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Abstract
Biocontrol agents have gained global importance as sustainable solutions for managing plant pathogens while reducing reliance on synthetic pesticides that pose risks to human health, biodiversity, and environmental safety. This review aims to explore biocontrol agents for sustainable management of plant pathogens. This review synthesises advances in the use of microbial antagonists such as Trichoderma spp., Pseudomonas fluorescens, Bacillus subtilis, Streptomyces spp., mycorrhizal fungi, and viral and nematophagous organisms in the suppression of fungal, bacterial, viral, and nematode diseases. The mechanisms of action include antibiosis, nutrient competition, parasitism, predation, enzyme secretion, and induction of systemic resistance, supported by omics-based insights into microbial–pathogen–plant interactions. Application strategies range from seed treatment, soil amendments, and foliar sprays to post-harvest bioprotection, with formulation innovations such as nano-encapsulation and bio-priming improving field stability and efficacy. Case studies demonstrate significant disease suppression and yield enhancement, such as 55–70% reduction in tomato wilt with Trichoderma, 60% suppression of take-all in wheat with Pseudomonas fluorescens, and 70% control of fire blight in apple through phage therapy. Despite these successes, challenges persist in achieving consistent field performance due to environmental variability, short shelf life, and complex regulatory pathways. Recent research emphasises the development of climate-resilient strains, the exploration of endophytes and novel microbes, and the deployment of digital tools and artificial intelligence for predictive disease management. Global market trends project biocontrol adoption to reach USD 13.7 billion by 2027, driven by consumer demand for residue-free produce, policy support for organic farming, and IPM integration. The review highlights that scaling adoption requires farmer awareness programs, harmonised regulations, and public–private investment to overcome commercialisation barriers. Overall, biocontrol agents represent a cornerstone for climate-smart and ecologically balanced agriculture, offering long-term benefits for food security, environmental health, and sustainable intensification of crop production systems. Biocontrol agents have emerged as vital tools in sustainable agriculture by offering effective, eco-friendly alternatives to synthetic pesticides while addressing the global challenges of crop losses, food security, and environmental degradation. Strengthened policies, extension efforts, and global commercialisation will be crucial to unlocking its full potential.
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I. Introduction
Concept of biological control in plant pathology
Biological control refers to the suppression of plant pathogens through the use of living organisms or their metabolites, offering an eco-friendly alternative to chemical pesticides (Sharma et.al., 2018). It is based on natural ecological interactions such as competition, parasitism, antibiosis, and induced resistance. Plants can become infected by a broad range of diseases, including bacteria, fungi, viruses, oomycetes, and nematodes. Different plant tissues, such as xylem, phloem, roots, or leaves, are targeted by these pathogens. They also differ in their routes of infection, ranging from extracellular to intracellular, and in their lifestyles, from necrotrophs that feed on dead cells to biotrophs that feed on living cells.  Predicting plant diseases in space and time critically depends on our ability to understand how these diverse pathogens interact with and respond to different disease drivers (Ashwini Kumar et al., 2024; Verma et al., 2023). The Food and Agriculture Organisation (FAO) defines biological control as “the use of living organisms, including beneficial microbes, insects, and antagonists, to suppress the population of a harmful organism”. Microbial antagonists such as Trichoderma spp., Pseudomonas fluorescens, Bacillus subtilis, and mycorrhizal fungi are widely recognised for their role in controlling fungal, bacterial, nematode, and viral diseases. The global biocontrol market has grown rapidly, reaching approximately USD 6.2 billion in 2022 and projected to surpass USD 13.7 billion by 2027 with a CAGR of 14.7%, reflecting the rising demand for sustainable crop protection.
Historical background and milestones in biocontrol development
The concept of biological control in agriculture dates back to the late 19th century (Heimpel et.al., 2018). The concept of biocontrol has caused an important technological, economic, and political debate aiming to develop sustainable agriculture at a lower ecological cost. Accordingly, different countries have implemented a protective plan that can reduce 50% of pesticides. These measures unequivocally illustrate a major awareness of the accumulation of toxic residues in the environment and the various links within the food chain. They also indicate the lack of alternatives to reduce the reliance of the agricultural sector on pesticides (Lahlali et al., 2022). Early research demonstrated that antagonistic microbes could suppress pathogens; for instance, Trichoderma lignorum was first reported in 1920 to control Rhizoctonia solani in sugar beet. By the 1970s, systematic research on Pseudomonas and Bacillus species established their role as plant growth-promoting rhizobacteria (PGPR) capable of controlling soil-borne pathogens. The first commercial biofungicides were developed in the 1980s, such as Trichoderma harzianum formulations for seed and soil treatments. Over time, major milestones included the registration of Pseudomonas fluorescens products in the 1990s and the introduction of microbial consortia-based biocontrol products in the 2000s. Today, advanced biotechnology tools, including genomics, metabolomics, and CRISPR-mediated genetic engineering, are revolutionising the development of effective and resilient biocontrol strains.
Importance of biocontrol in sustainable agriculture
Biocontrol strategies play a crucial role in achieving sustainable crop production systems by reducing the dependence on synthetic fungicides, bactericides, and nematicides (Dukare et.al., 2021). Overuse of chemicals has resulted in pathogen resistance, pesticide residues in food chains, and ecological imbalance. Biocontrol agents not only suppress pathogens but also enhance soil biodiversity, stimulate plant growth, and improve nutrient uptake. Global agricultural statistics reveal that chemical pesticide use has exceeded 4.1 million tonnes annually, contributing to environmental pollution. By replacing or reducing chemical inputs, biocontrol offers a safer and sustainable solution aligned with the goals of integrated pest management (IPM) and organic farming. Studies have shown that fields treated with Trichoderma harzianum and Pseudomonas fluorescens can reduce disease incidence by 40–70% while enhancing crop yield by 15–25% compared to untreated controls. The promotion of biocontrol agents also aligns with Sustainable Development Goals (SDGs), particularly SDG 2 (Zero Hunger) and SDG 15 (Life on Land), making them indispensable tools for modern agriculture.
