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The chemical application is considered one of the most crucial methods for controlling insect pests, especially in intensive farming practices. Owing to the chemical application, insect pests are exposed to toxic chemical insecticides along with other stress factors in the environment. Insects require energy and resources for survival and adaptation to cope with these conditions. Also, insects use behavioral, physiological, and genetic mechanisms to combat stressors, like new environments, which may include chemicals insecticides. Sometimes, the continuous selection pressure of insecticides is metabolically costly, which leads to resistance development through constitutive upregulation of detoxification genes and/or target-site mutations. These actions are costly and can potentially affect the biological traits, including development and reproduction parameters and other key variables that ultimately affect the overall fitness of insects. This review synthesizes published in-depth information on fitness costs induced by insecticide resistance in insect pests in the past decade. It thereby highlights the insecticides resistant to insect populations that might help design integrated pest management (IPM) programs for controlling the spread of resistant populations.
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1 INTRODUCTION
Insect pests cause severe agricultural damage, leading to high financial and environmental costs worldwide. Despite multiple possible alternative pest management methods (Lu et al., 2012; Gurr et al., 2017; Jactel et al., 2019; Verheggen et al., 2022), chemical pesticides are usually the most commonly used method to control insect pests (Deguine et al., 2021). However, under continuous selection pressure of chemical insecticides, insects have developed resistance against different groups of insecticides (Koo et al., 2014; Ma et al., 2019; Ullah et al., 2020a; Pires et al., 2021; Li et al., 2022a). Fitness is the quantitative representation of an organism reproductive success. Fitness costs are a trade-off between biological traits in which alleles confer higher fitness in one condition, such as selection pressure to insecticides, while reduced fitness in another condition, such as without insecticide selection (Ullah et al., 2020b; Singarayan et al., 2021).
Fitness costs related to insecticide resistance occur in insects when the development of insecticide resistance is accompanied by energy costs or significant physiological disadvantages that affect the fitness of the target insects compared to their susceptible counterparts in the population (Kliot and Ghanim, 2012). Fitness costs are linked not only with insecticide resistance development but also with several other phenomena. Fitness costs are associated when insects adapt to new habitats, combat different stressors, and adapt to toxic secondary metabolites of new host plants (Kliot and Ghanim, 2012). The most common mechanisms of insecticide resistance included 1) metabolic detoxification due to the expression of metabolic genes, 2) target site mutations, 3) decreased penetration/increased excretion, and 4) behavioral resistance. The upregulation of detoxification genes is linked with insecticide resistance, resulting in fitness costs following the resource and energy reallocation due to the expense of metabolic and developmental processes (Grigoraki et al., 2017).
The genes responsible for resistance may be of homozygous (RR) or heterozygous (Rr) genotype. It is essential to know the genetic background of the resistance genes to study the fitness costs attached to it. Since heterozygotes may be relatively prevalent in the early phases of pesticide selection, the fitness costs in heterozygote-resistant strains are more important than in the homozygote-resistant population. It is necessary to conduct further research on the dominance of any putative pleiotropic effects of resistance in these heterozygous individuals [for details, check these key documents 15,16]. Under certain conditions, fitness costs in an insecticide-resistant insect pest population showed reduced survival and reproduction and slowed the evolution of resistance (Ullah et al., 2020c). The fitness of insecticide-resistant populations is impacted by the development of insecticide resistance, which is often associated with a high energetic cost (Grigoraki et al., 2017). Several studies reported fitness costs associated with different classes of insecticide resistance on insect pest species such as Thrips hawaiiensis, Aphis gossypii, Nilaparvata lugens, Plutella xylostella, Spodoptera spp., Aedes spp., Bradysia odoriphaga, and Musca domestica (Abbas et al., 2016a; Steinbach et al., 2017; Zhang et al., 2018a; Fu et al., 2018; Ullah et al., 2020c; Shan et al., 2021; Ullah et al., 2021) (Figure 1). To better understand the manifestation of these fitness costs and the scope of this phenomena, Freeman et al. (2021) did a detailed review of literature on studies that examined the fitness costs of pesticide resistance and examined each class of insecticide individually and collectively. In 60% of the trials, pesticide resistance has a cost, especially for reversion of resistance and reproduction measurements, according to more than 170 papers on the fitness costs of insecticide resistance. There were variances among insecticide classes, with fitness costs being more seldom observed for organochlorines.
[image: Figure 1]FIGURE 1 | Studies about fitness costs of insect pest species associated with different insecticides with Mode of Action Classification. The width of the bars denote the number of studies in the literature of the last decade reviewed from Science Citation Index Expanded within the Clarivate Web of Science database (https://www.webofscience.com) using “insecticide”, “fitness”, and “resistance” as keywords. *According to the Insecticide Resistance Action Committee (IRAC, https://irac-online.org/, Edition: 10.5, March 2023) Mode of Action Classification Groups: 1: Acetylcholinesterase (AChE) inhibitors; 1A Carbamates, 1B Organophosphates. 2: GABA-gated chloride channel blockers; 2A Cyclodieneorganochlorines, 2B Phenylpyrazoles. 3: Sodium channel modulators; 3A Pyrethroids, 3B DDT, Methoxychlor. 4: Nicotinic acetylcholine receptor (nAChR) competitive modulators; 4A Neonicotinoids, 4C Sulfoximines, 4D Butenolides, 4E Mesoionics. 5: Nicotinic acetylcholinereceptor(nAChR) allostericmodulators–Site I; Spinosyns. 6: Glutamate-gatedchloride channel (GluCl) allostericmodulators; Avermectins, Milbemycins. 7: Juvenile hormone mimics; 7C Pyriproxyfen. 9: Chordotonal organ TRPV channel modulators; 9B Pyridine azomethine derivatives, 9D Pyropenes. 11: Microbial disruptors of insect midgut membranes; 11 Bacillus thuringiensis. 13: Uncouplers of oxidative phosphorylation via disruption of the proton gradient; Pyrroles, Dinitrophenols, Sulfluramid. 14: Nicotinic acetylcholine receptor (nAChR) channel blockers; Nereistoxin analogues. 15: Inhibitors of chitin biosynthesis affecting CHS1; Benzoylureas. 16: Inhibitors of chitin biosynthesis, type 1; Buprofezin. 17: Moulting disruptors, Dipteran; Cyromazine. 18: Ecdysone receptor agonists; Diacylhydrazines. 22: Voltage-dependent sodium channel blockers; 22A Oxadiazines, 22B Semicarbazones. 23: Inhibitors of acetyl CoA carboxylase; Tetronic and Tetramicacid derivatives. 24: Mitochondrial complex IV electron transport inhibitors; 24A Phosphides. 28: Ryanodine receptor modulators; Diamides. 29: Chordotonal organ nicotinamidase inhibitors; Flonicamid. 30: GABA-gated chloride channel allosteric modulators; Meta-diamides, Isoxazolines. UN: Compounds of unknown or uncertain MoA; Pyridalyl. UNF: Fungal agents.
