
 

 

 

 

 

 

MARIA ROSARIO PINEDA ARTEAGA 

 

 

 

 

 

BIOLOGICAL RESPONSES OF Drosophila suzukii 

(MATSUMURA, 1931) (DIPTERA: DROSOPHILIDAE) TO 

STRESSES INDUCED BY SYNTHETIC AND BOTANICAL 

INSECTICIDES AND TEMPERATURE 

 

 

 

 

 

 

 

 

 

 

LAVRAS – MG 

2024  



MARIA ROSARIO PINEDA ARTEAGA 

 

 

 

 

 

 

BIOLOGICAL RESPONSES OF Drosophila suzukii (MASTSUMURA, 1931) 

(DIPTERA: DROSOPHILIDAE) TO STRESSES INDUCED BY SYNTHETIC AND 

BOTANICAL INSECTICIDES AND TEMPERATURE 

 

 

 

 

 

 

 

 

 

 

 

 

Prof. Dr. Khalid Haddi 

Orientador 

 

 

 

 

 

 

LAVRAS – MG 

2024  

Tese apresentada à Universidade Federal de 

Lavras, como parte das exigências do 

Programa de Pós-Graduação em 

Entomologia, área de concentração em 

Biologia e Ecologia de Insetos, para a 

obtenção do título de Doutor.  



         

 Ficha catalográfica elaborada pelo Sistema de Geração de Ficha Catalográfica da Biblioteca 

Universitária da UFLA, com dados informados pelo(a) próprio(a) autor(a). 
 

         
                 Pineda, Arteaga Maria Rosario 

      Biological responses of Drosophila suzukii (Matsumura, 

1931) (Diptera: Drosophilidae) to stresses induced by synthetic 

and botanical insecticides and temperature/ Maria Rosario 

Pineda Arteaga. - 2024. 

       177 p. 

 

       Orientador(a): Khalid Haddi. 

       Tese (doutorado) - Universidade Federal de Lavras, 2024. 

       Bibliografia. 

 

       1. Mosca-de-asas-manchadas 2. Toxicidade. 3. Hormese. 

I. Haddi, Khalid. II. Título. 

   

                      O conteúdo desta obra é de responsabilidade do(a) autor(a) e de seu 

orientador(a). 

 

 

 

  



MARIA ROSARIO PINEDA ARTEAGA 

 

 

BIOLOGICAL RESPONSES OF Drosophila suzukii (MATSUMURA, 1931) (DIPTERA: 

DROSOPHILIDAE) TO STRESSES INDUCED BY SYNTHETIC AND BOTANICAL 

INSECTICIDES AND TEMPERATURE 

 

RESPOSTAS BIOLOGICAS DE Drosophila suzukii (MATSUMURA, 1931) (DIPTERA: 

DROSOPHILIDAE) SOB ESTRESSES INDUZIDOS POR INSETICIDAS 

SINTETICOS, BOTANICOS E TEMPERATURE 

 

 

 

 

 

 

 

 

 

 

APROVADA em 09 de janeiro de 2024. 

 

 

Dr. Ricardo Siqueira da Silva (UFVJM) 

Dr. Marcus Alvarenga Soares (UFVJM) 

Dr. Oscar Amaya Santos (Universidad de Pamplona, Colombia) 

Dr. Alexander Huamán Mera (Universidad Nacional de Jaén, Perú) 

 

 

 

 

Orientador 

Prof. Dr. Khalid Haddi 

 

 

 

LAVRAS – MG 

2024 

  

Tese apresentada à Universidade Federal de 

Lavras, como parte das exigências do 

Programa de Pós-Graduação em 

Entomologia, área de concentração em 

biologia e ecologia de insetos, para a obtenção 

do título de Doutor. 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

A todas las personas que hemos superado las dificultades del conflicto armado en Colombia. 

Vivimos en un país hermoso, y depende de nosotros superar las dificultades, aprender todos 

los días, ser mejores personas…y poder escribir un futuro diferente. 

 

Porque Ningún niño debe ver morir a sus padres. 

 

A todas las victimas que sobrevivimos al frente 48 de las FARC.  

 

Mientras exista esperanza, ¡existirá vida! 

 

Dedico 

 

  



AGRADECIMIENTOS 

 

Faltarian páginas para agradecer y citar a todas las personas que contribuyeron para llegar hasta 

aquí. Sin embargo, empezare por los más distantes, 

Al mejor profe de Estádistica que conocí: Hernado Criollo †, gracias infinitas por creer en mí 

y darme ese empujoncito que necesitaba para salir de mi zona de confort. 

A la Universidad de Nariño, Pasto-Colombia, ¡Mi segundo hogar! Siempre estaré orgullosa de 

mis orígenes sureños. 

A Tito Bacca, orientador, amigo y maestro, quien siempre será mi ejemplo a seguir, por 

brindarme su apoyo incondicional con sus llamadas y consejos motivacionales. 

A Mis amigas, que a pesar de mi ausencia siempre han estado disponibles para mí: Laura, 

Claudia y Vivi, gracias por estar siempre a pesar de la distancia. ¡Nos vemeremos en breve! 

A Lore, Jaime, Antonia y el Juaquin, gracias por sentir saudades de mí, y darme motivos para 

un día volver. 

A JJ y JJ, sin uds hubiera sido imposible sobre llevar la época de pandemia. Aprendí que en 

este caminar de la vida, no siempre la familia tiene vínculos sanguíneos. Basta, con coincidir, 

respetar y tener empatía por los demás. Nos veremos en el país de 5 estrellas; no pasen por alto 

que conocieron una pastusa “Buena Papa”, y sobre todo No olviden que “NO me gusta 

esperar…Pero igual te espero!!! 

A todos esos Colombianos y Catrachos, con los que un día comparti comida, bebida, bailes, 

recocha y momentos felices en “La Casita”. 

A Ariane, Bejna, Karolina, Jessica, Julia, Fernanda y nuestro grupo “Sextou” por todas las 

sextas de lujo que nunca olvidaré, y que pasamos al intentar olvidar la rutina y el estrés. 

A Ana Paula, experta en Corel Draw, por su compañerismo, amistad, y todo ese apoyo 

impresindible en el laboratorio. 

A Luciano y Leia, por su disposión, ustedes serán los mejores técnicos que conocí, aprendí 

mucho de su experiencia y de su vida. Ustedes son los angeles de la guarda en el DEN, gracias 

por facilitar la vida de nosotros los estudiantes de Pós. 

A mis hijos adoptivos de Brasil: Thamiris, Chaylane, Julia, Vinicius, Emanuel y Elisabet, 

fueron parte importante no solo en la ejecución y planificación de experimentos, gracias por 

permitirme enseñarles un poco de la vida, un poco de español y nada de entomología, pero 

sobre todo GRACIAS por darse el tiempo de mejorar mi portuñol y enseñarme que Brasil es 

más que “Pos-graduación”.  



Crianza: “No aceptes críticas de personas a las que no pedirías consejo, lucha por tus sueños, 

vive una vida feliz, siempre estaré para ti cuando me necesites”. 

A mi asesor Dr. Khalid Haddi, por la paciencia infinita conmigo, y a toda la familia MEET. 

A mis compañeras de doctorado Lara, Glace y Mariana, por la amistad y colaboración en estos 

cuatro años. ¡Sobrevivimos una “PANDEMIA”, seguro tenemos muchas anécdotas para contar! 

A Isabel, nuestra secretaria, quien siempre estuvo pendiente de mi llegada, mi proceso de 

adaptación y sobre todas las cosas, su ayuda con todos los tramites burocráticos.  

A todos los profesores del Programa de Pós-graduación en Entomologia DEN-UFLA, quienes 

contribuyeron en mi formación personal y académica.  

A los miembros de las bancas de acompañamiento, y Jurados de evaluación del documento 

final, por todos sus comentarios y aportes para la culminación de esta etapa. 

A Brasil, un país inmensamente diverso con las personas más gentiles que he conocido, gracias 

por darme una familia en los días felices e imposibles que la posgraduación exige. 

A las entidades de financiamento por permitirme realizar mi doctorado en Brasil, y financiar 

mis desplazamientos en congresos y seminários: Consejo Nacional de Desarrollo Científico y 

Tecnológico –CNPq-; Coordinación para la Mejora del Personal de la Enseñanza Superior -

CAPES-(Finance code 001) y La Fundación de Apoyo a la Investigación del Estado de Minas 

Gerais –FAPEMIG (APQ-02230-21). 

 

Y a todas las personas que se cruzaron en mi caminar, todos sin duda fueron parte esencial de 

esta experiencia de vida.  

 

 

Y cómo dijo García Márquez: 

 

No debemos llorar porque ya se terminó, debemos sonreír por lo que sucedió.  

 

Gracias infinitas a todos!!! 

  



AGRADECIMENTOS 

 

Seriam necessárias páginas para agradecer e citar todas as pessoas que contribuíram para que 

chegásse até aqui. No entanto, começarei com as mais distantes, 

Ao melhor professor de estatística que já conheci: Hernado Criollo †, muito obrigado por 

acreditar em mim e me dar aquele empurrãozinho que eu precisava para sair da minha zona de 

conforto. 

À Universidade de Nariño, Pasto-Colômbia, minha segunda casa! Sempre terei orgulho de 

minhas origens sureños. 

A Tito Bacca, conselheiro, amigo e professor, que sempre será meu exemplo a ser seguido, por 

me dar apoio incondicional com suas ligações e conselhos motivadores. 

Às minhas amigas, que, apesar da minha ausência, sempre estiveram ao meu lado: Laura, 

Claudia e Viviana, obrigado por estarem sempre presentes, apesar da distância. Até breve! 

A Lore, Jaime, Antonia e Juaquin, obrigado por se sentirem bem comigo e por me darem 

motivos para voltar um dia. 

Para JJ e JJ, sem vocês teria sido impossível superar a pandemia. Aprendi que, nesta jornada da 

vida, a família nem sempre tem laços de sangue. Basta concordar, respeitar e ter empatia pelos 

outros. Nos veremos no país das 5 estrelas; não se esqueçam de que conheceram uma Pastusa 

"Buena Papa" e, acima de tudo, não se esqueçam de que NO me gusta esperar…Pero igual te 

espero!!! 

A todos os Colombianos e Catrachos, com quem um dia compartilhamos comidas, bebidas, 

danças, recocha e momentos felizes na "Casita". 

À Ariane, Bejna, Karolina, Jessica, Julia, Fernanda e ao nosso grupo "Sextou" por todas as 

sextas de luxo que nunca esquecerei e que passamos tentando esquecer a rotina e o estresse. 

À Ana Paula, especialista em Corel Draw, pelo companheirismo, amizade e todo o apoio 

indispensável no laboratório. 

Ao Luciano e à Leia, pela disposição, vocês serão os melhores técnicos que conheci, aprendi 

muito com a experiência e a vida de vocês. Vocês são os anjos da guarda do DEN, obrigada por 

facilitarem a vida de nós, alunos da Pós. 

Aos meus filhos adotivos do Brasil: Thamiris, Chaylane, Julia, Vinicius, Emanuel e Elisabet, 

vocês foram uma parte importante não só na execução e planejamento dos experimentos, 

obrigado por me permitirem ensinar um pouco da vida, um pouco de espanhol e nada de 

entomologia, mas acima de tudo OBRIGADA por dedicarem tempo para melhorar meu 

português e me ensinarem que o Brasil é mais do que "Pós-graduação".  



Ao meu orientador, Dr. Khalid Haddi, por sua infinita paciência comigo, e a toda a família 

MEET. 

Às minhas colegas de doutorado Lara, Glace e Mariana, por sua amizade e colaboração durante 

esses quatro anos. Sobrevivemos a uma "PANDEMIA", e tenho certeza de que temos muitas 

histórias para contar! 

À Isabel, nossa secretária, que esteve sempre atenta à minha chegada, ao meu processo de 

adaptação e, principalmente, à sua ajuda em todos os trâmites burocráticos.  

A todos os professores do Programa de Pós-Graduação em Entomologia DEN-UFLA, que 

contribuíram para a minha formação pessoal e acadêmica.  

Aos membros dos júris de apoio e de avaliação do documento final, por todos os comentários 

e contribuições para a culminação dessa etapa. 

Ao Brasil, um país imensamente diverso e com as pessoas mais gentis que já conheci, obrigada 

por me dar uma família nos dias felizes e impossíveis que a pós-graduação exige. 

Aos órgãos de fomento por me permitirem fazer o doutorado no Brasil e por financiarem minhas 

viagens a congressos e seminários: Conselho Nacional de Desenvolvimento Científico e 

Tecnológico – CNPq, Coordenação de Aperfeiçoamento de Pessoal de Nível Superior –

CAPES (Finance code 001) e a Fundação de Amparo à Pesquisa do Estado de Minas Gerais –

FAPEMIG (APQ-02230-21). 

 

E a todas as pessoas que cruzaram meu caminho e que, sem dúvida, foram parte essencial dessa 

experiência de vida.  

 

 

E como disse García Márquez: 

 

Não devemos chorar porque acabou, devemos sorrir pelo que aconteceu.  

 

Agradecimentos infinitos a todos vocês! 

