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Abstract

:

Simple Summary


Lepidoptera caterpillars are important pests around the world that decrease crop production, including that of soybeans. The use of insecticides and bioinsecticides is the main control strategy for these pests. Biological control with parasitoids, in combination with insecticides, is widely used as an alternative. However, the use of insecticides with parasitoids depends on tests to assess the survival/mortality of these natural enemies for each insecticide. Trichospilus diatraeae Cherian & Margabandhu, 1942 (Hymenoptera: Eulophidae) is a polyphagous pupal parasitoid that mainly comprises defoliating lepidopterans. This study evaluated the mortality of T. diatraeae from seven insecticides (acephate, azadirachtin, Bacillus thuringiensis (Bt), deltamethrin, lufenuron, teflubenzuron and thiamethoxam + lambda-cyhalothrin). The insecticides were sprayed on soybean leaves, which were left to dry and placed in cages with 10 T. diatraeae females. The insecticides azadirachtin, Bt, lufenuron and teflubenzuron did not affect T. diatraeae survival; deltamethrin and thiamethoxam + lambda-cyhalothrin presented low toxicity; and acephate was highly toxic, causing 100% mortality in this parasitoid. Azadirachtin, Bt, lufenuron and teflubenzuron are selective for T. diatraeae.




Abstract


Selectivity is an important aspect of modern insecticides to be able to target pests whilst maintaining beneficial entomofauna in the crop. The present objective was to assess the selectivity of different insecticides for the pupal parasitoid of soybean caterpillars, i.e., Trichospilus diatraeae Cherian & Margabandhu, 1942 (Hymenoptera: Eulophidae). Acephate, azadirachtin, Bacillus thuringiensis (Bt), deltamethrin, lufenuron, teflubenzuron and thiamethoxam + lambda-cyhalothrin at the highest recommended concentrations for the soybean looper Chrysodeixis includens (Walker, [1858]) (Lepidoptera: Noctuidae), as well as water in the control, were used against the pupal parasitoid T. diatraeae. The insecticides and the control were sprayed on the soybean leaves, which were left to dry naturally and placed in cages with T. diatraeae females in each one. Survival data were submitted to analysis of variance (ANOVA) and the means were compared using Tukey’s HSD test (α = 0.05). Survival curves were plotted according to the Kaplan–Meier method, and the pairs of curves were compared using the log-rank test at 5% probability. The insecticides azadirachtin, Bt, lufenuron and teflubenzuron did not affect T. diatraeae survival, while deltamethrin and thiamethoxam + lambda-cyhalothrin presented low toxicity and acephate was highly toxic, causing 100% mortality in the parasitoid. Azadirachtin, Bt, lufenuron and teflubenzuron are selective for T. diatraeae and could be used in IPM programs.
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1. Introduction


Soybean monoculture (Glycine max (L) Merrill) favors the reproduction and development of insect pests, particularly lepidopteran caterpillars that feed on leaves, flowers and fruits, and that reduce crop productivity [1]. The use of insecticides is the main method to manage defoliating insects in soybeans, with lower initial costs, easy application and high efficiency [2]. However, integrated pest management (IPM) recommends the combined use of different control methods [3], including chemicals [4]. Selective products that cause high pest mortality and low impact on beneficial insects are preferable [5].



The insecticide acephate with the mechanism of inhibiting the action of acetylcholinesterase enzymes increases the nervous impulses, causing hyperexcitation and insect death. Deltamethrin is an insecticide from the group of sodium channel modulators. Its action mechanism causes the uncontrolled release of intracellular calcium, hyperexcitation, paralysis and insect death. Lufenuron and teflubenzuron are insecticides from the group of chitin biosynthesis inhibitors, preventing the growth and development of insects with a mechanism of action that mainly causes failure or accelerating ecdysis. Thiamethoxam + lambda-cyhalothrin is a mixture with the first as a neonicotinoid insecticide from the group of competitive modulators of nicotinic acetylcholine receptors and an acetylcholine-imitating mechanism, which stimulates the nerve cells and causes nervous hyperexcitation and insect death. The second, a pyrethroid from the group of sodium channel modulators, has an action mechanism that blocks sodium channels [6,7]. Azadirachtin, an insecticide obtained from the Azadirachta indica A. Juss plant, from the group of compounds with an unknown or uncertain mode of action is used as an alternative to synthetic insecticides. Bacillus thuringiensis, a biological insecticide from the group of microbial disruptors of the midgut membrane, is formed by bacteria that release crystals that dissolve into toxic proteins in the intestine following ingestion, destroying the midgut membrane and causing generalized infection (septicemia) and insect death. Bioinsecticides, such as azadirachtin and Bacillus thuringiensis (Bt), that present lower ecological harm and toxicity to non-target organisms, as well as faster breakdown, can complement the use of synthetic insecticides [8,9].



