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This review highlights about the role of Plant Microbiomes in Suppressing Soilborne Pathogens. Plant-associated microbiomes play a vital role in sustainable agriculture by naturally suppressing soilborne pathogens that threaten global food production. These microbiomes, comprising bacteria, fungi, archaea, and viruses, inhabit various plant compartments such as the rhizosphere, endosphere, and phyllosphere, influencing plant health and disease resistance. Beneficial microbes suppress pathogens through direct mechanisms including antibiosis, competition for nutrients, and parasitism, as well as indirect mechanisms like induced systemic resistance, immune modulation, and hormone signaling. Natural disease-suppressive soils and crop-specific microbiome interactions, such as those observed in wheat, tomato, rice, and lettuce, demonstrate the effectiveness of these microbial communities. Commercial bioinoculants and synthetic microbial consortia have shown promise in replacing chemical pesticides, though inconsistent field performance remains a challenge. Factors such as soil properties, farming practices, host genotype, and environmental stress strongly influence microbiome efficacy. Emerging technologies including metagenomics, metatranscriptomics, metabolomics, CRISPR-based genome editing, and machine learning are enhancing our ability to analyze, engineer, and apply microbial communities for targeted pathogen suppression. Integration with precision agriculture and site-specific microbiome management offers new opportunities for scalable, climate-resilient farming. Despite technological advances, challenges such as variable field outcomes, microbiome instability under stress, and limited regulatory frameworks hinder large-scale implementation. Long-term field trials, personalized microbial solutions tailored to soil and crop conditions, and interdisciplinary collaboration are critical to overcoming these barriers. Policymaking that supports microbial product registration, safety standards, and farmer adoption is equally essential. The use of microbiome-based strategies not only reduces dependency on agrochemicals but also promotes soil health and ecological balance. As global agriculture confronts the dual pressures of increasing food demand and climate change, harnessing plant microbiomes offers a transformative, science-based solution for sustainable plant disease management. This review highlights the mechanisms, applications, innovations, and future directions for microbiome-mediated suppression of soilborne pathogens.
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Introduction
The profound impact of microbial communities on human health is revolutionizing diagnostics and therapeutics. In the face of escalating microbial resistance, the traditional 1950s approach of using antimicrobial drugs is yielding a new understanding of the crucial role played by diverse microbial ecosystems in maintaining health. Microbiome medicines can be categorized by biological concepts, therapeutic domains, and “bug status” (Sabir et al., 2024). Plants are colonized by a diverse array of microbes throughout their lifetime, collectively known as plant microbiomes. Beyond the plant innate immune system encoded in plant genomes, a growing body of evidence demonstrates that plant microbiomes function as an extension of the plant immune system (Srivastava et al., 2023; Pereira et al., 2023). Plant microbiomes, comprising taxonomically diverse commensals, pathogens, and mutualists, colonize different plant compartments and generally provide beneficial functions to the host plant (Du et al., 2024).

A. soilborne pathogens and their impact on agriculture
Soilborne pathogens are a persistent threat to agricultural productivity across diverse agroecological zones. These pathogens include fungi (e.g., Fusarium spp., Rhizoctonia solani, Pythium spp., Verticillium spp.), bacteria (e.g., Ralstonia solanacearum, Agrobacterium tumefaciens, Clavibactermichiganensis), and nematodes (e.g., Meloidogyne spp.), which cause root and vascular diseases, often leading to significant yield losses and reduced crop quality. These pathogens may persist in the soil for years as spores or sclerotia, making eradication exceedingly difficult once established.
Globally, soilborne diseases are responsible for an estimated 10–20% reduction in major crop yields annually, representing billions of dollars in economic losses (Panth et.al., 2020). The increasing occurrence of such diseases under intensive agricultural practices and changing climate conditions further amplifies their threat to food security and sustainable farming systems.
B. Limitations of conventional pathogen control methods (chemical, mechanical, etc.)
Traditional methods for managing soilborne pathogens include crop rotation, chemical fumigation, solarization, resistant cultivars, and improved drainage. While effective in some cases, these strategies often fall short due to several reasons.
Chemical control using fungicides and nematicides can offer temporary relief but frequently leads to resistance development in target pathogens. For example, resistance to methyl bromide, a widely used fumigant, has been documented in Fusarium oxysporum populations. Moreover, such chemicals are known to negatively affect non-target soil organisms, disrupting microbial diversity and overall soil health. Some have also been banned or restricted due to environmental and health concerns.
Mechanical and cultural practices, such as tillage and crop rotation, may reduce inoculum levels temporarily, but are ineffective against pathogens that persist in soil or infect multiple hosts (Peters et.al., 2003). In monoculture systems, where host plants are grown continuously, pathogen loads often build up rapidly, overwhelming these control measures.
C. Rise of interest in plant-associated microbiomes as natural disease suppressors
The plant microbiome, particularly the rhizosphere microbial community, has emerged as a critical component in the natural suppression of soilborne pathogens. Microbial communities associated with plant roots play a central role in nutrient cycling, stress tolerance, and immune modulation. Importantly, many of these microbes exhibit antagonistic activity against soilborne pathogens through competition, antibiosis, and induced systemic resistance.
A shift toward sustainable and environmentally sound practices has led researchers to explore the use of beneficial microbes and naturally suppressive soils as alternatives or complements to conventional disease control. Suppressive soils, where disease incidence remains low despite the presence of virulent pathogens, have been studied for their unique microbiome profiles. Such studies highlight the potential of manipulating microbial communities to enhance disease resistance in crops.
Recent advancements in high-throughput sequencing, metagenomics, and bioinformatics have made it possible to characterize complex microbial interactions at unprecedented resolution, deepening our understanding of the plant-microbe-pathogen triad. This knowledge is now being translated into practical applications, including microbial inoculants and synthetic microbial communities for biocontrol.
