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Fitness costs in clothianidin-resistant population of the melon aphid, Aphis gossypii

Clothianidin is a second-generation neonicotinoid insecticide, widely used against sap-sucking insect pest including melon aphid, Aphis gossypii Glover (Hemiptera: Aphididae). This pest causes severe economic damage to Cucurbitaceae plants worldwide. In this study, we investigated clothianidin resistance development under continuous selection pressure. Moreover, the age-stage, two-sex life table approach was used to evaluate the impact of clothianidin resistance on the fitness of A. gossypii. A clothianidin resistant strain (CT-R) with a 23.17-fold resistance level was developed from a susceptible strain (CT-S) after continuous selection for 24 generations. Life table results showed a significant reduction in the relative fitness (0.847) of CT-R strain compared to the CT-S strain of A. gossypii. The developmental duration, oviposition days, total pre-oviposition period (TPOP), longevity, and fecundity of CT-R strain were found to be significantly lower when compared to CT-S strain. The demographic parameters, including the intrinsic rate of increase (r), finite rate of increase (λ), net reproductive rate (R 0 ), and mean generation time (T) were also significantly decreased in CT-R strain compared to the CT-S strain. Both the reproductive and survival rates were affected by clothianidin resistance in CT-R strain compared with the CT-S strain of A. gossypii. Overall, our results demonstrate that in-depth knowledge about the trade-off at play between resistance degree and fitness cost might be useful to design resistance management strategies against A. gossypii.

Introduction

The melon aphid, Aphis gossypii Glover (Hemiptera: Aphididae), is an economically important insect pest, affecting Cucurbitaceae plants worldwide [START_REF] Hulle | Encyclop'Aphid: a website on aphids and their natural enemies[END_REF]. Aphis gossypii causes severe economic losses by direct feeding i.e., deforming the young leaves and twigs and indirectly by transmitting several plant viruses [START_REF] Hulle | Encyclop'Aphid: a website on aphids and their natural enemies[END_REF][START_REF] Ebert | Biology and ecology of Aphis gossypii Glover (Homoptera: aphididae)[END_REF]. Various control methods were used [START_REF] Ullah | RNAi-Mediated Knockdown of Chitin Synthase 1 (CHS1) Gene Causes Mortality and Decreased Longevity and Fecundity in Aphis gossypii[END_REF][START_REF] Tariq | RNA interference-mediated knockdown of voltage-gated sodium channel (MpNav) gene causes mortality in peach-potato aphid, Myzus persicae[END_REF][START_REF] Li | The outbreaks of non-target mirid bugs promote arthropod pest suppression in Bt cotton agroecosystems[END_REF], but still, synthetic chemical insecticides are considered crucial to combat aphids [START_REF] Ullah | Impact of low lethal concentrations of buprofezin on biological traits and expression profile of chitin synthase 1 gene (CHS1) in melon aphid, Aphis gossypii[END_REF][START_REF] Mohammed | Impact of imidacloprid and natural enemies on cereal aphids: Integration or ecosystem service disruption?[END_REF][START_REF] Ullah | Clothianidin-induced sublethal effects and expression changes of vitellogenin and ecdysone receptors genes in the melon aphid, Aphis gossypii[END_REF], despite negative effects on beneficial insects [START_REF] Desneux | The sublethal effects of pesticides on beneficial arthropods[END_REF][START_REF] Lu | Widespread adoption of Bt cotton and insecticide decrease promotes biocontrol services[END_REF][START_REF] Decourtye | Overhaul pesticide testing on bees[END_REF][START_REF] Jam | Sublethal effects of imidacloprid and pymetrozine on the functional response of the aphid parasitoid, Lysiphlebus fabarum[END_REF][START_REF] Passos | Lethal, sublethal and transgenerational effects of insecticides on Macrolophus basicornis, predator of Tuta absoluta[END_REF][START_REF] Taning | With or without foraging for food, field-realistic concentrations of sulfoxaflor are equally toxic to bumblebees (Bombus terrestris)[END_REF]. However, the indiscriminate applications of chemical insecticides cause resistance development in insect pests, including A. gossypii [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Koo | Regional susceptibilities to 12 insecticides of melon and cotton aphid, Aphis gossypii (Hemiptera: Aphididae) and a point mutation associated with imidacloprid resistance[END_REF][START_REF] Cui | Cycloxaprid: a novel cis-nitromethylene neonicotinoid insecticide to control imidacloprid-resistant cotton aphid (Aphis gossypii)[END_REF][START_REF] Ullah | Functional analysis of cytochrome P450 genes linked with acetamiprid resistance in melon aphid, Aphis gossypii[END_REF][START_REF] Ullah | Imidacloprid-induced hormesis effects on demographic traits of the melon aphid, Aphis gossypii[END_REF][START_REF] Wang | Comparison of full-length transcriptomes of different imidacloprid-resistant strains of Rhopalosiphum padi (Linne ´)[END_REF].