The polyphagous parasitoid Trichospilus diatraeae Cherian & Margabandhu, 1942 (Hymenoptera: Eulophidae) is used in biological control programs in the soybean crop, parasitizing pupae of Lepidopteran pests [10], including Anticarsia gemmatalis (Hübner, 1818) (Lepidoptera: Erebidae) [11,12], Helicoverpa armigera (Hübner, 1805) [10], Spodoptera frugiperda (J.E. Smith, 1797) and Heliothis virescens (Fabricius, 1781) (Lepidoptera: Noctuidae) [13]. Trichospilus diatraeae was first obtained from pupae of Diatraae venosata (Walker 1863) and described in South India in 1942 [14].



The high parasitism rate and low specificity yield mass rearing of T. diatraeae in pupae of different hosts [15]. Furthermore, this parasitoid may naturally be present in the field as an important agent in applied biological control programs [12].



The effects of insecticides on T. diatraeae are poorly understood, highlighting the need for further research for their use in conservative biological actions and/or inundative control to increase the success of IPM [16].



The objective of the study was to evaluate commercial insecticides in terms of their impact on the pupal parasitoid Trichospilus diatraeae Cherian & Margabandhu, 1942 (Hymenoptera: Eulophidae), a natural enemy of soybean caterpillars.




2. Materials and Methods


2.1. Trichospilus diatraeae


Trichospilus diatraeae were obtained from a colony maintained in the “Laboratório de Controle Biológico de Insetos (LECOBIOL)” at the Universidade Federal da Grande Dourados (UFGD), Dourados, Brasil (22°11′56.7″ S 54°56’′00.5″ W). Adult insects were kept in glass tubes (length 8.5 cm; diameter: 2.5 cm), covered with cotton, and fed with a droplet of pure honey. One D. saccharalis pupa (natural host of the parasitoid) was exposed for 24 h for parasitism by five T. diatraeae females (48–72 h age) at 25 ± 2 °C, a relative humidity (RH) of 70 ± 10%, and for 14 h photophase (light hours) in a climate-controlled chamber. The emerged parasitoids were fed with honey droplets and allowed to mate for 48–72 h. After mating, females were isolated and used in the experiments [15].




2.2. Assessment of Pesticides Selectivity under Extended Laboratory Conditions (ASPECLE)


The ASPECLE System was adapted by Sanomia 2020 according to the International Organization for Biological Control (IOBC) and is a standard test used in experiments of insecticide selectivity to parasitoids [17].



Glass cylinders (Borosilicate, Laborglas™, São Paulo, São Paulo state, Brazil) that were 3.5 cm in diameter and 25 cm long were sealed with voile fabric and a perforated plastic cap was placed at both ends. A tube was inserted at one end for the ventilation system. The ventilation system consisted of a central tube connected to a compressor/vacuum cleaner (maximum vacuum 695 mmhg) (Dia-Pump Fanem™ vacuum pump, São Paulo, SP, Brazil) with 24 tubes (12 on the left and 12 on the right) where the glass cylinders were coupled. The ventilation system and the pump facilitated gas exchange, reducing the accumulation of toxic gases in the cylinders (Figure 1) [18].




2.3. Trichospilus diatraeae Exposure to Insecticides


Five chemical insecticides and two bioinsecticides, recommended for the management of defoliating caterpillars in soybean crop, were used at the maximum concentrations recommended by the manufacturer (Table 1).



The insecticides/bioinsecticides were diluted in water at the maximum concentration indicated by the manufacturer and were sprayed onto soybean plants at the V4 phenological stage (three fully developed trefoils or four nodes), following the methodology of the IOBC [19], with a hand pressure sprayer (Brudden Practical 2000®, 1.5 L). Soybean seeds were sown in 7 L pots with 2/3 soil (distroferric red Latosol) and 1/3 organic matter (chicken manure) and were kept in a greenhouse until phenological stage V4.



The products were applied on the plants until leaf runoff. The plants were then left to dry in the shade in an open environment. Soybean plants were collected and separated per treatment and taken to the laboratory with five leaves per plant per cage. Ten 48 h old T. diatraeae females were placed inside each cage with a piece of cotton moistened with water.



