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ABSTRACT

Biopesticides derived from natural sources such as microorganisms, plants, and biochemicals offer a
sustainable alternative to synthetic pesticides by minimizing environmental and health risks. This review
explores the types of biopesticides, including microbial, e.g., Bacillus thuringiensis, Beauveria bassiana,
plant-incorporated protectants (PIPs), and botanicals (e.g., neem, pyrethrum), and their applications in
agriculture for pest management, soil health enhancement, and integrated pest management (IPM). In the
health sector, biopesticides like B. thuringiensis israelensis (Bti) are pivotal in vector control for diseases
such as malaria and dengue. Despite advantages like biodegradability and target specificity, challenges
persist, including low field efficacy, short shelf life, and regulatory hurdles. Recent advances in nano-
formulations, genetic engineering, and Al-driven development aim to overcome these limitations. This
review underscores the role of biopesticides in achieving sustainable agriculture and public health goals,
calling for interdisciplinary collaboration, policy support, and farmer education to scale adoption. By
addressing current constraints, biopesticides can significantly reduce reliance on chemical pesticides,
aligning with global sustainability agendas.
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1. INTRODUCTION

Biopesticides are increasingly drawing interest among stakeholders seeking eco-friendly, safe and Integrated
Crop Management (ICM) compatible strategies for pest control (Zhou et al. 2024a). Despite promising outcomes
in various crop systems, especially those involving insecticidal products derived from Bacillus thuringiensis (Bt)
Berliner biopesticides, have yet to fulfill expectations as dominant players in the pesticide industry (Ortiz and
Sansinenea 2022). Currently, traditional biopesticide applications are primarily effective in specialized and niche
markets within the agricultural and horticultural sectors. In 1998, the global pesticide industry was valued at
nearly US$32 billion, with biopesticides (excluding genetically modified crops) accounting for only about US$350
million or just over 1% of the total market (Marrone 2024). This limited adoption can be attributed to numerous
factors such as inconsistent performance in field applications, generally short shelf-life, frequently unsuitable
formulations, less favorable economic viability compared to chemical pesticides, and a narrow pest-control
spectrum (Guru et al. 2022). Nevertheless, biopesticides are appreciated for their safety to non-target organisms
and mammals. Moreover, their environmental compatibility and the relatively simplified registration procedures in
the United States potentially set a precedent for future regulatory frameworks in the European Union (Fusar Poli
and Fontefrancesco 2024). Farmer adoption of biopesticides could rise in response to the growing demand for
organically produced food, which is expanding more rapidly than any other food sector in developed countries.
The emergence of more potent biological products with broader activity or improved targeting of key pests,
alongside the strategic integration of biopesticides with lower doses of chemical pesticides, may further encourage
usage (Baker et al. 2020). Incorporating biopesticides into such integrated programs could help delay or prevent
the onset of resistance in pest populations to both chemical pesticides and biopesticide-derived toxins (Chavana
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and Joshi 2024).

Consequently, biopesticides are increasingly being acknowledged as vital tools in crop protection. Critical
challenges shaping their future development and acceptance include constrained research and development funding,
limited shelf stability, narrow host specificity, which can be beneficial in some cases, and low environmental
persistence, which may also be advantageous and variable effectiveness in field conditions (Fenibo et al. 2022). As
understanding and experience with biopesticides grow, companies are likely to overcome these hurdles through
better selection, formulation and marketing of innovative products for the global market (Ndolo et al. 2019). For
developing nations, biopesticides present a distinct opportunity to utilize their indigenous biological resources for
pest management. Such initiatives can help conserve foreign exchange, enhance user and consumer safety and
safeguard the environment (Fenibo et al. 2022). However, it is essential to ensure that any new biopesticide,
whether a microbial agent, secondary metabolite, plant extract, or living organism, undergoes rigorous evaluation to
confirm it poses no risk to applicators the environment or end users before being introduced into crop-protection
practices (Kumar et al. 2021b). While biopesticides are generally safer for non-target species, their natural origin
does not inherently guarantee safety (Kumar et al. 2021b).

The world’s population is growing faster than ever before and is expected to approach 9.7 billion people by
the year 2050, with the majority residing in Africa and Asia. This rapid growth has placed immense pressure on
agriculture and its associated industries to fulfill the escalating demand for food, necessitating increased inputs
for crop cultivation. (Mrabet 2023). Human-induced activities have significantly altered natural ecosystems,
resulting in adverse environmental effects, including the conversion of agricultural land for infrastructure,
excessive depletion of nutrients, degradation, and pollution of water sources (Akhtar et al. 2021). Therefore,
leading to scarcity accumulation of harmful xenobiotics in the soil and a decline in soil quality, fertility and
productivity, all contributing to land degradation from soil loss and shifts in climate patterns are major concerns
(Biswas et al. 2018). Tackling these issues requires an effective solution, and ensuring food availability,
enhancing the efficiency and sustainability of agricultural systems is essential, necessitating the adoption of
innovative and advanced methods (Nicolétis et al. 2019). Agricultural productivity can be boosted by methods
such as enhancing crop yield through the application of organic amendments like manure and bio-based
treatments, including biopesticides, or by mitigating crop losses due to harsh environmental factors, including
both biotic and abiotic stresses. Abiotic stress, in particular, can be effectively managed using bioeffectors and
biostimulants (Priya et al. 2023).

Crop-specific pesticide usage is significant, with fiber crops consuming in India the application of pesticides
varies across agricultural categories, with usage levels reaching 67% in general crops, 50% in fruits, 46% in
vegetables, 43% in spices, 28% in oilseed, and 23% in pulses (Reddy et al. 2024). According to the Indian Ministry
of Chemicals and Fertilizers, pesticide output increased from 186,000 metric tons in 2014-2015 to 217,000 metric
tons by 2018-2019. Data from the Food and Agriculture Organization (FAQO) covering the years 2015 to 2018
reveals that Asia was responsible for 52.2% of the World’s pesticide consumption, trailed by the Americas at
32.4%, Europe at 11.8%, Africa at 2%, and Oceania at 1.6% (Reddy et al. 2024). Among nations, China reported
the highest pesticide application per hectare, followed by the United Kingdom, while India recorded the lowest rate
(Sharma et al. 2019). Within India, Jammu and Kashmir topped the list for pesticide usage, followed by Andhra
Pradesh. These statistics underscore the critical need for more sustainable pest management solutions, particularly
the increased adoption of biopesticides (Reddy et al. 2024). Bio pesticides derived from natural origins are
substances used to manage pests and are found in various organisms, including plants, animals, bacteria,
cyanobacteria, and microalgae (Mol and Purushothaman 2020). As defined by the U.S Environmental Protection
Agency, these products originate from natural sources such as mineral, flora, fauna and microbes. Many
biopesticides contain active compounds or genetic elements from these biological agents, offering effective
protection against pest-related crop damage (Seiber et al. 2018).

Compared to synthetic chemicals, biopesticides offer several benefits; they are environmentally safe and often
exhibit host specificity (Ayilara et al. 2023). Their integration into agrochemical practices can significantly enhance
pest management in agriculture (Deguine et al. 2021). Although increasing agricultural productivity is essential for
sustainability, it often comes at the cost of environmental health, contributing to excessive water usage, pollution of
ecosystems, and the widespread application of agrochemicals on farmland (Zhou et al. 2024b). To promote
sustainable farming practices, such as crop rotation, integrated pest management (IPM), biological and mechanical
weed suppression, and minimizing pesticide usage, has been recommended (Baker et al. 2020). Nonetheless,
conventional farming systems still suffer from considerable crop losses due to factors like pest and pathogen
infestations, weed interference, poor soil health, limited nutrient availability and climate-related adversities (Thakur
and Uphoff 2017). In this context, the environmental impact of synthetic pesticides, historical background, and the
global shift toward sustainable alternatives underscore the importance of biopesticides in modern agriculture (Table
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1).

This review highlights the pivotal contributions of biopesticides in closing the gap between agricultural
productivity and the health sectors. By integrating existing developments, challenges and future directions. This
paper seeks to inform policymakers, researchers and stakeholders on the game-changing capacities of
biopesticides in minimizing the dependence on chemical pesticides while counteracting global food security and
public health requirements. This study calls for expediting innovation, multi-disciplinary action and policy
adjustments to realize the complete potential of biopesticides as the anchor of sustainable agriculture as well as
health sectors.

Table I: Effects of Biopesticides

Theme Details References
Environmental  Impact Persistent in the environment, affecting non-target species like (Chavez-Dulanto et al. 2021;
of Synthetic Pesticides  beneficial insects, soil microbes, plants and humans. Chormare and Kumar 2022)
Shift Toward Growing concerns led to the 2030 Agenda for Sustainable (Biswas et al. 2018; Mrabet
Sustainability Development (UN, 2015) and the Fifth Industrial Revolution, focusing 2023)
on ethical, sustainable tech.
Historical Context The Green Revolution (1970s) increased food production but caused (Thakur and Uphoff 2017;
environmental damage through monoculture and chemical use. Sharma et al. 2019)
European Green Deal & Launched in 2019-2020 to reduce soil, water and air contamination (Baker et al. 2020; Fusar Poli
Farm to Fork Strategy and create a sustainable food system in Europe. and Fontefrancesco 2024).
Zero-Waste & Circular Emphasis on reducing waste by using agricultural by-products to (Ndolo et al. 2019; Fenibo et
Economy Initiatives produce biopesticides, aligned with 3Rs and 5Rs principles. al. 2022)

Types of Biopesticides |. Microbial Agents (e.g., fungi, bacteria); 2. Macrobial Agents (e.g., (Seiber et al. 2018; Mol and
nematodes, insects); 3. Biochemical Agents (e.g., plant extracts, Purushothaman 2020)

pheromones).
Plant-Incorporated Defined by the U.S. EPA as natural pesticides produced by plants (Deguine et al. 2021; Kumar et
Protectants (PIPs) (including via genome editing or seed treatments). al. 2021b)
Terminology Organizations like IBMA refer to "Biocontrol Agents" (BCAs) instead (Ortiz and Sansinenea 2022;
Differences of biopesticides, classified into macrobial, microbial, natural products Zhou et al. 2024a)

and semiochemicals.

