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Abstract

Plant stress caused by abiotic and biotic factors poses a significant threat to global agricultural productivity
and food security. Beneficial soil microorganisms, particularly plant growth-promoting rhizobacteria (PGPR),
mycorrhizal fungi, and endophytic microbes, play a critical role in enhancing plant stress tolerance through
diverse functional mechanisms. This review provides a comprehensive analysis of the functional profiling of
beneficial soil microbes and their contributions to improving plant resilience under stress conditions such
as drought, salinity, temperature extremes, and pathogen attack. Key mechanisms include phytohormone
modulation, osmolyte accumulation, antioxidant enzyme activation, induced systemic resistance, and nutri-
ent acquisition enhancement. Advances in omics technologies, including metagenomics, transcriptomics,
and metabolomics, have facilitated deeper insights into microbial functions and plant-microbe interactions.
Emerging approaches such as microbiome engineering, biofertilizer development, and precision agricul-
ture are discussed for their potential to mitigate stress impacts sustainably. Furthermore, the implications
of microbial-based stress management strategies for environmental sustainability and public health are
highlighted, particularly in reducing agrochemical use and improving food quality. Despite promising de-
velopments, challenges related to field variability, microbial survival, and large-scale application remain.
Future research directions emphasize the integration of multi-disciplinary approaches to optimize microbial
interventions for sustainable agriculture and global health.

Keywords: Beneficial soil microbes; Plant stress tolerance; Plant growth-promoting rhizobacteria (PGPR);
Mycorrhiza; Abiotic stress; Biotic stress; Biofertilizers; Microbiome engineering; Sustainable agriculture;
Plant-microbe interactions.
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Plant growth and productivity are increasingly threat-
ened by a wide range of abiotic and biotic stress fac-
tors, including drought, salinity, temperature extremes,
heavy metals, and pathogenic infections. These stres-
sors significantly reduce crop yield and quality, posing
serious challenges to global food security and pub-
lic health [1,2]. Climate change has further intensi-
fied the frequency and severity of these stresses, ne-
cessitating the development of sustainable and envi-
ronmentally friendly strategies to enhance plant re-
silience [3,4]. The rhizosphere, defined as the narrow
zone of soil influenced by plant roots, is a dynamic
and biologically active interface where complex inter-
actions occur between plants and microorganisms [5].
This region hosts a diverse community of beneficial
soil microbes, including plant growth-promoting rhi-
zobacteria (PGPR), arbuscular mycorrhizal fungi (AMF),
and endophytes, which play a crucial role in improv-
ing plant stress tolerance [6-8]. Early work by Hilt-
ner established the concept of the rhizosphere, while
subsequent studies demonstrated the ability of PGPR
to enhance plant growth and mitigate stress effects
[9-11]. Beneficial soil microorganisms employ multiple
functional mechanisms to improve plant tolerance to
stress conditions. One of the key mechanisms involves
the production of phytohormones such as indole-3-
acetic acid, gibberellins, and cytokinins, which reg-
ulate plant growth and development under adverse
conditions [12,13]. In addition, several PGPR produce
1-aminocyclopropane-1-carboxylate (ACC) deaminase,
which reduces stress-induced ethylene levels in plants,
thereby alleviating growth inhibition [14,15]. These
mechanisms have been widely reported to enhance
plant tolerance to drought, salinity, and other abiotic
stresses [16,17]. Another important adaptive response
involves the accumulation of osmolytes such as pro-
line, glycine betaine, and soluble sugars, which help
maintain cellular osmotic balance during stress [18,19].
Microbial inoculation has been shown to enhance os-
molyte accumulation and improve water retention ca-
pacity in plants subjected to drought and salinity con-
ditions [20]. Furthermore, beneficial microbes stim-
ulate antioxidant defense systems, increasing the ac-
tivity of enzymes such as superoxide dismutase, cata-
lase, and peroxidase, thereby reducing oxidative dam-
age caused by stress [21-23]. Nutrient acquisition is
also significantly enhanced by soil microbes, contribut-
ing to improved plant health under stress conditions.
Nitrogen-fixing bacteria such as Rhizobium, Azotobac-
ter, and Azospirillum convert atmospheric nitrogen
into plant-available forms, thereby improving nitro-
gen use efficiency [24,25]. Phosphate-solubilizing mi-