Neonicotinoid insecticides, including clothianidin, have been widely used against several insect pests [START_REF] Ullah | Clothianidin-induced sublethal effects and expression changes of vitellogenin and ecdysone receptors genes in the melon aphid, Aphis gossypii[END_REF][START_REF] Ullah | Imidacloprid-induced hormesis effects on demographic traits of the melon aphid, Aphis gossypii[END_REF][START_REF] Ullah | Acetamiprid-induced hormetic effects and vitellogenin gene (Vg) expression in the melon aphid, Aphis gossypii[END_REF][START_REF] Kollmeyer | Discovery of the nitromethylene heterocycle insecticides. Nicotinoid insecticides and the nicotinic acetylcholine receptor[END_REF][START_REF] Goulson | An overview of the environmental risks posed by neonicotinoid insecticides[END_REF][START_REF] Zhang | Effects of imidacloprid and clothianidin seed treatments on wheat aphids and their natural enemies on winter wheat[END_REF]. Neonicotinoids act as an agonist of nicotinic acetylcholine receptors (nAChRs), causing nerve stimulation, paralysis, and death [START_REF] Tomizawa | Neonicotinoid insecticide toxicology: mechanisms of selective action[END_REF][START_REF] Sallam | Effectiveness of different bio-rational insecticides applied on wheat plants to control cereal aphids[END_REF][START_REF] Armstrong | The effect of planting time insecticides and liquid fertilizer on the Russian wheat aphid (Homoptera: Aphididae) and the lesion nematode (Pratylenchus thornei) on winter wheat[END_REF]. Owing to stomach and contact insecticidal activity, neonicotinoids are considered one of the most widely used insecticide group against several insect pests including aphids, whiteflies, jassids, leafminers, thrips, monarch butterfly and many species of beetles (Coleoptera: Curculionidae) [START_REF] Ullah | Clothianidin-induced sublethal effects and expression changes of vitellogenin and ecdysone receptors genes in the melon aphid, Aphis gossypii[END_REF][START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Tomlin | The pesticide manual: A world compendium: British Crop Production Council[END_REF][START_REF] Jeschke | Thiacloprid (Bay YRC 2894)-A new member of the chloronicotinyl insecticide (CNI) family[END_REF][START_REF] Magalhaes | Baseline susceptibility of western corn rootworm (Coleoptera: Chrysomelidae) to clothianidin[END_REF][START_REF] Zhang | Efficacy of granular applications of clothianidin and nitenpyram against Aphis gossypii (Glover) and Apolygus lucorum (Meyer-Du ¨r) in cotton fields in China[END_REF][START_REF] Rahman | Evaluation of thiacloprid and clothianidin (neonicotinoids) as alternative to fenthion (organophosphate) for control of Mediterranean fruit fly (Diptera: Tephritidae) in deciduous fruit orchards[END_REF][START_REF] Zhang | Dissipation dynamics of clothianidin and its control efficacy against Bradysia odoriphaga Yang and Zhang in Chinese chive ecosystems[END_REF][START_REF] Ullah | Thiamethoxam induces transgenerational hormesis effects and alteration of genes expression in Aphis gossypii[END_REF][START_REF] Kaiser | Susceptibility of Danish pollen beetle populations against lambda-cyhalothrin and thiacloprid[END_REF][START_REF] Lin Q-C, Chen | Improved control of Frankliniella occidentalis on greenhouse pepper through the integration of Orius sauteri and neonicotinoid insecticides[END_REF]. Clothianidin is a second-generation neonicotinoid insecticide broadly used for controlling aphids [START_REF] Ullah | Clothianidin-induced sublethal effects and expression changes of vitellogenin and ecdysone receptors genes in the melon aphid, Aphis gossypii[END_REF][START_REF] Sallam | Effectiveness of different bio-rational insecticides applied on wheat plants to control cereal aphids[END_REF][START_REF] Zhang | Efficacy of granular applications of clothianidin and nitenpyram against Aphis gossypii (Glover) and Apolygus lucorum (Meyer-Du ¨r) in cotton fields in China[END_REF]. The resistant populations of A. gossypii suffer adverse effects on life history traits in the absence of the insecticide [START_REF] Ullah | Clothianidin-induced sublethal effects and expression changes of vitellogenin and ecdysone receptors genes in the melon aphid, Aphis gossypii[END_REF]. The LC 15 of clothianidin affects the longevity, fecundity, and demographic parameters (R 0 and GRR) of A. gossypii [START_REF] Ullah | Clothianidin-induced sublethal effects and expression changes of vitellogenin and ecdysone receptors genes in the melon aphid, Aphis gossypii[END_REF]. Acetamiprid is also a neonicotinoid insecticide widely used against several sap-sucking insect pests, including A. gossypii. [START_REF] Ullah | Acetamiprid-induced hormetic effects and vitellogenin gene (Vg) expression in the melon aphid, Aphis gossypii[END_REF][START_REF] Singh | Bio effectiveness of combination product of acetamiprid with cypermethrin, quinalphos and chlorpyriphos against insect pests of cotton[END_REF][START_REF] Raghuraman | Bioefficacy of acetamiprid on sucking pests in cotton[END_REF][START_REF] Aslam | Comparative efficacy of different insecticides against sucking pests of cotton[END_REF][START_REF] Khattak | Efficacy of certain insecticides against some sucking insect pests of mungbean (Vigna radiata L.)[END_REF]. Both the longevity and fertility of A. gossypii were decreased when exposed to the LC 5 and LC 15 concentrations of acetamiprid [START_REF] Ullah | Acetamiprid-induced hormetic effects and vitellogenin gene (Vg) expression in the melon aphid, Aphis gossypii[END_REF].

