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Abstract

:

Afidopyropen, a novel biopesticide, is derived from Aspergillus fumigatus, a fungus, and shows promise as a novel insecticidal agent for the management of the whitefly pest Bemisia tabaci in horticultural and economical crop production. In the present work, we monitored the susceptibilities of B. tabaci to afidopyropen in 18 field populations, sampled from 9 provinces of China, and found that, in comparison with the susceptible strain (MED-S), B. tabaci from most field populations were highly susceptible, except for the Haidian population (HD) which exhibited an approximately 40-fold increase in resistance. The HD population also displayed significant cross-resistance to sulfoxaflor (14.5-fold) but little cross-resistance to cyantraniliprole, flonicamid, imidacloprid, pymetrozine, and thiamethoxam. Afidopyropen resistance of the HD population was determined to be incomplete dominant and autosomal, and synergism assays demonstrated that P450 monooxygenases could contribute to the field-evolved afidopyropen resistance observed in the HD population. These results will further our understanding of the molecular underpinnings of insecticide resistance in B. tabaci and can inform the development of field-based pest control tactics to slow the development of afidopyropen resistance and to control whiteflies more sustainably.
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1. Introduction


Bemisia tabaci, the tobacco whitefly, is among the most dangerous piercing-sucking insect pests, inflicting devastating effects on economic and horticultural crop production worldwide due to its global distribution and broad host range of over 700 plant species [1,2]. Apart from directly damaging plants via feeding, B. tabaci can transmit over 200 species of plant viruses [3]. As management of B. tabaci primarily relies on chemical insecticide application, over time, B. tabaci populations have developed high to extremely high levels of resistance to most commercialized insecticides [2]. About 650 cases of resistance to over 60 insecticidal active ingredients were reported in whitefly populations [4]. In the past five years, the resistance of whiteflies to several popular pesticides such as spirotetramat, cyantraniliprole, cycloxaprid, and flupyradifurone were reported in various regions of China [5,6,7,8,9]. Therefore, widely and heavily applied insecticides are becoming an ineffective and unsustainable means of controlling B. tabaci in China.



Afidopyropen is one derivative of pyripyropene A, derived from the opportunistic fungal pathogen Aspergillus fumigatus, which is pervasive in the environment [10,11], and was found to display insecticidal activity to control leaf-sucking pests such as whiteflies, leafhoppers, and aphids [12]. Afidopyropen acts on the transient receptor potential vanilloid (TRPV) of sucking insect pests and as a modulator of the Nan-Iav vanilloid TRPV subtype, which elicits feeding cessation, starvation, dehydration, and ultimately death, thereby decreasing the transmission rate of plant viruses [13,14]. Thus far, it is suggested that afidopyropen could be utilized as an operative means for controlling destructive piercing-sucking insect pests, including Aphis glycines, B. tabaci, Diaphorina citri, Carya illinoensis, and Stephanitis pyrioides [15,16,17,18]. Additionally, afidopyropen shows little toxicity to natural enemies [17,19,20], and as an insecticidal agent belonging to a new insecticide group with an unknown mode of action, it could potentially be used in alternation with commonly used insecticides to improve pest control efficacy by delaying the development of resistance and improve insecticide resistance management programs.



Owing to their efficacy and convenience in the field, insecticides are heavily used in the control of B. tabaci; however, the overuse of insecticides gives rise to the significant development of insecticide resistance in pest populations, reducing the efficacy of currently and widely used pesticide chemistries [2]. As described previously in many other species of insect pests, gradual selection pressure resulting from continual and long-term insecticide application in the field has greatly contributed to the development of resistance in B. tabaci. Prior to now, few reports of resistance to afidopyropen in arthropods were recorded, and a growing number of publications indicated that a range of insect pests show high susceptibility to afidopyropen worldwide [15,18,21,22]. In the present work, we monitored the susceptibility of 18 field populations of whitefly collected from 9 provinces of China to afidopyropen and found that one field population showed moderate resistance to afidopyropen and low cross-resistance to sulfoxaflor. Subsequently, using the resistant strain and the susceptible strain (MED-S), synergism assays and inheritance tests were performed to characterize afidopyropen resistance in the HD population of B. tabaci.




2. Materials and Methods


2.1. Insects


The susceptible strain of B. tabaci (MED-S) was collected in 2009 from damaged poinsettia in the city of Beijing, China [23]. Eighteen field-collected populations of whitefly were sampled from nine provinces of China (Table 1), and identifications of cryptic species were performed on the basis of the published method [24], which confirmed that the eighteen field-collected populations were Mediterranean (MED) cryptic species. All of the populations were reared on Gossypium hirsutum, cotton plants, kept at 27 ± 1 °C, 60 ± 10% relative humidity, and under a 16:8 h light/dark photoperiod. For insecticide bioassays, B. tabaci MED adults, which emerged within seven days, were sampled at random, and the sex ratio was determined to be about 1:1 of females to males.




