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Biological Control of Apple Pests: Global Advances and Regional Insights from India

Abstract
Apple cultivation continues to face serious challenges from a variety of insect pests that adversely affect yield and fruit quality. Conventional reliance on chemical pesticides, while effective, has raised concerns about environmental safety, resistance development and negative impacts on non-target organisms. In this context, biological control has gained importance as a sustainable and ecologically sound alternative. This review examines global advancements in the biological control of apple pests, with particular emphasis on innovative practices in India and other major apple-producing regions. Key strategies include the application of parasitoids, predators, entomopathogenic fungi and botanicals-based biopesticides. In India, diverse agro-ecological conditions have enabled region-specific solutions, such as large-scale use of Trichogramma spp. against lepidopteran borers, Beauveria bassiana and Metarrhizium anisopliae for soil-dwelling and foliar pests and neem formulations for sucking/defoliating insect pests. Globally, integrated pest management (IPM) programs that combine biological agents with cultural and mechanical practices have successfully reduced pesticide dependence while sustaining productivity. This paper highlights selected case studies, recent research advances and potential future directions, underscoring the importance of farmer awareness, policy support and international collaboration. Strengthening these efforts is vital for wider adoption of biocontrol strategies and for ensuring the long-term sustainability of apple cultivation.
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Introduction
Apple (Malus × domestica Borkh.), belonging to the genus Malus and family Rosaceae, is among the most prominent temperate fruit crops cultivated worldwide. Popularly known as the “King of Temperate Fruits,” it thrives across diverse temperate regions of the Northern and Southern hemispheres and holds a leading position in global fruit production and trade. In addition to its economic significance, the apple is valued for its exceptional nutritional profile. It is a rich source of dietary fiber, flavonoids and antioxidants, which contribute to human health and wellness. Phytochemicals such as quercetin, catechin, phloridzin and chlorogenic acid, present in abundance, are associated with reduced risks of cardiovascular disease, diabetes, asthma, and certain cancers (Boyer and Liu, 2004; Henríquez et al., 2010). Laboratory studies have further demonstrated that apples exhibit high antioxidant activity, inhibit cancer cell proliferation, reduce lipid oxidation and lower cholesterol levels. Thus, apple cultivation plays a dual role in global food systems, contributing both to human nutrition and to the agricultural economy.
Despite its importance, apple cultivation is continuously threatened by a wide range of insect pests, which severely impact both yield and fruit quality. Historically, chemical pesticides have been the primary means of pest management in orchards. While effective in the short term, pesticide overuse has led to several challenges, including pest resistance, resurgence, residue accumulation and adverse effects on beneficial organisms and human health. Increasing awareness of these issues, along with growing environmental concerns, has accelerated the search for alternative, eco-friendly pest management solutions. In this context, biological control agents have gained significant global attention as sustainable tools for crop protection.
Biopesticides are derived from living organisms such as fungi, bacteria, viruses and nematodes, or from natural sources including plants, animals and minerals. They represent a new generation of pest control technologies designed to minimize harm to the environment and non-target organisms. The global demand for biopesticides has been increasing at an annual growth rate of nearly 10%, with production exceeding 3,000 tons annually (Gupta and Dixit, 2010; Al-Zaidi, 2011). Yet, biopesticides still account for only about 5% of the overall crop protection market. Encouragingly, projections suggest that their share could rise to nearly 50% by 2050, highlighting their transformative potential in modern agriculture (Parker and Sander, 2017).
Currently, more than 1,400 biopesticidal products are registered worldwide, with the majority falling under microbial categories (Marrone, 2007). These include bacteria such as Bacillus thuringiensis and Lysinibacillus sphaericus, fungi like Beauveria bassiana, Metarrhizium anisopliae., viruses from the family Baculoviridae and entomopathogenic nematodes belonging to Heterorhabditidae and Steinernematidae (Glare et al., 2012; Lacey et al., 2015; Kachhawa, 2017). In addition, plant-derived botanicals such as neem (Azadirachta indica) formulations are widely used for managing sucking pests. 
In the context of apple production, biological control strategies have demonstrated considerable promise. Globally, integrated pest management (IPM) programs increasingly incorporate parasitoids, predators entomopathogenic fungi, bacteria and viral biopesticides to suppress key apple pests such as codling moth (Cydia pomonella), woolly apple aphid (Eriosoma lanigerum), and various leafrollers. Viral biocontrol agents, especially granuloviruses (CpGV), have been used successfully against codling moth in several countries, while predators and parasitoids play vital roles in suppressing aphid and mite populations. India, as a major apple-producing country in Asia, has also made strides in adopting biological control practices. The country’s diverse agro-ecological zones have enabled the development of region-specific solutions, including the large-scale deployment of Trichogramma spp. for egg parasitism in lepidopteran pests, Beauveria bassiana and Metarrhizium anisopliae for managing soil and foliar pests, and neem-based products for controlling aphids and other sucking insects. Such approaches are increasingly promoted within IPM frameworks to reduce pesticide dependency in orchards and ensure environmental sustainability.
The biological control agents are generally more selective, often target-specific and pose minimal or no toxicity to humans, wildlife and beneficial organisms (Damalas and Koutroubas, 2018). Their use contributes to healthier agro-ecosystems, reduced pesticide residues and improved biodiversity. However, their broader adoption is not without challenges. Key limitations include slower pest-killing action compared to synthetic pesticides, variable efficacy under different environmental conditions (temperature, humidity, UV exposure), inconsistent product availability and relatively complex regulatory frameworks in some regions. Although resistance development is slower with biopesticides than with chemicals, it remains a concern, necessitating careful management and rotation strategies. Additionally, farmer awareness and training remain crucial for ensuring correct application and consistent performance.
Despite these limitations, the global shift toward sustainable agriculture and increasing policy support for eco-friendly solutions create opportunities for scaling up biocontrol adoption. Case studies from both developed and developing regions demonstrate the potential of integrating biocontrol agents with cultural, mechanical and ecological practices in apple orchards. Strengthening research collaboration, farmer education and government support will be critical to realizing the full potential of biological control. For India, where apple cultivation forms the backbone of horticultural economies in states such as Jammu & Kashmir, Himachal Pradesh and Uttarakhand, biocontrol strategies represent not only a sustainable solution but also an economic necessity for ensuring long-term productivity and export competitiveness. In summary, biological control of apple pests stands at the forefront of sustainable horticultural practices worldwide. With growing research, expanding markets and increasing acceptance among farmers, biocontrol agents are poised to play a central role in reducing pesticide reliance and safeguarding the future of apple cultivation.
Table 1 : Insect pest complex of apple
	S.N.
	Common name
	Scientific name
	Family 
	Order