Our current review presents the body of literature on fitness costs due to insecticide resistance in a few important insect orders along with fitness advantage over a decade. Though a few reviews have been published on fitness cost associated with insecticide resistance, they are mostly based on the class of insecticides (Bass, 2017; Freeman et al., 2021). In-depth knowledge about the fitness costs induced by any insecticide might help design an integrated pest management (IPM) program to control the spread of a resistant population of insect pests. In this review, we have structured our discussion through insect orders to explore the fitness costs induced by various class of insecticides based on studies conducted over the past decade.
2 BLATTODEA
Blattodea contains about 3,500 to 4,000 species of cockroaches identified, which can be divided into five families: Cryptocercidae, Blattidae, Blattellidae, Blaberidae, and Polyphagidae. The most important pest specie was the German cockroach, Blattella germanica. Its extraordinary ability to acquire resistance to harmful insecticides was a prime example of adaptive evolution. The most frequent approach to control B. germanica in homes, flats, and commercial kitchens was to apply insecticides (Dingha et al., 2013; Wang et al., 2019a). Blattella germanica transmits several microorganisms (Lee et al., 2021), causes allergic reactions (Eggleston, 2017; Wang et al., 2020a; Lee et al., 2021), and poses a health risk because it serves as a mechanical vector for a variety of harmful bacteria (Brenner and Kramer, 2019). Many factors, including physiological resistance to the insecticide, cross-resistance (Abbas and Shad, 2015), and contamination of the insecticide deposit, can affect the effectiveness of insecticides used to control B. germanica (Lee et al., 2022). During resistance onset, the fitness cost may be high, but as resistance advances with constant selection pressure, these costs may be reduced or eliminated due to the replacement of high energetic resistance alleles with lesser ones or due to the selection of modifier alleles that reduce the fitness costs (Basit, 2019).
Insects with resistant genotypes pay an energetic cost that reduces their fitness compared to susceptible conspecifics. Hemiptera, Diptera, Coleoptera, and Lepidoptera have all been observed with this trait (Kliot and Ghanim, 2012; Mengoni and Alzogaray, 2018; Castellanos et al., 2019). Compared to other resistant strains of German cockroach, certain pyrethrin- and allethrin-resistant cockroaches have an irregular pattern of development among the nymphs and a lower total fecundity (Zhang and Yang, 2019). Insecticide-resistance is typically connected with life history costs that prevent it from being fixed. Fitness-related costs had delayed developmental stages and shorter adult lifespan (Hardstone et al., 2014). Experimental conditions, including feeding, relative humidity and temperature, strain origin, aggregation effects, and pesticide category, may influence cost variations (Zhang et al., 2017; Wang et al., 2020b; Chong et al., 2022). Jensen et al. (2016) showed that indoxacarb-selected cockroaches had poorer survival to maturity, decreased adult body size, and prolonged development time with reinforcing interactions, showing that poor nutritional condition might increase the cost of pesticide adaptation and fitness costs via interactions with insecticide resistance.
3 THYSANOPTERA
Like other insect orders, insecticide resistance among thrips species poses a significant challenge to effective pest management strategies. Understanding the interplay between insecticide resistance and associated fitness costs is critical. The studies show case diverse insights into the dynamics of insecticide resistance. The study by Nakao et al. (2014) investigated the developmental and ovipositional behaviors of pyrethroid-resistant and pyrethroid-susceptible strains of Thrips tabaci (Thysanoptera: Thripidae), on different persimmon and green bean varieties. Despite differences in pyrethroid susceptibility, the pyrethroid-resistant strains had lower fecundity than susceptible strains on green bean leaves, suggesting that resistance did not substantially affect other aspects of pest behavior in commercial persimmon orchards. Gao et al. (2014) enrich the discourse by unraveling cross-resistance patterns and the biochemical mechanisms driving resistance to thiamethoxam in F. occidentalis (Thysanoptera: Thripidae), displaying low survival in first instar larvae, pupation percentage and fecundity in resistant ones. Li et al. (2017) reveal that spinosad resistance can lead to decreased fecundity and reduced body size and affect the feeding behaviors of F. occidentalis. Wan et al. (2021), delve into the intricate relationship between spinosad resistance and transmission efficiency of Tomato spotted wilt orthotospovirus (TSWV) by F. occidentalis, further underlining the potential impacts of resistance on vector competence and concluded that spinosad resistance in F. occidentalis reduced pupation rate, sex ratio and male longevity and increased vector competence. On the other hand, the influence of host plants emerges as a crucial factor in thrips resistance dynamics. Li et al. (2022b) highlight how spinetoram resistance may alter the host preference of F. occidentalis, potentially driven by shifts in detoxification enzyme activities. In addition, cost of spinetoram resistance leads shorter preadult and adult longevity in tested hosts, i.e., broader bean and eggplant. Fu et al. (2018), highlights the rapid increase in resistance to spinetoram in Thrips hawaiiensis (Thysanoptera: Thripidae), accompanied by a decline in resistance ratios over generations. Similarly, Hua et al. (2023), demonstrate how spinosad resistance in F. occidentalis (Thysanoptera: Thripidae), incurs fitness costs, affecting fecundity and ovary development. Furthermore, the complexity of resistance in pest management strategies is evident in the study by Chappell et al. (2019), which demonstrates that fitness costs of imidacloprid resistance in Frankliniella fusca (Thysanoptera: Thripidae), may not necessarily impede resistance evolution alone, as consistent insecticide use can offset these costs. The study by Wang et al. (2020c) determined that the F. occidentalis, exhibited high susceptibility to the insecticide pyridalyl in field populations from 2016 to 2017 in China. However, a laboratory-selected pyridalyl-resistant strain showed no cross-resistance to other insecticides, and its resistance was inhibited by piperonyl butoxide and diethyl maleate. The pyridaly resistant F. occidentalis strain had lower pupation and emergence rates and reduced female fecundity, indicating resistance-related fitness costs. The study by Fu et al. (2022) found that the extensive use of spinetoram in controlling two closely related thrips, Megalurothrips usitatus and F. intonsa (Thysanoptera: Thripidae), led to the displacement of F. intonsa by M. usitatus on cowpea crops due to interspecific competition. Exposure to spinetoram favored M. usitatus dominance, and the development of higher resistance to spinetoram in M. usitatus compared to F. intonsa suggests a connection between resistance evolution and competitive interactions. After laboratory selection, both species showed increased resistance, with M. usitatus having higher resistance and no associated fitness costs, potentially explaining the recent dominance shift. In contrast, spinetoram resistant F. intonsa showed a lower net reproduction rate, intrinsic rate of increase and finite rate of increase.
