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ABSTRACT

Microbial innovations are increasingly recognized as important components of sustainable agriculture because of their
potential to improve nutrient availability, soil health, crop protection and plant resilience while reducing dependence on
resource-intensive agricultural inputs. This review synthesizes recent advances in agricultural microbiomes and beneficial
microorganisms, with particular emphasis on plant growth-promoting rhizobacteria, endophytes, mycorrhizal fungi,
actinomycetes and microbial consortia. Their roles in biological nitrogen fixation, nutrient solubilization, nutrient cycling,
pathogen suppression, modulation of plant defense and enhancement of tolerance to drought, salinity and other
environmental stresses are examined. The review further evaluates emerging approaches, including microbiome
engineering, synthetic microbial communities, synthetic biology, multi-omics and artificial intelligence, that are enabling
more targeted and function-oriented microbial interventions. Despite substantial advances, translation from laboratory and
controlled-environment studies to consistent field performance remains constrained by environmental variability, poor
microbial establishment and persistence, formulation and shelf-life limitations, scale-up challenges, biosafety concerns
and regulatory uncertainty. An integrated crop-soil-microbiome approach, supported by ecologically adapted strains or
consortia, improved delivery systems, multi-location validation, standardized quality control and data-driven microbial
selection, is therefore essential for reliable field application. Future microbial technologies should be evaluated not only
for biological efficacy but also for agronomic performance, economic feasibility, environmental safety and compatibility
with existing crop-management practices. Such integration can strengthen the contribution of microbial biotechnology to
resource-efficient, climate-resilient and environmentally sustainable agricultural production.

KEYWORDS: agricultural microbiome; biofertilizers; microbial consortia; plant-microbe interactions; biocontrol; stress
tolerance; sustainable agriculture.

INTRODUCTION

Food production systems are under the dual pressure of enhancing productivity whilst conserving nature and protecting
ecosystem services, making sustainability a key challenge for the agricultural sector. While yield intensification is one
approach to sustainable agriculture, it is not the only one that takes into account sustainability in terms of environmental
stewardship, resource-use efficiency, economic viability and long-term soil productivity (Raman, 2024). These
requirements are becoming more challenging due to the growing risk of multiple climatic, environmental, economic and
biological shocks and stresses that may exacerbate vulnerabilities across agricultural landscapes in the current food
systems (Khatri et al., 2024). Conventional intensification has led to better agricultural production, but also poses problems
with soil degradation, loss of resource efficiency and disturbance of the ecosystems due to the dependence on external
inputs and intensive management (Devlet, 2021).

Current agricultural systems need to adapt to loss of soil fertility, shortage of water, climate change, new pests and diseases
and the rising demand on limited natural resources. The solutions to these interrelated constraints should be able to sustain
crop performance without exacerbating the environmental burden of crop production (Suchith kumar et al., 2024). The
use of agrochemicals is another sustainability issue. The use of herbicides and other chemical inputs is essential for
achieving intensive crop production; however, their environmental persistence, movement in soil and water, impact on
nontarget organisms and possible health risks highlight the need for biologically compatible alternatives (Parven et al.,
2025).

Microorganisms are biological sources of many soil—plant interface processes that are crucial for these alternatives.
Beneficial bacteria, fungi and other microbial groups play a role in nutrient transformation, decomposition of organic
matter, aggregation, regulation of phytohormones, suppressing pathogens and plant tolerance to environmental stress.
These activities can lead to enhancement of soil qualities and plant health, and to a decrease in the reliance on resource-
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consuming agricultural inputs (Ortiz & Sansinenea, 2022). This is an expansion of the concept of single beneficial strains
to communities because the combined function of the microbial community has an impact on nutrient acquisition, crop
productivity, stress adaptation, and ecosystem functioning. Utilization of these communities by using biofertilizers,
biocontrol agents, microbial consortia and microbiome-oriented technologies is now seen as a promising way to
sustainable production systems (Suman et al., 2022). Microbial processes are also found to be part of dynamic exchanges
of carbon, nutrients and energy in plant—soil relationships. The relationships between the rhizosphere and plant-soil
feedbacks emphasized the ecological interdependency of the contribution of microbes to agricultural functioning, with
carbon belowground having the capacity to influence these processes. Belowground carbon allocation can alter plant-soil
feedbacks and rhizosphere activity, revealing the ecological linkages that underlie the contribution of microbes to
agricultural functioning (Prescott et al., 2020).

Although the area of microbial innovations has gained a lot of interest, the innovations are scattered in biofertilization,
biological control, stress management, microbiome engineering, synthetic communities and advanced microbial delivery
systems. However, microbial efficacy in the laboratory is not always replicated in the field due to factors affecting
microbial establishment and function in the soil, including soil properties, crop genotype, climate, indigenous microbiota,
formulation stability, and management. Thus, it is important to have an extensive synthesis to link available microbial
functions to new technologies and technologies in practice used in farming.

The review is intended to critically consolidate the progress towards microbial innovations for sustainable agriculture by
summarizing the diversity of microorganisms and functional mechanisms, their use in plant nutrition, soil health, crop
protection, stress resistance, and the novel techniques in microbial formulations, synthetic biology, multi-omics, microbial
engineering, and artificial intelligence. It also analyzes constraints to translation, ecological, regulatory and scalability
issues, highlighting research priorities for sustainable and reliable agriculture based on the microbiome.