Scientific Analysis Scope Study focused on the term "biopesticide" in Web of Science (1994— (Guru et al. 2022; Marrone
2024); excludes broader biological control research, despite its 2024)
historical roots (since the 1800s).

Limitations of the Study Many key contributions in biocontrol excluded due to narrow (Ayilara et al. 2023; Reddy et
keyword focus; broader search terms would yield more al. 2024)
comprehensive coverage.

2. TYPES OF BIOPESTICIDES

Biopesticides are generally classified into the following categories:

2.1. Microbial Biopesticides

These involve microorganisms such as bacteria, fungi, viruses or protozoa that act against specific pests. For
instance, Bacillus thuringiensis (Bt) produces toxins that are lethal to certain insect larvae (Valtierra-de-Luis et al.
2020). Microbial organisms show great promise in enhancing food safety and can serve as cost-efficient tools
within integrated pest management (IPM) programs. Two entomopathogens that have been independently
commercialized as successful biopesticides are Bacillus thuringiensis Berliner (Bt) (Adilkhankyzy et al. 2025) and
Beauveria bassiana (Balsamo) Vuillemin (Bb) both widely recognized for their effectiveness against insect pests
(Sayed and Behle 2017). Bt-based biopesticides dominate the global market accounting for over 90% of total
biopesticide sales. The commercial success of Bt is attributed to cost-effective mass production through liquid
fermentation and its wide pest control range, including major pests in large-scale cropping systems. Furthermore,
advancements in genetic engineering have enabled the integration of Bt’s insecticidal protein genes into crop
genomes broadening its application as a pest control strategy (Anderson et al. 2019). Primarily effective against
lepidopteran insects Bt functions as a stomach poison that activates upon ingestion by vulnerable species. However,
the emergence of resistance among pest populations feeding on transgenic Bt crops has been reported necessitating
affordable and sustainable resistance management approaches to ensure long-term efficacy (Anderson et al. 2019).
Similarly, Bb has been developed into biopesticide formulations effective against a broad spectrum of agricultural,
horticultural and forest insect pests (Reddy and Chowdary 2021). Most Bb-based products employ infective conidia
as the primary active component. Bb operates as a contact insecticide where germinating spores breach the insect
cuticle to initiate infection (Wraight et al. 2022). This method allows Bb to effectively target pest species with
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piercing-sucking mouthparts unlike Bt. However, the high cost associated with conidia production via solid
substrate fermentation may hinder Bb’s market competitiveness relative to Bt (Sala et al. 2019).

Combining different active microbial agents has the potential to enhance pest control efficiency and can also
serve as a tactic to delay or manage resistance development (Sheoran et al. 2025). Several investigations into Bt and
Bb combinations have revealed synergistic effects leading to increased insect mortality rates. For instance, it was
found that a slight synergistic interaction when applying a tank mix of Bt tenebrionis and Bb strain GHA to manage
Leptinotarsa decemlineata (Colorado potato beetle) in field trials (Smagghe et al. 2023). Laboratory studies by also
confirmed this synergism through simultaneous infections of beetle larvae. Other studies reported additive effects
for Musca domestica, no interaction in corn pest Ostrinia nubilalis management and antagonism in Ostrinia
Sfurnacalis exposed to sublethal Bt CrylAc and Bb doses (Sun et al. 2022). Despite promising results, Bt and Bb are
seldom formulated into a single biocontrol product. However, a wettable powder combining the two with a 3:1 Bt to
Bb ratio, yielding optimal control of Malacosoma Neustria (Manohar 2023). These support further investigation
into dual-agent products. Progress in fermentation and formulation technologies has enabled the cost-effective
production of shelf-stable Bb blastospores, offering an economical alternative to traditional solid substrate methods.
Reduced production costs could make the commercial development of combined Bt-Bb formulations more feasible
(Ikhwani et al. 2024).

2.2. Plant-Incorporated Protectants (PIPs)

These are pesticidal substances produced by plants that have been genetically modified to express specific
genes, such as those from Bt to confer resistance against pests (Nagaraj et al. 2024). Ensuring food security for an
expanding global population presents one of the most pressing challenges of this century. Projections indicate that
global food production must rise by a minimum of 70% to feed an estimated population exceeding 9 billion by the
year 2050 (Giller et al. 2021). One key strategy to boost agricultural productivity involves safeguarding crops
through the application of pesticides, a market valued at approximately $50—60 billion (Yadav et al. 2023).
Worldwide, pesticides help mitigate crop losses caused by insects and other pests by nearly 39%. The majority of
these chemical agents are low molecular weight (LMW) synthetic organic compounds usually with molecular
masses under 500g/mol (0.5kDa) (Faixo et al. 2021). The chemistry, environmental behavior and health
implications of these synthetic pesticides have been comprehensively examined (Zhou et al. 2024b).

Although synthetic LMW pesticides dominate the market, biopesticides, defined broadly as pest control
products derived from natural sources, are becoming increasingly significant (Ndolo et al. 2019). Presently,
biopesticides account for around $3—4 billion of the total pesticide market, representing about 6% of the global
share (Marrone 2024). In contrast to synthetic pesticides, which show a compound annual growth rate (CAGR) of
4.8%, biopesticides are expanding at a much faster pace with a CAGR of 14.1% (Séilceanu et al. 2022). By 2050,
biopesticides are projected to constitute half of the global pesticide market. Among biopesticide types are plant-
incorporated protectants (PIPs), which are genetic traits engineered into crops to provide resistance against insect
pests and viral pathogens (Kumar et al. 2021b). Insect-targeting PIPs are due to their widespread application and the
development of new variants aimed at controlling insect pests (Iftikhar et al. 2023). These PIPs are consumed
alongside plant tissues during pest feeding (Hezakiel et al. 2024). Once ingested, they interfere with insect growth
and development or result in pest death (Shahid et al. 2023). Despite the broadening deployment of genetically
modified (GM) crops expressing insecticidal PIPs, significant knowledge gaps persist regarding the environmental
behavior of these proteins (Rakesh et al. 2023).

2.3. Biochemical Pesticides

These are naturally occurring substances that control pests through non-toxic mechanisms. Examples include
insect pheromones that disrupt mating patterns and plant extracts that deter feeding (Mishra et al. 2022). Essential
oils (EOs) also referred to as volatile oils, etheric oils, aetheroleum or essences and their bioactivity such as the
anticoccidial and growth-promoting effects observed in star anise oil, highlight their therapeutic relevance (Al-
Hoshani et al. 2023). These are naturally occurring mixtures of volatile substances produced as secondary
metabolites in aromatic plants. These oils are typically obtained via water or steam distillation methods (Akdag and
Oztiirk 2019). In general, EOs possess lower densities compared to water. They consist of complex blends
containing hundreds of individual constituents which collectively define their physical, chemical and biological
characteristics (Bunse et al. 2022). Aromatic plants may also be processed using organic solvents to obtain
oleoresins or by supercritical carbon dioxide extraction to yield solvent-free, high-quality extracts (Uwineza and
Waskiewicz 2020). However, solvent extraction is more intricate and labor-intensive than steam distillation. This
method produces both volatile essential oils and non-volatile flavor components which find widespread use in the
food, agricultural and pharmaceutical sectors (Aziz et al. 2018).

In recent years, there has been a growing global interest, especially in both industrialized and developing
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nations in exploring botanical insecticides such as essential oils for pest control largely due to the increasing
resistance of insect populations to conventional synthetic insecticides (Isman 2020). The prolonged use of synthetic
insecticides has led to the accumulation of chemical residues in various environmental compartments including
water, soil, air and food posing threats to non-target species, disrupting ecosystems and posing health hazards to
humans (Oaya et al. 2019). Consequently, bio-insecticides like EOs have emerged as sustainable alternatives to
synthetic pesticides in agriculture and public health (Ladan et al. 2022). The adoption of eco-friendly pest
management practices often termed “green pesticides,” includes the application of plant-based products such as
essential oils and botanical extracts. Green pesticides are defined as naturally derived substances capable of
suppressing pest populations and contributing to increased agricultural productivity (Souto et al. 2021). As a result,
EOs play a pivotal role in pest management strategies, particularly in the context of organic farming systems
worldwide (Chang et al. 2022).

2.4. Botanical Pesticides

Botanical insecticides currently make up around 1% of the global insecticide market and are associated with
significantly fewer environmental and health risks compared to their synthetic counterparts (Isman 2020). Globally,
approximately 17,500 aromatic plant species thrive in tropical regions and over 3,000 chemical constituents have
been identified from them (Riaz et al. 2021b). Out of these, about 300 essential oils are commercially used across
industries, animal feed, and pest control (Shahbakht et al. 2024). Prominent plant families known for EO production
include Apiaceae, Asteraceae, Combretaceae, Geraniaceae, Gramineae and Lamiaceae as well as Myrtaceae,
Meliaceae, Piperaceae, Rutaceae, Verbenaceac and Zingiberaceac (Mohammed et al. 2024). Commercially,
essential oils can be produced by angiosperms and gymnosperms, and significant sources are primarily angiosperms
due to their greater species diversity and medicinal use in traditional systems (Nomi et al. 2024). Over the past few
decades a substantial body of research has examined the insecticidal properties of essential oils and their potential
application as biopesticides against key insect pests (Gupta et al. 2023). Recent technological developments have
expanded the scope of biopesticides such as RNA Interference (RNAI) technology involves silencing specific genes
in pests that are leading to their death or reduced fitness (Fletcher et al. 2020). RNAi-based biopesticides offer high
specificity and are less likely to affect non-target species. Bionanopesticides are nanoparticles derived from
biological materials that can deliver pesticidal agents more effectively, enhancing stability and targeted delivery
while reducing environmental impact (Anjaneyulu et al. 2024).