ISSN: 2472-3878 | Vol 11 | Issue 1| 2026

croorganisms release organic acids and enzymes that
increase phosphorus availability in soils [26,27]. In
addition, AMF form symbiotic associations with plant
roots, extending the effective root surface area and
enhancing the uptake of water and nutrients, partic-
ularly under drought conditions [28,29]. Apart from
abiotic stress mitigation, beneficial soil microbes also
play avital rolein protecting plants against biotic stress
caused by pathogens. Mechanisms such as induced
systemic resistance (ISR), production of antimicrobial
compounds, and competitive exclusion contribute to
disease suppression [30-32]. Microorganisms such
as Pseudomonas and Trichoderma have been exten-
sively studied for their biocontrol properties and ability
to enhance plant immunity [33,34]. Recent advances
in high-throughput sequencing and omics technolo-
gies, including metagenomics, transcriptomics, and
metabolomics, have significantly improved our under-
standing of plant-microbe interactions [35-37]. These
technologies provide insights into microbial diversity,
functional capabilities, and metabolic pathways in-
volved in stress tolerance. Plants actively shape their
rhizosphere microbiome through the release of root
exudates, which serve as signaling molecules and nu-
trient sources for beneficial microbes [38,39]. Micro-
biome engineering has emerged as a promising ap-
proach to enhance plant stress tolerance by manipulat-
ing microbial communities [40]. The development of
synthetic microbial consortia and biofertilizers offers
new opportunities for sustainable agriculture and re-
duced dependence on chemical inputs [41,42]. These
strategies are particularly important in the context of
climate change and environmental sustainability. The
application of beneficial soil microbes also has impor-
tant implications for public health. Reducing the use
of chemical fertilizers and pesticides minimizes envi-
ronmental contamination, improves soil health, and
enhances food safety [43,44]. Microbial-based agricul-
tural practices contribute to sustainable food produc-
tion systems and support global efforts to mitigate cli-
mate change [45]. Despite the promising potential of
beneficial soil microbes, several challenges remain in
their practical application. Environmental variability,
soil heterogeneity, and competition with native micro-
bial communities can affect the survival and effective-
ness of introduced microbes [46,47]. Additionally, the
lack of standardized formulations and delivery systems
limits large-scale adoption of microbial technologies
[48]. In conclusion, functional profiling of beneficial
soil microbes provides critical insights into their role in
enhancing plant stress tolerance. Harnessing these mi-
crobial functions through innovative and sustainable
approaches can significantly improve agricultural pro-
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ductivity while ensuring environmental sustainability
and public health safety.

Beneficial soil microorganisms play a critical role in
enhancing plant resilience to environmental stresses
through complex physiological, biochemical, and
molecular interactions within the rhizosphere. These
microbes, including plant growth-promoting rhizobac-
teria (PGPR), arbuscular mycorrhizal fungi (AMF), and
endophytes, contribute to stress tolerance by modulat-
ing plant metabolism, improving nutrient acquisition,
and activating defense pathways. Recent advances in
plant-microbe interaction studies have demonstrated
that these mechanisms function synergistically to miti-
gate the effects of abiotic and biotic stresses [49-52].

2.1 Phytohormone Modulation and Ethylene Regu-
lation

One of the most significant mechanisms employed by
beneficial microbes is the modulation of plant phyto-
hormones. PGPR synthesize hormones such as indole-
3-acetic acid (IAA), cytokinins, and gibberellins, which
regulate root architecture, enhance lateral root forma-
tion, and improve nutrient uptake under stress con-
ditions [49-53]. A key microbial adaptation involves
the production of ACC deaminase, which lowers the
levels of stress-induced ethylene in plants. Elevated
ethylene levels are known to inhibit root elongation
and overall plant growth under stress conditions. By
degrading ACC, the precursor of ethylene, microbes al-
leviate stress-induced growth inhibition and enhance
plant tolerance to drought, salinity, and temperature
extremes [54-57]. Furthermore, microbial signaling
molecules influence hormonal cross-talk within plants,
enabling better adaptation to environmental stressors
[58,59].

