


A Review review on the utilization of entomopathogenic microorganisms for the biological suppression of Soilsoil-dwelling Insect insect Pestspests: Advancesadvances, Constraintsconstraints, and Future future Perspectivesperspectives

Abstract
Insect pests significantly impact agriculture, causing substantial crop losses globally. In India, yield losses due to pests, diseases, and weeds range from 10% to 35% annually, influenced by agro-climatic conditions and agronomic practices (Ministry of Agriculture and Farmers Welfare, Lok Sabha Question No: 2146, 2018). Soil-dwelling pests, in particular, inflict severe damage at various crop stages. For instance, in 2023, Corn Rootworm (Diabrotica virgifera virgifera) caused losses exceeding 518 million bushels in the U.S. (Crop Protection Network, 2024). Microbial control presents a sustainable and eco-friendly alternative to chemical pesticides. Entomopathogenic microbes-—bacteria, fungi, nematodes, and viruses—-effectively target soil pests while minimizing environmental harm. Notable successes, such as white grub suppression using Beauveria bassiana in India (Chaitra, 2023), highlight their potential. Existing strategies, including biopesticide sprays, seed treatments, soil drenching, and microbiome-based approaches, have shown promise, yet challenges like formulation stability, cost efficiency, and adaptability remain. This review examines current trends and future innovations in microbial pest control. Cutting-edge advancements such as biocircuit engineering, climate-resilient microbes, and AI-driven pest monitoring are transforming the field. Additionally, quorum sensing disruption, synthetic microbial consortia (SynComs), and nanotechnology-based delivery systems offer new avenues for enhancing microbial efficacy. Addressing these challenges is crucial for strengthening pest management, reducing chemical dependency, and ensuring sustainable agriculture.
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Introduction: 
A soil insect is defined as “Any insect that, during its developmental or feeding stages, resides on or beneath the soil surface” (Lilly, 1956). This category includes Arthropodsarthropods, Nematodesnematodes, and certain Molluscsmolluscs. Microbial-based biopesticides, particularly those derived from Bacillus thuringiensis (Bt) and Metarhizium fungi, play a pivotal role in managing soil-borne pests. Bt-based products dominate the market, widely integrated into transgenic crops like Bt cotton and Bt corn, which effectively reduce pest populations and enhance yields. However, global adoption varies due to economic feasibility and pest-specific considerations. The use of infectious microbes for soil pest control is continuously evolving, with ongoing research shaping both current applications and future innovations. Microbial control, a cornerstone of biological pest management, harnesses naturally occurring or genetically modified microorganisms to suppress soil-dwelling pests through mechanisms such as parasitism, competition, toxin production, and induction of systemic resistance in plants. Beyond pest suppression, these beneficial microbes contribute to soil health restoration and ecological stability (Ptaszek et al., 2023). As a sustainable alternative to chemical pesticides, microbial control aligns with integrated pest management (IPM) principles, promoting environmental safety and biodiversity conservation. Recent advancements in microbial biotechnology and a deeper understanding of soil-microbe interactions have expanded its applications, reinforcing microbial control as a viable and eco-conscious strategy for combating soil-borne pests. 
 Microbes in Pest pest control – Current Statusstatus​:
	
		Microbial biopesticides are classified based on the microorganisms they originate from, including bacteria, fungi, viruses, nematodes, and protozoa, each with distinct classifications based on their mode of action, life cycle, and target pests. Bacterial biopesticides are categorized into crystalliferous spore formers, obligate pathogens, and facultative pathogens (Rajamani & and Negi, 2020). Crystalliferous spore formers, such as Bacillus thuringiensis (Bt), produce protein toxins that disrupt the insect gut lining, leading to mortality. Obligate pathogens, like Photorhabdus and Xenorhabdus, survive only within their insect hosts, often in symbiosis with entomopathogenic nematodes. Facultative pathogens, such as Serratia and Pseudomonas, can live freely in the environment but also act as opportunistic insect pathogens. Fungal biopesticides include Pyrenomycetes, Hyphomycetes, Zygomycetes, Laboulbeniales, and Streptomycetes. Pyrenomycetes, such as Cordyceps species, produce perithecia and attack insects systematically (Hegazy et al.,2019). Hyphomycetes, including Beauveria bassiana and Metarhizium anisopliae, infect insects by penetrating their exoskeleton. Zygomycetes, such as Entomophthora, target aphids and flies. Laboulbeniales fungi are ectoparasitic, while some Streptomycetes species exhibit insecticidal properties. Viral biopesticides include Baculoviruses, Nucleopolyhedroviruses (NPVs), Granuloviruses (GVs), Iridoviruses, Parvoviruses, and PolyDNA viruses. Baculoviruses, including NPVs and GVs, infect and liquefy insect larvae, ensuring viral spread (Ferrelli & and salvador, 2023). Iridoviruses and parvoviruses affect a range of invertebrates, while PolyDNA viruses integrate into parasitoid wasps, aiding in host immune suppression. Nematode biopesticides primarily consist of the Steinernema and Heterorhabditis genera, which infect insect larvae through symbiotic bacteria—-Xenorhabdus in Steinernema and Photorhabdus in Heterorhabditis—causing rapid insect death. Protozoan biopesticides, such as Nosema and Vairimorpha genera, infect insects like grasshoppers and honeybees, impairing metabolism and reproduction, ultimately reducing pest populations (Stock & and Hazir, 2025). These microbial agents play a pivotal role in sustainable pest management, reducing reliance on chemical pesticides while enhancing ecological balance.

The Soil soil Microbial microbial Community community Against against Insectsinsects​:

The plant root-associated microbial community is a rich and diverse assemblage of bacteria, fungi, and protozoa, some of which exhibit antagonistic properties against soil-dwelling insect pests. Beneficial microbes, such as plant growth-promoting rhizobacteria (PGPR) and mycorrhizal fungi, play a pivotal role in bolstering plant defense mechanisms against herbivorous insects and pathogens while simultaneously enhancing tolerance to abiotic stress (Aioub et al., 2022). As climate change intensifies environmental variability, these microorganisms may become indispensable in mitigating both biotic and abiotic pressures on crops. However, the impact of beneficial microbes on herbivore populations is highly context-dependent, shaped by complex ecological and environmental interactions. The precise mechanisms governing these interactions remain largely unresolved, necessitating further research. Nonetheless, emerging studies have identified a range of microbial strains with demonstrated efficacy in controlling soil-borne insect pests (Schenk et al., 2008). Below are examples of soil-dwelling microbes exhibiting antagonistic activity against insect pests, underscoring their potential in sustainable pest management strategies.