By synthesizing insights from these diverse studies, the complicated relationships between resistance, fitness costs, and host interactions are paramount in devising effective pest management strategies against thrips pest species.
4 HEMIPTERA
Hemipterans suck the sap from plants’ vascular system, which can lead to the yellowing, drying and wilting of plants. Additionally, in the case of planthoppers and leafhoppers, a more severe symptom known as “hopper burn” can be observed if the extent of damage is high. These insects also serve as vectors for several plant diseases, enabling their control as a critical component in disease management (Shi et al., 2014). Hemipterans, such as aphids, whiteflies, and plantoppers, are generally of small size with a short life cycle and high fecundity, which enable the use of insecticide as the most feasible option for their control. However, more frequent use of insecticides develops resistance in hemipterans against them with varying effects on their fitness traits. Resistance build-up and associated fitness trade-offs in insects have been extensively studied individually for various insecticidal groups, such as organophosphates, carbamates, pyrethroids, and neonicotinoids (Saeed et al., 2021; Ullah et al., 2022; Valmorbida et al., 2022; Walsh et al., 2022). The common finding in all of the above studies is that after cessation of selection pressure of insecticides, which leads to the reversion of resistance, the earlier resistant insect strains could compensate for the reduced biological fitness in more or less time. Likewise, recently, such studies have also been documented for combination insecticides. In a study on cabbage aphid, Brevicoryne brassicae in Iran, exposure to multiple sublethal doses of thiamethoxam-lambda cyhalothrin, a combination of a neonicotinoid and a pyrethroid, had shown an adverse effect on their offsprings’ reproductive rate, survival rate, and fecundity. This could be due to increased toxicity, leading to high selection pressure on insects, which was apparent only from the first generation (Mahmoodi et al., 2020). One of the most devastating hemipterans, i.e., whitefly, Bemisia tabaci, showed slow development, low survival, and reduced egg laying due to its resistance to acetamiprid (Roy et al., 2019). The extended nymphal period was also reported due to resistance to pyriproxyfen, an insect growth regulator (Singh and Chandi, 2019). In Korea, there is a prevalence of genetic displacement of cluster 2 over 1 in B. tabaci populations primarily based on its high resistance levels to thiamethoxam compared to cluster 1. Higher LC50 values of the cluster 2 population for thiamethoxam are due to the metabolic factor rendered by elevated cytochrome P450 activity (Park et al., 2021).
The brown planthopper, N. lugens, is the most significant insect pest in the world’s main rice-growing areas. It has gained resistance to many insecticide classes over time (Malathi et al., 2017). A recent example is its resistance to triflumezopyrim, which inhibits the nicotinic acetylcholine receptor and belongs to a new family of mesoionic insecticides (Liao et al., 2021; Qin et al., 2021). All the important biological parameters, such as lifespan, female adult period, fecundity, and hatchability, were decreased in the resistant strain compared to the susceptible strain, resulting in a relative fitness of 0.62 (Qin et al., 2021). The pre-adult time and total pre-oviposition duration were increased. Additionally, there was a general decline in the resistant population (Qin et al., 2021). Similar patterns of decline in the biological fitness of N. lugens strains resistant to imidacloprid (Sanada-Morimura et al., 2019), nitenpyram (Zhang et al., 2018a), sulfoxaflor (Liao et al., 2019), and clothianidin (Jin et al., 2021) were also observed. The reduced fitness of insects in the presence of insecticides will slow down resistance build-up. However, in the case of hemipterans, their high fecundity and shorter life cycle will aid in developing resistance quickly and presumably regain their full health potential rapidly in the insecticide-free environment (Qin et al., 2021).
5 HYMENOPTERA
As pesticides are an integral part of the crop ecosystem to manage agricultural pests and diseases, they can have a variety of direct (lethal) and indirect (sublethal) effects on target and non-target organisms (Ndakidemi et al., 2016). The adverse consequences of insecticides on natural enemies are frequently cited as a major barrier to implementing Integrated Pest Management (IPM) programs (Ndakidemi et al., 2016). Although pesticide resistance in beneficial insects was less understood, it has been established in several species (Biondi et al., 2015; Sparks and Nauen, 2015; Lommen et al., 2017; Overton et al., 2021; Schmidt-Jeffris et al., 2021; Tanda et al., 2022). Natural enemies are more vulnerable to pesticides than herbivorous insect pests (Bielza et al., 2020). Parasitic Hymenoptera is less likely to develop resistance compared to other insects (Bielza et al., 2016). Trichogramma spp. egg parasitoids are among the most important biological control agents of Lepidoptera pests globally and enable controlling insect pests before they damage plants (Sithanantham et al., 2013; El-Arnaouty et al., 2014; Huang et al., 2020; Zang et al., 2021; Zhang et al., 2021). The use of Trichogramma wasps has been developed through extensive applied research (Wang et al., 2014; Du et al., 2018; Hou et al., 2018; Wang et al., 2019b; Gontijo et al., 2019; Guo et al., 2019; Wang et al., 2021; Zhang et al., 2021), their use being mostly through artificial inundative releases (El-Arnaouty et al., 2014; Huang et al., 2020; Zang et al., 2021), although natural parasitism has been reported for possible conservation biological control (Biondi et al., 2013; Bagheri et al., 2019; Salas Gervassio et al., 2019). They are used for biological control of many insect pests on various crops, e.g., vegetables and tree crops, and stored products (Chailleux et al., 2013; Marchioro et al., 2015; Khan and Ruberson, 2017; Gontijo et al., 2019; Qu et al., 2020; Zang et al., 2021).