2. REVIEW METHODOLOGY

This comprehensive review integrated literature related to microbial innovations relevant to sustainable agriculture,
focusing on agricultural microbiomes, soil fertility, plant nutrition, crop protection, stress tolerance, emerging microbial
technologies, and implementation challenges. The scope of the themed paper was consistent with the flow of the article
from microbial diversity and nutrient roles to biocontrol to advanced microbiome engineering to translation to the field.
When beneficial microorganisms, plant-microbe interactions, biofertilizers, microbial consortia, synthetic communities,
multi-omics, artificial intelligence, and/or commercialization barriers were included in the study, the relevant peer-
reviewed studies, reviews, and/or scholarly book chapters were noted. Relevant and scientific evidence was selected and
themed. The results were narratively compared, focusing on the similarities, new applications, current challenges, and
future research priorities of the microbial strategies for sustainable agricultural production.

3. Agricultural Microbiomes and Functional Diversity

Agricultural microbiomes are a diverse community of bacteria, fungi, archaea and other microorganisms that live in soil
and on plants. They are organized by host selection, environmental filtering, dispersal, and microbial interactions;
meanwhile, they control nutrient cycling, plant development, disease suppression and ecosystem stability (Xiong & Lu,
2022). Enrichment of microbial communities in the rhizosphere is especially dynamic, as compounds produced by the
roots select these microorganisms. Changes in the structure of the rhizosphere communities and nitrogen cycling processes
by crop selection and management can directly link management with microbial functionality (Schmidt et al., 2019). The
diversity of microbes is also found within plants, in internal tissues where the microbes form close associations with their
host. These microorganisms do not cause any disease, but can aid in obtaining nutrients, growth, resistance to pathogens
and adaptation to environmental stress (Adeleke & Babalola, 2021). Plant growth-promoting rhizobacteria are a case in
point, which provide benefits through nitrogen fixation, nutrient solubilization, production of phytohormones and
suppression of pathogens (de Andrade et al., 2023). They must be able to competitively colonize the roots, be strain-
compatible, be stable for formulation and be reproducible in different heterogeneous field situations (Backer et al., 2018).
Complementary functions of beneficial fungi are in close association with plant roots. Mycorrhizal Associations provide
an increase in the ability of the root systems to forage for nutrients and the ability to exchange the mineral nutrients and
carbon supplied by the plant. Recent progress in the study of the genomes of both fungi and plants, and in the
understanding of microbial ecology, is revealing significant functional variation of mycorrhizal associations and opening
the door to their potential use in crops (Martin & van der Heijden, 2024). Arbuscular mycorrhizal fungi (AMF) play a
crucial role in plant health, soil aggregation, and water and phosphorus acquisition (Chen et al., 2018), but their importance
is found to be different depending on the crop species, soil properties and management practices.

In addition to the above, the soils of agricultural fields possess added functional capacity from the actinomycetes due to
their ability to decompose complex organic substrates, mineralize nutrients and generate antimicrobial metabolites, and
antagonize soil-borne pathogens (Bhatti et al., 2017). Their contribution can reach right to the crop nutrition and
productivity. In legumes, beneficial actinomycetes have been linked to increased nitrogen availability, metabolism and
seed quality and productivity, while rhizosphere enrichment has been linked to increased N availability and plant
metabolism (AbdElgawad et al., 2020). The multifunctional characteristics will help to establish their use as biofertilizer
ingredients and biological crop-protection systems. Such coordinated biological responses are the plant—microbe
interactions that combine these single microbial actions. The beneficial microorganisms can interact with the physiology
of plants and influence various mechanisms such as nutrient uptake, hormonal signaling, antioxidant defense, osmotic
regulation, and other mechanisms that enhance plant resistance to drought, salinity, temperature extremes and associated
stresses (Kumar & Verma, 2018). Cooperation, competition, signaling, exchange of metabolites, and niche differentiation
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shape microbial communities all at the same time. Knowing these inter-relationships is essential to the design of microbial
consortia and strategies for managing microbiomes in a way that will work in a variety of agroecological settings (Singh
etal., 2017).

Agricultural microbiomes are thus not comprised of individual beneficial organisms, but of a functional biological
network. Their diversity and complementary activities offer excellent ecological conditions for the development of stable
microbial consortia, optimization of resource-use efficiency, and building resilience of the crops in sustainable production
systems. While distinct groups of microorganisms vary in ecological niche and functional role, they all play a role in

nutrient acquisition, plant protection and stress adaptation (Table 1).

Table 1. Major agricultural microbial groups and their functional roles
Microbial Main habitat Key function Agricultural benefit Representative
group application
PGPR Rhizosphere Nutrient mobilization Improved plant growth Biofertilizers
Endophytes Internal tissues Stress modulation Greater crop resilience Stress-management
inoculants

Mycorrhizal Root—soil P and water Better nutrient Mycorrhizal products
fungi interface acquisition efficiency
Actinomycetes Soil/rhizosphere | Decomposition and Soil health and disease Multifunctional

antibiosis suppression inoculants
Microbial Multiple niches Complementary Improved functional Multi-strain
consortia functions stability formulations

4. Microbial Innovations for Soil Fertility and Plant Nutrition

Microbial nutrition management is an alternative to fertilizer intensive approach to plant nutrition that is biologically
efficient. Biological nitrogen fixation plays a key role in this strategy, as diazotrophic microorganisms are a key process
in the conversion of atmospheric N into forms available to biological systems, and are a pathway for the addition of N
into agricultural systems that does not involve industrial N production (De Bruijn & Hungria, 2022). The ability to
effectively integrate legumes into cropping systems makes legume—rhizobia symbioses particularly valuable to boost soil
fertility and N inputs and enhance productivity of subsequent crops (Kebede, 2021). Another important limitation in crop
nutrition is the microbial mobilization of nutrients, such as phosphorus and potassium. Much of these nutrients are present
in poorly available mineral or fixed form, and are not readily taken up by roots. Actinobacteria can be used to
simultaneously release phosphate and potassium, and stimulate wheat growth, making their use as multifunctional
nutrient-mobilizing inoculants (Boubekri et al., 2021). The response of rice showed that phosphate and potassium
solubilizing bacteria have the potential of increasing the efficiency of the acquired and applied nutrient with a biological
approach, which can lead to better nutrient uptake and plant growth (Bakhshandeh et al., 2017).