Fitness cost affects insecticide resistance evolution and the rate of resistance increase in insects [START_REF] Abbas | Dominant fitness costs of resistance to fipronil in Musca domestica Linnaeus (Diptera: Muscidae)[END_REF][START_REF] Kliot | Fitness costs associated with insecticide resistance[END_REF]. Resistance costs energy and that may influence fitness in the absence of the insecticide stressor [START_REF] Kliot | Fitness costs associated with insecticide resistance[END_REF]. Prior studies showed evidence about the fitness costs associated with insecticide resistance in several insects including Bradysia odoriphaga Yang and Zhang (Diptera: Sciaridae), Thrips hawaiiensis Morgan (Thysanoptera: Thripidae), Plutella xylostella, Linnaeus (Lepidoptera: Plutellidae), Nilaparvata lugens Stål (Hemiptera: Delphacidae) N. lugens and Musca domestica Linnaeus (Diptera: Muscidae). Ma et al. reported fitness costs of 0.917 in the sulfoxaflor resistant population of A. gossypii compared to the susceptible strain [START_REF] Ma | Fitness costs of sulfoxaflor resistance in the cotton aphid, Aphis gossypii Glover[END_REF]. The relative fitness had also been decreased up to 0.83 in the sulfoxaflor resistant strain of Myzus persicae Sulzer (Homoptera: Aphididae) [START_REF] Wang | Laboratory selection for resistance to sulfoxaflor and fitness costs in the green peach aphid Myzus persicae[END_REF]. The life-history traits of B. odoriphaga have significantly been affected in clothianidin and chlorfenapyr resistant populations compared to the susceptible strain [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Ullah | Fitness costs in chlorfenapyr-resistant populations of the chive maggot, Bradysia odoriphaga[END_REF]. Several studies have reported the development of insecticide resistance accompanied by fitness costs in different insect pests [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Cao | Quantitative Analysis of Fitness Costs Associated with the Development of Resistance to the Bt Toxin Cry1Ac in Helicoverpa armigera[END_REF][START_REF] Ejaz | Spirotetramat resistance selected in the Phenacoccus solenopsis (Homoptera: Pseudococcidae): Cross-resistance patterns, stability, and fitness costs analysis[END_REF][START_REF] Hoffmann | Fitness costs of resistance to Cry3Bb1 maize by western corn rootworm[END_REF][START_REF] Petzold-Maxwell | Fitness costs associated with Cry1F resistance in the European corn borer[END_REF].

To our knowledge, no study to date has examined selection-induced clothianidin resistance development accompanied with fitness costs in A. gossypii. The overall goal of this work was to analyze the risk of clothianidin resistance in A. gossypii under continuous selection pressure. To examine the impact of clothianidin resistance on fitness, we used the age-stage two-sex life table approach to accurately quantify the life history traits of resistant (CT-R) and susceptible (CT-S) strains of A. gossypii. This gives an in-depth knowledge about the optimal application of clothianidin insecticides against A. gossypii.

Materials and methods

Insects and insecticide

Aphis gossypii were initially collected from melon plants at Weifang City, Shandong Province, China. The population was maintained under standard laboratory conditions (25 ± 1˚C; 75% RH; 16:8 L: D) at China Agricultural University using insecticide-free cucumber plants. Technical grade clothianidin (95% of the active ingredient) was purchased from Bayer CropScience Co. Ltd (Monheim, Germany). Triton X-100 was obtained from Sigma-Aldrich Co. Saint Louis, USA.

Toxicity of clothianidin against A. gossypii

The bioassays of clothianidin were conducted under laboratory conditions using the leaf-dipping procedure. The stock solution of clothianidin was prepared in acetone, and further dilution was set up in distilled water containing 0.05% (v/v) Triton X-100. Cucumber leaf discs were dipped in the required diluted concentrations of clothianidin or in 0.05% (v/v) Triton X-100 water as a control for 15 s. The treated discs were allowed to dry on the disposable transparent plastic gloves and then placed the adaxial side of leaf discs on 2% (w/v) agar bed (2 ml) in a 12-well cell culture plate. Twenty adult melon aphids were placed on each leaf disc, and Chinese art paper (Xuan rice paper) was used to cover the plate to prevent the aphid's escape. There were three leaf disks for each concentration, and the entire experiment was repeated three times for a total of 180 aphids tested at each concentration. The mortality was recorded at 72 h after treatment. The LC 50 values of clothianidin were calculated by probit analysis using POLO Plus 2.0 statistical software.

Establishing the resistant colony

The resistant strain of clothianidin (CT-R) was established from an originally collected susceptible population of A. gossypii through continuous selection pressure for 24 generations. The acute toxicity of clothianidin was recorded for each generation. Based on the results of the bioassays of the parent aphids, the clothianidin concentrations were gradually increased throughout the selection experiment. The mortality rate was maintained at 60-80%. The resistance ratio (RR) was determined at each generation by dividing the LC 50 of resistant strain to the LC 50 of the susceptible strain of A. gossypii. The susceptible strain (CT-S) was maintained on cucumber plants without any pre-or post-exposure of clothianidin. Both strains were kept under standard laboratory conditions (25 ± 1 ˚C; 75% RH; 16:8 L: D) in the Department of Entomology, China Agricultural University, Beijing, China.