  



RESUMO 

 

A drosofila-de-asas-manchadas SWD Drosophila suzukii (Mastsumura, 1931) (Diptera: 

Drosophilidae), considerada uma praga polifaga de origem asiática, que tem preferência por 

atacar frutas vermelhas. Esta investigação foi realizada para avaliar compostos químicos 

alternativos ao Spinetoram, como os: organofosforados, piretroides, neonicotenoides, 

espinosinas, pirroles e diamidas, dois óleos essenciais: Eucalyptus globulus; Citrus sinensis 

(L.) e um composto majoritário (R)-(+)-limoneno para o controle de adultos de D. suzukii. Além 

disso, foram efetuados bioensaios para analizar alguns efeitos de concentrações subletais de 

espinosinas, óleos essenciais (OE) de eucalipto, laranja e o composto majoritário (R)-(+)-

limoneno. Por último, determinamos o efeito da Temperature sobre o ciclo biológico e sobre as 

principais características morfológicas da espécie (asas, tórax e ovipositor). Os bioensaios 

foram realizados com uma criação de D. suzukii mantida no Laboratorio de Entomologia 

Molecular e Ecotoxicolgia (MEET), foram feitos. Moscas adultas (5-7 dias) foram expostas por 

ingestão e contato para determinar as curvas de dose-resposta de todos os compostos sob 

condições controladas (23-25oC; 60-65% UR, 12h escotofase). Logo, adultos foram expostos 

para determinar os efeitos sub-letais das espinosinas (LC5, LC10 e LC20), do OE de eucalipto 

(LC5, LC20), do OE de laranaja e do seu composto majoritário (LC1, LC5, LC10 e LC20). 

Posteriormente, avaliamos a longevidade dos adultos, a fecundidade das fêmeas e a massa 

corporal dos adultos recém-emergidos. Finalmente, duas populações de moscas adultas D. 

suzukii foram aclimatadas (20 e 25oC), e o monitoramento foi realizado a cada 5 gerações, de 

F10 a F30. Determinamos o ciclo de vida, a massa corporal e a longevidade dos adultos, e foram 

quantificados parâmetros morfométricos relacionados à plasticidade fenotípica: tamanho do 

corpo (medidas do tórax), comprimento, largura e área total da asa, área da mancha nas asas de 

machos, largura e número de dentes do ovipositor nas fêmeas. Nossos resultados indicam que 

todos os compostos testados têm apresentam toxicidade e têm potencial para o controle de 

adultos de D. suzukii, no entanto, em baixas concentrações as espinosinas e OE’s producem um 

efeito estimulante na sobrevivência de adultos e na reprodução. Finalmente, confirmamos que 

a Temperature causa um efeito na plasticidade fenotipica desta espécie, levando a alterações na 

morfologia, dando origem a morfotipos que podem ser facilmente adaptáveis as condições 

ambientais e garantindo o sucesso reprodutivo desta espécie. 

 

 

Palavras-chave: Mosca-de-asa-manchada. Toxicologia. Hormese, Óleos essenciais. 

Morfometria.  

  



GENERAL ABSTRACT 

 

The spotted wing drosophila (SWD) Drosophila suzukii (Matsumura, 1931) (Diptera: 

Drosophilidae), considered a polyphagous pest of Asian origin, has a preference for attacking 

red fruits. This research was carried out to identify alternative chemical compounds to 

spinetoram, such as organophosphates, pyrethroids, neonicotinoids, spinosyns, pyrroles and 

diamides, two essential oils: Eucalyptus globulus; Citrus sinensis (L.) and a major compound 

(R)-(+)-limonene for the control of D. suzukii adults. In addition, bioassays were carried out to 

determine the effect of sublethal concentrations of spinosyns, essential oils (EO) of Eucalyptus, 

orange, and the major compound (R)-(+)-limonene. Finally, we determined the effect of 

temperature on the biological cycle and the main morphological characteristics of the species 

(wings, thorax, and ovipositor). The bioassays were carried out using stock from the Molecular 

Entomology and Ecotoxicology Laboratory (MEET). Adult flies (5-7 days old) were exposed 

by ingestion and contact with the compounds to determine the dose-response curves of all the 

compounds under controlled conditions (23-25oC; 60-65% RH, 12h scotophase). Adults were 

then exposed to determine the sub-lethal effects of spinosyns (LC5, LC10, and LC20), Eucalyptus 

EO (LC5, LC20), orange EO and its majority compound (LC1, LC5, LC10, and LC20). 

Subsequently, we evaluated the longevity of the adults, the fecundity of the females, and the 

body mass of the newly-emerged adults. Finally, two populations of adult D. suzukii flies were 

acclimatized (20 and 25oC), and monitoring was carried out every 5 generations, from F10 to 

F30. We determined the life cycle, body mass, and longevity of the adults, and quantified 

morphometric parameters related to phenotypic plasticity: body size (thorax measurements), 

width, area length, wing shape, and size, wing spot area in males, width and number of 

ovipositor teeth in females. Our results indicate that all the compounds tested are toxic and can 

potentially control D. suzukii adults; however, at low concentrations, spinosyn and EOs produce 

a stimulating effect on adult survival and reproduction. Finally, we confirmed that temperature 

has an effect on the phenotypic plasticity of this species, leading to changes in morphology, 

giving rise to morphotypes that can be easily adapted to environmental conditions, and 

guaranteeing the reproductive success of this species. 

 

 

Keywords: Spotted wing drosophila. Toxicology. Hormesis. Essential oil. Morphometry. 
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GENERAL INTRODUCTION 

 

Drosophila suzukii (Matsuma, 1931) (Diptera: Drosophilidae), known as the spotted 

wing Drosophila (SWD), is an exotic pest of Asian origin (Japan). It was first described 

attacking cherry berries in 1916. However, in recent years it has spread around the world. In 

2008, several invasions were recorded in Europe and the United States, and from 2013 it was 

detected in South America, with the first captures in Brazil being made in the states of Rio 

Grande do Sul and Santa Catarina, and in Uruguay (HAUSER, 2011; CALABRIA G, MACA 

J, BACHLI G, 2012; DEPRÁ et al., 2014; SCHLESENER, D. C. H. WOLLMANN et al., 2015; 

ANDREAZZA et al., 2016). The pest is currently reported in Rio Grande do Sul, Santa 

Catarina, Paraná, São Paulo, Rio de Janeiro, Goiás, and Minas Gerais, regions where various 

native and exotic fruit crops can provide conditions for the rearing and establishment of D. 

suzukii, a fact that raises concern (NAVA, DORI EDSON; BOTTON, M., BERNARDI, D., 

ANDREAZZA, F. & BARONIO, 2015; SCHLESENER et al., 2018). It is considered a difficult 

pest to manage because, unlike other species of the Drosophila genus, which require ripe and 

decaying fruit to oviposit, it uses healthy fruit as a substrate for oviposition. The female, with 

its serrated and sclerotized ovipositor, pierces the exocarp of the healthy fruit to lay the eggs. 

This is followed by the larvae, which consume the inside of the fruit and cause the most damage. 

Thus, the attack of this pest depreciates the quality of the fruit, reducing the useful life of the 

product in the post-harvest period (GERDEMAN, B. S.; TANIGOSHI, 2010; ANDREAZZA 

et al., 2017b; PÉREZ et al., 2019). 

Thus, this fly is considered a polyphagous pest that attacks a variety of native and 

commercial fruit species. However, it prefers red fruits (FAHRENTRAPP, J. et al., 2019). It 

has a short life cycle (10 to 12 days; 25oC) and high reproductive potential (each female 

oviposits an average of 635 eggs), which gives it the ability to invade and spread rapidly into 

new regions (EMILJANOWICZ et al., 2014), and makes it potentially dangerous for Brazil's 

fruit-growing sector, taking into account that Brazil is a country of continental proportions, and 

ranks third in the world for fruit production. Production is diversified due to the country's 

climatic conditions, which make it possible to produce tropical, subtropical, and temperate fruit, 

which represents favorable conditions and a variety of substrates for the rearing and invasion 

of D. suzukii. Regarding the management of this pest, the most efficient control strategy is the 

use of synthetic insecticides from different chemical groups (SCHLESENER et al., 2019). 

However, other strategies that have been successful for its control beingtimely harvesting, 

pruning, irrigation, mulching and exclusion netting, removal of ripe, overripe, or fermented 
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fruit that can be the host for SWD reproduction, and mass trapping (SCHÖNEBERG et al., 

2020; TAIT et al., 2021), control of weeds and alternative hosts in orchards in addition to 

monitoring aimed at sampling fruit with the presence of larvae, and in the case of adults with 

plastic traps using attractants such as apple or grape vinegar (TAIT et al., 2018).  

Biological control is also an important part of the strategies for SWD control, and so far 

the most important organisms are parasitoid wasps such as Leptopilina boulardi (Costa Lima) 

(Hymenoptera: Figitidae); Trichopria anastrephae (Perkins) (Hymenoptera: Diapriidae) and 

Pachycrepoideus vindemmiae Rondani (Hymenoptera: Pteromalidae) (MARCHIORI; 

BARBARESCO, 2007) (LEE et al., 2019). Commercially available predators such as Orius 

insidiosus (Say), Orius majusculus (Reuter), Orius laevigatus (Fiber) and Anthocoris nemoralis 

(Fabricius, 1794) (Hemiptera: Anthocoridae), Chrysoperla carnea (Stephens, 1836) 

(Neuroptera: Chrysopidae) have been reported experimentally to control SWD (GABARRA et 

al., 2015; RENKEMA; CUTHBERTSON, 2018; ENGLERT; HERZ, 2019). In addition, the 

application of entomopathogenic fungi, such as Beauveria bassiana has shown some positive 

results in this fly control (MARCHIORI; BARBARESCO, 2007; COSSENTINE; 

ROBERTSON; BUITENHUIS, 2016; BERNARDI et al., 2017). In recent years, the use of 

plant-based products as new alternatives for the control of D. suzukii has been extensively 

investigated. Thus, more than 20 essential oils have been evaluated for their repellent, toxic, 

fumigant, ovicidal, and oviposition-impeding properties (MADEMTZOGLOU et al., 2013; 

RENKEMA et al., 2016; DAM; MOLITOR; BEYER, 2019; CAETANO et al., 2022; DE 

SOUZA et al., 2022). 

However, as with insecticides, it has been reported that exposure to low concentrations 

of these compounds can cause stimulatory responses. Positive effects on the reproduction and 

longevity of old and newly emerged adults of D. suzukii exposed to low concentrations of 

eucalyptus essential oil have already been reported (PINEDA et al., 2023). Therefore, despite 

the multiple studies that exist on the effect of hormesis on insects, questions remain due to the 

wide range of chemical products, ecological relationships, and environmental factors involved 

(CUTLER, 2013; GUEDES; RIX; CUTLER, 2022). 

Considering that in Brazil, only spinetoram is registered for the control of D. suzukii, it is very 

important to identify which other insecticides and compounds may be efficient for its control. 

It is also necessary to consider the specific mechanisms and the effects that low concentrations 

in the long term can have on these new products.  

Temperature is considered the most important environmental factor in insect 

development, and studies show that it can be directly related to hormesis (SILVA et al., 2024) 
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or cause other visual effects in insects, specifically morphological changes (BUJARRABAL; 

SCHUMACHER, 2016). Thus, within phenotypic plasticity, allometry makes it possible to 

study changes in the size and shape of specialized insect structures. This research can be done 

to determine the effect of exposure to different compounds, or to external factors such as 

environmental stress (SIOMAVA; WIMMER; POSNIEN, 2016). One of the most widely used 

tools to assess these changes in the phenotype of a species is the use of morphometrics. In D. 

suzukii, several studies indicate that temperature has a strong relationship with and direct effects 

on the shape of the wings and ovipositor, and on the life cycle, generating morphotypes that 

may adapt easily to different altitudinal gradients (CLEMENTE et al., 2018; FRAIMOUT et 

al., 2018; COSTANTINI, 2019). 

In this way, this research thesis presents four scientific articles as the results of various 

bioassays specifically focused on three areas: 1. Toxicology of insecticides and essential oils; 

2. Sub-lethal effects of spinosyns and essential oils and, 3. Effect of temperature on the 

morphology of D. suzukii adults. 
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1. THEORETICAL FRAMEWORK 

 

1.1 Drosophila suzukii: Origin, biology and distribution 

 

D. suzukii, known as the spotted wing drosophila (SWD), is an exotic pest that was first 

described attacking cherry trees in 1916 in Japan (KANZAWA, 1934, 1935). However, in 

recent years, it has spread around the world. In 2008, there were first invasions to Europe and 

the United States, and from 2013 it was detected in South America, with the first captures in 

Brazil being made in the states of Rio Grande do Sul and Santa Catarina, and in Uruguai 

(HAUSER, 2011; CALABRIA G, MACA J, BACHLI G, 2012; DEPRÁ et al., 2014; 

SCHLESENER, D. C. H. WOLLMANN et al., 2015).  