Additionally, the efficient uptake, storage and transport of macro and micro nutrients are essential for plant nutrition.
Nutrient scarcity is especially relevant during drought, where drought-induced reduction in uptake forces plants to
mobilize minerals held in their tissues to maintain metabolic functions and/or growth of new tissues (Etienne et al., 2018).
These physiological processes can be enhanced by microbial interventions such as increased nutrient availability in the
rhizosphere and increased biological activity of the soil. It should be noted that nutrient management does not only depend
on the application rate of nutrient fertilizers, but also on soil organic matter, soil microbial processes, nutrient balance and
physicochemical properties (Pandao et al., 2024). Biofertilizers make these functions by microbes into useful agricultural
inputs. Beneficial microorganism preparations can increase nitrogen fixation, solubilization of available nutrients, soil
mineralization, root development, and biological activity in soil, in addition to decreasing the reliance on synthetic
fertilizers (Nosheen et al., 2021). Another innovation is going from single strains to microbial consortia. Complementary
functions, ecological adaptability and synergistic plant growth responses, which may not be as readily obtained with any
single microbe, can be obtained through carefully selected communities (Woo & Pepe, 2018).

Microbial innovations have the potential to enhance soil fertility by optimizing inputs, mobilization, cycling and
acquisition of nutrients by plants and not by replacing one fertilizer source with another. The use of nitrogen fixers,
nutrient-solubilizing microorganisms, biofertilizers and the use of functionally complementary consortia is promising to
achieve more resource-efficient and biologically controlled plant nutrition. All major microbial mechanisms involved in
plant nutrition have a common theme, which is increased efficiency of functioning in the rhizosphere and of plant nutrient
use, leading to increased plant growth and soil fertility (Figure 1).
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Figure 1. Microbial pathways enhancing soil fertility and plant nutrition

5. Microbial Solutions for Crop Protection and Stress Tolerance

Microbial biocontrol is an alternative to conventional crop-protection inputs, based on the use of microorganisms found
in nature and their functional properties. Biocontrol strains can be used to suppress pathogens by competitive exclusion,
nutrient depletion, production of antimicrobial compounds and triggering plant defense mechanisms, but their potential to
be used in agriculture will depend on the ability to be reliably screened and characterized, as well as be adapted to field
conditions (Pirttild et al., 2021). The ecological strength and production of bioactive metabolites by Bacillus species
against different phytopathogens make them good candidates for the integrated disease-management system (Khan et al.,
2022). Microbe-mediated crop protection is important and comprises antimicrobial metabolites. Bacillus velezensis
produces lipopeptides and polyketides with high efficacy against various pathogens of plants, and some of the produced
compounds also have the ability to colonize the roots and help protect the host (Fazle Rabbee & Baek, 2020). Beneficial
microorganisms can also trigger plant immune mechanisms and enhance biotic stress resistance by modulating defense
mechanisms, antimicrobial responses, and mechanisms that limit infection (Enebe & Babalola, 2019).

Another possible livelihood generator, which is equally relevant under abiotic stress, is microbial applications. Plant
growth-promoting rhizobacteria (PGPR) have been shown to enhance drought tolerance, which involves changes in root
architecture, osmotic adjustment, phytohormone levels, water-use efficiency, and stress responses in plants (Zhang et al.,
2022). The endophytic microorganisms also protect the plants from attack by other organisms because they live in the
plant body, in close contact with other physiological activities. Endophytes can improve plant performance under stress,
including drought, salinity, temperature extremes, pathogens and other stresses, by providing nutrients, regulating
hormones, and regulating antioxidants and plant defense mechanisms (Anand et al., 2023). Besides providing protection
against disease, beneficial microorganisms also help to enhance crop performance under a wide range of environmental
stresses in terms of nutrient uptake, cellular homeostasis, production of stress-related metabolites and stress-adaptive
response under salinity, drought and temperature stress (Rana et al., 2021). Oxidative stress is a widespread effect of all
the bad conditions that can lead to an overproduction of ROS and subsequent damage to membranes, proteins and nucleic
acids. Microbial treatments have the potential to affect the antioxidant defense systems and to help keep a balance between
oxidation and reduction processes in plants when exposed to stress (Milentyeva et al., 2022). Microbial activities are not
only protective to the plants, but also remediative to degraded agricultural soils. Immobilized, transformed, adsorbed, and
mobilized metals in crops can be a concern for food systems due to heavy metal contamination, and selected
microorganisms may have a variety of biochemical processes for immobilizing, transforming, adsorbing, and mobilizing
metals. These microbial processes can help with bioremediation and can enhance the viability of contaminated soils for
agricultural regeneration (Atuchin et al., 2023).

