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Microbiomes as Natural Allies: Towards Sustainable Farming Practices

Abstract
The sustainability of global agriculture is increasingly threatened by climate change, soil degradation, declining biodiversity, and the overuse of chemical fertilizers and pesticides. In this context, plant- and soil-associated microbiomes have emerged as vital allies for achieving resilient and eco-friendly farming systems. This review synthesizes current knowledge on the diversity, composition, and functional roles of plant microbiomes, with a focus on nutrient acquisition, plant growth promotion, stress tolerance, and disease suppression. Case studies highlight the potential of microbiome applications across major crops such as corn, wheat, sugarcane, and legumes. Furthermore, advances in microbiome engineering—including synthetic microbial communities, metagenomics, multi-omics approaches, and CRISPR-based synthetic biology—are explored as transformative tools for harnessing beneficial microbes. Despite significant progress, challenges such as inconsistent field performance, interactions with native microbial communities, storage and formulation of inoculants, and regulatory acceptance remain barriers to large-scale application. Looking ahead, the integration of microbiome-based strategies with sustainable farming practices, artificial intelligence, and climate-smart agriculture presents promising opportunities to achieve the United Nations Sustainable Development Goals of Zero Hunger, Climate Action, and Life on Land. This review emphasizes the need for responsible innovation, field validation, and supportive policies to realize the full potential of microbiomes in driving agricultural sustainability.
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1. Introduction
Agriculture, the foundation of civilisation, faces unprecedented challenges in the 21st century.   With 10 billion people expected by 2050, food, fibre, and fuel demand has surged.   Climate change, unpredictable weather, soil erosion, and water shortages are straining traditional farming systems.   Despite increasing production, our intensive use of chemical pesticides and fertilisers causes environmental damage, soil infertility, biodiversity loss, and greenhouse gas emissions (Abd El-Latif Hesham, 2021).   These items threaten the world's food supply and our agricultural practices' long-term viability.   Input-intensive farming must replace ecologically balanced farming approaches that improve soil health, resource efficiency, and environmental quality to ensure food security. 
This makes plant-microbiome research cutting-edge in eco-friendly farming. The complex rhizosphere, phyllosphere, and endosphere linkages affect nutrient cycle, plant development, stress tolerance, and disease suppression. Microbial communities, known as the "second genome" or "extended phenotype" for their unseen association with plants, are essential to plant health and productivity. Chemical inputs may have residual toxicity and diminishing results, however microbial therapies are sustainable and environmentally friendly (Busby et al., 2017). Increase soil fertility, nutrient acquisition, and crop resistance to biotic and abiotic challenges reduce synthetic inputs. This switch from chemical-intensive to microbe-assisted farming supports global efforts to grow sustainably, efficiently, and biodiversity-friendly. 
Increasing research suggests soil and plant microbiomes can improve soil health, act as biostimulants, biopesticides, and fertilisers. Researchers found that microbial inoculants increase grain, legume, horticultural, and bioenergy crop yields without damaging the environment.   Microbiome engineering, multi-omics technology, and metagenomics have also improved our understanding of field-based microbial community composition, variation, and function.   These advances enable host-microbe interaction engineering, synthetic microbial communities, and agricultural strain selection (Chandel et al., 2019).   Despite these advances, microbiome-based medicines must overcome many challenges before they may be extensively used worldwide.  These include regulatory obstacles, local microbiota competition, and microbial product field performance variability.
  We wrote this evaluation to gather all the facts we know about microbiomes and environmentally friendly farming.   Recent advances in microbiome engineering, nutrient cycling, growth promotion, stress tolerance, and soil and plant microbial communities are discussed.   Case studies, biotechnological treatments, and field applications demonstrate microbiome-driven solutions' ability to reduce pesticide use and boost agricultural resilience.   Current challenges and potential opportunities include achieving the Sustainable Development Goals (SDGs) and incorporating microbiome-based technology into climate-smart agriculture.   This review uses recent findings to emphasise microbiomes as key friends for resilient, productive, and ecologically sustainable agroecosystems.