Fitness comparisons

Fitness of the susceptible and resistant strains of A. gossypii was compared using age-stage, two-sex life table approach. About 500 apterous adults were inoculated to insecticide-free cucumber seedlings. After 24 h, ninety newly born nymphs of A. gossypii were collected from both susceptible and resistant populations. Both strains were transferred to insecticide-free cucumber seedlings and were maintained separately under laboratory conditions. Each individual aphid growing on one insecticide-free cucumber seedling was considered as a single replicate [START_REF] Ullah | Clothianidin-induced sublethal effects and expression changes of vitellogenin and ecdysone receptors genes in the melon aphid, Aphis gossypii[END_REF][START_REF] Ullah | Imidacloprid-induced hormesis effects on demographic traits of the melon aphid, Aphis gossypii[END_REF]. Nymphs from both populations were observed individually and we recorded development duration, mortality, longevity, and fecundity. The life table data of susceptible (CT-S) and resistant (CT-R) strains of A. gossypii were subjected to the TWOSEX-MSChart computer program [START_REF] Chi | TWOSEX-MS Chart: A computer program for the age-stage, two-sex life table analysis[END_REF] to analyze the population parameters including age-stage specific survival rates (s xj ), age-specific survival rate (l x ), age-specific fecundity (m x ), age-specific maternity (l x m x ), age-stage specific life expectancy (e xj ) and age-stage reproductive value (v xj ) following age-stage two-sex life table procedure [START_REF] Chi | Age-Stage, two-sex life table: an introduction to theory, data analysis, and application[END_REF]. The s xj shows the probability that a newly born nymph will survive to age x and stage j. The l x represents a simplified form of the survival history and the probability that a newly-born nymph will survive to age x. The m x indicates the age-specific fecundity, while the l x m x shows age-specific maturity. The v xj depicts the devotion to future offspring for A. gossypii individuals of at age x and stage j. The e xj describes the expected duration of time an individual of age x at stage j that will survive after the age x. The newly born nymphs produced by females during the reproductive period were counted and removed daily. Fresh cucumber seedlings were replaced after 5 days without any insecticide exposure throughout the experiment. The aphids were individually transferred to new seedlings using a soft brush.

Statistical analysis

The age-stage two-sex life table procedure was applied to analyze the developmental duration, adult longevity, and fecundity for all individual aphids using the TWOSEX-MSChart computer program [START_REF] Chi | TWOSEX-MS Chart: A computer program for the age-stage, two-sex life table analysis[END_REF][START_REF] Chi | Age-Stage, two-sex life table: an introduction to theory, data analysis, and application[END_REF][START_REF] Chi | Two new methods for the study of insect population ecology[END_REF][START_REF] Chi | Life-table analysis incorporating both sexes and variable development rates among individuals[END_REF]. The population parameters including the intrinsic rate of increase (r), finite rate of increase (λ), net reproductive rate (R 0 ), mean generation time (T), gross reproduction rate (GRR), adult pre-oviposition period (APOP), total pre-oviposition period (TPOP), oviposition days (Od), age-stage specific survival rates (s xj ), age-specific survival rate (l x ), age-specific fecundity (m x ), age-specific maternity (l x m x ), age-stage specific life expectancy (e xj ) and age-stage reproductive value (v xj ) were investigated following Chi and Liu [START_REF] Chi | Two new methods for the study of insect population ecology[END_REF] and Chi [START_REF] Chi | Life-table analysis incorporating both sexes and variable development rates among individuals[END_REF] using TWOSEX-MSChart computer program [START_REF] Chi | TWOSEX-MS Chart: A computer program for the age-stage, two-sex life table analysis[END_REF]. The means and standard errors of the population parameters between CT-S and CT-R strains were analyzed using paired bootstrap tests via 100,000 bootstrap replicates [START_REF] Chi | Age-Stage, two-sex life table: an introduction to theory, data analysis, and application[END_REF][START_REF] Huang | Linking demography and consumption of Henosepilachna vigintioctopunctata (Coleoptera: Coccinellidae) fed on Solanum photeinocarpum (Solanales: Solanaceae): with a new method to project the uncertainty of population growth and consumption[END_REF][START_REF] Huang | Life tables of Bactrocera cucurbitae (Diptera: Tephritidae): with an invalidation of the jackknife technique[END_REF]. All figures were constructed using Sig-maPlot 12.0 (Systat Software Inc., San Jose, CA, USA).

Results

Clothianidin resistance development

The clothianidin resistant strain (CT-R) was established from the susceptible strain (CT-S) through continuous exposure with clothianidin for 24 generations under controlled conditions (Table 1).

The LC 50 value of the CT-S was 0.38 mg L -1 . In the first 10 generations (F 2 -F 10 ) of the CT-R population, the LC 50 values were slowly increased from 0.52 mg L -1 to 2.23 mg L -1 . However, these values were steeply increased in the following generations (F 12 -F 24 ) with LC 50 values 2.79, 3.52, 4.47, 5.56, 6.78, 7.72, and 8.76 mg L -1 , respectively. After the selection for 24 generations, the resistance ratio was increased (23.17-fold) compared to the CT-S strain (Table 1).

Impact of clothianidin resistance on the life history traits of A. gossypii

The life-history traits, including developmental time, longevity, fecundity, and oviposition days between clothianidin resistant (CT-R) and susceptible strains (CT-S) of A. gossypii are presented in Table 2. The mean developmental durations of 1 st instar, 3 rd instar, and 4 th instar nymph of CT-R strain was significantly shorter than that of the CT-S aphids (P <0.001). The pre-adult period, adult duration, and total pre-oviposition period (TPOP) were significantly shorter in CT-R strain compared to the CT-S strain (Table 2). No significant differences were observed for the adult pre-oviposition period (APOP) between both strains of A. gossypii. The oviposition days, total longevity and fecundity were significantly lower in CT-R strain of A. gossypii (P <0.05).

The demographic traits (r, λ, R 0 , T, and GRR) of CT-R and CT-S strains of A. gossypii were evaluated by a paired bootstrap technique based on the life table (Table 3). When compared to CT-S strain, the r and λ of CT-R strain were significantly increased (P <0.001). While the R 0 , T, and GRR in CT-R strain were markedly decreased as compared to the CT-S strain of A. gossypii (Table 3). In the absence of insecticide exposure, the overall fitness of clothianidin-resistant strain (CT-R) of A. gossypii was 0.847 as compared to the susceptible strain (CT-S).