T. diatraeae forages in the field in search of hosts, flying over plants and walking on leaves [15]. At this moment, T. diatraeae makes contact with leaves sprayed with insecticides.




2.4. Trichospilus diatraeae Mortality


Groups of 10 T. diatraeae females that were 48 h old, mated and fed were placed in 12 cylinders, totaling 120 females per treatment. The number of dead individuals was counted 24 h after the experiment was completed.



Insecticides were classified according to IOBC standards, based on the 24 h laboratory mortality data as follows: Class I: innocuous (<30%); Class II: slightly harmful (30–79%); Class III: moderately harmful (80–99%); and Class IV: harmful (>99%) [20].



The mortality data of the parasitoid T. diatraeae were submitted for analysis of variance (ANOVA) and the means were compared using Tukey’s HSD test (α = 0.05) with the statistical program SASM-AGRI [21].




2.5. Trichospilus diatraeae Survival


A second group of 10 T. diatraeae females that were 48 h old, mated and fed were placed in 12 cages, totaling 120 females per treatment. This experiment lasted 120 h and the numbers of live individuals were counted daily. Parasitoids were considered dead if they remained immobile when touched with a brush.



Survival data were submitted to the SAS Proc LIFETEST [22] to estimate their means, which were compared in pairs using the log-rank test (α = 0.05). Data were used in the T. diatraeae survival curves with the Kaplan–Meier method using the Sigma Plot 10.0 program.





3. Results


When exposed to azadirachtin, Bt, lufenuron, teflubenzuron and control, T. diatraeae showed 0% mortality. Exposure to acephate, deltamethrin and thiamethoxam + lambda-cyhalothrin resulted in 100, 41 and 60% mortality, respectively (Table 2).



Survival of T. diatraeae following exposure to the control, Bt, azadirachtin, lufenuron, teflubenzuron, deltamethrin, thiamethoxam + lambda-cyhalothrin and acephate was 72, 66, 69, 77, 80, 20, 0 and 0%, respectively (Figure 2).



The survival period of the parasitoid T. diatraeae varied (p < 0.05) between treatments (χ² = 953.86; GL = 7; p < 0.0001) (Figure 2) at 0, 114.5, 112.6, 67.8, 115.4, 118.8, 36.8, and 115.2 h with the insecticides acephate, azadirachtin, Bacillus thuringiensis, deltamethrin, lufenuron, teflubenzuron, thiamethoxan + lambda-cyhalothrin, and the control, respectively, until the last evaluation at 120 h (Figure 3).




4. Discussion


Zero mortality of T. diatraeae female after 24 h classifies azadirachtin as non-toxic to this parasitoid [20]. This insecticide is a tetranortriterpenoid and, with its derivatives, is used to manage agricultural pests through repellence, antifeeding or interfering with the development of female sexual gonads, reducing or preventing oviposition [9,23]. In addition, the observed zero mortality of T. diatraeae may be related to contamination because azadirachtin mainly acts through ingestion [16] and the parasitoid only had contact with residues of this insecticide on soybean leaves. The similar zero mortality of T. diatraeae females when exposed to Bacillus thuringiensis kurstaki also classifies this insecticide as non-toxic [20]. This bacterium is specific to Lepidopteran caterpillars and, after ingestion, it releases its toxins, which bind to receptors in the gut wall, breaking it and causing septicemia [24]. Trichospilus diatraeae survival is due to the high specificity of B. thuringiensis var. kurstaki to Lepidopterans and because it is unlikely that this parasitoid will ingest dry residues of this bacteria sprayed on soybean leaves [8]. The zero mortality of T. diatraeae females after 24 h classifies the insecticides lufenuron and teflubenzuron, from the benzoylurea group, as non-toxic to this parasitoid [20]. These insecticides do not affect adult insects as they are growth regulators inhibiting chitin synthesis [25]. This is similar to that reported for the insecticides lufenuron and novaluron from the same IRAC-appointed insecticide action group, specific to insect larvae and nymphs with the parasitoid Diachasmimorpha longicaudata (Ashmead, 1905) (Hymenoptera: Braconidae) [16,26]. The 100% mortality of T. diatraeae females after 24 h exposure to acephate classifies this insecticide as toxic [20]. This insecticide, like other organophosphates, inhibits acetylcholinesterase (AChE) in the nervous system, causing paralysis and insect death [27], similar to the insecticide malathion for the parasitoid Palmistichus elaeisis Delvare & La Salle, 1993 (Hymenoptera: Eulophidae) [28]. Trichospilus diatraeae female mortality within 24 h from deltamethrin and thiamethoxam + lambda-cyhalothrin classifies these insecticides as mildly toxic to this natural enemy [20]. These insecticides, from the pyrethroid and neonicotinoid groups, act by keeping sodium channels open, causing hyperexcitation and blocking the insect’s nervous system and or binding to acetylcholine (ACh), transforming it into nAChRs and causing diverse symptoms, including hyperexcitation, lethargy and paralysis [26]. Pyrethroids and neonicotinoids act on the nervous system and respiration at all stages of insect development [27,29].