D. Objectives of the review
1. To explore mechanisms by which microbiomes suppress soilborne pathogens
This review aims to dissect the various direct and indirect mechanisms through which plant-associated microbiomes suppress pathogens, including competition, antibiosis, parasitism, and immune modulation (Binyamin et.al., 2019).
2. To discuss current research findings
Recent studies demonstrating the role of beneficial microbes, suppressive soils, and synthetic microbial consortia will be examined, with an emphasis on mechanisms of action and field performance.
3. To highlight applications and future perspectives
Finally, the review will discuss the practical applications of microbiome-based approaches in disease suppression, their limitations, and future directions for research, especially in developing climate-resilient and sustainable agricultural systems.
II. Overview of Plant Microbiomes
A. Definition and components
The plant microbiome refers to the entire community of microorganisms that live in association with plants (Trivedi et.al., 2020). These microbes colonize different plant compartments, forming complex networks that contribute to plant growth, nutrient uptake, disease resistance, and environmental adaptability. The plant-associated microbiome is typically categorized into three major components based on their habitat: the rhizosphere, endosphere, and phyllosphere.
1. Rhizosphere microbiome
The rhizosphere microbiome includes the microbial populations inhabiting the narrow zone of soil surrounding plant roots, influenced directly by root exudates and secretions. This region supports a high microbial density—often up to 10⁹ microbial cells per gram of soil—comprising bacteria, fungi, archaea, and protozoa. The rhizosphere is recognized as a hotspot for microbial activity and interactions, many of which are involved in nutrient mineralization, nitrogen fixation, hormone production, and biocontrol of pathogens (Pathan et al., 2020).
2. Endosphere microbiome
The endosphere microbiome encompasses microbes that colonize the internal tissues of the plant without causing harm (Compant et.al., 2021). These include bacterial and fungal endophytes that can inhabit roots, stems, leaves, and even seeds. Endophytic microbes are often involved in enhancing plant resistance to abiotic and biotic stresses, either through direct antagonism of pathogens or by modulating host immune responses. The density of endophytes is typically lower than in the rhizosphere but their proximity to plant tissues enables strong signaling and metabolic interactions. (Hardoim et al., 2015
3. Phyllosphere microbiome (brief mention)
The phyllosphere refers to the aerial surfaces of the plant, including leaves, stems, and flowers. Although often exposed to fluctuating environmental conditions, the phyllosphere hosts diverse microbial communities that contribute to plant health by producing antimicrobial compounds and deterring foliar pathogens. These microbiomes also play roles in nutrient cycling and response to atmospheric changes. 
B. Diversity and composition of plant microbiomes
1. Bacteria, fungi, archaea, and viruses
Plant microbiomes consist of a wide range of microbial taxa. Bacteria are typically the most abundant and diverse, with key genera including Pseudomonas, Bacillus, Rhizobium, Burkholderia, and Streptomyces (Kour et.al., 2019). These bacteria can promote plant growth, suppress diseases, and regulate plant hormone levels.
Fungi, such as mycorrhizal species (Glomus, Rhizophagus) and saprophytic or antagonistic fungi like Trichoderma and Penicillium, also form vital associations with plants, enhancing nutrient uptake and offering protection from root pathogens.  (Fadiji et.al., 2020).
Archaea, though less studied, are present in plant-associated environments and contribute to nitrogen cycling and stress tolerance. Viruses, particularly bacteriophages, influence microbiome dynamics by regulating bacterial populations and gene transfer processes.  (Panth et al., 2020).
Metagenomic studies have revealed that microbial diversity varies significantly across different plant species, environmental settings, and developmental stages (Fadiji et.al., 2020). For example, bacterial richness in the rhizosphere has been reported to exceed 10,000 operational taxonomic units (OTUs) per gram of soil in high-throughput sequencing analyses.
2. Factors influencing microbiome composition
a. Plant species and genotype
Host plant identity is a major determinant of microbiome structure. Different plant species selectively recruit distinct microbial taxa through root exudates and secondary metabolites. Even within a single species, genotypic variation can lead to differences in microbiome composition, impacting plant fitness and resistance to disease. 
For example, studies in Arabidopsis thaliana and Zea mays have demonstrated genotype-dependent recruitment of beneficial microbes, which influence resistance to Pythium and Fusarium infections.
b. Soil type and environmental conditions
Soil physicochemical properties—including pH, texture, organic matter, and moisture—have a profound influence on the microbial communities associated with plants. For instance, sandy soils tend to harbor lower microbial biomass but higher functional diversity, while clay-rich soils can support stable microbial communities over time. 
Temperature, humidity, and rainfall patterns also shape microbial diversity (Zhang et.al., 2021). Seasonal shifts affect the abundance of key microbial taxa, such as Actinobacteria and Proteobacteria, which can alter the microbiome's capacity to suppress pathogens.
c. Agricultural practices
Management practices play a significant role in determining microbiome structure. Organic farming, reduced tillage, and compost application have been shown to enhance microbial diversity and enrich beneficial taxa. In contrast, intensive use of synthetic fertilizers and pesticides often disrupts microbial balance, decreasing populations of plant-beneficial microbes such as Pseudomonas and Trichoderma. 
Monoculture cropping can reduce microbial diversity and select pathogen-dominated communities, while crop rotation and intercropping promote microbiome resilience and disease suppression (Zhao et.al., 2021).




III. Soilborne Pathogens and Their Impact
A. Common soilborne pathogens affecting crops
Soilborne pathogens include a diverse group of microorganisms that persist in the soil and infect plants through the root system or lower stem, often leading to chronic and difficult-to-manage diseases. These pathogens are responsible for widespread agricultural losses across various climatic zones and cropping systems. 
1. Fungal pathogens (e.g., Fusarium, Rhizoctonia, Pythium, Verticillium)
Fungal pathogens dominate the list of destructive soilborne agents. Species within the genus Fusarium are among the most prevalent, with Fusarium oxysporum causing vascular wilt in over 100 plant species (Rahman et.al., 2021). This pathogen can form chlamydospores that remain viable in the soil for up to 10 years, making it highly persistent and difficult to eliminate.
