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nsect pests represent one of the major biological constraints to agricultural productivity 

throughout the world. A wide range of insect species attack crops during different stages of 

plant growth and can cause direct damage by feeding on leaves, stems, roots, flowers, fruits 

and seeds or indirect damage by transmitting plant pathogens. Insect pests can substantially 

reduce crop yield and quality and can increase the cost of agricultural production. 

Consequently, insecticides have become an important component of modern crop protection. 

Chemical insecticides are valued because they generally provide rapid action, relatively 

predictable pest suppression and flexibility under diverse agricultural conditions. They are 

particularly important when pest populations reach levels capable of causing economically 

significant losses. Despite their importance, prolonged dependence on insecticides has 

created an important biological and agricultural problem: insecticide resistance. Resistance 

develops when insect populations acquire the heritable capacity to survive insecticide 

exposure that would normally kill susceptible insects. The development of resistance is 

fundamentally an evolutionary process driven by natural selection. Within a pest population, 

individuals may possess genetic variation in their susceptibility to an insecticide. When an 

insecticide is repeatedly applied, susceptible individuals are eliminated preferentially, 

whereas individuals carrying resistance-associated characteristics survive and reproduce.  

Concept and Evolution of Insecticide Resistance 
Insecticide resistance can be understood as an evolutionary adaptation of an insect population 

to repeated chemical selection. A natural pest population is genetically heterogeneous and 

contains individuals with different levels of susceptibility to a particular insecticide. Most 

individuals may be highly susceptible, whereas a small proportion may possess physiological, 

biochemical or behavioural characteristics that allow them to survive insecticide exposure. 

The evolutionary process can be accelerated when the same insecticide or insecticide mode of 

action is repeatedly used over several pest generations.  

Causes and Drivers of Insecticide Resistance 
Repeated application of insecticides is one of the most important factors responsible for 

resistance development. When farmers repeatedly use the same insecticide or products 

belonging to the same mode-of-action group, the pest population experiences repeated 
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selection for resistance. Individuals that survive one treatment are more likely to survive 

subsequent applications, allowing resistant individuals to dominate the population over time. 

Incorrect insecticide application can further accelerate resistance. Underdosing can expose 

insects to sublethal concentrations, allowing partially resistant individuals to survive and 

reproduce. Excessive doses, on the other hand, may impose strong selection pressure and can 

accelerate the elimination of susceptible insects. Incorrect timing and poor spray coverage 

can also create heterogeneous exposure, with some insects receiving lethal concentrations and 

others receiving sublethal exposure. Therefore, resistance management depends not only on 

which insecticide is selected but also on how it is applied. 

Mechanisms of Insecticide Resistance 
Insects can develop resistance through several biological mechanisms. The four broad 

categories commonly recognized are metabolic resistance, target-site resistance, penetration 

resistance and behavioural resistance. These mechanisms may operate independently or 

simultaneously. Understanding the mechanism involved is important because it determines 

which insecticides may remain effective and how resistance should be managed. 

Table 1. Major mechanisms of insecticide resistance 

Mechanism General process Major biological basis 

Metabolic 

resistance 

Insecticide is detoxified or 

degraded before reaching its 

target 

Increased activity/expression of 

detoxification enzymes 

Target-site 

resistance 

Insecticide becomes less effective 

at its molecular target 

Mutation or modification of target 

protein 

Penetration 

resistance 

Insecticide enters the insect body 

more slowly 

Alteration of cuticle or reduced 

permeability 

Behavioural 

resistance 

Insect avoids exposure to 

insecticide 

Changes in feeding, movement or 

host-selection behaviour 

Metabolic Resistance 

Metabolic resistance is one of the most important mechanisms of insecticide resistance. It 

occurs when resistant insects can metabolize, detoxify or eliminate insecticide molecules 

more efficiently than susceptible individuals. Several enzyme systems are involved in this 

process, particularly cytochrome P450 monooxygenases, esterases and glutathione S-

transferases. Increased activity or expression of these enzymes can reduce the concentration 

of active insecticide reaching its physiological target. 