Based on numerous laboratory and field investigations, most studies have focused on sublethal effects rather than examining the fitness costs of insecticides in Hymenopteran insects. In the study by Xie et al. (2022) the researchers aimed to develop insecticide-tolerant strains of Trichogramma parasitoids, which are used as biocontrol agents against lepidopteran rice pests in rice fields. They exposed Trichogramma japonicum and Trichogramma chilonis to sublethal doses of imidacloprid, thiamethoxam, buprofezin, and nitenpyram targeting rice planthoppers in a laboratory setting. Trichogramma japonicum showed the highest increase in tolerance to imidacloprid after successive treatments, and T. chilonis also displayed increased tolerance to these insecticides. Over time, the emergence and deformity rates of the treated Trichogramma species gradually recovered, and the fecundity of T. japonicum treated with thiamethoxam was significantly higher compared to the control, while T. chilonis treated with certain insecticides exhibited differences in fecundity. The study suggests that developing insecticide-tolerant Trichogramma strains, especially pairing T. japonicum with imidacloprid, could enhance the integration of biological control methods with traditional chemical strategies in integrated pest management for rice agroecosystems.
Trichogramma spp. wasps are particularly vulnerable to most broad-spectrum insecticides (Cheng et al., 2018). As a result, pesticides and Trichogramma spp. have traditionally been thought to be incompatible as pesticides negatively impact the parasitoids’ fitness in agroecosystems. An example of this scenario was documented by Tabebordbar et al. (2020) that Metasystox, dichlorodiphenyltrichloroethane (DDT), and Metasystox negatively affected Trichogramma evanescens by decreasing longevity and fecundity, as well as increasing adult mortality after their emergence.
Several novel insecticides, e.g., methoxyfenozide, tebufenozide and spinosad, have been developed and tested against lepidopteran pests in cotton to overcome insecticide resistance, support natural enemies, and reduce health concerns (Sifakis et al., 2017). The effect of certain pesticides on emergence appears to be associated with the preimaginal development stage at the time of exposure (Amandeep et al., 2012; Khan and Ruberson, 2017).
The impact of resistant pest populations on natural enemies in the action of pesticides has yet to be determined. The interference identified in the performance of T. pretiosum emphasizes the necessity of understanding how improper insecticide use can harm the fitness of the natural enemy. On the other hand, T. pretiosum can still be utilized in IPM management programs since it maintains its effectiveness even in the presence of resistant populations in the field whenever host eggs of S. frugiperda populations had some resistance when over six generations of exposure to metaflumizone, the biological activity of T. pretiosum was decreased (Barbosa et al., 2021). It was discovered that eggs originating from the resistant population had lower parasitism percentages, emergence, and parasitoids/eggs, but females from the susceptible population survived longer than those from the resistant population. However, neither the sex ratio nor the male longevity was altered.
Pesticide resistance results from mutations that replace alleles, and the selection pressure (Van Leeuwen et al., 2020) enhances the genotypic diversity of the original population. Due to its intricacy, the co-evolutionary process that combines parasitoids and hosts in the field (Martinez et al., 2014) cannot be examined in laboratory settings. Consequently, the interference in the examined biological parameters was at its greatest. When the host may acquire physiological resistance, the parasitoids evolve tactics to combat this resistance (George et al., 2021).
Cotesia plutellae was a prominent natural enemy of the diamondback moth. P. xylostella had developed extensive resistance to various insecticides, including microbiological Bt formulations, and had been a devastating pest of brassica crops (Sparks et al., 2012; Li et al., 2016; Lin et al., 2020; Banazeer et al., 2021). In laboratory investigations, the effects of Bt plants on a larval endoparasitoid of both Bt-susceptible and Bt-resistant P. xylostella strains were compared to the deadly effects of Cry1Ac-expressing transgenic oilseed rape (Brassica napus) on the endoparasitoid, Cotesia plutellae. Resistant P. xylostella larvae feeding on highly resistant Bt plants were ideal hosts for C. plutellae growth.
The resistance mechanisms in aphids have been linked to fitness costs that are both inhibitory and pleiotropic. But sometimes, parasitoids can take advantage of trade-offs in the insecticide-resistant clone to counteract insecticide resistance. For example, the parasitization (mummification) rate of Aphidius ervi towards the insecticide-resistant (knockdown resistance (kdr) Sitobion avenae) clones was noticeably higher than their insecticide-susceptible counterparts (Sitobion avenae). This might be due to the smaller heterozygous (kdr-SR) clones’ ineffective warding behavior (Jackson et al., 2020). This is consistent with Onstad and Flexner (2023), who discovered that insecticide-resistant peach potato aphids (Myzus persicae) were mummified at a higher rate than their insecticide susceptible counterparts. When selected for by a higher trophic level, pesticide resistance genes sometimes cause maladaptive behaviors that have a detrimental pleiotropic effect on fitness. For example, eight parthenogenetic M. persicae clones (representing various pesticide resistance genotypes) were subjected to alarm pheromones to confirm the degree of response. The clones were then exposed to adult female parasitoids, Diaeretiella rapae, both in the presence and absence of measured amounts of alarm pheromone. Results exhibited that clones with a consistently high alarm response (insecticide-susceptible forms) when compared to aphids with a low alarm response (insecticide-resistant forms), displayed a variety of behaviors during and after parasitoid attack that were significantly associated with greater survival (avoidance of parasitism) (Onstad and Flexner, 2023).
6 NEUROPTERA
The detrimental consequences of insecticide use on natural enemies have been a significant focal point within pest management science. Lacewings stand out as crucial natural predators because of their capability to control a wide range of pests and are naturally distributed extensively across various agricultural production areas. Using insecticide-resistant natural enemies can potentially suppress pests in numerous cropping systems where chemical pest management is a prevalent approach. The primary focus of insecticide resistance research has been directed towards common green lacewing, Chrysoperla carnea (Neuroptera: Chrysopidae).