· Methodology 
· This study follows a narrative review approach aimed at synthesizing existing research on plant and soil microbiomes and their applications in sustainable agriculture. Relevant literature was collected through a structured search strategy across major scientific databases, including Google Scholar, Scopus, Web of Science, PubMed, and SpringerLink. The search focused on peer-reviewed journal articles, books, book chapters, and review papers.
· The literature search covered publications from 2010 to 2024, ensuring that recent advancements in microbiome engineering, multi-omics technologies, and microbial applications in agriculture were well represented. Earlier foundational references were included selectively when necessary to explain core principles or historical developments.
· A combination of keywords and Boolean search strings were used, including:
“plant microbiome,” “soil microbiome,” “rhizosphere microorganisms,” “sustainable agriculture,” “biofertilizers,” “biocontrol agents,” “plant growth-promoting rhizobacteria,” “metagenomics,” “synthetic microbial communities,” “microbial inoculants,” “CRISPR microbiome engineering,” “stress tolerance microbes.”
· Inclusion criteria consisted of:
· Peer-reviewed articles written in English
· Studies related to microbiomes in agriculture, soil health, or plant–microbe interactions
· Research providing mechanistic insights, technological advancements, or field-level applications
· Articles with clear methodologies and scientifically valid results
· Exclusion criteria included:
· Non-scientific sources (blogs, magazines, unpublished theses)
· Articles not directly related to agricultural microbiomes
· Studies lacking sufficient experimental or conceptual clarity
· Duplicate records
· The selected literature was analyzed, grouped thematically, and synthesized to present an integrated understanding of microbiome roles, applications, technological innovations, and challenges in sustainable agriculture. No original experimental work was conducted as this is purely a narrative review.

2. Plant and Soil Microbiomes: Composition and Functions
1) Diversity of Plant-Associated Microbiomes
Plant microbiomes are bacteria in and on plants.  Fungi, bacteria, archaea, and protists inhabit the rhizosphere, phyllosphere, and endosphere.   This nutrient-rich soil region is affected by root exudates, or the rhizosphere microbiome (Gupta et al., 2021).   Rhizospheric bacteria aggregate soil, guard against infections, and mobilise nutrients.   Phyllosphere microbiomes on plant leaves and stems are affected by plant metabolites and ambient variables.   Plant defence, UV protection, and leaf nutrition cycles are managed by phyllosphere species (Parasuraman et al., 2019).   Plant tissues' endosphere microbiome contains bacteria that create deeper interactions and behave as endophytes, which can boost growth or produce systemic resistance (Yadav, 2020).
  Plant microhabitats have unique ecological layers, indicating significant microbiome specialisation.   These microbial populations affect host physiology like genetic variables, making them "hidden drivers" of plant health (Suman et al., 2022).   Diversity in plant microbiomes supports agroecosystem resilience and multifunctionality at soil-plant interfaces.
2) Functional Roles of Microbiomes in Agriculture
a) Nutrient Acquisition and Cycling
One of the most studied agricultural microbiome functions is nutrient uptake and cycling.   Rhizosphere bacteria like Rhizobium, Azotobacter, and Azospirillum fix nitrogen from the air and convert it into plant-usable forms, according to Igiehon and Babalola (2018).   Phosphate-solubilizing bacteria (Pseudomonas, Bacillus) produce organic acids and phosphatases to mobilise soil minerals' insoluble phosphorus (Sindhu et al., 2022).   Microorganisms that dissolve silicon and potassium benefit crop fortification and nutrient availability, according to Sharma et al. (2023).   Yadav et al. (2017) found that microbial nutrient cycling reduces chemical fertiliser use and preserves productivity.
b) Phytohormone Regulation
Microbes also influence plant growth through the biosynthesis and modulation of phytohormones. Many rhizobacteria produce indole-3-acetic acid (IAA), gibberellins, cytokinins, and ethylene modulators, which regulate root growth and development. Ahirwar et al. (2020) noted that microbial IAA enhances root hair proliferation, thereby improving nutrient and water uptake. Some microbes, such as ACC deaminase-producing bacteria, lower ethylene levels in stressed plants, mitigating growth inhibition under adverse conditions (Gupta et al., 2021). These regulatory effects highlight microbiomes as natural plant growth promoters with multifaceted physiological impacts.