Table 1. Soil - A Reservoir of Antagonistic Fungi for Sustainable Pest Management
	         Name of the Insectinsect
	Crop plant associated
	Fungal species associated
	References

	Costelytra zealandica (GrassGrub) (Grub)
	Lawn pest
	Beauveria bassiana 
Beauveria brongniartii
	  Popay et al.,     2003

	Tipula paludosa (Marshcranefly) (Larva)
	Pest of cereals and turf grass
	Conidiobolus osmodes
	Gokce & Er, 2003

	Cydia pomonella (Overwintering larva, pupa in soil)
	Apple codling moths
	B. bassiana 
Paecilomyces farinosus
	Lacely et al., 2005

	Agrotis segetum (Larva)
	Potato and several crops
	Tolypocladium cylindrosporum
	Steenberg & ogaard, 2000

	Pseudoplusia  includens             (Pupa)
	Soybean looper
	Nomuraea riley
	Carruthers & Soper, 1987

	Anticarsia gemmatalis      (Pupa)
	Velvet bean caterpillar
	Nomuraea riley
	Carruthers & Soper, 1987


                   
  





 Table 2. Soil as a reservoir of Antagonists– Examples for Bacteria:
	Name of the Insect
	Crop plant associated
	Fungal species associated
	References

	Costelytra zealandica  (Grass Grub) (Grub)
	Lawn pest
	Serretia spp. (Amber disease)
	Jackson et al., 1993

	Wiseana cervinata, Wiseana copularis (Lawn caterpillar) (Larva)
	Pest of cereals and turf grass
	          Yersinia entomophaga
	   Gani et al., 2019

	Melolonthidae and Dynastidae
	Polyphagus
	Bacillus thuringiensis subsp.japonensis (Cry8Ca1 endotoxin)
	Hernandez et al.,2011

	Anomala cuprea
	Forest trees
	Bacillus thuringiensis (Cry8Da endotoxin)
	Yamaguchi et al., 2008

	Tipula spp. (Marsh crane fly) (Larva)
	Pest of cereals and turf grass
	Bacillus thuringiensis subsp.israelensis (Cry4A,Cry4B,Cry11A, endotoxin)
	Koppenhofer et al.,2017

	Popillia japonica (Japanese beetle)
	Polyphagus
	Paenibacillus lentimorbus
	Stahly 1992



Techniques of delivery into soil ​:
Soil application is a crucial strategy in microbial pest control, directly introducing beneficial microbial agents such as bacteria, fungi, and nematodes into the soil to target insect pests. Various application techniques optimize microbial efficacy and environmental sustainability. Broadcasting, a widely used method, involves spreading dry or wet microbial formulations over large areas, effectively controlling surface-dwelling pests like white grubs with Bacillus thuringiensis (Bt) granules and wireworms with Metarhizium M. anisopliae spores (Wood et al.,2023). Although broadcasting ensures rapid coverage, it has limited penetration into deeper soil layers where some pests reside. Soil drenching, another effective method, involves applying liquid microbial formulations directly to the soil, improving microbial–soil contact. This technique is particularly beneficial for root-zone pests, such as Beauveria B. bassiana for root beetles, but it requires adequate soil moisture to sustain microbial viability. Injection, a more precise technique, involves inserting microbial solutions into the soil at specific depths to target deep-burrowing pests like wireworms. While this method minimizes wastage and enhances effectiveness, it is labor-intensive and requires specialized equipment (Brandl et al.,2017). Irrigation-based application integrates microbial agents into irrigation systems, allowing uniform dispersal across cultivated fields. For example, Steinernema S. carpocapsae is commonly applied via drip irrigation. However, this method depends on the availability of efficient irrigation infrastructure, which can limit its widespread use. A more advanced approach is biodegradable encapsulation, where microbial agents are enclosed in carriers for gradual release into the soil, extending their activity and reducing the need for frequent applications (Pinto et al., 2022). Examples include Bacillus B. popilliae capsules for Japanese beetle grubs and Metarhizium pellets for wireworms. Despite its advantages, high production costs remain a significant challenge for commercial-scale adoption. Each of these techniques contributes to sustainable pest management by reducing chemical pesticide dependence while enhancing microbial control efficiency (Ayilara et al., 2023). As microbial biotechnology advances, these methods will continue to evolve, improving their precision, affordability, and overall effectiveness in soil pest management.

Seed treatment
Seed treatment is an effective microbial control strategy that involves coating or inoculating seeds with beneficial microbial agents to protect crops from soil-dwelling insect pests. This method establishes a protective microbial community in the rhizosphere, enhancing plant resilience against pest attacks while promoting overall plant health (Callaghan et al., 2022). Various microbial agents have been successfully used in seed treatments to target specific soil-borne pests. Metarhizium M. anisopliae, an entomopathogenic fungus, is highly effective against corn rootworm larvae in maize and corn by penetrating the insect cuticle and causing fatal systemic infections (Deepak et al., 2024). Bacillus B. amyloliquefaciens suppresses root maggot infestations in soybean and cabbage by producing antifungal and antibacterial metabolites that deter pests and strengthen plant defenses (Chowdary et al., 2015). Pseudomonas P. fluorescens combats root-knot nematodes in tomatoes and other vegetable crops by producing toxins and enzymes that disrupt nematode mobility and development (Norabadi et al., 2014). Similarly, Beauveria B. bassiana controls white grubs and wireworms in potatoes and sugarcane through spore attachment and internal proliferation, ultimately leading to pest mortality (Gurulingappa et al., 2010). Trichoderma T. harzianum, known for its plant disease suppression capabilities, also influences soil-dwelling insect larvae in rice and wheat by outcompeting pest-associated fungi and altering insect behavior near plant roots (Harman et al., 2008). The integration of microbial seed treatments into pest management programs offers a sustainable alternative to chemical pesticides, ensuring early-stage crop protection, improving soil biodiversity, and reducing environmental impact.

Baiting 
Baiting is an effective microbial pest control technique that involves combining microbial agents with attractant-based bait to lure and eliminate soil-dwelling insect pests. This targeted approach ensures efficient pest suppression while minimizing environmental impact. Various microbial agents have been successfully integrated into bait formulations to control specific soil pests. Beauveria bassiana, an entomopathogenic fungus, is widely used against white grubs and mole crickets by incorporating granular bait with organic attractants. This method is particularly effective in turfgrass and agricultural fields where white grubs pose a significant threat. Metarhizium M. anisopliae is commonly applied to control termites and ants using cellulose-based bait, often deployed in bait stations within sugarcane fields to eradicate termite nests. Entomopathogenic nematodes such as Steinernema species effectively target cutworms and wireworms using moist soil bait, which is placed around crop roots to control cutworm larvae (Wang & Powell,2002). Bacillus B. thuringiensis (Bt), a widely known microbial pesticide, is used against armyworms and root caterpillars in vegetable crops through bran-based bait formulations that attract and eliminate larvae before they cause significant damage. Similarly, Heterorhabditis nematodes are applied against scarab beetle larvae using protein-based bait, a technique frequently used in turf and golf courses to manage Japanese beetle grubs. The integration of microbial agents with bait technology enhances pest specificity and efficacy while reducing the need for chemical insecticides (Reps,2019). As microbial bait methods continue to evolve, they offer a sustainable and eco-friendly alternative for managing soil-dwelling insect pests in various agricultural and urban landscapes