Microbial crop protection combines pathogen suppression, immune stimulation, stress mitigation and environmental
remediation in a single biological package. The best future applications will probably be based on the use of good, strong
strains or consortia together with management practices suited to the crop that will ensure activity in the field under
varying conditions. The mechanisms of action of microbial crop-protection products are different, and their efficacy in
the field depends on the stress as well as the field conditions (Table 2).
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Table 2. Microbial strategies for crop protection, stress tolerance, and field translation

Strategy Primary Main mechanism Expected benefit Key limitation
target

Biocontrol agents Plant Antibiosis and competition Disease Variable field
pathogens suppression efficacy

PGPR Drought Hormonal and osmotic Improved drought Environment
stress regulation tolerance dependence

Endophytes Multiple Internal host modulation Enhanced resilience | Host specificity
stresses

Stress-protective Oxidative Antioxidant regulation Cellular protection | Inconsistent

microbes stress colonization

Bioremediation Heavy Transformation/immobilization | Soil recovery Site-specific

microbes metals performance

6. Emerging Microbial Technologies

Microbial agriculture is developing from the use of naturally occurring beneficial strains to the intentional implementation
of microbiomes to predictably serve agricultural purposes. Microbiome engineering aims to alter the composition,
interactions, and/or metabolism of microbial communities to create microbiome systems with the desired functions. These
strategies allow for optimizing nutrient cycling, plant growth, disease resistance, and ecosystem health while our
understanding of communities as functional units, rather than simply strains (Foo et al., 2017). Synthetic microbial
communities represent a more controlled extension of this concept. SynComs are blends of custom-tailored
microorganisms with complementary or cooperative attributes to enable community composition and interactions to be
targeted towards a specific agricultural goal. The simplicity of their structure in comparison to the natural microbiomes
also allows mechanistic studies of plant-microbe and microbe—microbe interactions, and opportunities for applications in
nutrient uptake, stress resistance, and disease control (Shayanthan et al., 2022). Finally, synthetic biology can be leveraged
to further enhance microbiome engineering by either engineering the plant-associated microbes or their interactions to
increase colonization, metabolic functions, and desired product generation (Ke et al., 2021).

Advancements in multi-omics technologies are increasing the capacity to characterize biological processes involved with
the plant—microbe response. Genomics, transcriptomics, proteomics, metabolomics and related datasets can be integrated
to link molecular variation to functional responses, and to identify regulatory networks linked to plant adaptation to
environmental stress (Roychowdhury et al., 2023). Integrated profiling may help inform the identification of microbial
functions and host responses that are hard to decipher with individual analytical techniques. Al and machine learning offer
complementary solutions to uncover trends from ever-growing agricultural data. While robustness of the models and data
quality are crucial factors to consider, machine-learning approaches can incorporate heterogeneous information, discover
predictive relationships, label biological responses, and aid in data-informed agricultural management (Botero-Valencia
et al., 2025). Explainable Al provides value in making model predictions understandable, assisting researchers in
determining the variables that had a significant impact and biologically relevant relationships, rather than just model
predictions that are hard to explain (Ryo, 2022).

Combining these fields of microbiome engineering, SynComs, synthetic biology, multi-omics, and interpretable
computational tools is transforming the landscape of microbial innovation, making it more precise and function-based.
The ability to tie microbial design with strong biological data and/or explainable prediction would enhance the selection
of microbial solutions that would best meet a production constraint, a particular crop, and an environment. The use of
microbiome engineering, synthetic communities, synthetic biology, multi-omics and Artificial Intelligence offers a
technology-enabled approach for creating a microbial solution that is tailored for sustainable agriculture (Figure 2).
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7. Challenges and Future Perspectives

Microbial technologies show great promise for the sustainable production of agricultural products, but performance in the
field has been inconsistent. Selected strains can behave differently following their introduction into complex soils due to
factors such as temperature, moisture and pH; as well as the presence of indigenous microorganisms and competition
among them and the selected strain (Timmusk et al., 2017). Thus, increased focus on the microbiological ecology and
interactions between communities is needed to better predict inoculant persistence and functional compatibility in native
agricultural microbiomes (Gomez-Godinez et al., 2021). Another part of commercial translation is to translate promising
microorganisms into stable and scalable products. The microbial inoculants should be able to withstand production,
storage, transport, and crop application without losing viability, functional activity, colonization potential and crop
compatibility. Recent advances focus more and more on locally adapted strains, microbial consortia, novel improved
carriers, and application strategies that are adapted to the crop-soil environment (Diaz-Rodriguez et al., 2025). Formulation
is especially significant as it can influence storage time and shelf life, as well as survival after application, due to the
composition of carriers, protection from moisture, etc., and the way the product is to be administered to the host organism
(Monica et al., 2025). Biological effectiveness is not enough to make it successful to use in agriculture. Microbial products
should be presented with reproducible agronomic benefits at an affordable price, be practical, and be compatible with the
farm management system. Better strategies for the evaluation of identity, quality, efficacy, biosafety and environmental
impacts are also needed in order to better characterize the regulatory frameworks, especially given the increasing
complexity of microbial products in the market (Batista & Singh, 2021). Improved quality-control and field validation in
different agroecological zones would help minimise the experimental promise-commercial performance gap.
Innovations to come will be moving from general to targeted inoculations and from ecosystem reductionist to ecosystem-
informed interventions in microbial agriculture. Microbial biotechnology can also be used to aid in the selection of better
microbial strains, development of new generations of microbial bio-stimulants, mutation of microbial functions and the
development of microbial consortia with desirable plant-beneficial properties (Singh & Vaishnav, 2022). This would also
allow microbial interventions to be targeted to the specific crop, soil, stresses, and production goals if the integration with
multi-omics, microbiome engineering, precision agriculture, and data-driven crop management is realized. Designing
products based on ecological fitness will be as important as designing them for laboratory performance in order to have
reliable microbial agriculture. To bring microbial innovation to the field, there are key priorities to address, such as field
validation, formulation stability, biosafety, regulatory harmonization, and precision microbiome management. The major
barriers to translating microbial technologies from laboratory research to field agriculture and the corresponding priority
strategies are summarized in Table 3.