Target-Site Resistance 

Target-site resistance develops when genetic changes alter the molecular target of an 

insecticide. The insecticide may reach the insect and enter its tissues, but its ability to interact 

with the intended target is reduced. Target-site resistance is commonly associated with 

mutations in genes encoding proteins targeted by insecticides. Important examples include 

mutations in voltage-gated sodium channels, acetylcholinesterase, GABA-gated chloride 

channels, nicotinic acetylcholine receptors and ryanodine receptors. Alterations in voltage-

gated sodium channels are associated with knockdown resistance, commonly called kdr 

resistance, which can reduce sensitivity to pyrethroid insecticides. 

Cross-Resistance and Multiple Resistance 
Cross-resistance occurs when resistance to one insecticide results in resistance to another 

insecticide, usually because the two insecticides are affected by the same resistance 

mechanism. For example, enhanced metabolic enzymes may detoxify several insecticides, 

even when those insecticides belong to different chemical groups. Cross-resistance can 

substantially reduce the effectiveness of conventional insecticide rotation. Multiple resistance 

occurs when an insect population develops resistance to several insecticides through different 

mechanisms. For example, a pest population may simultaneously possess enhanced metabolic 
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detoxification and target-site mutations. Multiple resistance is especially difficult to manage 

because several insecticide groups may become ineffective. 

Factors Influencing Resistance Evolution 
Biological characteristics of pests also influence resistance evolution. Species with short 

generation times, high fecundity and multiple generations per year can experience rapid 

evolutionary change. Population size is also important because large populations may contain 

more genetic variation and therefore have a greater probability of containing resistance-

associated individuals. Insecticide characteristics influence resistance development through 

persistence, toxicity, residual activity and mode of action. Long-lasting insecticides can 

impose prolonged selection pressure, whereas frequent applications increase the number of 

selection events. Agricultural practices also influence resistance evolution. Monocropping, 

repeated use of the same pesticide, inadequate pest monitoring and excessive reliance on 

chemical control can accelerate resistance. In contrast, crop rotation, biological control, 

resistant cultivars and habitat management can reduce pest pressure and decrease insecticide 

use. 

Insecticide Resistance Monitoring 
Resistance monitoring is a fundamental component of effective IRM. Monitoring provides 

information about changes in insecticide susceptibility within pest populations and can 

identify resistance before widespread field failure occurs. Monitoring may involve laboratory 

bioassays, biochemical analysis, molecular diagnostics and field-performance assessments. 

Table 2. Major approaches for resistance monitoring 

Monitoring 

approach 
Information obtained Major application 

Phenotypic bioassay Mortality or dose-response Determines susceptibility level 

Biochemical assay Detoxification enzyme activity Detects metabolic mechanisms 

Molecular assay Resistance-associated mutations Detects target-site mechanisms 

Field monitoring Actual control performance 
Confirms operational 

effectiveness 

Genomic 

surveillance 

Genetic variation and resistance 

markers 

Early detection and population 

analysis 

Phenotypic Resistance Monitoring 
Phenotypic monitoring determines whether insects can survive exposure to a defined 

insecticide concentration. Bioassays may involve diagnostic concentrations or a series of 

concentrations to generate a dose-response relationship. Mortality is usually recorded after a 

defined exposure and recovery period. 

Biochemical Monitoring 
Biochemical monitoring focuses on the activity of detoxification enzymes associated with 

metabolic resistance. Assays can estimate levels or activities of esterases, glutathione S-

transferases and cytochrome P450-related enzymes. Such approaches are useful for 

identifying populations in which enhanced detoxification contributes to resistance. They can 

also help explain cross-resistance patterns. However, enzyme activity alone may not establish 

whether a particular insecticide will fail under field conditions. Therefore, biochemical 

results should be interpreted alongside phenotypic and field data. 

Molecular Monitoring 
Molecular monitoring uses genetic techniques to identify resistance-associated mutations or 

changes in gene expression. Polymerase chain reaction, allele-specific assays, sequencing and 

other molecular approaches can detect target-site mutations at relatively high sensitivity. 

Molecular diagnostics are particularly useful for surveillance because they can identify 

resistance-associated alleles even when their frequency is relatively low. Genomic 



Meena et al. (2026) Agri Articles, 06(05): 24-30 (SEP-OCT, 2026)     

Agri Articles ISSN: 2582-9882 Page 27 

approaches can also provide information about the genetic structure and movement of 

resistant populations. 