Brazil is a country of continental proportions and ranks third in the world for fruit 

production. Production is diversified due to the country's climatic conditions, which make it 

possible to produce tropical, subtropical, and temperate fruit, which represents favorable 

conditions and a variety of substrates for the breeding and invasion of D. suzukii. Currently, 

this pest has been reported in Rio Grande do Sul, Santa Catarina, Paraná, São Paulo, Rio de 

Janeiro, Goiás, and Minas Gerais, regions where a variety of fruit crops, both native and exotic, 

can provide conditions for the breeding and establishment of D. suzukii, a fact which raises 

concern because this pest, despite having a preference for red fruit, is considered a polyphage 

(DEPRÁ et al., 2014; NAVA, DORI EDSON; BOTTON, M., BERNARDI, D., ANDREAZZA, 

F. & BARONIO, 2015; SCHLESENER et al., 2018). 

The adults of D. suzukii are characterized by having a soft body with red eyes, a light 

brown thorax, and a light brown abdomen with black transverse stripes (Figure 1). 

Approximately 2-3 mm long, this species is sexually dimorphic, the females are slightly larger 

than the males and are easily characterized by the presence of spot wing tips while females 

present two short sexual combs on the 1st and 2nd segments (respectively) of the anterior tarsus. 

Females are recognizable by their characteristic large, pointed, sclerotized, and serrated 

ovipositor, which allows them to break through the skin of healthy fruit. This species has a short 

life cycle (10 to 12 days; 25oC) and high reproductive potential (each female oviposits an 

average of 635 eggs) (Figure 1), which gives it the ability to be a potential pest 

(EMILJANOWICZ et al., 2014; WINKLER et al., 2021). 
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Figure 1. The life cycle of Drosophila suzukii in controlled conditions of 23±2oC; 60±70% RH, 

and 12H scotophase (laboratory of Molecular Entomology and EcoToxicology (MEET). 

Federal University of Lavras) 

 

1.2 Chemical control of Drosophila suzukii 

 

Worldwide, the most efficient control for SWD is the use of broad-spectrum, targeted adult 

synthetic insecticides (SHAWER, 2020).  They are generally applied in sprays with calendar 

applications. Most insecticides act on the nervous system, such as organophosphates, 

pyrethroids, and carbamates (ANDREAZZA et al., 2017). However, the most efficient ones are 

within the group of spinosyins: spinosad and spinetoram. Spinosad is derived as a product of 

the fermentation of the bacterium Saccharopolyspora spinosa Mertz & Yao and consists of 

spinosyns A and D. Spinoteram is a synthetic spinosyn consisting of spinosyns J and L. The 
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latter exhibits greater insecticidal activity, acts more quickly, and has a longer duration of action 

compared to spinosad. However, both control a wide range of pests in fruits and vegetables and 

are used in organically certified crops (MERTZ; YAO, 1990; DRIPPS et al., 2008; BACCI et 

al., 2016; VAN TIMMEREN; ISAACS, 2013, GEISLER et al., 2015; WISE et al., 2015; HAYE 

et al., 2016; FANNING; GRIESHOP; ISAACS, 2018; SHAW et al., 2019; SIAL et al., 2019). 

More recent studies reported that growth regulators such as lufenuron, cyromazine, and 

pyriproxyfen showed efficiency in larval control while products such as azadirachtin and 

tebufenozide decreased offspring production (SÁNCHEZ-RAMOS; FERNÁNDEZ; 

GONZÁLEZ-NÚÑEZ, 2023)  

In Brazil, according to Agrofit, only Spinetoram is allowed for the control of D. suzukii 

adults (AGROFIT, 2023). The spinosyns act at the binding sites of nicotinic acetylcholine 

receptors (nAChR), serving as allosteric modulators of nicotinic acetylcholine receptors. This 

results in a continuous and uncontrolled transmission of nerve impulses, inducing 

hyperexcitation of the insect's nervous system. This leads to fatigue and muscular paralysis, 

ultimately culminating in the insect's death (PERRY; MCKENZIE; BATTERHAM, 2007; 

YEE; ALSTON, 2009; WATSON et al., 2010; ANDREAZZA et al., 2017a). Repetitive use of 

a chemical molecule over time can result in the selection of resistant insects, which can make 

insecticides less efficient for pest control (KHAN et al., 2020; PANDIAN; RAMESH, 2020). 

In the last decade, spinosyns have been widely used to control various pests in major crops, 

causing the emergence of populations resistant to this class of bioinsecticides. For example, in 

Brazil, resistance to spinosyns (RR>50) has already been reported in field populations of the 

tomato moth Tuta absoluta since 2015 (REYES et al., 2012; SILVA et al., 2016). In addition, 

the first reports of D. suzukii resistance to spinosad in raspberry crops were in Watsonville 

(USA), where flies collected from spinosad-treated regions exhibited LC50 values 4.3 to 7.7 

times higher than those from untreated regions and 11.6 to 22.4 times higher than the 

susceptibility reference values (GRESS; ZALOM, 2019, 2022; DISI et al., 2020). Taking into 

account that in Brazil Spinetoram is the only active ingredient registered for the control of D. 

suzukii, the development of resistance in Brazilian populations of D. suzukii becomes a real 

concern. 
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1.3. Derivates of natural products: Innovative control tools 

 

In the last decades, agricultural systems have demanded the search for new pest control 

strategies to maintain crop production to feed the world. Traditional agriculture commonly uses 

synthetic insecticides because of their efficiency in controlling agricultural pests, however, 

some factors can affect their efficacy, such as over- or lower-dosing of application rates, 

incorrect formulation, and timing of application. All these problems, together with 

environmental factors such as climate change, have caused pests to develop tolerance and, in 

many cases, resistance to many insecticidal compounds (HUA; JONES; RELYEA, 2014; 

DAVID, 2021; GHALBANE et al., 2022). In this way, new alternatives for pest control have 

been sought, with a special focus on the use of natural products that allow an eco-friendly 

agricultural production. In this sense, much importance has been given to plants and their by-

products. Essential oils (EOs) have been used since ancient times for their multiple bioactive 

properties. The use of essential oils has been reported in the pharmaceutical, food, culinary, and 

cosmetic industries. In the agricultural sector, many plants have been noted for their insecticidal 

properties (ISMAN, 2020a; KIRUTHIKA; VISHALI, 2023). Throughout history, we know that 

the most commonly used botanical insecticides are pyrethrum, extracted from dried flowers of 

Tanacetum cinerariifolium (Asteraceae) and neem (azadirachtin) from Azadirachta indica, 

(Meliaceae), (TOMINAGA, 1982; KILANI-MORAKCHI; MORAKCHI-GOUDJIL; SIFI, 

2021). Only in the 1980s did essential oils emerge as a new alternative for pest control, however, 

there are many limitations to their direct use in the field (ISMAN, 2020b). It has been reported 

that they have insecticidal properties, but no research that specifies their mechanism of action, 

so they are only known to be multisite (ZENI et al., 2021; RHOUMA et al., 2023). The first 

challenge faced  is to find the right dosage for each insect pest, followed by the type of 

application. Essential oils are unstable molecules and have low solubility in water. Large 

quantities of raw materials are required to obtain them, and higher and continuous production 

of plant biomass is necessary to guarantee constant production. Then, there is the fact of 

evaluating whether the doses found will not cause phytotoxicity, and finally, the formulation 

and commercialization process, which will depend largely on the technical norms of each 

country (LIBS; SALIM, 2017; ISMAN, 2020a). Among the most commonly used plants with 

biopesticidal effects are the Asteraceae, Myrtaceae, Apiaceae, Lamiaceae, and Rutaceae, 

composed mainly of monoterpenes, which are the molecules that affect pests by acting as 

repellents, fumigants, larvicides and adulticides (TRIPATHI, A.K. et al., 2009; MOSSA, 2016). 

Plant products of these families are frequently reported to have the potential to control different 
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arthropod species such as mites, Coleoptera, Lepidoptera, Hemiptera, and Diptera 

(MOHARRAMIPOUR; NEGAHBAN, 2014; ISMAN, 2020b). In recent years, the efficiency 

of essential oils like Eucalyptus globulus and Citrus sp was investigated for the control of D. 

suzukii (BOŠKOVIĆ et al., 2023). Despite the advantages of being plant-derived and 

environmentally friendly, few studies have been conducted to determine their selective effect 

against non-target insects, nor the causes of sublethal effects (HADDI et al.,2020). 

 

1.4. Sub-lethal effects of bioinsecticides 

 

So far, there is no global term for bioinsecticides and different definitions and 

classifications are used depending on governmental entities, companies producing biological 

inputs, and regulatory agencies in each country (HADDI et al., 2020). However, all definitions 

agree that a bioinsecticide is composed of natural products or their derivatives, such as plants 

or microorganisms. They are divided into three groups: botanical, microbiological, and 

biochemical (PAMELA, 2019; CHOPRA; DHINGRA, 2021). Their components vary widely, 

as do their mechanisms of action (JOHNSON, 2021). Plant derivatives such as essential oils 

are composed of secondary metabolites (phenols, terpenes, and nitrogenous compounds), which 

act mainly as a defense mechanism against herbivorous insects (HOFSTETTER; FASSAUER; 

LINK, 2018). Thus, essential oils with insecticidal properties are characterized by a 

characteristic odor and are generally composed of monoterpenes (KHURSHEED et al., 2022). 

On the other hand, derivatives of microorganisms such as spinosyns, which are derived from 

soil bacteria (Saccharopolyspora spinosa), are also recognized as a less harmful ecological 

alternative to common insecticides and are efficient for the control of different types of pests, 

mainly fruit flies (MERTZ; YAO, 1990; CAGÁŇ et al., 2022). In consequence, biopesticides, 

despite causing lethal effects on unwanted pests and presenting multiple benefits, are 

biodegradable, eco-friendly, and safe for other organisms, and few studies report side effects 

when target and non-target insects are exposed to low concentrations. However, sublethal 

effects produce multiple responses (positive and negative) that alter insect development, 

reproduction, and behavior. The positive responses are called hormesis effects (RIX; GUEDES; 

CHRISTOPHER CUTLER, 2022). Thus, hormesis is a phenomenon that occurs as a biphasic 

response to stress, defined by stimulation at low doses and inhibition at high doses and is 

frequently observed in insects. In physiological terms, hormesis is a result of direct stimulation 

of cellular processes or defenses or, much more commonly, by an overcompensation of cellular 

processes or defenses following mild exposure to a stressor (CALABRESE, 2008) including 
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exposure to low concentrations of essential oils and spinosyns. The implications of this 

phenomenon in the agricultural area are multiple, (GUEDES; RIX; CUTLER, 2022; HADDI 

et al., 2020). The hormetic responses range from changes in developmental time, to increased 

fecundity, fertility, longevity, and behavior (RIX; GUEDES; CHRISTOPHER CUTLER, 

2022). Although, many studies reported hormetic effects caused by conventional insecticides 

(CALABRESE, 2008; BREVIK et al., 2018; GIBERT; DEBAT; GHALAMBOR, 2019), only 

a few studies reported these effects for biopesticides, and even fewer for essential oils (SILVA 

et al., 2017b, 2017a; DE SOUZA et al., 2022; PINEDA et al., 2023). Low concentrations of 

EOs (LC30 and LC20) from the genera Cupressus, Juniperus, Picea and Pinus had a significant 

impact on the longevity, development and vitality of Spodoptera littoralis (Lepidoptera: 

Noctuidae), Culex quinquefasciatus (Diptera: Culicidae) larvae, and Musca domestica (Diptera: 

Muscidae) adults (PAVELA et al., 2021). Several essential oils presented stimuli in the 

longevity, fecundity, and fertility of different insect or mite species such as Callosobruchus 

maculatus (Coleoptera: Chrysomelidae) (IZAKMEHRI et al., 2013), Sitophilus zeamais 

(Coleoptera: Curculionidae) (SILVA et al., 2017b), mites (Acari) (SHIRVANI et al., 2023), 

Aphis fabae (Hemiptera: Aphididae) (KHANI; ASGHARI, 2012; SWARTZ et al., 2019), 

Spodptera exigua (Lepidoptera: Noctuidae) (ROSAS-GARCÍA; TORRES-ORTEGA; 

VILLEGAS-MENDOZA, 2021), D. suzukii (SOUZA et al., 2022). In pollinators such as 

honeybees and bumblebees, adverse effects such as changes in foraging, neurological or 

cognitive effects, and hive communication failures, associated with sublethal exposure to 

various compounds have been reported (LU; HUNG; CHENG, 2020; GIUNTI et al., 2022). In 

addition to identifying compounds for the control of exotic pests such as D. suzukii, it is 

important to know the effects of residues left in the environment, to determine the effects on 

the pest and on the other arthropods that make up the trophic chain. This is essential to improve 

current IPM strategies. 

 

1.5. Phenotypic plasticity in relation to temperature 

 

The evolutionary capacity of insects has led them to evolve with the environment. Thus, 

phenotypic plasticity refers to the ability of an insect to exhibit different phenotypes in response 

to changes in its environment. It is determined by genes that directly govern the morphology of 

structures, and environmental factors such as temperature, photoperiod, and food quality. This 

characteristic is essential in insects biology and reproduction, considering that they can alter 

their biological, behavioral, reproductive, and morphological traits (GIBERT, 2020; MOCZEK, 
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2010; GÖRÜR, 2000). Insects are poikilotherms and cannot regulate their body temperature, 

which means that they depend on external temperature for all the biological processes. If there 

are temperature changes, their development, survival, reproduction, and growth will be directly 

affected.  