II. Plant Pathogens and Their Impact on Agriculture
Overview of major fungal, bacterial, viral, and nematode pathogens
Plant diseases are caused by a wide range of pathogens, including fungi, bacteria, viruses, and nematodes, which together account for significant reductions in global crop productivity (Singh et.al., 2021). Fungal pathogens are among the most destructive, responsible for nearly 70–80% of recorded plant disease incidences worldwide. Examples include Magnaporthe oryzae, causing rice blast, and Puccinia spp. causing wheat rust, and Fusarium oxysporum, leading to vascular wilts in multiple crops. Bacterial pathogens such as Xanthomonas oryzae pv. oryzae in rice (bacterial leaf blight), Ralstonia solanacearum in solanaceous crops, and Xanthomonas campestris pv. Campestris in crucifers pose significant threats. Viral pathogens, including Tomato yellow leaf curl virus (TYLCV), Rice tungro virus, and Cucumber mosaic virus (CMV), cause widespread epidemics with limited direct control measures. Plant-parasitic nematodes such as Meloidogyne spp. (root-knot nematodes) and Heterodera spp. (cyst nematodes) cause both direct root damage and facilitate secondary infections, leading to complex disease syndromes. Collectively, these pathogens compromise food security by reducing yield and quality across major cereal, horticultural, and industrial crops.
Yield and quality losses caused by plant diseases
Plant pathogens contribute to an estimated 20–40% global crop loss annually, equivalent to nearly USD 220 billion in economic damage (Anand et.al., 2022).  Phytopathogenic bacteria are responsible for causing plant diseases and can have adverse effects on a wide variety of crops, resulting in economic losses and negative environmental impacts. Research on phytopathogenic bacteria aims to deepen our understanding of their taxonomy, genetics, and plant pathology, including the mechanisms underlying plant diseases (Islam et al., 2024). Fungal rust diseases in wheat alone have been documented to reduce yields by up to 70% during severe epidemics, with historical examples such as the Ug99 strain of Puccinia graminis f. sp. tritici threatening wheat production across Africa and Asia. Rice blast caused by Magnaporthe oryzae is responsible for the destruction of food sufficient to feed nearly 60 million people annually. Bacterial wilt caused by Ralstonia solanacearum can lead to complete crop failure in solanaceous crops such as potato and tomato, with reported economic losses exceeding USD 1 billion annually across tropical and subtropical regions. Viral diseases remain equally devastating; cassava mosaic virus in Africa reduces cassava production by 15–30%, threatening the food security of millions dependent on the crop. Plant-parasitic nematodes are estimated to cause global yield losses of about 12–14%, corresponding to USD 80–100 billion annually. Besides yield, pathogens also degrade the quality of agricultural products by producing mycotoxins such as aflatoxins in maize and groundnut (Aspergillus flavus), which pose severe risks to food safety and international trade (Grace et.al., 2015). A cost-benefit analysis of agricultural technology or ‘option’ is used to evaluate the inputs or investments (the costs) worth making, given outputs or returns (benefits). The analysis is often done to compare one or new technologies with some current practices. Most analyses of costs and benefits require the use of monetary values on the inputs and outputs to provide benefits based on calculated differences (Mkindi et al., 2021).
Limitations of chemical control methods
Synthetic pesticides have historically played a dominant role in the management of plant pathogens, but their limitations have become increasingly evident. Excessive chemical use has led to the emergence of resistant pathogen strains, as documented in Botrytis cinerea, which shows resistance to multiple classes of fungicides, including benzimidazoles and dicarboximides. Long-term pesticide use has resulted in ecological imbalances, non-target toxicity, and contamination of soil and water resources. Pesticide residues detected in food crops pose serious risks to human health, with the World Health Organisation (WHO) estimating around 385 million cases of pesticide poisoning annually, including nearly 11,000 fatalities. Moreover, pesticide-based control is often ineffective against viral diseases, as viruses lack direct chemical targets and require alternative strategies like resistant varieties or vector control. The rising cost of chemical inputs further burdens farmers, while global policies increasingly emphasise sustainable alternatives through integrated pest management (IPM) and organic farming practices (Baker et.al., 2020). This situation highlights the need for biological control agents, which provide effective, eco-friendly, and sustainable solutions to the challenges posed by plant pathogens.
III. Principles of Biological Control
Definition and scope of biocontrol
Biological control refers to the use of living organisms, such as fungi, bacteria, viruses, nematodes, and their metabolites, to suppress the activity or population of plant pathogens (Stenberg et.al., 2021). This approach emphasises natural ecological balance, unlike chemical pesticides that disrupt ecosystems. The scope of biocontrol extends beyond disease suppression, encompassing plant growth promotion, improved nutrient cycling, and the restoration of beneficial microbial diversity in the rhizosphere. Biocontrol agents have been successfully applied against diverse pathogens, including soil-borne fungi, bacterial blights, viral vectors, and plant-parasitic nematodes. With the global biopesticides market expected to reach USD 13.7 billion by 2027, biocontrol has gained commercial significance in modern agriculture. The concept also aligns with sustainable agriculture goals by reducing dependency on chemicals and promoting environmentally friendly solutions.
Mechanisms of action: competition, antibiosis, parasitism, induced resistance
Competition
Microbial antagonists compete with pathogens for space, nutrients, and ecological niches in the rhizosphere (Singh et.al., 2020).  For instance, Pseudomonas fluorescens produces siderophores that sequester iron, limiting its availability to pathogenic fungi such as Fusarium oxysporum. Studies demonstrate that siderophore-mediated competition significantly suppresses wilt incidence in tomatoes and legumes, reducing disease intensity by 40–60% under field conditions.
Antibiosis
Many beneficial microbes produce secondary metabolites that inhibit pathogen growth. Bacillus subtilis synthesises lipopeptides such as iturins, fengycins, and surfactins, which disrupt fungal membranes. Similarly, Streptomyces spp. release antibiotics such as streptomycin and actinomycin that suppress bacterial blights and fungal pathogens. Laboratory trials have reported up to 75% reduction in Rhizoctonia solani infection with antibiotic-producing strains of Bacillus.
Parasitism
Some biocontrol fungi directly parasitise plant pathogens. Trichoderma spp. attack fungal pathogens through coiling around hyphae, secretion of lytic enzymes, and penetration, ultimately destroying the pathogen (Sood et.al., 2020). Mycoparasitism of Trichoderma harzianum against Sclerotium rolfsii has been reported to reduce root rot incidence in chickpea by more than 60% in field experiments. Nematophagous fungi such as Arthrobotrys spp. trap and parasitise root-knot nematodes (Meloidogyne spp.), reducing gall formation and improving yield by 30–40% in tomato crops.
