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Biopesticides have emerged as a central focus in contemporary policy and scientific discourse due to their strong alignment with green chemistry, One Health initiatives, the Sustainable Development Goals (SDGs), and sustainable agriculture. Beyond their established role in integrated pest management (IPM), they serve as a pivotal driver in building resilient agricultural systems. However, their wider adoption is constrained by technical limitations and the high costs associated with refined formulations. This review aims to identify types and strategies of biopesticides that are both cost-effective and suitable for sustainable agriculture. Drawing on multiple case studies across diverse agroecological zones, the analysis reveals that cost-effective biopesticides are critical for advancing IPM in traditional and smallholder farming systems, while branded formulations predominantly benefit large-scale farms with greater economic capacity. Emphasis is placed on the utilization of readily accessible biopesticides, including pesticidal plants, natural enemies, entomopathogenic nematodes, and botanical extracts and seed/seedling treatments, which collectively mitigate pest pressure, reduce reliance on chemical pesticides, and enhance crop yields within a structured progression described as the IPY trend. This trend underscores the interlinked dynamics of infestation levels, pesticide consumption, and crop productivity under cost-effective, biopesticide-driven IPM. Within this low-tech and high-tech classification framework, persistent controversies and the misconception that developing nations, long reliant on traditional agricultural technologies, lack awareness of biopesticides can be systematically examined and addressed, thereby facilitating informed policy decisions and optimized implementation strategies.
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1 Introduction

Biopesticides have emerged as a leading research focus due to their profound intersections with green chemistry, One Health, Sustainable Development Goals (SDGs), sustainable agriculture, and organic farming, each underscoring the shift toward ecological resilience and environmentally responsible pest control. Unlike synthetic pesticides, which often pose risks of bioaccumulation, toxicity, and resistance development, biopesticides harness naturally derived active compounds such as microbial pathogens, plant-based metabolites, and insect pheromones, minimizing unintended ecological consequences while optimizing targeted pest suppression. As a component of green chemistry, biopesticides operate based on principles that emphasize biodegradability, selective toxicity, and reduced environmental persistence (Fenibo et al., 2022). They eliminate the reliance on hazardous synthetic compounds while enhancing agricultural sustainability, ensuring pest control strategies align with ecological safety and pollution reduction initiatives. The One Health framework recognizes the interconnectedness of human health, animal welfare, and environmental stability, an approach directly applicable to biopesticide implementation. Unlike conventional pesticides that introduce chemical residues into food chains and drinking water sources, biopesticides minimize toxicity risks, thereby protecting livestock, pollinators, and human populations from long-term exposure. Their adoption mitigates concerns over antimicrobial resistance (AMR), endocrine disruption, and neurotoxic effects associated with synthetic pesticide exposure. Biopesticides actively contribute to multiple SDGs, particularly SDG 2 (zero hunger), SDG 3 (good health and wellbeing), and SDG 15 (life on land). By promoting safer pest control methods, they drive food production systems, enhance biodiversity conservation, and ensure agricultural sustainability while protecting humans from harmful pesticide residues (Deeksha et al., 2025). Their role in achieving climate-resilient farming is increasingly recognized as a required alternative to chemical-intensive pest control strategies for sustainable agriculture.

As sustainable agriculture pivots toward regenerative practices, biopesticides offer a viable alternative to synthetic agrochemicals, fostering resilient cropping systems. Their inclusion in organic farming aligns with regulatory mandates that prohibit synthetic pesticide use while preserving soil microbial diversity, reducing residue contamination, and enhancing crop resilience against biotic stress factors. Emerging innovations in biotechnological formulations, bio-control agents, and precision application techniques further reinforce their efficacy in modern agricultural frameworks (Karuppiah et al., 2025). The increasing emphasis on biopesticides signals a fundamental shift away from conventional pesticide dependency, advancing eco-conscious pest management strategies that prioritize food security, environmental integrity, and public health. As governments and research institutions accelerate investments in biotechnology-driven biological control agents, biopesticides continue to redefine the landscape of pesticide regulation, agricultural sustainability, and global food safety standards. This expanded perspective highlights the multifaceted benefits of biopesticides in shaping future-ready, sustainable pest control solutions (Sidahmed et al., 2025). Biopesticides have proven to be an effective and environmentally friendly alternative to synthetic pesticides in controlling pests and diseases that threaten agricultural productivity. Table 1 provides an overview of the ten most significant pests and diseases along with their effective biopesticide treatments. These include microbial biopesticides (bacteria, fungi, viruses), plant-based pesticides, biochemical pesticides (pheromones, enzymes), and other microbial biopesticides (Mawcha et al., 2025b). Their efficacy varies depending on the type of pest or disease, formulation, and application method. Agboola et al. (2022) previously stated that biopesticides can be as effective as synthetic pesticides while reducing toxicity to non-target organisms and promoting biodiversity and biodegradability, although they may require more time to achieve the desired effects. They are particularly useful in integrated pest management (IPM) strategies, helping to mitigate resistance issues that arise with chemical pesticides.

TABLE 1 Evidence-based summary of biopesticides being used against the 10 most notorious pests and diseases of plants.


	Pest
	Damage description
	Estimated annual economic loss
	Biopesticide treatment
	References





	Insect pest

 
	Helicoverpa armigera (cotton bollworm)
	Larvae attack cotton, maize, and vegetables, causing yield loss
	USD 2 billion globally
	Bacillus thuringiensis (Bt) Cry proteins, NPVs
	European Food Safety Authority (EFSA) et al., 2025

 
	Helicoverpa zea (corn earworm)
	Defoliation and ear tunneling in maize and vegetables
	USD 100 million in damage + USD 250 million for control in North America
	Bt and entomopathogenic nematodes
	Glover et al., 2025

 
	Spodoptera frugiperda (fall armyworm)
	Rapid foliage and ear damage in maize, with losses up to 17 million mt
	USD 3 billion in Africa; 21%−53% maize yield losses globally
	Bt formulations, NPVs, M. anisopliae
	Haider and Ahmad, 2025

 
	Bemisia tabaci (silverleaf whitefly)
	Sap-sucking, honeydew excretion, virus vector
	Up to 50% yield loss in affected plants
	Beauveria bassiana, Pseudomonas fluorescens, predatory parasitoids
	Khulbe and Batra, 2024

 
	Tetranychus urticae (two-spotted spider mite)
	Leaf chlorosis, webbing, defoliation in vegetables and cotton
	USD 400 million/year control cost
	Plant-extract acaricides (sage, rosemary), predatory mites
	Akyazi et al., 2018

 
	Diabrotica virgifera (western corn rootworm)
	Larval root pruning in maize leading to lodging and lower yield
	Contributes to broader USD 470 billion lost annually to arthropods
	Entomopathogenic nematodes, Bt-maize
	Pasquier, 2021

 
	Rhopalosiphum padi (bird cherry-oat aphid)
	Sap-sucking, virus transmission in cereals
	Significant but unspecified losses within ~$470b arthropod damage
	Bacillus subtilis, beneficial parasitoids
	Rumyantsev et al., 2023

 
	Nilaparvata lugens (brown planthopper)
	Direct feeding and virus transmission, causing up to 70% rice losses
	Up to 70% yield loss
	Beauveria bassiana, Pseudomonas fluorescens
	Kumar et al., 2024

 
	Aphis gossypii (cotton aphid)
	Sooty mold, honeydew, virus transmission in cotton and vegetables
	Embedded in large global arthropod damage
	B. bassiana, Trichoderma, entomopathogenic fungi
	Mukherjee and Ghosh, 2023

 
	Termites
	Wood and crop root damage in tropics and subtropics
	USD 40 billion annually (global)
	Metarhizium anisopliae, M. brunneum
	Bruner-Montero et al., 2021

 
	Disease
	Damage Profile
	Economic impact
	Biopesticide
	Reference

 
	Disease pests

 
	Phytophthora infestans (Late blight, potato/tomato)
	Devastates foliage, fruit, and tubers; causes storage decay
	$6 billion annual global losses
	Trichoderma spp., B. subtilis consortia
	Boyetchko et al., 2024

 
	Fusarium oxysporum (Fusarium wilt—tomato, banana, etc.)
	Vascular wilt; stunting and plant death; persistent soil pathogen
	Tomato: up to 45% yield loss; banana: TR4 devastating
	Trichoderma spp., non-pathogenic F. oxysporum, Pseudomonas fluorescens
	Patil and Sriram, 2020

 
	Erwinia amylovora (fire blight—apple/pear)
	Blossom, shoot, and trunk necrosis; tree removal often required
	$100 million/year in the USA; $42 M in Michigan (2000)
	Pantoea agglomerans, antagonistic Pseudomonas
	Puławska et al., 2023

 
	Xanthomonas vasicola pv. musacearum (banana xanthomonas wilt)
	Wilting, necrosis, partial to total yield loss
	30–52% yield reduction in Uganda; up to 100% loss
	B. subtilis, bacteriophages
	Studholme et al., 2020

 
	Magnaporthe orysae (rice and wheat blast)
	Necrotic lesions on leaves, stems, and grains; reduced grain weight
	Rice: 10%−30%; wheat: up to 51% yield loss
	Trichoderma, B. subtilis, Streptomyces
	Mitra et al., 2023

 
	Puccinia spp. (wheat stem/leaf rust)
	Pustules on leaves/stems; severe yield penalties
	Among top yield loss diseases globally (10%−20%)
	Streptomyces, Pseudomonas, resistance induction
	Whipps, 1992

 
	Pseudomonas syringae pv. glycinea (soybean bacterial blight)
	Leaf lesions, defoliation, pod damage; seed quality affected
	4%−40% yield loss, depending on severity
	B. amyloliquefaciens, neem extract, bacteriophage
	Anakwenze et al., 2024

 
	Cephaleuros spp. (algal leaf spot—tea, coffee, cocoa)
	Velvet-textured orange/brown leaf spots; sunburn susceptibility
	Local plantation losses (unnumbered)
	Streptomyces, Bacillus spp., plant extracts
	Das et al., 2024

 
	Hemileia vastatrix (coffee leaf rust)
	Leaf defoliation, branch dieback; affects bean quality
	Major economic burden for coffee-producing nations
	Anti-fungal bacteria; Trichoderma soil treatments
	Hamdi and Alzawi, 2023

 
	Xanthomonas citri (citrus canker)
	Leaf and fruit lesions; reduced fruit marketability
	Significant but seldom quantified globally
	Pseudomonas fluorescens, B. subtilis sprays
	Villamizar et al., 2020





IPM is a sustainable approach to pest control that combines cultural, physical, biological, and chemical methods in a pyramidal structure to minimize damage while preserving ecosystem balance. It emphasizes prevention through techniques such as crop rotation, habitat manipulation, and the use of resistant plant varieties as its foundational components (Zhou et al., 2024). Biological control plays a key role by promoting natural predators and beneficial microorganisms that suppress pest populations. When necessary, pesticides are applied selectively, focusing on minimal environmental disruption and reducing the likelihood of resistance. IPM also incorporates regular monitoring and economic threshold analysis to ensure interventions are only made when pest levels threaten significant economic loss.

By integrating multiple strategies, IPM enhances agricultural productivity while reducing reliance on harmful chemical pesticides. Biopesticide-centric IPM is widely regarded as a catalyst for sustainable agriculture, though challenges such as slow action, instability, regulatory hurdles, higher production costs, public acceptance, and limited market penetration remain areas for improvement. Agriculture, humanity's earliest vocation, originated with pest management practices that were natural, indigenous, and non-toxic. In this context, biopesticides are expected to be both abundant and economically viable compared to conventional chemical pesticides. Nevertheless, in practice, their deployment remains constrained by persistent challenges, including regulatory bottlenecks, high production costs, limited market penetration, and consumer reluctance, despite the increasing need for broader biopesticide adoption in light of recent scientific advances. Reconciling these contradictions forms the central thrust of this review. Accordingly, our study critically examines the broader conceptualization of biopesticides, their integration indices within pest management strategies, and their current applications in promoting sustainable agriculture, illustrated through case studies aligned with the principles of the IPM framework.



2 Attributes of biopesticides


2.1 Biopesticides: definition and types

Biopesticides are naturally derived inorganic materials, organic compounds, or living organisms and their byproducts that control, mitigate, or eliminate pests harmful to plants and animals. These controls can function through physical, physiological, behavioral, biochemical, or ecological mechanisms (Archana et al., 2022). Biopesticides fulfill essential criteria relevant to efficacy, environmental impact, non-target organisms, and human health. According to the U.S. Environmental Protection Agency (EPA), biopesticides are classified into three main groups: microbial biopesticides, biochemical biopesticides, and plant-incorporated protectants (Deeksha et al., 2025). However, certain pest-controlling organisms do not fit neatly into these categories, such as live plants and natural enemies that naturally suppress pests. These pesticidal plants and predatory or parasitoid insects can be categorized as macrobial biopesticides. While some literature classifies pesticidal plants as medicinal plants and beneficial insects as natural enemies, they still meet the essential criteria for biopesticides. Thus, biopesticides can be broadly grouped into four categories, as illustrated in Figure 1. It is important to note that biopesticides include natural inorganic materials and synthetic analogs. These inclusions may dilute or compromise the meaning of the “bio” prefix in the term. However, to justify this broader definition, biopesticides should be viewed from a technical perspective as nature-traceable compounds, organisms, or their parts with pesticidal effects that maintain environmentally friendly attributes, such as biodegradability, specificity, low toxicity to non-target organisms, a benign mode of action, and minimal induction of pest resistance.
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FIGURE 1
 Classification of biopesticides with subcategories and examples. IGR, insect growth regulators; PGR, plant growth regulators; SemioChem, semiochemical; E/P, enzyme/protein inhibitors; Cry, crystal protein; Vip, vegetative insecticidal protein; RNAi, RNA interference.


Microbial biopesticides are pesticides that use microorganisms such as bacteria, fungi, algae, viruses, and protozoa as active ingredients to control pests. These microorganisms define different subcategories of biopesticides, including bacterial biopesticides, fungal biopesticides, viral biopesticides, algal biopesticides, and protozoan biopesticides. While microbial biopesticides exhibit the unique properties of biopesticides, they also possess advantages such as stealthiness and rapid replication, allowing them to overcome the frequent reapplication required by many other biopesticides. Macrobial biopesticides, on the other hand, rely on live insects and plants to control pests. This category includes natural enemies such as predators (e.g., ladybugs and praying mantises) and parasitoids (e.g., wasps), as well as pesticidal live plants that naturally repel pests, such as rosemary (Rosmarinus officinalis) and marigold (Tagetes spp.). Biochemical biopesticides are chemical compounds derived from non-living matter, microorganisms, insects, plants, and other living organisms that control pests through natural mechanisms. Examples include diatomaceous earth, chitosan, essential oils, botanical extracts, semiochemicals, insect growth regulators, plant growth regulators, and enzyme/protein inhibitors (Joshi and Chaudhuri, 2025). Plant-incorporated protectants (PIPs) are genetically engineered crops designed to resist pests or diseases. The most commonly used compounds in PIP technology include crystal toxins (Cry proteins), vegetative insecticidal proteins (Vip proteins), and RNA interference (RNAi) mechanisms. While transgenic PIPs represent an innovation in sustainable agriculture, there are growing reports of harm to non-target organisms, pest resistance, threats to biodiversity, genetic contamination, allergic reactions, and disruption of ecosystem services (Odelade et al., 2024). These concerns highlight the need for checks and balances in scientific advancements, particularly regarding the mode of action of PIPs.



2.2 Biopesticides' modes of action

Biopesticides are recognized for their diverse modes of action, which significantly reduce the risk of resistance development, a common challenge associated with chemical pesticides. Non-living biopesticide compounds exhibit multiple modes of action. For example, kaolin clay forms a physical barrier by coating plant surfaces, creating an inhospitable environment that disrupts pest movement, host recognition, feeding, and egg-laying, thereby minimizing damage (Chuskit et al., 2024). Diatomaceous earth (DE) works by creating cuticular micro-wounds on the exoskeletons of pests, leading to excessive moisture loss, dehydration, and death (Alkan et al., 2023). Similarly, chitosan (a positively charged biopolymer) employs various biochemical strategies. Its antibiosis mode of action disrupts microbial cell membranes (partly through electrostatic interactions), affecting bacteria, fungi, and viruses by increasing permeability and allowing the leakage of vital cellular components, which ultimately leads to cell death (Alkhalil, 2025). Chitosan's metal chelation mechanism sequesters calcium, magnesium, and iron, interfering with microbial growth, enzyme activity, and cellular signaling, effectively inhibiting pathogen development. The ‘Chitosan-DNA/RNA interactions' mode of action forms complexes that inhibit DNA replication, RNA transcription, and protein synthesis, culminating in cell death (Xing et al., 2015). Immunity induction through the production of defense enzymes, pathogenesis-related proteins, and secondary metabolites such as phenolic compounds and lignin enhances plant resistance against pathogens (Rosales-Castillo et al., 2025). All of these non-living biopesticide compounds provide a protective barrier for plants; however, chitosan exhibits more modes of action than others due to its complex biochemical properties and its ability to interact directly with biological membranes, molecules, and systems. This implies that organic materials are more relevant to biopesticides compared to inorganic materials.

One common mode of action shared by viral, protozoan, and bacterial biopesticides is gut disruption, a parasitic mechanism by which these agents invade their hosts and attach to insect gut receptors using toxins and other metabolites. Viral biopesticides exhibit obligate parasitism that begins when insects ingest baculoviruses, specifically nucleopolyhedroviruses (NPV) and granuloviruses (GV). Once inside the alkaline midgut, the occlusion bodies dissolve, triggering an infection that leads to viral replication, systemic spread, larval death, host liquefaction, and subsequent virus transmission within the insect population (Mehrotra et al., 2017). Protozoan biopesticides operate similarly; however, their infection begins with the ingestion of spores (cysts or oospores), and reinfection occurs via fecal contamination. The sensitivity of the insect gut to baculovirus occlusion bodies, protozoan spores, and Bt crystal proteins is likely due to active enzymes, a nutrient-rich environment, and specialized receptors (Aware and Jadhav, 2022; Rao and Jurat-Fuentes, 2020). Beyond parasitism, protozoan biopesticides have also been shown to exhibit a predatory mode of action, targeting the larvae or pupae of fungus gnats, microfauna, and nematodes, a capability facilitated by their small size, overlapping ecological niches in soil, and similar nutrient profiles (Vaselek, 2024). Fungal biopesticides act predominantly through cuticle degradation with the aid of enzymes. Once these agents penetrate the insect tissue, they produce toxins and other harmful biochemicals. For instance, Beauveria bassiana germinates on insects, breaches the cuticle, and secretes beauvericin toxin, ultimately leading to the host's death. Other modes of action exhibited by fungal biopesticides include outcompetition, as seen in Aspergillus flavus AF36, which eliminates toxigenic strains; a bioprotective barrier against disease pathogens, as demonstrated by Trichoderma asperellum against Rhizoctonia and Pythium (Kipngeno et al., 2015); mycotoxicity of weed biomass, as demonstrated by Myrothecium verrucaria; and the enhancement of plant immunity (Elkhateeb and Daba, 2019). This broader range of modes of action corresponds with a wider spectrum of target pest control, including insects, pathogens, nematodes, mites, weeds, and plant growth promotion.