Evaluating and appropriating suitable application method
A study was taken to evaluate the efficacy of Isaria I. fumosorosea (Ifr) as a biological control agent for the Diaprepes root weevil (DRW) using three application methods: topical spray, leaf treatment, and soil drench. The results showed that leaf treatment was the most effective, with DRW adults fed on Ifr-treated leaves exhibiting 100% mortality 35 days post-treatment, compared to 33% in the control group. The topical spray resulted in a mean viable blastospore deposition of 505 ± 133.1 spores per mm², with mortality rates of 13% ± 8.5% for larvae and 19% ± 10.1% for adults after 14 days. In the soil drench experiment, only the 1000- and 1500-mL treatments allowed Ifr CFUs to penetrate 8.5–10.5 cm below the sand surface, but overall larval mortality remained low (2%–4%). No CFUs were detected in water runoff, even at the highest drench rate. These findings highlight the potential of Isaria I. fumosorosea as an effective component of Integrated Pest Management strategies, with leaf treatment showing the greatest promise for DRW control (Avery et al.,2019).

Using attractants for enhancing control 
A study investigated to evaluate the efficacy of integrating nanocellulose with entomopathogenic fungi (Metarhizium M. anisopliae, Beauveria B. bassiana, and Trichoderma T. harzianum) for controlling Coptotermes C. curvignathus and Cryptotermes C. cyanocephalus, utilizing an attract-and-kill strategy for more effective and sustainable termite management. The results demonstrated that the 60% nanocellulose formulation combined with M. anisopliae was the most effective against both subterranean and drywood termites. In field tests, M. anisopliae outperformed B. bassiana and T. harzianum, highlighting its potential as a key biocontrol agent. These findings suggest that integrating nanocellulose with entomopathogenic fungi can enhance termite suppression strategies, providing an environmentally friendly alternative to conventional control methods (Subekti et al.,2024).

Microbiome-based insect pest management:
Symbiont elimination or replacement is an innovative pest control strategy that focuses on disrupting the beneficial microbial communities that insects rely on for survival. Many insects maintain mutualistic relationships with bacteria, fungi, or protozoa, which aid in digestion, reproduction, immunity, and adaptation to environmental stressors (Rupawate et al.,2023). By altering or removing these symbionts, insect physiology and survival can be significantly affected, making it a promising method for pest control. One common approach involves using antibiotics or heat treatment to eliminate key bacterial symbionts. For example, root-knot nematodes depend on Wolbachia for reproduction, and treating them with tetracycline disrupts this relationship, resulting in sterility and reduced population growth (Lamovsek et al., 2013). Similarly, the Western Corn Rootworm (DiabroticaD. virgifera virgifera) experiences developmental disruption when exposed to antibiotics that affect its gut microbiome, demonstrating the critical role of these symbionts in insect growth and survival (Chu et al., 2013). Another effective approach involves targeting specific gut microbiota essential for digestion. Termites rely on symbiotic protozoa and bacteria to break down cellulose, and introducing microbiota-disrupting agents like hydrogen peroxide impairs their digestive processes, ultimately leading to starvation and death (Cragg et al., 2015). Additionally, tsetse flies, which transmit African sleeping sickness, rely on their symbiont Wigglesworthia for normal reproductive function, and disrupting this bacterial association leads to reduced fecundity and population decline. Similarly, aphids depend on Buchnera bacteria for essential nutrients, and removing these bacteria weakens the insects and reduces their survival rates (Bing et al.,2017). These strategies highlight the potential of manipulating insect-microbe interactions for pest control. As research advances, targeted approaches such as gene-editing symbionts to alter their function or introducing competitive microbial strains to replace beneficial symbionts may further enhance the effectiveness of this method.

Steps involved in using Cytoplasmic incompatibility for corn rootworm control:
The use of cytoplasmic incompatibility (CI) as a strategy for controlling corn rootworm involves a series of well-defined steps aimed at reducing pest populations over time. The process begins with the selection and identification of Wolbachia strains that can induce strong CI in rootworm populations. These strains must be carefully tested for compatibility with the insect’s physiology and their ability to be efficiently transmitted to offspring. Once a suitable Wolbachia strain is identified, mass rearing of infected rootworms is carried out in laboratory conditions. Infection is introduced through either microinjection into rootworm embryos or through natural maternal transmission, where infected females produce offspring that inherit the symbiont, ensuring stable vertical transmission. After successfully rearing a sufficient population, only infected male rootworms are released into the field. To maximize efficiency, laboratory-reared populations are monitored to confirm high infection rates and reproductive effects before field release. Once a sufficient population is established, only infected male rootworms are released into the field. These males, when they mate with wild, uninfected females, induce reproductive failure due to CI, as the resulting eggs fail to develop. This leads to a progressive decline in the rootworm population over multiple generations without the need for chemical pesticides. To enhance the effectiveness of this strategy, repeated releases of infected males may be required to maintain high Wolbachia prevalence in the wild population. Additionally, researchers may explore the use of genetically modified Wolbachia strains that further enhance sterility or reduce pest fitness. The final step involves continuous field monitoring to assess the spread of Wolbachia within the wild population and track changes in pest density over time. Population dynamics, mating success rates, and infection persistence are evaluated using molecular techniques to ensure long-term effectiveness. This strategy also requires careful ecological assessment to minimize potential unintended effects on non-target organisms. By integrating Wolbachia-based CI with other pest management practices, such as crop rotation and biological control agents, this method provides a sustainable, environmentally friendly alternative to chemical pesticides while reducing the economic losses caused by corn rootworms.
Plate 1 : Wolbachia-Induced Cytoplasmic Incompatibility in Rootworms
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Plate 2 : Wolbachia-Induced Incompatibility in Rootworms
Harnessing cytoplasmic incompatibility in pest control
A study was conducted to investigate the effects of Wolbachia infection on the reproductive success of the wing-dimorphic cricket Velarifictorus V. aspersus through controlled crossing experiments. The results showed that while Wolbachia infection did not significantly affect nymph development duration or female proportion, crossing infected males with uninfected females resulted in a 28% reduction in the hatching rate, indicating cytoplasmic incompatibility (CI). Additionally, Wolbachia-free females laid significantly fewer eggs than infected females, suggesting that Wolbachia enhances female fertility. The CI mechanism was linked to the cifB gene, which modifies sperm in infected males, preventing embryo viability unless rescued by the cifA factor in infected females. The wAsp-a strain from supergroup A was likely responsible for CI, as no homologous cif genes were detected in supergroups C, D, and F. These findings highlight the dual role of Wolbachia in both reproductive manipulation and fertility enhancement, offering potential applications in biological pest control strategies (Zhu & Liu,2024).