Induced resistance
Biocontrol agents stimulate plant immune systems through Induced Systemic Resistance (ISR) and Systemic Acquired Resistance (SAR). ISR is generally mediated by rhizobacteria such as Pseudomonas and Bacillus, activating jasmonic acid and ethylene pathways, whereas SAR involves salicylic acid signalling. For example, tomato plants treated with Pseudomonas fluorescens exhibited 50% lower disease incidence of Ralstonia solanacearum due to ISR activation. Similarly, Trichoderma asperellum has been shown to enhance ISR in maize against Exserohilum turcicum, leading to a 35% reduction in leaf spot severity. Ecological interactions in biocontrol
The effectiveness of biocontrol agents depends on ecological interactions in the rhizosphere and phyllosphere (Legein et.al., 2020). Microbial diversity, soil health, and environmental conditions such as moisture, pH, and temperature strongly influence pathogen suppression. Biocontrol organisms often establish complex synergistic relationships with native microbiota, contributing to enhanced resilience of agroecosystems. For example, co-inoculation of Trichoderma harzianum with arbuscular mycorrhizal fungi improved phosphorus uptake in maize while reducing disease severity caused by Fusarium verticillioides. The use of microbial consortia is gaining importance, as multiple species working together provide broad-spectrum disease control and improve plant health under varying field conditions. These ecological interactions highlight the holistic role of biocontrol in maintaining soil-plant-microbe equilibrium, ultimately strengthening the foundation of sustainable agriculture.
IV. Categories of Biocontrol Agents
Bacterial agents (e.g., Pseudomonas, Bacillus, Streptomyces)
Bacteria represent one of the most widely studied groups of biocontrol organisms due to their rapid growth, ease of mass production, and diverse antagonistic mechanisms (Wang et.al., 2021). Pseudomonas fluorescens is a well-documented plant growth-promoting rhizobacterium (PGPR) that produces siderophores, antibiotics, hydrogen cyanide (HCN), and lytic enzymes, which inhibit soil-borne pathogens such as Fusarium, Rhizoctonia, and Pythium. Field studies report that Pseudomonas treatments reduce damping-off disease in vegetables by up to 60% while increasing yields by 20–30%. Bacillus subtilis and related species are equally significant, producing endospores that enhance survival under diverse environmental conditions. These bacteria release cyclic lipopeptides such as surfactins and fengycins, which damage fungal cell membranes and biofilms. Commercial formulations of Bacillus subtilis like Serenade® are widely used against Botrytis cinerea in grapevines and strawberries, reducing disease incidence by 50–70% under field trials (Calvo et.al., 2021). Streptomyces species, known for antibiotic production, have been effective against bacterial blight and wilt diseases. For instance, Streptomyces lydicus produces streptolydigin and chitinases that suppress Phytophthora infestans and Verticillium dahliae. These bacterial agents not only provide disease suppression but also contribute to plant growth promotion through phytohormone production, including indole acetic acid (IAA) and gibberellins.
Fungal agents (e.g., Trichoderma, Gliocladium, mycorrhizal fungi)
Fungal antagonists constitute another major category of biocontrol agents (Heydari et.al., 2010). Trichoderma spp are the most extensively researched due to their mycoparasitic ability, production of lytic enzymes (chitinases, glucanases), and secondary metabolites with antifungal properties. Studies show that Trichoderma harzianum can reduce soil-borne pathogens such as Sclerotium rolfsii and Fusarium oxysporum by 50–80% under greenhouse and field conditions. Gliocladium virens produces gliotoxin and volatile organic compounds that inhibit root-rot pathogens, and commercial formulations are available for soil treatment in high-value horticultural crops. Arbuscular mycorrhizal fungi (AMF), such as Glomus intraradices and Rhizophagus irregularis, not only enhance nutrient uptake but also reduce disease incidence through competition and induction of systemic resistance. A meta-analysis revealed that AMF inoculation decreased pathogen severity by an average of 38% across 45 host–pathogen systems while improving phosphorus uptake and biomass accumulation. These fungal biocontrol agents provide long-term sustainability by establishing symbiotic relationships that persist across cropping seasons.
Viral biocontrols (e.g., bacteriophages, mycoviruses)
Viruses are increasingly being recognised as biocontrol tools, particularly bacteriophages and mycoviruses (Xie et.al., 2014). Bacteriophages specifically infect bacterial pathogens such as Xanthomonas campestris, Erwinia amylovora, and Ralstonia solanacearum. Field application of phage-based formulations has reduced bacterial leaf spot of tomato by 50–65% under controlled experiments. Commercial products such as AgriPhage® have been approved in several countries for controlling Xanthomonas and Pseudomonas diseases in tomato and pepper crops. Mycoviruses, on the other hand, are viruses that infect fungal pathogens, leading to hypovirulence. The classic example is Cryphonectria hypovirus 1 (CHV1), which reduced the virulence of Cryphonectria parasitica, the causal agent of chestnut blight, and enabled restoration of chestnut forests in parts of Europe. Research is also expanding into RNA-based viral control systems to manage viral diseases by interfering with replication or transmission cycles.
Nematode-trapping fungi and endophytes
Nematode-trapping fungi represent a specialised group of natural enemies targeting plant-parasitic nematodes (Jiang et.al., 2017). Genera such as Arthrobotrys and Monacrosporium produce adhesive networks, constricting rings, or sticky knobs to capture nematodes, followed by penetration and digestion. Application of Arthrobotrysoligospora reduced root-knot nematode (Meloidogyne incognita) populations by 55–70% in tomato fields while improving plant biomass. Endophytes, including both bacterial and fungal symbionts, colonise plant tissues internally without causing disease and contribute to biocontrol through ISR and production of bioactive metabolites. For instance, endophytic Fusarium oxysporum strains have shown antagonism against pathogenic Fusarium wilt strains in banana, reducing disease severity by up to 60%. Similarly, bacterial endophytes such as Burkholderiacepacia produce antimicrobial compounds that inhibit Ralstonia solanacearum in tomato. Endophyte-based approaches are increasingly valued for their systemic protection and long-term colonisation of host tissues, offering advantages over surface-applied agents.