Bacterial biopesticides demonstrate similar mechanisms of action as fungal biopesticides but are often richer in toxins and secondary metabolites that exhibit high bioactivity against pests and promote plant growth (Beltrán Pineda and Castellanos-Rozo, 2025). For example, Bacillus thuringiensis (Bt) produces crystal (Cry) toxins, cytolytic (Cyt) toxins, vegetative insecticidal proteins (Vip toxins), and secreted insecticidal proteins (Sip toxins), each with a distinct gut receptor binding site yet complementary (Mendoza-Almanza et al., 2020). Bt toxins, activated in the insect midgut, bind to receptors, form pores, disrupt cellular integrity, and cause fatal septicemia and subsequent insect death. Multiple toxins offer enhanced efficacy through synergistic action, broaden the pest spectrum, and significantly reduce resistance development (Aswathi et al., 2024). Binary toxins from Bacillus sphaericus, thermostable exotoxins from Burkholderia rinojensis, Mtx toxins from Brevibacillus laterosporus, Pir toxins from Photorhabdus luminescens, and toxin complex (Tc) proteins from Photorhabdus and Xenorhabdus species all exhibit significant insecticidal activity similar to the Bt mechanism of action (Mohamed et al., 2023; Nascimento et al., 2020). Ben Khedher et al. (2020), Crouzet et al. (2020), and Nalini et al. (2023) elaborated on the potential of biosurfactants produced primarily by bacteria. Notably, Bacillus subtilis synthesizes surfactin and iturin lipopeptides that effectively inhibit fungal pathogens (Markelova and Chumak, 2025). Their main mechanism of action is the disruption of cellular membranes, particularly in fungi, although these compounds also target bacteria and viruses. Additionally, some biosurfactants trigger systemic resistance in plants. Species such as Bacillus subtilis display a remarkable range of actions, including parasitism, antibiosis, competition, bioprotective barrier formation, and immune induction (Nayak, 2021). Furthermore, Bacillus subtilis excels not only in pest control but also functions as a biofertilizer, stress alleviator, and plant growth promoter (Riaz et al., 2021), showcasing its multifaceted mechanisms. This versatility positions Bacillus subtilis as an exceptionally promising biopesticide. Due to their inherent biological and ecological characteristics, bacteria present several advantages over fungi in pest management applications. These include the synthesis of potent and species-specific toxins, adaptability across diverse ecological conditions, cost-efficient scalability in production, and sustained efficacy over time.

Algal biopesticides exhibit multiple modes of action, including the formation of a bioprotective barrier, with Calothrix spp. colonizing the rhizosphere to deter Fusarium and nematodes (Babu et al., 2015); antibiosis, as demonstrated by Tolypothrix tenuis, which controls root–knot nematodes (Holajjer et al., 2013), and the stimulation of plant immunity, evidenced by Haematococcus pluvialis producing astaxanthin, which confers systemic resistance in plants against blight pathogens such as Fusarium (Eissa et al., 2025). Additionally, the biochemical bioactivity of algal biopesticides exerts a broad inhibitory effect on pest growth and feeding. For instance, Spirulina platensis limits pest feeding (Al-Qahtani, 2021), Scenedesmus obliquus causes digestive inhibition and pest repellence (Tufan-Cetin and Cetin, 2023), Chlorella vulgaris reduces insect feeding and oviposition (Cavalcanti et al., 2021), Sargassum wightii lowers insect fecundity (Petchidurai et al., 2023), Gracilaria edulis suppresses larval development (Gowthish and Kannan, 2019), and Nostoc muscorum exhibits allelopathic effects that protect plants. Algal extracts, like botanical extracts, are examples of biochemical biopesticides that control pests in diverse ways. Their modes of action include repellence and antifeedant effects (behavioral manipulation) as well as inhibition of key physiological processes such as hormonal disruption, interference with the mitochondrial electron transport chain, nerve overstimulation, disruption of calcium homeostasis, and inhibition of ATP synthesis (Casanova et al., 2023; Mevada et al., 2023; Nachammai et al., 2023). Essential oils (e.g., clove oil, thyme oil, and cedarwood oil), botanical extracts, biochemicals from insects, protein inhibitors, semiochemicals, insect growth regulators, and plant growth regulators all exert these effects to varying degrees. As indicated in Table 2, some live plants (such as marigold) utilize attractants, repellents, and allelopathy to control pests (Gupta et al., 2023), while plant-incorporated protectants (PIPs) act through gut poisoning, induction of systemic resistance, and targeted gene silencing. PIPs are genetically engineered crops with built-in defense mechanisms: Bt crops produce Bacillus thuringiensis (Bt) Cry proteins (and other toxins) that bind to insect gut receptors, causing cell rupture and starvation; virus-based crops express viral coat proteins to prevent virus replication or employ RNA interference (RNAi) to silence viral genes and essential pest genes upon ingestion, leading to developmental failure or death.

TABLE 2 Biopesticides' different modes of action.


	S/N
	Mode of action
	Type of biopesticide
	Mechanism
	References





	1
	Physical barrier
	Kaolin clay
	Forms a coating film that repels insects, prevents leaf penetration, and protects plant parts
	Albacete et al., 2023

 
	2
	Abrasive action
	Diatomaceous earth
	Causes cuticular micro-wounds, leading to excessive dehydration
	Zeni et al., 2021

 
	3
	Antibiosis
	chitosan
	Positively charged chitosan binds to microbial surfaces, disrupting structure and permeability
	Malik et al., 2025

 
	
	
	Fungal biopesticides
	Certain fungi produce antimicrobial compounds that inhibit the growth of harmful microbes
	Mendoza et al., 2015

 
	
	
	Bacterial biopesticides
	Agrobacterium radiobacter (K84) produces agrocin 84, which inhibits crown gall-causing Agrobacterium tumefaciens
	Kaur and Upadhyay, 2022

 
	
	
	Agal biopesticides
	Nostoc muscorum produces extracellular polysaccharides that inhibit fungi and nematodes
	Shah et al., 2021

 
	4
	Metal chelation
	Chitosan
	Chitosan can bind to essential metals that microorganisms use for their metabolism, hindering their growth
	Chakraborty et al., 2020

 
	5
	Chitosan–DNA/RNA interactions
	
	Chitosan binds to the negatively charged phosphate groups in nucleic acids, forming stable complexes that inhibit DNA replication, RNA transcription, and protein synthesis
	Chakraborty et al., 2020

 
	6
	Plant immunity induction
	
	Chitosan in plants stimulates defense enzymes, pathogenesis-related proteins, and secondary metabolites, which enhance plant resistance against pathogens
	Karamchandani et al., 2022

 
	
	
	Fungal biopesticides
	Trichoderma species colonize plant roots, trigger a systemic immune response, leading to the production of defense-related enzymes and secondary metabolites, which enhance the plant's ability to resist infections
	Gupta and Bar, 2020

 
	
	
	Bacterial biopesticides
	Pseudomonas fluorescens produces pyrrolnitrin, which stimulates SAR in plants
	Kenawy et al., 2019

 
	
	
	Agal biopesticides
	Haematococcus pluvialis produces high astaxanthin content, which promotes systemic resistance
	Eldessouki et al., 2024

 
	
	
	Plant growth regulators
	Indole-3-acetic acid (IAA) alters root development, limiting nematode feeding sites
	Oosterbeek et al., 2021

 
	
	
	
	Abscisic acid enhances plant stress defenses by closing stomata and thickening cell walls
	Bharath et al., 2021

 
	7
	Midgut disruption
	Viral biopesticides
	Baculovirus occlusion body infects (at the midgut) and eliminates target insect pests through ingestion, replication, and disruption of vital functions
	Mawcha et al., 2024

 
	
	
	Protozoan biopesticides
	Nosema spp. spores germinate in the host's gut, penetrate cells, multiply, and disrupt digestion
	Wani et al., 2020

 
	
	
	Bacterial biopesticides
	Lysinibacillus sphaericus Bin and Mtx toxins disrupt midgut epithelial cells
	Beltrán Pineda and Castellanos-Rozo, 2025

 
	
	
	
	Vip toxin binds to specific receptors in the insect midgut, forms pores, disrupts cell membranes, causing gut paralysis and death
	Gupta et al., 2021

 
	8
	Mycoparasitism
	Fungal biopesticides
	Coniothyrium minitans parasitises Sclerotinia sclerotiorum pathogen by degrading its structural components with hydrolytic enzymes, preventing their survival in soil and future crop infections
	Zhao et al., 2020

 
	9
	Competitive exclusion
	Fungal biopesticides
	AF36 strain displaces toxigenic A. flavus, thereby reducing aflatoxin contamination
	Moral et al., 2020

 
	
	
	Bacterial biopesticides
	Burkholderia cepacin outcompetes pests for space and nutrients
	Wang et al., 2022

 
	10
	Cuticle degradation
	Chitinase
	Enzyme dissolves the exoskeleton of pest especially insects
	Kothari and Sandhu, 2025

 
	
	
	Fungal biopesticides
	Nomuraea rileyi establishes contact on the cuticle, releases lytic enzymes to dissolve the exoskeleton, and multiplies in the host internal tissue
	

 
	11
	Toxicosis
	
	Beauveria bassiana releases beauvericin toxin after penetrating the exoskeleton, causing death
	Azeem et al., 2024

 
	
	
	Bacterial biopesticides
	Bacillus thuringiensis Cry and Cyt proteins poison the gut, cause cell lysis, and insect starvation
	Castro et al., 2019

 
	12
	Protective barrier
	
	Pseudomonas fluorescens colonizes roots and produces antibiotics that inhibit soil-borne pathogens
	Abdelaziz et al., 2023

 
	13
	Protective barrier
	Fungal biopesticides
	Trichoderma harzianum forms a protective layer on plant roots, preventing pathogen colonization and enhancing plant defense
	Alfiky and Weisskopf, 2021

 
	
	
	Agal biopesticides
	Calothrix sp. creates a biofilm on plant surfaces and soil and blocks pathogen access to food
	Bharti et al., 2017

 
	14
	Repellence
	Biochemical biopesticides
	Algal (Scenedesmus obliquus) extract causes repellence
	Asimakis et al., 2022

 
	
	
	Essential oil
	Eucalyptus oil interferes with olfactory receptors, thereby driving away mosquitoes (Aedes)
	Sierra et al., 2021

 
	
	
	Live non-crop plants
	Ricinus communis produces toxic compounds that repel rodents (rats, mice)
	Gupta et al., 2023

 
	15
	Oviposition reduction
	Biochemical biopesticides
	Cladophora glomerata produces bioactive compounds that deter insects from laying eggs on treated surfaces
	Nachammai et al., 2023

 
	16
	Allelopathy
	Agal biopesticides
	Nostoc muscorum produces allelopathic substances for pest control
	El-Sheekh et al., 2022

 
	
	
	Live non-crop plants
	Eucalyptus (Eucalyptus spp.) produces volatile compounds that disrupt soil peat and weeds
	Kanatas, 2020

 
	17
	Neurotoxicity
	Agal biopesticides
	Anabaena sp. produces toxins (anatoxin, microcystin) affecting the insect nervous system
	Casanova et al., 2023

 
	
	
	Insect biochemicals
	Peptide toxins from wasp venoms target insect nervous systems, causing paralysis or death by interfering with ion channels
	Paul et al., 2025

 
	
	
	Semiochemicals
	Benzoxazinoids (Allelochemicals) from Zea mays disrupt the nervous system of aphids
	Hussain et al., 2022

 
	
	
	Spinosad
	Targets nicotinic acetylcholine receptors (nAChRs) and GABA receptors, causing overstimulation of the insect nervous system
	Eldefrawi and Eldefrawi, 2020

 
	
	
	Botanical extract
	Pyrethrum (Chrysanthemum spp.) extract disrupts sodium ion channels in nerve cells, causing paralysis
	Singh et al., 2022

 
	
	
	Phycotoxins (anatoxin-a)
	Blocks acetylcholine receptors and voltage-gated sodium channels, causing paralysis or death
	Metcalf et al., 2021

 
	18
	Mating disruption
	Semiochemicals
	Confuses males by flooding the environment with synthetic sex pheromones
	Mevada et al., 2023

 
	
	
	Insect growth regulators
	Mimicked Juvenile Hormone (JH) prevents pupation, leading to abnormal development and death in mosquitoes, moths, and pests
	Rivera-Pérez et al., 2020

 
	19
	Feeding deterrent
	Semiochemicals
	Semiochemicals used as feeding deterrents
	Essiedu et al., 2020

 
	20
	Attracts parasitoid wasps, predatory beetles
	
	Kairomones attract complementary parasitoid wasps and predatory beetles as a way of enhancing natural enemies
	Ayelo et al., 2021

 
	
	
	Live non-crop plants
	Marigold (Tagetes spp.) releases bioactive thiophenes, attracting beneficial insects that feed on root–knot nematodes, whiteflies, and aphids
	Sharma et al., 2022

 
	21
	Mass trapping
	Semiochemicals
	Aggregation pheromones attract both sexes for monitoring/control
	Reddy and Guerrero, 2010

 
	22
	Inhibition of weeds' photosynthesis
	
	Sorgoleone (allelochemical) from Sorghum spp. blocks electron transport in Photosystem II, thereby inhibiting weeds
	De Oliveira et al., 2024

 
	23
	Blocks digestive proteases
	Protein inhibitors
	Protease inhibitors prevent the digestion of essential proteins
	Divekar et al., 2023

 
	24
	Blocks ATP synthesis
	
	ATPase Inhibitors (from neem extract) disrupt energy metabolism
	Ezin and Chabi, 2022

 
	25
	Predation
	Natural enemies
	Larvae and adults of ladybugs (ladybird beetles) feed on soft-bodied insects
	Kumar, 2023

 
	26
	Parasitism
	Protozoan biopesticides
	Colpoda inflata grazes soil-dwelling pathogens, Pseudomonas syringae
	Vero et al., 2023

 
	
	
	Natural enemies
	Parasitic wasps (Trichogramma spp.) lay eggs inside pests; larvae consume the host
	Cabello et al., 2024

 
	27
	Gut poisoning
	PIPs
	The cry toxins (of Bt crops) are ingested along with plant tissue, becoming activated and infecting the midgut with pore formation
	Sheikh et al., 2017

 
	28
	Systemic resistance
	
	Resists viral infections by incorporating elements of the virus itself into the plant's genome
	Charudattan, 2024

 
	29
	Gene silencing
	
	Gene silencing uses dsRNA to trigger RNA interference, degrading crucial pest mRNA and blocking essential protein synthesis, which results in pest death
	Fletcher et al., 2020





Other biological control methods include predators and parasitoids. Predators such as lady beetles, lacewings, and praying mantises actively hunt a range of pests, including aphids, thrips, and caterpillars, resulting in a significant reduction in pest populations that can damage crops. Meanwhile, parasitoids like parasitic wasps (Trichogramma spp.), tachinid flies (family Tachinidae), and braconid wasps (family Braconidae) provide targeted pest control by laying their eggs in or on specific hosts, ultimately killing them as the larvae develop (Heraty, 2017). These methods strengthen ecological balance and enhance IPM systems, making them a cornerstone of sustainable agriculture. Beyond their ecological benefits, the advantages of biopesticides are also evident in their application within proven pest management systems. Such systems promote sustainable agriculture by balancing the need for maximum turnover and yield with the preservation of natural resources that support agricultural development. Moreover, biopesticides help limit the development of pest resistance, address the shortcomings of synthetic pesticides, offer promising technological solutions to correct their limitations, and feature prominently in the stages of the IPM pyramid. The exploration of biopesticides in IPM-driven sustainable agriculture remains an active pursuit for achieving global sustainability goals.



2.3 Biopesticides advantages: solutions to synthetic pesticide risks

Synthetic pesticides are persistent organic chemicals that pose serious threats to the environment, human and animal health, biodiversity, and essential ecological functions. Their presence in agricultural produce results in food contamination and economic losses due to toxicity concerns, presenting a significant challenge to agribusiness. Prolonged use fosters pest resistance and inadvertently harms beneficial, non-target organisms, further destabilizing ecosystems. Biopesticides provide a safer and environmentally friendly alternative, effectively mitigating these harmful effects while promoting agricultural sustainability, as summarized in Figure 2. By degrading rapidly, they minimize environmental pollution, lower toxicity risks to wildlife, and reduce harmful residues in soil, water, and air, promoting ecological sustainability. In contemporary agricultural systems, fast-degrading biopesticides have emerged as vital tools, delivering notable ecological and economic advantages across diverse environments. While fulfilling their primary role of pest eradication and enhancing crop yields, a renowned vineyard in California employed these biopesticides to preserve soil microbiome integrity, prevent chemical residues on grapes, and safeguard nearby water sources from runoff (Wilson and Daane, 2017). In Vietnam's Mekong Delta, rice farmers utilized them to maintain clean aquatic ecosystems, thereby protecting local fish and amphibian populations (Stadlinger et al., 2018). Awudzi et al. (2022) reported reduced residual toxicity in nutrient-sensitive soils among cocoa growers in Ghana. Similarly, Mawcha et al. (2024) documented achieving safer working environments and preserving beneficial organisms in pest management protocols in high-tech greenhouse facilities.


[image: Flowchart comparing synthetic pesticides and biopesticides. Synthetic pesticides' disadvantages include health risks, environmental risks, biodiversity impact, agricultural implications, and economic disadvantages. Biopesticides offset these with low volatility, non-toxicity, biodegradability, high target specificity, naturality, multi-modes action, and global approval. Key advantages of biopesticides are posing no risk to humans and wildlife, promoting ecological sustainability, enhancing microbial activity, featuring in IPM programs, and complying with export residue limits. Lines connect corresponding traits between synthetic pesticides and biopesticides.]
FIGURE 2
 Complementary roles of biopesticides in a sustainable farming system.


Their selective targeting of pests preserves pollinators and natural predators, ensuring ecological balance and supporting biodiversity. Entomopathogenic fungi-based biopesticides were employed to target aphid infestations among almond growers in Southeastern Spain, leading to a 30% rise in pollinator populations over three growing seasons and a 40% decrease in chemical pesticide use (del Valle, 2020). A similar result was observed in an apple orchard in the Pacific Northwest, where natural predators were preserved, contributing to overall orchard biodiversity (Fenibo et al., 2022). Microbial biopesticides enhance soil fertility by stimulating beneficial microorganisms and strengthening sustainable farming practices. With Bacillus subtilis-based biopesticides, smallholder vegetable farmers in Kenya were able to control Fusarium and Pythium pathogens, which resulted in increased beneficial rhizobacteria, higher yields in tomatoes and onions, and a 25% reduction in chemical use (Wafula, 2022). Novara et al. (2020) reported a pilot project in a Mediterranean organic vineyard where microbial biopesticides were introduced to stimulate beneficial soil microorganisms. Unlike synthetic pesticides, which accelerate resistance development, biopesticides utilize natural pathogens and biochemicals with diverse modes of action, making it more difficult for pests to develop resistance. In Iowa, large-scale maize producers incorporated biochemical insect growth regulators (IGRs) derived from neem and Spinosad to eradicate resistance in Western corn rootworm over 5 years (Revilla et al., 2021). Their safer profile decreases toxic exposure for farmworkers and consumers, reducing health risks (cancer risk, allergy, gastrointestinal disorders, neurological effects, etc.) associated with pesticide residues in food (Chikte et al., 2024). By preventing resistance buildup and curbing excessive pesticide application, biopesticides ensure effective long-term pest management and healthier agricultural systems. Despite their advantages, biopesticides face barriers such as short shelf life, slow action, high production costs, limited availability, regulatory constraints, and low farmer awareness, which must be addressed through targeted improvements in stability, efficiency, and adoption strategies.




3 Biopesticides limitations and improvement opportunities


3.1 Limitations of biopesticides

Biopesticides generally exhibit shorter shelf lives than synthetic pesticides due to their biological origin, derived from living organisms (bacteria, fungi, viruses, protozoa) or natural metabolites. These components are inherently sensitive to environmental factors such as heat, light, and moisture, which hasten their degradation. Unlike synthetic pesticides, they usually lack chemical stabilizers that extend longevity, since such additives may interfere with their biological activity. Their effectiveness often depends on the viability of microbial propagules (e.g., spores or cells), which can lose activity or die over time if not stored under optimal conditions. Consequently, biopesticides typically require cool, dry, and dark environments to remain effective; any deviation reduces their performance in the field.