For example, a study by Mansoor et al. (2013) involved selecting a field-collected population of the common green lacewing C. carnea for resistance to the insecticide emamectin benzoate in a laboratory setting. The emamectin benzoate resistant C. carnea population demonstrated higher emergence rates in adults, increased fecundity, egg hatchability, and shorter developmental times than the susceptible population. Population growth rates, including intrinsic rate of increase and biotic potential, were also higher in the emamectin benzoate-selected population than in the susceptible population. Another study by Abbas et al. (2014) involved selecting a field-collected population of the common green lacewing C. carnea with the insecticide spinosad, and the spinosad-resistant population exhibited a relative fitness advantage, with higher adult emergence rates, fecundity, hatchability, and shorter developmental times as a fitness cost of resistance. The study also found that the spinosad-selected population displayed higher growth rates and biotic potential compared to a susceptible laboratory population. Rodrigo et al. (2019) investigated the susceptibility of different lacewing species, including Ceraeochrysa cincta, Ceraeochrysa cubana, Ceraeochrysa paraguaria, and Chrysoperla externa (Neuroptera: Chrysopidae), to bifenthrin, chlorpyrifos, and imidacloprid insecticides in citrus orchards managed under both organic and conventional pest management systems. They found that C. cincta populations from conventional management systems had lower egg-hatching rates but faster life cycles, i.e., shorter egg and larval developmental times and higher population growth. Mansoor and Shad (2022a) investigated the resistance development potential of the field-collected C. carnea, when subjected to selection with cyromazine and methoxyfenozide, and the results of the study indicate no significant difference between sex ratios and adult mortality in cyromazine and methoxyfenozide selected strains. The studies about cross-resistance patterns and realized heritability also hold significant importance. This exploration spans diverse insecticide classes—like acetamiprid, buprofezin, methoxyfenozide, and nitenpyram—evaluated for their effects on C. carnea to understand resistance mechanisms (Mansoor et al., 2017; Mansoor and Shad, 2019; Mansoor and Shad, 2020; Mansoor and Shad, 2022b).
These studies have set the stage for using insecticide-resistant lacewings as a valuable biocontrol agent in controlling important crop pests, especially in cases where chemicals are currently necessary.
7 COLEOPTERA
Despite having over 250,000 species, the Coleoptera order does not include as many agricultural pests as Hemiptera and Lepidoptera. Regardless, pests in this family do enormous damage to agriculture and forestry throughout their life cycles, both as larvae and adults (Patole, 2017). Many of these were pests of storage, wreaking havoc on grain and other seed silos, and also dried plant material. In tropical regions, the maize weevil, Sitophilus zeamais Motschulsky (Coleoptera: Curculionidae), is an important pest of stored grains, primarily maize (Ojo and Omoloye, 2016; Nwosu, 2018). Insecticide resistance and fitness studies of this insect have been a major concern all-round year due to the overreliance on pesticides for control (Haddi et al., 2018).
The fitness costs induced by insecticide resistance are a typical assumption in insecticide resistance evolution models. (Vézilier et al., 2013; Cordeiro et al., 2017; Guedes et al., 2017). These costs are most likely the result of an energy imbalance, which diverts energy away from the core physiological processes and towards pesticide resistance (Von Santos et al., 2013; Cordeiro et al., 2017). Despite this, fitness losses associated with pesticide resistance in the absence of insecticides are not ubiquitous, although they often occur (Vézilier et al., 2013). Demographic and competition research using insecticide-susceptible and insecticide-resistant maize weevil strains revealed that certain strains have fitness costs associated with pesticide resistance while others do not (Guedes et al., 2017).
According to Guedes et al. (2009), in both areas, the behavioral patterns of insect movement varied with the population. The different locomotor patterns observed among S. zeamais populations may be attributed to the difference in insect metabolism, which can affect insect behavior. However, these differences were not related to the activity of carbohydrate and lipid-metabolizing enzymes in the maize weevil populations studied. Greater body mass and energy storage in S. zeamais, resulting in higher respiration rates, were linked to lower fitness costs associated with pesticide resistance (Araújo et al., 2008; Cordeiro et al., 2017; Guedes et al., 2017). Similarly, Araújo et al. (2008) observed that in the absence of insecticides, resistance is typically linked with fitness losses, but prior selection with these chemicals may encourage the evolution of fitness modifier genes that attenuate such costs. In pesticide-resistant strains’ enzymes exhibited higher serine- and cysteine-proteolytic and cellulolytic activity, and kinetic characteristics revealed that cysteine-proteinase and cellulase activities were more essential in reducing the cost of insecticide resistance in maize weevil strains (Araújo et al., 2008).
Colorado potato beetle, Leptinotarsa decemlineata, has been the subject of many resistance and fitness studies. L. decemlineata strains resistant to OPs and pyrethroids have been discovered in various regions of the world (Freeman et al., 2021). Experiments on lab strains of the beetle with Bt resistance revealed that the resistant lines had a higher fitness cost than their susceptible equivalents. However, the resistance levels decreased dramatically after only five generations without selection pressure (Jisha et al., 2013).