Rhizoctonia solani, a necrotrophic fungus, causes damping-off, root rot, and stem cankers across a wide range of crops including potato, soybean, and cereals. It thrives in moist, compacted soils and survives as sclerotia, which are durable structures capable of long-term survival. 
Pythium spp., belonging to the oomycetes, is common in poorly drained soils and hydroponic systems. These pathogens attack young seedlings, leading to damping-off and root rot. Pythium aphanidermatum and Pythium ultimum are major contributors to seedling mortality in vegetable and ornamental crops. 
Verticillium dahliae is a vascular wilt pathogen that invades xylem tissues and causes symptoms such as chlorosis, wilting, and stunting. It affects over 200 plant species, including cotton, tomato, and olive. Microsclerotia of V. dahliae can persist in soil for more than 15 years without a host.
2. Bacterial pathogens (e.g., Ralstonia, Agrobacterium)
Among bacterial soilborne pathogens, Ralstonia solanacearum is one of the most devastating. It causes bacterial wilt in solanaceous crops like tomato, potato, and eggplant (Manda et.al., 2020). This pathogen enters through root wounds and colonizes the xylem, leading to rapid wilting and plant death. Its broad host range and survival in both soil and water bodies contribute to its global impact.  (Peters et al., 2003).
Agrobacterium tumefaciens causes crown gall disease by transferring part of its DNA into the plant genome via a Ti plasmid. The resulting galls disrupt vascular function and reduce crop productivity. This pathogen is particularly harmful in fruit tree nurseries and vineyards.
3. Nematodes (e.g., root-knot nematodes)
Root-knot nematodes (Meloidogyne spp.) are microscopic roundworms that cause root galls, leading to reduced water and nutrient uptake. Meloidogyne incognita, M. javanica, and M. arenaria are the most widespread species affecting vegetables, legumes, and horticultural crops. These nematodes can reduce yields by 25–100%, depending on crop susceptibility and infestation severity. 
Nematodes interact synergistically with other soilborne pathogens, predisposing plants to secondary infections by fungi and bacteria (Back et.al., 2002). This complex interplay contributes to greater disease severity in field conditions.
B. Modes of infection and disease cycles
Soilborne pathogens employ various infection strategies depending on their life cycle, structure, and host specificity. Entry typically occurs through root tips, wounds, or natural openings such as root hairs and lenticels.
Fungal pathogens like Fusarium and Verticillium penetrate the epidermis or cortex and colonize the xylem vessels, obstructing water transport. These fungi produce toxins and enzymes such as cellulases and pectinases that degrade plant tissues. 
Oomycetes such as Pythium rely on motile zoospores that are attracted to root exudates. After encysting on the root surface, the pathogen invades the host tissues, often under high moisture conditions.
Bacterial pathogens like Ralstonia solanacearum enter through wounds and multiply in the xylem, forming biofilms and releasing exopolysaccharides that clog the vessels (Catara et.al., 2020). Their movement through the vascular system leads to systemic infection and collapse of the plant.
Nematodes feed on living root tissues using a stylet, causing mechanical damage and altering plant physiology. They induce the formation of specialized feeding sites, such as giant cells, which act as nutrient sinks.
The disease cycle of most soilborne pathogens includes survival in the soil as resting structures, infection under favorable conditions, multiplication within the host, and return to the soil upon plant senescence or decomposition. Many of these pathogens form survival propagules such as spores, sclerotia, or cysts that remain viable for multiple years. 
C. Economic and environmental impact on global agriculture
Soilborne pathogens are responsible for significant crop losses worldwide. Estimates suggest that 10–20% of annual global crop production is lost to plant diseases, with soilborne pathogens accounting for a major share. In horticultural crops, yield losses due to root diseases caused by Fusarium, Pythium, and Rhizoctonia can exceed 50% under high inoculum pressure. 
The economic burden includes not only direct yield losses but also increased costs for disease management, including chemical control, resistant varieties, and sanitation practices (Vurro et.al., 2010). For example, managing Verticillium wilt in cotton has led to increased expenditure on soil fumigants and crop breeding programs.
Environmental consequences stem from overreliance on chemical pesticides and fumigants. Soil fumigants like methyl bromide, once commonly used against nematodes and fungi, have been phased out due to ozone depletion and toxicity risks. Alternative chemical treatments, such as chloropicrin and metam sodium, also pose risks to non-target soil organisms and water quality. 
Soil degradation, biodiversity loss, and reduced ecosystem services are long-term impacts of intensive soil pathogen control practices. Healthy soils rich in microbial diversity tend to suppress pathogen outbreaks naturally, but these ecosystems are often disrupted by repeated chemical applications and monocultures.
The emergence of pathogen strains resistant to fungicides and nematicides presents a growing challenge (Chen et.al., 2020). For instance, resistance to benzimidazole fungicides in Fusarium species has been widely reported, leading to reduced efficacy in disease control programs.
IV. Mechanisms of Microbiome-Mediated Pathogen Suppression
Plant-associated microbiomes play an integral role in defending hosts against soilborne pathogens through a diverse range of mechanisms. These suppressive actions can be broadly classified into direct and indirect mechanisms, with each influenced by microbial composition, abundance, and interactions. Additionally, keystone taxa and consortia contribute synergistically to enhancing microbial suppression capacity.
A. Direct mechanisms
Direct mechanisms involve antagonistic interactions where beneficial microbes directly inhibit pathogen growth, reproduction, or survival through physical, chemical, or biological interference (Heydari et.al., 2010).
1. Antibiosis – production of antimicrobial compounds
Antibiosis is one of the most studied and effective mechanisms by which beneficial microbes suppress soilborne pathogens. It involves the production of bioactive secondary metabolites that inhibit or kill pathogens. For example, species of Pseudomonas, particularly P. fluorescens and P. putida, produce a range of antimicrobial compounds including phenazines, pyrrolnitrin, 2,4-diacetylphloroglucinol (DAPG), hydrogen cyanide (HCN), and pyoluteorin. 