Shelf life varies across different categories of biopesticides. Semiochemicals, such as pheromones and plant volatiles, are the least stable due to their high volatility and susceptibility to degradation by light, air, and heat, often requiring encapsulation to extend usability (Khashaveh et al., 2025). Biochemical biopesticides, including plant extracts (e.g., neem oil), hormones, and enzymes, are moderately stable but still prone to deterioration from UV exposure, microbial contamination, or elevated temperatures, generally lasting only a few months under ideal storage conditions. Microbial biopesticides differ in stability depending on their formulation: spore-forming microbes such as Bacillus thuringiensis tend to persist longer, especially in dry formulations, while non-spore-forming microbes like many gram-negative bacteria are highly sensitive and may survive only weeks without refrigeration (Arora, 2015). By contrast, plant-incorporated protectants (PIPs), such as genetically engineered crops expressing pesticidal proteins, remain stable as long as seed viability is preserved, representing the longest effective shelf life among biopesticides. Storage requirements also vary significantly: semiochemicals need airtight, cool, and dark storage, often under refrigeration; plant extracts require sealed, opaque containers in cool and dry environments; microbial products range from room-temperature stability for spore-formers to refrigeration needs for sensitive non-spore-formers; beneficial insects require temporary holding under controlled conditions that mimic their natural habitat; while PIPs, stored as seeds, remain the most stable and practical. The short shelf life of most biopesticides has important practical implications for their distribution and adoption. Farmers and suppliers must manage strict supply chains to avoid product expiration, which can be costly and logistically challenging in rural or resource-limited areas. Improperly stored or expired products lead to reduced efficacy, inadequate pest control, and economic losses. In some cases, frequent reapplication is needed compared to synthetic alternatives, further increasing labor and operational costs (Melo et al., 2025). The limited shelf life and delayed efficacy of biopesticides underpin many of the constraints highlighted in Table 3.

TABLE 3 Limitations of biopesticides.


	Limitation
	Improvement strategy
	Challenges
	Examples
	References





	Short shelf life
	Improved formulations and the use of stabilizers
	Maintaining viability without refrigeration
	Bacillus subtilis
	Khashaveh et al., 2025

 
	Slow action
	Genetic enhancement or synergistic combination
	Risk of altering ecological balance or regulatory regimen
	Beauveria bassiana
	Sellamuthu et al., 2018

 
	Narrow host range
	Development of multi-strain or broad-spectrum products
	Balancing specificity with effectiveness
	Nuclear polyhedrosis virus (NPV)
	Hamrouni et al., 2025

 
	Variable efficacy
	Use of robust strains, genetic improvement, integration with IPM
	Biosafety concerns, variability in performance
	Paecilomyces fumosoroseus
	Siddiqui et al., 2025

 
	Environmental sensitivity
	UV protectants, stabilizers, oil-based carriers
	Cost and complexity of formulations
	Metarhizium anisopliae
	Chakraborty et al., 2023

 
	Limited residual activity
	Slow-release carriers, soil incorporation, seed coating
	Cost and technical complexity
	Trichoderma spp., neem extracts
	Tian, 2025

 
	Production complexity
	Optimisation of fermentation and downstream processing
	High production cost and scalability issues
	Pseudomonas fluorescens
	Sala et al., 2019

 
	Dependence on favorable conditions
	Timely application, use in conducive environments
	Climate variability and unpredictability
	Pheromones
	Khashaveh et al., 2025

 
	Regulatory barrier
	Streamlined approval
	Varying regulatory guidelines across regions
	Bacillus thuringiensis (Bt)
	Fusar Poli and Fontefrancesco, 2024

 
	Resistance development
	Rotational use and integration in IPM
	Monitoring resistance patterns
	Bt
	Siddiqui et al., 2025

 
	Compatibility issues
	Improved formulations, IPM integration
	Potential antagonism with chemical inputs
	Verticillium lecanii
	Fusar Poli and Fontefrancesco, 2024

 
	Low farmer awareness
	Training and extension services
	Resource constraints and outreach limitations
	Spinosad
	Constantine et al., 2020

 
	Application/delivery difficulties
	Adapt formulations for spraying/irrigation
	Some require special equipment
	Nematophagous fungi
	Li and Nangong, 2022





One of the most cited limitations of biopesticides is their relatively slow mode of action compared to synthetic pesticides, primarily due to their reliance on biological processes. However, this limitation is not uniform across all biopesticide types; it varies significantly depending on the biological mechanism involved. Many microbial and botanical agents require time to infect, colonize, or disrupt pest physiology, which can delay visible effects for several days or even weeks. This lag reduces their suitability for emergency pest control, where rapid suppression is critical. Bacterial toxins and botanicals are at the fast-acting end of the spectrum. Bacillus thuringiensis (Bt), for instance, delivers crystalline δ-endotoxins that perforate larval midgut cells within hours of ingestion, often killing susceptible caterpillars in 2–3 days (Sellamuthu et al., 2018). This makes Bt one of the few microbial products that can be used reactively against outbreaks. Similarly, neem (Azadirachta indica), through asadirachtin, disrupts molting hormones and feeding almost immediately, as shown in cotton and rice trials where Helicoverpa armigera larval activity dropped within a few days (European Food Safety Authority (EFSA) et al., 2025). Yet even here, the “speed” is relative. Unlike synthetic pyrethroids that produce near-instant knockdown, Bt and neem still allow a window during which crop damage may occur. Fungal and viral biopesticides illustrate the biological trade-offs more sharply. Beauveria bassiana and Metarhizium anisopliae require adhesion, cuticle penetration, and systemic colonization before killing the host, a process that typically spans 5–10 days (Petlamul and Prasertsan, 2012). This delay can frustrate growers facing acute infestations, but the same infection cycle enables horizontal transmission and long-term epizootics under humid conditions. Viruses such as nucleopolyhedroviruses (NPVs) are even slower, often taking 7–14 days for larval death, yet they uniquely self-replicate, persisting in the environment for successive pest generations (Wennmann et al., 2015). Semiochemicals push this spectrum to its slowest and most indirect form. Mating disruption, mass trapping, or repellency does not kill pests at all, but instead shifts population dynamics over weeks or seasons. Codling moth pheromone dispensers in apple orchards, for example, gradually suppressed pest pressure to non-detectable levels, but only after repeated seasonal deployment (Cardé, 2021). Their value lies not in crisis response but in reshaping population ecology, reducing reliance on chemicals and extending the durability of other controls. A gradient of action speed is evident: Bt and botanicals (relatively fast, but not instant) → fungi and viruses (slow, infection-based) → semiochemicals (indirect, behavioral, long-term). Each occupies a unique ecological niche. Rather than judging “slow action” as a universal weakness, it is more constructive to see it as a continuum that aligns with different pest pressures and farming goals.

Fast-acting agents suit outbreaks; slow-acting ones build resilience and suppress pest resurgence; semiochemicals restructure pest populations at the landscape scale. Case evidence increasingly shows that blending these categories, or combining them with reduced-dose synthetics, helps bridge speed gaps (Latifian, 2025; NarandŽić et al., 2025). For example, Bt applied with Beauveria bassiana against Helicoverpa armigera provided early mortality from Bt, while fungal infections enhanced control over time (Malinga and Laing, 2024). Similarly, NPVs applied alongside sublethal insecticides improved both knockdown and persistence (Hou et al., 2024). These integrations suggest that “slow action” is not merely a limitation, but a design parameter that, when understood and managed, can expand the versatility of biopesticides within integrated pest management (IPM).

Another major constraint limiting large-scale adoption of biopesticides is their relatively high cost compared to synthetic pesticides. This cost arises from several interrelated factors spanning production, formulation, storage, and application. Production costs are typically higher because biopesticides are based on living organisms or biologically active compounds that require controlled fermentation, culturing, and downstream processing. Unlike chemical pesticides that can be mass-produced through relatively inexpensive synthesis, microbial agents demand sterile facilities, nutrient-rich media, and continuous quality control systems to maintain viability and potency. For instance, producing Beauveria bassiana or nucleopolyhedroviruses (NPVs) often involves labor-intensive processes with lower yields compared to industrial chemical synthesis (Gopalkrishna et al., 2022). Formulation and stabilization costs further drive up prices. Since microbes and natural compounds are sensitive to heat, light, and desiccation, advanced formulation technologies are needed to extend shelf life and improve field stability. These technologies add significant costs but are essential to overcome rapid degradation under field conditions. Packaging innovations. Storage and distribution costs can be substantial because many biopesticides require cold-chain logistics to preserve microbial viability. This is particularly challenging in tropical or developing regions where infrastructure is limited. At the field level, biopesticides may also appear more expensive due to the need for repeated applications and specific dosage requirements, which translates to higher labor and input costs. For example, semiochemicals such as pheromone dispensers provide excellent population-level control but require multiple units per hectare, raising the overall expense. The high cost of biopesticides varies widely across categories depending on production and formulation requirements. Microbial biopesticides such as Bacillus thuringiensis (Bt) are among the least expensive because spore-forming bacteria can be mass-produced through fermentation and remain relatively stable, making them competitive with synthetic insecticides in some regions (Kumar et al., 2019). In contrast, fungal products like Beauveria bassiana and Metarhizium anisopliae are more expensive than Bt, since they require longer culture cycles, specialized substrates, and careful drying to maintain viability (Chandwani et al., 2023). Viral biopesticides such as nucleopolyhedroviruses (NPVs) are the costliest, as they depend on labor-intensive insect rearing and complex purification. Botanical products such as neem (Azadirachta indica) fall in the mid-range but are costlier than Beauveria bassiana production (Lavoir et al., 2022). Semiochemicals, such as pheromones, tend to be relatively expensive, though generally less so than botanical pesticides (Bourguet and Guillemaud, 2016). Their cost is influenced by the precision required in chemical synthesis and the extensive use of field dispensers. For example, controlling codling moths in European orchards using semiochemicals can cost nearly twice as much per hectare compared to conventional pesticide sprays (Kovanci, 2017). Among biopesticides, Bt and Beauveria are the most cost-competitive with synthetic pesticides, whereas semiochemicals, botanicals, and viral agents remain considerably more expensive, with costs increasing in that order.

Regulatory and legal hurdles also present a major bottleneck to the wider adoption of biopesticides, often making their registration slower, costlier, and more complex compared to that of synthetic pesticides. Although biopesticides are generally safer for humans and the environment, they are subject to the same rigorous frameworks designed primarily for chemicals, which demand extensive toxicological, ecotoxicological, and environmental fate data (Soetopo and Alouw, 2023). For small-scale innovators and local producers, especially in developing countries, meeting these data requirements can be prohibitively expensive. In the United States, the EPA's Biopesticide Division has streamlined some processes, allowing faster registration for products like Bacillus thuringiensis, but even there, dossiers require detailed molecular characterization and efficacy trials. In the European Union, the regulatory landscape is particularly challenging: Directive 91/414/EEC and its successors impose strict standards, and dossiers can take 5–7 years for approval, delaying market entry and discouraging investment (Marchand, 2024). In countries such as India and Nigeria, while registration systems exist under pesticide control authorities, the lack of harmonized guidelines for microbial, botanical, and semiochemical products creates uncertainty and inconsistent approvals. Moreover, because biopesticides are living organisms or complex natural mixtures, regulators struggle to apply conventional criteria, such as defining active ingredients in botanicals or stability in viral formulations, leading to prolonged negotiations and repeated dossier revisions. Legal frameworks also differ by region, making international commercialization difficult. For instance, a product approved in the UK or USA may require a completely new dossier in South Africa (Mawcha et al., 2025a). These hurdles not only raise costs but also reduce farmer access to innovative biopesticides, ultimately slowing their contribution to sustainable pest management. Biopesticides face significant regulatory and legal hurdles that slow their commercialization. Sundh and Eilenberg (2021) maintained that in the US, the EPA provides a relatively supportive framework with reduced data requirements, allowing approvals within 1–2 years, though small firms still struggle with efficacy trial costs. In contrast, the EU applies the same strict regulations as chemical pesticides, often taking 3–8 years and demanding extensive toxicological and environmental data, which discourages SMEs. In India, registration costs are lower, but weak enforcement allows substandard products that reduce farmer confidence, while in much of Africa, unclear and fragmented regulations delay both local and international products (Reddy et al., 2024). Globally, the lack of harmonized standards means the same biopesticide must undergo costly, duplicate evaluations in different regions. These hurdles disproportionately affect smaller developers, limiting innovation and slowing the adoption of safer, sustainable alternatives.



3.2 Biopesticide improvement strategies and slow release

Addressing the limitations of biopesticides requires achieving a balance between efficacy, environmental stability, and cost-effectiveness. The concept of slow release, which involves the controlled and sustained delivery of active substances over time, aligns closely with this objective. Effective slow-release systems rely on formulation technologies, protective additives, environmental stabilizers, biological enhancements, and optimized delivery methods. These strategies ensure that active ingredients are protected from degradation, consistently available to target pests at effective concentrations, and reduce the need for frequent reapplication. Accordingly, the discussion will now explore how each of these technologies facilitates slow release and serves its intended functions.


3.2.1 Advances formulation technologies

One of the major limitations of biopesticides is their short shelf life, which restricts large-scale use and consistent field performance. Advances in formulation technologies have been pivotal in overcoming this constraint by improving microbial stability, maintaining viability, and protecting active agents from abiotic stress. Techniques such as microencapsulation and nanocoating shield spores and metabolites against heat, UV radiation, desiccation, and microbial competition, thereby extending storage periods without significant loss of efficacy. Protective additives, including cryoprotectants, antioxidants, and humectants, further stabilize formulations by reducing oxidative stress and preserving moisture balance. Cutting-edge nanocarrier systems, including nanocapsules, nanogels, and polymeric nanoparticles, enable controlled release of actives at the target site, reducing the need for repeated applications (Anjaneyulu et al., 2024). Biodegradable polymers such as chitosan, cellulose, and polylactide provide encapsulation matrices that not only extend viability but also regulate discharge kinetics. For instance, chitosan-based nanogels have demonstrated superior encapsulation efficiency and prolonged microbial survival under field conditions (Pan et al., 2023). Likewise, the nanocoating of microbial cells enhances protection against environmental stress while ensuring gradual release and activity over time. Commercial carriers and dispersants, such as DV 066 and AgRHEA™ OD-EASY, enhance microbial shelf life by maintaining formulation integrity and preventing premature degradation (AgroPages, 2023). Oil-based products like BotaniGard® ES (Beauveria bassiana) and Met52® EC (Metarhizium anisopliae) now retain viability for 12–18 months, compared to under 3 months for unformulated spores (Swedaan and Al-Zurfi, 2023). Encapsulated nematodes in NemaGel®/NemaGlob® show 6–9 months stability vs. only weeks in suspension. Bacillus thuringiensis encapsulated by Valent BioSciences maintains >80% activity after 1 year, doubling conventional shelf life (Vemmer and Patel, 2013). In the field, chitosan nanogels extend the activity of Trichoderma and Bacillus from 7–10 days to 3–4 weeks, while nanoformulated NeemAzal® T/S increases residual activity from < 24 h to 5–7 days (Prasad et al., 2020). Stabilized Spinosad (Entrust®) formulations achieve up to 2 years of shelf life and 10–14 days persistence, reducing application frequency. These approaches collectively address the fragility of biopesticides, transforming them into more durable and market-ready products (Tamez-Guerra et al., 2018). Beyond extending shelf stability, the next challenge is achieving slow and sustained release under field conditions to ensure long-lasting pest suppression. Industry innovations, such as biodegradable encapsulation systems incorporated into seed coatings and foliar sprays (Padhan et al., 2024), further illustrate how controlled-release technologies translate into practical IPM solutions.



3.2.2 Advanced drying technologies

Advanced drying technologies have significantly enhanced the stability of biopesticides such as microbial pesticides. Techniques such as spray drying, freeze drying, spray-freeze drying, and electrospraying have transformed biopesticide formulation by producing concentrated, resilient powders with high microbial viability (Pattnaik and Mishra, 2022). Spray drying is particularly suited for large-scale production of heat-tolerant spore-formers like Bacillus thuringiensis, Beauveria bassiana, and Metarhizium anisopliae, while freeze drying effectively preserves delicate, heat-sensitive strains such as Pseudomonas fluorescens and Azospirillum spp. Spray-freeze drying generates porous particles that rehydrate easily, making them ideal for fragile microbes like Collimonas arenae, whereas electrospraying offers precise, low-temperature stabilization for sensitive fungi (e.g., Trichoderma spp.) and microbial metabolites like Bacillus subtilis lipopeptides (Pattnaik and Mishra, 2022). These drying methods not only extend shelf life but also facilitate the gradual release of active ingredients, reinforcing the efficacy and reliability of biopesticides in integrated pest management systems. Complementary packaging innovations, such as moisture barriers, UV shields, oxygen scavengers, and smart systems, extend shelf life and support slow release by maintaining formulation integrity during storage and transport (Janjarasskul and Suppakul, 2018). Functional additives like antioxidants (e.g., tea polyphenols and feruloylated soy glycerides), UV protectants (e.g., titanium dioxide, lignin biopolymers, and soyscreen), and stabilizers (e.g., Arabic gum, chitosan, and maltodextrin) enhance bioactivity and persistence (Chen K. et al., 2021). These components work synergistically to reduce oxidative degradation, shield against photodegradation, and ensure consistent release under variable environmental conditions. These technologies enhance the slow-release capabilities of biopesticides by stabilizing microbial agents and enabling controlled, sustained delivery in agricultural environments. In field applications, formulation type influences release dynamics and efficacy. Spray-dried formulations are suited for mechanized deployment, while liquid-fermented cultures integrate well with drip irrigation and foliar sprays. Emulsion-based systems, including Pickering emulsions, improve adhesion and spread on plant surfaces, enhancing effectiveness against pests like whiteflies and aphids (Ding et al., 2025). Advanced drying technologies, along with formulation advances, improve the stability limitations of biopesticides.



3.2.3 Smart delivery systems

Slow release is increasingly associated with smart delivery systems that employ stimulus-responsive carriers, such as pH-sensitive polymers, moisture-swellable hydrogels, enzyme-labile shells, or composite granules, to safeguard biopesticide agents until environmental conditions favor their efficacy, after which the payload is released in a controlled manner (Ma et al., 2025). For example, moisture-responsive hydrogels and oil-dispersion matrices have been developed to protect entomopathogenic fungi such as Beauveria bassiana and Metarhizium anisopliae from desiccation and UV stress, with conidia released and germinating under post-rain leaf wetness (Ma et al., 2025). pH-sensitive coatings have also been explored for baculoviruses, such as Helicoverpa armigera nucleopolyhedrovirus (HaNPV), where polymer films dissolve in the alkaline insect midgut to enable targeted infection and improved potency (Luo et al., 2022). Similarly, biodegradable soil granules incorporating hydrogel components have been used to deliver entomopathogenic nematodes like Steinernema carpocapsae, which remain dormant under dry conditions but are activated by soil moisture following irrigation or rainfall (Sharghi et al., 2025). Building on these principles, oil-dispersion carriers combining vegetable oils, emulsifiers, rheology modifiers, and humectants have been tested for fungal biopesticides in orchard crops, where they provide extended shelf life and rain-activated release (Hegde et al., 2023). Collectively, such responsive polymer-based systems exemplify how smart formulations can synchronize biopesticide activation with pest-favorable conditions, thereby enhancing field reliability, improving on-target activity, and reducing non-target exposure. Smart delivery systems are proving effective in sustainable agriculture by improving the stability and precision of biological control agents. Moisture-responsive granules improve nematode persistence, oil-dispersions protect fungal spores for rain-triggered activation, and pH-sensitive coatings boost baculovirus infection (De Waal et al., 2013; Lei et al., 2022; Schaly et al., 2022). Enzyme-labile carriers aid root colonization, nanocarriers stabilize essential oils, and controlled-release pheromone matrices enable codling moth disruption, collectively improving efficacy and reducing pesticide reliance. Despite these successes, the deployment of smart delivery systems requires careful formulation to preserve microbial viability, achieve predictable trigger thresholds, and meet regulatory requirements for both the biological active and the carrier material.