2.2 Osmotic Adjustment and Cellular Homeostasis
Abiotic stresses such as drought and salinity disrupt
cellular osmotic balance, leading to dehydration and
reduced metabolic activity. Beneficial microbes pro-
mote the accumulation of compatible solutes, includ-
ing proline, glycine betaine, trehalose, and soluble sug-
ars, which play a crucial role in osmotic adjustment
[60-63]. These osmolytes stabilize cellular membranes,
protect proteins from denaturation, and maintain en-
zyme activity under stress conditions. Microbial inocu-
lation has been shown to significantly enhance water-
use efficiency and maintain cellular turgor pressure,
thereby improving plant survival under water-deficit
conditions [64-66].
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2.3 Activation of Antioxidant Defense Systems
Environmental stresses often result in excessive pro-
duction of reactive oxygen species (ROS), which cause
oxidative damage to lipids, proteins, and nucleic acids.
Beneficial soil microbes enhance the plant’s antioxi-
dant defense system by increasing the activity of key
enzymes such as superoxide dismutase, catalase, per-
oxidase, and ascorbate peroxidase [67-70]. This en-
hanced antioxidant activity reduces oxidative stress
and protects cellular components, thereby improving
plant resilience. Studies have also shown that micro-
bial inoculation can upregulate genes associated with
antioxidant pathways, further strengthening plant de-
fense mechanisms [71,72].

2.4 Nutrient Acquisition and Rhizosphere Engineer-
ing

Nutrient limitation is a major factor affecting plant
stress tolerance. Beneficial microbes enhance nutri-
ent availability through various processes, including ni-
trogen fixation, phosphorus solubilization, potassium
mobilization, and micronutrient chelation [73-76].
Nitrogen-fixing bacteria such as Rhizobium, Azotobac-
ter, and Azospirillum convert atmospheric nitrogen
into plant-available forms, thereby improving nitro-
gen use efficiency [77,78]. Phosphate-solubilizing bac-
teria release organic acids and enzymes that convert
insoluble phosphorus into accessible forms [79,80]. Ar-
buscular mycorrhizal fungi (AMF) establish symbiotic
associations with plant roots, extending hyphal net-
works into the soil and enhancing the uptake of water
and nutrients, particularly under drought conditions
[81-83]. Additionally, microbial activity contributes
to improved soil structure, organic matter decompo-
sition, and enhanced microbial biomass, collectively
referred to as rhizosphere engineering [84-86].

2.5 Induced Systemic Resistance (ISR) and Biocon-
trol Mechanisms

Beneficial microbes play a crucial role in protecting
plants against pathogens through induced systemic
resistance (ISR). This mechanism involves the activa-
tion of plant defense pathways mediated by signal-
ing molecules such as jasmonic acid, salicylic acid,
and ethylene [87-89]. Microorganisms such as Pseu-
domonas, Bacillus, and Trichoderma produce antimi-
crobial compounds, siderophores, and lytic enzymes
that suppress pathogen growth [90-92]. In addition,
competitive exclusion and niche occupation by benefi-
cial microbes reduce pathogen colonization in the rhi-
zosphere. These biocontrol mechanisms are essential
for managing biotic stress in a sustainable and environ-
mentally friendly manner [93-95].
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2.6 Molecular Signaling and Plant-Microbe Com-
munication
Recent studies have highlighted the importance of
molecular signaling in plant-microbe interactions.
Root exudates act as chemical signals that attract
beneficial microbes and regulate microbial coloniza-
tion [96-98]. Microbial signaling molecules, including
quorum-sensing compounds and volatile organic com-
pounds (VOCs), influence plant gene expression and
stress responses [99-101]. This bidirectional communi-
cation between plants and microbes plays acrucialrole
in establishing symbiotic relationships and enhancing
stress tolerance.
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Figure 1. Microbial Mechanisms Enhancing Plant
Stress Tolerance

A Healthy Rhizosphere Leads to:
:: Improved Nutrent Acquisition | Enhanced Growth | Greater Sress Tolerance | Sustainable Plant Productivity

Figure 2. Rhizosphere Interactions Between Plants and
Beneficial Microbes

The functional understanding of beneficial soil mi-
crobes has led to their widespread application in mod-
ern agriculture as eco-friendly tools for improving
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crop productivity and stress resilience. These appli-
cations are increasingly important in the context of
climate change, soil degradation, and the need to re-
duce dependence on chemical inputs. Microbial-based
technologies offer sustainable solutions that integrate
plant health, soil fertility, and environmental safety
[102].