V. Mechanisms of Action of Biocontrol Agents
Antibiosis – production of antibiotics and secondary metabolites
Antibiosis is a primary mechanism through which biocontrol agents inhibit or kill pathogens by producing bioactive compounds (Nehra et.al., 2022). Bacterial species such as Bacillus subtilis and Streptomyces spp. are known to produce lipopeptides, polyketides, and antibiotics with strong antifungal and antibacterial properties. Bacillus subtilis produces surfactins, iturins, and fengycins that disrupt fungal membranes, causing leakage of cell contents and pathogen death. Streptomyces spp. Contribute more than two-thirds of naturally derived antibiotics used in agriculture, including streptomycin, tetracyclines, and actinomycins. Fungal antagonists such as Trichoderma harzianum synthesise secondary metabolites like peptaibols and harzianolide that suppress Rhizoctonia solani and Sclerotinia sclerotiorum. Field studies demonstrate that antibiotic-producing Pseudomonas fluorescens strains reduce take-all disease of wheat caused by Gaeumannomyces graminis by 60–80%. These bioactive metabolites not only reduce pathogen populations but also enhance plant defence responses, contributing to long-term disease suppression.
Competition – for space and nutrients
Competition is an ecological mechanism where beneficial microbes suppress pathogens by outcompeting them for nutrients, ecological niches, and infection sites (Ghoul et.al., 2016). Rhizosphere-competent bacteria such as Pseudomonas fluorescens secrete siderophores that chelate iron, depriving pathogens like Fusarium oxysporum and Pythium spp. of this essential micronutrient. Studies show that siderophore-producing Pseudomonas can reduce wilt incidence in tomato and chickpea by up to 50% under field conditions. Similarly, arbuscular mycorrhizal fungi compete with pathogens for root colonisation sites, effectively limiting the invasion of root pathogens. This mechanism is crucial in soils with limited nutrient availability, where rapid colonisers establish dominance and protect host plants. Competition also extends to the phyllosphere, where leaf-associated microbes limit the colonisation of foliar pathogens by occupying surface niches.
Parasitism and Predation – direct attack on pathogens
Parasitism involves direct attack of biocontrol agents on pathogenic organisms, often through mycoparasitism or predation (Ahmad et.al., 2021).  Trichoderma spp. exhibit coiling around the hyphae of pathogens like Sclerotium rolfsii and Rhizoctonia solani, followed by secretion of lytic enzymes that degrade pathogen cell walls. Predatory fungi such as Arthrobotrys oligospora form adhesive networks or constricting rings to trap nematodes, which are then digested through enzymatic degradation. Studies reveal that application of nematode-trapping fungi reduces Meloidogyne incognita populations by 55–70% in tomato crops. Viral biocontrol agents, such as hypovirulent mycoviruses, parasitise fungal pathogens like Cryphonectria parasitica, reducing virulence and limiting disease spread. These mechanisms highlight the role of biocontrol agents as active antagonists rather than passive competitors.
Induced Systemic Resistance (ISR) and Systemic Acquired Resistance (SAR)
Biocontrol agents can stimulate host defence mechanisms, leading to broad-spectrum resistance (Ayaz et.al., 2023). ISR is typically triggered by plant growth-promoting rhizobacteria such as Pseudomonas and Bacillus, which activate jasmonic acid (JA) and ethylene (ET) pathways without direct pathogen contact. For example, tomato plants treated with Pseudomonas fluorescens showed a 45% reduction in bacterial wilt incidence caused by Ralstonia solanacearum. SAR, in contrast, is mediated by salicylic acid (SA) pathways, commonly activated after exposure to necrotising pathogens or through priming by antagonists like Trichoderma asperellum. Maize plants colonised with Trichoderma exhibited up to 35% lower incidence of leaf spot caused by Exserohilum turcicum. ISR and SAR provide systemic and long-lasting resistance, reducing reliance on chemical pesticides while enhancing crop resilience to multiple stresses.
Enzyme production (chitinases, glucanases, proteases)
Hydrolytic enzymes produced by biocontrol agents degrade structural components of pathogen cell walls, contributing directly to suppression (Jadhav et.al., 2017). Chitinases break down chitin, a major component of fungal cell walls, while β-1,3-glucanases hydrolyse glucans and proteases degrade structural proteins. Trichoderma spp. Secrete high levels of chitinases and glucanases, enabling efficient lysis of fungal pathogens such as Botrytis cinerea and Fusarium oxysporum. Studies report that chitinase-deficient mutants of Trichoderma exhibit significantly reduced biocontrol ability, confirming the central role of enzymes. Similarly, Bacillus subtilis produces extracellular proteases and cellulases that contribute to pathogen inhibition. Enzyme-mediated degradation also plays a critical role in nematode control, with nematophagous fungi secreting serine proteases that digest nematode cuticles. These enzymatic mechanisms, combined with other antagonistic activities, make biocontrol agents highly effective under diverse agroecological conditions.

VI. Methods of Application of Biocontrol Agents
Seed treatment and seedling inoculation
Seed treatment is one of the most widely adopted techniques for applying biocontrol agents because it ensures early colonisation of the rhizosphere and protects the germinating seed from seed-borne and soil-borne pathogens. Common microbial inoculants such as Trichoderma harzianum, Pseudomonas fluorescens, and Bacillus subtilis are frequently used in seed treatments. Studies have shown that coating chickpea seeds with Trichoderma viride reduced root rot incidence caused by Rhizoctonia bataticola by 40–65% and increased seedling survival rates by 20–30%. Seed priming with Pseudomonas fluorescens has been reported to suppress wilt in pigeonpea by up to 55% while enhancing nodulation and seed yield. Seedling inoculation is particularly effective in horticultural crops, where root dipping of tomato seedlings in a suspension of Bacillus subtilis reduced bacterial wilt incidence by 50% and improved plant vigour. These methods ensure direct colonisation of root tissues by beneficial microbes at early developmental stages.
Soil application and compost amendments
Soil application introduces biocontrol agents directly into the root zone, allowing effective colonisation of rhizosphere niches (Li et.al., 2022). This method often involves mixing biocontrol inoculants with organic amendments such as farmyard manure, compost, or carrier materials like talc and peat. Field experiments demonstrate that soil application of Trichoderma harzianum reduced wilt incidence in cotton by 45–60% and increased yield by 18%. Compost fortified with Pseudomonas fluorescens has been shown to significantly suppress Sclerotium rolfsii and Fusarium oxysporum in groundnut and tomato crops. Bio-amended compost not only provides a substrate for microbial proliferation but also improves soil fertility and structure. Soil drenching with liquid formulations of Bacillus subtilis has resulted in 50% lower disease incidence in cucurbits affected by powdery mildew. These findings highlight the role of soil application as both a disease management and soil health improvement strategy.