3.2.4 Biological optimisation strategy

Besides advanced formulation technologies, strategic application and biological enhancement also contribute to the enhancement of slow-release system. Biological optimisation strategy enhances slow-release performance through the selection and genetic engineering of more virulent microbial strains. Recent advances, particularly through CRISPR-Cas9, have enabled precise modifications that significantly enhance the performance and reliability of biopesticides. These modifications include upregulating toxin-producing genes, suppressing traits that limit persistence, and introducing pest-specific toxins to broaden the host range while minimizing non-target effects. In Bacillus thuringiensis, CRISPR has been used to generate strains expressing multiple insecticidal proteins such as Cry and Vip toxins, thereby expanding pest-control spectra and extending activity (Gupta et al., 2021). Similarly, Bacillus subtilis has been optimized for increased lipopeptide production, Pseudomonas fluorescens for improved antibiotic synthesis and root colonization, and Trichoderma harzianum for the overexpression of cell wall–degrading enzymes that strengthen antifungal activity (Jha et al., 2016). Furthermore, entomopathogenic fungi can be modified for improved adhesion, penetration, and tolerance to UV radiation. Regulatory elements such as promoters have also been edited to modulate toxin expression for slow and sustained release, while stress-tolerance genes conferring UV resistance and desiccation survival have been introduced to improve field viability (Etemadifar et al., 2016). Beyond genetic approaches, biological optimization through strain selection and adaptive evolution has produced robust microbial variants with enhanced virulence and abiotic stress tolerance. Stress preconditioning and protective metabolites further increase conidial resilience, though these effects are often transient and costly to scale. Additional strategies such as promoting biofilm formation, leveraging plant growth-promoting rhizobacteria, and employing endophytic delivery systems improve persistence and plant-mediated resistance (Mmotla et al., 2025). These innovations are driving the development of next-generation biopesticides that are more potent, resilient, and sustainable, though challenges remain in achieving consistent field performance, ensuring large-scale viability, and navigating biosafety, regulatory, and cost constraints. Another aspect of biological optimization is summarized in Table 4. Molecular studies advance biological optimization by leveraging bioinformatics for precise pest identification, resistance profiling, and predictive modeling, while integrated genomics, transcriptomics, and computational modeling reveal resistance mechanisms, host preferences, and pest responses, thereby guiding the design of strains with enhanced traits such as faster infection and higher toxin yield.

TABLE 4 Contribution of biological optimization of biopesticides.


	Strategy
	Mechanism
	Representative examples
	Advantage
	Remaining challenges
	References





	Strain selection and adaptive evolution
	Screen/select natural variants or apply classical mutagenesis/adaptive evolution for higher virulence, sporulation or stress tolerance
	Beauveria, Metarhizium, Bacillus strains
	Short field persistence Variable efficacy
	Regulatory acceptance of mutated strains; reproducibility across environments
	Lommen et al., 2017

 
	Genetic and molecular improvement (including gene editing)
	Introduce or upregulate genes for insecticidal proteins, stress tolerance, adhesion, or metabolite production
	Engineered Bacillus thuringiensis lines; edited entomopathogenic fungi
	Narrow host range Slow action
	Biosafety/regulatory hurdles; public acceptance; off-target risks
	Basnet et al., 2022

 
	Stress preconditioning and protective metabolites
	Pre-exposure or formulation with protectants to induce tolerance to heat/UV/desiccation
	UV-preconditioned fungal conidia; anti-desiccant formulations
	High production cost and scale-up challenges
	Effect may be transient; scale-up and cost implications
	Marchand, 2025

 
	Biofilm and attachment enhancement
	Promote biofilm formation or surface adhesion to increase retention on plant surfaces or rhizosphere colonization
	Biofilm-forming B. thuringiensis strains; formulations encouraging adhesion
	Overcome persistence, colonization, and consistency
	Translating in vitro biofilm advantages to consistent field performance
	Zhao et al., 2024

 
	Symbiotic/synergistic co-formulations (PGPR, endophytes)
	Combine biopesticides with PGPR or endophytes to boost persistence, colonization, or plant-mediated resistance
	PGPR plus microbial biopesticide mixes; endophytic Trichoderma
	Stress sensitivity Short field persistence Variable efficacy
	Compatibility, formulation stability, and consistent multi-species performance
	Darwish et al., 2025

 
	Endophytic delivery and colonization
	Use endophytic strains to provide internal, sustained protection within plant tissues
	Endophytic Trichoderma, Bacillus spp.
	Sustained release of bioactive compounds
	Ensuring colonization without negative plant effects; regulatory issues
	Aravinthraju et al., 2024

 
	Integrative formulation (biological plus physical protectants)
	Combine biology with UV protectants, oil carriers, microcapsules to protect agents and control release
	Encapsulation of spores, oils with antioxidants, UV-blocking adjuvants
	Short shelf life
	Cost, scale-up, and ensuring viability through processing and storage
	Abdoul-Latif et al., 2025







3.2.5 Timely application of biopesticides

Timely application of biopesticides is essential for maximizing their effectiveness and supporting sustainable pest management. Because biopesticides often have short residual activity and are sensitive to environmental conditions, they are most effective when applied during stages when pests are most vulnerable, such as early larval, nymphal, or pre-infestation phases. For example, Bacillus thuringiensis (Bt) applied early in maize targets fall armyworm (Spodoptera frugiperda) larvae before they burrow into the whorl, while Trichoderma spp. or Pseudomonas fluorescens applied during early flowering in tomato helps suppress soil-borne pathogens like Fusarium wilt and early blight (Horikoshi et al., 2021). In cassava, early application of entomopathogenic fungi controls cassava mealybug and whiteflies, which are vectors of viral diseases, and in cowpea and rice, Beauveria bassiana and Metarhizium anisopliae manage Maruca vitrata and stem borers, respectively (Joelle et al., 2020; Sani et al., 2020). Applying biopesticides at the right time also ensures favorable environmental conditions for microbial survival, reduces the need for repeated treatments, lowers input costs, minimizes crop losses during critical growth stages, improves integration with other pest management strategies, supports resistance management, and promotes eco-friendly, sustainable agriculture. Effective integration of biopesticides with synthetic pesticides plays a crucial role in achieving slow-release pest control strategies that balance immediate suppression with long-term sustainability. Compatibility factors such as formulation composition, application timing, and environmental conditions must be carefully managed to preserve microbial viability and ensure gradual release. Inert ingredients like xylene, commonly found in chemical formulations, can impair microbial survival, while residual toxicity from synthetic pesticides may inhibit biopesticide performance if not timed appropriately. For instance, Beauveria bassiana is compatible with spinosad but negatively affected by chlorpyrifos, underscoring the importance of selective pairing (Mohsin et al., 2020).

Environmental parameters, particularly water pH, strongly influence microbial stability; many biopesticides degrade rapidly under alkaline conditions, compromising their slow-release potential. Species-specific interactions also matter: while Beauveria is harmless to predatory mites, it can adversely affect beneficial insects like Orius bugs, highlighting the need for ecological selectivity in IPM (Ambethgar et al., 2024). Field evidence supports the synergistic potential of combined applications. For example, Beauveria bassiana used alongside sublethal doses of imidacloprid significantly reduced Empoasca vitis populations in tea plantations (Pu et al., 2005). Similarly, co-application of Bacillus subtilis (Batistar WP®) and Beauveria bassiana (BotaniGard WP®) suppressed greenhouse whitefly and tomato powdery mildew without antagonism (Komagata et al., 2024). Bacillus amyloliquefaciens mixed with copper formulations improved fungal disease control, while hybrid products like Regev, which combine Tea Tree extract with difenoconazole, demonstrate how botanical and chemical components can deliver dual modes of action and support resistance management (Prakash and Shivakumar, 2025; Reuveni et al., 2023). Despite these successes, many biopesticides remain incompatible with synthetic pesticides, requiring careful tank mixing or sequential application strategies. A common approach involves applying a fast-acting synthetic pesticide first to achieve immediate knockdown, followed by a biopesticide for residual, slow-release activity. This complementary method enhances overall efficacy, delays resistance development, conserves beneficial organisms, and maintains ecological balance. These integration strategies address the slower action of biopesticides while preserving their environmental advantages. When combined with advancements in formulation, precise application, genetic optimization, and storage technologies, they contribute to more consistent, reliable, and sustained pest control.

Addressing the challenges of higher production costs, limited market penetration, and lengthy approval processes for biopesticides requires an integrated strategy that streamlines production, builds market confidence, and accelerates regulatory reviews. First, production costs can be reduced by optimizing resource inputs and processes, utilizing agricultural waste as a sustainable feedstock for microbial fermentation, adopting advanced fermentation techniques (such as solid-state, continuous, and process intensification methods), and improving downstream processing and formulation, all supported by public-private partnerships and government incentives. Strategies for reducing production costs of biopesticides have been documented by Sala et al. (2019). Simultaneously, expanding market penetration involves forming robust partnerships among researchers, regulators, producers, and farmers to harmonize quality standards and streamline registration (Marrone, 2023). This effort is further reinforced by targeted extension services, field demonstrations, and strategic marketing initiatives that build trust and lower adoption barriers within IPM programs (Diaz et al., 2020). Finally, shortening approval timelines requires the development of tailored regulatory frameworks that recognize the lower risk profiles of biopesticides, using risk-based approaches like predictive modeling and tiered testing (Levine et al., 2019), while enhancing coordination among national and international agencies through streamlined electronic submissions and clear communication (Deeksha et al., 2025). Together, these measures work cohesively to make biopesticides more competitive, widely accepted, and quickly accessible in the market. These approaches will ultimately address the lack of awareness surrounding the grassroots adoption of biopesticides.





4 Global trend of biopesticides awareness

The use of biopesticides is expanding and they are now integrated into sustainable agricultural practices. Sustainable agriculture is a holistic farming strategy designed to meet our current food, feed, and fiber needs while protecting the environment, enhancing economic viability, and advancing social equity for future generations. This approach embraces practices such as crop rotation, organic fertilization, water conservation, pest management, and the preservation of biodiversity, all of which nurture healthy soils and balanced ecosystems (Chhibber and Ravichandran, 2024). By focusing on efficient resource use and minimizing ecological damage, sustainable agriculture prioritizes reducing chemical inputs, especially synthetic pesticides. Consequently, as traditional chemical pesticide use declines, there is an increasing reliance on biopesticides as viable alternatives to combat more than 70,000 pests and diseases, with phytopathogenic microbes contributing to more than half (Tomar et al., 2024). With sustainable agriculture gaining momentum globally, the demand for biopesticides is rising: they currently represent about 5% of the $60B pesticide market (Basnet et al., 2022) and are projected to grow by approximately 15%−20% annually (Jiang and Wang, 2023), fuelled by stricter regulations on synthetic pesticides and heightened environmental and health concerns. The EPA has listed 430 active ingredients for more than 1,320 commercial biopesticide products (Rajput et al., 2021). Microbial pesticides account for 45%−63% of the biopesticides market, with bacterial-based products leading at 75%, while fungal-derived solutions hold approximately 10% of the share (Mnif and Ghribi, 2015). The key active ingredients in these categories are Bacillus thuringiensis (Bt) for bacterial biopesticides and Trichoderma spp. for fungal biopesticides. As of March 17, 2025, the U.S. Environmental Protection Agency (https://www.epa.gov/ingredients-used-pesticide-products/biopesticide-active-ingredients, accessed 11/05/2025) has a record of 136 microbial active ingredients, representing four viral strains, 14 bacterial species with 28 strains, and 20 fungal species with 26 strains, excluding five species from microalgae. In total, commercial bacterial and fungal biopesticides are primarily applied as biofungicides and bioinsecticides. Bacterial biopesticides (mostly as bioinsecticides) exhibit greater diversity than fungal biopesticides (mostly employed as fungicides). In turn, fungal biopesticides show more diversity compared to viral biopesticides, which are predominantly used as bioinsecticides.

A comprehensive synthesis of publicly accessible data was conducted to elucidate key trends in global market demand, research and development, production indices, the number of allied companies, market revenue, adoption rates, and academic publications on biopesticides. This analysis drew on several public documents, including works by Ayilara et al. (2024), Chakraborty et al. (2023), Colmenarez and Vasquez (2024), Fusar Poli and Fontefrancesco (2024), Gc et al. (2022), Isman (2023), Marrone (2024), Srinivasan et al. (2019), cognitivemarketresearch.com,1 and databridgemarketresearch.com.2 The analysis indicates that from 2010, the beginning of significant biopesticide recognition, to 2024, global biopesticide demand surged by more than 80%. Over the period examined, shown in Figure 3, North America was the dominant player, accounting for 43% of global market demand, with Asia-Pacific ranking as the second-largest consumer, followed by Europe, the Middle East and Africa, and Latin America. North America also led in other investigated areas. Europe outperformed the other regions in terms of biopesticide commercialization, as evidenced by higher market revenue and adoption rates. The leading countries, ranked in decreasing order of publication output, are the USA (North America), India (Asia-Pacific), South Africa (Middle East and Africa), Germany (Europe), and Brazil (Latin America). With an increased focus on academia-industry partnerships, Asia-Pacific and the Middle East and Africa have the potential to lead in biopesticide production and commercialization, a strategy that has proven successful for developed economies. Although global awareness of sustainable practices has improved, the annual decline in synthetic pesticide use between 1990 and 2020 remained moderate at approximately 1.5%−2% (Cech et al., 2022; Kumar, 2023; Sharma et al., 2019). This modest decline is primarily driven by a shift in production toward synthetic pesticides with fewer regulatory restrictions, coupled with the inherent challenges of biopesticides (Assadpour et al., 2024) and inertia effects in the Middle East and Africa, Latin America, and some parts of Asia-Pacific. Globally, biopesticide awareness and adoption are hindered by economic barriers, limited knowledge exchange, weak extension services, and immature market infrastructure, with these constraints being more pronounced in developing regions, whereas North America continues to lead the market.


[image: Map illustrating biopesticide production across continents from 2010 to 2020. North America, Latin America, Europe, Middle East and Africa, and Asia Pacific are ranked by measurement parameters: global market demand, research and development, production index, adoption rate, lead publishing country, commercialization, and number of companies. Europe leads in global market demand, while Latin America ranks highest in commercialization. Asia Pacific ranks first in the number of companies. The map reflects geographical differences in biopesticide production and adoption from 2010 to 2020.]
FIGURE 3
 Regional distribution mapping of biopesticides across seven key parameters related to biopesticides between 2010 and 2014. The diagram illustrates a five-region trade structure, highlighting a global increase in biopesticide activity exceeding 80% between 2010 and 2020. It uses seven key parameters to assess regional performance: (1) global market demand for biopesticides, (2) research and development efforts, (3) biopesticide production index, (4) adoption rate, (5) volume of scientific publications, (6) commercialization level, and (7) number of active companies. Each region is ranked according to its position in these parameters. For instance, North America ranks first in global market demand (represented as “1. First”) and second in the number of biopesticide companies (represented as 7. Second). These rankings provide a comparative overview of how each region contributes to and leads in different aspects of biopesticide development and deployment.




5 Application and adoption of biopesticides


5.1 Methods of biopesticide application

The effectiveness of biopesticides depends, in part, on their potency, formulation, and method of application. There are several application methods, which will be discussed here, starting with seed treatment. Seed treatment application of biopesticides involves coating seeds with biological agents, such as beneficial bacteria, fungi, or viruses, before planting. These biopesticides create a protective barrier, preventing soil-borne pathogens and insect pests from attacking young seedlings during germination and early growth stages. There are different types of seed treatments, including seed bio-priming, seed encapsulation, and gel seeding. Bio-priming integrates biological seed treatment with hydration, coating seeds with beneficial microorganisms like Trichoderma spp., Bacillus subtilis, or Pseudomonas fluorescens to suppress soil-borne pathogens and promote plant growth (Shil et al., 2025). This method improves seed vigor, accelerates germination, and strengthens plant defense mechanisms while reducing reliance on chemical pesticides. Seed encapsulation, on the other hand, encloses seeds within a protective coating, often using biodegradable polymers, hydrogels, or nutrient-rich materials, to enhance viability, storage, and controlled germination (Sarma et al., 2023). Widely used in precision agriculture, encapsulation ensures uniform seed distribution and facilitates microbial delivery for improved crop establishment. Gel seeding involves suspending seeds in a moisture-retaining gel to improve germination and early seedling development, providing a controlled environment that maintains hydration and prevents desiccation (Western, 2012). Particularly beneficial for small or delicate seeds like carrots and lettuce, gel seeding enhances seed-to-soil contact, reduces transplant shock, and improves seedling survival rates, making it a valuable tool for optimizing crop performance. Despite its simplicity, this application method has demonstrated consistent efficacy across diverse agricultural systems, as evidenced by a global meta-analysis by Lamichhane et al. (2022). The analysis reported significant improvements, including a 7% increase in seed germination, a 91% improvement in seedling emergence, a 53% enhancement in plant biomass, a 55% reduction in disease incidence, and a 21% increase in crop yield. Representative success stories of seed treatment are summarized in Table 5.

TABLE 5 Track of success stories of seed treatment technology.


	Seed crops
	Biopesticide agent
	Target pest/pathogen
	Outcome
	References





	Cotton (Gossypium hirsutum)
	Beauveria bassiana (entomopathogenic fungus)
	Early-season sucking pests (aphids, whiteflies)
	Improved seedling vigor; reduced pest infestation
	Mantzoukas et al., 2023

 
	Sorghum (Sorghum bicolor)
	Trichoderma harzianum (seed inoculation)
	Soil pathogens
	Improved germination, root growth, and stress tolerance
	Moharam et al., 2017

 
	Chickpea (Cicer arietinum)
	Trichoderma viride (biopriming)
	Fusarium oxysporum f. sp. ciceris (wilt)
	Reduced wilt incidence; higher survival and yield
	Chanu et al., 2020

 
	Sunflower (Helianthus annuus)
	Bacillus subtilis + Trichoderma harzianum (seed coating)
	Downy mildew (Plasmopara halstedii)
	Decreased disease incidence; stable yield
	Vijaykumar, 2023

 
	Pea (Pisum sativum)
	Bacillus amyloliquefaciens (seed dressing)
	Root rot complex
	Enhanced germination; reduced root disease severity
	Raza et al., 2024

 
	Maize (Zea mays)
	Metarhizium anisopliae (seed coating)
	Root-feeding insects and soil pathogens
	Reduced pest damage; improved plant height and yield
	de Lira et al., 2020

 
	Lentil (Lens culinaris)
	Pseudomonas fluorescens (seed inoculation)
	Wilt and damping-off
	Reduced seedling mortality; improved nodulation
	Erdemci, 2020

 
	Cowpea (Vigna unguiculata)
	Beauveria bassiana (seed coating)
	Aphids and thrips (early-season pests)
	Reduced insect pressure; improved biomass
	Pachoute et al., 2024

 
	Barley (Hordeum vulgare)
	Clonostachys rosea (seed treatment)
	Fusarium graminearum (seedling blight)
	Reduced disease incidence; improved root growth
	Jensen et al., 2016

 
	Okra (Abelmoschus esculentus)
	Trichoderma asperellum (biopriming)
	Root rot complex (Macrophomina phaseolina)
	Lower root rot severity; stronger seedling establishment
	Rahman et al., 2020

 
	Rice (Oryza sativa)
	Pseudomonas fluorescens (seed coating)
	Bacterial blight (Xanthomonas oryzae pv. oryzae)
	Reduced blight severity; improved grain yield
	Javed et al., 2021

 
	Tomato (Solanum lycopersicum)
	Trichoderma asperellum (seed priming)
	Early blight (Alternaria solani)
	Enhanced germination; lower disease incidence
	Sehim et al., 2023





Some benefits of seed treatments include a reduced need for foliar pesticide applications and a lower quantity of active ingredients compared to traditional spraying methods. Choudhary et al. (2021) has shown that biopesticide seed treatments can effectively control soil-dwelling insects, plant-parasitic nematodes, fungal pathogens, root rot, and damping-off diseases. Seedling root dip is a valuable technique that enhances plant establishment, early growth, and resistance to soil-borne diseases by treating seedling roots with a nutrient-rich or biologically active solution before transplanting. The process involves trimming damaged or excessively long roots and then immersing them in the prepared dip solution for several hours, ideally up to 24 h, to allow absorption of essential nutrients and beneficial microbes (Gregorio et al., 2010). This coating helps seedlings adapt to new soil conditions, reducing transplant shock and improving survival rates, making root dips particularly useful for bare-root plants. The root dip mixture typically includes organic materials such as compost, manure, or microbial inoculants like Trichoderma spp. and Pseudomonas fluorescens, which promote beneficial soil interactions while suppressing harmful pathogens. By optimizing root health and microbial activity, this method ensures stronger plant development and resilience in various growing conditions. Seedling root dip treatment is especially effective for crops that require early protection against nutrient deficiencies and environmental stress (Ronga et al., 2021). Research highlights its benefits for different plant types, particularly those vulnerable to soil-related challenges. For instance, Ronga et al. (2021) demonstrated that pepper seedlings treated with phosphorus-enriched root dips exhibit improved nutrient uptake and resistance to adverse soil conditions. Similarly, rice seedlings benefit from phosphorus and biofertilizer slurry treatments, leading to stronger root development and increased resilience against acidic soils (Goswami and Kalidas-Singh, 2023). By integrating seedling root dips into cultivation practices, farmers can enhance plant vigor, improve crop survival rates, and establish more sustainable agricultural systems.