3.1 Biofertilizers and Microbial Inoculants
Biofertilizers containing beneficial microorganisms
such as plant growth-promoting rhizobacteria (PGPR),
phosphate-solubilizing bacteria (PSB), and arbuscular
mycorrhizal fungi (AMF) are widely used to enhance
nutrient availability and plant growth. These inocu-
lants improve nitrogen fixation, phosphorus solubiliza-
tion, and overall nutrient cycling, leading to increased
crop productivity under stress conditions [103,104].
The use of microbial consortia has been shown to be
more effective than single-strain inoculants, as syn-
ergistic interactions among microbes enhance their
functional efficiency and adaptability in diverse soil
environments [105-107]. Additionally, biofertilizers
contribute to improved soil organic carbon and micro-
bial biomass, which are critical indicators of soil health
[108].

3.2 Microbiome Engineering and Synthetic Micro-
bial Communities

Microbiome engineering involves the manipulation of
soil microbial communities to optimize plant perfor-
mance and stress tolerance. Advances in microbial
ecology and omics technologies have enabled the de-
sign of synthetic microbial consortia tailored to spe-
cific environmental conditions and crop requirements
[109,110]. These engineered microbial communities
can enhance nutrient acquisition, regulate plant hor-
mone levels, and improve stress resilience through
coordinated functional activities [111-113]. This ap-
proach represents a promising frontier in sustainable
agriculture, allowing precise targeting of beneficial mi-
crobial functions.

3.3 Climate-Resilient Agriculture

Beneficial soil microbes play a vital role in climate-
resilient agriculture by enhancing plant tolerance to
drought, salinity, temperature extremes, and other
stress factors. Microbial inoculation improves water-
use efficiency, maintains plant physiological stability,
and reduces yield losses under adverse climatic con-
ditions [114-116]. In regions with fragile ecosystems,
such as rainfed and semi-arid areas, microbial interven-
tions have been shown to significantly improve crop
survival and productivity [117]. These approaches are
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Table 1. Beneficial Soil Microbes and Their Roles in Stress Tolerance

Microbial Group |Representative Genera

Functional Role

Stress Type Mitigated

Hormone production,

PGPR Pseudomonas, Bacillus ACC d ! Drought, salinity
eaminase

Nitrogen-fixers | Rhizobium, Azotobacter | Nitrogen fixation Nutrient stress

PSB Bacillus, Pseudomonas |Phosphorus solubilization | Nutrient deficiency

AMF Glomus spp. Nutrient & water uptake |Drought

Biocontrol agents | Trichoderma

Pathogen suppression

Biotic stress

Table 2. Key Mechanisms and Their Physiological Effects

Mechanism

Microbial Action

Plant Response

Phytohormone production

IAA, GA synthesis

Root growth enhancement

ACC deaminase activity

Ethylene reduction

Stress alleviation

Osmolyte accumulation

Proline, sugars increase

Osmotic balance

Antioxidant activation

ROS scavenging enzymes

Reduced oxidative damage

ISR activation

Defense signaling pathways | Disease resistance

essential for ensuring food security under changing
climate scenarios.

3.4 Integration with Precision Agriculture

The integration of microbial technologies with preci-
sion agriculture systems has opened new avenues for
efficient resource management. Precision application
of microbial inoculants using advanced tools such as
remote sensing, soil sensors, and GPS-based systems
ensures optimal delivery and effectiveness [118,119].
This approach minimizes input wastage, enhances nu-
trient use efficiency, and improves crop performance
under variable field conditions. Moreover, data-driven
decision-making allows for site-specific management
of soil microbial populations, leading to more sustain-
able agricultural practices [120-122].

3.5 Biocontrol and Integrated Pest Management
(1IPM)

Beneficial microbes are widely used as biocontrol
agents in integrated pest management (IPM) systems.
Microorganisms such as Trichoderma, Pseudomonas,
and Bacillus suppress plant pathogens through mecha-
nisms including antibiotic production, competition for
nutrients, and induced systemic resistance [123-125].
The use of microbial biocontrol agents reduces reliance
on chemical pesticides, thereby minimizing environ-
mental contamination and promoting ecological bal-
ance [126,127]. These strategies are particularly impor-
tant for sustainable crop protection and reducing the
emergence of pesticide-resistant pathogens.