2.2. Insecticides and Chemicals


Insecticides utilized were analytically standardized. Afidopyropen (Dr. Ehrenstorfer, Augsburg, Germany, CAS# 915972-17-7, catalog# DRE-C10047000) and sulfoxaflor (Dr. Ehrenstorfer, CAS# 946578-00-3, catalog# DRE-C17015000) were purchased from Dr. Ehrenstorfer, Germany. Flonicamid (Sigma Aldrich, Shanghai, China, CAS# 158062-67-0, catalog# 32509-25MG), pymetrozine (Sigma Aldrich, CAS# 123312-89-0, catalog# 46119-250MG-R), imidacloprid (Sigma Aldrich, CAS# 138261-41-3, 37894-100MG), thiamethoxam (Sigma Aldrich, CAS# 153719-23-4, catalog# 37924-100MG-R), cyantraniliprole (Sigma Aldrich, CAS# 736994-63-1, catalog# 32372-25MG), piperonyl butoxide (Sigma Aldrich, CAS# 51-03-6, catalog# 45626-100MG), diethyl maleate (Sigma Aldrich, CAS# 141-05-9, catalog# D97703-100G), triphenyl phosphate (Sigma Aldrich, CAS# 115-86-6, catalog# 241288-50G), dimethyl sulfoxide (Sigma Aldrich, CAS# 67-68-5, catalog# D8418-500ML), and Triton X-100 (Sigma Aldrich, CAS# 9002-93-1, catalog# 93443-100ML) were purchased from Sigma Aldrich, Shanghai, China.




2.3. Bioassays and Tests of Synergism


All bioassays of whiteflies were conducted using methods as described [8]. In brief, stock solutions of each tested chemical agent were made in dimethyl sulfoxide, from which working solutions of different concentrations were developed by diluting the stock solution in distilled water with 0.1% Triton X-100. Six working concentrations were used for the bioassays of each chemical agent. Twenty-millimeter diameter discs of cotton leaf were cut and dipped, the adaxial surface facing downwards for each insecticide and working concentration for 20 seconds. The discs were air-dried then placed into 2 mL of agar (15 g L−1) in one 76 mm long glass tube; four replicates were used for each working concentration of tested insecticide. In each tube, 45–55 whitefly adults were introduced, then the tube was sealed and placed in the rearing chamber kept at 27 ± 1 °C, 60 ± 10% relative humidity and under a 16:8 h light/dark photoperiod. The mortality rate of B. tabaci for each bioassay was determined after 48 h, and motionless adults were regarded as dead. Statistical analysis of insecticide bioassays to determine significant differences in death rate was conducted using PoloPlus [25]. For the analysis of the synergistic effect of afidopyropen with 100 mg/L of triphenyl phosphate (TPP), piperonyl butoxide (PBO), and diethyl maleate (DEM), synergism tests with whiteflies were conducted as formerly reported [26].




2.4. Afidopyropen Resistance Heritability Tests


To demonstrate the heritability of insecticide resistance from the HD population, each strain was reciprocally crossed with the susceptible MED-S strain following a published method [26]. From each of the strains, about 150 pseudopupae were collected at random and placed individually in 96-well microplates and covered with parafilm. From 24 to 48 h, newly emerged males and females from each of the strains were collected for us in reciprocal cross experiments. Selected adults were kept on cotton plants in insect rearing cages for 6 days to allow for egg-laying. MED-S ♂ × HD ♀ and HD ♂ × MED-S ♀ produced offspring labeled F1A and F1B, respectively. According to the published method [27], the values of dominance were calculated, and the degree of dominance (D) was analyzed for each treatment based on lethal concentrations 50 (LC50) of the test insecticides to HD and MED-S, and F1 offspring populations.





3. Results


3.1. Monitoring and Cross-Resistance Tests


Susceptibility to afidopyropen was assessed in 18 populations sampled from 9 provinces in China in 2021 (Table 1). In comparison with the susceptible MED-S strain, 17 of the 18 populations were similarly susceptible to afidopyropen with resistance ratios ranging from 0.9 to 2.9-fold (LC50: from 6.24 to 19.05 mg L−1); however, one population, HD from Haidian, Beijing, showed ~43.5-fold resistance (LC50: 287.76 mg L−1) (Table 2). The afidopyropen resistant HD population indicated low-levels of cross-resistance to sulfoxaflor (14.5-fold) and little cross-resistance to flonicamid (1.2-fold), cyantraniliprole (1.1-fold), imidacloprid (1.3-fold), pymetrozine (1.3-fold), and thiamethoxam (0.8-fold) (Table 3).