3. APPLICATIONS OF BIOPESTICIDES
3.1. In Agriculture

Farmers have successfully enhanced crop yields on limited cultivable land by employing technological
innovations, refined agricultural methodologies and effective pest control strategies (Shah and Wu 2019). However,
the excessive and improper use of chemical inputs presents a major obstacle to achieving sustainable agricultural
development (Pretty 2018). The rise of resistance among various pest and vector species, coupled with
environmental pollution concerns and the escalating costs of synthetic insecticides, has highlighted the limitations
of relying solely on chemical-based pest control (Wilson et al. 2020). Pesticides, both organic and inorganic, are
utilized to eliminate or inhibit harmful organisms to safeguard crops. While prolonged pesticide use may protect
plants, it can also cause damage (Pathak et al. 2022).

Resistance mechanisms in pest populations are often mediated by genetic factors, particularly among gram-
negative and gram-positive bacteria. For instance, contamination by Aspergillus species in crops producing harmful
mycotoxins can occur during various stages, including cultivation, harvesting or storage (Kumar et al. 2021a).
Given these concerns, microbial insecticides are gaining popularity as ecologically safer alternatives to traditional
chemical pesticides (Ayilara et al. 2023). Rising awareness regarding biodiversity loss and species endangerment is
intensifying the demand for increased food production while reducing dependency on chemical interventions
(Abudulai et al. 2022). These environmental concerns have accelerated the transition toward organic farming and
encouraged the use of biopesticides among growers (Sarwar et al. 2021; Adnan et al. 2025).

In India (Fig. 1), biopesticides constitute around 5% of the pesticide market with more than 15 microbial
species and nearly 970 formulations registered under the Central Insecticides Board and Registration Committee
(Kumar et al. 2019). Globally, member nations of the OECD have approved various microbial and plant-based
biopesticides (Fig. 1) and over 1,000 formulations are currently in circulation (Kumar et al. 2021b). Prominent
botanical biopesticides include extracts from neem (Azadirachta indica), sabadilla (Schoenocaulon officinale),
pyrethrum (Tanacetum cinerariifolium), cotton, tobacco (Nicotiana tabacum) and ryania (Ryania speciosa) while
microbial agents like Trichoderma, Bacillus, Pseudomonas and Beauveria species are commercially deployed
(Chowdhury et al. 2024). Microbial-based biopesticides are valuable for the development of innovative pest control
agents that are effective in safeguarding both agriculture and public health (Mukanga et al. 2024). Substantial
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camphor, linalool, B-caryophyllene, and linalyl acetate, depending on the species (Saced and Alkheraije 2023).
Examples include parasitoid wasps, beetles, lacewings, predatory bugs, and ladybird beetles, which are effective in
controlling pests like Helicoverpa armigera (bollworm) in major crops such as cotton (Riaz et al. 2021a). Another
category of biopesticides includes compost teas, liquid filtrates derived from compost extracts, which are similarly
utilized for their pest and disease control properties (Garg and Rakshit 2024).

Pathogens, insects and weeds present a major threat to global food security and sustainable agriculture as
they contribute significantly to reduced crop yields worldwide (Grace et al. 2019). The losses attributed to pest
infestations could equate to the amount of food required to nourish nearly one billion people, making pest control
a vital element of food security strategies (Botha et al. 2020). To address this issue without relying on the costly
and often harmful effects of synthetic pesticides, alternative pest management methods must be adopted (Souto
etal. 2021).

3.2. Applications in the Health Sector

Ensuring a steady supply of nutritious and safe food is a fundamental goal of any advanced and organized
society (Alegbeleye et al. 2022; Rahman 2023). From a quantitative perspective, achieving large-scale food
production often relies on the application of various agrochemicals, including synthetic fertilizers, growth
regulators, herbicides, insecticides, fungicides, nematicides, bactericides and antiviral agents (Singh et al. 2021).
While these substances support the cultivation of high-yield food crops they also pose significant risks to human
and animal health as well as to beneficial insects potentially leading to serious illnesses and physiological
disorders (Chavez-Dulanto et al. 2021). In light of these drawbacks, biopesticides present a sustainable alternative,
offering significant ecological and health advantages over synthetic pesticides (Table 2).

Research by Damgaard has documented the presence of pesticide residues in human breast milk, highlighting
the extent of chemical contamination through food and further elaborated on the adverse health outcomes linked to
pesticide exposure including an increased risk of various cancers affecting multiple organs and tissues (Blackburn
and Green 2022). Moreover, these toxic chemicals persist in the environment accumulating in ecosystems. Wildlife
including animals, birds and insect face dangers such as metabolic disruptions or even death when they ingest
contaminated food or inhale polluted air (Chormare and Kumar 2022).

Mosquito control remains a critical public health priority as mosquitoes are vectors of several life-threatening
diseases including malaria, filariasis, dengue fever, yellow fever, West Nile virus and chikungunya (Parihar et al.
2020). These illnesses pose significant health risks and contribute to economic strain in countries where they are
endemic. Their global spread is accelerating due to factors such as increased international travel, urban development
and climate change (Baker et al. 2024). The most effective strategy for lowering disease transmission is through
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targeting mosquito populations primarily by applying insecticides to their breeding habitats (Rani et al. 2023). Since
the 1950s, the widespread use of chemical insecticides has raised major concerns, including toxicity to non-target
organisms and the emergence of resistance in mosquito populations (Aratjo et al. 2023). A safer and
environmentally friendly alternative involves using toxins produced by Bacillus thuringiensis subsp. israelensis
(Bti), which are sprayed over mosquito breeding sites (Margalith and Ben-Dov 2000). Currently, Bti is regarded as
the most effective biocontrol agent for managing mosquito populations. Its toxins are considered non-hazardous to
humans and other non-target species, exhibit low environmental persistence and importantly have not yet led to any
reported resistance among mosquito populations (Sabbahi et al. 2022).

Table 2: Advantages of Biopesticides

Aspect Synthetic Pesticides Biopesticides References

Historical Use Used since ancient times for pest control and Emerged as an alternative to address (Singh et al. 202I;
crop improvement concerns associated with synthetic Blackburn and

pesticides. Green 2022)

Composition Chemical compounds with carriers like Derived from natural sources: plants, (Sabbahi et al. 2022;
polymers microbes and biological agents. Perumal et al. 2024)

Types Herbicides, algicides, fungicides, miticides, Phyto pesticides microbial pesticides (Perumal et al. 2024)
bactericides, rodenticides, termiticides, nano-biopesticides

insecticides, molluscicides, nematicides.
Classification By pest type or active ingredients (e.g, By source: plant-based, microbe-based (Sabbahi et al. 2022;

Basis organochlorines, dichlorvos, diazinon, diamide, or biologically derived nanoparticles. Perumal et al. 2024)
chlorpyrifos).
Benefits Enhances crop yield and productivity. Cost-effective, environmentally friendly, (Chavez-Dulanto et

target-specific, sustainable, residue-free, al. 2021)
no GHG emissions
Environmental Damages soil biodiversity, wildlife, aquatic life, Environmentally sustainable; minimal to (Baker et al. 2024;

Impact and plants no negative impact. Chormare and
Kumar 2022)
Soil Impact  Makes soil brittle, reduces respiration and Promotes soil health by avoiding (Baker et al. 2024;
earthworm activity disruption of beneficial microorganisms. Chormare and
Animal  and Reduces animal immunity, fertility, and offspring Lower health risks; safer for humans and Kumar 2022)
Human quality; bioaccumulates leading to diseases like animals

Health Impact cancer, kidney disease, rashes, diabetes
Water Impact Contaminates water bodies, causes aquatic life Biodegradable; reduces risk of water

death, bioaccumulation contamination
Mechanism of Broad-spectrum chemical action. Inhibits/destructs plasma membranes and (Yadav et al. 2022;
Action protein synthesis in pests and pathogens. Gupta et al. 2023)
Specific Immediate and effective against a wide range of Specific action, no chemical residues, (Adetuyi et al. 2024;
Advantages  pests. enhanced delivery (nano-biopesticides) Vishnu et al. 2024)

and no impact on greenhouse gas levels

The incidence rose significantly in 2022 with 76,467 cases, up from 36,120 cases in 2021. The dengue virus is
transmitted by mosquitoes belonging to the Aedes genus, primarily Aedes aegypti which is considered the principal
vector (Das et al. 2018). This mosquito species poses a considerable threat to public health due to its ability to
spread nearly 30 known arboviruses, including four critical ones: dengue (DENVs), chikungunya (CHIKV), Zika
(ZIKV) and yellow fever (YFV). Aedes aegypti thrives in human environments, exhibits a preference for feeding on
humans (anthropophilic) and commonly breeds in artificial containers (Facchinelli et al. 2023). In the absence of a
universally effective vaccine or antiviral treatment, controlling the mosquito population remains the primary
method to curb disease transmission (Wilson et al. 2020). This involves eliminating breeding habitats and applying
chemical insecticides. The widespread distribution and diverse nature of breeding sites, coupled with growing
insecticide resistance in Ae. Aegypti populations and adverse effects on non-target organisms have significantly
diminished the effectiveness of conventional control strategies. This has led to an increased focus on exploring
alternative mosquito control approaches (Dusfour et al. 2019).

Several innovative vector control solutions are under development, including the use of plant-derived
insecticides, genetically modified organisms and entomopathogenic microbes (Civolani et al. 2025). While
botanical insecticides have shown promise in experimental settings, their rapid degradation under field conditions
and limited biomass availability for sustained production pose significant challenges to their commercialization.
Genetically engineered vectors, though proven effective in some applications, remain costly and raise complex
social, political, and ethical concerns (Abbas et al. 2023).

In contrast, the use of entomopathogenic organism’s microbes that target insect hosts is gaining attention as an
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eco-friendly vector control strategy. These biological agents including fungi, viruses and bacteria offer an
environmentally responsible alternative to synthetic chemicals (Perumal et al. 2024).