Bacillus subtilis and related strains are known to synthesize cyclic lipopeptides such as surfactin, fengycin, and iturin, which disrupt pathogen membranes and inhibit spore germination. Streptomyces species produce a variety of antibiotics and volatile organic compounds (VOCs) that suppress fungal and bacterial pathogens in the rhizosphere. 
Metagenomic studies have revealed biosynthetic gene clusters for antimicrobial production to be widespread in the rhizosphere and suppressive soils (Zhou et.al., 2021). These findings support the hypothesis that antibiosis is a key determinant of soil suppressiveness.
2. Competition for nutrients and niches
Microbial communities can outcompete pathogens by monopolizing resources and physical space in the rhizosphere. Beneficial microbes rapidly colonize root surfaces and consume exudates that would otherwise fuel pathogen proliferation. This competitive exclusion reduces the establishment and activity of invading pathogens.
Iron competition via siderophore production is a prominent example. Siderophores are high-affinity iron-chelating molecules secreted by microbes such as Pseudomonas spp., depriving pathogens like Fusarium and Rhizoctonia of essential micronutrients. Microbes that produce catecholate-type siderophores have shown strong pathogen inhibition in iron-limited soils. (
Biofilm formation also enhances competitive ability, enabling beneficial microbes to persist and resist environmental stress while denying pathogens access to root zones.
3. Parasitism and predation of pathogens
Some soil microbes directly parasitize or prey upon pathogens (Martins et.al., 2022). Mycoparasitism by Trichoderma species is a classic example, where these fungi attach to pathogen hyphae, secrete hydrolytic enzymes (e.g., chitinases, glucanases), and degrade cell walls. Trichoderma harzianum has demonstrated parasitic activity against Fusarium, Pythium, and Rhizoctonia, significantly reducing disease incidence in treated soils.
Protozoa and nematode-trapping fungi also contribute to pathogen suppression by feeding on pathogen propagules or parasitizing nematodes. These interactions contribute to the natural regulation of pathogen populations in disease-suppressive soils.
B. Indirect mechanisms
Indirect suppression involves triggering or enhancing the plant’s own defense systems through microbial signaling and metabolic interactions, leading to broad-spectrum resistance against multiple pathogens (Arora et.al., 2013).
1. Induced systemic resistance (ISR)
ISR refers to a plant’s heightened defensive state triggered by beneficial microbes, primarily rhizobacteria and mycorrhizal fungi. This resistance is non-specific and provides protection against a range of soilborne pathogens.
Pseudomonas fluorescens and Bacillus subtilis are known ISR inducers that activate defense responses without causing visible damage to the plant. ISR often operates through jasmonic acid (JA) and ethylene (ET) signaling pathways and leads to increased expression of defense-related genes like peroxidases, phenylalanine ammonia lyase, and pathogenesis-related proteins. 
Studies in Arabidopsis and tomato have demonstrated that ISR-activated plants show reduced susceptibility to Fusarium oxysporum, Ralstonia solanacearum, and Verticillium dahliae.
2. Enhanced plant immune responses
Certain microbes modulate plant innate immunity by triggering pattern-triggered immunity (PTI) and effector-triggered immunity (ETI) (Nabi et.al., 2024).These responses include oxidative bursts, callose deposition, and activation of defense signaling cascades.
Microbial-associated molecular patterns (MAMPs) such as flagellin, lipopolysaccharides, and chitin fragments are perceived by plant receptors, leading to enhanced resistance. Endophytic fungi like Piriformospora indica have been reported to prime host immunity and increase tolerance to root-infecting pathogens. 
Some rhizobacteria also modulate root architecture and secondary metabolite production, which indirectly strengthens physical and chemical barriers against pathogen invasion.
3. Modulation of plant signaling pathways
Beneficial microbes can influence plant hormone pathways, leading to complex changes in defense signaling. The antagonistic interaction between salicylic acid (SA)-dependent and jasmonic acid (JA)-dependent pathways allows fine-tuning of immune responses.
Rhizobacteria and mycorrhizal fungi influence hormone levels, including auxins, cytokinins, and gibberellins, which play roles in regulating defense and stress adaptation (Khan et.al., 2020). Rhizophagus irregularis, for example, enhances systemic resistance in host plants by modulating JA levels and signaling proteins.
These signaling changes contribute to cross-resistance, wherein exposure to one pathogen or beneficial microbe increases resistance to others, enhancing overall plant resilience.
C. Role of keystone taxa and microbial consortia
Microbiome-mediated suppression often depends on the presence and activity of keystone taxa—microorganisms that exert a disproportionately large influence on community function relative to their abundance (Debray et.al., 2022). Keystone taxa can orchestrate interactions within microbial networks, stabilize community structure, and maintain suppressiveness.
For instance, specific strains of Pseudomonas, Streptomyces, and Bacillus have been identified as central hubs in rhizosphere microbiomes with consistent disease-suppressive activity. These microbes produce broad-spectrum antimicrobials and interact positively with other beneficial microbes. 
Synthetic microbial communities (SynComs) composed of selected beneficial strains have shown promise in suppressing soilborne diseases more effectively than single-strain inoculants. Combinations of Trichoderma, Pseudomonas, and Bacillus species have demonstrated synergistic effects in reducing Fusarium wilt and root rot in greenhouse and field experiments. 
Microbial consortia also enhance microbiome resilience, nutrient cycling, and root colonization, contributing to long-term plant protection and soil health (Arif et.al., 2020).
V. Examples and Case Studies
Understanding microbiome-mediated pathogen suppression requires examination of natural systems and crop-specific studies. Empirical evidence drawn from suppressive soils, controlled experiments, and field studies reveals critical insights into how beneficial microbial communities operate under various agricultural contexts.
A. Natural disease suppressive soils
Disease-suppressive soils are those in which the incidence or severity of soilborne diseases remains low despite the presence of a virulent pathogen and a susceptible host. These soils serve as ecological models for microbiome-mediated pathogen suppression.