The s xj shows the probability of neonate nymph that will survive to age x and stage j. The overlaps among different stages occurred due to the stage differentiations between CT-R and CT-S individuals (Fig 1). The s xj curves show apparent differences, with a lower survival rate of nymphal and adult female stages in CT-R strain compared to the CT-S strain. The adult female survival rate of CT-R strain started to decline on 10 th day, while decline occurred on 12th day in CT-S strain (Fig 1).

The l x , m x and l x m x differences among CT-R and CT-S strains are presented in Fig 2 . The l x curves show a lower survival rate of CT-R strain at the age of 12-32 days compared to the CT-S strain of A. gossypii (Fig 2). The maximal survival duration of CT-R strain was 32 days, c Difference between strains were compared with paired bootstrap test. If the CI includes 0, there is no difference at 5% level.

Table 2. Mean (± SE) life history parameters of the susceptible (CT-S) and resistant (CT-R) strains of Aphis gossypii.

Stages

� Significant differences between resistant strain (CT-R) and susceptible strain (CT-S) at P = 0.05 level, paired bootstrap test using TWOSEX MS chart program.

https://doi.org/10.1371/journal.pone.0238707.t002

which was lower than that of the CT-S strain (34 days). The m x and l x m x values in CT-R strain was decreased after 18 th day, which shows lower fecundity as compared to the CT-S strain (Fig 2). In the first 12 days, values of m x and l x m x for CT-R strain were higher as compared to CT-S strain; however, after that, this trend has been reversed, and CT-R strain displayed lower fecundity as compared to the CT-S strain ( 

Discussion

Chemical applications are still crucial for the control of A. gossypii in China [START_REF] Ullah | Impact of low lethal concentrations of buprofezin on biological traits and expression profile of chitin synthase 1 gene (CHS1) in melon aphid, Aphis gossypii[END_REF][START_REF] Chen | Sublethal and transgenerational effects of sulfoxaflor on the biological traits of the cotton aphid, Aphis gossypii Glover (Hemiptera: Aphididae)[END_REF][START_REF] Yuan | Lethal, sublethal and transgenerational effects of the novel chiral neonicotinoid pesticide cycloxaprid on demographic and behavioral traits of Aphis gossypii (Hemiptera: Aphididae)[END_REF][START_REF] Nahiyoon | Biocidal radiuses of cycloxaprid, imidacloprid and lambda-cyhalothrin droplets controlling against cotton aphid (Aphis gossypii) using an unmanned aerial vehicle[END_REF].

Clothianidin belongs to second-generation neonicotinoid insecticide that acts as an agonist of the nicotinic acetylcholine receptors (nAChRs) [START_REF] Armstrong | The effect of planting time insecticides and liquid fertilizer on the Russian wheat aphid (Homoptera: Aphididae) and the lesion nematode (Pratylenchus thornei) on winter wheat[END_REF]. Due to excellent insecticidal activity, clothianidin has been broadly used against many insect pests including hemipterans and many species of beetles [START_REF] Ullah | Clothianidin-induced sublethal effects and expression changes of vitellogenin and ecdysone receptors genes in the melon aphid, Aphis gossypii[END_REF][START_REF] Tomlin | The pesticide manual: A world compendium: British Crop Production Council[END_REF][START_REF] Jeschke | Thiacloprid (Bay YRC 2894)-A new member of the chloronicotinyl insecticide (CNI) family[END_REF][START_REF] Magalhaes | Baseline susceptibility of western corn rootworm (Coleoptera: Chrysomelidae) to clothianidin[END_REF][START_REF] Zhang | Efficacy of granular applications of clothianidin and nitenpyram against Aphis gossypii (Glover) and Apolygus lucorum (Meyer-Du ¨r) in cotton fields in China[END_REF][START_REF] Rahman | Evaluation of thiacloprid and clothianidin (neonicotinoids) as alternative to fenthion (organophosphate) for control of Mediterranean fruit fly (Diptera: Tephritidae) in deciduous fruit orchards[END_REF][START_REF] Zhang | Dissipation dynamics of clothianidin and its control efficacy against Bradysia odoriphaga Yang and Zhang in Chinese chive ecosystems[END_REF]. However, the insecticidal actions have been dramatically affected by the development of insecticide resistance [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Ma | Fitness costs of sulfoxaflor resistance in the cotton aphid, Aphis gossypii Glover[END_REF][START_REF] Ullah | Fitness costs in chlorfenapyr-resistant populations of the chive maggot, Bradysia odoriphaga[END_REF]. There have been numerous studies to investigate the development of insecticide resistance against various pests such as Chive maggot, Colorado potato beetle, small brown plant hopper, western flower thrips, peach aphid and tobacco aphid [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Ullah | Fitness costs in chlorfenapyr-resistant populations of the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Zhao | Insecticide resistance in field and laboratory strains of western flower thrips (Thysanoptera: Thripidae)[END_REF][START_REF] Grafius | Resistance to imidacloprid in Colorado potato beetles from Michigan[END_REF][START_REF] Elbert | Resistance of Bemisia tabaci (Homoptera: Aleyrodidae) to insecticides in southern Spain with special reference to neonicotinoids[END_REF][START_REF] Cahill | Baseline determination and detection of resistance to imidacloprid in Bemisia tabaci (Homoptera: Aleyrodidae)[END_REF]. The resistance development accompanied by fitness costs significantly affect the evolution of insecticide resistance [START_REF] Ma | Fitness costs of sulfoxaflor resistance in the cotton aphid, Aphis gossypii Glover[END_REF][START_REF] Ullah | Fitness costs in chlorfenapyr-resistant populations of the chive maggot, Bradysia odoriphaga[END_REF]. To our knowledge, no previous research has investigated the development of clothianidin resistance and associated fitness costs in the melon aphid, A. gossypii. Therefore, an in-depth study about the resistance development and fitness costs of a resistant population of A. gossypii could be crucial for an effective control measure against this insect pest. We showed that A. gossypii developed 23.17-fold clothianidin resistance following 24 generations of exposure to increasing concentrations of clothianidin. Recent studies by Ullah et al. and Gul et al. concluded 43.32-and 76-fold resistance in B. odoriphaga following 10 consecutive generations selection to chlorfenapyr and clothianidin, respectively [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Ullah | Fitness costs in chlorfenapyr-resistant populations of the chive maggot, Bradysia odoriphaga[END_REF]. Beet armyworm, Spodoptera exigua Hu ¨bner (Lepidoptera: Noctuidae) showed 69.76-and 113.29-fold resistance against deltamethrin and gossypol, respectively following 10 generations selections [START_REF] Hafeez | Gossypol-induced fitness gain and increased resistance to deltamethrin in beet armyworm, Spodoptera exigua (Hu ¨bner)[END_REF]. There have been numerous studies to investigate selection-induced resistance in many d R f = R 0 of the resistant strain (CT-R)/ R 0 of the susceptible strain (CT-S).