One of the most commonly used techniques to determine whether phenotypic plasticity 

is influenced by environmental factors such as temperature is the use of geometric 

morphometrics “GM” (LAWING; POLLY, 2010; TATSUTA; TAKAHASHI; SAKAMAKI, 

2018). The GM is based on measuring and analyzing the shape, position, size, and variability 

of different body structures (ROHLF; SLICE, 1990). In addition to linear measurements, the 

relative position of anatomical points is also used, which are derived from cartesian geometric 

coordinates of morphological structures instead of linear, areal or volumetric variables, taking 

into account landmarks, curves and contours in two (2D) or three (3D) dimensions 

(KLINGENBERG, 2011; ADAMS; OTÁROLA‐CASTILLO, 2013; VILLALOBOS-LEIVA; 

BENÍTEZ, 2020). Once the photographs are digitized, with R or Morpho J software, a 

generalized overlay of points (Procrustes) is performed, which yields a principal component 

analysis (PCA), and multivariate analysis, which allows us to identify patterns of variation in 

shape and to study their covariation with environmental, genetic or developmental factors 

(ADAMS; OTÁROLA-CASTILLO, 2013; BENÍTEZ; PÜSCHEL, 2014; ZÚÑIGA-

REINOSO; BENÍTEZ, 2015). 

 

Thus, it has been proven that changes in temperature cause variations in insects’ vital 

traits, such as incubation periods, instar duration, and total development periods from egg to 

adult. In morphological terms, changes can occur in the insect’s body aspects such as shape, 

color, and size mainly of wings and abdomen (MALLARD; NOLTE; SCHLÖTTERER, 2020).  

In pest management, knowing the morphotypes of pest species is very important, as it 

could indicate the environmental conditions and limitations along altitude and altitudinal 

gradients, allowing us to establish the distribution range of pest insects (BUCKLEY, 2022; 

AMIRI; KHEBIZA; MESSOULI, 2023). In general, most research shows that there is an 

inverse relationship between temperature and phenotypic plasticity parameters. All species 

have an optimum temperature for their development. However, if exposed to low temperatures, 

insects are altitudinally more limited, and their life cycle may be extended, due to the lack of 

energy sources to fulfill their metabolic activities. On the contrary, when the temperature 

increases, they present a greater altitudinal distribution, and their life cycle is reduced 

(BONATO; CHADOEUF, 2018; MALLARD; NOLTE; SCHLÖTTERER, 2020). On the other 
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hand, exotic pests, such as D. suzukii, are easily established and distributed because of their 

adaptive capacity to various environmental conditions (LITTLE; CHAPMAN; HILLIER, 

2020). In terms of phenotypic plasticity, the main organs that undergo visible morphological 

modifications are wings and spots in males, and ovipositor in females (FRAIMOUT et al., 2018; 

TRAN; HUTCHISON; ASPLEN, 2020; VARÓN-GONZÁLEZ et al., 2020).  

Thus, in addition to seeking new control tools, it is necessary to understand the effect of 

temperature on the life cycle, to predict its behavior and dynamics and determine the best 

management strategy. 
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FINAL CONSIDERATIONS 

 

This research focused mainly on the toxicology of synthetic insecticides and essential 

oils as alternative compounds for the control of D. suzukii. The results indicate that all tested 

compounds are efficient for the control of spotted-wing drosophila adults. This allows the 

inclusion of molecules other than Spinetoram in chemical control programs, to avoid the 

selection of populations resistant to this compound. However, current IPM plans should be 

restructured and lethal concentrations per region and crop should be defined, taking into account 

that we found alterations in aspects of the biology and reproduction of this fly when exposed to 

sublethal concentrations, also affecting non-target insects. 

As a new control tool, essential oils are an excellent choice. EOs are derived from 

natural products, being more environmentally friendly and contributing to clean fruit 

production. The results indicate that both EOs and their major compounds affect the control of 

adults. However, like synthetic insecticides, they can cause stimulatory responses (hormesis) at 

low concentrations. In this sense, our contribution was to generate knowledge in the area of 

toxicology to determine lethal concentrations and to evaluate the effect in sublethal 

concentrations. Several challenges remain to be solved, among them: 1. To perform bioassays 

on pupae, as a strategy to control pupae, for terrestrial applications. 2. Develop formulation 

methodologies that allow the use of these products in the field. 3. Also to carry out phytotoxicity 

and toxicology tests for non-target insects. 

In relation to biological aspects, temperature plays an essential role in the development 

of this species. Thus, this research proved that if there are alterations outside the normal range 

(23-25oC) flies adapt easily to survive, but at an adaptive cost. The stress caused by temperature 

changes generates morphological changes, mainly in wings, or biological changes, alteration in 

the timing of each stage of the life cycle. It is important to know these changes to improve 

control strategies. To complement this research, it is recommended to perform behavioral 

evaluations to relate them to the morphological changes of the species. On the other hand, 

toxicity bioassays at different temperatures should be carried out to know the lethal 

concentrations, since the efficiency of synthetic insecticides is related to the lethal concentration 

of the insecticides. 
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Abstract 

 

Plant-extracted essential oils are generally suggested as potential sources for alternatives 

to synthetic insecticides in insect pest control strategies. The increased interest in the use of 

essential oils derives from the generalized perception of their safety for the environment, human 

health, and non-target organisms as well as a lower risk of resistance development. However, 

studies on essential oils are largely focusing on their activity on targeted insect pests while 

overlooking their potential unintended effects on insect biological and reproductive traits, 

especially during sublethal exposures. Here, we first determined the toxicity of eucalyptus 

Eucalyptus globulus essential oil to adults of Drosophila suzukii and assessed the effects of low 

concentrations (i.e.; LC5 and LC20) in old (5-7 days) and mated flies. Subsequently, we assessed 

longevity and fecundity in four newly emerged virgin flies’ couple combinations: unexposed 

couples, exposed females, exposed males, and exposed couples to the low concentration LC20. 

Our results show that eucalyptus essential oil has good insecticidal activity against adults of D. 

suzukii. However, compared to untreated flies, the exposure to low concentrations enhanced the 

females’ fecundity only when both old and mated female and male flies were exposed while 

the females’ but not males’ life span was extended only in couples where newly emerged virgin 

females were exposed. Our findings suggest that although the eucalyptus essential oil may be a 

good control alternative for adult D. suzukii, its age- sex- and mating status-dependent 

stimulatory responses mediated by exposure to low concentrations need to be considered and 

further investigated. 

 

Keywords: Essential oils, spotted wing drosophila, Toxicity, Sublethal, Hormesis. 

 

Introduction  

 

In past decades, plants have been extensively screened for active compounds with 

potential practical applications [1–4]. Essential oils (EOs), as plant-derived extracts, are 

complex natural substances produced as secondary metabolites, that have been scrutinized for 

their biological activities and are frequently proposed as a suitable alternative for controlling 

insect pests [3]. However, most of the investigations on plant EOs are carried out under 

laboratory conditions and are biased toward assessing their lethal and repellent activities against 

different insect pests and disease vectors. Consequently, potential ecotoxicological risks and 

non-target impacts of these compounds as well as the physiological and biological alterations 
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in the targeted insect pests deriving from sublethal exposure to EOs have been frequently 

overlooked [2]. 

From a pest management perspective, the use of insecticidal products is still an 

important tool to reduce pest populations. Thus, most insects are repeatedly exposed to 

insecticide-mediated stresses that may result from exposure to low doses due to residue 

degradation [5][2]. Such exposure can affect different aspects of exposed insects’ behavioral, 

biological, and reproductive traits and when it leads to stimulatory responses, it is termed 

insecticide-induced hormesis. Hormesis is a biphasic dose–response relationship where a 

stressor that is toxic at high doses exhibits stimulatory effects at low doses pests [5–7]. 

Beneficial and stimulatory responses resulting from exposure to low insecticide doses were 

described for different insect life traits including development time, longevity, fertility, 

fecundity, immune responses, locomotion, sexual communication, and feeding [5–7]. Based on 

their structure and associated physico-chemical and toxicological properties, EOs will act as 

any other insecticides, although they are generally natural mixtures of several molecules with 

many different modes of  action. Similarly to synthetic insecticides, EOs were recently shown 

to induce hormetic-like responses in sublethally exposed insects [2,8–11].  

The  spotted-wing fly Drosophila suzukii (Diptera: Drosophilidae) is an exotic pest with 

great economic importance capable of infesting a wide variety of hosts encompassing cultivated 

and wild red fruit species [12–14]. It is a native species from East Asia and was first reported 

in Brazil in the summer of 2012/2013 in the southern region of the country [15] before 

expanding its range to other regions of the country [16]. Management of this pest is based 

mainly on the use of synthetic insecticides. To overcome the potential disadvantages of 

chemical control such as toxicity to non-target organisms and relatively high cost, the use of 

EOs has been suggested and investigated in D.suzukii control [17–23].  

Eucalyptus (Myrtaceae family), is an Australian native plant, which is currently 

cultivated in subtropical and Mediterranean regions[24]. Among other multipurpose uses, 

essential oils extracted from the leaves of eucalyptus plants, like the Tasmanian blue gum 

(Eucalyptus globulus), are reported to have a wide range of bioactivities including antioxidant, 

antimicrobial, fungicidal, antibacterial, acaricidal, nematicidal and insecticidal effects [25]. 

Such biological activities are frequently attributed to the presence of compounds such as 𝛼-

pinene, 𝛽-pinene, limonene, and mostly to the presence of  Eucalyptol (1,8-cineole), which 

generally represents more than 70% (v/v) of the eucalyptus EOs [25,26] Recently, a large 

number of natural extracts and compounds, including eucalyptus EOs, have been tested against 
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D. suzukii [18] However, the potential of sublethal effects mediated by plant-derived substances 

in this fly has been largely neglected in all the previous assessments of EOs bioactivities. 

Thus, in this research, we used the spotted wing flies as a model to evaluate not only the 

lethal but also low dose induced effects of E. globulus essential oil. We documented stimulatory 

response in the longevity and fecundity in old mated as well as in newly emerged virgin flies. 

 

Material and Methods 

 

Drosophila suzukii rearing 

 

The stock colony of D. suzukii, used in the experiments is kept in a rearing facility in 

the laboratory of Molecular Entomology and Eco-Toxicology (MEET) of the Entomology 

Department at the Federal University of Lavras, Lavras (Minas Gerais-Brazil).  The flies are 

maintained in plastic cages (10cm height x 25cm diameter), using an artificial diet and 

following previously described methods [27,28]. The cages are kept under controlled conditions 

of temperature (T: 23 ± 2oC), relative humidity (RH: 60 ± 5%) and scotophase (12H). 

 

Eucalyptus essential oil 

 

The EO of eucalyptus Eucalyptus globulus Labill (Myrtales: Myrtaceae) was purchased 

commercially in sealed amber bottles with a volume of 10 mL from WNF Indústria e Comercio 

Ltda[29]. The major components are 1,8-cineole (94.4%), α-pinene (0.97%), β-pinene (0.33%), 

β-myrcene (0.4%), p-cymene (1.8%), trans-β-ocymene (0.55%), cis-β-ocymene (0.11%), and 

1.47% of unidentified compounds. 

 

Toxicity assessment of Eucalyptus EO against Drosophila suzukii 

 

The toxicity of eucalyptus EO was evaluated using the exposure method described in 

protocol No.26 of the Insecticide Resistance Action Committee (IRAC) [34] with slight 

modifications. Briefly, pre-tests with logarithmically spaced concentrations of EO were carried 

out to determine the range of concentrations causing between 0 and 100% mortality. Once that 

mortality range was obtained, nine concentrations within it were used to determine the dose-

response curve of the EO.  The serial concentrations were prepared by diluting to the final 

concentration the corresponding EO volumes in dimethyl sulfoxide DMSO (2.5%) and a 20% 
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sugar water solution. Then, dental cotton rolls (2 cm) were impregnated with 2.2 mL of the 

prepared serial dilutions of the EO and placed in 200 mL glass flasks.  As a negative control, 

the 2.5% DMSO in sugar water (20%) solution was used. Subsequently, for each repetition, 20 

to 25 non-sexed flies of the same age (5-7 days) were introduced into each glass flask. Four 

repetitions for each concentration were used. The flasks were closed with foam plugs and kept 

in a BOD at 23±2oC, 60±5% relative humidity (RH), and 12H scotophase. Mortality was 

evaluated after 48 hours of exposure. Flies were considered dead if they did not show any 

movement even after being podded with a fine brush. 

 

Exposure of old mated adults to eucalyptus EO low doses  

 

Once the dose-response curve of eucalyptus EO was determined, the concentrations CL0 

(control water + DMSO), CL5, and CL20 were selected to assess the effect of low dose exposure 

on the survival and reproductive output of exposed flies. The exposure was performed as 

previously described, with the difference that females and males of the same age (5-7 days) 

were exposed separately to each concentration. After 48 hours, mortality was evaluated and the 

survivors were transferred to new containers with sugar water solution (20% w/v). After 24 

hours, ten pairs (10 females and 10 males) from each concentration were formed and transferred 

to glass containers (200 mL) with 30 mL of artificial diet, with five repetitions for each 

concentration. The daily mortality of the parents was evaluated, and every 8 days the survivors 

were transferred to new glass with diet. For each concentration, 10 pupae were taken to estimate 

their mass. The daily number of emerged flies for each treatment was counted, and the body 

weight of newly emerged (less than 1 day) females (50) and males (50) was also determined.  