Foliar sprays and post-harvest treatments
Biocontrol agents are also applied as foliar sprays to protect aerial plant parts from pathogens such as Botrytis cinerea, Alternaria spp., and Xanthomonas spp.. For instance, foliar sprays of Bacillus subtilis (commercial product Serenade®) have been shown to reduce grey mould incidence in grapevine by 55–70% under vineyard conditions. Pseudomonas fluorescens applied to leaves significantly reduced bacterial blight of rice and angular leaf spot of cotton, showing up to 45% disease reduction. Post-harvest treatments involve dipping, spraying, or coating harvested fruits and vegetables with microbial suspensions to prevent spoilage. Application of Candida oleophila, an antagonistic yeast, reduced post-harvest decay caused by Penicillium expansum in apples and pears by more than 60%. Similarly, Trichoderma spp. formulations applied to harvested banana fruits delayed crown rot development, extending shelf life by 4–6 days. These methods reduce reliance on synthetic fungicides for post-harvest protection and extend the marketability of produce.
Formulations: powder, liquid, granules, bio-priming
The success of biocontrol agents in practical agriculture depends heavily on their formulation, which determines shelf life, field performance, and ease of application (Keswani et.al., 2016). Powder formulations, often based on talc or peat carriers, are widely used for seed treatment and soil application due to their stability and low cost. For example, talc-based Trichoderma harzianum formulations have shown effectiveness against soil-borne pathogens in pulses with a shelf life of 6–9 months. Liquid formulations containing live cells or spores suspended in protective solutions are suitable for foliar sprays and soil drenching, offering quick colonisation and uniform application. Granular formulations allow slow release of microbial inoculants into the soil; for instance, alginate-based granules of Pseudomonas fluorescens reduced sheath blight in rice by 45% under field trials. Bio-priming, a technique involving hydration of seeds with biocontrol suspensions before sowing, improves seed germination, vigour, and disease resistance. Wheat bio-primed with Trichoderma harzianum showed 35–50% reduction in seedling blight caused by Bipolarissorokiniana and improved germination rates by 20%. The development of next-generation formulations, including nano-encapsulation and polymer-coated microbial products, is advancing field stability and efficiency of biocontrol agents.
VII. Advances in Biocontrol Technologies
Nano-formulations for improved delivery
Nanotechnology has emerged as a promising tool for enhancing the efficiency of biocontrol agents by improving their stability, bioavailability, and targeted delivery (Vurro et.al., 2019). Nano-formulations enable controlled release of active metabolites and ensure protection of microbial inoculants against environmental stresses such as UV radiation and desiccation. Studies show that encapsulation of Trichoderma harzianum spores in chitosan nanoparticles improved viability by 40% under storage and enhanced suppression of Fusarium oxysporum wilt in tomato by 55% compared to non-encapsulated formulations. Silver and zinc oxide nanoparticles synthesised through microbial processes have demonstrated strong antifungal and antibacterial activity by generating reactive oxygen species (ROS) that disrupt pathogen cell membranes. Recent reports highlight polymer-based nano-carriers loaded with Bacillus subtilis metabolites, which reduced Rhizoctonia solani damping-off in rice seedlings by 65% in greenhouse conditions. These advances show that nano-formulations enhance shelf life, field persistence, and bioefficacy, making them crucial for next-generation biocontrol technologies.
Genetic engineering for enhanced efficacy
Modern molecular tools have been employed to enhance the effectiveness of biocontrol organisms by modifying their genomes for improved survival, metabolite production, and stress tolerance (Leung et.al., 2020). Transgenic strains of Pseudomonas fluorescens engineered to overproduce the antibiotic 2,4-diacetylphloroglucinol (DAPG) have exhibited 70–80% higher suppression of take-all disease in wheat compared to wild-type strains. Similarly, Trichoderma harzianum strains modified to overexpress chitinase genes displayed enhanced antagonism against Sclerotium rolfsii and Rhizoctonia solani, reducing disease severity in legumes by more than 50%. Gene editing tools such as CRISPR-Cas9 are now being explored to improve biocontrol traits, including spore viability, stress resilience, and metabolite biosynthesis pathways. Despite regulatory constraints, genetically engineered strains hold potential for developing more consistent and field-resilient biocontrol agents.
Omics approaches (genomics, proteomics, metabolomics) in biocontrol research
Advances in high-throughput omics technologies have revolutionised the understanding of biocontrol mechanisms and microbial interactions. Whole-genome sequencing of beneficial microbes such as Bacillus subtilis, Trichoderma reesei, and Pseudomonas fluorescens has revealed genetic clusters responsible for antibiotic synthesis, siderophore production, and lytic enzyme pathways. Proteomic analyses have identified stress-responsive proteins in Trichoderma harzianum that contribute to improved survival under adverse conditions. Metabolomic profiling has detected diverse antifungal compounds, including peptaibols, phenazines, and polyketides, which play key roles in pathogen suppression. Transcriptomic studies also provide insights into plant–microbe interactions, showing that plants treated with Pseudomonas fluorescens upregulate defence-related genes linked to systemic resistance. These omics-based approaches accelerate strain improvement, optimise formulations, and help design targeted biocontrol strategies tailored to specific crop-pathogen systems.
Use of consortia and microbial cocktails
Single-strain inoculants often face challenges of inconsistency under field conditions due to variations in soil and climate (Singh et.al., 2025). The use of microbial consortia or cocktails, combining multiple compatible strains, provides broader and more reliable disease suppression. For instance, a consortium of Trichoderma harzianum, Pseudomonas fluorescens, and arbuscular mycorrhizal fungi reduced tomato wilt incidence by 70% and improved yield by 25% in field experiments. Multi-strain formulations of Bacillus subtilis and Streptomyces spp. have shown synergistic effects in suppressing damping-off and improving plant vigour in cucurbits. Microbial cocktails also promote plant growth by integrating different modes of action such as antibiosis, induced resistance, and nutrient mobilisation. The development of tailored consortia using systems biology and synthetic ecology approaches is emerging as a frontier for ensuring consistent performance of biocontrol technologies under diverse agro-ecosystems.