Pathogen-Associated Microbial Interference (PAMI):
Enhancing pest susceptibility to pathogens through Pathogen-Associated Microbial Interference (PAMI) is an emerging strategy in sustainable pest control. This approach exploits the interactions between a pest’s gut microbiota and pathogenic agents to weaken host defenses and increase infection rates, as demonstrated in pests like the Colorado potato beetle (Leptinotarsa L. decemlineata) and white grubs (Phyllophaga spp.) (Butcher A.M., 2023). PAMI employs four key methods to manipulate gut microbiota. The first method, microbial antagonism, involves introducing microbes that compete with or disrupt the native gut microbiota, thereby weakening the pest’s immune system. For instance, probiotic strains of Bacillus species alter the gut environment, making beetles more susceptible to infections. The second method, pathogen augmentation, enhances the effectiveness of biocontrol agents by combining gut-disrupting microbes with entomopathogens, such as pairing gut-disrupting bacteria with Beauveria B. bassiana, a fungal pathogen, to suppress immune responses and increase infection success. The third approach utilizes biocontrol agents with dual action, where microbial agents not only disrupt gut microbiota but also act as direct pathogens (Polenogova et al,.2021). An example is Pseudomonas P. protegens, which produces toxins harmful to both the pest and its gut microbes. The fourth strategy involves probiotics and environmental modifications, wherein compounds like chitin derivatives are introduced to promote the proliferation of harmful pathogens, such as entomopathogenic bacteria or fungi, while destabilizing beneficial microbes (Ruiu & Mura,2021). A targeted approach also involves replacing beneficial microbes with detrimental ones, particularly in pests like white grubs. By introducing specific pathogenic fungi (Beauveria B. bassiana, Metarhizium M. anisopliae) or bacteria (Serratia S. marcescens, Pseudomonas P. fluorescens, Bacillus B. thuringiensis), the native gut flora can be disrupted, reducing grub survival rates and population densities. Additionally, advances in genetic and microbial engineering may allow for more precise manipulation of gut microbiota, further enhancing susceptibility to pathogens (Liu & Smagghe,2023). These integrated strategies highlight the potential of microbial manipulation as an effective, environmentally friendly pest management approach, reducing reliance on chemical pesticides while promoting long-term pest suppression.

Future aspects:

i) Biocircuit Engineering:
Bio-circuit engineering for soil pest control is an emerging discipline that leverages synthetic biology and engineering principles to develop precise, sustainable, and eco-friendly pest management strategies. One of the most promising approaches in this field is endophytic engineering, where naturally occurring plant-associated microorganisms such as bacteria and fungi are genetically modified to enhance or introduce novel pest-control traits. These engineered endophytes can combat soil pests through multiple mechanisms. For example, they can be programmed to produce insecticidal compounds like Bacillus B. thuringiensis (Bt) toxins directly within plant tissues, providing targeted pest control without harming non-target organisms (Gupta et al.,2021). Additionally, some endophytes are engineered to deliver RNA interference (RNAi) molecules that silence essential pest genes, effectively disrupting their growth and reproduction. Another strategy involves the production of volatile organic compounds (VOCs) that repel soil-dwelling insects, reducing infestation risks. Certain engineered strains can also activate induced systemic resistance (ISR) in plants, enhancing the plant’s natural defense mechanisms against pest attacks. Moreover, some endophytes are designed to secrete enzymes that degrade the exoskeletons of soil pests or interfere with their digestion, leading to pest mortality (Bhardwaj et al.,2023). Beyond direct pest control, bio-circuit engineering can also contribute to ecosystem stability by reducing reliance on chemical pesticides, which often have harmful environmental effects such as soil degradation, water contamination, and disruption of beneficial insect populations. Engineered microbes can be designed to self-regulate their activity, ensuring that pest control is only activated in response to specific pest signals, thereby minimizing unintended consequences. Furthermore, bio-circuit engineering offers the possibility of creating microbial consortia—communities of engineered microbes that work synergistically to target multiple pests while enhancing soil health and plant growth. These consortia can improve nutrient cycling, suppress plant pathogens, and boost crop resilience under environmental stress. Advancements in synthetic biology, such as CRISPR-based genome editing, metabolic pathway engineering, and computational modeling, are accelerating the development of highly specialized bio-circuits for agricultural applications. However, challenges such as regulatory approval, biosafety concerns, and the need for field trials must be addressed before widespread adoption (Diaz-colunga et al.,2024). With continued research and innovation, bio-circuit engineering has the potential to revolutionize agricultural pest management, offering a sustainable, precise, and adaptable approach to controlling soil pests while maintaining environmental balance. Bio-circuit engineering for soil pest control harnesses genetically engineered microorganisms to precisely target pests while promoting plant health, improving crop resilience, and reducing reliance on chemical pesticides (Bertelsen,2024). Engineered Fusarium endophytes can express Bacillus B. thuringiensis (Bt) toxins, which disrupt the digestive systems of soil-dwelling pests such as rootworms, weevils, and nematodes. For example, Bt-producing Fusarium has been successfully tested in corn to provide protection against corn rootworms (Diabrotica D. virgifera virgifera), a major agricultural pest (Rocha et al., 2016). Another promising approach involves Pseudomonas fluorescens engineered to express RNA interference (RNAi) molecules targeting essential pest genes, such as those involved in molting, digestion, or reproduction. This strategy has been explored for protecting soybeans from nematodes and root maggots by silencing genes crucial for their survival and development (Zhang et al., 2022).
Additionally, genetically modified Trichoderma species have been designed to produce volatile organic compounds (VOCs) that repel soil pests like white grubs and wireworms while simultaneously enhancing plant root growth and nutrient uptake. Research has demonstrated the effectiveness of VOC-producing Trichoderma in crops like tomatoes and sugarcane, where it improves pest resistance and overall plant health (Hu et al., 2023). Endophytic rhizobia with dual functions have also been developed, combining nitrogen fixation with pest control by producing pest-repelling compounds or RNAi molecules. This dual-action approach not only protects legumes from root-feeding pests such as weevils but also enhances nitrogen availability in the soil, promoting healthier plant growth (Goodfellow et al., 2019). Furthermore, entomopathogenic fungi such as Beauveria B. bassiana have been genetically enhanced to improve their insecticidal efficiency by expressing additional toxins or enzymes. These engineered fungi colonize plant roots and activate their insect-killing mechanisms upon pest attack, effectively controlling soil-dwelling pests such as wireworms and root aphids in maize fields (Lizzy A. Mwanburi, 2021). Similarly, Bt-producing endophytes in sugarcane have shown effectiveness in targeting white grubs (Phyllophaga spp.) and other soil-dwelling larvae by colonizing sugarcane roots and continuously producing Bt toxins, providing long-lasting pest protection in sugarcane plantations (Hassan et al., 2023). The potential of bio-circuit engineering in soil pest management extends beyond pest control; these engineered microbes can also improve soil health, increase crop yields, and minimize the negative environmental impact of conventional pesticides. 