3.6 Soil Health Restoration and Carbon Sequestra-
tion

Microbial-based approaches contribute significantly

to soil health restoration by enhancing soil structure,

increasing organic matter content, and promoting nu-

trient cycling. Beneficial microbes play a key role in

o BIOFERTILIZERS

o MICROBIOME ENGINEERING

Designing Healthier Soils and Crops

Boost Nutrient Availability Naturally

e 4
ot A e i

BIOCONTROL

KEY TAKEAWAY

Beneficial Soil Microbes are Powerful Allies for Sustainable Agriculture.

They improve nutrtion, build esilience, protect crops, and create
healthier soils for future generations.

Figure 3. Applications of Beneficial Soil Microbes in
Sustainable Agriculture

carbon sequestration by stabilizing soil organic carbon
and improving soil aggregation [128-130]. These pro-
cesses not only improve soil fertility but also contribute
to climate change mitigation by reducing greenhouse
gas emissions associated with intensive agricultural
practices [131].

3.7 Rolein Food Quality and Nutritional Security
The application of beneficial soil microbes has been
linked to improvements in crop quality and nutritional
content. Enhanced nutrient uptake results in higher
concentrations of essential minerals and vitamins in
crops, contributing to better human nutrition [132,133].
Furthermore, reduced use of chemical fertilizers and
pesticides lowers the risk of harmful residues in food
products, thereby improving food safety and public
health outcomes [134-136].

228



Public Health | NAAS Rating (2026): 5.00

ISSN: 2472-3878 | Vol 11 | Issue 1| 2026

Table 3. Microbial Contributions to Nutrient Cycling

Process Microbial Agents Nutrient Impact | Agricultural Benefit

Nitrogen fixation Rhizobium, Azotobacter Incr.eas.e.s N Reduced fertilizer use
availability

Phosphorus solubilization | PSB Improvg; P Enhanced growth
availability

Organic matter

oy Soil microbes
decomposition

Nutrient release | Soil fertility

Mycorrhizal symbiosis AMF

Nutrient uptake | Stress tolerance

Table 4. Applications of Beneficial Soil Microbes in Agriculture

Application Area

Microbial Role

Outcome

Biofertilizers

Nutrient mobilization

Increased crop yield

Microbiome engineering

Functional enhancement|Improved stress tolerance

Climate-resilient agriculture | Stress mitigation

Stable productivity

Precision agriculture

Targeted application

Resource efficiency

Biocontrol/IPM

Pathogen suppression

Reduced pesticide use

Soil restoration

Carbon sequestration

Improved soil health

. g ion of Mi hial Technolooi

with Modern Agricultural Practices

‘Schematic representation showing integration of microbial inoculants with precision agriculture tools and sustainable farming systems.

Figure 4. Integration of Microbial Technologies with
Modern Agricultural Practices

{ OUTCOME : G hnology, Leadsto

T
Resilient Agriculture and Food Security.

The application of beneficial soil microbes in agricul-
ture extends beyond crop productivity and environ-
mental sustainability, with significant implications for
public health. The excessive use of chemical fertiliz-
ers and pesticides has been linked to environmental
pollution, food contamination, and adverse health ef-
fects in humans. Microbial-based agricultural practices
offer a viable alternative by reducing dependency on
synthetic inputs and promoting eco-friendly farming
systems [137]. The use of biofertilizers and microbial in-
oculants minimizes the accumulation of toxic residues
in food products, thereby improving food safety and re-
ducing health risks associated with long-term exposure
to agrochemicals [138,139]. Additionally, enhanced nu-
trient uptake facilitated by beneficial microbes leads to
improved crop nutritional quality, contributing to bet-
ter human health outcomes and addressing micronu-
trient deficiencies [140]. Microbial interventions also
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play a crucial role in maintaining soil and environmen-
tal health, which are fundamental components of the
One Health framework that integrates human, animal,
and ecosystem health [141-143]. By improving soil
fertility, reducing greenhouse gas emissions, and mini-
mizing water contamination, beneficial soil microbes
contribute to sustainable ecosystems and long-term
public health benefits [144].