3.2. Synergism Assays


The effects of synergism from piperonyl butoxide (PBO), triphenyl phosphate (TPP), and diethyl maleate (DEM) with afidopyropen in the HD and the susceptible strains are displayed in Table 4. We detected a significant synergistic effect between PBO and afidopyropen in the HD population with a synergistic ratio (SR) of 4.72, while TPP and DEM exhibited little synergism (SR = 1.20 and 1.14, respectively). The above data suggest that P450 monooxygenases are potentially associated with the afidopyropen resistance of the HD strain.




3.3. Heritability of Afidopyropen Resistance in The HD B. tabaci Strain


The concentration–response results of insecticide treatment of HD and MED-S B. tabaci strains and their F1 offspring from reciprocal crosses are described (Table 5). In HD strain, no significant difference in the LC50 values among F1A offspring (LC50: 161.85 mg L−1), F1B offspring (LC50: 175.05 mg L−1), and F1 pooled offspring (LC50: 171.62 mg L−1) were observed, implying that the HD resistance mechanism is autosomally inherited. Furthermore, the degrees of dominance of F1A, F1B, and F1 pooled were 0.71, 0.75, and 0.74, respectively, indicating the heritability of HD resistance is incompletely dominant.





4. Discussion


In 2019, the insecticidal compound afidopyropen was registered for the management of aphids and whiteflies on horticultural crops in China and has since exhibited excellent efficacy in killing adult B. tabaci field populations throughout China [18]. In this study, we sampled 18 field populations of whitefly from 9 provinces across China and found most of these exhibited high susceptibilities to afidopyropen. However, one field-collected HD population showed about 40-fold increased resistance (LC50: 287.76 mg L−1) in comparison with the susceptible MED-S strain. In the management of aphids, afidopyropen was highly toxic to Aphis gossypii from 25 field populations in China, indicating that afidopyropen is also effective for controlling A. gossypi [22]. Moreover, in the United States, regarding the baseline susceptibility of field-collected populations of Aphis glycines to afidopyropen, afidopyropen was reported to be effective against immature and adult stages of A. glycines [21]. To our knowledge, our work is the first report of afidopyropen resistance in sucking insect pests and could prove useful for resistance monitoring and management.



Afidopyropen, flonicamid, and pymetrozine belong to IRAC Group 9, in which the insecticides target arthropod TRPV channels indispensable to the arthropod mechanosensory system [28,29]. These insecticidal toxins result in similar symptoms, namely feeding cessation, and then gives rise to starvation and mortality of the insect [30]. In the present work, little cross-resistance to pymetrozine and flonicamid was detected in the field-collected afidopyropen-resistant strain of whitefly, and similarly, little cross-resistance between pymetrozine and afidopyropen was observed in whiteflies in a recent study [18]. However, moderate cross-resistance to sulfoxaflor was detected. So far, in addition to two multi-resistant strains exhibiting varying levels of cross-resistance to sulfoxaflor [26], most resistant strains of whitefly exhibiting moderate to high resistance to spiromesifen, cyclaniliprole, cyantraniliprole, and flupyradifurone were found to exhibit little resistance to sulfoxaflor [31,32,33,34]. Cross-resistance patterns in whitefly provide important clues in management strategies of insecticide resistance. The high risk of cross-resistance between chemical agents means these agents are expected to be considered as one individual set while implementing one pesticide rotation program for the management of whitefly.



Understanding the heritability of pesticide resistance can inform the selection of which particular chemical agents to use for controlling a specific arthropod [35]. It is well established that the degree of dominance (D) has an important role in the evolution of pesticide resistance, and reciprocal crosses between susceptible and resistant strains assessing the D value and demonstrating inheritance are pivotal for studying the mechanism of resistance. If insecticide resistance results from dominant genes, both homozygotes (RR) and heterozygotes (RS) will exhibit resistance, making management more difficult [36]. Conversely, recessive genes conferring resistance might develop more slowly than dominant gene resistance because resistant genotypes (RR and RS) are more abundant than susceptible genotypes (only SS) [36,37]. In our research, one field-collected resistant population (HD) was utilized to assess the heritability of afidopyropen resistance in B. tabaci. Afidopyropen resistance in the HD strain was determined to be inherited in an autosomal and incompletely dominant manner. Similarly, cases of incomplete dominance were reported in field-evolved cyantraniliprole- and pyriproxyfen-resistant strains of whitefly as well [26,38]. This pattern of resistance inheritance was also found in field-evolved resistant populations of other pests [39,40,41]. Since afidopyropen is one new insecticidal toxin, there is little research on resistance to afidopyropen in pests, and to date, no inheritance of afidopyropen resistance is reported. Therefore, our research results reveal the potential to see rapidly increasing afidopyropen resistance in the future and that rational use of afidopyropen will be needed to maintain its efficacy for as long as possible.