c) Soil Structure and Fertility
Soil microbiomes contribute significantly to soil aggregation and fertility. Fungal hyphae, especially those of arbuscular mycorrhizal fungi (AMF), secrete glomalin and stabilize soil aggregates, improving soil porosity and water retention (Crecchio et al., 2018). Reducing erosion and compaction, bacterial extracellular polysaccharides improve soil structure. Maitra et al. (2022) showed that soil microbial communities regulate carbon and nitrogen mineralisation, promoting soil fertility and nutrient turnover. Thus, soil health and crop yield depend on microbial diversity. 
d)Pathogen Suppression and Disease Resistance.
 Competition, antibiosis, and systemic resistance help microbial communities regulate diseases. Bano et al. (2021) suggested rhizosphere microbiome engineering for disease-resistant soils. Antibiotics, lytic enzymes, and volatile chemical compounds from Trichoderma, Pseudomonas fluorescens, and Bacillus subtilis suppress pathogenic fungus and bacteria. Additionally, microbial priming of plant immunity triggers defence pathways for long-term protection. Disease-suppressive soils from microbiome management could replace chemical pesticides, decreasing health and environmental concerns, according to Nadarajah (2024).
3) Importance of Microbial Biodiversity in Agroecosystems
Agroecosystem resilience depends on microbial biodiversity. Diversed microbial consortia allow multiple species to fulfil the same ecological function, protecting plants from stress (Lyu et al., 2021). Due to their suitability for local soil and climate, indigenous crop microbiomes have unexplored potential for environmentally friendly farming, according to Chen et al. (2021). Carbon sequestration, nitrogen cycling, and soil detoxification benefit from diverse bacteria. 
Monocropping, over-chemicalization, and soil deterioration limit microbial biodiversity, jeopardising agroecosystem viability. Bhattacharjee et al. (2022) demonstrated soil microbiome depletion reduces illness and environmental resistance. In contrast, crop rotation, organic amendments, and bioinoculants improve ecosystem function and microbial diversity (Suman et al., 2022). Thus, plant production, ecological stability, and climate change adaptation require a diverse microbial community. 
The composition and functions of plant and soil microbiomes demonstrate their importance in sustainable agriculture. Microbiomes regulate hormones, soil fertility, disease prevention, and nutrient absorption, boosting crop output with less chemical input. This makes agroecosystems resilient in rhizosphere, phyllosphere, and endosphere environments. Using microbial biodiversity in crop management makes agriculture microbiome-driven (Yadav, 2020).
3. Microbiomes and Plant Growth Promotion
1) Role of Plant Growth-Promoting Rhizobacteria (PGPR)
Plant growth-promoting rhizobacteria (PGPR) have been extensively explored for soil fertility and plant growth. Plant-associated microbiomes contain PGPR. Yadav et al. (2017) say PGPR regulate hormones, control infections, and mobilise nutrients to protect agricultural yield. These bacteria assist roots in the soil's rhizosphere. In nutrient-limited conditions, (da Silva et al., 2025) showed that PGPR increases nitrogen uptake, root elongation, and branching. They control microbial communities to improve soil health and decrease synthetic pesticides and fertilisers.
2) Nitrogen-Fixing Microbes
Nitrogen-fixing bacteria increase nitrogen availability and plant yield, making them a greener fertiliser. Legumes' parasite Rhizobium spp. creates root nodules and converts ambient nitrogen into ammonium (Hanif et al., 2024). Non-leguminous crops fix nitrogen with free-living diazotrophs such Azotobacter and Azospirillum (Ahirwar et al., 2020). Nitrogen-fixing bacteria increase soil fertility and minimise chemical fertiliser greenhouse gas emissions, according to Yadav et al. (2020). This boosts agricultural production. These microbes fix nitrogen and release growth-promoting compounds, which stimulate plant vitality and root architecture.