ii) Epigenetic modifications:
Epigenetic modifications play a crucial role in microbial-based soil pest control by regulating gene expression without altering DNA sequences, primarily through DNA methylation, histone-like protein modifications, and non-coding RNA (ncRNA) activity. DNA methylation, mediated by DNA methyltransferases (MTases), influences bacterial gene expression and can be leveraged to enhance the efficacy of biopesticides such as Bacillus B. thuringiensis (Bt). By engineering Bt strains to sustain high expression levels of cry and vip toxin genes, researchers have improved their potency against soil-dwelling pests like Diabrotica D. virgifera virgifera (Western Corn Rootworm) and Agrotis A. ipsilon (Black Cutworm), while also increasing sporulation and toxin stability for long-term application. Additionally, histone-like protein modifications in bacteria, which involve nucleoid-associated proteins such as H-NS and Fis, regulate the biosynthesis of secondary metabolites crucial for insecticidal activity (Xue et al.,2023). In Streptomyces spp., these modifications have been shown to upregulate chitinase and polyketide production, enhancing the degradation of chitin-rich exoskeletons in pests like white grubs and wireworms. Furthermore, non-coding RNAs serve as critical regulators of microbial metabolism, virulence, and stress responses, with engineered ncRNAs in Pseudomonas P. fluorescens enabling precise control of insecticidal compound release in response to pest-derived chemical signals, such as CO₂ emissions from larvae. These epigenetic strategies offer a targeted, sustainable approach to microbial pest control, with emerging CRISPR-based tools now enabling precise epigenome editing for improved stability and responsiveness of biopesticide microbes (Raio,2024). Advances in synthetic biology are also integrating epigenetic memory circuits into microbial strains, allowing them to dynamically adjust their insecticidal activity based on pest presence and environmental conditions. As research continues, the combination of epigenetic engineering, synthetic biology, and microbiome manipulation promises to revolutionize pest management, providing environmentally friendly and highly specific solutions for controlling soil-dwelling insect pests in agriculture.

Understanding Enzymatic Metabolism in Suppressing Entomopathogens
A study aimed to investigate the effects of Serratia marcescens colonization in Riptortus pedestris and explore potential host mechanisms that mitigate its pathogenicity. The research assessed key fitness parameters such as emergence rate, survival rate, dry weight, and body length in R. pedestris nymphs inoculated with S. marcescens strain Db11. Additionally, different concentrations of serralysin were introduced orally and via systemic injection to examine its effects. The results showed that S. marcescens colonized only the M1–M3 regions of the midgut within two days of inoculation, with stable persistence in the M3 region through adulthood. However, oral infection did not negatively impact R. pedestris survival or growth, and there was no significant difference in survival rates between symbiotic (Burkholderia-carrying) and aposymbiotic (Burkholderia-free) insects. Notably, S. marcescens did not express serralysin in the gut environment, and the M1 region appeared to produce a host-derived factor that degraded serralysin, neutralizing its toxic effects. These findings suggest that R. pedestris can suppress S. marcescens virulence, enabling coexistence and providing new insights into insect-pathogen interactions and gut-mediated pathogen suppression mechanisms (Lee & Lee,2022)

iii) Quorum sensing modulation:

      Quorum sensing (QS) is a cell-to-cell communication mechanism that microorganisms used to coordinate gene expression in response to population density. This communication occurs through chemical signaling molecules such as acyl-homoserine lactones (AHLs) in Gram-negative bacteria, oligopeptides in Gram-positive bacteria, or autoinducers like AI-2 in both (Dong et al., 2007). Quorum sensing modulators (QSMs) are agents that can disrupt or enhance QS, influencing microbial behavior. In pest control, QSMs can target the interactions between soil insects and their symbiotic microbes or pathogens. There are two main strategies for utilizing QSMs, Quorum Sensing Inhibition (QSI), which includes blocking the synthesis of signaling molecules, degrading signaling molecules with enzymes (such as lactonases for AHLs), or competing with native signaling molecules using analogs; and Quorum Sensing Enhancement, which involves promoting beneficial microbial communication to improve insecticidal activity or soil health. By manipulating QS, these modulators offer an innovative way to control pest populations and improve agricultural productivity through microbial interactions.
Quorum sensing (QS) modulation presents a novel and eco-friendly approach to soil insect pest control by targeting microbial communication systems essential for insect-microbe interactions (Slamti et al.,2014). Many soil-dwelling pests, such as rootworms, beetle larvae, and weevils, depend on symbiotic bacteria for digestion, immune defense, and adaptation to environmental stress. By interfering with QS signaling, researchers can disrupt these microbial interactions, weakening pest survival mechanisms. One key strategy involves quorum quenching (QQ) through the degradation of acyl-homoserine lactone (AHL) signals, which regulate bacterial communication. For example, lactonase-producing Bacillus spp. degrade AHL signals in Rhyzopertha dominica (grain beetles), disrupting the metabolic functions of their gut microbiota and reducing pest viability (Hartmann et al., 2021). Similarly, the inhibition of QS-controlled biofilm formation exposes pest-associated microbes to biocontrol agents, improving their effectiveness. In Diabrotica virgifera virgifera (Western Corn Rootworm), AHL analogs prevent biofilm formation in gut symbionts, increasing the pest’s susceptibility to microbial insecticides (Paluch et al., 2021). On the other hand, QS activation can be exploited to enhance the virulence of entomopathogenic microbes used for pest control. Quorum sensing activators stimulate toxin and enzyme production in fungi such as Metarhizium anisopliae and Beauveria bassiana, leading to increased pathogenicity and mortality in pests like scarab beetle larvae (Mascarin et al.,2024). Additionally, natural quorum quenchers, such as enzymes from Bacillus cereus, effectively degrade QS signals in pest-associated bacteria, weakening their protective microbial interactions. Plant-derived quorum modulators, such as Cinnamomum verum (cinnamon) extracts, have also been found to inhibit QS in root-associated bacterial pests, thereby reducing their association with soil insect hosts (Deryabin et al., 2019). Advances in synthetic biology now allow for the engineering of microbial strains that can dynamically regulate QS pathways to enhance biocontrol efficiency. The integration of QS-based strategies in pest management highlights the potential of microbial communication as a precise and sustainable tool for agricultural pest control.