Table 3. Key challenges and future priorities for agricultural microbial technologies

Challenge Major cause Practical consequence Future priority
Variable field Soil and climate Inconsistent efficacy Multi-location validation
performance variability
Poor establishment Native microbial Reduced persistence Ecologically adapted strains

competition

Limited shelf life

Formulation instability

Loss of viability

Improved carriers and
encapsulation

Scale-up constraints

Production complexity

Higher commercial cost

Standardized manufacturing

benefits

Biosafety concerns Ecological uncertainty Restricted deployment Long-term risk assessment

Regulatory barriers Variable standards Delayed Harmonized regulations
commercialization

Farmer adoption Cost and uncertain Limited uptake Field evidence and affordability

Precision application

Crop—soil specificity

Variable responses

Data-guided microbiome

matching

8. Integrated Framework for Translating Microbial Innovations into Sustainable Crop Production

The future development of microbial agriculture requires a transition from the selection of individual high-performing
microbial strains towards integrated, function-oriented and agroecosystem-specific microbial management. Although
individual microorganisms can provide important benefits through nutrient mobilization, biological control and stress
mitigation, their performance in agricultural soils is strongly influenced by crop genotype, soil properties, climatic
conditions, indigenous microbial communities and farm management practices. Therefore, microbial technologies should
be designed and evaluated within the context of specific crop—soil-environment combinations rather than being considered
universally applicable inputs. Such an ecosystem-oriented approach may improve microbial establishment, persistence
and functional expression under heterogeneous field conditions.

An integrated microbial management strategy can combine microorganisms with complementary functional traits to
address multiple constraints simultaneously. Nitrogen-fixing and nutrient-solubilizing microorganisms can improve
nutrient availability, while mycorrhizal fungi can enhance phosphorus and water acquisition. Similarly, biocontrol
microorganisms and endophytes can contribute to pathogen suppression, plant defense and tolerance to abiotic stresses.
Microbial consortia may provide greater functional complementarity and stability than individual strains when their
members are compatible and occupy complementary ecological niches. However, consortium development should be
based on experimentally demonstrated compatibility, functional complementarity, ecological fitness and stability rather
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than simply increasing the number of microbial components. The interaction between introduced microorganisms and the
resident microbiome should also be considered during selection and formulation.

Translation of microbial innovations from laboratory research to field application requires a systematic validation
pathway. This pathway should include isolation and characterization of candidate microorganisms, assessment of
functional traits, compatibility testing, formulation development, controlled-environment evaluation, multi-location field
validation and monitoring of microbial establishment and agronomic performance. Field evaluation should consider not
only yield responses but also nutrient-use efficiency, disease suppression, stress tolerance, soil biological properties and
the persistence of introduced microorganisms. Such multidimensional evaluation would provide a more realistic
assessment of the contribution of microbial technologies to sustainable crop production.

Emerging molecular and computational technologies can further strengthen this translational framework. Genomics,
transcriptomics, proteomics and metabolomics can help identify microbial traits and plant responses associated with
successful colonization, nutrient acquisition and stress adaptation. Integration of these datasets with information on soil
properties, crop genotype, climate and management practices may facilitate the identification of microbial functions that
are most effective under particular agroecological conditions. Artificial intelligence and machine-learning approaches can
complement these efforts by identifying complex relationships within heterogeneous datasets and supporting the
prediction of suitable microbial interventions for specific crop-soil-environment combinations. Thus, integration of
microbiome engineering, synthetic microbial communities, multi-omics and data-driven approaches can contribute to the
development of more precise and predictable microbial technologies.

Successful agricultural application also depends on factors beyond biological efficacy. Microbial products must
demonstrate adequate viability and stability during production, storage, transport and application, while maintaining
functional activity under field conditions. Standardized quality-control procedures, appropriate carrier materials, effective
delivery systems, biosafety assessment and harmonized regulatory frameworks are therefore essential for
commercialization and farmer adoption. Economic feasibility and compatibility with existing nutrient, disease and pest-
management practices should also be considered during technology evaluation. Microbial technologies are more
appropriately viewed as components of integrated crop management rather than universal replacements for synthetic
fertilizers or pesticides.

A systems-based framework integrating microbial diversity, functional traits, crop requirements, soil characteristics,
environmental conditions, formulation technology and farm management can therefore help bridge the gap between
microbial discovery and practical agricultural application. Future research should prioritize the identification of
ecologically adapted microbial strains and consortia, development of stable and efficient delivery systems, multi-location
validation and data-driven matching of microbial interventions with specific production environments. Such an integrated
approach can enhance the reliability, scalability and sustainability of microbial technologies and strengthen their
contribution to resource-efficient, climate-resilient and environmentally responsible agricultural production.