� Significant differences between resistant strain (CT-R) and susceptible strain (CT-S) at P = 0.05 level, paired bootstrap test using TWOSEX MS chart program.

https://doi.org/10.1371/journal.pone.0238707.t003

insect and insecticide combinations [START_REF] Liu | Widespread resistance of the aphid Myzus persicae to pirimicarb across China, and insights on ace2 mutation frequency in this species[END_REF][START_REF] Silva | Field-evolved resistance to chlorantraniliprole in the tomato pinworm Tuta absoluta: inheritance, cross-resistance profle, and metabolism[END_REF][START_REF] Liu | Fitness costs of laboratory-selected imidacloprid resistance in the brown planthopper, Nilaparvata lugens Stål[END_REF][START_REF] Zewen | Selection for imidacloprid resistance in Nilaparvata lugens: cross-resistance patterns and possible mechanisms[END_REF][START_REF] Guedes | Insecticide resistance in the tomato pinworm Tuta absoluta: patterns, spread, mechanisms, management and outlook[END_REF]. The resistance ratio was lower in CT-R strain of A. gossypii, as compared to other insects and insecticides. The difference might be due to differences in the field collected material, their prior exposure to insecticides, and the length of time the colony was maintained insecticide-free in the laboratory. The resistance ratio might be higher if the population exposed to clothianidin for more generations, which is a future prospect. Also, different insect species show different responses to insecticides. Fitness costs associated with resistance have been broadly studied in several insect species including B. odoriphaga, T. hawaiiensis, P. xylostella, N. lugens and M. domestica [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Abbas | Dominant fitness costs of resistance to fipronil in Musca domestica Linnaeus (Diptera: Muscidae)[END_REF][START_REF] Ullah | Fitness costs in chlorfenapyr-resistant populations of the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Fu | Resistance development, stability, cross-resistance potential, biological fitness and biochemical mechanisms of spinetoram resistance in Thrips hawaiiensis (Thysanoptera: Thripidae)[END_REF][START_REF] Steinbach | Fitness costs and life table parameters of highly insecticideresistant strains of Plutella xylostella (L.)(Lepidoptera: Plutellidae) at different temperatures[END_REF][START_REF] Zhang | Fitness cost of nitenpyram resistance in the brown planthopper Nilaparvata lugens[END_REF]. In the current study, two strains with similar genetic backgrounds have been used to accurately assess the resistance-linked fitness costs [START_REF] Ullah | Fitness costs in chlorfenapyr-resistant populations of the chive maggot, Bradysia odoriphaga[END_REF]. The results have shown the shorter developmental duration of 1 st instar, 3 rd instar, and 4 th instar nymphs of CT-R strain as compared to the CT-S strain of A. gossypii. The pre-adult period of CT-R was also shorter than that of the CT-S aphids. This shows that the clothianidin resistance development could facilitate the nymphal growth in A. gossypii. As has been previously reported in the literature, suggesting the decreased developmental durations of nymphal stages and pre-adult period in sulfoxaflorresistant A. gossypii [START_REF] Ma | Fitness costs of sulfoxaflor resistance in the cotton aphid, Aphis gossypii Glover[END_REF]. Several studies have reported similar phenomena in M. persicae and A. gossypii resistant populations [START_REF] Wang | Laboratory selection for resistance to sulfoxaflor and fitness costs in the green peach aphid Myzus persicae[END_REF][START_REF] Wang | Dominant fitness costs of abamectin resistance in Plutella xylostella[END_REF]. The developmental duration was also decreased in deltamethrin and gossypol resistant strains of S. exigua compared to susceptible strain [START_REF] Hafeez | Gossypol-induced fitness gain and increased resistance to deltamethrin in beet armyworm, Spodoptera exigua (Hu ¨bner)[END_REF]. In contrast, others have shown increased developmental durations in the resistant insect pests compared to the susceptible strain [START_REF] Zhang | Fitness cost of nitenpyram resistance in the brown planthopper Nilaparvata lugens[END_REF][START_REF] Cui | Resistance selection of indoxacarb in Helicoverpa armigera (Hu ¨bner)(Lepidoptera: Noctuidae): cross-resistance, biochemical mechanisms and associated fitness costs[END_REF]. For example, the developmental period of B. odoriphaga significantly enhanced in clothianidin resistant strain [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF].