	1
	San Jose scale
	Quadraspidiotus perniciosus (Comstock)
	Diaspidae
	Homoptera

	2
	Wooly Apple Aphid
	Eriosoma lanigerum(Hausmann)
	Aphidoidea
	Hemiptera

	3
	Tent Caterpillar
	Malacosoma indicum (Walker)
	Lasiocampidae
	Lepidoptera

	4
	European Red Mite
	Panonychus ulmi (Koch)
	Tetranychidae
	Acari

	5
	Codling Moth
	Cydia pomonella (Linnaeus)
	Tortricidae
	Lepidoptera

	6
	Apple Root Borer
	Dorysthenes hugelii (Redtenbacher)
	Cerambycidae
	Coleoptera

	7
	Indian Gypsy Moth
	Lymantria obfuscata (Walker)
	Erebidae
	Lepidoptera

	8
	Bark Beetle
	Scolytus nitidus (Schedl)
	Scolytidae
	Coleoptera

	9
	White grub
	Holotrichia spp.
	Scarabaeidae
	Coleoptera

	10
	Two spotted spider mite
	Tetranychus urticae
	Tetranychidae
	Acari

	11
	Apple Leaf Blotch Miner
	Leucoptera malifoliella
	Lepidoptera 
	Lyonetiidae


 (
Other Strategies Used to Strengthen Biocontrol Approaches:
Host plant resistance and varietal selection
Genetically engineered varieties
Use of digital tools and technology
Molecular approaches (e.g., gene silencing/RNAi)
Integration of biological control with cultural, mechanical, and need-based chemical practices
Application of economic threshold levels (ETLs)
 
(to conserve natural enemies and avoid unnecessary applications of insecticides)
)