3) Phosphate-Solubilizing Microorganisms (PSM)
Despite its nutritional importance, soils often contain insoluble phosphorus. Phosphate-solubilizing bacteria like Pseudomonas, Bacillus, and some fungi create organic acids and phosphatases to liberate phosphorus for plants (Kour et al., 2023). Krishna et al. (2024) found that PSM increase phosphorus availability and nutrient efficiency with nitrogen-fixing bacteria. In sugarcane, wheat, and maize cropping systems, PSM inoculants improve biomass and yield, according to Parray et al. (2019). Biofertilizer recipes with PSM support sustainable agriculture in a cost-effective method.
4)Potassium and Silicon-Solubilizing Microbes
Photosynthesis, enzyme activity, and stress tolerance require potassium. KOH-solubilizing bacteria like Bacillus spp. and Frateuria aurantia generate chelators and organic acids that dissolve insoluble minerals (Punetha et al., 2023). Silicon, an underappreciated plant nutrient, increases crop tolerance to biotic and abiotic stresses. Silicon-solubilizing microorganisms give horticultural and cereal crops thicker cell walls, better water utilisation, and disease resistance, according to Sharma et al. (2020). Thus, microbial solubilizers mobilise nutrients beyond nitrogen and phosphorus.
5) Production of Phytohormones and Biostimulants
Microbes produce phytohormones such ethylene modulators, gibberellins, cytokinins, and indole-3-acetic acid to boost plant development. Ray et al. (2020) say IAA-producing rhizobacteria promote root hair growth to boost nutrition and water absorption. Gibberellin-producing germs promote shoot elongation and blooming like cytokinin-producing germs do. ACC deaminase-producing bacteria reduce ethylene, inhibiting stress-induced growth (Rigobelo et al., 2024). Bacteria produce phytohormones, antibiotics, VOCs, siderophores, and other biostimulant and defensive secondary metabolites. Microbiomes could replace synthetic agrochemicals as natural growth boosters due to their adaptability.

4. Microbiomes in Stress Tolerance
1) Mechanisms of Abiotic Stress Tolerance
a) Drought Tolerance
Drought stress is one of the most significant threats to agriculture worldwide. Microbes alleviate drought effects by enhancing water-use efficiency, altering root morphology, and regulating plant hormonal responses. According to Lakshmanan et al. (2017), drought-alleviating microbes improve plant resilience through osmotic adjustment and antioxidant enzyme regulation. PGPR such as Bacillus subtilis produce exopolysaccharides that enhance soil aggregation and water retention, while endophytes modulate abscisic acid (ABA) signaling to maintain stomatal control (Trivedi et al., 2021). These microbial strategies collectively reduce yield losses under water-limited conditions.
b)Salinity Tolerance
Salinity stress hampers plant growth by inducing osmotic stress and ion toxicity. Microbes mitigate salinity stress through ion homeostasis, osmolyte production, and regulation of antioxidant activity. (Singh et al., 2020) reported that halotolerant microbes such as Halomonas and Pseudomonas species reduce sodium accumulation in plant tissues by enhancing potassium uptake and secreting compatible solutes. Mycorrhizal fungi also improve salinity tolerance by enhancing nutrient uptake and maintaining membrane stability (Nwachukwu & Babalola, 2021). Such microbial interventions are critical for agriculture in coastal and arid regions.
c) Heat Tolerance
Rising global temperatures have made heat stress a major concern for crop production. Heat-tolerant microbes help plants sustain growth by producing heat shock proteins, stabilizing enzymes, and modulating hormonal signaling. According to Lyu et al. (2021), symbiotic microbes enhance thermotolerance by improving ROS scavenging and maintaining photosynthetic efficiency under high temperatures. Certain PGPR strains induce systemic tolerance, allowing plants to sustain pollen viability and grain set during heat stress (Singh et al., 2020).
2) Microbial Mitigation of Oxidative Stress and Osmolyte Regulation
Abiotic stresses such as drought, salinity, and heat often result in excessive production of reactive oxygen species (ROS), which damage cellular structures. Microbial inoculants enhance the activity of antioxidant enzymes like superoxide dismutase (SOD), catalase, and peroxidase, thereby reducing oxidative stress (Srivastava et al., 2021). They also stimulate the accumulation of osmolytes such as proline, trehalose, and glycine betaine, which maintain cell turgor and stabilize proteins under stress (Suman et al., 2022). According to Thakur et al. (2023), microbial regulation of osmotic balance significantly improves plant survival in harsh environments.