1. Historical examples (e.g., take-all decline in wheat)
Take-all decline (TAD) is one of the earliest documented examples of natural biological control in agroecosystems (Kwak et.al., 2013). It refers to the spontaneous reduction in take-all disease caused by Gaeumannomyces graminis var. tritici in wheat monocultures after consecutive cropping. TAD has been linked to the proliferation of Pseudomonas fluorescens strains that produce 2,4-diacetylphloroglucinol (DAPG), a broad-spectrum antibiotic that suppresses the pathogen.
Field studies have shown that soils exhibiting TAD contain up to 10⁶ DAPG-producing Pseudomonas per gram of root, whereas such populations are rarely detected in conducive soils. Reintroduction of susceptible crop varieties into suppressive fields continued to show reduced disease, supporting the idea that microbial activity drives suppression rather than host resistance alone.
2. Characterization of microbial communities in suppressive soils
Advancements in metagenomics and 16S rRNA sequencing have allowed researchers to characterize suppressive soils at the microbial level (Mocali et.al., 2010). Disease-suppressive soils tend to have higher microbial diversity, greater abundance of beneficial taxa, and unique functional gene profiles compared to disease-conducive soils.
Suppressive soils associated with Fusarium wilt have shown enrichment of Streptomyces, Pseudomonas, and Bacillus species, as well as increased expression of genes related to antibiotic biosynthesis, siderophore production, and quorum sensing. Similar patterns have been observed in soils suppressive to Rhizoctonia solani, where microbial communities exhibit greater competition for nutrients and produce antifungal compounds. 
A comparative study between suppressive and non-suppressive soils revealed that the presence of keystone taxa and microbial network complexity significantly contribute to disease suppression.
B. Microbiome-pathogen interactions in specific crops
Understanding how plant microbiomes interact with pathogens in specific crop systems enhances our ability to apply microbial-based solutions to major agricultural challenges.
1. Tomato, wheat, rice, and lettuce examples
In tomato (Solanum lycopersicum), rhizosphere microbial communities have shown capacity to reduce disease severity caused by Ralstonia solanacearum and Fusarium oxysporum. Certain rhizobacterial strains of Bacillus subtilis and Pseudomonas fluorescens induced systemic resistance and inhibited pathogen colonization through antibiotic and siderophore production.
Wheat (Triticum aestivum) systems, apart from TAD, have been studied for suppressive responses against Rhizoctonia solani and Fusarium culmorum (Pan et.al., 2018). Application of microbial consortia containing Trichoderma and Streptomyces led to reduced root disease and increased biomass in field trials. 
Rice (Oryza sativa) roots harbor microbial assemblages that include nitrogen-fixing and biocontrol agents. Strains of Azospirillum, Burkholderia, and Enterobacter have demonstrated antagonistic effects against Pythium and Sclerotium rolfsii, as well as enhancement of plant growth traits.
In lettuce (Lactuca sativa), microbial diversity is a key factor influencing resistance to Rhizoctonia damping-off. Studies found that lettuce grown in compost-amended soils exhibited increased populations of actinobacteria and pseudomonads, resulting in disease suppression.
C. Role of beneficial microbes
Multiple beneficial microbes, either in natural consortia or as inoculants, are known to contribute directly and indirectly to soilborne disease suppression (Wu et.al., 2023). Their mechanisms include antibiosis, competition, and immune modulation.
1. Plant growth-promoting rhizobacteria (PGPR)
PGPR such as Bacillus, Pseudomonas, and Serratia species promote plant growth and suppress pathogens through production of antibiotics, phytohormones, and volatile organic compounds. Pseudomonas fluorescens producing DAPG has been a model organism in many biocontrol studies.
In controlled trials, Bacillus amyloliquefaciens strain FZB42 significantly reduced Rhizoctonia root rot in sugar beet and tomato while promoting seedling vigor through ISR activation and lipopeptide secretion. Many PGPR also solubilize phosphorus and iron, contributing to improved nutrition and pathogen resistance. 
2. Mycorrhizal fungi
Arbuscular mycorrhizal fungi (AMF), such as Rhizophagus irregularis and Funneliformismosseae, form mutualistic associations with plant roots, enhancing nutrient uptake and disease resistance (Lanfranco et.al., 2016). These fungi alter root exudation patterns, modulate immune responses, and outcompete soilborne pathogens in the rhizosphere. 
Experimental data show that AMF-colonized plants display reduced colonization by Fusarium oxysporum and Verticillium dahliae, likely due to enhanced production of phenolic compounds and defense enzymes.
3. Trichoderma spp., Pseudomonas spp., Bacillus spp.
Trichoderma harzianum and T. viride are widely studied fungal biocontrol agents effective against several root pathogens through mycoparasitism, antibiosis, and enzyme secretion. Commercial formulations such as Trichodex and RootShield have shown efficacy against Pythium and Fusarium in multiple crops. 
Pseudomonas spp.contribute to suppression through multiple mechanisms including siderophore production, induced resistance, and quorum sensing interference. Genome sequencing of P. protegens revealed a complex arsenal of antimicrobial compounds, enabling it to protect crops from diverse pathogens. 
Bacillus spp. produce endospores, making them highly stable under field conditions (Hong et.al., 2009). B. subtilis strains exhibit strong antifungal activity and colonize the rhizoplane effectively. Some strains have shown up to 80% disease reduction in tomato and chili when applied as seed coatings or soil drenches.
VI. Factors Affecting Microbiome Efficacy in Disease Suppression
The ability of plant-associated microbiomes to suppress soilborne pathogens depends on various biotic and abiotic factors. These include the intrinsic properties of the soil, external influences from farming practices, and biological interactions between the host plant and microbial community. Understanding these factors is essential for optimizing microbiome-based disease suppression strategies in sustainable agriculture.
A. Soil health and physiochemical properties
Soil health is a foundational determinant of microbial diversity and activity. Properties such as pH, texture, organic matter content, moisture, and nutrient availability shape the composition and function of soil microbiomes (Hartmann et.al., 2023). Soils with high organic matter content and balanced pH support diverse microbial populations that contribute to natural suppression of pathogens.