VIII. Case Studies of Successful Biocontrol Agents
Trichoderma spp. against soil-borne fungi
Trichoderma species are among the most effective fungal biocontrol agents used in agriculture due to their mycoparasitism, enzyme production, and induced resistance capabilities. Trichoderma harzianum and T. viride have been widely tested against soil-borne pathogens such as Rhizoctonia solani, Sclerotium rolfsii, and Fusarium oxysporum. Field trials demonstrated that seed treatment of chickpea with T. viride reduced root rot incidence by 55–70% and increased grain yield by 18–22%. In tomato, application of Trichoderma harzianum decreased wilt incidence caused by F. oxysporum f. sp. lycopersici by 60% while enhancing plant vigour and root biomass. Commercial formulations such as BioTricho® and RootShield® based on Trichoderma strains are widely used across crops for managing damping-off and root rot diseases. Global reports suggest that Trichoderma application not only reduces pathogen load but also enhances nutrient uptake efficiency, making it one of the most commercially successful fungal biocontrol agents.
Pseudomonas fluorescens in disease suppression
Pseudomonas fluorescens is a well-known plant growth-promoting rhizobacterium (PGPR) that protects plants from bacterial, fungal, and nematode pathogens (Aioub et.al., 2022).  Its mechanisms include siderophore production, antibiotics like 2,4-diacetylphloroglucinol (DAPG), and induced systemic resistance (ISR). Rice sheath blight caused by Rhizoctonia solani was reduced by up to 50% when Pseudomonas fluorescens formulations were applied as seed and soil treatments. Application of Pseudomonas fluorescens in pigeonpea lowered wilt incidence by 45% and increased nodulation and biomass significantly. In wheat, DAPG-producing strains of Pseudomonas fluorescens provided consistent suppression of take-all disease caused by Gaeumannomyces graminis, reducing yield losses by 60% across multiple field locations. The consistent field performance of Pseudomonas fluorescens has made it a preferred bacterial biocontrol agent integrated into many integrated pest management (IPM) programs.
Bacillus subtilis in crop protection
Bacillus subtilis has emerged as a powerful biocontrol agent due to its ability to produce stable endospores and a diverse array of lipopeptides such as surfactin, iturin, and fengycin (Ongena et.al., 2008). These metabolites exhibit strong antifungal activity against pathogens like Botrytis cinerea, Alternaria alternata, and Fusarium spp.. Commercial products such as Serenade® and Double Nickel® based on B. subtilis have been successfully applied to fruits, vegetables, and cereals. Vineyard trials revealed that B. subtilis reduced grey mould (Botrytis cinerea) incidence in grapes by 60–70%, comparable to chemical fungicides. In cucumber, foliar sprays of B. subtilis decreased downy mildew severity by 50% while enhancing fruit yield by 15%. In strawberry fields, B. subtilis-based products lowered powdery mildew severity by 55% and reduced fungicide usage by nearly 40%. These findings demonstrate that B. subtilis not only acts as an effective pathogen suppressor but also reduces chemical pesticide dependence in horticulture and field crops.
Phage therapy in bacterial disease control
Bacteriophages are viruses that specifically infect and lyse bacterial pathogens, providing a targeted biocontrol approach (Kazi et.al., 2016). Phage therapy has shown remarkable success in controlling bacterial diseases where chemical options are limited. For example, application of bacteriophages against Xanthomonas campestris pv. Vesicularia significantly reduced bacterial spot in tomato and pepper by 50–65% under greenhouse and field conditions. Similarly, phage-based formulations reduced bacterial blight caused by Xanthomonas oryzae in rice by 40–60% across experimental trials. In pome fruits, phage application against Erwinia amylovora lowered fire blight incidence by 70%, offering an alternative to antibiotic treatments such as streptomycin. Commercial phage-based products like AgriPhage® have been registered for field use in controlling bacterial diseases of tomato and pepper. The specificity, environmental safety, and compatibility of phages with other control methods underline their potential as a sustainable tool for bacterial disease management.
IX. Integration of Biocontrol in Sustainable Agriculture
Role in organic farming systems
Biocontrol agents are central to organic farming systems since chemical pesticides and synthetic fungicides are prohibited under organic certification standards (Baker et.al., 2020). Microbial inoculants such as Trichoderma spp., Bacillus subtilis, Pseudomonas fluorescens, and arbuscular mycorrhizal fungi (AMF) are extensively utilised to manage soil-borne and foliar pathogens while improving nutrient cycling. Studies reveal that organic farms using microbial inoculants had 25–40% lower disease incidence compared to untreated controls, while maintaining soil biodiversity. Organic-certified formulations, such as Serenade® (based on Bacillus subtilis) and Mycostop® (based on Streptomyces griseoviridis), are widely used in vegetables, cereals, and fruits. A meta-analysis demonstrated that the integration of microbial inoculants into organic systems improved yields by 15–25% compared to untreated organic fields. This makes biocontrol indispensable for organic farming, ensuring plant health without compromising ecological sustainability.
Integration with Integrated Pest Management (IPM)
The concept of Integrated Pest Management (IPM) emphasises the combined use of biological, cultural, mechanical, and chemical methods for sustainable pest and disease control (Barzman et.al., 2015). Biocontrol agents play a pivotal role in IPM programs by reducing the reliance on chemical inputs and delaying the development of pesticide resistance. For example, application of Pseudomonas fluorescens in combination with resistant rice varieties reduced sheath blight incidence by 55% while lowering fungicide application frequency by half. Similarly, incorporation of Trichoderma harzianum into IPM strategies for tomato reduced wilt incidence by 60% when combined with crop rotation and resistant cultivars. Cotton IPM programs integrating Bacillus subtilis formulations and reduced chemical sprays led to 35–40% lower pest management costs and reduced pesticide residues in fibre. These results confirm that biocontrol integration within IPM enhances efficacy and sustainability while improving economic viability for farmers.
Compatibility with chemical pesticides and fertilisers
Compatibility of biocontrol agents with agrochemicals is essential for their successful adoption in modern farming practices (Ram et.al., 2018). Several studies have shown that certain strains of Trichoderma and Bacillus remain effective even when applied with reduced doses of fungicides. For example, Trichoderma harzianum was compatible with carbendazim at half the recommended doses, maintaining antagonistic activity against Fusarium oxysporum. Pseudomonas fluorescens demonstrated synergistic effects with phosphatic fertilisers, improving phosphorus solubilization while suppressing soil-borne pathogens. Combining biocontrol agents with reduced chemical inputs not only lowers pesticide residues but also reduces input costs. Studies suggest that combining microbial inoculants with 25–50% reduced fungicide dosages provided equivalent or higher disease suppression compared to full chemical treatments. This compatibility offers a pathway toward a gradual reduction in chemical dependency without compromising yield or disease control.