In current study, the adult longevity, TPOP, oviposition period, total longevity, and fecundity were decreased significantly in CT-R strain. From the results, it is clear that the clothianidin resistance developed at the cost of the reduced fecundity. Overall these findings are in accordance with findings reported by Ullah et al. and Gul et al. that development of insecticide resistance affects the life-history traits, including fecundity and longevity of the resistant strain https://doi.org/10.1371/journal.pone.0238707.g002 [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Ullah | Fitness costs in chlorfenapyr-resistant populations of the chive maggot, Bradysia odoriphaga[END_REF]. The longevity and fecundity were decreased significantly in deltamethrin and gossypol resistant strains of S. exigua [START_REF] Hafeez | Gossypol-induced fitness gain and increased resistance to deltamethrin in beet armyworm, Spodoptera exigua (Hu ¨bner)[END_REF]. The shorter longevity (9.55%) and fecundity (15%) were also observed in the resistant strain of M. persicae [START_REF] Wang | Laboratory selection for resistance to sulfoxaflor and fitness costs in the green peach aphid Myzus persicae[END_REF]. Resistance-induced fitness costs have been reported in several other insect pests [START_REF] Steinbach | Fitness costs and life table parameters of highly insecticideresistant strains of Plutella xylostella (L.)(Lepidoptera: Plutellidae) at different temperatures[END_REF][START_REF] Cao | Tebufenozide resistance selected in Plutella xylostella and its cross-resistance and fitness cost[END_REF][START_REF] Abbas | Fitness cost, cross resistance and realized heritability of resistance to imidacloprid in Spodoptera litura (Lepidoptera: Noctuidae)[END_REF][START_REF] Carrière | Effects of gossypol on fitness costs associated with resistance to Bt cotton in pink bollworm[END_REF][START_REF] Sayyed | Fitness costs limit the development of resistance to indoxacarb and deltamethrin in Heliothis virescens (Lepidoptera: Noctuidae)[END_REF][START_REF] Wang | Reduced fitness associated with spinosad resistance in Helicoverpa armigera[END_REF].

The demographic traits can explain the growth potential of insect pest populations [START_REF] Khan | Effect of livestock manures on the fitness of house fly, Musca domestica L.(Diptera: Muscidae)[END_REF][START_REF] Saeed | Effect of different host plants on the fitness of diamond-back moth, Plutella xylostella (Lepidoptera: Plutellidae)[END_REF]. The r and λ were significantly increased in CT-R compared to the CT-S. However, the R 0 and T were decreased in clothianidin resistant strain of A. gossypii. The findings are directly in line with previous findings of Ma et al. showing that the r and λ were increased, while R 0 and T were decreased in sulfoxaflor-resistant A. gossypii [START_REF] Ma | Fitness costs of sulfoxaflor resistance in the cotton aphid, Aphis gossypii Glover[END_REF]. The R 0 was lowered in the laboratory selected resistant strains of M. persicae and B. odoriphaga [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Wang | Laboratory selection for resistance to sulfoxaflor and fitness costs in the green peach aphid Myzus persicae[END_REF][START_REF] Ullah | Fitness costs in chlorfenapyr-resistant populations of the chive maggot, Bradysia odoriphaga[END_REF]. The demographic traits, including r, λ, R 0 , and T were also affected by clothianidin and gossypol resistance in S. exigua [START_REF] Hafeez | Gossypol-induced fitness gain and increased resistance to deltamethrin in beet armyworm, Spodoptera exigua (Hu ¨bner)[END_REF].

The s xj , l x , m x , l x m x , e xj and v xj were significantly decreased in clothianidin resistant strain of A. gossypii. Our findings are consistent with Ullah et al. and Gul et al. showing similar results in clothianidin and chlorfenapyr resistant strain of B. odoriphaga [START_REF] Gul | Resistance against clothianidin and associated fitness costs in the chive maggot, Bradysia odoriphaga[END_REF][START_REF] Ullah | Fitness costs in chlorfenapyr-resistant populations of the chive maggot, Bradysia odoriphaga[END_REF]. Many prior reports have showed similar effects on several insect and insecticide combinations including sulfoxaflor-resistant A. gossypii [START_REF] Ma | Fitness costs of sulfoxaflor resistance in the cotton aphid, Aphis gossypii Glover[END_REF], imidacloprid-resistant S. litura [START_REF] Abbas | Fitness cost, cross resistance and realized heritability of resistance to imidacloprid in Spodoptera litura (Lepidoptera: Noctuidae)[END_REF], deltamethrin and indoxacarb-resistant Heliothis virescens Fabricius (Lepidoptera:Noctuidae) [START_REF] Sayyed | Fitness costs limit the development of resistance to indoxacarb and deltamethrin in Heliothis virescens (Lepidoptera: Noctuidae)[END_REF] and spinosadresistant P. xylostella [START_REF] Sayyed | Genetic, biochemical, and physiological characterization of spinosad resistance in Plutella xylostella (Lepidoptera: Plutellidae)[END_REF]. From the results, it is clear that A. gossypii has the potential to develop resistance against widely used clothianidin insecticide. Our study also provides a comprehensive understanding of the fitness costs in CT-R as compared to CT-S. 