3) Biotic Stress: Biocontrol Agents and Disease-Suppressive Soils
Plant microbiomes protect against pathogens through biocontrol and disease suppression.   Bacillus subtilis, Trichoderma rebaudianum, and Pseudomonas fluorescens release antibiotics, siderophores, and lytic enzymes to fight infections (Crecchio et al., 2018).   Rhizosphere microbiome engineering is needed to develop disease-resistant soils, according to Xue et al. (2024).  These soils have dominant beneficial microbial populations, preventing infections.   Microbiomes control illness in soils, unlike chemical pesticides, which harm the ecosystem (Nadarajah et al.,  2023).   Biocontrol is vital for long-term crop protection.
  Microbiomes buffer biotic and abiotic stresses, improving plant resilience and reducing agricultural losses.   According to Trivedi et al. (2021), combining conventional breeding with microbiome-based methods can help create climate-resilient agriculture.   Microbiological consortiums reduce chemical inputs, drought, salt, heat stress, and disease pressure in dynamic ecosystems, ensuring food security.   Thus, microbiome-mediated stress tolerance is a promising environmentally friendly farming method.
5. Engineering and Harnessing Microbiomes
1) Synthetic Microbial Communities (SynComs)
SynComs, synthetic microbial communities, are a new way to create and optimise plant-microbiome interactions. A SynCom is a purposely assembled consortium of strains with specific functional properties, unlike a wild microbiome, which is diverse and situational. SynComs reduce field inoculation variability and enable reproducible tests and plant responses (Shayanthan et al., 2022). SynComs boost plant growth and resilience by combining strains that solubilise nutrients, create phytohormones, and suppress pathogens. 
SynComs' adaptability to crops and environments enables precision agriculture (Dar et al., 2023). Engineered communities for cereals use soil microorganisms (Trichoderma), nitrogen-fixing bacteria (Azospirillum), and phosphate-solubilizers (Pseudomonas) to boost yield and reduce inputs. SynComs balance microbial competition and collaboration to improve fruit quality and stress tolerance in horticultural crops. Synthetic communities allow controlled plant-microbe interactions to be studied for microbiome-based agricultural development.
2) Microbiome Engineering and Host-Mediated Selection
Microbiome engineering selectively alters microbial communities to improve plant traits. Host-mediated microbiome selection, a newer strategy, indirectly selects beneficial microbial consortia in plants through breeding or focused management. Kaul et al. (2021) found that plant genotypes greatly influence root-associated microbiomes via releasing exudates that determine microbial composition. This suggests breeding for favourable microbiome recruitment and agronomic traits. 
Rhizosphere engineering was promoted by Bano et al. (2021) to promote disease-resistant soils. Beneficial bacteria dominate these soils, reducing diseases. Microbiome-mediated disease suppression, a sustainable pesticide alternative, has long-term soil health effects, according to Nadarajah (2024). Engineering includes root exudation pattern manipulation, engineered microbial community introduction, and targeted microbial network modulation. According to Trivedi et al. (2021), microbiome engineering involves purposefully establishing human-friendly habitats rather than depending on natural microbial diversity.

3) Applications of Metagenomics, Culturomics, and Multi-Omics Approaches
Next-generation sequencing and systems biology have transformed plant microbiome research.   Genomic analysis allows for microbial diversity and functional potential analysis without cultivation.   Metagenomic methods can find taxa that regulate biocontrol, stress tolerance, and nutrition cycling, making them targets for microbiome-based therapeutics, according to Nwachukwu and Babalola (2022).   Metagenome data has revealed novel nitrogen fixation and phosphate solubilisation pathways in unculturable bacteria.
  Culturomics uses new media and growing conditions to cultivate microbial isolates in high-throughput, while metagenomics provides taxonomic and functional insights.   Culturomics preserves and uses favourable strains, complementing metagenomics, according to Clagnan et al. (2024).   This integrated technique prevents culture biases from destroying functionally significant microorganisms by integrating genetic potential with practical application.