4. RECENT ADVANCES AND STRATEGIES: LIMITATIONS AND
CHALLENGES OF BIOPESTICIDES

Despite their environmental benefits, biopesticides face several limitations that have hindered their
widespread adoption in agriculture and public health. One of the most significant challenges is their low efficacy
and slow mode of action compared to synthetic pesticides (Ayilara et al. 2023). Chemical pesticides often
provide rapid knockdown of pests, whereas biopesticides, particularly microbial agents, require time to infect,
colonize, or disrupt pest physiology (Agboola et al. 2022). For example, Beauveria bassiana, a fungal
biopesticide, may take days to kill insect hosts, allowing crop damage to continue in the interim (Ayilara et al.
2023). This delay discourages farmers who prioritize immediate pest control, especially during severe
infestations (Samal et al. 2023). Botanical-based biopesticides, especially those derived from plant essential oils
(PEOs) have gained substantial scientific validation (Giunti et al. 2023). The introduction and integration of
advanced technologies mark a new chapter in this domain. Recent advancements have led to the innovation of
novel formulations for plant-derived biopesticides (Gupta et al. 2023). Traditional delivery forms such as
emulsions, suspensions, dusts, powders, granules, wettable powders, and water-dispersible granules are gradually
being replaced by these advanced technologies (Akoijam et al. 2024). These contemporary formulations offer
enhanced shelf-life, improved stability and increased consumer safety, making them more advantageous
compared to their conventional counterparts. Despite the proven bioactivities of PEOs highlighted in earlier
sections, their industrial applications remain restricted by issues like poor solubility, limited bioavailability, and
high volatility (Ubeyitogullari et al. 2022). To counter these limitations, researchers have proposed encapsulating
PEOs within chemical matrices, enabling controlled and sustained release. Particularly promising are nano- and
micro-formulations where the plant’s active ingredients are embedded into supportive matrices to yield stable
emulsions (Yadav et al. 2022).

Nanoemulsions, due to their kinetic stability and minimal volatility, outperform microemulsions by requiring
fewer amounts of surfactants. They also offer controlled release mechanisms and show potent bioherbicidal,
biofungicidal, and bioinsecticidal effects (Adetuyi et al. 2024). Since PEOs are hydrophobic, large volumes of
harmful solvents are often required for dissolution. To address this, solvent-free nanoencapsulation techniques are
emerging as groundbreaking developments (Ayyaril et al. 2023). Various polymeric carriers have been engineered
for PEO encapsulation, enabling prolonged and regulated release during storage and application (Yammine et al.
2024). Techniques employed for preparing encapsulated particles include emulsification, coacervation using gelatin
or gum arabic, spray drying with maltodextrin, cyclodextrin complexation, ionic gelation using chitosan,
nanoprecipitation with poly DL-lactide-co-glycolide (PLGA) and film hydration (Gupta et al. 2023). For instance,
observed improved cytotoxic activity and controlled release in chitosan- or lipid-encapsulated plant extracts against
S19 insect cells compared to conventional pesticides. Similarly, nanostructured lipid carriers containing Palmarosa
PEO demonstrated antifungal efficacy against Aspergillus nomius in both laboratory and real food conditions (e.g.,
pre-contaminated Brazil nuts) (Uchida et al. 2021). Nanoemulsions of Satureja hortensis PEO showed herbicidal
action by disrupting plant membranes and physiological functions (Kaur et al. 2024). Emulsion size and durability
are strongly influenced by the source plant, such as Artemisia species, whose nano-emulsions retained stability for
28 weeks using a 3:1 oil-to-surfactant ratio (Uchida et al. 2021). Innovative formulations combining pure PEOs or
their key constituents with other components are increasingly popular. For instance, azadirachtin exhibited
enhanced insecticidal activity when delivered in neem oil rather than alone (Sarmah et al. 2025). These
nanoformulations, whether composed of pure PEOs or their isolates, show promising potential as next-generation
biopesticides (Vishnu et al. 2024).

5. FUTURE PERSPECTIVE

To enhance product quality and sales, it is essential to provide technical support and training to producers.
Increased communication between users, researchers, and the industry during the early stages of biopesticide
development is crucial to accelerating research in this area (Marrone 2024). The government should continue to
enforce strict regulations on conventional chemical pesticides, creating a significant opportunity for the marketing
of biopesticides. This would help bridge the gap in availability while making biopesticides more affordable (Fenibo
et al. 2022). To encourage the adoption of these eco-friendly solutions, developing countries should be empowered
to build their capacity in biopesticide manufacturing and utilization (Diiro et al. 2020). Incorporating biopesticides
into mainstream agriculture requires a deeper understanding of their mechanisms of action to broaden their pest
control spectrum (Vijayreddy et al. 2025). Improving their field performance, delivery systems, shelf life,
production cost, availability, and increasing farmer awareness, along with simplifying registration and regulatory
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processes, will facilitate their wider adoption (De Jonge et al. 2025). Future advancements in biopesticides will
likely stem from research into pest genomes and their natural predators. Researchers are employing molecular
technologies to understand the evolution of natural microbial enemies and pinpoint the molecular factors behind
their pathogenicity (Chiquito-Contreras et al. 2024). Further ecological studies on disease dynamics within insect
populations are essential. Ecological studies are needed to understand the impact of environmental factors on pest
disease outbreaks to improve pest control efforts (Blank 2025).

6. CONCLUSION

Biopesticides represent a transformative tool for sustainable pest management in agriculture and public health,
offering eco-friendly alternatives to synthetic chemicals. While their benefits such as environmental safety, target
specificity and compatibility with organic farming, are well-documented, challenges like inconsistent field
performance, high production costs and limited farmer adoption hinder widespread use. Advances in
nanotechnology, microbial strain optimization and policy frameworks are critical to enhancing their efficacy and
scalability. Future efforts must prioritize interdisciplinary research, public-private partnerships and farmer
awareness to integrate biopesticides into mainstream practices. By addressing these barriers, biopesticides can play
a pivotal role in reducing agrochemical dependency, safeguarding ecosystems and mitigating vector-borne diseases,
supporting global food security and health sustainability.

DECLARATIONS

Funding: This research received no external funding.

Acknowledgement: The authors would like to extend their sincere appreciation to MNS University of Agriculture,
Multan, Pakistan.

Conflict of interest: The authors declare that they have no conflict of interest.
Data Availability: All the data collected is inside the article.
Ethics Statement: Not applicable.

Author’s Contribution: SM and MM conceived and designed the project. BM, WA and AY contributed to the
literature search and drafting of the manuscript. NH and MA assisted in organizing content and editing. ZAN
supervised the work and provided critical revisions.

Generative Al Statements: The authors declare that no Gen Al/DeepSeek was used in the writing/creation of this
manuscript.

Publisher’s Note: All claims stated in this article are exclusively those of the authors and do not necessarily
represent those of their affiliated organizations or those of the publisher, the editors, and the reviewers. Any product
that may be evaluated/assessed in this article or claimed by its manufacturer is not guaranteed or endorsed by the
publisher/editors.

REFERENCES

Abbas RZ, Saeed Z, Bosco A, Qamar W, Subhani Z, Sorin CM, Kasli MAF and Munir F, 2023. Botanical control of coccidiosis in
ruminants. Pakistan Journal of Agricultural Sciences 60(4): 473-485. http://www.pakjas.com.pk/0.2 | 1 62/PAK]AS/23.184

Abegaz BM and Kinfe HH, 2019. Secondary metabolites, their structural diversity, bioactivity, and ecological functions: An
overview. Physical Sciences Reviews 4(6): 1-30.

Abudulai M, Nboyine JA, Quandahor P, Seidu A, Traore F and Abudulai M, 2022. Agricultural intensification causes decline in
insect biodiversity. Global Decline of Insects |: 43-64. http://dx.doi.org/10.5772/intechopen.9471 |

Adetuyi BO, Odine G, Abiodun PO, Omowumi OS and Adetunji CO, 2024. Nanobioinsecticide and Nanoemulsions: Recent
Advances. In: Adetunji CO, Egbuna C, Ficai A, ljabadeniyi OA, editors. Handbook of Agricultural Biotechnology. Wiley:
New Jersey, USA; pp: 129-163. https://doi.org/10.1002/9781394234769.ch48

Adilkhankyzy A, Tleubergenov KM, Shissenbayeva NZ, Uspanov AM and Duisembekov BA, 2025. Isolation of Bacillus
thuringiensis strains to create a biological pesticide for agricultural development and environmental sustainability.
International Journal of Agriculture and Biosciences 14(1): 100-108. https://doi.org/10.47278/journal.ijab/2024.195

Citation: Muhyuddin S, Nomi ZA, Maryam B, Mobashar M, Yaseen A, Noor-e-Hira, Maria Aziz M and Ahmed W, 2025.
Biopesticides for use in agriculture and the  health sector. Agrobiological Records 2I: 37-50.
https://doi.org/10.47278/journal.abr/2025.032

45


https://doi.org/10.47278/journal.abr/2025.032
http://www.pakjas.com.pk/0.21162/PAKJAS/23.184
http://dx.doi.org/10.5772/intechopen.94711
https://doi.org/10.1002/9781394234769.ch48
https://doi.org/10.47278/journal.ijab/2024.195

REVIEW ARTICLE AGROBIOLOGICAL RECORDS
ol ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
B Cacorde Open Access Journal

Adnan AA, Ashari MA, Baskaran SM, Mahamad SS, Nawi NM and Zakaria MR, 2024. Farmers Awareness and Acceptance of
Biopesticides Application for Pest and Disease Management. AgroTech-Food Science, Technology and Environment 3(2):
77-88. https://doi.org/10.53797/agrotech.v3i2.8.2024

Agboola AR, Okonkwo CO, Agwupuye El and Mbeh G, 2022. Biopesticides and conventional pesticides: Comparative review
of  mechanism  of action and  future  perspectives. @~ AROC in  Agriculture 1(1): 14-32.
https://doi.org/10.53858/arocagr01011432

Akdag A and Oztiirk E, 2019. Distillation methods of essential oils. Selcuk Universitesi Fen Fakiiltesi Fen Dergisi 45(1): 22-31.