Author Contributions


Conceptualization, R.W., B.G. and C.L.; methodology, R.W. and B.G.; software, W.C.; validation, X.Z.; formal analysis, R.W., B.G. and W.C.; investigation, R.W., B.G. and W.C.; resources, C.Q.; data curation, C.Q.; writing—original draft preparation, R.W.; writing—review and editing, R.W. and C.L.; visualization, R.W.; supervision, R.W. and C.L.; project administration, C.L.; funding acquisition, R.W. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded bythe Scientific and Technological Innovation Capacity Construction Special Funds of the Beijing Academy of Agriculture and Forestry Sciences, China (KJCX20210437).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


Most of the recorded data are available in all Tables in the manuscript.




Acknowledgments


We acknowledge excellent technical assistance from Yiyun Wei, Chongqing Normal University for the collection of the HD resistant population, which is very important for our work.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Wang, X.W.; Li, P.; Liu, S.S. Whitefly interactions with plants. Curr. Opin. Insect Sci. 2017, 19, 70–75. [Google Scholar] [CrossRef] [PubMed]

	



Horowitz, A.R.; Ghanim, M.; Roditakis, E.; Nauen, R.; Ishaaya, I. Insecticide resistance and its management in Bemisia tabaci species. J. Pest Sci. 2020, 93, 893–910. [Google Scholar] [CrossRef]

	



Wei, J.; He, Y.Z.; Guo, Q.; Guo, T.; Liu, Y.Q.; Zhou, X.P.; Liu, S.S.; Wang, X.W. Vector development and vitellogenin determine the transovarial transmission of begomoviruses. P. Natl. Acad. Sci. USA 2017, 114, 6746–6751. [Google Scholar] [CrossRef] [PubMed]

	



Mota-Sanchez, D.; Wise, J.C. The Arthropod Pesticide Resistance Database. Michigan State University. 2017. Available online: http://www.pesticideresistance (accessed on 10 January 2022).

	



Peng, Z.K.; Zheng, H.X.; Xie, W.; Wang, S.L.; Wu, Q.J.; Zhang, Y.J. Field resistance monitoring of the immature stages of the whitefly Bemisia tabaci to spirotetramat in China. Crop Prot. 2017, 98, 243–247. [Google Scholar] [CrossRef]

	



Zheng, H.X.; Xie, W.; Wang, S.L.; Wu, Q.J.; Zhou, X.M.; Zhang, Y.J. Dynamic monitoring (B versus Q) and further resistance status of Q type Bemisia tabaci in China. Crop Prot. 2017, 94, 115–121. [Google Scholar] [CrossRef]

	



Wang, R.; Wang, J.D.; Che, W.N.; Luo, C. First report of field resistance to cyantraniliprole, a new anthranilic diamide insecticide, on Bemisia tabaci MED in China. J. Integr. Agric. 2018, 17, 158–163. [Google Scholar] [CrossRef]

	



Wang, R.; Fang, Y.; Mu, C.Q.; Qu, C.; Li, F.Q.; Wang, Z.Y.; Luo, C. Baseline susceptibility and cross-resistance of cycloxaprid, a novel cis-nitromethylene neonicotinoid insecticide, in Bemisia tabaci MED from China. Crop Prot. 2018, 110, 283–287. [Google Scholar] [CrossRef]

	



Wang, R.; Wang, J.D.; Che, W.N.; Fang, Y.; Luo, C. Baseline susceptibility and biochemical mechanism of resistance to flupyradifurone in Bemisia tabaci. Crop Prot. 2020, 132, 105132. [Google Scholar] [CrossRef]

	



Gerwick, B.C.; Sparks, T.C. Natural products for pest control: An analysis of their role, value and future. Pest Manag. Sci. 2014, 70, 1169–1185. [Google Scholar] [CrossRef]

	



Leichter, C.A.; Thompson, N.; Johnson, B.R.; Scott, J.G. The high potency of ME-5343 to aphids is due to a unique mechanism of action. Pestic. Biochem. Physiol. 2013, 107, 169–176. [Google Scholar] [CrossRef]

	



Jeanmart, S.; Edmunds, A.J.; Lamberth, C.; Pouliot, M. Synthetic approaches to the 2010-2014 new agrochemicals. Bioogr. Med. Chem. Lett. 2016, 24, 317–341. [Google Scholar] [CrossRef] [PubMed]

	