  Individual-omics and multi-omics approaches provide ever-changing insights into how microorganisms adapt to environmental changes.  These include metatranscriptomics, metaproteomics, and metabolomics.   Rai et al. (2023) suggest using omics-driven approaches to build tailored bioinoculants, find functional biomarkers, and comprehend plant-microbiome interactions at the molecular level.   In addition, Manzar et al. (2022) noted that omics and molecular ecology methodologies illuminate how the microbiome affects stress tolerance and agricultural productivity.   When integrated, these solutions provide a complete microbiome toolkit for agriculture.
4) CRISPR and Synthetic Biology Tools for Microbiome Design
CRISPR and synthetic biology improve microbiome design. Microbe genomes can be edited using CRISPR to improve their utility. Han and Yoshikuni (2022) suggested utilising CRISPR to increase plant-associated bacteria nitrogen metabolism and reduce fertiliser use. Ke et al. (2021) observed that CRISPR-enabled microbiome engineering can create microbial consortiums with optimised metabolic networks for crops and ecosystems. 
Synthetic biology uses genetic circuits, biosensors, and programmable regulatory mechanisms. Synthetic microorganisms can create antibiotics or phytohormones in response to plant cues, according to Sudheer et al. (2020). Berg et al. (2023) discussed "missing symbionts" and growing infections, highlighting microbiome maintenance. CRISPR-synthetic biology enables "designer microbiomes" by controlling microbial traits. 
Sharma et al. (2023) suggest engineered microbiomes solubilise silicon to improve rice and wheat stress tolerance. These technologies can transform microbiome-based agriculture from descriptive to predictive and interventional with biosafety requirements.
6. Case Studies and Applications
1) Soil Microbiomes for Sustainable Agriculture
Soil microbiomes are essential for long-term agricultural productivity. Soil microbial communities govern nutrient cycles, keep soil nutritious, and make plants more stress-resistant, according to Yadav (2021). Complex soil microbiomes decompose organic matter, solubilise nutrients, and control infections—among other functions. Soil bacteria increase soil structure and nutrient availability, enhancing agricultural output, according to Maitra et al. (2022). 
For soil healing, microbiome consortiums are used. Biogenic nitrogen-fixers, phosphate-solubilizers, and organic matter decomposers reduced soil nutrient depletion and chemical fertiliser use (Ahirwar et al., 2020). Even though the long-term and field-level viability is questionable, Bhattacharjee et al. (2022) stated conserving and deploying soil microbiomes could be a sustainable agricultural strategy.
2) Rhizosphere Engineering for Disease Suppression
Manipulating the rhizosphere, where plants and bacteria interact, creates disease-resistant soil. According to Bano et al. (2021), rhizosphere microbiome engineering promotes beneficial microbial taxa that outcompete or inhibit diseases, making it a sustainable pesticide alternative. Microbial consortiums that release hydrolytic enzymes, siderophores, and antifungals prevent tomato and rice disease. 
Nadarajah (2024) also showed that increasing actinobacteria and Bacillus spp. populations can make soils disease-resistant. These soils are like an immune system for plants, keeping them safe without chemicals. Crecchio et al. (2018) described real-world soilborne fungal infection prevention using microbial inoculation. This increased yields with less pesticide. Rhizosphere engineering can reduce chemical plant disease management.

3) Crop-Specific Microbiome Applications
a) Corn Production Systems
A comprehensive research by Jat et al. (2021) emphasised the importance of microbiomes in maize systems for nutrient intake, insect resistance, and climatic stress tolerance. Corn-associated microbiomes, notably rhizosphere bacteria, increase nitrogen fixation, phosphate solubilisation, and potassium mobilisation. This reduces fertilisation needs. Stalk rots and leaf blights can impair maize yields, but microorganisms can inhibit them.