Akhtar N, Syakir Ishak MI, Bhawani SA and Umar K, 2021. Various natural and anthropogenic factors responsible for water
quality degradation: A review. Water 13(19): 2660. https://doi.org/10.3390/w 13192660

Akoijam R, Th S, Singh AR and Patra S, 2024. Advancement in Pesticide Formulation Technology for Reducing Load of
Contaminants, Environmental Contaminants. Apple Academic Press, Florida, USA.

Alegbeleye O, Odeyemi OA, Strateva M and Stratev D, 2022. Microbial spoilage of vegetables, fruits and cereals. Applied Food
Research 2 (2022) 100122. https://doi.org/10.1016/j.afres.2022.100122

Al-Hoshani N, Al Syaad KM, Saeed Z, Kanchev K, Khan JA, Raza MA and Atif FA, 2023. Anticoccidial Activity of Star Anise
(Micium ~ verum)  Essential Oil in  Broiler = Chicks. Pakistan Veterinary Journal 43(3): 553-558
https://doi.org/10.2926 | /pakvetj/2023.050

Anderson JA, Ellsworth PC, Faria JC, Head GP, Owen MDK, Pilcher CD, Shelton AM and Meissle M, 2019. Genetically
engineered crops: importance of diversified integrated pest management for agricultural sustainability. Frontiers in
bioengineering and biotechnology 7: 24. https://doi.org/10.3389/fbice.2019.00024

Anjaneyulu B, Chauhan V, Mittal C and Afshari M, 2024. Innovative Nanocarrier Systems: A Comprehensive Exploration of
Recent Developments in Nano-Biopesticide Formulations. Journal of Environmental Chemical Engineering 12(5): 113693.
https://doi.org/10.1016/j.jece.2024.1 13693

Araljo MF, Castanheira EMS and Sousa SF, 2023. The buzz on insecticides: a review of uses, molecular structures, targets,
adverse effects, and alternatives. Molecules 28(8): 364 . https://doi.org/10.3390/molecules2808364 |

Ayilara MS, Adeleke BS, Akinola SA, Fayose CA, Adeyemi UT, Gbadegesin LA, Omole RK, Johnson RM, Uthman QO and
Babalola OO, 2023. Biopesticides as a promising alternative to synthetic pesticides: A case for microbial pesticides,
phytopesticides, and nanobiopesticides. Frontiers in Microbiology 14: 1040901.
https://doi.org/10.3389/fmicb.2023.1040901

Ayyaril SS, Shanableh A, Bhattacharjee S, Rawas-Qalaji M, Cagliani R and Shabib AG, 2023. Recent progress in micro and nano-
encapsulation techniques for environmental applications: A review. Results in Engineering 18: 101094.
https://doi.org/10.1016/j.rineng.2023.101094

Aziz ZAA, Ahmad A, Setapar SHM, Karakucuk A, Azim MM, Lokhat D, Rafatullah M, Ganash M, Kamal MA and Ashraf GM,
2018. Essential oils: extraction techniques, pharmaceutical and therapeutic potential-a review. Current drug metabolism
19(13): 1100-1110. https://doi.org/10.2174/1389200219666 180723 144850

Baker BP, Green TA and Loker AJ, 2020. Biological control and integrated pest management in organic and conventional
systems. Biological Control 140:104095. https://doi.org/10.1016/j.biocontrol.2019.104095

Baker CS, Sands DC and Nzioki HS, 2024. The Toothpick Project: commercialization of a virulence-selected fungal
bioherbicide for Striga hermonthica (witchweed) biocontrol in Kenya. Pest Management Science 80(l): 65-71I.
https://doi.org/10.1002/ps.7761

Biswas B, Qi F, Biswas JK, Wijayawardena A, Khan MAI and Naidu R, 2018. The fate of chemical pollutants with soil properties
and processes in the climate change paradigm—A review. Sail Systems 2(3): 51.
https://doi.org/10.3390/soilsystems203005 |

Blackburn K and Green D, 2022. The potential effects of microplastics on human health: What is known and what is unknown.
Ambio 51(3): 518-530. https://doi.org/10.1007/s13280-021-01589-9

Blank L, 2025. How urban proximity shapes agricultural pest dynamics: a review. Pest Management Science 81: 2704-271 1.

Botha AM, Kunert K], Maling’a ] and Foyer CH, 2020. Defining biotechnological solutions for insect control in sub-Saharan
Africa. Food and Energy Security 9(1) :el91. https://doi.org/10.1002/fes3.191

Bunse M, Daniels R, Griindemann C, Heilmann J, Kammerer DR, Keusgen M, Lindequist U, Melzig MF, Morlock GE and Schulz
H, 2022. Essential oils as multicomponent mixtures and their potential for human health and well-being. Frontiers in
Pharmacology 13: 95654 1. https://doi.org/10.3389/fphar.2022.956541

Chakraborty N, Mitra R, Pal S, Ganguly R, Acharya K, Minkina T, Sarkar A and Keswani C, 2023. Biopesticide consumption in
India: insights into the current trends. Agriculture 13(3): 557. https://doi.org/10.3390/agriculture| 3030557

Chang Y, Harmon PF, Treadwell DD, Carrillo D, Sarkhosh A and Brecht JK, 2022. Biocontrol potential of essential oils in
organic  horticulture  systems:  From  farm  to  fork. Frontiers  in Nutriton ~ 8:  805138.
https://doi.org/10.3389/fnut.2021.805138

Chavana | and Joshi NK, 2024. Toxicity and risk of biopesticides to insect pollinators in urban and agricultural landscapes.
Agrochemicals 3(1): 70-93. https://doi.org/10.3390/agrochemicals3010007

Chavez-Dulanto PN, Thiry AAA, Glorio-Paulet P, Vogler O and Carvalho FP, 2021. Increasing the impact of science and
technology to provide more people with healthier and safer food. Food and Energy Security 10(l): e259.
https://doi.org/10.1002/fes3.259

Chiquito-Contreras CJ, Meza-Menchaca T, Guzman-Lopez O, Vasquez EC and Ricafio-Rodriguez |, 2024. Molecular insights
into plant-microbe interactions: A comprehensive review of key mechanisms. Frontiers in Bioscience-Elite 16(1): 9.
https://doi.org/10.31083/j.fbe 601009

Citation: Muhyuddin S, Nomi ZA, Maryam B, Mobashar M, Yaseen A, Noor-e-Hira, Maria Aziz M and Ahmed W, 2025.
Biopesticides for use in agriculture and the  health sector. Agrobiological Records 2I: 37-50.
https://doi.org/10.47278/journal.abr/2025.032

46


https://doi.org/10.47278/journal.abr/2025.032
https://doi.org/10.53797/agrotech.v3i2.8.2024
https://doi.org/10.53858/arocagr01011432
https://doi.org/10.3390/w13192660
https://doi.org/10.29261/pakvetj/2023.050
https://doi.org/10.3389/fbioe.2019.00024
https://doi.org/10.1016/j.jece.2024.113693
https://doi.org/10.3390/molecules28083641
https://doi.org/10.3389/fmicb.2023.1040901
https://doi.org/10.1016/j.rineng.2023.101094
https://doi.org/10.2174/1389200219666180723144850
https://doi.org/10.1016/j.biocontrol.2019.104095
https://doi.org/10.1002/ps.7761
https://doi.org/10.3390/soilsystems2030051
https://doi.org/10.1007/s13280-021-01589-9
https://doi.org/10.1002/fes3.191
https://doi.org/10.3389/fphar.2022.956541
https://doi.org/10.3390/agriculture13030557
https://doi.org/10.3389/fnut.2021.805138
https://doi.org/10.3390/agrochemicals3010007
https://doi.org/10.1002/fes3.259
https://doi.org/10.31083/j.fbe1601009

REVIEW ARTICLE AGROBIOLOGICAL RECORDS
ol ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
B Cacorde Open Access Journal

Chormare R and Kumar MA, 2022. Environmental health and risk assessment metrics with special mention to biotransfer,
bioaccumulation and biomagnification of environmental pollutants. Chemosphere 302:134836.
https://doi.org/10.1016/j.chemosphere.2022.134836

Chowdhury SK, Banerjee M, Basnett D and Mazumdar T, 2024. Natural pesticides for pest control in agricultural crops: An
alternative and eco-friendly method. Plant Science Today | |: 433-450. https://doi.org/10.14719/pst.2420

Civolani S, Bariselli M, Osti R and Bernacchia G, 2025. Insect Pest Control from Chemical to Biotechnological Approach:
Constrains and Challenges. Insects 16(5): 528. https://doi.org/10.3390/insects 6050528

Das B, Ghosal S and Mohanty S, 2018. Aedes: What Do We Know about Them and What Can They Transmit?, Vectors and
vector-borne zoonotic diseases. IntechOpen. https://doi.org/10.5772/intechopen.81363

De Jonge B, Dey B and Visser B, 2025. Developing a registration system for farmers' varieties. Agricultural Systems 222:
104183. https://doi.org/10.1016/j.agsy.2024.104183

Deguine J-P, Aubertot J-N, Flor R], Lescourret F, Wyckhuys KAG and Ratnadass A, 2021. Integrated pest management: good
intentions, hard realities. A review. Agronomy for Sustainable Development 41(3): 38. https://doi.org/10.1007/s13593-021 -
00689-w

Diiro GM, Kassie M, Muriithi BW, Gathogo NG, Kidoido M, Marubu R, Bwire Ochola ] and Mutero CM, 2020. Are individuals
willing to pay for community-based eco-friendly malaria vector control strategies! A case of mosquito larviciding using
plant-based biopesticides in Kenya. Sustainability 12(20): 8552. https://doi.org/10.3390/su 2208552