Soil drenching is an effective technique for applying biopesticides directly to the root zone through water-based solutions, ensuring beneficial microbes or bioactive compounds penetrate the soil to target pests, pathogens, and nematodes while promoting plant health (Sri et al., 2025). Unlike foliar sprays, this method allows biopesticides to establish themselves in the rhizosphere, forming a protective barrier against harmful organisms. Common biopesticides used in soil drenching include microbial agents such as Trichoderma spp., Bacillus subtilis, and Pseudomonas fluorescens, which suppress fungal infections and enhance root development. Additionally, entomopathogenic fungi like Beauveria bassiana and Metarhizium anisopliae effectively control soil-dwelling insect pests. The success of soil drenching depends on maintaining optimal conditions, including soil moisture, pH balance, and proper dilution ratios, to ensure microbial activity and pest suppression. For best results, soil moisture should be at field capacity, meaning adequately moist but not waterlogged, allowing biopesticides to reach the root zone without excessive runoff. The ideal pH range is 5.5–7.0, as extreme acidity or alkalinity can diminish microbial viability (Adeniji et al., 2024). Dilution ratios vary depending on the formulation, but a common recommendation is 1:100 to 1:500, ensuring proper dispersion while maintaining potency for effective pest control (Aremu et al., 2012). Soil drenching helps manage root-knot nematodes (Meloidogyne spp.), fungal pathogens such as Phytophthora spp., Fusarium spp., and Pythium spp., as well as aphids and scale insects (Aphis spp., Coccidae family), using moist, organic-rich soils that are ideal for the activity and persistence of these BCAs. Soil drenching has shown notable success across crops: Trichoderma harzianum reduced damping-off in tomato and improved seedling vigor in India (Bhardwaj, 2019); Pseudomonas fluorescens suppressed sheath blight and enhanced yield in rice (Nur Mawaddah et al., 2023); and Beauveria bassiana controlled root-feeding insects while promoting growth in cucumber under greenhouse conditions (Spescha et al., 2023). These examples demonstrate that soil drenching can combine disease suppression, pest reduction, and plant growth promotion, making it a versatile strategy in sustainable agriculture.

Agricultural pest control mechanisms brought about through irrigation systems are known as microbigation. This technique focuses on pest control and soil health improvement by introducing beneficial microbes and entomopathogenic nematodes that suppress harmful pathogens, enhance plant resilience, and promote sustainable farming practices. This method integrates pest management with plant nutrition delivery, ensuring that biopesticides reach the root zone and foliage effectively. Thus, microbigation is particularly useful for managing soil-borne diseases and improving microbial diversity in agricultural ecosystems (Bonaterra et al., 2022). A mix of microbigation and fertigation reduces labor costs, minimizes environmental contamination, and enhances the absorption of biopesticides, and maintains soil moisture levels, promoting microbial activity and thus leading to improved pest control and crop health. The controlled delivery through irrigation systems ensures that biopesticides remain active for longer periods, reducing the need for frequent applications. The active period of biopesticides can further be enhanced through liquid formulations (emulsion and suspension), encapsulation formulations (microencapsulation), and oil-based formulations. The liquid formulation ensures uniform distribution, microencapsulation enhances stability, and the oil-based formulation promotes adherence to the root system (Hegde and Vijaykumar, 2022). To avoid clogging in irrigation lines and enhance absorption by plant roots, microbial biopesticides should be formulated with stabilizers and surfactants. For optimal operation, the water pH should be around 5.5–7.0 to avoid clogging, the temperature should be around 18–25 °C to support microbial activity, and using mesh filters (100–200 microns) helps remove debris and prevent blockages (Wolcott et al., 2022). Bacillus thuringiensis and Trichoderma spp. are better suited for this application method because they target soil-borne pathogens and insect pests. Microbigation has shown notable successes: in Italy, Trichoderma harzianum and Paecilomyces lilacinus remained viable and suppressed soil-borne pathogens (Boari et al., 2008); in Brazil, drip-applied Azospirillum brasilense in maize enhanced root growth, nitrogen uptake, and yield (Galindo et al., 2022); and in Spain, Trichoderma asperellum fertigation in tomato reduced Fusarium oxysporum while improving vigor and fruit production (Leuratti et al., 2025), confirming the potential of irrigation-based microbial delivery for the sustainable intensification of agriculture.

Trunk injection is a precise biopesticide application method that delivers pest control agents directly into the stem or trunk of woody plants. By injecting biopesticides into the xylem, active ingredients are transported throughout the plant via the transpiration stream, ensuring systemic protection against pests such as borers and fungal pathogens (Li and Nangong, 2022). This technique is especially valuable for managing diseases in trees and high-value crops where foliar sprays or soil drenches may be ineffective or environmentally hazardous. One of its key advantages is the efficient delivery of biopesticides while minimizing environmental impact. Unlike aerial or soil applications, trunk injection eliminates spray drift, reduces worker exposure, and prevents contamination of non-target organisms. It is widely used in forestry, urban landscaping, and commercial agriculture, particularly for crops like avocados and citrus trees (Archer, 2022; Li and Nangong, 2022). Biopesticides used in trunk injection typically consist of microbial agents, botanical extracts, and carrier substances that facilitate systemic movement within the plant. Microbial biopesticides, such as Beauveria bassiana and Metarhizium anisopliae, target insect pests by colonizing their bodies and disrupting physiological functions. Botanical extracts, including essential oils like mint and cinnamon, have been studied for their ability to move through the vascular system, providing pest control benefits (Werrie et al., 2021). Carrier substances, such as water-based or oil-based solutions, improve absorption and stability, ensuring effective distribution of active ingredients. This method is used to treat various plant diseases, particularly those affecting trees and woody plants. Common diseases managed through trunk injection include oak wilt, Dutch elm disease, and sudden oak death (Phytophthora infection). According to Passey et al. (2019) trunk injection can aid combat apple scab and fire blight in apple trees, root rot and thrips in avocado trees, and powdery mildew and downy mildew in grapevines. In Florida, injection of oxytetracycline and microbial antagonists into citrus trees significantly suppressed Candidatus Liberibacter asiaticus (Hu et al., 2018), the causal agent of huanglongbing, prolonging tree productivity. In California vineyards, trunk injection of Trichoderma harzianum reduced grapevine trunk diseases caused by Phaeomoniella chlamydospora and Neofusicoccum spp., improving vine vigor and yield (Wallis et al., 2025). Similarly, in Central America, avocado orchards injected with Bacillus subtilis formulations experienced reduced wilt symptoms associated with Ralstonia solanacearum and Phytophthora cinnamomi, contributing to healthier root systems and an extended orchard lifespan (Hyakumachi et al., 2013). These examples demonstrate trunk injection's potential as a precise delivery method that enhances disease suppression while minimizing off-target effects.

Aerial application involves the dispersal of agricultural treatments using aircraft or drones, enabling extensive coverage of large farms while optimizing labor efficiency and ensuring uniform distribution of the applied substances. This method is designed for speed, precision, and effectiveness, helping to control pests, enhance crop productivity, and reduce soil compaction. Technological advancements, such as GPS-guided spraying and precision targeting, have further improved aerial application, making it more effective and environmentally sustainable (Rathod and Shinde, 2023). Its effectiveness depends on low wind speeds (below 10 mph) to minimize drift, moderate temperatures to prevent rapid evaporation, and humidity levels above 50% to ensure proper adhesion of spray droplets to crops (Awais et al., 2022). The best time for aerial spraying under these conditions is early morning or late afternoon when weather factors are most favorable. The efficiency of this method is further enhanced by factors such as large land area, uniform crop height, and even terrain, ensuring optimal coverage and penetration (Chen H. et al., 2021). To address environmental challenges that may impact the effectiveness of the application, GPS-guided spraying and precision targeting may be required to minimize waste and maximize efficiency. Environmental sustainability is maximized when the applied substances are biopesticides or other biological control agents, reducing chemical exposure and promoting eco-friendly pest management. As technological advancements continue, drones may be equipped with sophisticated sensors and data analytics capabilities to enable real-time monitoring of pest populations, leading to more strategic and environmentally friendly spraying techniques, defining precision agriculture. In Brazil, aerial spraying of Bacillus thuringiensis (Bt) formulations on soybean successfully controlled caterpillars such as Anticarsia gemmatalis, reducing chemical insecticide use across millions of hectares (Cai and Dimopoulos, 2024). In North America, aerial release of baculoviruses against the gypsy moth (Lymantria dispar) achieved significant population suppression while preserving natural enemies. Likewise, in Australia, aerial application of entomopathogenic fungi such as Metarhizium anisopliae has been employed to manage locust swarms, providing environmentally safer alternatives to broad-spectrum chemical insecticides (Scanlan et al., 2001). These case studies highlight the potential of aerial biopesticide applications to deliver scalable and effective solutions within integrated pest management programmes.

The most suitable biopesticides for aerial application in agriculture are microbial biopesticides due to their effectiveness, environmental safety, and scalability. Among these, Bacillus thuringiensis (Bt) is widely used for controlling caterpillar pests in crops like corn and cotton because of its stability as a spore-forming bacterium and its tolerance to UV exposure (Khan et al., 2016). Similarly, entomopathogenic fungi such as Beauveria bassiana and Metarhizium anisopliae have proven highly effective in oil-in-water formulations that withstand aerial dispersal conditions, targeting a broad spectrum of insect pests (De Oliveira et al., 2018). Viral biopesticides like Helicoverpa armigera nucleopolyhedrovirus (HaNPV) are used in cotton pest management and benefit from microencapsulation techniques that enhance their persistence in open environments (Pobożniak and Olczyk, 2025). These microbial biopesticides, their formulations, and the optimal environmental conditions are also suitable for foliar spray, a less sophisticated method of biopesticide application. It involves applying biologically derived substances directly to plant leaves (using sprayers like handheld, boom, backpack etc.), allowing for rapid absorption and enabling plants to utilize the active compounds quickly to combat pests and diseases. Foliar spray aids the active ingredient target insect pests, fungal infections, and bacterial pathogens that reside on the plant surface, reducing their population before they can cause significant damage. One unique advantage of foliar application is its ability to deliver biopesticides precisely to areas where pests are most prevalent. Modern advancements such as drone-assisted spraying and electrostatic technology improve droplet adhesion and coverage, maximizing pest control efficiency (Wu et al., 2024). Foliar spray remains one of the most widely adopted methods of biopesticide application, with demonstrated success across diverse crops. In India, foliar spraying of Beauveria bassiana effectively reduced whitefly (Bemisia tabaci) infestations in cotton, contributing to lower reliance on synthetic insecticides (Ghosal, 2018). In Kenya, neem-based foliar formulations controlled diamondback moth (Plutella xylostella) in cabbage, improving marketable yield and farmer income (Akol et al., 2002). Similarly, in the United States, foliar applications of Bacillus subtilis biocontrol products suppressed powdery mildew in strawberries, enhancing fruit quality and reducing disease-related losses (Awan and Shoaib, 2019). These instances highlight foliar spraying as a reliable and effective approach for administering biopesticides within integrated crop protection frameworks. Table 6 presents a consolidated overview of the seven application methods, outlining their respective strengths, weaknesses, opportunities, and threats, along with supporting diagrams and cited references.

TABLE 6 SWOT analysis of selected modes of biopesticide application.


	Element
	Aerial application
	Foliar spray
	Soil drenches
	Seed treatment
	Seedling root dip
	microbigation
	Trunk injection





	Diagrammatic representation
	[image: yes]
	[image: yes]
	[image: yes]
	[image: yes]
	[image: yes]
	[image: yes]
	[image: yes]

 
	Strengths
	Rapid coverage of large areas ideal for inaccessible terrains
	Quick biopesticide uptake Direct targeting of pests on leaves
	Targets root-zone pathogens Long-lasting effects
	Early plant protection Lower chemical use
	Prompt protection at transplanting Easy to apply in nurseries
	Promotes soil health Effective distribution
	Precise delivery Minimal environmental exposure

 
	Weaknesses
	High risk of drift Expensive equipment and training required
	Short residual effect Can cause leaf burn if misapplied
	Potential for leaching Labor-intensive for large fields
	Limited to early-stage protection Affects germination if overdosed
	Labor-intensive limited to small-scale or transplant crops
	Requires compatible irrigation setup Risk of clogging
	Precise delivery—minimal environmental exposure

 
	Opportunities
	Integration with drones and GPS for precision farming
	Nanoformulations for delivery Sustainable bioformulations
	Slow-release formulations Integration with fertigation systems
	Enhancing seed vigor Precision seed coating tech
	Use of beneficial microbes for improved establishment
	Expanding use in organic farming Synergy with fertigation
	For high-value crop/tree Advancement of auto-injection tools

 
	Threats
	Negating regulatory restrictions
	Drift and runoff risks Pest resistance development
	Soil structure impact Groundwater contamination
	Resistance buildup
	Root damage risk
	Biofilm formation in systems
	Tree injury risk

 
	Case study notes
	Agricultural UAVs are extended to crop monitoring, soil and field analysis, and bird control
	Drone-assisted foliar spray in agriculture reduces the need for manual labor by up to 50%
	Soil drenching helps manage root-knot nematodes, fungal pathogens, aphids, and scale insects
	The most reported types of seed coating are seed dressing, film coating, and pelleting
	Phosphorus is critical for seedling root dip success in plant wellbeing
	Conidial suspensions (106 conidia ml−1) pass drippers unclogged, regardless of size, remaining viable
	Highlight of potential systemic acquired resistance (SAR) induction by these EOs

 
	References
	Rathod and Shinde, 2023
	Bagheri and Khodkam, 2025
	Ounis et al., 2024
	Rocha et al., 2019
	Oo et al., 2020
	Boari et al., 2008
	Werrie et al., 2021





Once the active ingredients are delivered to specific parts of plants, they produce three primary effects: antimicrobial activity, growth promotion, and/or induction of systemic resistance (ISR). Microbial biopesticides employ various mechanisms to directly inhibit pathogen growth and insect herbivores. These beneficial microbes secrete a diverse array of secondary metabolites, including toxins, chitinases, glucanases, lipopeptides, siderophores (iron-chelating molecules), hydrogen cyanide, and phenazine derivatives, all exhibiting broad-spectrum antimicrobial activity. Some of these microorganisms (mostly bacteria) also act as plant growth-promoting microorganisms (PGPMs), enhancing crop growth through intricate biochemical processes that improve nutrient acquisition and bolster plant defenses (Liu et al., 2025). For example, PGPMs synthesize phytohormones such as auxins, gibberellins, and cytokinins, which stimulate cell division, elongation, and differentiation, thus enhancing overall plant development. Moreover, certain PGPMs, like rhizobia and free-living nitrogen fixers, produce nitrogenase, converting atmospheric nitrogen into nitrate essential for plant proteins and other cellular components. Many PGPMs additionally release organic acids that solubilize otherwise inaccessible phosphorus in the soil, making this critical nutrient available for uptake. These processes support vital metabolic functions ranging from chlorophyll synthesis to DNA replication, contributing to both immediate growth and long-term plant health. Furthermore, when biological control agents (BCAs) interact with plant cells, their components are recognized as microbe-associated molecular patterns by pattern recognition receptors (Bhardwaj et al., 2024). This recognition triggers signaling cascades, such as mitogen-activated protein kinase pathways, which lead to the upregulation of defense-related genes and the production of protective compounds, including phytoalexins and pathogenesis-related proteins. The stability of the biopesticides in these processes is enhanced by appropriate formulation and delivery techniques, as extensively elaborated in Kala et al. (2020). Given the wide array of biopesticides and their complementary advantages over synthetic chemical pesticides it will be of interest to understand their adoption and use in sustainable agriculture.



5.2 Application of major types of biopesticides in case study scenarios

The application and implementation of biopesticides in large-scale farming is gaining traction in defining sustainable agriculture. Almost all types of biopesticides types are used, but microbial biopesticides are the most popular. Microbial biopesticides have emerged as powerful tools in sustainable pest management, offering effective alternatives to synthetic pesticides amid growing concerns over resistance development and environmental impact. Raghuvanshi (2015) documented the effective field deployment of entomopathogenic fungal consortia comprising Beauveria bassiana and Metarhizium anisopliae, similar to commercial formulations such as Bio-Magic Plus®, Eco-Bio Insecticide®, and Myco-Jet®, in Maharashtra, India. When administered to crops including aubergine, sugarcane, tomato, and chili, these biocontrol agents achieved pest suppression efficiencies of up to 85%, with concomitant yield enhancements reaching approximately 25%. Mollah and Hassan (2023) reported that the sequential deployment of Trichoderma harzianum, comparable to commercial formulations such as TRICHODEX®, Foster®, and Bactogang-24®, in aubergine (Solanum melongena) cultivation in Bangladesh markedly suppressed Leucinodes orbonalis infestations. This intervention resulted in a yield increase from 14.8 to 21.7 tons per hectare, representing a 46% enhancement relative to untreated control plots. Bacillus thuringiensis (Bt), as demonstrated by Ortiz and Sansinenea (2022), was formulated in products analogous to Dipel®, Thuricide®, and Ecotech Pro® and applied to maize and various horticultural crops in Mexico and Colombia. These biopesticidal applications achieved pest suppression rates between 70% and 90%, accompanied by yield increases of 15% to 20%, thereby validating the compatibility of Bt-based interventions within both organic and conventional agricultural paradigms. Similarly, Fenibo et al. (2023) documented a report in which smallholders employing Bt in maize and cabbage farming in Ghana and Kenya experienced pest reductions of 65%−85%, yield increases of up to 28%, and a 60% decrease in synthetic pesticide use. A study conducted in commercial vegetable greenhouses in the Netherlands assessed the efficacy of Pseudomonas fluorescens, comparable to Bio-Foray® and Pseudostar®, and Trichoderma harzianum in suppressing soil-borne phytopathogens (Mihajlović et al., 2017). The treatments reduced disease incidence by 60%, improved plant resilience, and led to 10%−15% higher yields compared to chemically managed controls. The observed trend (as shown in Table 7) of using microbial biopesticides suggests that the percentage of pest reduction is higher than the percentage of reduction in synthetic pesticide use, which, in turn, is higher than the percentage of yield increase.

TABLE 7 Records of performance criteria in the use of biopesticides.