Role in climate-resilient agriculture
Biocontrol agents contribute significantly to climate-resilient agriculture by promoting soil health, enhancing plant tolerance to abiotic stress, and reducing greenhouse gas emissions associated with chemical pesticides (Tan et.al., 2022). Microbial inoculants such as Trichoderma and Bacillus improve drought tolerance by stimulating antioxidant enzyme systems and enhancing root development. For instance, maize treated with Trichoderma asperellum exhibited 30% higher survival under drought stress while showing reduced leaf spot severity caused by Exserohilum turcicum. Arbuscular mycorrhizal fungi also play a critical role by enhancing nutrient and water uptake, improving resilience under saline and heat stress. By reducing dependence on energy-intensive chemical pesticides, biocontrol practices also mitigate carbon emissions linked to pesticide production and use. Global estimates suggest that widespread adoption of biocontrol could reduce pesticide-related CO₂ emissions by nearly 20 million metric tons annually. These roles establish biocontrol as a cornerstone for adapting agricultural systems to changing climatic conditions while maintaining productivity and sustainability.
X. Challenges and Limitations of Biocontrol Agents
Variability in field performance
One of the major challenges in the adoption of biocontrol agents is the inconsistency in their performance under field conditions compared to controlled laboratory or greenhouse environments (Ayaz et.al., 2023). The effectiveness of agents such as Trichoderma spp. and Pseudomonas fluorescens often declines in open-field situations due to competition with native microflora, varying soil physicochemical properties, and fluctuating climatic factors. A meta-analysis indicated that while Trichoderma harzianum reduced disease incidence by 65–80% under greenhouse conditions, its efficacy dropped to 40–55% in field trials. Similarly, Bacillus subtilis strains exhibited variable results in different agro-ecological zones, with success rates ranging between 35–70%. This variability poses a significant obstacle to farmer adoption, as inconsistent disease suppression reduces trust in microbial products compared to conventional chemical pesticides that usually provide predictable results.
Shelf life and formulation issues
The commercial success of biocontrol agents depends heavily on formulation stability and shelf life (Keswani et.al., 2016). Microbial inoculants are living organisms, and their viability decreases over time if not properly formulated. Traditional carrier-based formulations of Trichoderma viride and Pseudomonas fluorescens stored at ambient temperature showed a 50% reduction in viable populations within six months. Liquid formulations improve uniformity and application ease but often have shorter shelf lives due to microbial sedimentation or contamination. Advances such as alginate encapsulation and nano-formulation have enhanced stability, yet challenges remain in scaling these technologies for large-scale production. Farmers often prefer chemical fungicides because they can be stored for extended periods (2–3 years), whereas most microbial formulations have a shelf life of 6–12 months. This discrepancy in durability creates a major gap in adoption.
Environmental factors affecting efficacy
The activity of biocontrol agents is strongly influenced by environmental parameters such as soil moisture, temperature, pH, and nutrient availability (Cray et.al., 2016). For example, Pseudomonas fluorescens siderophore production, a key mechanism in pathogen suppression, is highly dependent on iron availability in soil. Similarly, Trichoderma spp. show optimal growth and antagonistic activity at 25–30°C, but performance decreases significantly at higher or lower temperature extremes. Drought and salinity stress also reduce colonisation efficiency of microbial inoculants on plant roots, thereby limiting their effectiveness. Field studies have shown that under drought stress, the efficacy of Bacillus subtilis in controlling root rot declined by 30–40% compared to irrigated conditions. Such environmental dependency makes it difficult to predict field outcomes and undermines farmer confidence in microbial biocontrol products.
Regulatory and commercialisation barriers
Regulatory frameworks for the registration and commercialisation of biocontrol products remain complex and often restrictive (Harman et.al., 2010). Unlike chemical pesticides, which follow standardised protocols for approval, microbial inoculants face diverse country-specific regulatory hurdles. The European Union requires extensive environmental risk assessments, resulting in only a limited number of microbial biopesticides being approved compared to over 1,000 chemical pesticide formulations. High costs associated with regulatory compliance, often exceeding USD 3–5 million per product, discourage small and medium enterprises from investing in biocontrol development. Moreover, lack of awareness among farmers, insufficient extension services, and poor distribution networks hinder commercialisation in many regions. Market statistics indicate that while the global biocontrol market is expanding at a CAGR of 14.7%, it still represents less than 10% of the total crop protection market, dominated by chemical pesticides. Overcoming these barriers requires harmonised regulations, increased public investment in biocontrol research, and strong extension programs to promote farmer adoption.
XI. Socio-Economic and Policy Aspects
Adoption and acceptance among farmers
The adoption of biocontrol agents by farmers has been growing steadily, but it remains slower compared to chemical pesticides due to concerns about consistency and awareness (Mkenda et.al., 2020). Surveys show that less than 20% of farmers globally have incorporated microbial inoculants into their regular crop protection practices, despite their proven ecological benefits. Studies in Asia and Africa reported that farmer acceptance rates increased when field demonstrations showed disease reduction of 40–60% with Trichoderma and Pseudomonas formulations in rice and vegetables. Major factors influencing adoption include trust in product efficacy, availability of formulations, and technical support. When farmers observed yield improvements of 10–20% through Bacillus subtilis and Pseudomonas fluorescens treatments, adoption rates doubled in pilot extension projects. These data highlight that hands-on exposure and visible results are critical drivers of acceptance.
Cost-effectiveness compared to chemicals
Economic viability is a major consideration for farmers deciding between biocontrol agents and synthetic chemicals. Studies indicate that biocontrol products often cost 15–25% less per hectare than conventional pesticides when applied through seed treatment or soil amendments. For example, use of Trichoderma harzianum against wilt diseases in tomato resulted in a cost–benefit ratio of 1:3.5 compared to 1:2.8 for chemical fungicides, making the biological option more profitable. Similarly, bio-priming of wheat seeds with Pseudomonas fluorescens reduced fungicide inputs by 50% while improving yield by 15%, offering higher net returns to farmers. A report by the FAO also emphasised that large-scale substitution of chemical pesticides with biological products could save billions of dollars in environmental cleanup and healthcare costs linked to pesticide residues. Thus, long-term cost-effectiveness favours biocontrol adoption.