Dusfour |, Vontas ], David J-P, Weetman D, Fonseca DM, Corbel V, Raghavendra K, Coulibaly MB, Martins AJ and Kasai S,
2019. Management of insecticide resistance in the major Aedes vectors of arboviruses: Advances and challenges. PLoS
neglected tropical diseases 13(10): e0007615. https://doi.org/10.137 |/journal.pntd.0007615

Facchinelli L, Badolo A and McCall PJ, 2023. Biology and behaviour of Aedes aegypti in the human environment: opportunities
for vector control of arbovirus transmission. Viruses 15(3): 636. https://doi.org/10.3390/v15030636

Faixo S, Gehin N, Balayssac S, Gilard V, Mazeghrane S, Haddad M, Gaval G, Paul E and Garrigues J-C, 2021. Current trends and
advances in analytical techniques for the characterization and quantification of biologically recalcitrant organic species in
sludge and wastewater: A review. Analytica Chimica Acta | 152: 338284. https://doi.org/10.1016/j.aca.2021.338284

Fenibo EO, ljoma GN, Nurmahomed W and Matambo T, 2022. The potential and green chemistry attributes of biopesticides
for sustainable agriculture. Sustainability 14(21): 14417. https://doi.org/10.3390/sul42114417

Fletcher S), Reeves PT, Hoang BT and Mitter N, 2020. A perspective on RNAi-based biopesticides. Frontiers in plant science
I'1: 51. https://doi.org/10.3389/fpls.2020.0005 |

Fusar Poli E and Fontefrancesco MF, 2024. Trends in the implementation of biopesticides in the Euro-Mediterranean region: A
narrative literary review. Sustainable Earth Reviews 7(1): 14. https://doi.org/10.1186/s42055-024-00085-8

Gamage A, Gangahagedara R, Gamage |, Jayasinghe N, Kodikara N, Suraweera P and Merah O, 2023. Role of organic farming
for achieving sustainability in agriculture. Farming System 1(1): 100005. https://doi.org/10.1016/j.farsys.2023.100005

Garg ] and Rakshit A, 2024. Compost Tea: An Emerging Nature-Based Supplement Strengthening Options for Durable
Agriculture. Journal of Soil Science and Plant Nutrition 24: 8075-8098. https://doi.org/10.1007/s42729-024-02100-5

Giller KE, Delaune T, Silva JV, Descheemaeker K, Van De Ven G, Schut AGT, Van Wijk M, Hammond ], Hochman Z and
Taulya G, 2021. The future of farmingg Who will produce our food? Food Security 13(5): 1073-1099.
https://doi.org/10.1007/s12571-021-01184-6

Giunti G, Campolo O, Laudani F, Palmeri V, Spinozzi E, Bonacucina G, Maggi F, Pavela R, Canale A and Lucchi A, 2023.
Essential oil-based nanoinsecticides: ecological costs and commercial potential. In: Koul O, editor. Development and
Commercialization of Biopesticides. Elsevier: Academic Press; pp: 375-402 https://doi.org/10.1016/B978-0-323-95290-
3.00002-9

Grace MA, Achick TFE, Bonghan BE, Bih ME, Ngo NV, Ajeck MJ, Prudence GTB and Ntungwen FC, 2019. An overview of the
impact of climate change on pathogens, pest of crops on sustainable food biosecurity. International Journal of
Ecotoxicology and Ecobiology 4(4): | 14-124. https://doi.org/10.1 1648/|.ijlee.20190404.15

Gupta |, Singh R, Muthusamy S, Sharma M, Grewal K, Singh HP and Batish DR, 2023. Plant essential oils as biopesticides:
Applications, mechanisms, innovations, and constraints. Plants 12(16): 2916. https://doi.org/10.3390/plants 12162916

Guru PN, Mridula D, Dukare AS, Ghodki BM, Paschapur AU, Samal |, Nikhil Raj M, Padala VK, Rajashekhar M and Subbanna
ARNS, 2022. A comprehensive review on advances in storage pest management: Current scenario and future prospects.
Frontiers in Sustainable Food Systems 6: 993341. https://doi.org/10.3389/fsufs.2022.993341

Hezakiel HE, Thampi M, Rebello S and Sheikhmoideen JM, 2024. Biopesticides: a green approach towards agricultural pests.
Applied biochemistry and biotechnology 196(8): 5533-5562. https://doi.org/10.1007/s12010-023-04765-7

Iftikhar R, Hafeez S, Masood S, Shaheen A and Manzoor M, 2023. Biological control of rice insect pest: a critical review.
Agrobiological Records 12: 68-75. https://doi.org/10.47278/journal.abr/2023.016

Ikhwani |, Rahayuningsih S, Yuniarti E, Kusuma HS, Darmokoesomo H and Putra NR, 2024. Mapping the trend of evolution: a
bibliometric analysis of biopesticides in fruit crop protection. Journal of plant diseases and protection 131(3): 645-664.
https://doi.org/10.1007/s41348-024-00879-0

Isman MB, 2020. Botanical insecticides in the twenty-first century—fulfilling their promise? Annual Review of Entomology 65(1):
233-249. https://doi.org/10.1146/annurev-ento-011019-025010

Kaur M, Nagpal M, Dhingra GA and Rathee A, 2024. Exploring chitin: novel pathways and structures as promising targets for
biopesticides. Zeitschrift fiir Naturforschung C 79(5-6): 125-136. https://doi.org/10.1515/znc-2024-0027

Kumar A, Pathak H, Bhadauria S and Sudan J, 202la. Aflatoxin contamination in food crops: causes, detection, and
management: a review. Food Production, Processing and Nutrition 3: |-9. https://doi.org/10.1186/s43014-021-00064-y

Citation: Muhyuddin S, Nomi ZA, Maryam B, Mobashar M, Yaseen A, Noor-e-Hira, Maria Aziz M and Ahmed W, 2025.
Biopesticides for use in agriculture and the  health sector. Agrobiological Records 2I: 37-50.
https://doi.org/10.47278/journal.abr/2025.032

47


https://doi.org/10.47278/journal.abr/2025.032
https://doi.org/10.1016/j.chemosphere.2022.134836
https://doi.org/10.14719/pst.2420
https://doi.org/10.3390/insects16050528
https://doi.org/10.5772/intechopen.81363
https://doi.org/10.1016/j.agsy.2024.104183
https://doi.org/10.1007/s13593-021-00689-w
https://doi.org/10.1007/s13593-021-00689-w
https://doi.org/10.3390/su12208552
https://doi.org/10.1371/journal.pntd.0007615
https://doi.org/10.3390/v15030636
https://doi.org/10.1016/j.aca.2021.338284
https://doi.org/10.3390/su142114417
https://doi.org/10.3389/fpls.2020.00051
https://doi.org/10.1186/s42055-024-00085-8
https://doi.org/10.1016/j.farsys.2023.100005
https://doi.org/10.1007/s42729-024-02100-5
https://doi.org/10.1007/s12571-021-01184-6
https://doi.org/10.1016/B978-0-323-95290-3.00002-9
https://doi.org/10.1016/B978-0-323-95290-3.00002-9
https://doi.org/10.11648/j.ijee.20190404.15
https://doi.org/10.3390/plants12162916
https://doi.org/10.3389/fsufs.2022.993341
https://doi.org/10.1007/s12010-023-04765-7
https://doi.org/10.47278/journal.abr/2023.016
https://doi.org/10.1007/s41348-024-00879-0
https://doi.org/10.1146/annurev-ento-011019-025010
https://doi.org/10.1515/znc-2024-0027
https://doi.org/10.1186/s43014-021-00064-y

REVIEW ARTICLE AGROBIOLOGICAL RECORDS
ol ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
B Cacorde Open Access Journal

Kumar J, Ramlal A, Mallick D and Mishra V, 2021b. An overview of some biopesticides and their importance in plant protection
for commercial acceptance. Plants 10(6): | 185. https://doi.org/10.3390/plants10061 185

Kumar KK, Sridhar ], Murali-Baskaran RK, Senthil-Nathan S, Kaushal P, Dara SK and Arthurs S, 2019. Microbial biopesticides
for insect pest management in India: Current status and future prospects. Journal of invertebrate pathology 165: 74-81.
https://doi.org/10.1016/}.jip.2018.10.008

Ladan Z, Okoli B and Mtunzi F, 2022. Efficacy and Safety of Essential Oils in The Control of Mosquito: A Review of Research
Findings. International Journal of Chemistry 14(2): 45-58. https://doi.org/10.5539/ijc.v14n2p29

Manohar S, 2023. Isolation, characterisation and bioassay of native isolate of Beauveria Bassiana (Balsamo) Vuillemin against
different insect pests. MSc thesis, Uttar Banga Krishi Viswavidyalaya.

Marrone PG, 2024. Status of the biopesticide market and prospects for new bioherbicides. Pest Management Science 80(1): 81 -
86. https://doi.org/10.1002/ps.7403

Mishra CS, Samal S, Samal RR, Behera BP, Pallavini P, Dash P, Brahma S, Moharana T, Pradhan S and Acharya P, 2022.
Polyvinylchloride and polypropylene as adsorbents of the pesticide monocrotophos enhance oxidative stress in Eudrillus
eugeniae (Kinberg). Chemosphere 295: 133837. https://doi.org/10.1016/j.chemosphere.2022.133837

Mohammed HA, Sulaiman GM, Khan RA, Al-Saffar AZ, Mohsin MH, Albukhaty S and Ismail A, 2024. Essential oils
pharmacological activity: Chemical markers, biogenesis, plant sources, and commercial products. Process Biochemistry
144: 112-32. https://doi.org/10.1016/j.procbio.2024.05.02 |

Mol | and Purushothaman T, 2020. Micro-algae as bio-pesticides for the development of sustainable agriculture. Wide Spectr 8:
5-22.