Field Monitoring of Insecticide Performance 
Laboratory resistance does not always correspond perfectly with field control. Therefore, 

field performance should also be monitored. Pest populations should be assessed before and 

after insecticide application, and changes in pest density, crop damage and treatment 

effectiveness should be recorded. Field monitoring should consider environmental factors 

such as temperature, humidity, rainfall and wind conditions because these can affect 

insecticide performance. Application quality, equipment calibration and spray coverage 

should also be evaluated before concluding that resistance is responsible for poor control. 

 

Integrated Insecticide Resistance Management 
Integrated insecticide resistance management is based on the principle that resistance should 

be prevented or delayed by reducing repeated selection pressure on the same insecticide 

mode of action. IRM should be incorporated into broader integrated pest management 

programmes. The first step is accurate pest identification and population monitoring. 

Insecticide treatment should be considered only when pest populations reach economically 

important levels. When chemical intervention becomes necessary, insecticides should be 

selected according to their mode of action and resistance status. 
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Mode-of-Action Rotation 
Mode-of-action rotation involves alternating insecticides that act on different physiological or 

biochemical targets. The principle is that insects resistant to one insecticide group should not 

repeatedly encounter that same selection pressure. For example, a management programme 

may use one mode of action during one pest generation and a different mode of action during 

the following generation. However, rotation must consider cross-resistance because two 

insecticides with different commercial names may still be affected by the same resistance 

mechanism. 

Insecticide Mixtures 
Insecticide mixtures may contribute to resistance management when properly designed and 

used. A mixture contains two or more active ingredients with different modes of action. The 

theoretical advantage is that an insect resistant to one component may still be controlled by 

the other. However, mixtures are not automatically effective against resistance. Both 

components should provide meaningful control of the target pest, and their resistance 

mechanisms should not strongly overlap. The components should also be applied at 

appropriate doses and have suitable biological and residual characteristics. 

Economic Threshold-Based Pest Management 
Economic thresholds are an important tool for reducing unnecessary insecticide applications. 

Instead of applying insecticides according to a fixed calendar, farmers monitor pest 

populations and apply treatments when pest density reaches a level at which expected 

economic losses justify control costs. Threshold-based management reduces the number of 

insecticide applications and therefore reduces selection pressure. It also helps preserve natural 

enemies and can reduce production costs. Effective threshold management requires reliable 

pest-monitoring methods and locally appropriate relationships between pest density and crop 

damage. 

Biological Control 
Biological control is a major component of sustainable IRM because it reduces dependence 

on chemical insecticides. Predators, parasitoids and entomopathogenic microorganisms can 

suppress pest populations without imposing the same chemical selection pressure. Predators 

such as ladybird beetles, lacewings, predatory bugs and spiders contribute to natural pest 

regulation. Parasitoids such as Trichogramma, Bracon, Cotesia and Aphidius species are 

widely used in biological control programmes. Entomopathogenic fungi such as Beauveria 

bassiana and Metarhizium anisopliae, bacterial agents such as Bacillus thuringiensis and 

various insect viruses can also contribute to biological pest suppression. 

Cultural and Mechanical Control 
Cultural control methods can reduce pest populations before they reach economically 

damaging levels. Crop rotation, removal of crop residues, destruction of volunteer plants, 

weed management, synchronized planting and field sanitation can reduce pest survival and 

reproduction. Mechanical methods such as hand removal, trapping, physical barriers and 

cultivation practices can also contribute to pest suppression. Although these approaches may 

not completely replace insecticides in all cropping systems, their integration can reduce the 

frequency and intensity of chemical treatments and thereby slow resistance evolution. 

Host Plant Resistance 
Host plant resistance provides another sustainable approach to resistance management. 

Resistant cultivars may reduce insect feeding, reproduction or survival and therefore decrease 

pest population growth. Three broad forms of host plant resistance are commonly recognized. 