 

Statistical analysis 

 

The results of the mortality bioassays were subjected to Probit analyses to the 

concentration-response curve and chi-square (χ2) values with 95% confidence limits using the 

SAS V9 statistical software package (SAS Institute, Cary, NC, USA). The results of the survival 

were subjected to survival analysis using Kaplan-Meier estimators (Log-rank method) with 

SigmaPlot 12.0 (Systat Software, San Jose, CA, USA). The total number of flies that emerged, 

pupal and adult weights were subjected to univariate analysis of variance (ANOVA) or a 

Kruskal-Wallis one-way ANOVA on ranks when the assumptions of normality and 
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homoscedasticity were not satisfied. Pairwise comparisons were performed using Tukey's 

analysis of means (p ≤ 0.05). 

 

Results 

 

Toxicity bioassays 

 

The mortality levels obtained in the concentration-mortality bioassay were satisfactorily 

described by the probit model with goodness-of-fit test exhibiting low χ2-value (χ2 = 1.10) and 

p-value (p = 0.98) higher than 0.05. Mortality in the control group did not exceed 10%. The 

tested E. globulus EO has a good lethal effect on adults of D. suzukii presenting an LC50 of 

0.67μl.mL-1 and an LC90 of 1.57 μl.mL-1 (Table 1).  

 

Effects of low concentrations of eucalyptus EO on the biological and reproductive traits 

of old mated flies 

 

Parental flies’ longevity 

 

The longevity of D. suzukii adult flies (5-7 days old) was not affected by exposure to 

low concentrations (LC5 and LC20) of E. globulus EO ( Figure 1). No significant statistical 

differences were found for either the females (Log-Rank test, χ2 = 1.93; df = 2; p = 0.39; Figure 

1A) or the males (Log-Rank test, χ2 = 5.13; df = 2; p = 0.08; Figure 1B) flies exposed to LC5 

and LC20 of eucalyptus EO when compared with the unexposed controls. Moreover, males 

generally exhibited lower longevity than females in all the treatments. Median survival time 

(LT50) ranged from 15.20 to 16.43 days for females and from 9.94 to 11.53 days for males. 

 

Parental flies’ fertility 

 

Females’ fertility was assessed by counting the number of emerged females, males and 

the total (females + males) adults at 8 and 16 days as well as the aggregate of the numbers of 

adults who emerged during the whole experiment (day 8 + day 16; Figure 2). Both at 8 and 16 

days, no statistical significant differences were found for the total number of males and females 

(8 days: F= 2.262; df =2; p = 0.147 and 16 days: F= 2.182; df =2; p = 0.252; Figure 2A), the 

number of females (8 days: F= 3.462; df =2; p = 0.065 and 16 days: F= 0.825; df =2; p = 0.462; 



46 

 

Figure 2B) and males (8 days: F= 0.970; df =2; p = 0.407 and 16 days: F= 3.327; df =2; p = 

0.071; Figure 2C) of emerged flies between the treatments exposed to CL5 and CL20 of essential 

oil and the unexposed control (CL0). Interestingly, when the aggregate of the numbers of adults 

emerged during the whole experiment (day 8 + day 16) were compared, significant statistical 

differences were found between the control (LC0) and the LC20 for the total (females + males: 

F= 8.844; df =2; p = 0.004; Figure 2A), for female (F= 14.463; df =1; p = 0.005; Figure 2B)  

and for male (F= 7.797; df =1; p = 0.023; Figure 2C)  flies produced. 

 

Progeny pupal and flies’ body mass 

 

The analysis of variance results showed that there was a significant decrease in pupae 

mass (F = 7.83; df = 2; p = 0.009) when parental D. suzukii adults were exposed to low 

concentrations (LC5 and LC20) of eucalyptus EO compared to unexposed flies (LC0) ( 

Supplementary figure 1). Such differences were not carried over to either the female (F = 0.060; 

df = 2; p = 0.94) or male (F = 0.006; df = 2; p = 0.99) emerged flies (Supplementary Figure S1).  

 

Effects of low concentrations of eucalyptus EO on the biological and reproductive traits 

of newly emerged virgin adults 

 

Parental flies’ longevity 

 

Significant differences were found between the four treatments for the longevity of the 

newly emerged and virgin females (Log-Rank test, χ2 = 70.81; df = 3; p < 0.001; Figure 3A) 

and males (Log-Rank test, χ2 = 21.40; df = 3; P< 0.001; Figure 3B) flies under different schemes 

of exposure to LC20 of the eucalyptus EO. Median survival time (LT50) ranged from 37.71 to 

21.70 days for females and from 15.52 to 24.62 days for males. Females from couples the 

couples where only the female was exposed (♀T x ♂NT) lived significantly longer than the 

females from the control couples (♀NT x ♂NT) and other couples (♀NT x ♂T and ♀T x ♂T) 

while males of the control couples (♀NT x ♂NT) presented the highest longevity compared to 

the other combinations. 

 

Parental flies’ fertility 
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The flies’ emergence during the four weeks of the bioassay showed similar general 

trends between the four treatments for females and males as well as their combined total with 

some slight differences (Figure 4). In fact, the total number of flies emerged (females and 

males) did not differ between the four treatments in the two first weeks of emergence (8 days: 

F= 0.764; df = 3; p = 0.531 and 16 days F= 2.678; df = 3; p = 0.082) but presented contrasting 

differences in the 3rd (H= 8.758; df = 3; p = 0.033) and 4th (F= 7.054; df = 3; p = 0.003) weeks 

(Figure 4 A).    

The untreated couples (♂NT x ♀NT) showed higher females (F= 2.328; df = 3; p = 

0.113; Figure 4 B) and males (F= 2.453; df = 3; p = 0.101; Figure 4 C) emergences in the 2nd 

week resulting in a numerically but not statistically higher total number of emerged flies. 

Similarly, the couples where only males were exposed (♂NT x ♀T) produced more flies (Figure 

4A) in the third week compared to the other combinations and this higher number of emerged 

adults was due mainly to females’ emergence (F= 8.960; df = 3; p = 0.001; Figure 4B).  In the 

fourth week, the number of flies generated by couples where only males were exposed (♂NT x 

♀T) and couples, where both females and males were exposed (♂T x ♀T) significantly, 

decreased compared to other two treatments due to a decrease in both produced females (F= 

4.823; df = 3; p = 0.014; Figure 4B) and males (F= 9.430; df = 3; p < 0.001; Figure 4C). 

When the aggregate of the numbers of adults emerged during the whole experiment 

(days 8 to 32) were compared, significant statistical differences were found for the total 

(females + males: F= 3.581; df =2; p = 0.037; Figure 4A) and for males (F= 10.787; df =2; p = 

0.008; Figure 4C) but not for female (F= 1.961; df =2; p = 0.161; Figure 4B) flies produced. 

The couples where only females were exposed (♂T x ♀NT) performed equally to the controls 

(♂NT x ♀NT) and produced the highest numbers of flies. 

 

Progeny flies’ body mass 

 

The body mass of the adults flies of the progeny did not differ between the four 

treatments neither for females (H = 2.59; df = 3; p = 0.47) nor males (F = 1.99; df = 2; p = 0.58) 

emerged flies (Supplementary figure S1).  

 

 

Discussion 
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Plant-based products have been suggested as suitable alternatives for controlling insect 

pests worldwide because of their potential safety for the environment and human health. 

Although their antibacterial, antifungal, antiviral, antioxidant, and insecticidal properties have 

been frequently reported, their unintended effects are generally overlooked. The current 

investigation reports on the lethal and low concentrations effects of eucalyptus essential oils on 

a population of the spotted wing fly D.suzukii. Besides our findings indicating good insecticidal 

toxicity of the eucalyptus EO against the fly’s adults, exposure to low concentrations of this EO 

induced positive responses on the survival and reproductive output of exposed flies. Such 

beneficial responses depended on the age, sex and mating-status of the flies. 

Our results demonstrated that the EO of eucalyptus was toxic for the exposed adult flies 

and its low concentrations negatively affected the pupae descendants of exposed adults. Several 

natural compounds, such as essential oils, their major constituents, and nanoformulations, were 

previously reported as repellents, contact or ingestion toxicants, fumigants, ovicides, or 

oviposition deterrents for the spotted wing drosophila [17–23]. The tested plant species 

included members of the Myrtaceae family like eucalyptus plants.  Eucalyptus oils and/or their 

major components have been reported to have insecticidal activity [24,30] including against 

D.suzukii [31,32] As the activities of plants’ extracts are strongly related to their chemical 

compositions, only the citral-based chemotypes of the eucalyptus EO were previously reported 

to have effective insecticidal activity [30,33] However, in the present investigation, we tested 

a 1,8-cineole-based chemotype that showed good bioactivity against D.suzukii with an 

LC90=1.57 μl.mL-1. Such differences with the previous literature could be explained by the high 

percentage of the 1,8-cineole (94.4%) of the eucalyptus EO tested. Indeed, when used as a pure 

compound in contact bioassays cineole was very toxic to spotted-wing flies [31] and plants that 

presented high cineole content showed potent insecticidal [21,31] and repellency[34] activities 

against this insect. 

Essential oils or their constituents are frequently advocated as cheap eco-friendly and 

low-risk replacement options for synthetic pesticides in the control of insect pests and disease 

vectors. Such perceived advantages derive primarily from the EOs’ positive attributes linked 

with their natural origin. Thus, the EOs bioactivities have been widely tested under laboratory 

conditions, and most studies focused on determining their lethal effects, and few tested the 

effects of sublethal exposure to essential oils. Our findings, from two different bioassays, report 

positive effects of exposure to low concentrations on the total number of produced flies and the 

longevity of exposed female adults. In ecotoxicological studies with synthetic insecticides, 

stimulatory responses at low doses have been reported in several insect pests [5–7]. Recently a 
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growing body of literature is indicating that similar responses can be induced by plants extracts 

including essential oils in insects [8–11,35–37] and other model organisms [38–40] 

 Exposure to low doses can favor different parameters including longevity, survival, 

reproduction, and population growth rates of exposed individuals [41,42]. In the present study, 

the beneficial responses induced by the low concentration of eucalyptus EO on D. suzukii 

resulted either in improved longevity or higher reproductive outputs. In previous studies on the 

plant extracts induced stimulatory responses, phytochemicals have been described to extend the 

lifespan also of Anastrepha ludens [43]; Drosophila melanogaster [9,35,44]; Sitophilus 

zeamais [8], and Callosobruchus maculatus [45] as well as to stimulate longevity, oviposition 

and/or fecundity in Ceratitis capitata [11] and Bactrocera oleae [10]. 

Furthermore, the stimulatory effect of eucalyptus EO low concentration observed here 

depended on the age, sex, and mating status of the flies. Indeed, when 5-7 days old and mated 

D. suzukii adult flies were exposed to eucalyptus EO low concentration (CL20), the total number 

of their progeny was higher compared to untreated flies while their longevity was not impacted. 

On the contrary, when virgin unmated flies were exposed to the low dose of the EO, only the 

longevity of exposed females was enhanced. Differential stimulatory or beneficial effects have 

been reported to occur in males and females after exposure to low levels of synthetic 

insecticides [46][47]. It is important to highlight that in our study, the exposure to low doses 

was based on the established concentration-response curve where 5 to 7 old unsexed individuals 

were used. Such experimental conditions would explain, although partially, the sex- and age-

dependent effects. D.suzukii response to chemical exposure has been shown to depend on the 

age and sex of used individuals [48] and that the interval between stress exposure and mating 

can affect parents' fitness in C.maculatus [45].  The age, sex, and mating-status specific effects 

might be also linked to trade-offs between life parameters of the flies leading to a prolonged 

life but at the cost of reproduction or vice-versa, a high reproductive output accompanied with 

a shorter life span.  Trade-offs between different biological traits under stress circumstances 

have been recorded in insects [49–51] and were associated with either an increase in juvenile 

hormone levels [50,51] or a shift in resource allocation [51] when they occur between longevity 

and reproduction.  

Although the mechanisms underlying hormesis induced by phytochemicals are not well 

understood. Positive responses to low lethal concentrations, like prolonged life and/or higher 

fecundity, could result from exposed insect’s induced immune, antioxidative, and other 

downstream adaptive responses. A generalized mechanism based on the redox-activated 

transcription factor Nrf2 (Nuclear factor erythroid 2-related factor2), was suggested by 
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Calabrese and Kozumbo (2021) for hormesis in humans [52]. Nrf2 is a transcription factor that 

regulates the cellular defense against toxic and oxidative stress [53] and coordinates an 

evolutionarily conserved transcriptional activation pathway that mediates antioxidant and 

detoxification responses in many animal species, including insects [54]. However, such a 

mechanism still needs to be further investigated and its validity proved in phytochemical-

induced stimulatory responses in insects.  