Government policies and regulatory frameworks
Policies play a crucial role in promoting or hindering the adoption of biocontrol agents (Barratt et.al., 2018). Many countries have developed specific guidelines for the registration of microbial products, but regulatory complexity often delays commercialisation. In the European Union, only about 60 microbial biopesticides are registered compared to over 1,000 chemical pesticides, reflecting the regulatory bottleneck. In the United States, the Environmental Protection Agency (EPA) has created a Biopesticides and Pollution Prevention Division, which has accelerated the registration of products like Serenade® (Bacillus subtilis) and Mycostop® (Streptomyces griseoviridis). National governments are also promoting subsidies for organic inputs that include microbial formulations. Market reports indicate that supportive policies and government-led IPM programs have led to a 12–15% annual growth in the biocontrol sector in Asia-Pacific markets. Standardising regulations and reducing approval costs remain key to scaling up commercialisation.
Role of extension and awareness programs
Extension services and awareness campaigns are essential in bridging the gap between research and farmer-level application of biocontrol technologies. Demonstration projects conducted by agricultural universities and research institutes have shown that farmer training can increase adoption rates by 30–40%. Participatory extension approaches, such as farmer field schools (FFS), have proven highly effective in showcasing the benefits of microbial inoculants under real farming conditions. For example, FFS-based training in rice-growing regions demonstrated that farmers using Pseudomonas fluorescens sprays reduced pesticide expenditure by 25% while maintaining higher yields, which encouraged neighbouring farmers to adopt the same technology. Non-governmental organisations and cooperatives are also playing an increasing role in promoting bio-based products through awareness campaigns (Foschi et.al., 2025). Successful scaling of biocontrol adoption requires integration of research, extension, and farmer participatory platforms to ensure confidence and wide-scale implementation.
XII. Future and Research 
Development of climate-resilient strains
The changing climate with rising temperatures, irregular rainfall, and increasing soil salinity has made it necessary to develop climate-resilient strains of biocontrol agents. Conventional strains of Trichoderma and Pseudomonas often lose efficacy under abiotic stresses such as drought or heat. Research has shown that certain isolates of Trichoderma asperellum maintain antagonistic activity against Fusarium oxysporum even under water deficit conditions, reducing wilt incidence in maize by 30–40%. Genetic improvement and adaptive screening are being used to identify strains with enhanced tolerance to salinity and temperature fluctuations. For example, heat-tolerant isolates of Bacillus subtilis demonstrated stable spore germination and metabolite production up to 45°C, making them suitable for arid regions. Developing microbial strains resilient to climate variability is critical for ensuring consistent field performance and wider adoption of biocontrol technologies.
Exploring endophytes and novel microbes
Endophytes are gaining increasing attention as next-generation biocontrol agents because they colonise plant tissues internally, offering systemic protection against pathogens (Kashyap et.al., 2023). Fungal endophytes such as non-pathogenic Fusarium oxysporum strains have suppressed wilt disease in banana by up to 60% while promoting root growth. Bacterial endophytes like Burkholderiacepacia and Enterobacter cloacae have been shown to inhibit Ralstonia solanacearum in tomato through antibiotic production and ISR induction. Novel microbes from extreme environments, including halophilic and thermophilic bacteria, are also being explored for their biocontrol potential under stressful agro-ecological conditions. Advances in metagenomics have enabled the discovery of previously unculturable microbes with unique antifungal and antibacterial properties. Expanding research on endophytes and novel microbial species holds promise for diversifying the biocontrol toolbox with more robust and specialised agents.
Digital tools and AI in biocontrol research
The application of digital technologies, including artificial intelligence (AI), machine learning (ML), and big data analytics, is revolutionising biocontrol research (Javed et.al., 2025). AI models are being developed to predict disease outbreaks, evaluate microbial interactions, and design optimal microbial consortia for specific crops. Remote sensing and Internet of Things (IoT)-based platforms are being integrated with predictive disease modelling to optimise the application timing of biocontrol agents, thereby increasing their effectiveness. For example, AI-assisted microbial screening platforms have accelerated the identification of antibiotic-producing Streptomyces strains, reducing research time by nearly 40% compared to conventional approaches. Digital phenotyping and bioinformatics pipelines are also being employed to analyse omics datasets, linking genetic traits of microbes with their field-level performance. These digital innovations provide a powerful pathway for precision biocontrol and tailored disease management strategies.
Global commercialisation opportunities
The global market for biocontrol agents is projected to grow at a compound annual growth rate (CAGR) of 14.7%, reaching USD 13.7 billion by 2027 (Rocha et.al., 2024). North America and Europe currently dominate the market, accounting for nearly 60% of total sales, but Asia-Pacific is emerging as the fastest-growing region due to increasing adoption of organic and residue-free farming. Commercial opportunities are expanding through public–private partnerships, investment in start-ups, and international collaborations for developing advanced formulations such as nano-encapsulated inoculants and microbial consortia. The registration of products like Serenade® (Bacillus subtilis), Contans® (Coniothyrium minitans), and AgriPhage® (bacteriophages) has set successful precedents for commercialisation. At the same time, harmonisation of regulatory frameworks across regions is essential for faster global approval of biocontrol products. The next decade offers significant scope for scaling microbial-based technologies into mainstream crop protection, contributing to both sustainable agriculture and global food security.
Conclusion
Biocontrol agents have emerged as vital tools in sustainable agriculture by offering effective, eco-friendly alternatives to synthetic pesticides while addressing the global challenges of crop losses, food security, and environmental degradation. Microbial antagonists such as Trichoderma, Pseudomonas fluorescens, and Bacillus subtilis have demonstrated remarkable success against soil-borne and foliar pathogens, while novel strategies involving endophytes, phages, and microbial consortia are expanding their potential. Despite challenges such as inconsistent field performance, formulation issues, and regulatory barriers, advancements in nanotechnology, genetic engineering, and omics-based approaches are enhancing efficiency and reliability. Integration of biocontrol into organic farming, IPM, and climate-resilient agriculture highlights its pivotal role in reducing pesticide reliance and promoting sustainable intensification. Strengthened policies, extension efforts, and global commercialisation will be crucial to unlocking its full potential.
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