After 120 h, with exposure to Bt, azadirachtin, lufenuron and teflubenzuron, may be due to the action mode of these insecticides and the behavior of this parasitoid [30]. Bt is more specific to a group of insects (lepidopteran caterpillars), and lufenuron and teflubenzuron only act during the early stages of insect development [9,24,25]. After 120 h, T. diatraeae female mortality in these treatments may be related to the natural mortality of this parasitoid, with an average longevity of 8.28 ± 1.01 days [15]. The death of all parasitoids with the insecticide acephate within 24 h confirms the high toxicity of this insecticide [16]. In addition, the lower survival with insecticides deltamethrin and thiamethoxam + lambda-cyhalothrin is due to the persistence of their dry residues on the leaves and the direct contact of the parasitoid, increasing its mortality over time [26,31].



The greater T. diatraeae female survival after 24 h of exposure confirms the safety of these insecticides for this parasitoid [32]. Botanical insecticides such as azadirachtin are considered safe for natural enemies, not causing significant mortality of the parasitoids Trichogramma nubilale Ertle & Davis, 1975 and Trichospilus pupivorus Ferrière, 1930 (Hymenoptera: Eulophidae) [33,34]. Even when Bt was ingested by chewing the chorion of the egg on which the insecticide was sprayed during parasitoid emergence, this did not cause mortality or reduce the survival of the parasitoid Trichogramma pretiosum Riley, 1879 (Hymenoptera: Trichogrammatidae) [8]. Lufenuron and teflubenzuron, from the benzoylurea group, are growth regulators in insects and do not affect the survival of adult natural enemies [32]. However, acephate is an organophosphate from a group of insecticides, generally with a broad spectrum and low selectivity, causing high mortality of parasitoids [35]. The lethal effects of the residues of deltamethrin [36] cause reduced survival of the parasitoid T. diatraeae after 120 h. This is similar to that reported for Trichopria anastrephae Lima, 1940 (Hymenoptera: Diapriidae), with a mean survival of 10% after 120 h of exposure to this insecticide, and Pachycrepoideus vindemmiae (Rondani, 1875) (Hymenoptera: Pteromalidae) with 100% mortality [27]. However, deltamethrin did not reduce P. elaeisis survival [36]. The reduced T. diatraeae survival rate with thiamethoxam + lambda-cyhalothrin is due to its toxicity as reported for the mortality of all Telenomus podisi Ashmead, 1893 (Hymenoptera: Platygastridae) individuals due to direct contact with insecticide residues [37].




5. Conclusions


Insecticides Bacillus thuringiensis, azadirachtin, lufenu ron and teflubenzuron were considered harmless, deltamethrin and thiamethoxam + lambda-cyhalothrin were considered low toxicity and acephate was considered toxic to females of parasitoid T. diatraeae. The latter should not be used with this parasitoid in pest management programs. Azadirachtin, Bt, lufenuron and teflubenzuron are selective to conserve T. diatraeae populations.



Because no sublethal impacts were observed, further testing with these chemicals is recommended to evaluate their effect on the longevity, fertility, mating and foraging behavior of this parasitoid prior to inclusion in IPM programs.







Author Contributions


Conceptualization, H.C.P. and F.F.P.; methodology, H.C.P. and W.C.F.; investigation, H.C.P., V.B.I. and J.T.L.; validation, H.C.P., A.R. and V.B.I.; writing—original draft preparation, H.C.P. and J.C.Z.; writing—review and editing, A.R., F.W.S.S., J.C.Z., P.H.B.P. and Z.d.F.C.; funding acquisition, F.F.P., F.W.S.S., H.C.P. and Z.d.F.C. All authors have read and agreed to the published version of the manuscript.