Understanding Quorom sensing for biological control:
A study investigated the role of NprR in Bacillus B. thuringiensis (Bt) pathogenicity and persistence, focusing on its transition from a virulent to a necrotrophic lifestyle after host death. The objective was to assess how NprR regulates Bt’s survival in insect cadavers and its impact on virulence. Researchers compared the lethal dose (LD50) of a wild-type Bt strain (Bt 407 Cry2) and an NprR-deficient strain (ΔRX) in Galleria G. mellonella larvae through injection and oral ingestion. Gene expression analysis of mpbE (a virulence factor) and nprA (a necrotrophic protease) revealed that mpbE was upregulated during the initial pathogenic phase (0–24 hours post-infection), while nprA was activated later (24–48 hours), indicating a sequential transition controlled by NprR. Bacterial population analysis showed that the wild-type strain remained stable in cadavers for up to 96 hours, whereas the ΔRX strain declined sharply, with a six-log reduction by 96 hours. These findings demonstrate that NprR is essential for Bt’s persistence in insect cadavers, ensuring prolonged survival, delayed sporulation, and environmental dissemination (Dubois et al.,2012).

iv) Role of Nanotechnology:
 	Nanotechnology is revolutionizing soil pest control by enhancing the efficacy, stability, and targeted delivery of microbial biopesticides. One of the most promising applications is nano-encapsulation, which involves enclosing microbial biopesticides within nanoparticles to shield them from environmental stressors such as UV radiation, desiccation, and temperature fluctuations. This protective mechanism extends the shelf life of beneficial microbes and ensures their gradual, sustained release in soil ecosystems. For example, nano-encapsulated Bacillus B. thuringiensis (Bt) spores have demonstrated enhanced stability and prolonged insecticidal activity against rootworms, a major soil pest (Jalali et al., 2023). Another cutting-edge approach is targeted delivery systems, which use nanocarriers such as liposomes, polymeric nanoparticles, and silica-based nanocarriers to transport microbial agents precisely to pest-infested zones. This minimizes environmental losses and enhances pest control efficiency. For instance, nano-carrier formulations of M.etarhizium anisopliae conidia have shown significantly improved delivery to white grubs in soil, leading to higher infection rates and increased mortality (Wu et al.,2021). Furthermore, nano-formulations of microbial metabolites such as chitinases and proteases have been developed to enhance their penetration and degradation of insect cuticles. Nano-chitinase derived from microbial sources has demonstrated superior efficacy in breaking down the chitin-rich exoskeletons of soil-dwelling pests, providing improved control over root-feeding insects like wireworms and nematodes. Additionally, nanoparticle-based stimulants can be used to boost microbial activity in the soil, improving their colonization and persistence in pest-rich environments. Advances in nano-biohybrid materials, where beneficial microbes are integrated with nanomaterials to enhance their stress resistance and biocontrol efficiency, further highlight the potential of nanotechnology in sustainable pest management (Ismail et al.,2024). Nanotechnology significantly enhances pest control through the integration of nanoparticles as adjuvants and smart delivery systems, improving the efficiency and precision of microbial biopesticides. Metallic nanoparticles, such as silver (Ag), copper (Cu), and zinc oxide (ZnO), can be combined with microbial agents to amplify their antimicrobial and insecticidal properties. For example, silver nanoparticles (AgNPs) synergize with entomopathogenic fungi like Beauveria B. bassiana, boosting their pathogenicity against soil pests such as wireworms by disrupting insect cuticles and enhancing fungal penetration (Shahid et al.,2021). Additionally, iron oxide nanoparticles (Fe3O4NPs) improve the adhesion of Beauveria B. bassiana spores to insect cuticles, increasing infection rates and mortality in root pests. Another promising innovation is the development of smart delivery systems, which employ stimuli-responsive nanoparticles to release microbial agents or insecticidal metabolites in response to specific environmental triggers, such as pest exudates, pH fluctuations, or temperature changes (Ma et al., 2024). For example, pH-responsive nanoparticles can release Trichoderma spores in alkaline soils where soil pests like root-feeding beetle larvae are most active, ensuring targeted pest suppression. Temperature-sensitive nanocarriers have also been explored to activate microbial biopesticides in response to seasonal temperature shifts, optimizing biocontrol agent deployment. Furthermore, nano-biofungicides offer dual protection against soil pests and pathogens. Nano-formulated Trichoderma spp. exhibit enhanced soil colonization and protection against both insect pests and fungal diseases, making them valuable for integrated pest and disease management (Wu et al.,2023). Chitosan nanoparticles, derived from microbial sources, serve as both biopesticides and protective carriers for microbial agents such as Bacillus B. thuringiensis (Bt), improving persistence and targeted action against soil-dwelling grubs and nematodes.