For instance, neutral to slightly acidic soils tend to harbor greater populations of beneficial bacteria such as Bacillus, Pseudomonas, and Streptomyces, while extremely acidic or alkaline soils may inhibit their activity. Soil texture influences water retention and aeration, which affect microbial metabolic rates and mobility. Sandy soils may favor aerobic organisms, while clay-rich soils can promote anaerobic pockets that influence microbial interactions. 
Soil moisture also affects microbial dynamics and pathogen proliferation (Jiang et.al., 2021). High moisture levels promote the growth of oomycetes like Pythium and Phytophthora, while moderate moisture supports beneficial fungi such as Trichoderma. Optimal nutrient balance, particularly nitrogen and phosphorus, promotes stable and functionally diverse microbial communities capable of competing with or antagonizing pathogens.
B. Crop management and farming practices
Agricultural practices directly affect soil microbiomes, often determining the success or failure of microbial-mediated disease suppression.
1. Organic vs. conventional farming
Organic farming systems generally promote higher microbial diversity and abundance due to the use of compost, green manure, and reduced synthetic inputs (Liao et.al., 2018). These conditions favor beneficial microbes such as PGPR, mycorrhizal fungi, and saprophytic decomposers that contribute to pathogen suppression.
Conventional systems, on the other hand, often involve intensive tillage, monocropping, and reliance on chemical fertilizers and pesticides. These inputs can reduce microbial diversity and suppress populations of beneficial organisms. Long-term application of nitrogen fertilizers has been linked to reductions in microbial-mediated disease suppression and increased pathogen outbreaks. 
Comparative studies have shown that soils under organic management contain more antagonistic bacteria and higher expression of genes related to siderophore production and antimicrobial biosynthesis.
2. Crop rotation and cover cropping
Crop rotation is a well-established method for disrupting pathogen life cycles and enhancing microbial diversity (Bai et.al., 2022). Rotations that include non-host or suppressive crops reduce pathogen inoculum in the soil while promoting beneficial microbiota.
Cover crops such as legumes, brassicas, and grasses improve soil organic matter and support microbial habitats. Brassicas, particularly those in the Brassica juncea and Raphanus sativus groups, release glucosinolates that decompose into isothiocyanates—compounds with antimicrobial properties that can reduce soilborne pathogen populations. 
Intercropping with legumes has also been shown to enrich rhizosphere bacterial communities that suppress Fusarium and Rhizoctonia species.
3. Use of biofertilizers and biopesticides
Biofertilizers and biopesticides are formulated microbial products designed to enhance nutrient availability or suppress pathogens (Pathma et.al., 2021). The use of Azospirillum, Rhizobium, and phosphate-solubilizing bacteria improves nutrient acquisition while promoting beneficial microbial associations.
Biopesticides containing strains of Bacillus subtilis, Trichoderma harzianum, and Pseudomonas fluorescens have demonstrated consistent success in managing soilborne pathogens such as Fusarium oxysporum, Sclerotinia sclerotiorum, and Pythium spp. under field and greenhouse conditions. 
The effectiveness of these products depends on their compatibility with native microbial communities and environmental conditions. Poor soil health or unfavorable pH can inhibit the establishment of introduced beneficial microbes, reducing efficacy.
C. Microbiome stability and resilience
Stability refers to the capacity of the microbial community to maintain its structure and function over time, while resilience is the ability to recover after disturbance. Both properties are critical for sustained pathogen suppression.
Highly diverse microbiomes tend to exhibit functional redundancy, where multiple species can perform similar roles. This redundancy enhances stability and ensures continuity of suppressive functions even if some taxa are lost due to environmental fluctuations. 
Disturbances such as pesticide applications, drought, and tillage can disrupt microbial balance, leading to dominance by opportunistic pathogens or loss of beneficial organisms (Timmis et.al., 2021). Microbiomes with greater network connectivity and interaction strength are more resilient and less likely to experience pathogen outbreaks after disturbance. 
Suppressive soils often display high microbial stability, supporting consistent populations of keystone taxa that contribute to long-term disease resistance.
D. Microbiome-host compatibility
The interaction between the host plant and its associated microbiome plays a vital role in disease suppression. Host genotypes influence microbial recruitment through root exudates, signaling molecules, and immune modulation. Compatible microbiomes can colonize root tissues efficiently, activate plant defenses, and outcompete pathogens.
Experimental studies have demonstrated that even closely related plant varieties can differ significantly in their ability to support disease-suppressive microbiomes. For example, certain Arabidopsis thaliana ecotypes promote the proliferation of ISR-inducing Pseudomonas strains, while others do not. 
Breeding for disease resistance often overlooks microbial compatibility. Incorporating microbiome recruitment traits into crop breeding programs could enhance pathogen suppression by promoting beneficial associations in the rhizosphere. 
The success of microbial inoculants also depends on compatibility (Santos et.al., 2021). Introduced microbes are more likely to establish and function effectively when the host provides conducive exudates and immune tolerance.
VII. Emerging Tools and Technologies in Microbiome Research
Advances in high-throughput technologies and systems biology have transformed microbiome research, offering new possibilities to explore complex interactions between plants and microbial communities. These innovations enable researchers to identify key microbial taxa, understand functional roles, and manipulate microbiomes to enhance plant health and suppress soilborne pathogens.
A. Omics approaches
Omics technologies allow comprehensive profiling of microbial communities at the genetic, transcriptomic, metabolic, and protein levels. They provide insight into microbial diversity, functions, and interactions in plant-associated environments. 
1. Metagenomics and metatranscriptomics
Metagenomics involves sequencing the total DNA from environmental samples to identify microbial taxa and functional genes (Tringe et.al., 2005). Shotgun metagenomic sequencing can uncover the abundance and diversity of microbial genes involved in antimicrobial production, nutrient cycling, and stress tolerance.