Funding


This work was supported by Associação Sul-Mato-Grossense de Produtores e Consumidores de Florestas Plantadas (Reflore-MS); Conselho Nacional de Desenvolvimento Científico e Tecnológico (CNPq 304055/2019-0; 437490/2018-1); Coordenação de Aperfeiçoamento de Pessoal de Nível Superior (CAPES); Fundação de Apoio ao Desenvolvimento da Educação, Ciência e Tecnologia do Estado de Mato Grosso do Sul (FUNDECT); JB Biotecnologia e Grupo Vittia and “Programa Cooperativo sobre Proteção Florestal (PROTEF) do Instituto de Pesquisas e Estudos Florestais (IPEF)”.




Data Availability Statement


All data sets presented in this study are included in the article and can be made available by the authors upon reasonable request.




Acknowledgments


We thank Miguel Domingues Dias Júnior from the company BASF S. A. for the donation of the product Nomolt® 150. Phillip John Villani (University of Melbourne, Australia), a professional editor, proofreader and native English speaker, reviewed and edited this article for structure, grammar, punctuation, spelling, word choice and readability.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Borges, F.S.P.; Loureiro, E.S.; Jaurretche, J.E.; Pessoa, L.G.A.; Arruda, L.A.; Dias, P.M.; Navarrete, A.A. Performance of phytosanitary products for control of soybean caterpillar. An. Acad. Bras. Cienc. 2021, 93, e20200205. [Google Scholar] [CrossRef] [PubMed]

	



Maciel, R.M.A.; Amaro, J.T.; Colombo, F.C.; Neves, P.M.O.J.; Bueno, A.F. Mixture compatibility of Anticarsia gemmatalis nucleopolyhedrovirus (AgMNPV) with pesticides used in soybean. Cienc. Rural 2022, 52, e20210027. [Google Scholar] [CrossRef]

	



Nikoukar, A.; Rashed, A. Integrated pest management of Wireworms (Coleoptera: Elateridae) and the rhizosphere in agroecosystems. Insects 2022, 13, 769. [Google Scholar] [CrossRef]

	



Farrar, J.J.; Ellsworth, P.C.; Sisco, R.; Baur, M.E.; Crump, A.; Fournier, A.I.J.; Murray, M.K.; Jepson, P.C.; Tarutani, C.M.; Dorschner, K.W. Assessing compatibility of a pesticide in an IPM program. J. Integr. Pest Manag. 2018, 9, 3. [Google Scholar] [CrossRef]

	



Bueno, A.F.; Carvalho, G.A.; Santos, A.C.; Sosa-Gómez, D.R.; Silva, D.M. Pesticide selectivity to natural enemies: Challenges and constraints for research and field recommendation. Cienc. Rural 2017, 47, e20160829. [Google Scholar] [CrossRef]

	



AGROFIT Sistema de Agrotóxicos Fitossanitários. 2022. Available online: http://agrofit.agricultura.gov.br/agrofit_cons/principal_agrofit_cons (accessed on 23 October 2022).

	



IRAC Insecticide Resistance Action Committee. 2022. Available online: https://irac-online.org/mode-of-action/ (accessed on 17 July 2022).

	



Amaro, J.T.; Bueno, A.F.; Pomari-Fernandes, A.F.; Neves, P.M.O.J. Selectivity of organic products to Trichogramma pretiosum Riley (Hymenoptera: Trichogrammatidae). Neotrop. Entomol. 2015, 44, 489–497. [Google Scholar] [CrossRef]

	



Chaudhary, S.; Kanwar, R.K.; Sehgal, A.; Cahill, D.M.; Barrow, C.J.; Sehgal, R.; Kanwar, J.R. Progress on Azadirachta indica based biopesticides in replacing synthetic toxic pesticides. Front. Plant Sci. 2017, 8, 610. [Google Scholar] [CrossRef] [PubMed]

	



Oliveira, H.N.; Simonato, J.; Glaser, D.F.; Pereira, F.F. Parasitism of Helicoverpa armigera pupae (Lepidoptera: Noctuidae) by Tetrastichus howardi and Trichospilus diatraeae (Hymenoptera: Eulophidae). Semin–Cienc. Agrar. 2016, 37, 111–115. [Google Scholar] [CrossRef]

	



Andrade, G.S.; Serrão, J.E.; Zanuncio, J.C.; Zanuncio, T.V.; Leite, G.L.D.L.; Polanczyk, R.A. Immunity of an alternative host can be overcome by higher densities of its parasitoids Palmistichus elaeisis and Trichospilus diatraeae. PLoS ONE 2010, 5, e13231. [Google Scholar] [CrossRef]