Kandasamy, R.; London, D.; Stam, L.; Von Deyn, W.; Zhao, X.; Salgado, V.L.; Nesterov, A. Afidopyropen: New and potent modulator of insect transient receptor potential channels. Insect Biochem. Mol. Biol. 2017, 84, 32–39. [Google Scholar] [CrossRef] [PubMed]

	



Jeschke, P. Status and outlook for acaricide and insecticide discovery. Pest Manag. Sci. 2021, 77, 64–76. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.D.; Ashfaq, M.; Stelinski, L.L. Susceptibility of Asian citrus psyllid, Diaphorina citri (Hemiptera: Liviidae), to the insecticide afidopyropen: A new and potent modulator of insect transient receptor potential channels. Appl. Entomol. Zool. 2018, 53, 453–461. [Google Scholar] [CrossRef]

	



Joseph, S.V. Repellent effects of insecticides on Stephanitis pyrioides Scott (Hemiptera: Tingidae) under laboratory conditions. Crop Prot. 2020, 127, 104985. [Google Scholar] [CrossRef]

	



Slusher, E.K.; Cottrell, T.; Acebes-Doria, A.L. Effects of aphicides on pecan aphids and their parasitoids in pecan orchards. Insects 2021, 12, 241. [Google Scholar] [CrossRef]

	



Zhang, Z.; Shi, H.J.; Xu, W.; Liu, J.T.; Geng, Z.Q.; Chu, D.; Guo, L. Pymetrozine-resistant whitefly Bemisia tabaci (Gennadius) populations in China remain susceptible to afidopyropen. Crop Prot. 2021, 149, 105757. [Google Scholar] [CrossRef]

	



Kumar, V.; McKenzie, C.L.; Osborne, L.S. Effect of foliar application of afidopyropen on Bemisia tabaci and Amblyseius swirskii. Arthropod Manage. Tests 2018, 43, 1–2. [Google Scholar]

	



Koch, R.L.; Queiroz, O.D.S.; Aita, R.C.; Hodgson, E.W.; Potter, B.D.; Nyoike, T.; Ellers-Kirk, C.D. Efficacy of afidopyropen against soybean aphid (Hemiptera: Aphididae) and toxicity to natural enemies. Pest Manag. Sci. 2020, 76, 375–383. [Google Scholar] [CrossRef]

	



Queiroz, O.D.S.; Nyoike, T.W.; Koch, R.L. Baseline susceptibility to afidopyropen of soybean aphid (Hemiptera: Aphididae) from the north central United States. Crop Prot. 2020, 129, 105020. [Google Scholar] [CrossRef]

	



Shi, D.D.; Liang, P.Z.; Zhang, L.; Lv, H.X.; Gao, X.W.; You, H.; Li, J.H.; Ma, K.S. Susceptibility baseline of Aphis gossypii Glover (Hemiptera: Aphididae) to the novel insecticide afidopyropen in China. Crop Prot. 2022, 151, 105834. [Google Scholar] [CrossRef]

	



Pan, H.P.; Chu, D.; Ge, D.Q.; Wang, S.L.; Wu, Q.J.; Xie, W.; Jiao, X.G.; Liu, B.M.; Yang, X.; Yang, N.N.; et al. Further spread of and domination by Bemisia tabaci (Hemiptera: Aleyrodidae) biotype Q on field crops in China. J. Econ. Entomol. 2011, 104, 978–985. [Google Scholar] [CrossRef]

	



Luo, C.; Yao, Y.; Wang, R.J.; Yan, F.M.; Hu, D.X. The use of mitochondrial cytochrome oxidase mtCOI gene sequences for the identification of biotypes of Bemisia tabaci (Gennadius) in China. Acta Entomol. Sin. 2002, 4, 759–763. [Google Scholar]

	



LeOra Software. Polo Plus, A User’s Guide to Probit or Logit Analysis; LeOra Software: Berkeley, CA, USA, 2002. [Google Scholar]

	



Wang, R.; Wang, J.D.; Che, W.N.; Sun, Y.; Li, W.X.; Luo, C. Characterization of field-evolved resistance to cyantraniliprole in Bemisia tabaci MED from China. J. Integr. Agric. 2019, 18, 2571–2578. [Google Scholar] [CrossRef]

	



Stone, B. A formula for determining degree of dominance in cases of monofactorial inheritance of resistance to chemicals. Bull. World Health Organ. 1968, 38, 325–326. [Google Scholar] [PubMed]

	



Fowler, M.A.; Montell, C. Drosophila TRP channels and animal behavior. Life Sci. 2013, 92, 394–403. [Google Scholar] [CrossRef] [PubMed]

	