Genetic research and early findings suggest that fitness disadvantages associated with phosphine resistance have been predicted (Mau et al., 2012; Bajracharya, 2013; Collins et al., 2017; Aulicky et al., 2019). In the three species of the red flour beetle (Tribolium castaneum), the lesser grain borer (Rhyzopertha dominica), and the saw-toothed grain beetle (Oryzaephilus surinamensis), resistance to phosphine is associated with a fitness cost, which can potentially compromise the fixation and dispersal of resistant genotypes. In some cases, years of rigorous selection for phosphine resistance may have favored suppressing the negative consequences, reducing the fitness costs normally associated with it. In pyrethroid-resistant populations of S. zeamais, such mitigation has already been described (Cordeiro et al., 2017; Guedes et al., 2017). Resistance prevalence data also benchmark against which management performance can be measured (Daglish et al., 2015; Bughio and Wilkins, 2021). The prevailing mechanism of phosphine resistance in these insects involves a reduced uptake of the fumigant, a process designated as active exclusion (Nguyen et al., 2015). This process may be closely related to the insect respiration rate, which is not usually determined in studies of resistance to phosphine. Respiration is also a good index of the physiological responses of insects to the environment to which it is exposed (Wang et al., 2020d). The assumption of an insecticide resistance fitness cost is based on the acquisition of adaptability to a new environment, one contaminated with insecticides. Current findings support previous findings that resistant S. oryzae and S. zeamais populations had lower fecundity and growth rates than susceptible populations (Daglish et al., 2014). Differences in the biological parameters affecting the growth rate of insect populations are fundamental to insecticide resistance management because, in this case, the frequency of resistant individuals can decrease with time (Gould et al., 2018). However, resistant strains may have a fitness advantage under particular conditions, and resistant individuals may not decrease over time (Guedes et al., 2009). The population of each species produced carbon dioxide, and the instantaneous rate of population expansion (ri) was associated with their resistance ratios at LC50. There was a strong correlation between respiration rate and phosphine resistance in all species of stored-product pests. Populations with lower carbon dioxide generation had a greater resistance ratio (Wang et al., 2020d), indicating that the decreased respiration rate represents the physiological foundation of resistance to phosphine via lowering the insect’s fumigant intake (Nguyen et al., 2015; Alnajim, 2020). In contrast, groups with a greater ri exhibited lower resistance ratios, which may imply a reduced reproduction rate in resistant populations compared to susceptible ones. This lends weight to the idea that allocating energy for forming defense mechanisms against pesticides would lower the reproductive potential of resistant populations (Cordeiro et al., 2017). Unlike susceptible populations, resistant populations of S. oryzae, S. zeamais, and Cryptolestes ferrugineus exhibited decreased fertility and growth rates (Daglish et al., 2014; Chakraborty and Madhumathi, 2020). In the absence of insecticides, pesticide resistance is typically linked with an increase in the cost of adaptation. Due to the reallocation of resources from a fundamental physiological function to the defense against insecticides, favoring their survival at the price of their reproduction, these expenditures diminish the reproductive success of resistant individuals (Bass et al., 2014; Cordeiro et al., 2017). Adaptive costs associated with pesticide resistance have been documented in some populations of S. zeamais (Cordeiro et al., 2017; Guedes et al., 2017). Consumption of oxygen and generation of carbon dioxide is related to metabolism and might indicate energy expenditures (Chown et al., 2016; Abbas et al., 2020). Modifications in fat body shape reflect the availability and mobilization of energy reserves for the individual’s maintenance, resulting in its survival when exposed to harmful chemicals (Cordeiro et al., 2017). These patterns and study techniques were created in investigations with populations of pyrethroid-resistant maize weevils (Cordeiro et al., 2017), where the resistant population demonstrated greater respiration rate and body mass than the susceptible and another resistant population, demonstrating a reduction of fitness costs. Araújo et al. (2008) report that populations of S. zeamais with varying degrees of pesticide sensitivity accumulate and mobilize energy stores differently. These changes enable S. zeamais to survive hazardous chemicals better without sacrificing reproductive fitness. Enzymatic tests using carbohydrate- and lipid-metabolizing enzymes measured the activity levels of trehalase, glycogen phosphorylase, lipase, glycosidase, amylase, and respirometry bioassays in two insecticide-resistant populations with (resistance cost) or without (no-cost resistance) associated fitness cost and an insecticide-susceptible population. The group with no cost resistance had much greater body mass and respiration rate than the other two populations, which were comparable. The levels of permethrin resistance, body mass, and respiration rates reported in the above research support those of Guedes et al. (2017), who postulated that an insecticide-resistant population’s greater respiration rate, body mass, and energy reserves reduce the fitness penalty generally associated with pesticide resistance. This mitigation maintains pesticide resistance mechanisms without interfering with other physiological functions, like reproduction.
Amylase cleaves starch and similar polysaccharides, enabling their ultimate storage and utilization as an energy source. It then becomes the substrate of another set of carbohydrases (such as glycosidase and trehalase) that hydrolyze oligosaccharides and disaccharides (Harrison et al., 2012). Trehalase, found in many insects, breaks down trehalose into glucose (Dolezal and Toth, 2014; Kaur et al., 2014; Rodríguez et al., 2015). Lipases are involved in lipid digestion and mobilization, but our in vitro bioassays could not tell the difference (Dolezal and Toth, 2014; Jiang et al., 2016). Lipid hydrolysis was more efficient in the resistant population with a cost, whereas starch digestion was more efficient in the resistant group with no cost. The increased activity of amylases in the resistant no-cost population indicates their superior efficiency in extracting energy from food and storing it, resulting in a bigger body mass (Cordeiro et al., 2017). The increased trehalose activity in the resistant cost group likely indicates better energy mobilization, reducing the likelihood of its buildup and resulting rise in body mass. It is difficult to determine the significance of increased lipase activity in the resistant cost population since the enzyme source was the whole insect body, and the lipase classes (involved in fat digestion or lipid mobilization) were not differentiated. Nevertheless, given the increased trehalase activity and the obvious existence of resistance costs in the resistant cost group (Cordeiro et al., 2017; Guedes et al., 2017), the higher lipase activity reported in this population indicates more lipid mobilization. The no-cost-resistant population has a bigger body mass than the cost-resistant population. It is more resistant and likely needs more energy mobilization to maintain its higher pesticide resistance (Cordeiro et al., 2017; Guedes et al., 2017).
8 LEPIDOPTERA
The caterpillars and rarely moths of the order Lepidoptera are known for their herbivory on vast crops. These insects feed using chewing and biting mouthparts and devour vegetation through nibbling, boring, mining, etc. Hence, large-scale systemic, as well as contact insecticides, have been used to manage lepidopterans, eventually developing resistance against them (Hafeez et al., 2022; Kenis et al., 2023). Recently, genetically modified crops have also developed resistance in insects despite the rate of resistance development being slower than that of insecticides (Fernandez-Cornejo et al., 2014). For example, Bt cotton, which produces toxins against cotton bollworms upon ingestion, has developed resistance to these insects, which is somewhat counteracted or delayed by their reduced fitness (Carrière et al., 2019). Pectinophora gossypiella is resistant to the Cry1Ac toxin generated by Bt cotton due to a gene mutation that inhibits cadherin protein binding to Cry1Ac (Fabrick et al., 2014; Wang et al., 2019c). Furthermore, its resistance to Cry2Ab is due to a mutation of the ATP-binding cassette transporter gene (Heckel, 2015; Mathew et al., 2018). Higher levels of gossypol in traditional cottonseed enhanced the fitness cost of P. gossypiella to Bt cotton by affecting survival (Carrière et al., 2019). Also, using biological control agents, multiple toxins, non-Bt refuge and defensive plant compounds, such as gossypol, will reduce/delay the resistance development (Carrière et al., 2019). The insect populations with the non-recessive mode of inheritance of resistance face an early decline in susceptibility, yet high fitness costs associated with them also help delay it (Ullah et al., 2020b).