8. CONCLUSION

Microbial innovations represent an important biological foundation for developing more resource-efficient, resilient and
environmentally sustainable agricultural systems. The evidence reviewed in this paper demonstrates that plant growth-
promoting rhizobacteria, endophytes, mycorrhizal fungi, actinomycetes and microbial consortia can contribute to nutrient
acquisition, soil fertility, pathogen suppression and tolerance to abiotic stresses through diverse and complementary
mechanisms. Their value extends beyond individual microbial functions, as interactions among plants, introduced
microorganisms and resident soil microbiomes can influence the overall stability and performance of agricultural systems.
Recent advances in microbiome engineering, synthetic microbial communities, synthetic biology, multi-omics and
artificial intelligence are providing new opportunities to move microbial agriculture from conventional strain-based
applications towards more precise, function-oriented interventions. However, technological advancement alone will not
ensure successful agricultural adoption. The major challenge remains the translation of laboratory and controlled-
environment performance into consistent and economically viable field outcomes. Environmental variability, microbial
establishment and persistence, formulation stability, scale-up, biosafety, quality control and regulatory requirements
continue to constrain this transition.

Future microbial technologies should therefore be developed within an integrated crop—soil-microbiome framework in
which microbial traits are matched with crop requirements, soil characteristics, environmental conditions and management
practices. Greater emphasis should be placed on ecologically adapted strains and compatible microbial consortia, robust
formulations, effective delivery systems, multi-location field validation and standardized assessment of agronomic,
economic and environmental performance. Data generated through multi-omics, microbiome profiling and field-based
experimentation can further support the development of predictive and site-specific microbial management strategies.
Ultimately, microbial technologies are unlikely to function as universal substitutes for conventional agricultural inputs;
rather, their greatest potential lies in their strategic integration with existing nutrient, disease and crop-management
practices. A transition towards such integrated and data-informed microbial management can improve resource-use
efficiency, strengthen crop resilience and reduce the environmental burden associated with intensive agriculture.
Continued interdisciplinary research linking microbial ecology, plant science, soil science, biotechnology, formulation
technology and agricultural management will be essential for converting microbial innovations into reliable, scalable and
sustainable solutions for future food production.

Genetics and Molecular Research 25 (17s): 2026 7



REFERENCE

1.  AbdFlgawad, H., Abuelsoud, W., Madany, M. M., Selim, S., Zinta, G., Mousa, A. S., & Hozzein, W. N. (2020).
Actinomycetes enrich soil rhizosphere and improve seed quality as well as productivity of legumes by boosting nitrogen
availability and metabolism. Biomolecules, 10(12), 1675. https://doi.org/10.3390/biom10121675

2. Adeleke, B. S., & Babalola, O. O. (2021). The endosphere microbial communities, a great promise in
agriculture. International Microbiology, 24(1), 1-17.

3.  Anand, U., Pal, T., Yadav, N., Singh, V. K., Tripathi, V., Choudhary, K. K., ... & Singh, A. K. (2023). Current
Scenario and Future Prospects of Endophytic Microbes: Promising Candidates for Abiotic and Biotic Stress Management
for Agricultural and Environmental Sustainability: U. Anad et al. Microbial ecology, 86(3), 1455-1486.

4. Atuchin, V. V., Asyakina, L. K., Serazetdinova, Y. R., Frolova, A. S., Velichkovich, N. S., & Prosekov, A. Y. (2023).
Microorganisms for bioremediation of soils contaminated with heavy metals. Microorganisms, 11(4), 864.
https://doi.org/10.3390/microorganisms 11040864

5. Backer, R, Rokem, J. S., [langumaran, G., Lamont, J., Praslickova, D., Ricci, E., ... & Smith, D. L. (2018). Plant
growth-promoting rhizobacteria: context, mechanisms of action, and roadmap to commercialization of biostimulants for
sustainable agriculture. Frontiers in plant science, 9, 402666. https://doi.org/10.3389/fpls.2018.01473

6. Bakhshandeh, E., Pirdashti, H., & Lendeh, K. S. (2017). Phosphate and potassium-solubilizing bacteria effect on the
growth of rice. Ecological Engineering, 103, 164-169.

7. Batista, B. D., & Singh, B. K. (2021). Realities and hopes in the application of microbial tools in
agriculture. Microbial Biotechnology, 14(4), 1258-1268.

8. Bhatti, A. A., Haq, S., & Bhat, R. A. (2017). Actinomycetes benefaction role in soil and plant health. Microbial
pathogenesis, 111, 458-467.

9. Botero-Valencia, J., Garcia-Pineda, V., Valencia-Arias, A., Valencia, J., Reyes-Vera, E., Mejia-Herrera, M., &
Hernandez-Garcia, R. (2025). Machine learning in sustainable agriculture: systematic review and research
perspectives. Agriculture, 15(4), 377. https://doi.org/10.3390/agriculture15040377

10. Boubekri, K., Soumare, A., Mardad, 1., Lyamlouli, K., Hafidi, M., Ouhdouch, Y., & Kouisni, L. (2021). The
screening of potassium-and phosphate-solubilizing actinobacteria and the assessment of their ability to promote wheat
growth parameters. Microorganisms, 9(3), 470. https://doi.org/10.3390/microorganisms9030470

11. Chen, M., Arato, M., Borghi, L., Nouri, E., & Reinhardt, D. (2018). Beneficial services of arbuscular mycorrhizal
fungi—from ecology to application. Frontiers in plant science, 9, 1270. https://doi.org/10.3389/fpls.2018.01270

12. de Andrade, L. A., Santos, C. H. B., Frezarin, E. T., Sales, L. R., & Rigobelo, E. C. (2023). Plant growth-promoting
rhizobacteria for sustainable agricultural production. Microorganisms, 11(4), 1088.

doi: 10.3390/microorganisms11041088

13. De Bruijn, F. J., & Hungria, M. (2022). Biological nitrogen fixation. Good microbes in medicine, food production,
biotechnology, bioremediation, and agriculture, 466-475. https://doi.org/10.1002/9781119762621.ch37

14. Devlet, A. (2021). Modern agriculture and challenges. Frontiers in Life Sciences and Related Technologies, 2(1),
21-29.