	



Oliveira, F.A.L.D.; Silva, R.O.; Oliveira, N.R.X.D.; Andrade, G.S.; Pereira, F.F.; Zanuncio, J.C.; Coutinho, C.R.; Pastori, P.L. Reproduction of Trichospilus diatraeae (Hymenoptera: Eulophidae) with different densities and parasitism periods in Anticarsia gemmatalis (Lepidoptera: Noctuidae) pupae. Folia Biol.–Prague 2018, 66, 103–110. [Google Scholar] [CrossRef]

	



Paron, M.R.; Berti-Filho, E. Reproductive capacity of Trichospilus diatraeae (Hymenoptera: Eulophidae) on different host pupae (Lepidoptera). Sci. Agric. 2000, 57, 355–358. [Google Scholar] [CrossRef]

	



Cherian, M.C.; Margabandhu, V. A new species of Trichospilus (Hymenoptera: Chalcidoidea) from south India. Indian J. Entomol. 1942, 4, 101–102. [Google Scholar]

	



Favero, K.; Pereira, F.F.; Kassab, S.O.; Costa, D.P.; Zanuncio, J.C. Life and fertility tables of Trichospilus diatraeae (Hymenoptera: Eulophidae) with Tenebrio molitor (Coleoptera: Tenebrionidae) pupae. Ann. Entomol. Soc. Am. 2014, 107, 621–626. [Google Scholar] [CrossRef]

	



Cardoso, T.D.N.; Stupp, P.; Rakes, M.; Martins, M.B.; Filho, J.G.S.; Grützmacher, A.D.; Nava, D.E.; Bernardi, D.; Botton, M. Lethal and sublethal toxicity of pesticides used in fruit growing on the parasitoid Diachasmimorpha longicaudata (Hymenoptera: Braconidae): Implications for integrated fruit fly management. J. Econ. Entomol. 2021, 114, 2412–2420. [Google Scholar] [CrossRef]

	



Sanomia, W.Y.; Pereira, F.F.; Da Silva, I.F. Insecticide selectivity to Ooencyrtus submetallicus (Hymenoptera: Encyrtidae) under extended laboratory conditions. Pesqui. Agropecu. Trop. 2020, 50, e6179. [Google Scholar] [CrossRef]

	



Rocha, L.C.D.; Carvalho, G.A. Adaptação da metodologia padrão da IOBC para estudos de seletividade com Trichogramma pretiosum Riley, 1879 (Hymenoptera: Trichogrammatidae) em condições de laboratório. Acta Sci.–Agron. 2004, 26, 315–320. [Google Scholar] [CrossRef]

	



Hassan, S.A.; Halsall, N.; Gray, A.P.; Kuehner, C.; Moll, M.; Bakker, F.; Roembke, J.; Yousef, A.; Nasr, F.; Abdelgader, H. A laboratory method to evaluate the side effects of plant protection products on Trichogramma cacoeciae Marchal (Hymenoptera: Trichogrammatidae). In Guidelines to Evaluate Side Effects of Plant Protection Products to Non-Target Arthropods; Candolfi, M.P., Blümel, S., Forster, R., Bakker, F.M., Grimm, C., Hassan, S.A., Heimbach, U., Mead-Briggs, M.A., Reber, B., Schmuck, R., et al., Eds.; IOBC/WPRS: Reinheim, Germany, 2000; pp. 107–119. [Google Scholar]

	



Sterk, G.; Hassan, A.S.; Baillod, M.; Bakker, F.; Bigler, F.; Blümel, S.; Bogenschütz, H.; Boller, E.; Bromand, B.; Brun, J.; et al. Results of the seventh joint pesticide testing programme carried out by the IOBC/ WPRS—Working Group “Pesticides and Beneficial Organisms”. BioControl 1999, 44, 99–117. [Google Scholar] [CrossRef]

	



Canteri, M.G.; Althaus, R.A.; Virgens-Filho, J.S.; Giglioti, E.A.; Godoy, C.V. Sasmagri: Sistema para análise e separação de médias em experimentos agrícolas pelos métodos Scott-Knott, Tukey e Duncan. Rev. Bras. Agroc. 2001, 1, 8–24. [Google Scholar]

	



SAS Institute. SAS User’s Guide: Statistic Version 8.02; SAS Institute: Cary, NC, USA, 2001. [Google Scholar]

	