	Farm area
	Biopesticide type
	Crop type
	Chemical use reduction
	Yield improvement
	Pest suppressed
	Reference





	Rice farm, Agusan del Norte, Philippines
	Beauveria bassiana
	Rice
	NS
	20.4%
	Rice Bug: 47%
	Tabudlong and Estoy, 2015

 
	Egypt
	Predatory mites (Amblyseius swirskii and P. persimilis)
	Cucumber
	NS
	NS
	Aphids: 84.5%
	Adly and Sanad, 2024

 
	India
	PIP (Bt-Cotton)
	Cotton
	50%
	NS
	NS
	Peshin et al., 2014

 
	Paddy field, Northern Thailand
	B. bassiana; Metarhizium anisopliae
	Rice
	NS
	NS
	Rice leafhoppers: 18.9%
	Kawpet et al., 2022

 
	Pakistan
	Entomopathogenic fungi
	Rice
	N.D
	NS
	Rice leafroller: 53.8%
	Rizwan et al., 2019

 
	Arizona
	Non-specific
	Cotton
	85–90%
	NS
	NS
	Naranjo and Ellsworth, 2024

 
	85 farms in Asia and Africa
	Biological control agent
	
	30.7%
	40.9%
	NS
	Pretty and Pervez Bharucha, 2015

 
	Northwestern Senegal
	Asadirachtin and Bacillus thuringiensis formulations
	Maize
	NS
	100%
	Fall armyworm: NS
	Sarr et al., 2023

 
	India
	Biopesticides
	Maize
	NS
	15%−30%
	Multiple: NS
	Arjjumend et al., 2021

 
	China
	Genetic improvement
	Rice
	N.D
	70%
	Multiple: NS
	(Yu et al., 2014)

 
	Cambodia, Bangladesh, and Europe
	Bt brinjal (GM Eggplant)
	Eggplant
	61%
	40%
	Leucinodes orbonalis: NS
	Ediagbonya et al., 2025

 
	Egypt
	Biological control agent
	Vegetables
	50%
	NS
	Tuta absoluta Meyrick: NS
	Romeh, 2018

 
	Cuba
	
	Various Crops
	60–89%
	NS
	Multiple pests: NS
	Botella-Rodríguez, 2011

 
	Canada
	Cryptococcus albidus
	Legumes
	NS
	NS
	Sclerotinia sclerotiorum: 57.6%
	Wang et al., 2024

 
	Sub-Saharan Africa
	Biological control interventions
	Multiple
	NS
	60%
	Insect pests: 63%
	Ratto et al., 2022

 
	Asia–Pacific
	Biological control agent
	NS
	NS
	73%−100%
	NS
	Wyckhuys et al., 2020

 
	India
	Botanicals
	Tomato
	NS
	NS
	Tomato fruit borer: 70%−80%
	Arora et al., 2012

 
	Assam, India
	
	Tea plants
	45%−75%
	
	Blister blight disease: 55%
	Phukan et al., 2012

 
	South Africa
	Mating disruption pheromones
	Orchard
	NS
	NS
	False codling moth: 51% and 80%
	Moore and Hattingh, 2012

 
	Kenya
	Metarhizium anisopliae
	Tomato
	NS
	NS
	Fall armyworm: 87.5%
	Akutse et al., 2020

 
	Nigeria
	Neem-based
	Eggplant
	NS
	NS
	Whiteflies Bemisia tabaci G: 96.1%
	Abubakar et al., 2023

 
	Rwanda
	Entomopathogenic nematodes
	Maize
	NS
	17.2%
	Caterpillar of fall armyworm: 50%
	Fallet et al., 2024

 
	West Virginia
	Entomopathogenic nematodes
	Orchards
	NS
	NS
	Conotrachelus nenuphar: 69.7%
	Piñero et al., 2020

 
	Mbita, Kenya
	NS
	Sorghum fields
	NS
	NS
	Striga larvae: 80%
	Khan et al., 2012

 
	Global
	GM technology
	Multi-crops
	37%
	22%
	NS
	Klümper and Qaim, 2014

 
	India
	Bt technology
	Cotton
	NS
	24%
	NS
	Kathage and Qaim, 2012

 
	India
	Microbial biopesticides
	Multi-crops
	NS
	15%−30%
	NS
	Arjjumend et al., 2021

 
	Bangladesh
	Sex pheromone
	Multi-crops
	70%
	NS
	NS
	Manson et al., 2022

 
	Midwestern United States
	IPM
	Multi-crops
	95%
	26%
	NS
	Pecenka et al., 2021

 
	Southern India
	Bt technology
	Cotton
	68%
	NS
	NS
	Chellatan Veettil et al., 2014

 
	Global
	GM Crops
	Multi-crops
	8.3%
	NS
	NS
	Brookes and Barfoot, 2020



NS, not specified.



The trend observed in microbial biopesticides also appears in the use of botanical biopesticides in sustainable agriculture. For example, neem-based extracts from Azadirachta indica, widely applied in Indian cropping systems, achieved up to a 75% reduction in pest populations, a 50% decrease in synthetic pesticide use, and a 20% increase in crop yields (Ngegba et al., 2022). Some examples of commercial neem extract products are NeemBaan®, Margosom®, Anosom®, and Derisom®, while Pyrethrum 5EC®, EverGreen®, and Monterey Bug Buster-O® are examples of pyrethrum-based formulations. Similarly, pyrethrum-based formulations derived from Chrysanthemum species, utilized in African fruit orchards, resulted in an 85% pest reduction, a 60% decline in chemical pesticide application, and a 25% yield boost (Riyaz et al., 2022). The case studies reported by Munyore and Rioba (2020), Lengai et al. (2020), and Malinga and Laing (2022) follow the same trend. Munyore and Rioba (2020) reported a 65% decline in pest incidence, a 45% reduction in supplementary pesticide usage, and an 18% improvement in marketable yields where garlic (Allium sativum) extracts were used in greenhouse vegetable production. Lengai et al. (2020) recorded a 70% decrease in pest pressure, a 55% reduction in conventional pesticide reliance, and a 20% increase in yield where chili pepper (Capsicum spp.) extracts were used in integrated pest management strategies for tomatoes and cucumbers across Southeast Asia and Africa. As expected, Malinga and Laing (2022) achieved a 75% reduction in bollworm infestation, a 65% decrease in synthetic pesticide use, and a 22% improvement in yield while treating a cotton plantation with eucalyptus oil extracted from Eucalyptus species. The trend can be expressed as ↓I% > ↓P% > ↑Y%, where ↓I% is the percentage reduction of pest infestation, ↓P% represents the percentage reduction of synthetic pesticide use, while ↑Y% stands for the percentage increase in yield. For simplicity, we term this expression the IPY trend, representing the common direction of tiered performance indicators for the successful application of biopesticides.

The most significant parameter that drives the trend is the pest loss percentage (↓I%), which can be used to indicate the success of biocontrol measures, as shown by the use of entomopathogenic nematodes (EPNs) in different major cropping systems. In Poland, Steinernema feltiae (e.g., Entonem® and NemaShield®) and S. carpocapsae (e.g., Entonem®) were successfully applied as foliar treatments in wheat fields to combat the cereal leaf beetle (Oulema melanopus), achieving up to 70% larval suppression and improving plant vigor (Mazurkiewicz et al., 2021). In Egypt, large-scale integration of Heterorhabditis bacteriophora (NemaSeek®) and S. glaseri (comparable to Galleria-Pro®) with organic soil amendments in wheat and barley fields led to 60%−85% suppression of cereal cyst nematodes and yield gains under sustainable cultivation practices (Abd-Elgawad, 2025). A European case study in organic horticulture demonstrated that EPNs like H. bacteriophora and S. feltiae, applied via drip irrigation in vegetable systems, achieved up to 90% pest control, confirming their compatibility with large-scale organic systems (Furmanczyk and Malusà, 2023). Additionally, in North African tomato production, cadaver-based applications of Heterorhabditis indica provided 65–75% reduction in root–knot nematodes and sustained crop protection for up to 2 months while improving fruit yield and quality (Abd-Elgawad, 2024). Koppenhöfer et al. (2020) reported that globally, mechanized application of S. feltiae and H. bacteriophora in strawberries and turfgrass systems yielded 50%−90% pest reduction, confirming the adaptability of EPNs to high-value crops and scalable operations. These studies affirm the scalability, pest specificity, and value of EPNs in ecologically intensive farming models.

Recent large-scale field studies have underscored the robust potential of natural enemies to deliver significant pest suppression and crop protection benefits in commercial agriculture. In Belgian cereal farms, the implementation of within-field wildflower strips led to a 60%−85% increase in aphid predation by natural enemies such as lady beetles and hoverflies, demonstrating the ecological intensification value of conservation biological control (Hatt et al., 2017). Beyond pest management, the integration of within-field wildflower strips confers a range of ancillary agronomic benefits. These include enhanced biodiversity, improved soil structure, attenuated soil erosion, optimized water infiltration, bolstered pollination efficacy, and elevated aesthetic quality of agricultural landscapes. Similarly, a meta-analysis across Sub-Saharan African vegetable systems revealed that augmentative releases of predators like Phytoseiulus spp. achieved 35%−80% pest suppression while preserving the diversity of native beneficial insects (Ratto et al., 2022). In Chinese wheat systems, large-scale applications of Aphidius gifuensis and Chrysoperla sinica led to up to 80% reduction in aphid populations and 15%−18% yield increases, reinforcing the yield benefits of natural enemy-based interventions (Ali et al., 2018). Mass releases of Trichogramma spp. in Southeast European maize fields effectively suppressed Ostrinia nubilalis by over 70%, drastically reducing pesticide reliance and representing one of the most successful parasitoid-based controls in monoculture grain systems (Ivezić et al., 2022). Furthermore, in organic strawberry systems in California, the strategic use of banker plants in combination with Orius insidiosus reduced thrips and whitefly damage by 60%, contributing to improved fruit quality without synthetic inputs (Van Lenteren, 2012). Collectively, these studies affirm that natural enemies provide ecologically grounded alternatives to chemical pest control that can be effectively applied across diverse crops and regions.

Advances in agroecological pest control have demonstrated the effectiveness of live pesticidal plants, used as repellent, banker, and trap crops (RBT plants), in large-scale farming systems, particularly within push-pull frameworks. Push–pull frameworks constitute an integrated pest management (IPM) system that employs dual tactical interventions: intercropped repellent species that deter pest colonization within the field (push), alongside perimeter-planted attractant trap crops that lure pests away from the target crop (pull), thereby optimizing pest suppression and safeguarding crop yield. In East African cereal systems, the integration of Desmodium (push) and Brachiaria (pull) across over 500,000 hectares has consistently achieved over 80% suppression of stemborers and 90% control of Striga weed, leading to substantial maize yield recovery (Khan et al., 2023). Similarly, a novel combination of nighttime light traps with push–pull intercropping in Ethiopia reduced fall armyworm (Spodoptera frugiperda) egg mass infestations by up to 90%, enhancing farmer-led maize protection efforts (Gebreziher and Gebreazgaabher, 2024). The later authors also reported that in China, maize used as a trap crop in vegetable systems attracted up to 80% of fall armyworm (Spodoptera frugiperda) infestations to field margins, significantly limiting pest pressure on main crops and reducing pesticide use.

Cabbage farms in Tanzania that deployed an integrated pest management approach, utilizing African nightshade as a repellent and mustard as a trap crop, achieved up to an 80% suppression of diamondback moth populations, resulting in yield increases of 20%−30% without the use of synthetic pesticides (Okoma et al., 2025). In crucifer vegetable production, push–pull systems integrating marigold and mustard achieved a 70%−85% reduction in pest populations and enhanced beneficial parasitoid activity, as demonstrated in Brazil (da Silva et al., 2022). Likewise, Kenyan tomato systems that utilized Ocimum spp. as repellent intercrops and decoy trap plants saw up to 78% control of Tuta absoluta, alongside increased biodiversity of natural enemies (Chidawanyika et al., 2025). Finally, UK strawberry farms using synthetic semiochemical-enhanced trap crops around fields reported 60%−70% suppression of the European tarnished plant bug (Lygus rugulipennis), a significant outcome achieved without synthetic pesticides (Fountain et al., 2021). These case studies jointly substantiate the strategic transferability of botanical intercropping and trap-cropping systems as sustainable pest management interventions across diverse agroecosystems. Beyond using non-crop live plants, crop plants also have been fortified with protectants, producing RNAi- and Bt-crops.

RNA interference (RNAi) is a post-transcriptional gene silencing mechanism that utilizes double-stranded RNA (dsRNA) to initiate a cascade resulting in the degradation of complementary messenger RNA (mRNA) sequences. The dsRNA is initially processed into short interfering RNAs (siRNAs) by the RNase III enzyme Dicer (Zhang et al., 2025). These siRNAs are then incorporated into the RNA-induced silencing complex (RISC), where the strand complementary to the target mRNA is selectively retained. The RISC, with Argonaute proteins as central components, directs sequence-specific cleavage of the target mRNA, thereby effectively downregulating gene expression. RNAi presents a highly promising strategy for pest control through its inherent target specificity (Chen et al., 2024). This molecular approach allows for the silencing of genes crucial for pest reproduction, survival, or pathogenicity, without adversely affecting non-target or beneficial organisms. The specificity arises from the requirement for near-perfect sequence complementarity between the siRNAs and the pest's mRNA, ensuring that off-target gene suppression is minimized. Deployment strategies for RNAi in agroecosystems include both transgenic and exogenous methods. In host-induced gene silencing (HIGS), crops are genetically engineered to express dsRNA constructs that target pest genes, thereby conferring systemic resistance through intracellular uptake and processing. Alternatively, spray-induced gene silencing (SIGS) involves the topical application of formulated dsRNA, often enhanced by nanoparticle carriers or other stabilizing agents to improve environmental persistence and uptake efficiency. Current research focuses on optimizing dsRNA delivery, enhancing stability under field-like conditions, and broadening the spectrum of target pests through refined bioinformatic analyses to avoid off-target effects (Basso et al., 2025). As advances in molecular biology and nanotechnology continue to evolve, RNAi is poised to become a cornerstone of species-specific, environmentally conscious pest management strategies in modern agroecosystems.

Recent field-scale studies have shown RNA interference (RNAi) to be a highly promising strategy for pest control in large-scale agriculture, with several applications achieving remarkable suppression rates. In the United States, MON 87411 transgenic maize expressing dsRNA targeting the Snf7 gene in Diabrotica virgifera (Western Corn Rootworm) recorded over 95% suppression of pests, significantly reducing yield losses and setting a benchmark for RNAi-based pest control (Mendoza-Alatorre et al., 2025). A follow-up regulatory trial also confirmed >90% WCR reduction with minimal off-target impacts, bolstering its environmental safety (Christiaens et al., 2022). In Germany, gene target screening via dsRNA in Leptinotarsa decemlineata (Colorado potato beetle) achieved >80% pest mortality by silencing critical genes involved in development and metabolism (Mehlhorn et al., 2021).

Similarly, in Brazil, the topical application of non-transformative dsRNA targeting Spodoptera frugiperda ATPase genes led to up to 80% larval mortality under field conditions, highlighting the feasibility of spray-based RNAi (Cagliari et al., 2019). In India, dsRNA foliar sprays on chickpea crops targeting Helicoverpa armigera protease genes resulted in over 75% larval suppression and increased pod yields in open-field evaluations (Mamta and Rajam, 2017). Field-scale RNAi trials in Belgium tested formulations for the Colorado potato beetle and Tuta absoluta, achieving 65%−85% pest reduction while emphasizing product scalability and readiness for regulatory clearance (De Schutter et al., 2022). Lastly, field trials in southern China applied siRNA sprays against Plutella xylostella on crucifer crops, achieving up to 70% larval mortality, thereby reducing reliance on conventional insecticides (Gong et al., 2013). These case studies demonstrate that RNAi can provide species-specific, effective, and scalable pest control solutions across diverse agroecosystems, as is also expected from Bt-crops.

The large-scale deployment of Bt maize (Zea mays) expressing the Cry1Ab protein in the United States since the mid-1990s has proven highly effective in controlling populations of the European corn borer (Ostrinia nubilalis). This genetic modification has contributed to increased yield stability through consistent pest suppression, significantly reducing the dependency on chemical insecticides. The implementation of integrated refuge strategies (planting non-Bt crops alongside Bt crops) further supports the durability of Bt maize by mitigating the risk of field-level resistance development, thereby ensuring the sustainability of pest management practices (Ostlie et al., 1997). Low refuge compliance in Bt maize has been reported to accelerate pest resistance development (Kang et al., 2025). In China, extensive cultivation of Bt cotton (Gossypium hirsutum) has led to a marked decline in populations of the major pest cotton bollworm (Helicoverpa armigera). The targeted expression of Bt toxins improves pest suppression while simultaneously enhancing crop productivity, decreasing pesticide application rates, and contributing to improved environmental conditions and farmworker safety (Lü et al., 2018). In South Africa, empirical studies validate the field performance of Bt maize, particularly in mitigating infestations from key pests such as Busseola fusca. The expression of specific Cry proteins significantly reduces pest pressure, leading to improved crop yields and a notable decrease in pesticide reliance (Kotey et al., 2017). Just recently, Nigeria approved four TELA maize varieties in January 2024. These are stacked for insect resistance and drought tolerance, with reported yield potentials reaching up to 10 t/ha under optimal management, significantly higher than the national average of approximately 6 t/ha for comparable hybrids (Oyekunle et al., 2023). However, not all experiences have been positive. Burkina Faso, once an early adopter of Bt cotton, phased out its use in 2016 due to concerns over lint quality (Luna and Dowd-Uribe, 2020). This case serves as a cautionary example, highlighting the importance of pairing biotech traits with high-performing cultivars and robust seed systems. In North America, genetically modified Bt maize (Zea mays) and Bt cotton (Gossypium hirsutum) predominate, owing to their enhanced resistance to lepidopteran pests and the resultant reduction in synthetic insecticide applications (Yang et al., 2022). In Asia, nations such as India and China have widely adopted Bt cotton, while the Philippines has recently sanctioned the commercialization of Bt brinjal (Herring, 2023). While Bt crop biotechnology is predominantly utilized in corn and cotton, it has also expanded into other economically significant crops.

The global adoption of Bt crops has similarly influenced agricultural sectors beyond maize and cotton. In India, Bt brinjal (Solanum melongena) has shown efficacy in controlling the fruit and shoot borer, although concerns remain regarding genetic diversity and potential biopiracy implications. China's Bt rice (Oryza sativa) demonstrates strong potential for yield enhancement and pesticide reduction, but its commercialization has faced regulatory delays linked to economic and policy concerns, with an opportunity cost of $12 billion per year (Jin et al., 2019). Since 1995, Bt potatoes (Solanum tuberosum) have been used in the United States to manage Colorado potato beetle (Leptinotarsa decemlineata) infestations, reducing dependence on certain chemical insecticides. Their integration into integrated pest management (IPM) strategies has improved environmental sustainability and agricultural productivity, benefiting growers, consumers, and the U.S. economy (Anon, 2000). Further research in the Philippines highlights that adoption patterns of Bt tomato (Solanum lycopersicum) and Bt eggplant, particularly in small-scale farming systems, have demonstrated reductions in insecticide use while increasing marketable fruit yields (Ruane et al., 2023). Brazil's Bt soybean (Glycine max), widely cultivated for over a decade, has played a critical role in insect pest suppression, with adoption rates exceeding 80% by 2020/2021 and reaching 94% in the 2023/2024 crop season (Bueno et al., 2025). Meanwhile, Ghana has transitioned from confined trials to full regulatory approval, culminating in the commercial release of a pod-borer-resistant (PBR/Bt) cowpea (event 709A) between 2022 and 2024 (Addae et al., 2020). This variety targets yield losses caused by Maruca and other pod borers. The Philippines became the first Asian country to approve Golden Rice for commercial propagation in July 2021. This biofortified rice aims to combat vitamin A deficiency, particularly among children, though its approval has faced legal and civil society challenges. These case studies underscore the varied benefits, challenges, and regulatory frameworks shaping Bt crop technologies across different regions, emphasizing their significance in sustainable agriculture and integrated pest management (IPM). Their adoption strengthens local food security while demonstrating the seamless integration of Bt innovations within IPM-driven agricultural systems. A summary of Bt crops adoption among countries is shown in Table 8.

TABLE 8 Adoption of Bt technology across randomly selected countries.