b) Wheat Microbiomes
Verma and Suman (2018) noted that wheat microbiomes are biologically varied and ecologically relevant. Wheat's rhizosphere contains beneficial microorganisms like Azotobacter, Bacillus, and Pseudomonas. These bacteria improve nutrient absorption and prevent Fusarium spp. Recent metagenomics research suggests indigenous wheat microbiomes have biofertilizer growth potential (Chen et al., 2021). These findings imply wheat microbiome exploitation may boost disease resistance and production.
c) Sugarcane Microbiomes
Sugarcane is another microbiome-utilized crop. Malviya et al. (2021) found that sugarcane microbiomes boost growth hormone synthesis, nutritional availability, and biotic and abiotic resistance. Researchers found that sugarcane endophytes fixed nitrogen, reducing fertiliser need. Their study also stressed the role of microbial consortiums in sugar and biomass production.
d) Legume Microbiomes
Rhizobia-legumes symbioses promote soil fertility by fixing nitrogen from the air. Nitrogen economy and bean production sustainability depend on rhizobia and other microbiome modulators, according to Igiehon and Babalola (2018). Legumes include rhizobia, mycorrhizal fungus, and other beneficial microorganisms that promote phosphate uptake and disease resistance. Legumes-based biofertilizers reduce chemical dependency and sustain soil microbial diversity for long-term production (Suman et al., 2022).

4) Biofertilizers as Alternatives to Chemical Fertilizers
Biofertilizers manufactured from beneficial bacteria are a cost-effective and ecologically friendly alternative to synthetic fertilisers. Yadav et al. (2020) recommended nitrogen-fixing, phosphate-solubilizers, and potassium-mobilizer microbial inoculants to increase yields and reduce chemical pollution. Plant growth-promoting microbes boosted soil fertility and nutrient availability, improving rice and wheat crop performance, according to Naik et al. (2019). 
Suman et al. (2022) developed synthetic bioinoculants to establish functionally compatible microbial communities. These synthetic inoculants outperform single-strain biofertilizers by providing nutrient solubilisation and stress resistance. According to Pandey and Saharan (2025), biofertilizers in soil microbiomes boost crop yield, conserve microbial diversity, and support sustainable food production.
5) Biopesticides and Biocontrol Agents
Another important usage is microbiome-derived biopesticides. Crecchio et al. (2018) used Trichoderma, Bacillus, and Pseudomonas as biocontrol agents against bacterial, fungal, and nematode infections. Bano et al. (2021) observed that microbial inoculants controlled cereal Rhizoctonia and Fusarium infections. Such biopesticides reduce the environmental risks of chemical pesticide residues in water and soil. 
Enagbonma et al. (2023) found that biocontrol bacteria may "prime" plant defence mechanisms through plant-microbiome communication. Nadarajah (2024) noted that microbiota-based sickness suppression is reliable and long-term, unlike medications. These examples show how microbiomes can safely and sustainably replace or supplement chemical pesticides.
6) Microbial Inoculants: Toward Field Applications
Transporting microbial inoculants from lab to field is difficult. Antoszewski et al. (2022), who examined microorganisms in sustainable agriculture, found that soil type, climate, and cropping system affect inoculant efficacy. Horticulture crops, cereals, and legumes have responded well to consortium-based inoculants in field studies. 
Sharma et al. (2020) found that microbial inoculants improve soil health by increasing microbial diversity and reducing chemical residues. Suman et al. (2022) recommended community-used, omics-driven inoculants for stability and efficacy in varied field situations. Scaling up inoculant use requires supportive regulations, farmer training, and good production technology (Chhabra et al., 2023).
7) Synthesis
Microbiomes can revolutionise sustainable farming through soil microbiome research, rhizosphere engineering, and crop-specific applications. These applications provide scalable alternatives to chemical-intensive biofertilizers, biopesticides, and microbial inoculants. Yadav (2021) and Bano et al. (2021) found that the beneficial microbiome improves soil fertility, crop health, and stress resilience. Inoculant instability, farmer uptake, and field variability remain major challenges. Microbiome-based technology, precision agriculture, and legislative support can expedite food system sustainability.