Nesterov, A.; Spalthoff, C.; Kandasamy, R.; Katana, R.; Rankl, N.B.; Andrés, M.; Jähde, P.; Dorsch, J.A.; Stam, L.F.; Braun, F.; et al. TRP channels in insect stretch receptors as insecticide targets. Neuron 2015, 86, 665–713. [Google Scholar] [CrossRef] [PubMed]

	



Ausborn, J.; Wolf, H.; Mader, W.; Kayser, H. The insecticide pymetrozine selectively affects chordotonal mechanoreceptors. J. Exp. Biol. 2005, 208, 4451–4466. [Google Scholar] [CrossRef]

	



Yao, F.L.; Zheng, Y.; Huang, X.Y.; Ding, X.L.; Zhao, J.W.; Desneux, N.; He, Y.X.; Weng, Q.Y. Dynamics of Bemisia tabaci biotypes and insecticide resistance in Fujian province in China during 2005-2014. Sci. Rep. 2017, 7, 40803. [Google Scholar] [CrossRef]

	



Bielza, P.; Moreno, I.; Belando, A.; Grávalos, C.; Izquierdo, J.; Nauen, R. Spiromesifen and spirotetramat resistance in field populations of Bemisia tabaci Gennadius in Spain. Pest Manag. Sci. 2019, 75, 45–52. [Google Scholar] [CrossRef]

	



Guo, L.; Lv, H.; Tan, D.; Liang, N.; Guo, C.; Chu, D. Resistance to insecticides in the field and baseline susceptibility to cyclaniliprole of whitefly Bemisia tabaci (Gennadius) in China. Crop Prot. 2020, 130, 105065. [Google Scholar] [CrossRef]

	



Wang, R.; Wang, J.D.; Zhang, J.S.; Che, W.N.; Luo, C. Characterization of flupyradifurone resistance in the whitefly Bemisia tabaci Mediterranean (Q biotype). Pest Manag. Sci. 2020, 76, 4286–4292. [Google Scholar] [CrossRef] [PubMed]

	



Bouvier, J.C.; Buès, R.; Boivin, T.; Boudinhon, L.; Beslay, D.; Sauphanor, B. Deltamethrin resistance in the codling moth (Lepidoptera: Tortricidae): Inheritance and number of genes involved. Heredity 2001, 87, 456–462. [Google Scholar] [CrossRef] [PubMed]

	



Roush, R.T.; McKenzie, J.A. Ecological genetics of insecticide and acaricide resistance. Annu. Rev. Entomol. 1987, 32, 361–380. [Google Scholar] [CrossRef] [PubMed]

	



Denholm, I.; Rowland, M.W. Tactics for managing pesticide resistance in arthropods: Theory and practice. Annu. Rev. Entomol. 1992, 37, 91–112. [Google Scholar] [CrossRef]

	



Horowitz, A.R.; Gorman, K.; Ross, G.; Denholm, I. Inheritance of pyriproxyfen resistance in the whitefly, Bemisia tabaci (Q biotype). Arch. Insect Biochem. Physiol. 2003, 54, 177–186. [Google Scholar] [CrossRef]

	



Pu, X.; Yang, Y.H.; Wu, S.W.; Wu, Y.D. Characterisation of abamectin resistance in a field-evolved multiresistant population of Plutella xylostella. Pest Manag. Sci. 2010, 66, 371–378. [Google Scholar] [CrossRef]

	



Wang, X.L.; Wu, S.W.; Gao, W.Y.; Wu, Y.D. Dominant inheritance of field-evolved resistance to fipronil in Plutella xylostella (Lepidoptera: Plutellidae). J. Econ. Entomol. 2016, 109, 334–338. [Google Scholar] [CrossRef]

	



Yang, F.; Head, G.P.; Price, P.A.; González, J.C.S.; Kerns, D.L. Inheritance of Bacillus thuringiensis Cry2Ab2 protein resistance in Helicoverpa zea (Lepidoptera: Noctuidae). Pest Manag. Sci. 2020, 76, 3676–3684. [Google Scholar] [CrossRef]








[image: Table] 





Table 1. Information of field-collected B. tabaci samples from China.
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	Population
	Location of Collection
	Site of Collection
	Date of Collection
	Host Plant