.Despite the promising potential of beneficial soil mi-
crobes, several challenges hinder their large-scale
adoption and consistent field performance. Environ-
mental variability, soil heterogeneity, and climatic fac-
tors significantly influence microbial survival and ef-
fectiveness in different agroecosystems [145,146]. An-
other major limitation is the competition between in-
troduced microbial inoculants and native soil micro-
bial communities, which can reduce the establishment
and persistence of beneficial strains [147]. Further-
more, the lack of standardized formulations, storage
stability, and efficient delivery systems poses chal-
lenges for commercial application [148,149]. Future
research should focus on the development of robust,
stress-tolerant microbial strains with enhanced adapt-
ability to diverse environmental conditions. Advances
in multi-omics technologies, including metagenomics,
transcriptomics, and metabolomics, offer opportuni-
ties to better understand plant-microbe interactions
and optimize microbial interventions [150-152]. The
integration of microbial technologies with precision
agriculture and digital farming tools is another promis-
ing direction. Such integration can enable site-specific
application of microbial inoculants, improving their ef-
ficiency and scalability. Long-term field studies across
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different agroecological zones are essential to validate
laboratory findings and promote wider adoption of
microbial-based solutions.

Beneficial soil microbes represent a sustainable and
innovative approach to enhancing plant stress toler-
ance, improving crop productivity, and ensuring envi-
ronmental and public health safety. Through diverse
mechanisms such as phytohormone regulation, os-
motic adjustment, antioxidant defense, nutrient ac-
quisition, and induced systemic resistance, these mi-
croorganisms significantly enhance plant resilience
under both abiotic and biotic stress conditions. The
functional profiling of soil microbial communities, sup-
ported by advances in omics technologies, has pro-
vided deeper insights into the complex interactions
between plants and microbes. These insights have
facilitated the development of practical applications
such as biofertilizers, microbiome engineering, and
climate-resilient agricultural systems. Importantly, the
adoption of microbial-based agricultural practices con-
tributes to reduced agrochemical use, improved food
quality, and enhanced environmental sustainability,
thereby supporting global public health goals. How-
ever, challenges related to field variability, microbial
survival, and large-scale implementation must be ad-
dressed to fully realize their potential. In conclusion,
integrating beneficial soil microbes into modern agri-
cultural systems offers a promising pathway toward
sustainable food production, ecological balance, and
improved human health. Continued interdisciplinary
research and innovation will be critical in harnessing
the full potential of these microbial resources for future
agricultural and public health advancements.

The present review highlights that rhizosphere micro-
biome restructuring is a promising and sustainable ap-
proach to improving nutrient use efficiency and crop
productivity. The integration of beneficial microorgan-
isms such as PGPR, AMF, and other functional micro-
bial groups enhances nutrient availability, improves
plant health, and increases resilience to environmen-
tal stresses. The evidence suggests that microbiome-
based interventions can significantly reduce reliance
on chemical fertilizers, thereby minimizing environ-
mental pollution and promoting sustainable agricul-
ture. This has direct implications for public health, as
improved soil and crop health contribute to safer food
systems and reduced ecological risks. However, the
successful implementation of these strategies requires
overcoming challenges related to microbial survival,
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environmental variability, and scalability. Continued
research, technological innovation, and policy support
are essential to fully realize the potential of rhizosphere
microbiome restructuring.

Future research should focus on developing site-
specific microbiome solutions tailored to different
crops, soil types, and climatic conditions. Advances in
artificial intelligence and machine learning can play
a crucial role in predicting microbial behavior and
optimizing microbiome interventions [120]. The de-
velopment of next-generation biofertilizers, including
synthetic microbial consortia, offers significant poten-
tial for enhancing nutrient efficiency and crop yield
[121]. These formulations should be designed to en-
sure stability, compatibility, and long-term effective-
ness under field conditions. Integration of multi-omics
approaches with ecological modeling will enable a
deeper understanding of plant-microbe interactions
and facilitate the design of targeted interventions [122].
Additionally, research should explore the role of mi-
crobiomes in mitigating climate change through car-
bon sequestration and reduction of greenhouse gas
emissions [123]. From a public health perspective,
microbiome-based agriculture can contribute to safe
and sustainable food production systems, reducing
exposure to harmful agrochemicals and improving nu-
tritional quality [124]. Policymakers should prioritize
the development of regulatory frameworks and incen-
tives to support the adoption of these technologies.
Finally, interdisciplinary collaboration among micro-
biologists, agronomists, environmental scientists, and
public health experts is essential to address the com-
plex challenges associated with sustainable agriculture
and global food security [125-130].
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