Antixenosis reduces the attractiveness or suitability of the plant to insects. Antibiosis 

adversely affects insect survival, development or reproduction after feeding. Tolerance allows 

the plant to maintain acceptable growth or yield despite insect damage. 
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Biotechnology-Based Approaches 

Modern biotechnology has created new opportunities for pest management and resistance 

reduction. Genetically engineered insect-resistant crops, RNA interference, molecular 

breeding and gene-editing technologies can provide alternative approaches to chemical 

insecticides. Bt crops are a prominent example of genetically based insect control. However, 

resistance to Bt toxins can also evolve, demonstrating that biological insect-control 

technologies must themselves be managed strategically. Refuge strategies, pyramiding of 

different toxins and resistance monitoring can help delay resistance. 

Precision Agriculture and Digital Technologies 

Digital agriculture is increasingly contributing to resistance management. Remote sensing, 

drones, automated traps, smartphone-based pest identification and geographic information 

systems can improve the detection and monitoring of pest populations. Automated insect 

traps equipped with imaging systems can continuously collect information about pest 

abundance. Artificial intelligence and machine-learning algorithms can then identify insect 

species and estimate population density. These systems can support more precise decisions 

about when and where insecticides should be applied. 

Role of Artificial Intelligence in Resistance Management 
Artificial intelligence has considerable potential for improving IRM. Image-recognition 

systems can automatically identify pests and distinguish them from beneficial insects. 

Machine-learning models can integrate pest abundance, weather conditions, crop stage and 

historical data to predict pest outbreaks. AI can also be used to identify resistance-risk 

patterns. For example, models may combine insecticide-use history, pest population 

dynamics and environmental variables to predict areas where resistance is likely to develop. 

Such systems could provide early warnings to farmers and extension agencies. 

Role of Regulatory Institutions 
Regulatory institutions play an important role in sustainable pesticide management. They can 

establish standards for pesticide registration, labeling, use patterns, environmental safety and 

resistance management. Regulatory agencies can also support surveillance programmes and 

restrict inappropriate or excessively risky uses where necessary. FAO promotes pesticide 

lifecycle management involving regulatory systems, rational pesticide use, risk reduction, 

lower-risk alternatives and institutional capacity building. Such approaches are important for 

ensuring that pesticide use remains compatible with agricultural sustainability. 

Major Challenges 
Another challenge is the limited number of effective insecticide modes of action available for 

some pest species. When resistance develops to several available groups, farmers may have 

few practical alternatives. Cross-resistance and multiple resistance further complicate 

management. A population may simultaneously possess several mechanisms, making 

conventional rotation less effective. Resistance monitoring is also limited in many 

agricultural regions because of inadequate laboratory infrastructure, insufficient funding and 

lack of trained personnel. Farmer behaviour is another important challenge. Economic 

pressure, limited access to technical information and the availability of inexpensive generic 

insecticides may encourage repeated use of familiar products. Climate change may further 

complicate resistance dynamics by altering pest distribution, reproduction and insecticide 

performance. 

Future Prospects 
The future of insecticide resistance management will increasingly depend on integrating 

conventional entomology with molecular biology, genomics, digital agriculture and 

ecological pest management. Genomic surveillance can provide information about resistance-

associated alleles and population movement. Molecular diagnostics may allow resistance to 

be detected before it becomes widespread at the field level. 
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Artificial intelligence and machine learning are expected to contribute to early-warning 

systems by combining pest, environmental and insecticide-use data. Automated insect traps 

and digital surveillance systems may enable continuous monitoring of pest populations. 

Precision agriculture may further reduce selection pressure by limiting insecticide application 

to areas where pest populations exceed economic thresholds. 

Conclusion 
Insecticide resistance represents one of the most serious challenges facing modern pest 

management. It is an evolutionary phenomenon driven by repeated selection pressure and 

influenced by genetic, biological, ecological and operational factors. The major mechanisms 

of resistance include metabolic detoxification, target-site modification, reduced penetration 

and behavioural avoidance. These mechanisms can occur individually or simultaneously and 

may result in cross-resistance and multiple resistance. Sustainable IRM should be based on 

diversification and integration. Mode-of-action rotation, appropriately designed insecticide 

mixtures, economic thresholds, biological control, cultural practices, host plant resistance and 

improved application technology can collectively reduce selection pressure. Digital 

technologies, artificial intelligence, automated traps, molecular diagnostics and precision 

agriculture provide additional opportunities for early detection and targeted intervention. 