Studies have shown that disease-suppressive soils harbor an abundance of genes associated with secondary metabolite biosynthesis, siderophore production, and quorum sensing inhibition. These functional signatures correlate with pathogen suppression potential. 
Metatranscriptomics, the sequencing of community-wide RNA, reveals actively expressed genes, offering real-time insights into microbial responses. For instance, metatranscriptomic analysis of tomato rhizospheres under Fusarium pressure highlighted the upregulation of bacterial genes related to polyketide synthesis and antifungal compound production. 
These tools have also revealed functional redundancy among beneficial microbes, suggesting that community function, rather than specific taxa, plays a dominant role in pathogen suppression.
2. Metabolomics and proteomics
Metabolomics focuses on profiling small molecules produced by microbiomes, while proteomics characterizes the full set of proteins expressed (Peters et.al., 2019). These methods provide insight into microbial metabolic activity and interactions with the host.
Root exudates and rhizosphere metabolites influence microbial recruitment and competition. Metabolomic profiling has identified specific exudates that attract beneficial Bacillus and Pseudomonas strains, enhancing disease suppression. 
Proteomics studies have detected enzymes involved in cellulose degradation, chitinase activity, and antibiotic biosynthesis from biocontrol agents such as Trichoderma and Streptomyces in suppressive soils.
Together, metabolomics and proteomics help identify biochemical pathways involved in microbial antagonism, offering targets for enhancing biocontrol strategies.
B. Synthetic microbial communities (SynComs)
Synthetic microbial communities (SynComs) are defined consortia of cultured microbial strains assembled to mimic or improve natural microbiomes. They provide controlled systems for studying microbe-microbe and microbe-plant interactions.
SynComs have been used to restore disease-suppressive functions in sterile soils or reintroduce beneficial traits lost due to agricultural intensification. For example, a minimal SynCom composed of Pseudomonas, Stenotrophomonas, and Bacillus strains conferred resistance to Ralstonia solanacearum in tomato plants through ISR and competition mechanisms. 
Unlike single-strain inoculants, SynComs offer greater ecological stability, resilience, and multi-functionality. They also enable testing of microbial interactions under controlled conditions, allowing researchers to identify keystone taxa and functional redundancies.
Modular assembly of SynComs permits customization for different crops, soil types, and pathogen pressures, paving the way for precision microbiome engineering (Trivedi et.al., 2021).
C. CRISPR and genetic engineering in microbiome studies
CRISPR-based tools have expanded the capacity to manipulate microbial genomes, enabling targeted functional studies of microbiome components. Genome editing can be used to delete or insert genes responsible for antibiotic synthesis, biofilm formation, or signaling in beneficial microbes. 
CRISPR interference (CRISPRi) and activation (CRISPRa) systems can modulate microbial gene expression without altering DNA sequences. These tools are valuable for studying gene regulatory networks involved in pathogen suppression. 
Beyond microbial engineering, CRISPR has been applied to plants to enhance root exudate profiles that attract beneficial microbes. Modifying plant metabolic pathways to favor symbiotic associations offers new approaches to improving microbiome composition. 
Gene-edited strains of Bacillus subtilis and Pseudomonas fluorescens have been developed to increase the production of antifungal compounds and improve colonization efficiency in crop rhizospheres.
D. Bioinformatics and machine learning in microbiome data analysis
The complexity of microbiome datasets requires advanced computational tools for meaningful interpretation. Bioinformatics pipelines process large volumes of sequencing data to identify microbial taxa, predict metabolic functions, and construct interaction networks. 
Machine learning algorithms are increasingly applied to classify microbiomes, identify biomarkers of disease suppression, and predict microbial community dynamics (Wang et.al., 2021). Random forests, support vector machines, and neural networks have been used to correlate microbiome features with plant health outcomes. 
Network analysis helps reveal keystone species and microbial hubs that contribute to disease resistance. Co-occurrence networks based on microbial abundance data have identified strong negative correlations between beneficial taxa and pathogens.
Software platforms such as QIIME2, PICRUSt2, and MetaPhlAn enable functional inference from 16S rRNA data, while tools like Cytoscape visualize microbial interaction networks. Integration of multi-omics data with environmental metadata allows systems-level modeling of plant-microbe-pathogen interactions.
These analytical approaches support the design of predictive and diagnostic tools for soil health and pathogen risk assessment, advancing microbiome-informed crop management.
VIII. Applications in Sustainable Agriculture
Harnessing plant microbiomes for pathogen suppression represents a promising pathway toward environmentally friendly, economically viable, and socially acceptable agricultural systems (Thakur et.al., 2023). Microbiome-based technologies are being incorporated into sustainable practices to improve plant health, reduce chemical input, and enhance resilience against environmental stressors.
A. Microbiome-based biocontrol strategies
Biological control, through the application or stimulation of beneficial microbes, is one of the most direct applications of microbiome knowledge in sustainable agriculture. These strategies rely on naturally occurring or engineered microbial communities that antagonize pathogens, promote plant growth, or induce systemic resistance.
1. Commercial bioinoculants
Bioinoculants consist of microbial formulations that are applied to seeds, roots, or soil to promote plant health and suppress pathogens. Widely used strains include Bacillus subtilis, Pseudomonas fluorescens, Trichoderma harzianum, and Streptomyces griseus. These organisms produce antibiotics, enzymes, and siderophores that directly inhibit soilborne pathogens. 
Several bioinoculants are commercially available and have been evaluated across a range of crops. For example, Bacillus amyloliquefaciens strain FZB24 has shown strong efficacy against Fusarium and Rhizoctonia species in tomato and pepper, reducing disease incidence by up to 70% under greenhouse conditions. Trichoderma-based products such as RootShield have demonstrated consistent suppression of Pythium and Sclerotinia in horticultural systems. 
Bioinoculants offer advantages such as environmental safety, ease of application, and compatibility with organic farming systems. Yet, their performance in the field can be variable, often depending on soil conditions, native microbiomes, and environmental factors.