Enhancing efficiency of entomopathogens using nanoparticles 
A study aimed to synthesize biocompatible silver nanoparticles (AgNPs) using Bacillus thuringiensis kurstaki (Btk) and evaluate their insecticidal efficacy against larvae of the cabbage looper (Trichoplusia ni) and the black cutworm (Agrotis ipsilon). The synthesized Btk-AgNPs exhibited higher toxicity compared to Btk alone, with lower lethal concentration 50% (LC50) values, indicating enhanced efficacy. Specifically, the LC50 for Btk-AgNPs was 0.46 mg/mL against T. ni and 1.95 mg/mL against A. ipsilon, whereas commercial AgNPs showed LC50 values of 0.81 mg/mL and 5.20 mg/mL, respectively, highlighting the superior insecticidal activity of the Btk-synthesized nanoparticles (Sayed et al.,2017).
v) Role of AI and IOT:
Artificial Intelligence intelligence (AI) and the Internet internet of Things things (IoT) are transforming pest management by enabling precise, data-driven, and efficient strategies that enhance monitoring, prediction, and control of pests. AI-powered predictive modeling analyzesanalyses large datasets, including weather patterns, soil conditions, crop health, and pest population dynamics, to forecast outbreaks and recommend timely interventions. For example, AI platforms can predict rootworm infestations by examining climatic and soil data, allowing farmers to apply microbial agents such as Bacillus B.s thuringiensis (Bt) at optimal times. Additionally, AI aids in microbial strain selection by analyzing genomic data to identify the most effective biocontrol agents. Machine learning algorithms help select potent Metarhizium strains for targeting pests like white grubs, ensuring that microbial treatments are highly specific and effective under given environmental conditions (Kobmoo et al.,2024). AI further enhances biological pest control by optimizing the formulation and timing of microbial pesticide applications. Decision-support tools use real-time environmental data—such as soil temperature and moisture levels—to determine the best conditions for deploying Trichoderma formulations for nematode control, leading to more effective and sustainable pest management. IoT technology is also revolutionizing pest control by enabling real-time monitoring and automated interventions. IoT-enabled sensors detect pest presence through various means, including soil movement, vibrations, and chemical signals such as pest pheromones or root exudates (Aijaz et al.,2025). For instance, soil sensors can identify wireworm larval activity, triggering an automated release of microbial solutions like Beauveria B. bassiana, a fungal biopesticide. Environmental monitoring using IoT devices tracks soil parameters such as pH, moisture, and temperature, which influence both pest behavior and the effectiveness of microbial agents. Smart irrigation systems, integrated with IoT, regulate soil moisture to create favorable conditions for beneficial microbes while suppressing pest populations. For example, optimized irrigation can enhance the activity of Bt bacteria against corn rootworms, improving biological control outcomes. Furthermore, IoT facilitates automated biopesticide delivery using drones and robotic sprayers. IoT-linked drones can map pest activity using multispectral imaging and apply microbial solutions precisely to infestation hotspots, reducing pesticide overuse and environmental impact. Similarly, ground-based robots equipped with AI-driven navigation systems can deliver microbial treatments directly to the root zone, where soil-borne pests are most active (Sharma & Shivandu,2024). Emerging technologies such as Artificial Intelligence (AI) and the Internet of Things (IoT) are revolutionizing biocontrol strategies in agriculture by enabling more precise and data-driven pest management. AI-driven biocontrol platforms developed by startups like Agrivi and Taranis leverage satellite imagery and ground-level pest detection data to recommend pest-specific microbial treatments. These platforms analyze vast amounts of environmental and pest activity data, helping farmers implement targeted interventions that reduce reliance on chemical pesticides while improving crop protection. Meanwhile, IoT-based soil pest management solutions, such as those offered by Arable, utilize sensors to monitor soil health, moisture levels, and pest activity. By providing real-time insights, these systems enable farmers to make informed decisions on microbial pest control interventions, ensuring that treatments such as Bacillus B. thuringiensis (Bt) or Metarhizium are applied at the right time and under optimal conditions for maximum effectiveness. Additionally, IoT is transforming pest detection and response through the use of smart traps. These traps, integrated with IoT technology, are designed to monitor soil pests such as root maggots, wireworms, and nematodes (Yones & Ma’moun,2025). When pests are detected, the smart traps communicate with AI-powered decision systems to automate the release of microbial agents, ensuring immediate and localized pest control. This automated approach enhances efficiency, reduces labor costs, and minimizes the excessive use of biopesticides. By integrating AI and IoT, these technologies create a proactive and precision-based pest management system that not only improves crop yields but also contributes to sustainable agricultural practices. As AI and IoT technologies continue to advance, their role in biocontrol strategies will expand, offering even more innovative solutions to combat agricultural pests while reducing environmental impact (Bouyer et al.,2021). 
  
  Table 3. Examples of use of AI and IOT in Microbial control of soil borne pests 

	Technology
	Role in Soil Insect Control
	Examples

	IoT-Based Sensors
	Continuous monitoring of environmental conditions and pest activity in the soil.
	A. a) Arable Mark: Provides real-time soil moisture, temperature, and pest activity data, b)
B.  CropX: Uses IoT sensors to monitor soil conditions and inform pest control strategies.

	AI-Powered Predictive Modeling
	AnalyzesAnalyses large datasets to predict pest outbreaks and guide intervention strategies.
	A. a) Taranis: Uses AI-powered predictive modeling to analyze satellite imagery and local pest data for crop protection, b) 
B. The Climate Corporation (Climate Field View): Provides predictive models to forecast pest outbreaks based on weather and soil conditions.

	Precision Pest Control
	Targets specific pest-infested areas with microbial biopesticides based on real-time data.
	A. a) AI-driven drones by DJI: Drones equipped with AI for precise pest control via microbial biopesticides, such as Bacillus thuringiensis (Bt). b)
B.  EcoRobotix: Autonomous robots equipped with AI to target specific pest-infested zones for biocontrol treatment.

	Automated Pest Control
	Automates the release of biocontrol agents when pest density reaches a threshold.
	A. a) Mojix IoT-enabled pest control systems that trigger biocontrol agent release based on detected pest populations, b)
B.  SwarmFarm Robotics: Automates biocontrol agent release using autonomous vehicles equipped with sensors for pest detection.

	Optimized Biopesticide Application
	Ensures correct timing and formulation for maximum biocontrol efficacy.
	A. a) Agrivi: An AI-based farm management platform that optimizes biopesticide applications based on real-time weather and soil data. 
B. b) Arable: Optimizes microbial biopesticide applications by analyzing environmental data like soil moisture, temperature, and pest activity.

	Smart Traps
	Detect and monitor pest populations and trigger biocontrol agents.
	A. a) Agri-Analytics: Uses smart traps integrated with IoT sensors to detect pests and send data for real-time action. b) 
B. iTraps by Vision Robotics: Smart traps using IoT and AI to monitor pest presence and trigger automated biocontrol actions.

	Data-Driven Decision Support
	Provides actionable insights for pest management strategies using real-time data.
	A. a) Ag Leader Technology: Provides a comprehensive decision-support system for pest management, including pest-specific microbial treatments. b) 
B. Trimble Ag Software: Collects real-time field data and integrates it with AI models for efficient pest control.