15. Diaz-Rodriguez, A. M., Parra Cota, F. 1., Cira Chavez, L. A., Garcia Ortega, L. F., Estrada Alvarado, M. 1., Santoyo,
G., & de Los Santos-Villalobos, S. (2025). Microbial inoculants in sustainable agriculture: advancements, challenges, and
future directions. Plants, 14(2), 191. https://doi.org/10.3390/plants14020191

16. Enebe, M. C., & Babalola, O. O. (2019). The impact of microbes in the orchestration of plants’ resistance to biotic
stress: a disease management approach. Applied microbiology and biotechnology, 103(1), 9-25.

17. Etienne, P., Diquelou, S., Prudent, M., Salon, C., Maillard, A., & Ourry, A. (2018). Macro and micronutrient storage
in plants and their remobilization when facing scarcity: the case of drought. Agriculture, 8(1), 14.
https://doi.org/10.3390/agriculture8010014

18. Fazle Rabbee, M., & Back, K. H. (2020). Antimicrobial activities of lipopeptides and polyketides of Bacillus
velezensis for agricultural applications. Molecules, 25(21), 4973. https://doi.org/10.3390/molecules25214973

19. Foo, J. L., Ling, H., Lee, Y. S., & Chang, M. W. (2017). Microbiome engineering: Current applications and its
future. Biotechnology journal, 12(3), 1600099. https://doi.org/10.1002/biot.201600099

20. Gomez-Godinez, L. J., Martinez-Romero, E., Banuelos, J., & Arteaga-Garibay, R. I. (2021). Tools and challenges
to exploit microbial communities in agriculture. Current Research in Microbial Sciences, 2, 100062.
https://doi.org/10.1016/j.crmicr.2021.100062

21. Ke, J.,, Wang, B., & Yoshikuni, Y. (2021). Microbiome engineering: synthetic biology of plant-associated
microbiomes in sustainable agriculture. Trends in Biotechnology, 39(3), 244-261.

22. Kebede, E. (2021). Contribution, utilization, and improvement of legumes-driven biological nitrogen fixation in
agricultural systems. Frontiers in sustainable food systems, 5, 767998. https://doi.org/10.3389/fsufs.2021.767998

23. Khan, A. R., Mustafa, A., Hyder, S., Valipour, M., Rizvi, Z. F., Gondal, A. S., ... & Daraz, U. (2022). Bacillus spp.
as bioagents: Uses and application for sustainable agriculture. Biology, 11(12), 1763.
https://doi.org/10.3390/biology11121763

24. Khatri, P., Kumar, P., Shakya, K. S., Kirlas, M. C., & Tiwari, K. K. (2024). Understanding the intertwined nature of
rising multiple risks in modern agriculture and food system. Environment, Development and Sustainability, 26(9), 24107-
24150.

25. Kumar, A., & Verma, J. P. (2018). Does plant—microbe interaction confer stress tolerance in plants: a
review?. Microbiological research, 207, 41-52. https://doi.org/10.1016/j.micres.2017.11.004

Genetics and Molecular Research 25 (17s): 2026 8


https://doi.org/10.3390/biom10121675
https://doi.org/10.3390/microorganisms11040864
https://doi.org/10.3389/fpls.2018.01473
https://doi.org/10.3390/agriculture15040377
https://doi.org/10.3390/microorganisms9030470
https://doi.org/10.3389/fpls.2018.01270
https://doi.org/10.3390/microorganisms11041088
https://doi.org/10.1002/9781119762621.ch37
https://doi.org/10.3390/plants14020191
https://doi.org/10.3390/agriculture8010014
https://doi.org/10.3390/molecules25214973
https://doi.org/10.1002/biot.201600099
https://doi.org/10.1016/j.crmicr.2021.100062
https://doi.org/10.3389/fsufs.2021.767998
https://doi.org/10.3390/biology11121763
https://doi.org/10.1016/j.micres.2017.11.004

26. Martin, F. M., & van Der Heijden, M. G. (2024). The mycorrhizal symbiosis: research frontiers in genomics, ecology,
and agricultural application. New Phytologist, 242(4), 1486-1506.

27. Milentyeva, I. S., Fotina, N. V., Zharko, M. Y., & Proskuryakova, L. A. (2022). Microbial treatment and oxidative
stress in agricultural plants. Food Processing: Techniques and Technology, 52(4),750-761

28. Monica, S., Panneerselvam, S., Rajasekaran, R., Nalliappan, S., Kailappan, A., & Rangasamy, A. (2025). Recent
advances in bioinoculant formulations and their shelf-life: A review. Current Microbiology, 82(11), 506.
https://doi.org/10.1007/s00284-025-04497-3

29. Nosheen, S., Ajmal, 1., & Song, Y. (2021). Microbes as biofertilizers, a potential approach for sustainable crop
production. Sustainability, 13(4), 1868. https://doi.org/10.3390/su13041868

30. Ortiz, A., & Sansinenea, E. (2022). The role of beneficial microorganisms in soil quality and plant
health. Sustainability, 14(9), 5358. https://doi.org/10.3390/su14095358

31. Pandao, M. R., Thakare, A. A., Choudhari, R. J., Navghare, N. R., Sirsat, D. D., & Rathod, S. R. (2024). Soil health
and nutrient management. International Journal of Plant & Soil Science, 36(5), 873-883.