	Country
	Crop
	Adoption date
	Reported outcome
	Note/ Challenges
	Adoption status
	References





	USA
	Bt maize (Zea mays)
	Mid-1990s
	Strong suppression of European corn borer; yield stability; reduced insecticide use
	Resistance risk if refuge compliance is low
	Widely commercialized
	Tiwari and Youngman, 2011

 
	
	Bt cotton
	1996
	Reduced insecticide applications; yield gains
	Adopted across most cotton belt
	Widely commercialized
	Luttrell and Jackson, 2012

 
	
	Bt potato
	1995
	Reduced insecticide use; integrated in IPM
	Limited acreage compared to maize/cotton
	Commercialized, niche use
	Betz et al., 2000

 
	China
	Bt cotton
	Early 2000s
	Pest population decline; yield gains; reduced sprays
	Strong adoption; improved safety
	Widely commercialized
	Huang et al., 2010

 
	
	Bt rice (pipeline)
	Early 2000s
	Pest population decline; yield gains; reduced sprays
	Strong adoption; improved safety
	Widely commercialized
	Li et al., 2016

 
	India
	Bt cotton
	2002
	>90% adoption; doubled yields; lower insecticide use
	Pest resistance emerging
	Widely commercialized
	Qaim et al., 2006

 
	
	Bt brinjal
	2010s
	Effective pest control; higher yields
	Blocked in India; biopiracy concerns
	Blocked domestically, approved abroad
	Herring, 2015

 
	Philippines
	Bt brinjal
	2020s
	Lower sprays; higher marketable fruit yields
	Grown mainly by smallholders
	Commercialized
	Gujar et al., 2021

 
	
	Golden Rice
	2021
	Tackles vitamin A deficiency
	Faced legal/civil challenges
	Commercialized
	De Steur et al., 2022

 
	
	Bt eggplant
	Research stage
	Yield increase; pesticide reduction
	Trials underway
	Pipeline
	Navasero et al., 2016

 
	South Africa
	Bt maize
	2000s
	Higher yields; reduced pesticide use
	Widely validated in field studies
	Commercialized
	Kruger et al., 2012

 
	Nigeria
	TELA maize
	2024
	Yields up to 10 t/ha vs. ~6 t/ha avg
	Newly approved
	Early commercialization stage
	Oyekunle et al., 2023

 
	Burkina Faso
	Bt cotton
	2008 adoption → phased out 2016 → resumed 2023
	Early yield gains; lint quality issues
	Relaunched with improved hybrids
	Re-adopted
	Luna and Dowd-Uribe, 2020

 
	Brazil
	Bt soybean
	2010s
	Adoption >80% (2020/21); 94% (2023/24)
	Very high adoption rate
	Widely commercialized
	Bueno et al., 2025

 
	Ghana
	PBR/Bt cowpea (event 709A)
	2022–2024
	Protects against Maruca losses; yield stability
	From trials → commercial release
	Newly commercialized
	Addae et al., 2020








6 Choice for cost-effective biopesticides

The biopesticide categories evaluated in the case studies, including botanical extracts, pesticidal plants (comprising functional repellent, banker, and trap plants, collectively referred to as RBT plants), and entomopathogenic nematodes (EPNs), demonstrate significant potential for integration into low-input agricultural systems. These biological control agents are well-recognized by both professional practitioners and local farmers and are particularly suited to traditional and smallholder farming contexts due to their compatibility with existing agronomic practices, low infrastructural requirements, and reliance on locally sourced biological materials. Their uptake is frequently influenced by economic factors, offering cost-effective alternatives to synthetic agrochemicals within Integrated Pest Management (IPM) frameworks. Botanical extracts enriched with phytochemicals (e.g., alkaloids, terpenoids, and flavonoids) sourced from indigenous flora are increasingly employed for their antimicrobial and insecticidal properties. These bioactive substances are typically obtained through processes such as maceration, decoction, or fermentation, using tools and methodologies accessible to resource-limited growers (Wanderley et al., 2024). The deployment of RBT plants enhances in situ conservation and proliferation of natural enemies, thereby strengthening the effectiveness of biological control strategies within cropping systems. While RBT plants and botanical extracts are generally accessible and easy to adopt, the application of EPNs necessitates a propagation phase facilitated through Natural Enemies Field Reservoirs (NEFRs). NEFRs are low-cost, on-farm structures engineered to conserve and augment populations of beneficial arthropods (Othim et al., 2024). Constructed using readily available materials such as bamboo and thatch, these reservoirs contain pest-laden substrates that support organisms like Trichogramma spp. and coccinellids. Nectar-producing flora, such as marigold, are cultivated in proximity to supply supplementary nourishment to adult beneficials. Routine management practices, including substrate replacement and humidity regulation, are essential for maintaining their efficacy (Farooq and Zada, 2022). These reservoirs are self-regenerating, environmentally benign, and ideally suited to smallholder agroecological systems, offering an ecologically sound alternative to chemical pest control. EPNs, particularly species within the genera Steinernema and Heterorhabditis, are effective against soil-dwelling insect pests and can be administered using low-tech aqueous suspension methods (Pérez-Campos et al., 2019). Collectively, these biologically based approaches advance the objectives of sustainable agriculture by reducing dependency on synthetic inputs, increasing on-farm biodiversity, and enhancing agroecosystem resilience, particularly in settings constrained by economic and technological limitations.

Alternatively, locally producing nematode biopesticides involves cultivating entomopathogenic nematodes (EPNs) like Steinernema and Heterorhabditis, which parasitize pest insects with the aid of symbiotic bacteria Xenorhabdus and Photorhabdus. These nematodes are mass-produced using insect hosts such as Galleria mellonella (wax moth larvae) under controlled conditions, where infective juveniles penetrate the host, release bacterial symbionts, and induce septicemia, leading to insect death (Hussein et al., 2022). The nematodes multiply within the cadaver, emerging as new infective juveniles (IJs) ready for extraction using techniques like White traps. The white trap technique is a nematode harvesting method that exploits the natural behavior of IJs as they emerge from insect cadavers and migrate toward moisture (Bakr et al., 2021).

In this setup, infected insect cadavers are placed on an elevated platform within a petri dish or shallow container, with a small amount of water added to the base. As nematodes complete their reproductive cycle within the host, the newly formed IJs exit the cadaver and instinctively move downward into the water, where they accumulate and can be collected for use. This technique is widely used for efficiently separating nematodes from host debris while maintaining their viability for biopesticide applications in agricultural pest control. According to Abongile (2021), nematode formulation involves suspending the harvested nematodes in carriers such as clay granules, alginate beads, water or gel formulations to enhance viability and application efficiency. Stored under cool, dark conditions, they remain viable until deployed in agricultural fields, where they actively seek out and infect target pests via chemical cues (kairomones), ensuring sustained pest control.

At an intermediate production scale, farmers may establish collaborative linkages with regional research institutions or universities to access ecologically adapted microbial strains tailored for biological pest management. These institutional partnerships facilitate the acquisition of pure cultures of beneficial microorganisms for subsequent downstream applications. Following procurement, farmers can initiate community-based microbial propagation, a decentralized model of biopesticide production operating at the village or local level. This model typically engages farmer cooperatives, rural enterprises, or agricultural self-help groups and relies on local bioresources and indigenous technical knowledge. It promotes the development of pest control agents that are environmentally sustainable, economically viable, and socially inclusive. From a technical perspective, these grassroots production systems employ cost-effective fermentation technologies for the large-scale multiplication of microbial agents. Fermentation outputs are standardized using colony-forming units (CFU/ml or CFU/g) to ensure consistency, efficacy, and quality assurance. Solid-state fermentation is generally preferred for microbial biopesticides, whereas submerged fermentation is more suitable for botanical-based formulations (Mattedi et al., 2023). For large-scale local formulation, the process commences with the selection of high-yielding microbial strains from academic or research institutions, such as Bacillus thuringiensis (Bt), Bacillus subtilis, Pseudomonas fluorescens, Beauveria bassiana, Metarhizium anisopliae, and Trichoderma spp., selected for their genetic stability and industrial scalability. The nutrient medium formulation integrates carbon sources (e.g., glucose or starch), nitrogen substrates (e.g., peptone or ammonium salts), essential trace elements, and growth-enhancing factors, maintaining an optimal pH range of 6.0–7.5 to support microbial homeostasis (Liang et al., 2023). Bioreactors equipped with mechanical stirring and aeration systems ensure efficient oxygen transfer, supporting aerobic metabolic activity. Growth conditions are monitored through continuous assessment of dissolved oxygen concentrations and regulation of temperature (typically 25–37 °C) and pH via buffering agents (Wei et al., 2019). Scale-up operations progress from seed cultures in laboratory-scale flasks to pilot and industrial-scale bioreactors, maximizing microbial biomass yield. Biomass recovery is achieved through downstream processing techniques such as filtration or centrifugation. Ultimately, the optimization of bioprocess parameters, including nutrient composition, aeration dynamics, and fermentation conditions, is fundamental to the economic sustainability of microbial biopesticide production.

The development of botanical pesticides in a local setting involves sourcing plant-based compounds with pesticidal properties, processing them into usable formulations, and applying them effectively for agricultural pest control. Locally available plants with bioactive pesticidal properties serve as the foundation for botanical pesticides. Commonly used plants include Azadirachta indica (neem), Capsicum spp. (chili peppers), Lantana camara (lantana), Tagetes spp. (marigold), and Euphorbia tirucalli (African milk bush) (Tavares et al., 2021). These plants contain phytochemicals such as alkaloids, flavonoids, terpenoids, and phenolics, which exhibit insecticidal, antifungal, and antimicrobial activities. Collection typically involves harvesting leaves, seeds, bark, or roots, ensuring that resources are gathered sustainably without harming local biodiversity. Once sourced, plant materials undergo processing to extract their active pesticidal compounds through various techniques. Drying and grinding involve air-drying plant parts in the shade to preserve bioactive compounds before pulverizing them into a fine powder for extraction (Ray, 2023). Aqueous extraction is carried out by soaking or boiling plant material in water, allowing the release of bioactive components suitable for liquid formulations (Htay et al., 2023). In solvent extraction, ethanol or methanol dissolves and isolates active ingredients, enhancing chemical stability and overall efficacy (Hikmawanti et al., 2021).

Some botanical pesticides, such as neem and chili extracts, undergo fermentation, where microbial action improves potency and extends shelf life (Teshome et al., 2022). After extraction, the raw liquid is meticulously filtered to remove plant debris, then diluted to an optimal concentration for application, ensuring efficacy while preventing phytotoxicity. This systematic approach maximizes the pesticidal potential of botanical compounds in sustainable pest management. Botanical pesticides can be formulated in different ways based on their intended application. Liquid formulations are prepared as emulsions or suspensions using water or oils, making them ideal for foliar spray applications. Powder and granule formulations involve drying and grinding plant materials before mixing them with inert carriers, allowing for efficient seed treatment and soil application. Local production of natural enemies, classified within macrobial biopesticides, involves cultivating beneficial organisms that provide biological pest control through established ecological interactions. The process encompasses augmentative rearing of predators, parasitoid insect cultivation, and predatory mite propagation, each requiring specific environmental and physiological conditions to optimize efficacy. Predatory insects such as Coccinellidae (lady beetles) and Chrysopidae (lacewings) are mass-reared in controlled insectary conditions, ensuring adequate prey availability and environmental stability (Pathrose et al., 2023). Aphids or other soft-bodied Hemiptera serve as prey for lady beetles, while lacewing larvae exhibit voracious predation on moth eggs (Sitotroga cerealella), fostering rapid population growth. Optimal rearing parameters include a temperature range of 22–28 °C, relative humidity of 60%−80%, and regulated photoperiods to simulate natural diurnal cycles, ensuring enhanced predator fitness and survival rates (Al-Azzazy and Alhewairini, 2020). Parasitoid wasps such as Trichogramma spp. are cultivated using oviposition hosts, primarily moth eggs. Host eggs are exposed to adult parasitoids in controlled rearing chambers with regulated aeration and light conditions. Upon parasitization, developing larvae consume internal egg contents before emerging as new parasitoid generations, ensuring sustainable augmentation (Cherif et al., 2021). Key environmental parameters include controlled temperatures (25–30 °C), relative humidity exceeding 70%, and sequential host exposure to maintain production cycles (Sampaio et al., 2025). Predatory mites, particularly Phytoseiulus persimilis, serve as biological control agents against Tetranychus spp. (spider mites). They are propagated under pest-rich conditions, where abundant target populations ensure stable reproduction. Eggs and juvenile stages are systematically collected and introduced into infested plant ecosystems, facilitating rapid establishment and sustained suppression of pest populations. Vangansbeke (2015) demonstrated that precise environmental regulation, including temperature stabilization between 20 and 28 °C and maintaining ambient humidity above 60%, is crucial for optimal propagation and efficacy post-release. Table 9 summarizes the cultivation conditions for locally accessible pesticidal natural resources.

TABLE 9 Approach in accessing cost-effective biopesticides suitable for smallholder farmers.


	Microorganism
	Cultivation medium
	Growth media composition
	Optimal condition
	Pest controlled
	References





	Microbial biopesticides

 
	Bacillus thuringiensis (Bt)
	Nutrient agar, LB agar
	Casein hydrolysate, glucose, mineral salts
	pH 7.0 Temp 30 °C, aeration required
	Lepidopteran larvae, mosquito larvae
	Saberi et al., 2020

 
	Bacillus subtilis
	Tryptic soy agar
	Peptone, yeast extract, glucose
	pH 6.0–7.5, Temp 32 °C, aeration required
	Fungal pathogens (e.g., Fusarium and Rhizoctonia)
	Mokhtarnejad et al., 2025

 
	Pseudomonas fluorescens
	King's B medium
	Glycerol, peptone, magnesium sulfate
	pH 6.93 Temp 25–30 °C, aeration high oxygen requirement
	Plant pathogens, soil-borne diseases
	Rodríguez-Romero et al., 2024

 
	Beauveria bassiana
	Sabouraud dextrose agar
	Glucose, peptone, yeast extract
	pH 7.0, Temp 28 °C, humidity 70%−90%
	Insects (e.g., aphids and whiteflies)
	da Silva et al., 2025

 
	Metarhizium anisopliae
	Sabouraud dextrose agar
	Glucose, peptone, yeast extract
	pH 5.5–7.0, Temp 26 °C, humidity 75%−90%
	Termites, locusts, soil-dwelling insects
	Geremew et al., 2024

 
	Trichoderma spp.
	PD agar-mancozeb
	Carbohydrates, nitrogen sources, mineral salts
	pH 7.5, Temp 25 °C, humidity 80%−95%
	Plant pathogenic fungi (e.g., Pythium and Phytophthora)
	Simamora et al., 2025

 
	Organism
	Cultivation medium
	Optimal conditions
	Method of extraction
	Pest controlled
	References

 
	Entomopathogenic nematodes

 
	Steinernema spp
	Wax moth larvae (Galleria mellonella)
	Temperature: 23 °C, humidity: 60–80%, aeration required
	White trap technique
	Root weevils, cutworms, fungus gnats
	Claasen et al., 2025

 
	Heterorhabditis spp.
	Mealworms, wax moth larvae
	Temperature: 25 °C, humidity: 70%−90%, oxygen availability essential
	White trap technique, sedimentation method
	White grubs, caterpillars, beetle larvae
	Kumar et al., 2025

 
	Mermithidae spp
	Soil-based culture with arthropods
	Temperature: 25 °C, moist soil conditions
	Manual isolation from host cadavers
	Mosquito larvae, grasshoppers
	Durocher-Granger et al., 2021

 
	Group
	Mass rearing (EI)
	Optimal condition
	Packaging
	Pest controlled
	References

 
	Entomophagous insects (EI)

 
	Parasitoids
	
	Temperature:22–30 °C humidity: > 70%
	Release cards or vials
	Aphids, diamondback moth, mealybugs,
	Sampaio et al., 2025

 
	Predators
	
	Temperature:20–28 °C humidity: > 60%
	Ventilated containers
	Spider mites, leafhoppers, aphids
	Vangansbeke, 2015

 
	Name
	Extraction method
	Method description
	Optimal condition
	Pest controlled
	References

 
	Botanical extract

 
	Neem (Azadirachta indica)
	Cold pressing, solvent extraction
	Neem seeds are crushed and oil is extracted using cold pressing or organic solvents.
	pH 5.5–7.5, Temp 25–30 °C
	Aphids, whiteflies, caterpillars
	Agu et al., 2025

 
	Pyrethrum (Chrysanthemum cinerariifolium)
	Solvent extraction, cold pressing
	Flower heads are dried and ground, then extracted using organic solvents or cold pressing methods.
	pH 5.5–7.0, Temp 15–25 °C
	Mosquitoes, fleas, caterpillars
	Kim et al., 2025

 
	Lantana (Lantana camara)
	Aqueous extraction, fermentation
	Leaves and flowers are soaked in water or fermented to release pesticidal terpenoids and alkaloids
	pH 5.5–6.5, Temp 20–30 °C
	Aphids, stored grain pests
	Kaushik and Arora, 2024





With enhanced economic capacity and advancing biotechnological infrastructure, farmers are increasingly positioned to capitalize on commercial microbial biopesticides, biochemical biopesticides, including semiochemicals such as pheromones, and plant-incorporated protectants (PIPs) as critical components of sustainable crop protection frameworks. These biologically based inputs offer selective modes of action, reduced ecotoxicological risks, and favorable environmental persistence profiles, aligning with the principles of Integrated Pest Management (IPM) and agroecological intensification. However, in contrast to traditional pest control practices and low-tech botanical formulations, branded biochemical biopesticides and genetically engineered PIPs remain relatively underutilized, particularly in economically disadvantaged regions. Limited market penetration, lack of farmer awareness, and higher acquisition costs collectively constrain widespread adoption. Moreover, regulatory bottlenecks further compound these barriers by delaying product registration and increasing compliance overheads for developers and distributors. Nevertheless, the economic and administrative burden associated with commercial biopesticide registration can be alleviated through proportionate and science-based regulatory frameworks. Given the intrinsically lower hazard profiles, species specificity, and limited off-target effects of microbial and biochemical biopesticides, many national regulatory agencies now adopt streamlined authorization procedures under tiered or risk-based regulatory models. These frameworks, which often include simplified dossier requirements and reduced data submission for well-characterized actives, accelerate approval timelines and reduce the cost of market entry. Such regulatory flexibility not only incentivizes innovation and commercialization within the biopesticide sector but also supports the accessibility of safer and more sustainable crop protection solutions, particularly among resource-constrained farming communities. Ensuring regulatory harmonization and enhanced awareness through targeted extension services and public-private partnerships will be pivotal to scaling the adoption of these next-generation biocontrol technologies.

Establishing biopesticide manufacturing facilities in close proximity to farming localities can significantly alleviate market entry barriers by reducing distribution costs, enhancing supply chain efficiency, and ensuring the timely availability of formulations, particularly those containing sensitive microbial agents with limited shelf life. Localized production supports the development of regionally adapted biopesticide strains tailored to prevailing agroecological conditions while enabling adaptive formulations and rapid feedback integration. Moreover, the presence of nearby manufacturing hubs fosters stronger farmer engagement, on-site technical support, and practical training initiatives, thereby promoting confidence and correct usage among end-users. These facilities can serve as innovation nodes for participatory research and public–private collaborations, driving context-appropriate product development and accelerating technology transfer. In addition, decentralized production stimulates rural economic growth by creating employment opportunities, strengthening local input markets, and advancing inclusive agro-industrial development.



7 Biopesticides in integrated pest management (IPM)

The case studies presented collectively illustrate that nature-based solutions can effectively suppress pest and disease pressures, are adaptable to diverse agroecological contexts and farm-scale budgets, transcend geopolitical boundaries, and offer viable alternatives to synthetic agrochemicals. These approaches reinforce and operationalize the principles of IPM, promoting sustainable crop protection through ecological intensification. Integrated Pest Management (IPM) is a holistic, ecosystem-based approach to pest control that emphasizes the use of preventive and non-chemical methods, such as cultural practices, mechanical and physical exclusion techniques, and biological control agents, prior to the application of chemical pesticides, which are used only as a last resort. As expected, IPM strategies are guided by continuous monitoring and informed decision-making based on pest population dynamics, economic injury levels (EIL), and economic threshold levels (ETL), with the objective of maintaining pest populations below levels that cause economic harm while minimizing risks to human health, non-target organisms, and the environment (Wolff, 2023). Monitoring and decision-making constitute the second and third of the eight IPM principles outlined in the study by Fenibo et al. (2022). Monitoring, including pest identification, entails systematic entomological surveillance and diagnostic evaluations aimed at detecting, quantifying, and classifying pest populations based on their ecological significance and economic impact. The first principle pertains to the prevention and suppression of pest outbreaks through cultural practices such as the use of resistant cultivars, disease-free seeds or seedlings, field sanitation, and crop rotation. The fourth principle advocates for the application of non-chemical control methods, encompassing mechanical, physical, and biological interventions. The fifth principle, pesticide selection, emphasizes the use of targeted pesticides with minimal adverse effects on non-target organisms and the environment. The sixth principle addresses pesticide reduction, promoting the judicious use of effective synthetic chemicals at the lowest effective dose. The seventh principle focuses on anti-resistance strategies to mitigate the development of pest resistance to control measures, while the eighth and final principle underscores the importance of evaluation, involving continuous assessment of the effectiveness and sustainability of implemented IPM strategies.

