these unseen allies in the soil
could unlock new avenues for sustainable agriculture
(Hamza et al., 2018).

Human Intervention and the Soil Microbiome

The soil microbiome's composition and function can
be profoundly influenced by human interventions,
particularly in the context of agriculture. This section will
explore the impacts of various agricultural practices on
the soil microbiome, the application of biofertilizers and
biopesticides, and the potential of genetic engineering
to harness soil microbes for crop enhancement
(Mustafa et al., 2022).

A. Impacts of Agricultural Practices on Soil Microbiome

Agricultural practices, including crop rotation,
tillage, monoculture, use of synthetic fertilizers and
pesticides, and irrigation, significantly impact the soil
microbiome (Razzaq et al., 2020). While some practices,
such as crop rotation and reduced tillage, can enhance
microbial diversity and function, others like intensive
tillage and excessive use of chemicals can negatively
affect microbial communities, compromising soil health
and productivity (Francioli et al., 2016).

For example, monoculture, a common practice in
modern agriculture, has been found to result in a
significant reduction in soil microbial diversity, which can
decrease soil fertility and productivity over time
(Hartmann et dl., 2015). On the other hand, cover crops
and crop rotation practices can increase microbial
diversity and soil health, contributing to sustainable
agriculture (McDaniel, et al., 2014).

B. The Role of Biofertilizers and Biopesticides

Biofertilizers and biopesticides, derived from
beneficial microbes, represent promising alternatives to
chemical fertilizers and pesticides. These products can
support plant growth and health while mitigating the
negative impacts of chemicals on the soil microbiome
(Razzaq et al., 2021).

Biofertilizers, such as those containing nitrogen-
fixing bacteria or mycorrhizal fungi, can improve plant
nutrient uptake, boost crop yield, and enhance soil
fertility (Adesemoye, et al, 2009). Similarly,
biopesticides, comprising microbes that can inhibit or kill
plant pathogens, provide a sustainable approach for pest
management with minimal adverse effects on non-target
organisms and the environment (Glare et al., 2012).
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C. Genetic Engineering of Soil Microbes for Crop
Enhancement

Recent advances in genetic engineering and
synthetic biology provide unprecedented opportunities
to manipulate soil microbes for crop enhancement .
Through genetic modifications, microbes can be
engineered to have enhanced nutrient provision,
pathogen inhibition, or stress tolerance abilities, which
can in turn improve plant health and productivity (Chen,
etal., 2019).

Moreover, microbes can also be engineered to
produce beneficial plant compounds or biomolecules
that can improve crop traits, such as yield, quality, or
resistance to biotic and abiotic stresses. This emerging
field, known as plant microbiome engineering, holds
immense promise for the future of agriculture (Trivedi et
al., 2020).

In summary, human interventions, through changes
in farming practices, use of bio-based products, and
genetic engineering of soil microbes, can significantly
impact the soil microbiome. These interventions offer
exciting opportunities to harness the power of the soil
microbiome to enhance crop productivity sustainably
(Kamal et al., 2019).

Challenges and Future Perspectives

Understanding and harnessing the soil microbiome
for crop productivity present both exciting
opportunities and substantial challenges. This section
will discuss the difficulties in studying and manipulating
the soil microbiome, potential risks and ethical
considerations, emerging techniques in the field, and
future directions (Razzaq et al., 2020).

A. Difficulties in Soil
Manipulation

Studying the soil microbiome is inherently complex
due to its incredible diversity and the intricate
interactions between microbes and their environment
(Fierer, 2017). Additionally, many soil microbes cannot
be cultured in the laboratory, which hinders our
understanding of their ecology and functions (Stewart,
2012).

Manipulating the soil microbiome for crop
enhancement is also challenging. The effects of adding
beneficial microbes to soil can be inconsistent, as their
survival and functionality are influenced by numerous
factors, such as soil type, weather conditions, and the
presence of other microbes (Thakur and Geisen, 2019).

Microbiome Study and

B. Potential Risks and Ethical Considerations

The manipulation of soil microbiomes, particularly
through genetic engineering, raises potential risks and
ethical considerations (Zafar et al., 2020). For instance,
engineered microbes may have unintended effects on
non-target organisms or disrupt natural microbial
communities. They may also transfer engineered genes
to other organisms through horizontal gene transfer,
with unpredictable consequences (Rovira et al., 2019).



C. Emerging Techniques and Approaches in Soil
Microbiome Research

Despite these challenges, advances in technologies
such as high-throughput sequencing, metagenomics,
metatranscriptomics, and bioinformatics are
revolutionizing our ability to study soil microbes
(Jansson and Baker, 2016). Moreover, synthetic biology
and genome editing tools like CRISPR-Cas offer novel
ways to manipulate soil microbes for crop enhancement
(Huang et al., 2020).

D. Future Directions for Enhancing Crop Productivity
through Soil Microbiome

In the future, research should focus on
understanding the functional traits of soil microbes that
contribute to crop productivity, developing reliable
methods for microbial community manipulation, and
evaluating the long-term impacts of these
manipulations on soil health and ecosystem functions
(Busby et al., 2017).

Moreover, integrating soil microbiome
management into conventional farming practices could
provide new strategies for sustainable agriculture. This
could involve tailoring crop rotation and fertilization
strategies to support beneficial microbes, using
microbial inoculants or biofertilizers, and genetically
engineering crops or microbes for improved
interactions (Vorholt et al., 2017).

Conclusion

The soil microbiome, often referred to as the
'unseen ally' in agriculture, plays a pivotal role in
supporting crop health and productivity. It is a vital
participant in nutrient cycling, enhancing soil fertility,
and bolstering plant growth. The interaction of soil
microbes with plants also aids in suppressing disease,
resisting pests, and modulating responses to
environmental stresses like drought and salinity.

Human interventions through agricultural practices,
biofertilizers and biopesticides usage, and genetic
engineering of soil microbes have profound implications
for the soil microbiome and its utility in agriculture. Such
interventions can help achieve sustainable agricultural
systems, augment crop yields, and reduce the reliance
on chemical fertilizers and pesticides.

Despite the significant progress made in
understanding the soil microbiome and its potential in
agriculture, several challenges and complexities remain.
The vast diversity and intricate interactions within the
soil microbial community necessitate more nuanced
study. Technological advancements like metagenomics,
synthetic biology, and genome editing are instrumental
in driving this research forward.

Further studies are crucial to discern the functional
traits of soil microbes contributing to crop productivity,
develop reliable methods for manipulating the microbial
community, and understand the long-term impacts of
these manipulations on soil health and overall
ecosystem functions. Such advancements will enable us
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to more effectively harness the power of the soil
microbiome, offering novel strategies for sustainable
agriculture and food security in the future (Zafar et al,,
2022).

The growing recognition of the soil microbiome's
importance underpins its potential as a valuable
resource for enhancing crop productivity (Khalid &
Amjad, 2018a). Further research in this area, coupled
with the development of innovative microbiome-based
technologies, holds great promise for the future of
agriculture (Khalid, Amjad, et al., 2021). This reinforces
the critical need for continued exploration of our
'unseen allies' in the soil, their intricate networks, and
their remarkable capacities to sustain and enhance
agricultural productivity (Khalid & Amjad, 2018b).
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