 

Conclusion 

 

In the present study, we report an age-, sex- and  mating-status-related enhancement of 

longevity and fecundity in the spotted wing drosophila mediated by exposure to a low dose of 

eucalyptus EO. Our findings reinforce the idea that the potential unintended effects and risks 

associated with so-called biorational compounds such as plants’ EOs need to be thoroughly 

assessed before advocating them as alternatives to synthetic compounds.  The knowledge about 

such beneficial responses to insect pests is critical to determine the implications of the 

implementation and sustainability of essential oils within insect pest management programs. 
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Table 1. Toxicity of essential oil of eucalyptus Eucalyptus globulus to adult flies of Drosophila 

suzukii 

Lethal 

concentrations 

Nº of 

insects  

EO concentrations 

(μl.mL-1) 

Fiducial Interval 

(95%) 
χ 2 p 

 805     1.10 0.98 

LC5  0.22 0.17 - 0.26   

LC20  0.38 0.32 - 0.43   

LC50  0.67 0.61 - 0.71   

LC90  1.57 1.40 - 1.83   
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Figures captions 

 

Figure 1. Longevity of 5-7 day old mated females (A) and males (B) of Drosophila suzukii 

exposed to low concentrations (LC0, CL5 and CL20) of Eucaliptus globulus essential oil.  

Figure 2. Total number (A), number of females (B) and males (C) of emerged progeny flies of 

5-7 days old mated Drosophila suzukii exposed to low concentrations (LC0, CL5 and CL20) of 

Eucaliptus globulus essential oil.  

Figure 3. Longevity newly emerged virgin Drosophila suzukii females (A) and males (B) 

paired in four couples combinations: unexposed couples (♀NT x ♂NT), exposed females (♀T 

x ♂NT), exposed males (♀NT x ♂T), and exposed couples (♀T x ♂T) to the low concentration 

LC20 of Eucaliptus globulus essential oil. 

Figure 4. Total number (A), number of females (B) and males (C) of emerged progeny flies of 

newly emerged virgin Drosophila suzukii females (A) and males (B) paired in four couple’s 

combinations: unexposed couples (♀NT x ♂NT), exposed females (♀T x ♂NT), exposed males 

(♀NT x ♂T), and exposed couples (♀T x ♂T) to the low concentration LC20 of Eucaliptus 

globulus essential oil. 

Supplementary Figure 1. Body mass of pupae (A), adults flies (B) progeny of Drosophila 

suzukii exposed to low concentrations (LC0, CL5 and CL20) of Eucaliptus globulus essential oil 

and body mass adults progeny flies (C) of newly emerged virgin D. suzukii paired in four 

couples combinations: unexposed couples (♀NT x ♂NT), exposed females (♀T x ♂NT), 

exposed males (♀NT x ♂T), and exposed couples (♀T x ♂T)  to the low concentration LC20 of 

E. globulus essential oil. 
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Abstract  

 

Bioinsecticides of natural origin, such as spinosyns, are widely recommended for fruit 

fly control throughout the world. Much research is aimed at demonstrating their efficacy in 

controlling different types of pests, and their high degree of selectivity to non-target insects. 

However, few studies have been conducted to determine what happens when spinosyn residues 

are left in the environment and come into direct contact with pests and natural enemies. First, 

we determined the lethal effect of eight insecticides (organophosphates, pyrethroids, 

neonicotinoids, spinosyns, pyrroles, and diamides) for the control of Drosophila suzukii. Then, 

we evaluated the sublethal effects (LC5. LC10, and LC20) of two bioinsecticides (spinetoram and 

spinosad) in 7-day-old flies adults of D. suzukii by assessing the effects on the longevity of the 

parents, the fertility of the progeny (number of flies emerged weekly) and the weight of pupae 

and adults. Finally, we determined the lethal (LC60) and sublethal (LC10 and LC20) effects on a 

non-target insect Diachasmimorpha longicaudata. Our results demonstrated that commercial 

insecticides tested Chlorpyrifos, Deltamethrin, Lambda-cyhalothrin; Thiamethoxam, 

Imidacloprid + Lambda-cyhalothrin; Spinosad, Spinetoram, Chlorfenapyr and Cyantraniprole, 

have a lethal effect on adults of D. suzukii. The spinosyns tested induced a positive effect on 

longevity, and this was highly correlated with the fertility of the treated flies, evidencing a sex-

dependent hormesis effect. Similar effects were observed in D. longicaudata where the major 

hormetic effect was reflected as a change in sex ratio. 

 

 Keywords: Bio-insecticide, spinosyns, spotted-wing drosophila, low-concentration, natural 

enemy. 
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Introduction 

 

Bioinsecticides are products of natural origin (animal, vegetable, or mineral) that have 

long been used to control pests (Copping & Menn, 2000; Glare et al., 2012), and continue to be 

an alternative in the search for new molecules for the development of agrochemicals. Due to 

their natural origin, bioinsecticides caused a great innovation  since they degrade more easily, 

are more ecological and less harmful to human health, when compared to synthetic insecticides, 

and have aroused the interest of many farmers, mainly organic food producers, who have 

included them as an alternative in integrated pest management programs (Copping & Menn, 

2000).  

Despite the multiple environmental benefits, an important aspect of bioinsecticides to 

be considered is their structure and physicochemical properties to determine their toxicology 

(Haddi et al., 2020), as they are composed of natural mixtures of various molecules with 

different modes of action, and can act as repellents, change their behavior and as growth 

regulators (Khater, 2012; Guedes et al., 2016). As a result, in recent years, the adverse effects 

of biorational insecticides have been questioned, especially concerning residues of these 

products  coming into contact with the target species, without causing immediate death, causing 

other types of long-term consequences, as well as their effects on non-target insects (Desneux 

et al., 2007; Pavela & Benelli, 2016). Studies of bioinsecticides are focused on the lethal effect 

on target pests, and most of them are mainly related to their selectivity effect on pollinating 

insects and natural enemies (Carvalho et al., 2019).  

Research on sublethal effects is well documented in multiple investigations showing 

that prolonged exposure to low concentrations causes changes in biological and behavioral 

aspects of insects (Stark & Banks, 2003; Guedes et al., 2022). These responses stimulated by 

low concentrations are called hormetic responses and have been shown to have 

transgenerational effects (Gutiérres, 2020; Rix et al., 2022). Hormesis is a biphasic dose-

response relationship in which a stressor that is toxic at high doses exhibits stimulatory effects 

at low doses on the pest. Responses caused by hormesis range from changes in developmental 

timing, to increased fecundity, fertility, longevity, and behavior (Guedes et al., 2022; Cutler et 

al., 2022). There are many documented studies on the hormetic effect on insects, indicating 

that, in addition to increasing crop damage, it can contribute to the evolution of resistance and 

morphological changes (Calabrese., 2008; Brevik et al., 2018; Gibert et al., 2019).  
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Although there is much information about the hormetic effects caused by conventional 

insecticides, few part of this research has focused on demonstrating that products of natural 

origin can induce the same responses (Silva et al., 2017; de Souza et al., 2022; Pineda et al., 

2023). Currently, the most widely used bioinsecticides for fruit fly control are the spinosyns. 

These compounds are the result of the fermentation of a soil microorganism Saccharopolyspora 

spinosa Mertz & Yao (Bacteria: Actinobacteridae) (Mertz & Yao, 1990; Thompson et al., 

2000). After multiple investigations and the discovery of the structure of spinosyn A, which 

mixed with spinosyn D gave rise to spinosad, a broad-spectrum insecticide used to control 

Lepidoptera, Diptera, and Hemiptera pests. Another benefit of its use was its low toxicity to 

humans and the environment (Kirst, 2010; Biondi, Mommaerts, et al., 2012; Galm & Sparks, 

2016), with the help of other tools such as bioinformatics and genetic engineering, they sought 

to modify natural spinosyns to create synthetic spinosyns and thus gave rise to spinetoram. A 

new molecule that is a natural mixture of spinosyns J and L, with more activity-effective, broad-

spectrum, and improved residual (Thompson et al., 2000; Sparks et al., 2021). Spinosyns are 

insecticides that act on the nervous system of insects, interfering with the transmission of nerve 

signals at gamma-aminobutyric acid (GABA) and acetylcholine receptors, causing 

hyperexcitation and paralysis resulting in the death of insects (Salgado et al., 2010; Sparks & 

Nauen, 2015). They are widely used worldwide to control fruit flies.  

In fruit crops, the occurrence of fruit fly species and their biological controllers (mainly 

wasps of the family Braconidae) may vary according to the geographical region. However, it is 

common to find fruit flies of the genera Anastrepha, Ceratitis, Bactrocera (Diptera: 

Tephritidae), and Drosophila (Diptera: Drosophilidae) (Dias et al., 2018). Within the latter 

genus, the species Drosophila suzukii, known as spotted-wing drosophila, is a pest of Asian 

origin that was reported in Brazil in 2013, an exotic pest that has polyphagous habits, but has a 

preference for red fruits such as cherries, strawberries, raspberries, grapes, and blueberries 

(Deprá et al., 2014). The presence of this pest represents a challenge for fruit growers, as the 

greatest damage is caused by the larvae that feed on healthy fruits. The management of this pest 

is focused on the use of traps with toxic baits, cultural practices, and the use of spinosyns, 

specifically spinetoram, the only insecticide registered to control this pest in Brazil. It should 

be noted that, despite being very effective in controlling D. suzukii and other fruit flies. In 

addition to not harming the environment, adverse effects on pollinators and natural enemies 

found in the same environment have already been recorded. Exposure of fruit flies and 
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parasitoids to spinosyn residues has been poorly documented since most research focuses on 

the selectivity of these products.  

 Therefore, in this research, we determined the lethal effect of 10 insecticides for the 

control of D. suzukii, in addition to showing that low concentrations of spinosyn induce changes 

in the longevity and fertility of exposed flies. As well as investigated the exposure of the fruit 

fly parasitoid Diachasmimorpha longicaudata (Parasitoid of Ceratitis capitata) to lethal and 

sublethal doses of spinosyns, where we documented a negative impact on the number of 

ovipositions and changes in the sex ratio of the progeny. 

Material and Methods 

 

Stock colony of D. suzukii 

 

The colony of D. suzukii. used in the experiments is kept in a rearing facility in the 

laboratory of Molecular Entomology and Eco-Toxicology (MEET) of the Entomology 

Department at the Federal University of Lavras, Lavras (Minas Gerais). The flies are 

maintained in plastic cages (10cm height x 25cm diameter), using artificial diet (for one liter of 

water: 67 g sugar, 23 g brewer's yeast, 42 g corn flour, 15 g agar, 5.9 ml propionic acid, and 

10% nipagin), and following previously described methods (Andreazza et al, 2016; de Souza et 

al, 2022). The cages are kept under controlled conditions of temperature (T: 23 ± 2oC), relative 

humidity (RH: 60±5%), and scotophase (12H). 

 

Colony of Diachasmimorpha longicaudata and Ceratitis capitata 

 

The colony of D. longicaudata was established at the Laboratory of Pathology and 

Microbial Control of Insects, Department of Entomology, Federal University of Lavras, Lavras 

(Minas Gerais), under natural conditions. The parasitoids were kept in wooden cages (30 x 30 

x 30 cm), lined with paper, with the sides covered with voile fabric. The upper face contained 

a double covering with voile fabric, closed with velcro around the edges, where third instar 

larvae of Ceratitis capitata (Wiedemann 1824) (Diptera: Tephritidae) from the same laboratory 

were offered daily, reared on an artificial diet adapted from Albajes and Santiago-Álvarez 

(1980). Inside the cage, water, sugar, and honey were provided as a food source. C. capitata 

flies come from the same laboratory as the parasitoid and are kept in acrylic cages (60 x 31 x 

30 cm) containing water, honey, and a mixture of beer yeast and sugar, in a 1:4 ratio. The cage 
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has one side covered with voil cloth, where the female oviposit, just below, it contains plastic 

containers with water to retain the eggs. Daily, the eggs were collected and deposited in an 

artificial diet where they remained until the third instar (Albajes & Santiago-Alvarez. 1980). 

 

Insecticides 

 

The following ten commercial formulations of insecticides were assessed: (1) 

thiamethoxam (Actara® 250WP), (2) cyantraniliprole (Benevia®), (3) chlorpyrifos (Capataz®), 

(4) spinetoram (Delegate®), (5) deltamethrin (Deltamax 25SC), (6) thiamethoxam + lambda-

cyhalothrin (Engeo plenoTM S), (7) imidacloprid (Evidence® 700WG), (8) chlorfenapyr (Pirate), 

(9) lambda-cyhalothrin (Termimax 25SC), (10) spinosad (Tracer®) (Table 1). 

 

Toxicity and dose-response curves of insecticides on D. suzukii adults  

 

Toxicity bioassays were performed as described in the Insecticide Resistance Action 

Committee (IRAC) protocol No. 26 (IRAC. 2011) with slight modifications (de Souza et al, 

2022; Pineda et al, 2023). The experiments were conducted in two stages: first, logarithmically 

spaced pre-tests of each insecticide were conducted to determine the range of concentrations 

that cause between 0 and 100% mortality. Second, after determining the range of mortality, 7 

to 9 concentrations were selected to determine the dose-response curve for each insecticide. 

The serial concentrations were prepared by diluting to the final concentration the corresponding 

insecticide volumes in a 20% sugar water solution. Then, dental cotton rolls (2 cm) were 

impregnated with 2.2 mL of the prepared serial dilutions of the insecticides and placed in 200 

mL glass flasks. As a negative control, a sugar water (20%) solution was used. Subsequently, 

for each repetition, 20 to 25 flies of the same age (5-7 days) were introduced into each glass 

flask. Four repetitions for each concentration were used. The flasks were closed with foam, 

ensuring normal oxygen flow, and transferred to a BOD with controlled conditions 

(Temperature: 23±2oC, relative humidity: 60±5%, and scotophase:12H). After 48 hours of 

exposure, mortality was evaluated with the aid of a soft brush. Flies that did not show any 

movement were considered dead.  