Mrabet R, 2023. Sustainable agriculture for food and nutritional security. In: Farooq M, Gogoi N, Pisante M, editors. Elsevier;
pp: 25-90 https://doi.org/10.1016/B978-0-323-90500-8.00013-0

Mukanga M, Matimelo M, Lwinya K, Machuku O, Chilipa L, Lupapula M, Tembo SM and Chipabika G, 2024. Efficacy of selected
pesticides against the fall armyworm infestation in small holder maize production in Zambia. International Journal of
Agriculture and Bioscieces 13(2): 237-249. https://doi.org/10.47278/journal.ijab/2024.105

Nagaraj S, Rajasekaran R, Palaniappan J, Rangasamy S, Narayanasamy C and Narayanan MB, 2024. Emerging technological
developments to address pest resistance in Bt cotton. Journal of Cotton Research 7(l): 30.
https://doi.org/10.1186/s42397-024-00192-z

Ndolo D, Njuguna E, Adetunji CO, Harbor C, Rowe A, Den Breeyen A, Sangeetha |, Singh G, Szewczyk B and Anjorin TS,
2019. Research and development of biopesticides: Challenges and prospects. Outlooks on Pest Management 30(6): 267-
276. https://doi.org/10.1564/v30_dec_08

Nicolétis E, Caron P, El Solh M, Cole M, Fresco LO, Godoy-Fatndez A, Kadlecikova M, Kennedy E, Khan M, Li X and Mapfumo
P, 2019. Agroecological and other innovative approaches for sustainable agriculture and food systems that enhance food
security and nutrition. A report by the High Level Panel of Experts on Food Security and Nutrition of the Committee on
World Food Security.
Nomi ZA, Al Zoubi OM, Siddiqui AA, Zaman H, Lodhi |, Aziz M, Altaf MT, Irfan M, Abdel-Daim MM and Rajput SA, 2024.
Green Pharmacy: Botanical Remedies for Animal and Human Well-being. https://doi.org/10.47278/book.CAM/2024.402
Oaya CS, Malgwi AM, Degri MM and Samaila AE, 2019. Impact of synthetic pesticides utilization on humans and the
environment: an overview. Agricultural Science & Technology |1(4): 279-286. https://doi.org/10.15547/ast.2019.04.047
Ortiz A and Sansinenea E, 2022. Bacillus thuringiensis based biopesticides for integrated crop management. In: Rakshit A,
Meena VS, Singh AK, (ed). Biopesticides: Woodhead Publishing; pp: 1-6.

Parihar K, Telang M and Ovhal A, 2020. A patent review on strategies for biological control of mosquito vector. World Journal
of Microbiology and Biotechnology 36: 1-23. https://doi.org/10.1007/s11274-020-02960-w

Pathak VM, Verma VK, Rawat BS, Kaur B, Babu N, Sharma A, Dewali S, Yadav M, Kumari R and Singh S, 2022. Current status
of pesticide effects on environment, human health and it’s eco-friendly management as bioremediation: A comprehensive
review. Frontiers in Microbiology 13: 962619. https://doi.org/10.3389/fmicb.2022.9626 19

Perumal V, Kannan S, Pittarate S and Krutmuang P, 2024. A review of entomopathogenic fungi as a potential tool for mosquito
vector control: a cost-effective and environmentally friendly approach. Entomological Research 54(3): el2717.
https://doi.org/10.1111/1748-5967.12717

Pretty ], 2018. Intensification for redesigned and sustainable agricultural systems. Science 362(6417): eaav0294.
https://doi.org/10.1 126/science.aav0294

Priya AK, Alagumalai A, Balaji D and Song H, 2023. Bio-based agricultural products: a sustainable alternative to agrochemicals
for promoting a circular economy. RSC Sustainability |(4): 746-762. https://doi.org/10.1039/d3su00075c

Rahman HN, 2023. Strategies for increasing competitiveness in the food industry. International Electronic Scientific and
Practical Journal 6(2): 37-47.

Rakesh V, Kalia VK and Ghosh A, 2023. Diversity of transgenes in sustainable management of insect pests. Transgenic Research
32(5): 351-381. https://doi.org/10.1007/s11248-023-00362-w

Rani Z, Abbas A, Saeed Z, Zaheer HA and Abbas RZ, 2023. Strategies and Advancements for Control of Vector Borne
Diseases of Public Health Concern. In: Khan A, Abbas RZ, Aguilar-Marcelino L, Saeed NM, Younus M, editors. One Health
Triad, Unique Scientific Publishers, Faisalabad, Pakistan; pp: 168-174. https://doi.org/10.47278/book.oht/2023.25

Reddy AA, Reddy M and Mathur V, 2024. Pesticide use, regulation, and policies in Indian agriculture. Sustainability 16(17): 7839.
https://doi.org/10.3390/sul 6177839

Reddy DS and Chowdary NM, 2021. Botanical biopesticide combination concept—a viable option for pest management in
organic farming. Egyptian Journal of Biological Pest Control 31(1): 1-10. https://doi.org/10.1186/s41938-021-00366-w

Citation: Muhyuddin S, Nomi ZA, Maryam B, Mobashar M, Yaseen A, Noor-e-Hira, Maria Aziz M and Ahmed W, 2025.
Biopesticides for use in agriculture and the  health sector. Agrobiological Records 2I: 37-50.
https://doi.org/10.47278/journal.abr/2025.032

48


https://doi.org/10.47278/journal.abr/2025.032
https://doi.org/10.3390/plants10061185
https://doi.org/10.1016/j.jip.2018.10.008
https://doi.org/10.5539/ijc.v14n2p29
https://doi.org/10.1002/ps.7403
https://doi.org/10.1016/j.chemosphere.2022.133837
https://doi.org/10.1016/j.procbio.2024.05.021
https://doi.org/10.1016/B978-0-323-90500-8.00013-0
https://doi.org/10.47278/journal.ijab/2024.105
https://doi.org/10.1186/s42397-024-00192-z
https://doi.org/10.1564/v30_dec_08
https://doi.org/10.47278/book.CAM/2024.402
https://doi.org/10.15547/ast.2019.04.047
https://doi.org/10.1007/s11274-020-02960-w
https://doi.org/10.3389/fmicb.2022.962619
https://doi.org/10.1111/1748-5967.12717
https://doi.org/10.1126/science.aav0294
https://doi.org/10.1039/d3su00075c
https://doi.org/10.1007/s11248-023-00362-w
https://doi.org/10.47278/book.oht/2023.25
https://doi.org/10.3390/su16177839
https://doi.org/10.1186/s41938-021-00366-w

REVIEW ARTICLE AGROBIOLOGICAL RECORDS
ol ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
B Cacorde Open Access Journal

Riaz S, Johnson B, Ahmad M, Fitt GP and Naiker M, 2021a. A review on biological interactions and management of the cotton
bollworm, Helicoverpa armigera (Lepidoptera: Noctuidae). Journal of Applied Entomology 145(6): 467-498.
https://doi.org/10.111 |/jen.12880

Riaz U, Igbal S, Sohail MI, Samreen T, Ashraf M, Akmal F, Siddiqui A, Ahmad |, Naveed M and Khan NI, 2021b. A
comprehensive review on emerging importance and economical potential of medicinal and aromatic plants (MAPs) in
current scenario. Pakistan Journal of Agricultural Research 34(2): 381-392.
https://dx.doi.org/10.17582/journal.pjar/2021/34.2.381.392

Sabbahi R, Hock V, Azzaoui K, Saociabi S and Hammouti B, 2022. A global perspective of entomopathogens as microbial
biocontrol agents of insect pests. Journal of Agriculture and Food Research 10:  100376.
https://doi.org/10.1016/j.jafr.2022.100376

Saeed Z and Alkheraije KA, 2023. Botanicals: A promising approach for controlling cecal coccidiosis in poultry. Frontiers in
Veterinary Science 10: 1157633. https://doi.org/10.3389/fvets.2023.1157633

Sala A, Barrena R, Artola A and Sanchez A, 2019. Current developments in the production of fungal biological control agents
by solid-state fermentation using organic solid waste. Critical Reviews in Environmental Science and Technology 49(8):
655-694. https://doi.org/10.1080/10643389.2018.1557497

Sdlceanu C, Paraschivu M, Cotuna O, Sarateanu V, Prioteasa MA and Flondor IS, 2022. Global pesticide market: size, trends,
forecasts. Annals of the University of Craiova-Agriculture Montanology Cadastre Series 52(2): 146-57.

Samal |, Bhoi TK, Majhi PK, Murmu S, Pradhan AK, Kumar D, Saini V, Paschapur AU, Raj MN and Ankur, 2023. Combatting
insects mediated biotic stress through plant associated endophytic entomopathogenic fungi in horticultural crops.
Frontiers in Plant Science 13: 1098673. https://doi.org/10.3389/fpls.2022.1098673

Sarmah K, Anbalagan T, Marimuthu M, Mariappan P, Angappan S and Vaithiyanathan S, 2025. Innovative formulation strategies
for botanical-and essential oil-based insecticides. Journal of Pest Science 98(1): |-30. https://doi.org/10.1007/s10340-024-
01846-2

Sarwar MH, Sarwar MF, Khalid MT and Sarwar M, 202|. Pesticides exposure impacts on human health and need for
Biopesticides in Organic Farming. In: Biopesticides in Organic Farming 2021 Apr 29. CRC Press; pp: 39-46.

Sayed AMM and Behle RW, 2017. Evaluating a dual microbial agent biopesticide with Bacillus thuringiensis var. kurstaki and
Beauveria bassiana blastospores. Biocontrol science and technology 27(4): 461-474.
https://doi.org/10.1080/09583157.2017.1303662

Seiber N, Coats JR, Duke SO and Gross AD, 2018. Pest management with biopesticides.