	LY
	Liaoyang, Liaoning
	41.19° N, 123.11° E
	August 2021
	Eggplant



	CY
	Chaoyang, Liaoning
	41.59° N, 120.50° E
	August 2021
	Cucumber



	HD
	Haidian, Beijing
	39.97° N, 116.31° E
	April 2021
	Tomato



	TZ
	Tongzhou, Beijing
	39.73° N, 116.69° E
	June 2021
	Tomato



	WQ
	Wuqing, Tianjin
	39.35° N, 117.10° E
	June 2021
	Tomato



	JH
	Jinghai, Tianjin
	38.90° N, 116.94° E
	June 2021
	Tomato



	ZJK
	Zhangjiakou, Hebei
	40.58° N, 115.00° E
	July 2021
	Pepper



	BD
	Baoding, Hebei
	38.82° N, 115.39° E
	July 2021
	Tomato



	ZZ
	Zhengzhou, Henan
	34.91° N, 113.56° E
	July 2021
	Cucumber



	XZ
	Xinzheng, Henan
	34.33° N, 113.75° E
	July 2021
	Pepper



	JN
	Jinan, Shandong
	36.78° N, 117.23° E
	August 2021
	Tomato



	TA
	Taian, Shandong
	36.14° N, 117.22° E
	August 2021
	Tomato



	WH
	Wuhan, Hubei
	30.28° N, 114.32° E
	June 2021
	Pepper



	XY
	Xiangyang, Hubei
	32.12° N, 112.03° E
	June 2021
	Cucumber



	CS
	Changsha, Hunan
	28.28° N, 113.09° E
	September 2021
	Pepper



	YY
	Yueyang, Hunan
	29.30° N, 113.26° E
	September 2021
	Pepper



	HK
	Haikou, Hainan
	19.76° N, 110.33° E
	April 2021
	Melon



	SY
	Sanya, Hainan
	18.40° N, 109.14° E
	April 2021
	Melon
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Table 2. Afidopyropen susceptibility of field-collected B. tabaci populations from China.
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	Population
	N a
	Slope ± SE
	LC50 (95% FL) (mg/L)
	X2 (df)
	RR b





	MED-S
	957
	1.01 ± 0.10
	6.61 (5.48–8.12)
	1.61 (3)
	



	LY
	957
	1.81 ± 0.12
	14.70 (12.93–16.53)
	1.46 (3)
	2.2



	CY
	970
	1.79 ± 0.11
	17.98 (15.95–20.13)
	2.14 (3)
	2.7



	HD
	933
	1.18 ± 0.10
	287.76 (244.03–341.11)
	1.24 (3)
	43.5



	TZ
	946
	2.21 ± 0.13
	14.27 (12.79–15.80)
	2.51 (3)
	2.2



	WQ
	959
	1.86 ± 0.12
	9.61 (8.57–10.73)
	1.56 (3)
	1.5



	JH
	939
	1.70 ± 0.12
	10.37 (8.80–11.93)
	1.17 (3)
	1.6



	ZJK
	951
	1.98 ± 0.11
	11.58 (10.41–12.86)
	1.99 (3)
	1.8



	BD
	975
	2.02 ± 0.12
	16.96 (15.21–18.81)
	2.84 (3)
	2.6



	ZZ
	948
	1.74 ± 0.15
	7.48 (6.55–8.45)
	2.44 (3)
	1.1



	XZ
	961
	1.75 ± 0.13
	10.16 (8.66–11.65)
	2.04 (3)
	1.5



	JN
	937
	1.59 ± 0.13
	6.24 (5.39–7.12)
	2.63 (3)
	0.9



	TA
	964
	1.93 ± 0.12
	19.05 (17.06–21.20)
	1.53 (3)
	2.9



	WH
	948
	1.89 ± 0.13
	12.62 (11.04–14.21)
	1.90 (3)
	1.9



	XY
	963
	1.62 ± 0.13
	6.72 (5.53–7.89)
	1.47 (3)
	1.0



	CS
	940
	1.39 ± 0.11
	13.83 (11.62–16.10)
	1.12 (3)
	2.1



	YY
	961
	2.03 ± 0.14
	7.72 (6.70–8.72)
	2.72 (3)
	1.2



	HK
	936
	1.51 ± 0.11
	16.69 (14.42–19.09)
	1.81 (3)
	2.5



	SY
	944
	1.79 ± 0.12
	18.91 (16.89–21.08)
	2.20 (3)
	2.9







a Number of insects used. b RR (resistance ratio) = LC50 (field-collected population)/LC50 (MED-S).
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Table 3. Resistance spectrum of the susceptible MED-S and afidopyropen-resistant HD strains of B. tabaci.
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Insecticide

	
Strain

	
N a

	
LC50 (mg L−1)

(95% CL) b

	
Slope ± SE

	
X2 (df)

	
RR c






	
Afidopyropen

	
MED-S

	
952

	
7.21

(4.83–12.04)

	
1.12 ± 0.10

	
1.76 (3)

	




	
HD

	
940

	
268.64

(213.55–344.87)

	
1.01 ± 0.12

	
2.54 (3)

	
37.3




	
Flonicamid

	
MED-S

	
931

	
1.79

(1.48–2.07)