32. Parven, A., Meftaul, I. M., Venkateswarlu, K., & Megharaj, M. (2025). Herbicides in modern sustainable agriculture:
environmental fate, ecological implications, and human health concerns. International Journal of Environmental Science
and Technology, 22(2), 1181-1202.

33. Pirttild, A. M., Mohammad Parast Tabas, H., Baruah, N., & Koskimiki, J. J. (2021). Biofertilizers and biocontrol
agents for agriculture: How to identify and develop new potent microbial strains and traits. Microorganisms, 9(4), 817.
https://doi.org/10.3390/microorganisms9040817

34. Prescott, C. E., Grayston, S. J., Helmisaari, H. S., Kastovska, E., Kérer, C., Lambers, H., ... & Ostonen, 1. (2020).
Surplus carbon drives allocation and plant—soil interactions. Trends in ecology & evolution, 35(12), 1110-1118.

35. Raman, S. (Ed.). (2024). Agricultural sustainability: principles, processes, and prospects. CRC Press.

36. Rana, S., Chauhan, R., Walia, A., Sharma, G., & Datt, N. (2021). Beneficial microbes in agriculture under abiotic
stress conditions: An overview. Pharma Innovation, 10(1), 360-368.

37. Roychowdhury, R., Das, S. P., Gupta, A., Parihar, P., Chandrasekhar, K., Sarker, U., ... & Sudhakar, C. (2023).
Multi-omics pipeline and omics-integration approach to decipher plant’s abiotic stress tolerance responses. Genes, 14(6),
1281. https://doi.org/10.3390/genes 14061281

38. Ryo, M. (2022). Explainable artificial intelligence and interpretable machine learning for agricultural data
analysis. Artificial Intelligence in Agriculture, 6, 257-265. https://doi.org/10.1016/j.aiia.2022.11.003

39. Schmidt, J. E., Kent, A. D., Brisson, V. L., & Gaudin, A. C. (2019). Agricultural management and plant selection
interactively affect rhizosphere microbial community structure and nitrogen cycling. Microbiome, 7(1), 146.
https://doi.org/10.1186/s40168-019-0756-9

40. Shayanthan, A., Ordofez, P. A. C., & Oresnik, 1. J. (2022). The role of synthetic microbial communities (SynCom)
in sustainable agriculture. Frontiers in Agronomy, 4, 896307.

41. Singh, D. P., Singh, H. B., & Prabha, R. (Eds.). (2017). Plant-microbe interactions in agro-ecological
perspectives (Vol. 2). Singapore:: Springer. https://doi.org/10.3389/fagro.2022.896307

42. Singh, H. B., & Vaishnav, A. (Eds.). (2022). New and future developments in microbial biotechnology and
bioengineering: sustainable agriculture: advances in microbe-based biostimulants. Elsevier.

43. Suchithkumar, C., Reddy, S., Divyavani, P., Divya, S., Sravya, M., Mani, M., & Manoharan, G. (2024, June).
Modern challenges in agriculture. In AIP Conference Proceedings 2971(1), 040051). https://doi.org/10.1063/5.0195744
44. Suman, J., Rakshit, A., Ogireddy, S. D., Singh, S., Gupta, C., & Chandrakala, J. (2022). Microbiome as a key player
in sustainable agriculture and human health. Frontiers in Soil Science, 2, 821589.
https://doi.org/10.3389/f5011.2022.821589

45. Timmusk, S., Behers, L., Muthoni, J., Muraya, A., & Aronsson, A. C. (2017). Perspectives and challenges of
microbial application for crop improvement. Frontiers in plant science, 8, 49.

https://doi.org/10.3389/fpls.2017.00049

46. Woo, S. L., & Pepe, O. (2018). Microbial consortia: promising probiotics as plant biostimulants for sustainable
agriculture. Frontiers in plant science, 9, 1801 .https://doi.org/10.3389/fpls.2018.01801

47. Xiong, C., & Lu, Y. (2022). Microbiomes in agroecosystem: Diversity, function and assembly
mechanisms. Environmental microbiology reports, 14(6), 833-849.

48. Zhang, H., Sun, X., & Dai, M. (2022). Improving crop drought resistance with plant growth regulators and
rhizobacteria: Mechanisms, applications, and perspectives. Plant Communications, 3(1).

49. DOI: 10.1016/j.xplc.2021.100228

Genetics and Molecular Research 25 (17s): 2026 9


https://doi.org/10.3390/su13041868
https://doi.org/10.3390/su14095358
https://doi.org/10.3390/microorganisms9040817
https://doi.org/10.3390/genes14061281
https://doi.org/10.1016/j.aiia.2022.11.003
https://doi.org/10.3389/fagro.2022.896307
https://doi.org/10.1063/5.0195744
https://doi.org/10.3389/fsoil.2022.821589
https://doi.org/10.3389/fpls.2017.00049
https://doi.org/10.3389/fpls.2018.01801
https://doi.org/10.1016/j.xplc.2021.100228