Fig1. Pest management Strategies in apple orchards 
Pest-Specific Biological Management Strategies in Apple Orchards
1. San Jose scale
Management:
1.1 Entomopathogenic fungi on apple tree bark can infect San Jose scale, particularly early settled crawlers and nymphs, causing significant mortality.
1.2 Application of B. bassiana at 15 × 105 conidia/ml caused 77% mortality of San Jose scale, while L. lecanii at the same concentration resulted in 75% mortality (Buhroo et al., 2016).
1.3 In the USA, several researchers have tested and developed B. bassiana as a commercial mycoinsecticide against scale insects (Bradley et al., 1992).
1.4 In hilly tracts of India, Q. perniciosus is also preyed upon by the coccinellid predator Chilocorus bijugus Mulsant (Pruthi and Rao, 1951; Tuhan et al., 1979; Rawat et al., 1988).
1.5 Important natural enemies of San Jose scale include Aphytis spp. (proclia group) as ectoparasitoids, Encarsia perniciosi Tower as an endoparasitoid and Chilocorus infernalis Mulsant as a predator (Gupta, 2003).
2. Wooly Apple Aphid
Management:
2.1 Woolly apple aphids are preyed upon by a variety of natural enemies, including earwigs, coccinellids, spiders, syrphids, carabids and chrysopids.
2.2 The parasitoid Aphelinus mali is highly effective, especially when used in combination with natural predators (Gontijo, 2011).
2.3 Among natural enemies, Aphelinus mali and the European earwig (Forficula auricularia) have shown the greatest potential for managing this pest (Alins et al., 2023).
2.4 Biopesticides such as BioNature R2000, Bioshower, and insecticidal soap are approved for organic farming and can effectively reduce aphid infestations (Raudonis et al., 2010).
2.5 Beauveria bassiana (2 × 1010 cfu/l), fish oil (1.0%), neem oil (2.0%), and azadirachtin (0.02%) provided comparable efficacy, recording 28.95–31.32 % reduction in colony counts (Kumar & Gupta, 2019).
2.6 In the Kashmir Valley, eight predator species have been recorded in association with woolly apple aphid: Chilocorus infernalis, Adaliatetra spilota, Hippodamia variegata, Coccinella septempunctata, Harmonia spp., Oenopia conglobata, Syrphus spp., and Chrysoperla zastrowi (Rasool, 2019).
3. Tent Caterpillar
Management:
3.1 Nuclear polyhedrosis viruses (NPVs) are effective biocontrol agents against M. indicum. They can be used for environmentally friendly management of tent caterpillar populations (Gupta et al., 2016).
3.2 Tachinid flies act as parasitoids of tent caterpillars by depositing white eggs on the caterpillar body, leading to larval mortality.
3.3 M. indicum can be effectively controlled with the microbial insecticide Bacillus thuringiensis (Bt). When caterpillars consume its crystal proteins, they become stomach poisons. (Johnson, 2005).
3.4 The entomopathogenic fungus Fusarium gastropachae thrives in the warm temperatures of early spring, coinciding with peak tent caterpillar activity. Its high virulence suggests strong potential as a biological control agent against forest tent caterpillars (Filotas et al., 2006).
4. European Red Mite
Management:
4.1 The predatory mite Neoseiulus cucumeris has been found effective in suppressing P. ulmi populations on apple trees (Abd El-Wahed et al., 2011).
4.2 Several natural enemies prey upon phytophagous mites, including predatory mites (Amblyseius fallacis, Zetzellia mali), the black coccinellid beetle (Stethorus punctum Le Conte), mirids (Chrysoperla spp.), anthocorid bugs (Orius spp.), the black hunter thrips (Leptothripsmali Fitch) and a range of spider species (Khajuria, 2009).
4.3 Inoculation of apple orchards with Metaseiulus occidentalis (Nesbitt) and Typhlodromus pyri (Scheuten) provided comparable or superior control of P. ulmi and the two-spotted spider mite (Tetranychus urticae Koch) compared to the release of either species alone (Croft & MacRae, 1992).
4.4 The findings consistently suggest that predatory mites, particularly N. cucumeris, M. occidentalis, and T. pyri, represent effective biocontrol agents against the European red mite in apple ecosystems.
5. Codling Moth
Management:
5.1 Cydia pomonella granulovirus (CpGV) formulations such as Madex and Virosoft CP4have been registered for codling moth control in Switzerland and Canada, respectively (Vincent et al., 2007).
5.2 Plant extracts and essential oils from Allium sativum, Tanacetum vulgare, Artemisia arborescens, and Ginkgo biloba showed more than 95% deterrence compared to untreated controls (Pszczolkowski, 2023).
5.3 Bacillus thuringiensis (Bt) is one of the most commonly applied microbial insecticides against codling moth larvae (Lacey et al., 2001).
5.4 Steinernema feltiae and S. carpocapsae can successfully infect overwintering cocooned larvae when adequate orchard moisture is maintained after application (Lacey & Unruh, 2005). Recent studies confirm that EPNs and their endosymbionts (ESs) contribute to reducing larval infestations (Gumuşsoy et al., 2022).
5.5 In Ladakh, an indigenous strain of Heterorhabditis pakistanensis (NBAIR H-05) effectively reduced Cydia pomonella larvae by 41.8-85.8% based on dosage. Moistening trunk bands after application significantly increased nematode efficacy (Ahmad et al., 2020).
5.6 Semiochemicals have been exploited in mating disruption programs. Integration of CpGV formulations (e.g., Fermo-Virin/Cp) with pheromones enhances population suppression (Agasyeva et al., 2021).
5.7 Codling moth eggs are parasitized by Trichogramma spp. (T. embryophagum and T. cacoceae) while larvae are attacked by lacewings and ladybird beetles (Maggi & Chreil, 2023). In the US, parasitoid wasps Mastrus ridibundus and Ascogaster quadridentata have been successfully used in codling moth control programs (Lacey & Unruh, 2005).
5.8 Experimental releases of Trichogramma dendrolimi and T. embryophagum in German apple orchards resulted in 53–84% reduction in codling moth infestation (Sauer, 2017).
6. Apple Root Borer
Management:
6.1 The microbial control agents Heterorhabditis bacteriophora, Metarhizium anisopliae, Beauveria bassiana, and Beauveria brongniartii, along with the neem-based formulation have shown effectiveness against apple root borer (Chauhan et al., 2013).
7. Indian Gypsy Moth
Management:
I. A promising strain of L. obfuscata multiple nucleopolyhedrovirus (LyobMNPV) has been identified as a potential biological control agent through isolation of native strains and field evaluation (Gupta et al., 2016).
8. Bark Beetle
Management:
I. The entomopathogenic fungus Aspergillus sp., previously isolated from dead beetles, was tested against healthy Scolytus amygdali larvae and adults. At concentrations of 4.99 × 107, 6.01 × 107, and 8.81 × 107 conidia/ml, it was found pathogenic, causing 100% larval mortality within 24 hours (Zeiri et al., 2014).