	
1.32 ± 0.10

	
2.54 (3)

	




	
HD

	
966

	
2.14

(1.89–2.36)

	
1.01 ± 0.11

	
2.15 (3)

	
1.2




	
Cyantraniliprole

	
MED-S

	
948

	
1.38

(1.18–1.62)

	
1.32 ± 0.10

	
2.81 (3)

	




	
HD

	
925

	
1.58

(1.40–1.71)

	
0.89 ± 0.10

	
1.99 (3)

	
1.1




	
Imidacloprid

	
MED-S

	
950

	
11.84

(10.78–13.56)

	
1.39 ± 0.11

	
2.87 (3)

	




	
HD

	
917

	
15.63

(13.16–18.19)

	
1.03 ± 0.11

	
3.10 (3)

	
1.3




	
Pymetrozine

	
MED-S

	
933

	
1.24

(1.02–1.50)

	
1.19 ± 0.10

	
1.58 (3)

	




	
HD

	
928

	
1.63

(1.29–1.97)

	
1.33 ± 0.11

	
2.83 (3)

	
1.3




	
Sulfoxaflor

	
MED-S

	
940

	
9.05

(6.89–12.04)

	
1.39 ± 0.11

	
2.69 (3)

	




	
HD

	
922

	
131.57

(105.27–157.80)

	
1.03 ± 0.11

	
2.27 (3)

	
14.5




	
Thiamethoxam

	
MED-S

	
914

	
12.18

(9.97–15.14)

	
1.21 ± 0.11

	
2.35 (3)

	




	
HD

	
936

	
10.08

(8.29–13.00)

	
1.01 ± 0.11

	
1.69 (3)

	
0.8








a Number of insects used. b CL = confidence limits. c RR = Resistance Ratio.
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Table 4. Synergistic effects on afidopyropen toxicity in the susceptible MED-S and afidopyropen-resistant HD strains of B. tabaci.
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	Strain
	Insecticide/Synergist
	LC50 (mg L−1) (95% CL) a
	Slope ± SE
	X2 (df)
	SR b





	MED-S
	Afidopyropen
	7.78 (6.76–8.82)
	1.76 ± 0.12
	1.90 (3)
	



	
	Afidopyropen + PBO
	6.42 (5.55–7.33)
	1.52 ± 0.11
	1.08 (3)
	1.21



	
	Afidopyropen + DEM
	7.63 (6.38–8.87)
	1.62 ± 0.12
	2.67 (3)
	1.02



	
	Afidopyropen + TPP
	6.34 (5.49–7.23)
	1.55 ± 0.11
	2.21 (3)
	1.23



	HD
	Afidopyropen
	281.68 (241.85–324.19)
	1.40 ± 0.11
	1.86 (3)
	



	
	Afidopyropen + PBO
	59.62 (51.68–67.85)
	1.59 ± 0.11
	1.90 (3)
	4.72



	
	Afidopyropen + DEM
	247.99 (198.95–297.42)
	1.17 ± 0.11
	1.03 (3)
	1.14



	
	Afidopyropen + TPP
	234.41 (189.19–279.85)
	1.22 ± 0.11
	2.19 (3)
	1.20







a CL = confidence limits. b SR (synergistic ratio) = LC50 (afidopyropen only)/LC50 (afidopyropen + synergist).
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Table 5. Efficacy of afidopyropen in susceptible (MED-S) and resistant (HD) strains of B. tabaci and their F1 progeny from reciprocal crosses.






Table 5. Efficacy of afidopyropen in susceptible (MED-S) and resistant (HD) strains of B. tabaci and their F1 progeny from reciprocal crosses.













	Strain or Cross
	LC50 (mg L−1) (95% FL) a
	Slope ± SE
	X2 (df)
	RR b
	Dc





	MED-S
	7.07 (6.05–8.12)
	1.51 ± 0.11
	2.45 (3)
	1
	



	HD
	276.77 (232.75–321.76)
	1.39 ± 0.11
	1.41 (3)
	39.1
	



	F1A (MED-S ♂ × HD ♀)
	161.85 (142.75–181.83)
	1.79 ± 0.12
	2.26 (3)
	22.9
	0.71



	F1B (HD ♂ × MED-S ♀)
	175.05 (153.61–198.66)
	1.56 ± 0.11
	1.45 (3)
	24.8
	0.75



	F1 (pooled)
	171.62 (148.61–197.27)
	1.40 ± 0.11
	2.03 (3)
	24.3
	0.74







a CL = confidence limits. b RR (resistance ratio) = LC50 (HD or F1)/LC50 (MED-S). c The degree of dominance (D) ranges from −1 (completely recessive) to +1 (completely dominant).
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