Research conducted on the widespread fall armyworm, S. frugiperda, has documented numerous instances of its resistance and consequent detrimental impact on its biological fitness to a variety of Bt toxins and multiple insecticidal classes, namely, benzoylureas and pyrethroids. Additionally, relatively new insecticides like spinetoram and metaflumizone have shown the same effects on this insect (Barbosa et al., 2020). One example of organophosphate is chlorpyriphos, a widely used insecticide against S. frugiperda. Its resistant strains exhibited lower survival, developmental period, pupal weights, fecundity, and fertility life table parameters (Garlet et al., 2021). In another wide-scale used diamide insecticide, chlorantraniliprole, the field-collected resistant strain showed reduced fitness based on population history parameters compared to the near-isogenic resistant strain. This highlighted the importance of using the suitable genetic background of the crop for fitness costs-related studies (Elias et al., 2022). Shan et al. (2021) reported the trade-offs between chlorantraniliprole resistance and chemical communication as well as the fitness cost of insecticide resistance in P. xylostella.
Due to its resistance to 97 pesticides, the diamondback moth, Plutellaxylostella, is regarded as the most difficult pest of the Brassicaceae family to eradicate (IRAC, 2020). In several nations, it is resistant to almost all key insecticidal groups, including Bt. Since 2010, Japanese farmers have used the rotation of pesticides with varied modes of action for resistance management. Nonetheless, this technique produces variations in their mortalities (Uesugi, 2021) (IRAC 2019). Fitness costs related to using insecticides could be a possible reason for this disparity, resulting in varying susceptibility against the different modes of action affecting resistance stability (Jouzani et al., 2017). Bt, spinosyns, pyridalyl, and aver-mectins/milbemycins may become key components of the rotation approach because their high fitness costs lead to steady and high susceptibility (Jouzani et al., 2017; Yin et al., 2019; Uesugi, 2021; Kumar et al., 2022).
9 DIPTERA
The dipterans represent agricultural, domestic and medically important pests, which have suffered immense insecticidal exposure. Musca domestica is a classic example of insecticidal resistance reported in insects (Roca-Acevedo et al., 2023). It is broadly resistant to all the major insecticidal groups, such as organochlorides, organophosphates, carbamates, and pyrethroids, and has been linked to its reduced fitness for one or more traits. Some such examples are spiromesifen (Alam et al., 2020), chlorantraniliprole (Shah and Shad, 2020), spinosad (Khan, 2018), pyriproxyfen (Shah et al., 2015), methoxyfenozide (Shah et al., 2017), fipronil (Abbas et al., 2016a), lambda-cyhalothrin (Abbas et al., 2016b) and imidacloprid (Abbas et al., 2015a). Houseflies develop resistance to insecticides to varying degrees depending on the chemical and its mode of action, which is partly a function of how often and for how long they are exposed to the chemicals. In the absence of insecticides, there will be a reversion of resistance in the process of regaining reduced fitness (Abbas et al., 2015b).
The susceptibility also varies according to season, frequency of application, and the insecticidal group due to changing biological parameters or termination of insecticide exposure in off season (Abbas et al., 2015b). Additionally, pesticide cross-resistance and multiple-resistance contribute to a decrease in sensitivity. Cross-resistance between organophosphates and pyrethroids owing to the presence of detoxifying enzymes such as esterases is one example (Muthusamy et al., 2014). The long use of pyrethroids and DDT to control houseflies has resulted in resistance build-up, mainly attributed to the kdr gene family involving multiple alleles (Bass et al., 2014). Interestingly, the lowest resistance imparting kdr-his allele is present in two-third of flies’ population in the United States. In contrast, kdr and super-kdr alleles were less prevalent despite imparting higher resistance (Rinkevich et al., 2013). This may be due to decreased fitness costs associated with kdr-his alleles, showing that the biology of flies plays a role in disseminating some resistance-conferring alleles (Sun et al., 2016; Hanai et al., 2018).
There have been reports of resistance to many organophosphate and carbamate chemicals (Low et al., 2013) in Liriomyza sativae (Askari-Saryazdi et al., 2015), Drosophila melanogaster (Hubhachen et al., 2022), B. tabaci (Renault et al., 2023) with a reduction or increase in acetylcholinesterase sensitivity as the major resistance mechanism. Metabolic enzymes as the driving force for altered susceptibility is also prevalent, for example, in M. domestica against chlorantraniliprole,- utilizing cytochrome P450 monooxygenase and esterase detoxifying enzymes (Shah and Shad, 2020). Interestingly, there was a varied response of detoxifying enzymes on resistance due to differential insecticidal exposure in different life stages of insects. For example, resistance to chlorpyriphos was more observed in the larval than in the adult stage in Anopheles gambiae and L. sativae (Askari-Saryazdi et al., 2015). Differential entry routes and chemical properties can force insects to cope with these stress conditions differently in diverse life stages at the cost of their biological fitness (Mastrantonio et al., 2019).
Fruit flies, which are polyphagous, multivoltine, and agriculturally important insect pests, are resistant to various chemicals. One such example is the resistance of a peach fruit fly strain to trichlorfon, an organophosphate, which showed a reduction in relative fitness up to 0.52 (Abubakar et al., 2021). A similar trend was also found for Bactrocera dorsalis concerning this specific chemical (Chen et al., 2015). The reduced fitness traits included fecundity, pupal weight, reduced larval duration, number of future larvae, and net reproductive rate, with no difference in biotic potential and intrinsic rate relative to unselected strains (Chen et al., 2015).
It is known that pesticide resistance severely influences mosquito fitness overall and has a number of detrimental impacts on its growth and reproduction features (Diniz et al., 2015; Osoro et al., 2021; Gonzalez-Santillan et al., 2022; Parker-Crockett et al., 2022). The insecticides temephos and deltamethrin are not effective against the laboratory-created strain of Aedes aegypti known as Aedes Rio, which was developed from field mosquito populations of Rio de Janeiro. Compared to Rockefeller’s laboratory reference strain, pleiotropic effects that led to a fitness cost that metabolic and target site resistance mechanisms may have induced evolved in the original populations. However, due to this diminished fitness, the A. aegypti Rio strain did not become infected with or spread the Zika virus (Dos Santos et al., 2020).