7. Challenges and Limitations
Even while microbiome research has advanced, many barriers limit its implementation in agriculture. Since lab and greenhouse-tested microbial inoculants may not operate well in fields, field performance is a major issue. According to Antoszewski et al. (2022), climate, cropping system, and soil type variations affect inoculant efficacy, causing unpredictable results. Field settings can hide strain-specific benefits due to complex ecological interactions, Yadav (2020) noted. 
The risk of soil microorganism influence is another drawback. Introduced inoculants compete with different soil microbial populations for resources and habitats. Berg et al. (2023) warn that synthetic or produced microbial consortiums could disrupt microbial equilibrium and have unintended ecological repercussions. Long-term beneficial strain establishment and persistence in varied soils is complicated. 
Further practical constraints limit inoculant use: formulation, transportation, and storage. Bhattacharjee et al. (2022) noted that microbes are harder to maintain throughout transportation and storage in resource-constrained systems. Delivery methods must be crop- and region-specific for inoculants to grow in the rhizosphere and endure environmental obstacles. 
Final non-technical difficulties include legislation, biosafety, and acceptance. Synthetic biology and microbiome engineering raise biosafety concerns such horizontal gene transfer and environmental impacts, according to Ke et al. (2021). Awareness, accessibility, and policy frameworks affect farmer acceptance. Many microbiome-based solutions are still in development due to a lack of policies and incentives.
8. Future Prospects and Opportunities
Microbiomes have great potential to impact sustainable agriculture. Sustainable farming is one of their most promising applications. Trivedi et al. (2021) suggest that heat-, drought-, and salinity-tolerant microorganisms help crops adapt to climate change, reducing production losses when crops are stressed. According to Nadarajah (2024), microbiome-induced disease suppression provides long-term pathogen resilience and ecologically safe pesticide alternatives. 
Technological advances are opening new microbiome research avenues. AI, machine learning, and big data analytics predict microbiome functions and host-microbe interactions. Rai et al. (2023) suggest using AI and multi-omics datasets to create synthetic microbial communities with optimal traits to speed up microbiome engineering. These computational methods can fine-tune inoculants for specific crops, soil types, and climate zones. 
Organic and precision agriculture are sustainable farming approaches that could use microbiome integration. When utilised with organic nutrients, bioinoculants improve soil fertility and crop performance, according to Suman et al. (2022). Site-specific nutrient management could be achieved with microbiome-based inputs and precision agricultural technology like sensor-based nutrient monitoring. This integration boosts efficiency and reduces environmental impact. 
Neglected and underutilised crops (NUS) are robust to harsh environments but have gotten little attention from conventional farmers, making them attractive microbiome research subjects. To promote marginal land yields and agricultural diversification and food security, Chen et al. (2021) suggested employing indigenous microbiomes connected to local crops. Climate-stressed and resource-constrained areas will need this. 
Last but not least, microbiomes affect SDG 2 (Zero Hunger), SDG 13 (Climate Action), and SDG 15 (Life on Land). By increasing soil biodiversity, reducing pesticide use, and ensuring resilient food systems, microbiome interventions improve ecological sustainability and human well-being (Yadav, 2021).


9. Conclusion
Microbiomes can naturally address soil degradation, climatic stress, and food security, making them a promising sustainable agricultural tool. Yadav (2020, 2021) noted that plant and soil microbiomes can reduce chemical inputs and improve nutrient cycling, plant growth, and resistance. Case studies in maize, wheat, sugarcane, and legumes reveal that microbiome-based strategies can boost yields and prevent illnesses. 
Microbiomes must overcome field performance, ecological interactions with natural bacteria, and storage and formulation difficulties to realise their full potential. Berg et al. (2023) and Antoszewski et al. (2022) recommend biosafety frameworks and farmer-centric policies to handle ecological risks and regulatory barriers. 
Progress relies on field research validation, policy support, and ethical innovation. Artificial intelligence, multi-omics, and CRISPR-based synthetic biology can transform microbiome engineering from descriptive to predictive, application-oriented science. Combining microbiome-based methods with climate-smart and precision agriculture can accelerate the transition to sustainable and resilient food systems. This is how microbiomes will protect agricultural productivity and accomplish global sustainability goals.
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