Morgan, E.D. Azadirachtin, a scientific gold mine. Bioorgan. Med. Chem. 2009, 17, 4096–4105. [Google Scholar] [CrossRef]

	



Nascimento, P.T.; Fadini, M.A.M.; Valicente, F.H.; Ribeiro, P.E.A. Does Bacillus thuringiensis have adverse effects on the host egg location by parasitoid wasps? Rev. Bras. Entomol. 2018, 62, 260–266. [Google Scholar] [CrossRef]

	



Souza, D.; Monteiro, A.B.; Faria, L.D.B. Morphometry, allometry, and fluctuating asymmetry of egg parasitoid Trichogramma pretiosum under insecticide influence. Entomol. Exp. Appl. 2018, 166, 298–303. [Google Scholar] [CrossRef]

	



Pazini, J.B.; Pasini, R.A.; Seidel, E.J.; Rakes, M.; Martins, J.F.D.S.; Grutzmacher, A.D. Side-effects of pesticides used in irrigated rice areas on Telenomus podisi Ashmead (Hymenoptera: Platygastridae). Ecotoxicology 2017, 26, 782–791. [Google Scholar] [CrossRef] [PubMed]

	



Schlesener, D.C.H.; Wolmann, J.; Pazini, J.B.; Padilha, A.C.; Grützmacher, A.D.; Garcia, F.R.M. Insecticide Toxicity to Drosophila suzukii (Diptera: Drosophilidae) parasitoids: Trichopria anastrephae (Hymenoptera: Diapriidae) and Pachycrepoideus vindemmiae (Hymenoptera: Pteromalidae). J. Econ. Entomol. 2019, 112, 1197–1206. [Google Scholar] [CrossRef]

	



Cruz, R.A.; Zanuncio, J.C.; Lacerda, M.C.; Wilcken, C.F.; Fernandes, F.L.; Tavares, W.S.; Soares, M.A.; Sediyama, C.S. Side-effects of pesticides on the generalist endoparasitoid Palmistichus elaisis (Hymenoptera: Eulophidae). Sci. Rep. 2017, 7, e10064. [Google Scholar] [CrossRef]

	



Barros, E.M.; Silva-Torres, C.S.A.; Torres, J.B.; Rolin, G.G. Short-term toxicity of insecticides residues to key predators and parasitoids of pest management in cotton. Phytoparasitica 2018, 46, 391–404. [Google Scholar] [CrossRef]

	



Potin, D.M.; Machado, A.V.A.; Barbosa, P.R.R.; Torres, J.B. Multiple factors mediate insecticide toxicity to a key predator for cotton insect pest management. Ecotoxicology 2022, 31, 490–502. [Google Scholar] [CrossRef]

	



Costa, M.A.; Farias, E.S.; Passos, L.C.; Carvalho, V.C.; Carvalho, G.A. Side effects of insecticides applied to cotton on adult Trichogramma pretiosum by three exposure routes. Pest. Manag. Sci. 2022, 78, 1895–1902. [Google Scholar] [CrossRef] [PubMed]

	



Liu, Z.; Su, H.; Lyu, B.; Yan, S.; Lu, H.; Tang, J. Safety evaluation of chemical insecticides to Tetrastichus howardi (Hymenoptera: Eulophidae), a pupal parasitoid of Spodoptera frugiperda (Lepidoptera: Noctuidae) using three exposure routes. Insects 2022, 13, 443. [Google Scholar] [CrossRef]

	



Chen, X.; Song, M.; Oi, S.; Wang, C. Safety evaluation of eleven insecticides to Trichogramma nubilale (Hymenoptera: Trichogrammatidae). J. Econ. Entomol. 2013, 106, 136–141. [Google Scholar] [CrossRef]

	



Silva, I.M.; Soares, M.A.; Tavares, W.S.; Santos, A.; Serrão, J.E.; Zanuncio, A.J.V.; Wilcken, C.F.; Zanuncio, J.C.; Sediyama, C.S. Toxicity of essential oils to Diaphania hyalinata (Lepidoptera: Crambidae) e selectivity to its parasitoid Trichospilus pupivorus (Hymenoptera: Eulophidae). J. Econ. Entomol. 2020, 113, 2399–2406. [Google Scholar] [CrossRef]

	



Paiva, A.C.R.; Beloti, V.H.; Yamamoto, P.T. Sublethal effects of insecticides used in soybean on the parasitoid Trichogramma pretiosum. Ecotoxicology 2018, 27, 448–456. [Google Scholar] [CrossRef] [PubMed]