2. Engineered microbiomes
Engineering microbiomes involves the design or manipulation of microbial communities to enhance their functionality. This can be achieved by assembling synthetic microbial consortia or by editing microbial genomes to enhance beneficial traits.
Synthetic microbial communities (SynComs) have been constructed to mimic the composition and function of natural suppressive microbiomes (Xu et.al., 2025). For example, a SynCom containing Pseudomonas, Stenotrophomonas, and Bacillus species significantly reduced Ralstonia solanacearum infection in tomato through combined ISR and antibiosis.
Gene-editing tools such as CRISPR-Cas have been used to enhance antimicrobial production in Bacillus subtilis and to improve root colonization traits in Pseudomonas protegens. These engineered strains, when incorporated into designed microbiomes, increase the consistency and durability of biocontrol effects under field conditions. 
B. Integration with precision agriculture
Precision agriculture utilizes technologies such as GPS mapping, remote sensing, and data analytics to optimize inputs and improve yield. Integrating microbiome management into precision systems allows for site-specific application of bioinoculants, tailored to soil health and microbial community composition.
Soil microbiome profiling through next-generation sequencing can identify areas with reduced microbial diversity or pathogen hotspots (Mantri et.al., 2021). Targeted interventions such as localized application of biocontrol agents or compost amendments can then be deployed to restore suppressive functions.
Machine learning models are being used to predict the success of microbial inoculants based on soil parameters, climate data, and crop type. These predictive frameworks support decision-making in microbial application strategies, improving reliability and return on investment. 
C. Contribution to climate-resilient agriculture
Microbiome-mediated disease suppression contributes to climate resilience by enhancing soil health, reducing dependency on agrochemicals, and improving plant tolerance to abiotic stress. Beneficial microbes can increase water-use efficiency, modulate root architecture, and enhance nutrient uptake under drought, heat, and salinity conditions.
Studies have shown that Trichoderma asperellum not only suppresses pathogens but also improves drought tolerance in maize and wheat by increasing antioxidant activity and osmolyte accumulation. Similarly, Bacillus megaterium has demonstrated dual functions in promoting plant growth and protecting against salt stress in tomato. 
In systems affected by climate extremes, microbiome-based interventions maintain yield stability and reduce crop loss by supporting adaptive plant responses and maintaining rhizosphere equilibrium (Kabir et.al., 2024).
D. Policy and regulatory considerations
The adoption of microbiome-based technologies in agriculture depends on supportive policy frameworks that ensure product safety, efficacy, and environmental sustainability. Regulatory agencies are increasingly focusing on harmonizing guidelines for registration and quality control of microbial products.
Unlike synthetic agrochemicals, microbial inoculants must be evaluated for their interaction with native ecosystems, non-target organisms, and long-term effects on soil health. The European Union’s updated Fertilising Products Regulation (EU 2019/1009) now includes criteria for microbial biostimulants, enabling market access while maintaining safety standards. 
Global initiatives such as the International Bioeconomy Forum and FAO’s agroecology agenda emphasize microbiome-based solutions as part of nature-based agriculture. Public–private partnerships are driving research and development, with increased funding for microbiome discovery, formulation technologies, and field trials.
Harmonized international standards and open-access data sharing are essential for scaling microbiome applications, ensuring that farmers and researchers can benefit from reproducible, science-backed innovations in sustainable plant health management (Cernava et.al., 2022).

IX. Challenges and Future Perspectives
The potential of microbiome-based pathogen suppression is well-established, yet several scientific and practical challenges remain that limit widespread adoption in sustainable agriculture.
A. Inconsistent field performance of microbial inoculants
Microbial inoculants often show promising results in controlled environments but underperform in open-field conditions (Berruti et.al., 2013). Factors such as soil pH, temperature, microbial competition, and moisture variability affect inoculant survival and function. Meta-analyses report that the average success rate of microbial inoculants in the field is below 60%.
B. Microbiome dynamics under environmental stress
Abiotic stressors like drought, salinity, and heat alter root exudation and microbial community composition, sometimes favoring opportunistic pathogens over beneficial taxa. Stress conditions can reduce microbial diversity and impair beneficial interactions, weakening pathogen suppression.
C. Need for long-term field trials and standardization
Most microbiome studies are short-term and conducted in greenhouse settings. There is a critical need for long-term, multi-season field trials to evaluate microbial products across diverse climates, crops, and soil types. Standardized protocols for efficacy testing and formulation stability are lacking, which hinders product development and regulatory approval.
D. Potential for personalized microbiome solutions in crop management
Site-specific microbiome formulations tailored to local soil, crop genotype, and pathogen pressure can improve efficacy (Peddle et.al., 2025). Advances in metagenomics and AI modeling enable the design of personalized inoculants based on predictive microbiome profiles. Such precision approaches may optimize compatibility and functionality of microbial consortia.
E. Interdisciplinary research and collaborative efforts
Addressing microbiome complexity requires collaboration across microbiology, agronomy, bioinformatics, and environmental sciences. Integrated approaches linking molecular tools, ecological theory, and field-based agronomy can accelerate the transition from discovery to application.
X. Conclusion
The role of plant microbiomes in suppressing soilborne pathogens offers a sustainable alternative to chemical-based disease control in agriculture. Beneficial microbes, through direct antagonism and indirect immune modulation, contribute significantly to plant health and resilience. Advances in omics, synthetic communities, and precision tools have deepened understanding of these interactions, enabling more targeted and effective interventions. Despite promising results, challenges such as inconsistent field performance, environmental variability, and regulatory gaps persist. Long-term field validation, standardization, and interdisciplinary collaboration are essential to realize the full potential of microbiome-based strategies. With personalized microbial solutions and integrated management practices, microbiomes can drive sustainable, climate-resilient farming systems. Future efforts must focus on bridging lab-to-field transitions, supporting farmers with reliable technologies, and ensuring ecological safety. Harnessing microbiomes represents a transformative path forward in plant disease management and global food security.
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