Conclusion

Overall, our results show clothianidin resistance development (23.17-fold) in A. gossypii under continuous selection over 24 generations. Moreover, there are fitness costs in the resistant population, owing to the selection of resistance to clothianidin in A. gossypii. These findings will be useful for understanding clothianidin resistance and associated fitness costs in A. gossypii. However, future research on the underlying molecular mechanisms might extend the explanations of clothianidin resistance in A. gossypii.

Fig 2 )

 2 . The e xj curves in CT-R strain show the shorter survival expectancy of the developmental as well as adult stage compared to the CT-S strain of A. gossypii (Fig 3). The v xj shows the devotion of individuals of age x and stage j towards future offspring (Fig 4). The pattern of v xj was recorded lower for the CT-R strain as compared to the CT-S of A. gossypii (Fig 4).

Fig 1 .

 1 Fig 1. Age-stage specific survival rate (s xj ) in susceptible (CT-S) and resistant (CT-R) strains of A. gossypii. https://doi.org/10.1371/journal.pone.0238707.g001

Fig 2 .

 2 Fig 2. Age-specific survival rate (l x ), age-specific fecundity (m x ) and age-specific maternity (l x m x ) in susceptible (CT-S) and resistant (CT-R) strains of A. gossypii.

Fig 3 .

 3 Fig 3. Age-stage specific life expectancy (e xj ) in susceptible (CT-S) and resistant (CT-R) strains of A. gossypii. https://doi.org/10.1371/journal.pone.0238707.g003

Fig 4 .

 4 Fig 4. Age-stage reproductive value (v xj ) in susceptible (CT-S) and resistant (CT-R) strains of A. gossypii. https://doi.org/10.1371/journal.pone.0238707.g004

Table 1 . The resistance level of Aphis gossypii to clothianidin. Generations LC 50 (95%CI) a mg L -1 Slope ± SE b χ 2 P-value RR c

 1 

	F0	0.38 (0.28-0.49)	1.95±0.24	16.50	0.223	-
	F2	0.52 (0.41-0.66)	1.62 ± 0.21	3.02	0.998	1.38
	F4	0.86 (0.67-1.16)	1.55 ± 0.22	2.40	0.999	2.27
	F6	1.29 (1.00-1.86)	1.61 ± 0.23	2.49	0.999	3.43
	F8	1.55 (1.27-1.92)	2.02 ± 0.24	3.51	0.995	4.09
	F10	2.23 (1.73-3.15)	1.55 ± 0.22	2.92	0.998	5.91
	F12	2.79 (2.33-3.38)	2.25 ± 0.28	4.12	0.990	7.39
	F14	3.52 (2.88-4.50)	1.94 ± 0.25	2.62	0.999	9.31
	F16	4.47 (3.83-5.17)	2.94 ± 0.45	7.62	0.868	11.83
	F18	5.56 (4.72-6.79)	2.38 ± 0.34	3.22	0.997	14.70
	F20	6.78 (5.76-8.54)	2.63 ± 0.42	2.46	0.999	17.93
	F22	7.72 (6.42-9.26)	2.15 ± 0.23	2.56	0.999	20.43
	F24	8.76 (6.95-11.06)	1.65 ± 0.21	3.25	0.997	23.17
	Number of larvae exposed in bioassay, including control = 360; df = 13.			

a 95% confidence intervals. b Standard error.

c RR, resistance ratio, determined as (LC 50 of resistant strain/LC 50 of susceptible strain). https://doi.org/10.1371/journal.pone.0238707.t001

Susceptible strain (CT-S) Resistant strain (CT-R) 95% CI c P-value n a Mean ± SE b n a Mean ± SE b

  

	First instar nymph (days)	90	1.99 ± 0.07	90	1.61 ± 0.08	(0.170, 0.585) �	<0.001
	Second instar nymph (days)	89	1.63 ± 0.08	89	1.51 ± 0.07	-0.091, 0.339)	0.258
	Third instar nymph (days)	87	1.72 ± 0.09	85	1.33 ± 0.07	(0.173, 0.616) �	0.001
	Fourth instar nymph (days)	86	1.92 ± 0.06	83	1.54 ± 0.09	(0.170, 0.583) �	<0.001
	Pre-adult (days)	86	7.28 ± 0.10	83	6.01 ± 0.08	(1.014, 1.521) �	<0.001
	Adult (days)	86	19.16 ± 0.48	83	16.17 ± 0.57	(1.528, 4.461) �	<0.001
	APOP (days)	86	0.23 ± 0.05	83	0.25 ± 0.06	(-0.178, 0.137)	0.798
	TPOP (days)	86	7.51 ± 0.11	83	6.27 ± 0.10	(0.950, 1.544) �	<0.001
	Oviposition days	86	19.41 ± 1.16	83	14.41 ± 0.51	(2.459, 7.536) �	<0.001
	Total longevity (days)	90	25.46 ± 0.68	90	20.77 ± 0.75	(2.692, 6.686) �	<0.001
	Fecundity (offspring/individual)	86	41.38 ± 0.96	83	36.35 ± 1.15	(2.081, 7.988) �	0.001

a Number of subjects. b Standard errors (SE) were estimated using the bootstrap technique with 100,000 re-samplings.

Table 3 . Mean (± SE) demographic parameters of the susceptible (CT-S) and resistant (CT-R) strains of Aphis gossypii.

 3 r: intrinsic rate of increase, λ: finite rate of increase, R 0 : net reproductive rate, T: mean generation time, GRR: gross reproductive rate. Standard errors (SE) were estimated using the bootstrap technique with 100,000 re-samplings. c Difference between strains were compared with paired bootstrap test. If the CI includes 0, there is no difference at 5% level.

	Population parameters a	(Mean ± SE b )

a b
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