	



Costa, E.S.P.; Soares, M.A.; Caldeira, Z.V.; Veloso, R.V.S.; Silva, L.A.; Silva, D.J.H.; Santos, I.C.L.; Castro, B.M.C.; Zanuncio, J.C.; Legaspi, J.C. Selectivity of deltamethrin doses on Palmistichus elaeisis (Hymenoptera: Eulophidae) parasitizing Tenebrio molitor (Coleoptera: Tenebrionidae). Sci. Rep. 2020, 10, e12395. [Google Scholar] [CrossRef] [PubMed]

	



Turchen, L.M.; Golin, V.; Butnariu, A.R.; Guedes, R.N.C.; Pereira, M.J.B. Lethal and sublethal effects of insecticides on the egg parasitoid Telenomus podisi (Hymenoptera: Platygastridae). J. Econ. Entomol. 2016, 109, 84–92. [Google Scholar] [CrossRef] [PubMed]








[image: Insects 14 00217 g001 550] 





Figure 1. The ASPECLE System is a standard test used to assess insecticide selectivity to parasitoids. 
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Figure 2. Mean percent survival (%) of Trichospilus diatraeae (Hymenoptera: Eulophidae) females after exposure to the insecticides acephate (acephat), azadirachtin (Aza), Bacillus thuringiensis (Bt), deltamethrin (Delta), lufenuron (Luf), teflubenzuron (Teflu), thiamethoxam + lambda-cyhalothrin (T. + LC) and to the control (Water). Pairs are compared survival curves estimated by the Kaplan–Meier method and the log-rank test (p < 0.05). 
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Figure 3. Survival, in hours (mean +/− SE), of Trichospilus diatraeae females after exposure to seven insecticides and the control. Bars with same letter are not significantly different (p < 0.05). 
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Table 1. Active ingredients (AI), trade names (TN), chemical group, commercial product (CP), active ingredient concentration (AI) and toxicological classification (TC) of the insecticides acephate, azadirachtin, Bacillus thuringiensis (Bt), deltamethrin, lufenuron, teflubenzuron (Teflub.) and thiamethoxam + lambda-cyhalothrin (T. + Lc), recommended for the management of defoliating caterpillars in soybean [6].
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	AI
	TN
	Chemical Group
	CP 1
	AI 2
	TC 3





	Acephate
	Acefato Nortox®
	Organophosphate
	667 g
	450 g
	IV



	Azadirachtin
	Neem Citromax®
	Tetranortriterpenoid
	2000 mL
	2.4 mL
	IV



	B.t.
	Dipel WP®
	Microbiological
	500 g
	16 g
	V



	Deltamethrin
	Decis 25 EC
	Pyretroid
	400 mL
	16 mL
	IV



	Lufenuron
	MATCH® EC
	Benzoylurea
	374 mL
	18.7 mL
	V



	Teflub.
	Nomolt® 150
	Benzoylurea
	200 mL
	30 mL
	IV



	T. + Lc.
	Engeo Pleno™ S
	Neo *. + Pyrethoid
	200 mL
	28.2 + 21.2 mL
	IV







1 CP: Commercial product in g or mL per 200 L ha−1. 2 AI: Active ingredient in g or mL per 200 L ha−1. 3 TC: Toxicological class (IV: slightly toxic; V: product unlikely to cause acute harm). * Neo: Neonicotinoid.
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Table 2. Percent mortality (mean ± standard error) of Trichospilus diatraeae females when exposed to seven insecticides for 24 h and toxicity class (TC).
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	Treatments
	Mortality (%) *
	TC+





	Acephate
	100.0 ± 0.0 a
	4



	Azadirachtin
	0.0 ± 0.0 d
	1



	Bacillus thuringiensis
	0.0 ± 0.0 d
	1



	Control
	0.0 ± 0.0 d
	1



	Deltamethrin
	41.7 ± 4.5 c
	2



	Lufenuron
	0.0 ± 0.0 d
	1



	Teflubenzuron
	0.0 ± 0.0 d
	1



	Thiamethoxam + Lambda-cyhalothrin
	60.0 ± 4.5 b
	2







* Means followed by the same letter within the column were not significantly different, Tukey’s test, p ≤ 0.05. TC+ = toxicity class where 1 = innocuous (<30%), 2 = slightly harmful (30–79%), 3 = moderately harmful (80–99%) and 4 = harmful (>99%) [20].
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