vi) Effect of Global warming and Climate change:
Temperature fluctuations significantly impact the effectiveness of microbial agents in pest control, as many beneficial microbes operate within specific thermal thresholds for optimal growth and activity. Thermal sensitivity is a crucial factor in microbial biocontrol, influencing germination, infection processes, and overall persistence in the environment. For example, Beauveria B. bassiana, a widely used entomopathogenic fungus, exhibits reduced efficacy above 30°C due to the heat sensitivity of its conidial germination and infection mechanisms. Elevated temperatures not only impair microbial activity but also decrease the longevity of microbial spores in the soil. A notable case is M.etarhizium anisopliae, which degrades more rapidly in warm conditions, leading to diminished pest control efficacy against soil-dwelling pests like root weevils. These temperature-induced challenges highlight the need for adaptive microbial formulations that enhance thermal resilience (Ruelas Ayela et al.,2013).
Higher temperatures also influence pest behaviorbehaviour and physiology, potentially undermining microbial control efforts. Many pests develop more rapidly in warm conditions, increasing their population growth rates and shortening generational cycles. For example, wireworms (click beetle larvae) thrive in elevated temperatures, accelerating reproduction and potentially outpacing microbial interventions. In such scenarios, even the most effective microbial agents may struggle to suppress rapidly expanding pest populations, necessitating a combination of biocontrol strategies to maintain pest suppression. Beyond direct thermal effects, global warming introduces additional environmental challenges that can further reduce microbial efficacy. Increased evaporation and drought stress lead to drier soils, restricting microbial mobility and reducing their ability to interact with target pests. For instance, Bacillus B. thuringiensis (Bt) relies on sufficient moisture to activate its insecticidal toxins, which are critical for controlling larvae such as fungus gnats. Prolonged drought conditions can therefore diminish Bt performance, requiring modifications in irrigation practices or microbial formulations to maintain effectiveness (Bhattacharjee et al.,2023). Additionally, rising temperatures alter soil microbial communities by favoringfavouring thermophilic microbes, which can outcompete beneficial biocontrol agents, disrupting ecological balance. Another critical concern is the impact of increased UV radiation on microbial persistence. Many microbial agents, particularly those applied to soil surfaces, are susceptible to degradation under intense sunlight exposure. Bacillus B. subtilis, for example, experiences reduced viability when exposed to high UV radiation and heat, limiting its effectiveness in pest suppression. To counteract these challenges, researchers are exploring protective formulations such as UV-resistant coatings and encapsulation techniques to enhance microbial stability in extreme environments. To address the challenges posed by global warming on microbial pest control, several mitigation strategies can enhance their effectiveness and resilience. Developing or selecting heat-tolerant microbial strains ensures consistent pest control, even in high-temperature environments; for instance, heat-tolerant strains of Metarhizium M. anisopliae are being researched for use in tropical and arid regions. Improved application methods, such as applying microbial agents deeper into the soil to shield them from temperature fluctuations and UV exposure, can further enhance their effectiveness. Additionally, combining microbial agents with soil amendments helps retain moisture and provides a protective barrier against environmental stressors (Tong & Feng,2020). Integrating microbial pest control into a broader Integrated Pest Management (IPM) framework, including practices like crop rotation, planting pest-resistant crop varieties, and using soil cover, reduces reliance on any single method while creating favorable conditions for microbial agents. These strategies collectively improve the adaptability and sustainability of microbial pest control in the face of climate change.
Screening microbes for climate resilience: 
A study aimed to isolate and identify thermotolerant and highly virulent entomopathogenic fungi (EPF) strains for controlling the Colorado potato beetle (Leptinotarsa decemlineata) under fluctuating environmental conditions in southern Kazakhstan. Soil samples were collected, and EPF isolates were obtained using an insect-baiting technique with Galleria mellonella and Tenebrio molitor larvae. Fungal identification involved classical microscopy and molecular genetic analysis targeting TEF-1α and ITS loci, revealing two cryptic species within the Beauveria genus: B. bassiana and B. pseudobassiana. Screening for virulence and thermotolerance identified 11 promising fungal strains (B13, B14, B15, B22, B23, B24, B25, B23-23, Bc4, Bc7, and Bc8), which achieved 100% mortality in Colorado potato beetles by the 11th day post-treatment and remained effective at +15°C and +30°C. These findings highlight the potential of locally adapted EPF strains as climate-resilient biocontrol agents, offering an eco-friendly alternative to chemical pesticides for sustainable pest management (Abdukerim et al.,2025).
Conclusion:
Microbial control represents a paradigm shift in pest management, particularly in the context of sustainable agriculture. It involves utilizing naturally occurring microorganisms—-such as bacteria, fungi, viruses, and nematodes—-to control pest populations, particularly those that thrive in soil. These biocontrol agents function by directly attacking and infecting pests, creating a biological balance that reduces the need for chemical interventions. Microbial agents like Bacillus B. thuringiensis (Bt), Metarhizium M. anisopliae, and Beauveria B. bassiana have shown exceptional effectiveness in targeting specific pests while being harmless to non-target organisms. This is a key advantage over traditional chemical pesticides, which often result in collateral damage to beneficial insects, pollinators, and soil microorganisms. The environmental benefits of microbial control are profound. By reducing chemical pesticide use, we not only protect the environment from the harmful effects of synthetic chemicals but also contribute to a more biodiverse and resilient agricultural ecosystem. Many chemical pesticides can persist in the environment, leaching into soil and water, leading to contamination and resistance buildup in pest populations. In contrast, microbial agents generally degrade naturally and quickly in the environment, leaving minimal residue. This reduces the environmental footprint of pest control efforts and supports integrated pest management (IPM) strategies that aim to maintain a healthy balance in ecosystems.
Another significant advantage of microbial control is its ability to enhance soil health. Unlike chemical pesticides, which can harm soil-dwelling organisms like earthworms and beneficial microbes, biocontrol agents promote soil biodiversity. They can outcompete harmful pathogens, promote beneficial microbial communities, and improve nutrient cycling. This, in turn, enhances soil fertility and plant health, leading to more sustainable farming practices. For instance, certain microbial agents have been shown to promote plant growth through the production of growth-promoting substances, or by activating the plant's natural immune system, making crops more resilient to pest attacks and environmental stressors. Furthermore, the use of multiple microbial agents in combination, as part of an integrated pest management plan, can further reduce the risk of resistance, ensuring long-term pest control efficacy.
Advances in biotechnology are accelerating the development of more effective and specific microbial agents. Genetic engineering, for instance, is enabling the creation of microorganisms that are tailored to address specific agricultural challenges. Researchers are working on genetically modified strains of Bacillus thuringiensis that produce novel toxins or improved resistance to environmental stressors, enhancing their efficacy in a wider range of conditions. Similarly, CRISPR-based genome editing is being explored to modify microbial genomes for enhanced pest control, greater stability, and better performance under varying environmental conditions. These innovations not only make microbial control more precise but also increase its potential to be used in more diverse agricultural settings, including regions with extreme climates or pest pressures. Looking forward, microbial control is expected to become an increasingly important tool in sustainable pest management. Its integration into broader integrated pest management (IPM) systems will likely become more commonplace, as farmers seek to reduce pesticide use and maintain ecological balance in their fields. The combination of biocontrol agents with other technologies—such as precision agriculture, where sensors and drones monitor pest populations and environmental conditions in real time—holds promise for highly efficient, targeted, and environmentally friendly pest management solutions. As AI and machine learning systems become more sophisticated, they will further enhance the selection and application of microbial agents, ensuring that biocontrol measures are deployed at the optimal time and location for maximum effectiveness.  Furthermore, microbial control aligns with the goals of agroecology, which emphasizes the need to consider the entire agricultural ecosystem when making management decisions. By focusing on natural pest control mechanisms, microbial control reduces the reliance on external inputs, like synthetic chemicals, that can disrupt the ecological balance. This fosters a more holistic approach to farming, where pest management, soil health, and plant protection are integrated into a system that supports long-term sustainability. In conclusion, microbial control is a crucial step toward more sustainable agricultural practices that protect both the environment and human health. As research advances and new biotechnological innovations emerge, microbial pest control will continue to evolve, offering increasingly effective, targeted, and eco-friendly solutions to pest problems. By reducing dependence on chemical pesticides, enhancing soil health, and promoting biodiversity, microbial control supports a resilient agricultural system that can thrive in the face of global challenges like climate change and food insecurity. This progressive approach to pest management ensures that agriculture can meet the needs of growing populations while preserving the planet’s natural resources for future generations.
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A) Wolbachia-Induced Cytoplasmic Incompatibility

Example: Root worms Wolbachia-Induced Cytoplasmic Incompatibility in Rootworms (Dobson et al., 2002).
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