9. Apple Leaf Blotch Miner
I. Globally, eulophid wasps, particularly Pnigali agraules and Chrysocharis nephereus, are the most common and effective parasitoids of L. malifoliella, contributing significantly to its natural control in Europe and the Mediterranean regions (Volk, 1999; Lozan, 2012).
II. Integrated pest management (IPM) strategies also recommend cultural practices such as removal and destruction of infested leaves, pheromone-based monitoring and judicious use of selective insecticides to conserve parasitoids (Milonas & Savopoulou-Soultani, 2000).
10. White grub
I. Entomopathogenic fungi are highly promising for the management of white grubs, with species of Beauveria and Metarhizium being the most effective. Several commercial formulations have been developed and evaluated against Holotrichia spp., including Bio Green, ORY-X, Grub X 10G, Betel, Biotrol FMA and Meta-Guard (Chandel et al., 2019).
11. Two spotted spider mite
I. The generalist phytoseiid mites Typhlodromus vulgaris and Amblyseiust sugawai have been effectively used to control T. urticae (Funayama et al., 2015).
II. Inundative releases of the specialist predator Phytoseiulus persimilis were successfully evaluated for T. urticae control in apple orchards in northern Israel (Steinberg & Cohen, 1992).
III. The green lacewing (Chrysoperla externa) has also been identified as an effective biological control agent against T. urticae (Barbosa et al., 2025).
IV. The predatory mite Euseiuss cutalis has been reported to suppress T. urticae populations in apple orchards (Metwally et al., 2010).

Concluding Remarks and Future Strategies
Biological control of apple pests has emerged globally as a viable and sustainable alternative to chemical pesticides, offering specificity, environmental safety and compatibility with integrated pest management (IPM) systems. Significant progress has been made through the deployment of parasitoids, predators, entomopathogenic fungi, viruses, nematodes, and botanicals; however, inconsistent field performance, environmental constraints, and limited farmer awareness remain barriers to large-scale adoption. Future strategies should emphasize the integration of multiple biocontrol agents within holistic IPM frameworks, coupled with modern tools such as pheromone-based monitoring, molecular techniques for strain improvement, and digital platforms for pest surveillance. Strengthening farmer training, ensuring regulatory support for commercialization and fostering international collaborations will be essential to enhance the reliability, affordability, and accessibility of biocontrol options, thereby securing the long-term sustainability and productivity of apple orchards.
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