Shah F and Wu W, 2019. Soil and crop management strategies to ensure higher crop productivity within sustainable
environments. Sustainability | 1(5): 1485. https://doi.org/10.15302/]-FASE-2018238

Shahbakht RM, Nomi ZA, Kabeer SW, Anwar MZ, Shahid S, Imtiaz B, Younus G, Muneer MH, Usman M and Rajput SA, 2024.
The Use of Phytogenic Feed Additives in Animal Nutrition Pakistan Scenario. In: Abbas RZ, Akhtar T, Asrar R, Khan AMA,
Saeed Z, editors. Complementary and Alternative Medicine: Feed Additives. Unique Scientific Publishers, Faisalabad,
Pakistan, pp: 326-334. https://doi.org/10.47278/book.CAM/2024.401

Shahid M, Shaukat F, Shahid A, Sohail A and Nadeem M, 2023. Biopesticides: A potential solution for the management of insect
pests. Agrobiological Records |3: 7-15. https://doi.org/10.47278/journal.abr/2023.022

Sharma A, Kumar V, Shahzad B, Tanveer M, Sidhu GPS, Handa N, Kohli SK, Yadav P, Bali AS and Parihar RD, 2019. Worldwide
pesticide usage and its impacts on ecosystem. SN Applied Sciences I: |-16. https://doi.org/10.1007/s42452-019-1485-1

Sheoran AR, Lakra N, Saharan BS, Luhach A, Kumar R, Seth CS and Duhan JS, 2025. Enhancing plant disease resistance: insights
from biocontrol agent strategies. Journal of Plant Growth Regulation 44(2): 436-459. https://doi.org/10.1007/s00344-024-
11480-y

Singh H, Sharma A, Bhardwaj SK, Arya SK, Bhardwaj N and Khatri M, 2021. Recent advances in the applications of nano-
agrochemicals for sustainable agricultural development. Environmental Science: Processes & Impacts 23(2): 213-239.
https://doi.org/10.1039/d0em00404a

Smagghe F, Spooner-Hart R, Chen Z-H and Donovan-Mak M, 2023. Biological control of arthropod pests in protected
cropping by employing entomopathogens: Efficiency, production and safety. Biological Control 186: 105337.
https://doi.org/10.1016/j.biocontrol.2023.105337

Souto AL, Sylvestre M, Tolke ED, Tavares JF, Barbosa-Filho JM and Cebrian-Torrejéon G, 2021. Plant-derived pesticides as an
alternative to pest management and sustainable agricultural production: Prospects, applications and challenges. Molecules
26(16): 4835. https://doi.org/10.3390/molecules26 164835

Sun C, Li S, Wang K, Yin X, Wang Y, Du M, Wei ] and An S, 2022. Cyclosporin A as a potential insecticide to control the Asian
corn borer Ostrinia furnacalis Guenée (Lepidoptera: Pyralidae). Insects 13(10): 965.
https://doi.org/10.3390/insects 3100965

Thakur AK and Uphoff NT, 2017. How the system of rice intensification can contribute to climate-smart agriculture.
Agronomy Journal 109(4): 1163-1182. https://doi.org/10.2134/agronj2016.03.0162

Ubeyitogullari A, Ahmadzadeh S, Kandhola G and Kim JW, 2022. Polysaccharide-based porous biopolymers for enhanced
bioaccessibility and bioavailability of bioactive food compounds: Challenges, advances, and opportunities. Comprehensive
Reviews in Food Science and Food Safety 21(6): 4610-4639. https://doi.org/10.1111/1541-4337.13049

Uchida DT, Siqueira GF, Dos Reis EM, Hegeto FL, Medina Neto A, Reis AV, Bruschi ML, Villa Nova M and Machinski Janior M,
2021. Design of nanostructured lipid carriers containing Cymbopogon martinii (Palmarosa) essential oil against Aspergillus
nomius. Molecules 26(16): 4825. https://doi.org/10.3390/molecules26 164825

Citation: Muhyuddin S, Nomi ZA, Maryam B, Mobashar M, Yaseen A, Noor-e-Hira, Maria Aziz M and Ahmed W, 2025.
Biopesticides for use in agriculture and the  health sector. Agrobiological Records 2I: 37-50.
https://doi.org/10.47278/journal.abr/2025.032

49


https://doi.org/10.47278/journal.abr/2025.032
https://doi.org/10.1111/jen.12880
https://dx.doi.org/10.17582/journal.pjar/2021/34.2.381.392
https://doi.org/10.1016/j.jafr.2022.100376
https://doi.org/10.3389/fvets.2023.1157633
https://doi.org/10.1080/10643389.2018.1557497
https://doi.org/10.3389/fpls.2022.1098673
https://doi.org/10.1007/s10340-024-01846-2
https://doi.org/10.1007/s10340-024-01846-2
https://doi.org/10.1080/09583157.2017.1303662
https://doi.org/10.15302/J-FASE-2018238
https://doi.org/10.47278/book.CAM/2024.401
https://doi.org/10.47278/journal.abr/2023.022
https://doi.org/10.1007/s42452-019-1485-1
https://doi.org/10.1007/s00344-024-11480-y
https://doi.org/10.1007/s00344-024-11480-y
https://doi.org/10.1039/d0em00404a
https://doi.org/10.1016/j.biocontrol.2023.105337
https://doi.org/10.3390/molecules26164835
https://doi.org/10.3390/insects13100965
https://doi.org/10.2134/agronj2016.03.0162
https://doi.org/10.1111/1541-4337.13049
https://doi.org/10.3390/molecules26164825

REVIEW ARTICLE AGROBIOLOGICAL RECORDS
ol ISSN: 2708-7182 (Print); ISSN: 2708-7190 (Online)
8 Cacarde Open Access Journal

Uwineza PA and Waskiewicz A, 2020. Recent advances in supercritical fluid extraction of natural bioactive compounds from
natural plant materials. Molecules 25(17): 3847. https://doi.org/10.3390/molecules25173847

Valtierra-de-Luis D, Villanueva M, Berry C and Caballero P, 2020. Potential for Bacillus thuringiensis and other bacterial toxins
as biological control agents to combat dipteran pests of medical and agronomic importance. Toxins 12(12): 773.
http://dx.doi.org/10.3390/toxins 12120773

Vermelho AB, Moreira ]V, Akamine IT, Cardoso VS and Mansoldo FRP, 2024. Agricultural Pest Management: The Role of
Microorganisms in Biopesticides and Soil Bioremediation. Plants 13(19): 2762. https://doi.org/10.3390/plants 13192762

Vijayreddy D, Ampolu SK, Kandan A and Mounika A, 2025. Biopesticides: Microbial Innovations for Pest Control. In: Satyam,
Priya A, Devi NB, Ojha A (eds). Harnessing Microbial Innovations for Sustainable Farming: Stella International Publication;
pp: 165.

Vishnu M, Kannan M, Soundararajan RP, Suganthi A, Subramanian A, Senthilkumar M, Rameash K, Madesh K and Govindaraju
K, 2024. Nano-bioformulations: emerging trends and potential applications in next generation crop protection.
Environmental Science: Nano | 1(7): 2831-2860. https://doi.org/10.1039/D4EN00263F

Wilson AL, Courtenay O, Kelly-Hope LA, Scott TW, Takken W, Torr §) and Lindsay SWV, 2020. The importance of vector
control for the control and elimination of vector-borne diseases. PLoS neglected tropical diseases 14(l): e0007831.
https://doi.org/10.137|/journal.pntd.000783 |

Wraight SP, Howes RL, Castrillo LA, Griggs MH, Galaini-Wraight S, Carruthers Rl, Matsumoto TK and Keith LM, 2022.
Laboratory studies assessing the microbial biocontrol potential of diverse strains of Beauveria bassiana isolated from
coffee berry borer, with emphasis on strains from Hawai ‘i Island and comparisons to commercial strain GHA. Journal of
invertebrate pathology. 194: 107819. https://doi.org/10.1016/}.jip.2022.107819

Yadav N, Mudgal D, Anand R, Jindal S and Mishra V, 2022. Recent development in nanoencapsulation and delivery of natural
bioactives through chitosan scaffolds for various biological applications. International journal of biological macromolecules
220: 537-572. https://doi.org/10.1016/j.ijbiomac.2022.08.098

Yadav SPS, Adhikari R, Bhatta D, Poudel A, Subedi S, Shrestha S and Shrestha ], 2023. Initiatives for biodiversity conservation
and utilization in crop protection: A strategy for sustainable crop production. Biodiversity and Conservation 32(14): 4573-
4595. https://doi.org/10.1007/s10531-023-02718-4

Yammine J, Chihib N-E, Gharsallaoui A, Ismail A and Karam L, 2024. Advances in essential oils encapsulation: Development,
characterization and release mechanisms. Polymer Bulletin 81(5): 3837-3882. https://doi.org/10.1007/s00289-023-04916-0

Zhou W, Arcot Y, Medina RF, Bernal ], Cisneros-Zevallos L and Akbulut MES, 2024a. Integrated pest management: an update
on the sustainability approach to crop protection. ACS omega 9(40): 41130-41147.
https://doi.org/10.102 | /acsomega.4c06628

Zhou W, Li M and Achal V, 2024b. A comprehensive review on environmental and human health impacts of chemical pesticide
usage. Emerging Contaminants | 1(1): 100410. https://doi.org/10.1016/j.emcon.2024.100410

Citation: Muhyuddin S, Nomi ZA, Maryam B, Mobashar M, Yaseen A, Noor-e-Hira, Maria Aziz M and Ahmed W, 2025.
Biopesticides for use in agriculture and the  health sector. Agrobiological Records 2I: 37-50.
https://doi.org/10.47278/journal.abr/2025.032

50


https://doi.org/10.47278/journal.abr/2025.032
https://doi.org/10.3390/molecules25173847
http://dx.doi.org/10.3390/toxins12120773
https://doi.org/10.3390/plants13192762
https://doi.org/10.1039/D4EN00263F
https://doi.org/10.1371/journal.pntd.0007831
https://doi.org/10.1016/j.jip.2022.107819
https://doi.org/10.1016/j.ijbiomac.2022.08.098
https://doi.org/10.1007/s10531-023-02718-4
https://doi.org/10.1007/s00289-023-04916-0
https://doi.org/10.1021/acsomega.4c06628
https://doi.org/10.1016/j.emcon.2024.100410