The understanding of molecular biology has assisted us in predicting the costs associated with various resistance mechanisms. Bass (2017) critically reviewed the literature on fitness costs in the absence of pesticides. The resistance alleles can develop from pre-existing polymorphisms, and sexual differences can also sustain resistance-associated variation. For resistance induced by kdr and RDL genes, heterozygous (RS) male A. gambiae demonstrated greater mating success than their homozygous resistant (RR) equivalents. This shows that in this instance, homozygous target site resistance has a cost in terms of decreased mating success (Platt et al., 2015).
Most arthropod species have complex connections with symbiotic bacteria and depend on microorganisms for reproduction, development, metabolism, and immunity (Douglas, 2015). The disruption of these commensal bacteria may have detrimental consequences on the physiology of insects, leading to mortality or diminished fitness. For instance, adult tsetse flies given a blood meal containing the antibiotic tetracycline and lice fed on four different medicines exhibited immediate mortality (Weiss et al., 2012). In growing nymphs of the omnivorous American cockroach, removing symbiotic bacteria from the stomach with metronidazole impeded weight gain (Bauer et al., 2015). The elimination of bacterial symbionts may alter not just the longevity and fertility of insects but also their susceptibility to insecticides (Pietri and Liang, 2018). Insecticide resistance in the bean bug, Riptortus pedestris, and oriental fruit fly, B. dorsalis, has been linked to the synthesis of detoxifying enzymes by Proteobacteria in the midgut, and antibiotic treatments may restore sensitivity to resistant individuals (Kikuchi et al., 2012; Cheng et al., 2017). According to (Pietri et al., 2018), microbiota contributes to both physiological and evolutionary elements of pesticide resistance, suggesting that targeting this community might be a useful tactic. Meanwhile, the gut microbiota also acquired insecticide resistance, contributing to host resistance (Engel and Moran, 2013). Pesticide resistance altered the makeup of the gut microbiota of cockroaches, altering the growth and development of insect hosts. Prior research has examined insecticide resistance mechanisms in German cockroaches regarding target site insensitivity, epidermal permeability, behavioral resistance, and metabolic detoxification (Boopathy et al., 2022), indicating that the gut microbiota may potentially play a part in the resistance process.
Cai et al. (2020) reported that cypermethrin resistance in B. germanica affected the development of ovaries and the expression of proteins with different functions in the ovaries, resulting in fecundity defects in the cypermethrin-resistant (R) strain of B. germanica, which reflected as fitness disadvantages. The R strain of B. germanica showed an even greater ootheca shedding rate, a much lower number of hatched and surviving nymphs, a significantly higher percentage of females in the population, and aberrant ovarian development than the sensitive (S) strains. Consequently, the metabolic variations required to overcome the negative effects of pesticides might result in an energy exchange that changes energy allocation and, eventually, the insect’s fundamental requirements. The fitness cost caused by pesticide resistance is crucial for preventing the development of resistance.
This unique integrated pest management (IPM) technique might be used to develop pesticide synergists that inhibit insecticide metabolism in pest microbiota and biocontrol agents (Zhang et al., 2018b; Zhang and Yang, 2019). Given the substantial fitness costs associated with resistance, insecticide rotation may be a viable resistance control strategy. Identifying fitness costs associated with insecticidal resistance may restrict the spread of resistant populations and enable IPM programs to target resistant populations efficiently.
10 FITNESS ADVANTAGE
The phenomena of fitness cost or advantage in relation to the resistance of insecticides are familiar in the insect species. Identifying fitness advantages can be useful in deciding integrated pest management by curbing the spread of resistant populations. Fitness costs and resistant individuals spread in the population are directly proportional, thereby becoming an important parameter in decision-making (Kliot and Ghanim, 2012). The major purpose behind investigating the fitness advantage due to insecticide resistance is to monitor the resistance levels over time in environments distinctly exposed to insecticides (Hawkins et al., 2019). Furthermore, if the principal mechanism selected for resistance is known, the genotyping of resistance genes in place and time scales render important assumptions about their fitness advantage (Belinato and Martins, 2016).
The resistant (R) and susceptible (S) Eriopis connexa (Germar) populations are crossed, and the performance of the F1 offspring and resistance maintenance over F1, F2, and F3 progenies was assessed (Lira et al., 2016). Compared to the R population, the heterozygous F1 progeny exhibited much higher fecundity and longevity. These findings showed that when beetles from the R population are released and mated with the S population, the field progeny retain the resistance phenotype with an advantage over the parental R population in terms of increased egg production and longer survival. A life table analysis of fenvalerate on the brown planthopper, N. lugens indicated that the resistant strain (G4 and G8) demonstrated an improved female ratio, copulation rate, and fecundity. However, the resistant strain had a reduced hatchability. The number of offspring in the G8 generation was higher than that in the G4 generation, and resistant strains in generations G4 and G8 demonstrated a fitness advantage (1.04 and 1.11) (Ling et al., 2011). When an organism faces a niche change and adapts to a new environment, a fitness advantage is a phenomenon that manifests. If the evolutionary pressure lasts for a number of generations, it is possible that other genetic alterations will take place to reduce the negative impacts of the first adaptation and improve it such that there are no longer any fitness costs. The existence of fitness advantages during the laboratory conditions is also important in the evaluation of specific traits.
11 CONCLUSION
Chemical application remains a prevalent strategy for global insect pest control. However, the widespread use of chemical insecticides subjects both intended targets and unintended species to toxic compounds and concurrent stressors. In these challenges, insects must allocate energy and resources for survival and adaptation. Insects counteract the effects of toxic chemicals by employing behavioral, physiological, and genetic defenses. The persistent selective pressure from insecticide usage can lead to resistance development through mechanisms such as upregulation of detoxification genes and target-site mutations.
Numerous studies have underscored the resource-intensive nature of these defense mechanisms, impacting vital biological traits like development and reproduction and other pivotal factors influencing insect fitness. However, future studies should focus on determining the underlying molecular mechanisms of fitness costs associated with insecticide resistance. Such insights can potentially guide the development of effective resistance management strategies for sustainable insect control programs. Furthermore, validating laboratory findings by quantitatively assessing resistance across various fitness matrices within field contexts is imperative. This comprehensive approach is necessary to comprehensively elucidate the intricate interplay between resistance development and fitness costs in agroecosystems at the community level.
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