 

Exposure of D. suzukii adults to spinosyns low concentrations 
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Once the dose-response curve of spinosyns (spinetoram and spinosad) was determined, 

the concentrations LC0 (control: sugar water solution 20%), LC5, LC10, and LC20 were selected 

to assess the effect of low dose exposure on the survival and reproductive output of exposed 

flies (Supplementary Table 1). The exposure was performed as previously described, and 

females and males of the same age (5-7 days) were exposed separately to each concentration 

(PINEDA et al., 2013). After 48 hours, mortality was evaluated and the survivors were 

transferred to new containers with sugar water solution (20% w/v). After 24 hours, ten pairs 

from each concentration were formed and transferred to glass containers with 30 mL of artificial 

diet, with five repetitions for each concentration including the control treatment. The daily 

mortality of the parents was evaluated, and every 8 days the survivors were transferred to new 

glass with diet. For each concentration, 10 pupae were taken to estimate their weight. The daily 

number of emerged flies for each treatment was counted and the body weight of newly emerged 

(less than 1 day) females (50) and males (50) was also determined. 

 

Exposure to spinosyns on D. longicaudata 

 

Based on the dose-response curve performed for D. suzukii, as explained above, lethal 

(LC60) and two sublethal (LC10, LC20) concentrations of spinosade and spinoteram were 

selected (Supplementary Table 1). Toxicity bioassays on adult wasps were performed as 

described above. The food substrate containing the corresponding concentration of insecticide 

was a sugar solution (20%), which was applied (2.2 ml) to a cotton dental roll (2 cm long) 

placed inside a glass jar, covered with foam, where ten pairs, of 10 females (7 days) and 10 

males (5 days) were exposed to each concentration (repetition). The experimental design was 

completely randomized, with four replicates per treatment and each replicate being composed 

of a cage containing 10 adult couples of D. longicaudata. After 48 hours, mortality was 

evaluated and the survivors were transferred to a cage consisting of a plastic container (750 

mL). Each cage contained a roll of cotton wool with water and a drop of honey as food for the 

adults. The upper part has holes to allow ventilation and in the center a fine mesh bag (7 x 3.5 

cm). Subsequently, 50 third instar larvae of Ceratitis capitata were offered as oviposition 

substratum. After 24 hours the larvae exposure was removed, and after 3 days the oviposition 

scars per pupa were verified, using a stereomicroscope (Zeiss Stemi 2000-C) (Supplementary 

Figure 1). The pupae were checked daily for 17 days to count the number of flies or parasitoids 

that emerged. After that time, pupae without the emergency of parasitoids were dissected, to 
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determine if the parasitoid was non-viable. We consider parasitism successful when there is no 

fly emergence. If the pupa was empty, it was considered superparasitism, while if the parasitoid 

larva or adult was black and without movement, it was considered parasitized but non-viable 

(Supplementary material figure 1). The following parameters were determined: (1) Mortality 

of adults exposed to lethal and sublethal concentrations of spinosyns; (2) Total number of pupae 

attacked, with at least one oviposition scar; (3) Emergence percentage, calculated by dividing 

the number of emerged adults by the total number of larvae and multiplying the result by 100; 

(4) Parasitism percentage, we consider successful parasitism. When no flies emerged (emerged 

adult parasitoids. non-viable pupae, super parasitized pupae, and pupae with viable parasitoids 

that did not emerge), and (5) Sex ratio, as the ratio of males to females emerged. 

 

Statistical analysis  

 

The concentration–mortality data were subjected to probit analysis to estimate lethal 

(LC50 and LC95) and sub-lethal doses (CL5. LC10 and LC20) and chi-square (χ2) values with 95% 

confidence limits using the SAS V9 statistical software package (SAS Institute, Cary, NC, 

USA). The insects that remained alive at the end of the bioassay were censored for the analyses. 

Overall similarity between the survival and median survival times (LT50 values) was tested 

using the χ2 log-rank test. The results of the survival were subjected to survival analysis were 

performed using Kaplan-Meier estimators (χ2 log-rank test) with SigmaPlot 12.0 (Systat 

Software, San Jose, CA, USA). The total number of flies that emerged, pupae and adult weights, 

of D. suzukii, and the number of live insects of D. longicaudata, parasitism rate, and the sex 

ratio were subjected to univariate Analysis of Variance (one-way ANOVA or two-way 

ANOVA) or a Kruskal-Wallis one-way ANOVA on ranks when the assumptions of normality 

and homoscedasticity were not satisfied. Pairwise comparisons were performed using Tukey's 

analysis of means (P ≤ 0.05), Fisher's Least Significance Difference (LSD), or Dunnett's test. 

Where appropriate, regression analyses were performed to detect trends in the daily emergence 

of D. longicaudata females and males from each treatment over time. The regression model 

was chosen based on parsimony, low standard errors, and steep increases in R2 with model 

complexity. The regression models for each treatment were considered different from each 

other if the confidence limits of their parameters did not overlap, using the curve fitting 

procedure of SigmaPlot 12.0. 
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Results 

 

Lethal toxicity bioassays 

 

The analyses of the concentration-mortality results were based on the low χ2 values and 

high P values (p >0.05) obtained using the probit model. All insecticides showed differential 

toxicities to adults of D. suzukii (Table 2). The calculated lethal concentrations (LC50) showed 

that the most toxic insecticide was Chlorpyrifos (6.10-6 mg active ingredient/L) when compared 

to lambda-cyhalothrin (9.10-5 mg/L), thiamethoxam+ lambda-cyhalothrin (3.10-4 2.10-4mg/L), 

deltamethrin (2.10-4mg/L), spinosad (7.10-4 mg/L), chlorfenapyr (1.10-2mg/mL), imidacloprid 

(0.10-2), cyantraniliprole (2.10-3 mg/L), thiamethoxam (3.10-2 mg/L) and spinetoram (6.10-1 

mg/L). 

 

Effects of low concentrations of spinosyns on the biological and reproductive outputs of 

D. suzukii flies 

 

Parental Flies’ Longevity 

 

The longevity of D. suzukii was significantly affected when were exposed to sublethal 

concentrations of spinetoram (Log-Rank test, ♀ χ2 = 14.61, df = 3, P = 0.002; ♂ χ2 = 15.89, df 

= 3, P = 0.001) (figures 1A-B). When exposed to spinosad. Only the longevity of males showed 

statistical differences (Log-Rank test, ♀ χ2 = 2.93, df = 3 P = 0.403; ♂ χ2 = 64.26, df = 2, P 

<0.001) (figures 1C-D). The half-life (LT50) of adults exposed to low concentrations of 

spinetoram increased LC5 (♀ 21.8 ± 1.1 d; ♂ 18.3 ± 1.0 days) and LC10 (♀ 22.8 ± 1.3 d; ♂ 18.0 

± 1.1 days) when compared to the control LC0 (♀ 19.19 ± 0.8 d; ♂ 15.0 ± 0.8 days). On the 

other hand, the longevity of males exposed to the same concentrations of spinosad decreased 

LC5 (8.5 ± 0.5 days), LC10 (12.47 ± 0.6 days), and LC0 (♂ 15.19 ± 0.8 days). 

 

 

Weight of progeny pupae and adults  

 

Pupae weight showed differences with spinetoram (F = 14.06; df = 3; P < 0.001). But 

not to spinosad (F = 2.06; df = 3; p = 0.14) (Figure 2A-B). About flies’ body mass, the progeny 
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of male flies when parental flies were exposed to low concentrations of spinetoram were 

significantly lower (♀H = 1.28, df = 3, P = 0.73; ♂H = 16.07, df = 3, P = 0.001). When compared 

to the spinosad (♀H = 2.62, df = 3, P = 0.45; ♂H = 0.006, df = 3, P = 1.00) (Figure 2C-D). 

 

Adult fertility  

 

Parental Flies’ Fertility was determined by counting the daily number of females and 

males who emerged and the total (females and males) adults who emerged at 8 and 24 days. As 

well as the sum of adults emerged during the whole experiment (Day 8 + 16; and Day 8 + 16 + 

24; figure 3). When were exposed to spinetoram, the number of flies was significantly higher 

in the first week (D8 ♀: F=10.464, df = 3, P<0.001; D8 ♂: F = 8.173, df = 3, P<0.001) where 

adults’ emergence at LC10 stood out from the others (Figure 3B-C). The behavior of the sum of 

the number of adults that emerged during the whole experiment was similar (♀D8+16: F=7.210, 

df = 3, P = 0.002, ♀ D8+16+24: F=3.408, df = 3, P = 0.036; Figure 3B; ♂ D8+16: F = 13.109, 

df = 3, P<0.001; ♂ D8+16+24: F=0.060, df = 3, P = 0.004; Figure 3C). There were no 

significant statistical differences in the progeny of females when exposed to spinosad. However, 

in males, there was a difference in the total number of males who emerged in the 3 weeks 

(♂D8+16+24: F=3.106; df = 3 P = 0.048; Figure 3F). When totaling the number of females and 

males weekly, the resulting progeny of adult flies exposed to spinetoram showed differences in 

the first weeks (D8: F=11.176, df = 3, P<0.001; D16: F = 5.015, df = 3, P = 0.009; Figure 3A) 

and those that emerged during the whole experiment (D8+16: F = 10.170, df = 3, P<0.001; 

D8+16+24: F=4.355, df = 3, P = 0.016; Figure 3A) contrary to those exposed to spinosad that 

did not show differences (Figure 3D). 

 

Effects of lethal and sublethal concentrations of spinosyns on the Parasitism of D. 

longicaudata  

 

Mortality of exposed adults 

 

Analysis of variance showed no significant differences in parasitoid mortality when 

exposed for 48 and 72 hours, to low concentrations of LC10. LC20 and LC60 of the spinetoram 

(48h: F = 1.486, df = 3, P = 0.268; 72h: F=1.038; df = 3, P = 0.411) and spinosad (48h: H = 

4.546, df = 3, P = 0.208; 72h: H=3.854; df = 3, P = 0.278) (supplementary material Figure 2). 
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Number of oviposition scars per pupae 

 

For adults that survived exposure to spinetoram and spinosad, from the previous 

bioassay, third instar larvae of C. capitata (n=824 and n=736) were exposed. The 99 and 96.7% 

survived to the pupal stage (Supplementary Material Table 2). The number of oviposition scars 

per pupa was significantly higher when adults were not treated with insecticide. The analysis 

of variance showed significant statistical differences for the number of scars per pupae in both 

experiments (spinetoram H = 151.942, df = 3, P < 0.001; spinosad, H=163.641, df = 3, P < 

0.001). The number of oviposition scars per parasitized pupa ranged from 1 to 29 scars. The 

highest number of scars was evidenced in the control (9.49 ± 0.19) compared with scars pupae 

in LC20 (spinetoram 5.37 ± 0.15; spinosad 5.73 ± 0.22) (Figure 4).  

 

Total emergency, sex ratio, and parasitism 

 

The analysis of variance showed that the percentage of total emergence of D. 

longicaudata progeny was not different when parents were exposed to Spinetoram (F= 1.387, 

df = 3, P = 0.283), but was different when exposed to spinosad (F = 7.128, df = 3, P = 0.003) 

(Figura 5A).  About the sex ratio, the analysis of variance showed no statistical differences for 

any of the spinosyns (spinetoram H = 4.211, df = 3, P = 0.240; spinosad H = 5.839, df = 3, P = 

0.120) (Figura 5B; Supplementary material Table 3). The analysis of variance showed 

significant statistical differences, only for the percentage of parasitism of progeny when adults 

of D. longicaudata were exposed to LC10. LC20 and LC60 of spinetoram (spinetoram H = 9.624, 

df = 3; P = 0.022, spinosad; H = 1.500, df = 3, P = 0.682) (Figura 5C). In all cases, one adult 

parasitoid was obtained from each pupa of C. capitate, from parents exposed to LC10. LC20 and 

LC60 concentrations, of spinetoram 594 individuals were obtained and 617 adults were obtained 

from parents exposed to the same concentrations of spinosad (Supplementary material Table 

3). Finally, when we analyze the percentage of emerged adults by sex, the results of the Two 

Way Analysis of Variance indicated a significant effect of sex (spinetoram F = 16.369, df = 1, 

P < 0.001; spinosad F = 26.498, df = 1, P < 0.001) and the sex-concentration interaction for the 

two insecticides (spinetoram F = 3.809, df = 3, P = 0.019; spinosad F = 4.531, df = 3, P = 0.009) 

(Figura 6A-B). This difference, in relation to sex, was significantly affected when adults were 
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treated with the different concentrations of spinosyns. It can be observed that the sex ratio was 

normal (0.5) (Fisher, 1930) in the control, but in the other treatments, there was an increase in 

males (Figure 5B). To observe the daily peak emergence by sex, a three-parameter Gaussian 

model curve was used (Figure 7 A-D; Table 3). The results of daily emergence did not show 

significant results. However, the trend of the nonlinear Simple Exponent, 3-parameter 

regression of cumulative emergence indicates that the proportion of males (Figure 7 G-H; Table 

3), was higher in relation to females (Figure 7 E-F; Supplementary material Table 4), for all 

treatments, when compared to the control. 