The prevention and suppression phase within Integrated Pest Management (IPM) encompasses multiple sub-phases, beginning with the pre-planting stage, which is centered on prophylactic cultural interventions aimed at minimizing initial pest inoculum and optimizing agroecosystem conditions. A key strategy under this phase involves the strategic spatial integration of pesticidal flora, notably through the use of repellent intercrops and perimeter-planted trap crops, which collectively define the push–pull approach (Zhang et al., 2020). For instance, the Desmodium–Pennisetum purpureum (Napier grass) system has demonstrated efficacy in protecting maize (Zea mays) from lepidopteran stemborers by repelling adult moths from the crop while attracting oviposition to trap grasses. Another cultural tactic involves the use of companion planting, wherein botanically complementary species such as Tagetes spp. (marigold) and Ocimum basilicum (basil) are co-cultivated with crops like radish (Raphanus sativus) or cotton (Gossypium spp.) to deter insect pests and enhance crop performance. Another example of companion planting is the “Three Sisters system,” involving a maize–bean–squash association, in which maize provides structural support for climbing beans, beans fix atmospheric nitrogen through symbiosis with Rhizobium spp., and squash suppresses weed growth through its broad, ground-covering foliage (Cryan et al., 2025). A third preventive measure is the establishment of within-field wildflower strips, which serve as ecological infrastructure by attracting pollinators, augmenting natural enemy populations, and promoting functional biodiversity, thereby reinforcing pest regulation and ecological resilience (Hatt and Döring, 2025). This approach can be reinforced with methyl salicylate (semiochemicals), which function as kairomones or synomones to attract natural enemies like coccinellids (ladybirds) and parasitoid wasps (Xu et al., 2024). This form of indirect control enhances biological regulation of pest populations, particularly aphids and mites, through natural predation and parasitism. The planting phase encompasses agronomic and phytosanitary practices designed to ensure vigorous crop establishment while reducing the likelihood of early pest colonization. This phase often incorporates biopesticidal interventions, including seed treatments, root dips for seedlings, and soil drenching, utilizing a range of biological control agents such as entomopathogenic fungi (e.g., Beauveria bassiana and Metarhizium anisopliae) and beneficial bacteria (e.g., Bacillus thuringiensis and Pseudomonas fluorescens). The deployment of pest-resistant cultivars, including both conventionally bred varieties and transgenic lines, also contributes to a crop's innate defense capacity. During the growth and maintenance phase, the practices of microbigation, the targeted delivery of beneficial microbial inoculants, can further enhance plant resilience and suppress pest activity.

When these cultural strategies are integrated within a standard IPM framework (Figure 4), they constitute a proactive, ecologically sound line of defense, thereby reducing dependency on synthetic chemical controls and promoting sustainable pest regulation. In the monitoring phase of IPM, both biological control agents (BCAs) and semiochemicals are integral to the surveillance of pest populations, aiding in the detection, quantification, and evaluation of infestation levels relative to economic threshold levels (ETLs). Semiochemicals, encompassing pheromones, kairomones, and allomones, function as chemical mediators of interspecies interactions and are widely employed in pest detection strategies. Pheromone-baited traps, particularly those using sex pheromones, are effective in attracting and capturing specific pest taxa (e.g., Helicoverpa armigera and Spodoptera spp.), thereby enabling precise monitoring of population density, phenology, spatial distribution, and migration patterns (Alam et al., 2023). These traps contribute to threshold-based decision-making, where trap counts inform whether pest populations have reached levels that warrant intervention. Additionally, they serve as early warning systems, allowing for the pre-symptomatic detection of pests and timely deployment of control measures. Biological control agents, while traditionally employed for curative or suppressive action, also play a vital role in ecological monitoring. For instance, parasitism and predation rates, such as the proportion of pest larvae parasitized by Trichogramma spp. or Cotesia spp., act as bioindicators of pest activity and natural control efficacy (Cherif et al., 2021). The presence and abundance of these beneficial organisms, observed through sweep netting, visual scouting, or sticky traps, provide insight into the level of natural pest regulation already in effect, potentially obviating the need for chemical treatment. Sentinel systems, such as artificial pest egg cards deployed to track parasitoid activity, and mycosed cadaver assessments (e.g., pest bodies colonized by Beauveria bassiana), further contribute to understanding BCA dynamics in situ (Murchie et al., 2023). When semiochemical-based monitoring is integrated with data on BCA activity, it facilitates more accurate forecasting, enhances understanding of trophic interactions, and supports decisions that minimize unnecessary pesticide use. For example, Sisay et al. (2024) demonstrated that in a maize cropping system, pheromone traps baited with Chilo partellus sex pheromones can be used to monitor moth flight activity, while simultaneous assessments of parasitism by Cotesia flavipes provide a measure of natural enemy efficacy, together forming a robust, biologically informed surveillance framework within an IPM programme. Table 10 provides a summary of the roles played by biological control agents (BCAs) and semiochemicals in the monitoring of plant pests.
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FIGURE 4
 The eight principles of the integrated pest management (IPM). EIA, environmental impact assessment; IPM, integrated pest management; EIL, economic injury levels; ETL, economic threshold levels. *Biopesticide implicated.


TABLE 10 Role of biopesticides in monitoring phase of the integrated pest management.


	Tool
	Monitoring role
	Mechanism
	Example application
	References





	Sex pheromones
	Detection of pest presence and flight activity
	Species-specific lures attract male insects into traps
	Monitoring Spodoptera frugiperda in maize using pheromone traps
	Phuong et al., 2024

 
	Kairomones
	Surveillance of pest–host interactions
	Lures exploit pest attraction to host volatiles
	Monitoring fruit flies using food-based attractants
	Scolari et al., 2021

 
	Sticky traps with lures
	Quantification of pest populations
	Traps combined with semiochemicals capture flying insects
	Yellow sticky traps with pheromones for whiteflies or aphids
	Sampson et al., 2021

 
	Parasitism rate monitoring
	Indirect measure of pest presence and natural enemy activity
	Sampling pest life stages to check parasitism levels
	Dissecting Chilo partellus larvae to assess Cotesia flavipes parasitism
	Akhtar et al., 2021

 
	Sentinel cards (BCA-based)
	Assessment of parasitoid activity in the field
	Deploying pest eggs to track parasitoid colonization
	Trichogramma egg cards in tomato fields
	Abbas et al., 2020

 
	Mycosed cadaver surveys
	Indicator of entomopathogenic fungal activity
	Field scouting for pest cadavers infected by fungi like Beauveria bassiana
	Monitoring thrips or aphid cadavers in onion fields
	Sampson et al., 2021

 
	Visual or sweep sampling
	Evaluation of natural enemy and pest population dynamics
	Quantitative sampling of both pests and BCAs
	Counting predators (e.g., ladybirds) in cabbage for aphid monitoring
	Hodek et al., 2012

 
	Population modeling inputs
	Supporting decision tools and ETL calculations
	Data from traps and natural enemy activity inform models
	Integrating trap counts and parasitism for action thresholds in IPM plans
	Barclay and Vreysen, 2011





In IPM, biopesticides play multifaceted roles across physical, mechanical, and biological control strategies, contributing to effective and sustainable pest suppression with minimal environmental impact, as demanded by principle four. From a mechanical control perspective, certain biopesticides create direct mechanical effects on pests. For example, diatomaceous earth functions as an abrasive desiccant. When applied to crop surfaces, it disrupts the insect's protective cuticle, causing rapid dehydration and mortality. Similarly, kaolin clay is employed as a fine particle film that forms a mechanical barrier on plant surfaces. This coating inhibits pest colonization by interfering with insect settling, feeding, and oviposition behavior, thereby reducing infestation levels through purely mechanical means. Regarding physical control, biopesticides complement direct pest removal or exclusion techniques. For instance, sticky traps baited with semiochemical lures attract target pest species and physically capture them, lowering pest populations without the need for chemical inputs. Additionally, barrier crops or mulches, although primarily physical in their pest suppression, can also harbor beneficial microbial communities that alter pest microhabitats, reducing pest establishment and reproduction (Smith et al., 2023). The core function of biopesticides within IPM lies in their biological control capabilities.

This includes the use of microbial agents such as entomopathogenic bacteria, fungi, and viruses that specifically target pest organisms. Notably, Bacillus thuringiensis produces insecticidal crystalline proteins that, upon ingestion, disrupt the midgut epithelium of susceptible larvae, leading to mortality. Entomopathogenic fungi, including Beauveria bassiana and Metarhizium anisopliae, infect insects by penetrating their cuticle, proliferating internally, and causing death through systemic infection. Similarly, insect-specific viruses, such as nucleopolyhedroviruses, induce lethal infections that suppress pest populations without affecting non-target fauna. Augmentation of natural enemies like parasitoids and predators further complements these microbial biopesticides, enhancing overall biological regulation within the agroecosystem. The integration of these biopesticidal methods, mechanical abrasion and barriers, physical trapping, and biological pathogenicity forms a robust pest management toolkit within IPM.

The fifth principle of Integrated Pest Management (IPM) stipulates that the application of pesticides should be a corrective measure, employed only when preventive, cultural, or biological strategies fail to suppress pest populations below the economic injury threshold. Within this framework, pesticides remain indispensable for managing severe pest and disease outbreaks, with their selection governed by criteria such as target specificity, environmental and human safety, resistance management, economic thresholds, and compatibility with other IPM tactics (Yarahmadi and Rajabpour, 2024). This approach prioritizes the use of selective and reduced-risk pesticides that minimize harm to natural enemies and ecosystems. For example, diamides such as chlorantraniliprole and cyantraniliprole are increasingly used in maize and rice systems to control lepidopteran pests, while neonicotinoids like imidacloprid and thiamethoxam are applied in seed treatments to manage early-season sap-sucking insects. Similarly, triazole fungicides (e.g., tebuconazole and propiconazole) and strobilurins (e.g., azoxystrobin and pyraclostrobin) are integrated into disease management programmes, often in combination with crop rotation and resistant varieties, to avoid excessive reliance on synthetic pesticides. This aligns with the sixth component of IPM, which promotes the integration of botanical pesticides, such as neem (Azadirachta indica) extracts, pyrethrins from chrysanthemum, and essential oil formulations alongside synthetics. These botanicals, while not directly lethal, disrupt insect behavior and are particularly valuable in low-residue and organic production systems (Chaudhary et al., 2024). Insect Growth Regulators (IGRs), including pyriproxyfen and methoprene, mimic juvenile hormones and interfere with metamorphosis and reproduction, effectively reducing populations of whiteflies, scales, and mosquitoes without harming adult insects, thereby conserving beneficial organisms (Ahmed et al., 2020). At the upper end of the severity scale is Spinosad, a macrocyclic lactone derived from the bacterium Saccharopolyspora spinosa, which exerts neurotoxic effects by persistently activating insect nicotinic acetylcholine receptors, leading to rapid excitation, paralysis, and death (Taillebois and Thany, 2022). In cotton IPM systems, neem-based biopesticides and the conservation of natural enemies are complemented by the rotational use of pyrethroids (e.g., deltamethrin and lambda-cyhalothrin) and organophosphates (e.g., dimethoate) to delay resistance development, in accordance with the seventh IPM component. To maximize efficacy and sustainability, synthetic pesticides are rotated with biopesticides such as Spinosad, ensuring a balanced and adaptive pest management strategy.

Critical examination reveals that biopesticides constitute approximately 83.3% of the hierarchical structure, demonstrating their pivotal role in sustainable pest management. The pyramidal structure of the Integrated Pest Management (IPM) framework demonstrates that six out of its eight foundational principles involve the direct application of pest mitigation strategies. Of these, five components, excluding synthetic chemical pesticide use, are compatible with biopesticide integration, representing 83.3% of the actionable interventions. Importantly, three of these five biopesticide-relevant components, excluding advanced microbial formulations and pheromone-based technologies, are accessible to local farmers through existing agronomic practices and indigenous knowledge systems. This suggests that approximately 52.1% of biopesticide applications within the operational domain of IPM can be implemented to cost-effectively and adapted locally. The IPM, while ecologically sound and strategically holistic, faces several implementation challenges. Chief among these is the limited awareness and technical proficiency among smallholder farmers, often compounded by inadequate extension services and insufficient training on IPM principles. Economically, the upfront costs for IPM tools, such as pheromone traps or microbial biopesticides, can deter adoption, especially in regions lacking subsidy schemes or access to premium markets. Additionally, inconsistencies in national policies and underdeveloped regulatory frameworks for biocontrol products hinder innovation and widespread application. The multifaceted nature of IPM itself, requiring pest identification, threshold-based interventions, and integration of diverse control strategies, can overwhelm users, particularly where literacy or labor constraints exist. Weak supply chains for quality-assured inputs and entrenched habits favoring synthetic pesticides further complicate the transition. Moreover, environmental variability, such as shifts in temperature or humidity, can affect the reliability of biological agents, leading to unpredictable outcomes. Addressing these barriers demands coordinated policy reform, capacity building, robust input supply systems, and sustained knowledge exchange among stakeholders.



8 Recommendation and conclusion


8.1 Recommendation for future research

A reflection on the resourcefulness and permeability of biopesticides within the framework of Integrated Pest Management (IPM) underscores their pivotal role in sustainable pest suppression. As explained in previous sections, specific biochemical pesticides, including semiochemicals (e.g., sex pheromones, kairomones, and allomones) and plant-incorporated protectants (PIPs), pass through sophisticated technological process that remain largely beyond the reach of traditional technologies. Agriculture was central to the identity of early human civilizations, and traditional agro-technologies, such as the use of biopesticides, formed a core part of that culture. However, with current realities, societies that once celebrated biodiversity, farming, and food sufficiency are now re-evaluating the role and meaning of biopesticides. Ironically, biopesticides are now often perceived as novel or even foreign, prompting renewed efforts to raise awareness and promote their adoption. At the same time, agricultural technology (agrotech) is rapidly evolving, emphasizing both economic gain and ecological sustainability. This contrast suggests a historical disconnect, the nature of which remains open to investigation. It would be particularly interesting to determine whether this gap predates the Green Revolution, a pivotal era of agricultural change in the mid-20th century. While the Green Revolution significantly boosted global food production and addressed hunger in regions like India, Mexico, and Southeast Asia, it also introduced long-term environmental challenges such as soil degradation, water pollution, and pest resistance due to excessive chemical input use. Although the Green Revolution benefited many economically disadvantaged countries by enhancing food security, it also marked the beginning of unsustainable farming practices. Interestingly, prior to this shift, many of these regions seemed to employ eco-friendly subsistence farming methods. India, for example, has long been recognized for its abundance of neem, a plant celebrated for its pest control properties and medicinal value. In fact, disputes over biopiracy surrounding neem formulations highlight its deep-rooted significance in traditional agriculture. Given this context, claims such as that from Praneetvatakul et al. (2024), stating that “biopesticides are relatively new in agriculture, and lack of awareness may hinder their adoption, especially in developing and underdeveloped countries,” appear both controversial and debatable. These narratives often overlook the historical use of natural pest control methods in these regions. Rather than unfamiliarity with biopesticides themselves, it may be the modern, high-tech versions of agro-inputs that remain relatively unknown or inaccessible in these areas.

The paradox of biopesticide affordability vs. market dynamics stems from the contrast between their natural accessibility and the commercial dominance of advanced synthetic formulations. Biopesticides, derived from biological sources, have inherently low production and procurement costs, as many can be directly harvested, minimally processed, and applied effectively. Some biopesticidal agents, such as wild pesticidal plants, play a crucial role in strategies like the push-pull pest management system, where their natural repellency and attractant properties are leveraged without significant processing. Additionally, biopesticides can be used in crude or semi-formulated states, often demonstrating efficacy comparable to fully developed synthetic alternatives. Their extensive presence in Integrated Pest Management (IPM) frameworks, constituting over 50% of control strategies, highlights their compatibility and sustainability within eco-friendly agricultural practices. These advantages position biopesticides as a more cost-effective option than synthetic pesticides. However, despite these benefits, biopesticides remain at a pricing disadvantage due to factors such as limited production scale, shorter shelf life, and weaker distribution networks (Constantine et al., 2020), which hinder their accessibility and cost-effectiveness compared to synthetic pesticides. Bridging this gap requires strategic investment in infrastructure, policy incentives, and farmer education to enhance biopesticide affordability and competitive market positioning. While this gap persists, it would be constructive to classify biopesticides into two categories: “trado-tech” products, which are more affordable than synthetic pesticides, and high-tech products, which tend to be more expensive than their synthetic counterparts.

Even high-tech biopesticide products have the potential to be significantly cheaper than synthetic pesticides due to their simpler production processes. Unlike synthetic pesticides, which require complex chemical synthesis and petroleum-based raw materials, biopesticides are typically derived from naturally occurring microorganisms, plant extracts, or beneficial insect-derived compounds. Their reliance on renewable natural resources reduces both manufacturing costs and environmental impact. Additionally, biopesticides tend to be less toxic, leading to lower regulatory costs, simpler approval processes, and reduced safety requirements for handling and application (Mawcha et al., 2025a). These advantages contribute to their theoretical affordability. However, despite their cost-saving potential, biopesticides are frequently more expensive in practice. Limited production scale is one of the major reasons; many biopesticide manufacturers operate on smaller scales compared to large agrochemical companies producing synthetic pesticides, leading to higher per-unit costs. Furthermore, market penetration remains low due to various factors, including farmer hesitancy to adopt newer pest management strategies and a lack of awareness or education about their benefits. A shorter shelf life is another drawback; because biopesticides rely on living or naturally derived components, they often degrade more quickly, making storage and transportation more challenging and costly. In developing countries, weak distribution networks further hinder accessibility and affordability, as logistical inefficiencies drive up prices.

On the other hand, synthetic pesticides have dominated the market for decades, benefiting from well-established manufacturing infrastructure and economies of scale. Mass production allows synthetic pesticides to be produced in bulk, lowering costs. Their longer shelf life makes storage and transportation easier, ensuring availability over extended periods. Established trust within the agricultural sector also plays a role; farmers and agribusinesses are more likely to choose synthetic pesticides due to their familiarity and predictable results. Additionally, synthetic pesticides often receive substantial government and industry support, whether through subsidies, research funding, or distribution partnerships, further strengthening their cost competitiveness (López de Mesa, 2020). This situation creates a market paradox where a product (biopesticides) that is theoretically cheaper to produce ends up being more expensive to purchase and use. To address this gap, several measures are needed. Expanding production infrastructure and scaling up manufacturing will help reduce costs by improving efficiency. Greater investment in distribution networks and supply chains can enhance accessibility, especially in regions where biopesticides remain underutilized. Farmer education and awareness campaigns can encourage adoption by demonstrating their effectiveness and long-term benefits, including improved soil health and reduced environmental contamination. Finally, supportive policies, such as subsidies for biopesticide production or incentives for farmers to transition to eco-friendly pest management, could create a more level playing field. Ultimately, bridging the cost gap between biopesticides and synthetic pesticides requires coordinated efforts across research, industry, policy, and education. With increased adoption and investment, biopesticides could become more cost-effective, making sustainable and environmentally friendly pest control solutions a viable option for farmers worldwide. Research efforts should be strategically aligned to address these knowledge gaps until the cost of biopesticide formulations becomes economically competitive with that of synthetic chemical pesticides.



8.2 Conclusion

Biopesticides occupy a critical yet underutilized niche in modern agriculture, especially within Integrated Pest Management frameworks. Although rooted in traditional agro-technological practices, their contemporary iterations are often misconstrued as novel, overshadowed by the industrial dominance of synthetic pesticides. The paradox of their theoretical affordability and practical inaccessibility reflects systemic challenges, including limited production scale, short shelf life, and weak distribution networks, that inhibit their widespread adoption, particularly in developing countries. Addressing these barriers will require a multipronged approach: expanding manufacturing capabilities, strengthening supply chains, implementing policy incentives, and promoting farmer education. While efforts are underway to address the limitations of biopesticides, low-tech technologies such as botanical extracts, pesticidal plants (RBT plants), and entomopathogenic nematodes (EPNs) can be relied upon by farmers to achieve significant success. This transformation is essential not only for enhancing agricultural productivity but also for ensuring long-term environmental resilience and food security. By bridging historical knowledge with modern agrotechnology and aligning efforts across research, industry, and policy, the full potential of biopesticides as sustainable, cost-effective pest control agents can be realized.
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