 

Discussion 

 

All insecticides tested were efficient for the control of adults of D. suzukii. In this 

research, we determined the LC90 lethal effect of ten insecticides belonging to different 

chemical groups and broad spectrum (diamides, spinosyns, neonicotinoids, pyrethroids, 

pyrroles, and organophosphates). All were efficient in controlling adults of D. suzukii 

(Hoffmann Schlesener et al ., 2017). The most neurotoxic insecticide was chlorpyrifos, and 

according to the calculated toxicity radius would be thiamethoxam+lamba-cyhalothrin >lamba-

cyhalothrin >deltamethrin >spinosad >chlorfenapyr >imidacloprid >cyantraniprole 

>thiamethoxam >spinetoram (Table 2). Thus, we demonstrate other insecticides that can be part 

of the integrated management of D. suzukii, which have different modes of action and can be 

used as alternatives for insecticide rotation, for fruit production, avoiding the development of 

genetic resistance. However, another important point is the lack of knowledge when the 

opposite effect occurs: the residual activity of the applied bioinsecticides. Positive effects on 

the survival and reproduction of various insect pests when subjected to low concentrations of 

essential oils have been reported previously (Haddi et al., 2020). In some cases, residues remain 

in the environment between five and ten days after application, and depending on environmental 

factors it can be shorter or prolonged (Van Timmeren & Isaacs, 2013), and residues of 

spinosyns can accumulate in the environment and cause D. suzukii adults to be exposed to low 

concentrations (Stark & Banks, 2003; Biondi, Mommaerts et al., 2012).  

The current research reports sublethal effects when 7-day-old adult flies of D. zusukii 

were exposed for 48 hours to LC5, LC10, and LC20 of spinosad and spinetoram. Our results 

demonstrate a positive relationship between adult longevity and progeny emergence. Adult flies 

exposed to spinetoram showed greater longevity in the females exposed to LC20 (Figure 1A), 



79 

 

 

 

which was reflected in a greater number of progeny (Figure 3A), in contrast to those exposed 

to spinosad, where adults were less long-lived (Figure 1C-D), and had fewer progeny (Figure 

3D). The pupal weight of the progeny of adults exposed to LC5, LC10, and LC20 of spinetoram 

were lower in relation to spinosad (Figure 2A). In this case, we demonstrated a negative 

relationship in relation to adult emergence, which can be explained by the fact that the 

availability of artificial diet was always 30mL, causing intraspecific competition for food for 

the developing larvae, which was reflected in the lower weight of pupae and adult progeny of 

adults treated with spinetoram in relation to the control (Figure 2A-C and 3B-C). As for 

spinosad, there were no differences in the weight of pupae and adult progenies. In this regard, 

we can infer that intraspecific competition was lower, considering that the weight of adults was 

higher, but the number of flies that emerged weekly was lower (Figure 2B-D and 3D). The 

interaction of individuals of the same species may be reflected in the decrease in food resources, 

which is directly reflected in the survival, weight, and body size of adults (Salmon et al., 2001; 

Haddi et al., 2016; Brevik et al., 2018; Beck & Blumer, 2021; Lima-Camara et al., 2022). In 

general, we observed that the hormetic effect, when spotted wing drosophila are exposed to low 

concentrations of spinosyns, is directly related to sex, and females are more fertile in the first 

week of exposure. Previous studies, also report different stimulatory responses provoked by 

exposure to low doses of spinosyns, the survival rate decreased in Aedes aegypti (Diptera: 

Culicidae) (Wang et al, 2022), in Spodoptera frugiperda (Lepidoptera: Noctuidae) the 

development time increased and reduced larval body weight (Gao et al., 2021), for Tetranychus 

urticae (Acari: Tetranychidae) there was also a decrease in the life cycle (Wang et al., 2016). 

Our results show a positive effect on survival and the number of progeny of D. suzukii. 

Different toxicology studies report on the stimulatory response of insects exposed to low doses 

of insecticides (Guedes & Cutler, 2014; Guedes et al., 2017). These stress responses generated 

by exposure to low doses of spinosyns may be related to the immune, adaptive, morphological, 

and antioxidative responses of exposed insects (Rossnerova et al, 2020). In humans, generalized 

mechanisms based on the redox-activated transcription factor Nrf2 (nuclear factor erythroid 2-

related factor 2) have already been suggested for hormesis (Calabrese & Kozumbo, 2021). 

Resposts stimulatory effect through sex-dependent hormetic effects on D. Suzuki, with females 

showing higher survival than males when exposed to low concentrations of spinetoram, and 

reduced survival when exposed to spinosad. A difference in pupal weight was notable, as it was 

higher in spinosad compared to spinetoram (Deans et al., 2022). Interestingly, there was no 

effect on the weight of adults. Negative effects on the growth and development of several insect 
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pests have been reported as adverse effects of sublethal exposure (Teixeira et al., 2009; Lai & 

Su, 2011). It has been reported that lepidopteran larvae exposed to low concentrations of 

insecticides can alter physiological processes, causing abnormal metabolism, as a response 

insects present a nutritional imbalance, which can result in reduced body mass, malformation 

of pupae and adults (Tanani et al., 2012; Bednarska & Stachowicz, 2013; Mojarab-

Mahboubkar, Sendi & Aliakbar, 2015). Importantly, these sublethal effects can carry over to 

the adult stage, which can lead to tolerance in the offspring of surviving adults through 

transgenerational hormetic effects (Shahout et al., 2011). Several researchers have put forward 

several hypotheses for the responses caused by insecticide exposure stress, some related to 

genetic mutation rates, epigenetic effects, and transcription factors that regulate cellular defense 

against toxic and oxidative stress (Brevik et al., 2018; Calabrese & Kozumbo, 2021; Pineda et 

al., 2023). In any case, these mechanisms need to be further studied to better understand and 

validate insecticide-induced stimulatory responses, especially in pests that are difficult to 

control such as D. suzukii. 

Lethal and sub-lethal concentrations of spinosyns can also alter the biology and behavior 

of biological controllers. D. longicaudata is the most important and efficient parasitoid species  

controlling tephritid pests in Central and South America (Sivinski et al., 1996; Harbi et al., 

2018; Suárez et al., 2019). Several investigations are focused on determining the lethal effect 

of insecticides and their selectivity on natural enemies. Some, such show that spinosyns, 

organophosphates, pyrethroids, and neonicotinoids are lethal to this parasitoid (Cardoso et al., 

2021). In contrast, our results showed no significant differences when adults of the same age, 

were exposed for 48 and 72 hours to LC10, LC20, and LC60 concentrations of spinetoram and 

spinosad (Supplementary Material Figure 1). This difference may be related to the method of 

exposure (Desneux et al., 2007; Biondi, Desneux, et al., 2012; Stupp et al., 2020). Similarly, 

exposure of D. longicaudata to toxic baits with Spinetoram and spinosad (LC 0.096g a.i.L-1 or 

kg) does not also cause significant mortality (<10% mortality) (Bernardi et al., 2019). In 

contrast, studies show that the longer the exposure time of parasitoids to biopesticides, the 

higher their mortality is greater than 80% and the greater the sublethal effects (Ruiz et al., 2008; 

Biondi et al., 2013). Although the mortality of D. longicaudata adults exposed to spinosad was 

not significant, the oviposition capacity of females was affected. The number of oviposition 

scars was significantly higher when fed with water and honey. This effect is directly related if 

we take into account the impact on the nervous system, and causing involuntary muscle 

contractions, tremors, and paralysis in treated insects (Salgado, 1998). Although the females 
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survived, we found that their foraging and oviposition capacity was affected 72 hours after 

ingestion of the bioinsecticide.  The decrease in the number of scars and oviposition attempts 

of treated insects is clearly a physiological and behavioral response caused by spinetoram and 

spinosad (Umoru et al., 1996; Montoya et al., 2013). In this case, we found that lethal and 

sublethal doses, of bioinsecticides reduced the number of ovipositor insertions (scars) in the 

pupae of C. capitata (Desneux et al., 2004; Altafini et al., 2013; Rodríguez-Mota et al., 2015). 

Our results showed that the percentage of parasitism of D. longicaudata was not affected by 

exposure to spinosyns, as it was higher than 95%. A few individuals of C. capitata were 

obtained. However, the percentage of adult parasitoid emergence was lower than expected in 

spinetoram progeny than in spinosad. In the specific case of the progeny exposed to spinetoram, 

we verified a higher percentage of non-viable pupae (6.5%), superparasitized pupae (4.40%), 

and non-parasitized pupae (0.84%) (Supplementary Material Table 3). Our results coincide with 

several studies that show that the contact of bioinsecticides reduces progeny and has other 

secondary effects. However, the parasitism rate is not affected, found no reduction in parasitism 

(Cardoso et al., 2021). The sex ratio differences or longevity of adults exposed to sublethal 

doses of D. longicaudata from commercial formulations of mancozeb, Bordeaux mixture, lime 

sulfur, and azadirachtin. In relation to daily and cumulative parasitoid emergence by sex, there 

was a noticeable increase in males in all offspring from parents treated with the spinosyns 

(Figure 6A-B). Unlike the control where the sex ratio was normal (1:1) (supplementary material 

Figure 2B). The normal sex ratio in D. longicaudata is 0.5 (Fisher,1930). However, the sex 

ratio can be affected by different external factors such as host quality, superparasitism, and host 

size (González et al., 2007, 2010; Eizaguirre et al., 2009). The increased production of female 

offspring in parasitoids is a known arrhenotokous. Where unfertilized eggs become males, 

fertilized eggs become females (Godfray & J., 1994). A condition that is beneficial for pest 

control in the field (Heimpel & Lundgren, 2000). However, when there are external 

disturbances this can vary, the results demonstrate a negative impact on sex ratio when females 

were exposed to sublethal concentrations of spinosyns, and that change was most significant 

for offspring of insects exposed to spinosad LC60. We attribute this change as an effect of 

insecticide contact since all treatments were under equal conditions and the control is within 

the normal range of sex ratio (1:1). Thus, most studies are focused on lethal effects and 

selectivity testing of biopesticides, leaving an important bias in the study of the sublethal effect 

of biopesticides on natural enemies. Other research found that males of D. longicaudata were 

more susceptible to spinosad than females, and reported differential findings in body mass, 
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behavior, and density of sensilla, but did not analyze the sex ratio, reproductive parameters of 

D. longicaudata (Andreazza et al., 2020). It has been proven that insects exposed to insecticides 

undergo physiological and morphological changes (Gergs et al., 2015). Few studies, for 

example, Zappalà et al. (2009), reported that in Leptomastix dactylopii Howard (Hymenoptera: 

Encyrtidae) the sex ratio was altered when females were treated with mineral oil. Exposure to 

sub-lethal concentrations of sphenvalerate on Chironomus riparius (Diptera: Chironomidae), 

resulted in oxidative damage, affected developmental rates, and increased male-to-female ratios 

(Rodrigues et al., 2015). The fact that there is an increase of males, caused by a negative impact 

of sublethal doses of spinosyns, will drastically decrease the possibility of mating in this 

species, directly affecting the natural biological control exerted by this species, considering that 

unfertilized females will produce male offspring. 

 

Conclusions 

 

All the synthetic insecticides tested are efficient for the control of adult D. suzukii, but 

organophosphates and pyrethroids stood out as being more toxic. We were able to demonstrate 

that there are positive sex-related effects when spotted wing drosophila adults are exposed to 

low concentrations of spinosyns, which elicits a hormesis response that directly affects their 

reproduction. On the other hand, lethal exposure to spinosyns (LC60), for the parasitoid D. 

longicaudata proved to be selective. Nevertheless, when the parasitoid was exposed to low 

concentrations (LC10; LC20) they evidenced an alteration in the sex ratio of the progeny, 

showing an increase of males in D. longicaudata. Thus, we demonstrate that bioinsecticides 

also have a negative impact on non-target insects. 
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Table 1. Characteristics and rates of insecticide formulations used in laboratory bioassays. 

Active ingredient Trade name1 Formulation IRAC MoA group Manufacturer 

Chlorpyrifos Capataz ® 48%EC 
Organophosphates 

(1B) 
Ouro fino química S.A. 

Deltamethrin Deltamax 25SC 2.5%WP 

Pyrethroids (3A) 

Insetimax indústria química eireli 

Lamda- 

cyhalothrin 
Termimax 25SC 10.6% LS Citromax 

Thiamethoxam Actara® 250WP 25%WG Neonicotinoids (4A) 

 

Syngenta Proteção de Cultivos Ltda 

Imidacloprido Evidence® 700WG 70%WG Bayer S.A. 

Tiametoxam + 
Engeo plenoTM S 

14.1% CS 

+10.6%SC 

Neonicotinoids (4A) 

+ Syngenta Proteção de Cultivos 

Ltda. - 
lamba-cyhalothrin Pyrethroids (3A) 

Spinosad Tracer® 48%SC 
Spynosyns (5) 

Dow agrosciences Industrial Ltda. 

Spinetoram Delegate® 255%WG Dow agrosciences Industrial Ltda. 

Chlorfenapyr Pirate ® 24% SC Pyrroles (13) Basf s.a. 

Cyantraniprole Benevia® 10%OD Diamide (28) Fmc química do brasil ltda. 

1Insecticides used in 2022-laboratory bioassays. 
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Table 1. Toxicity of commercial insecticides to adult flies of Drosophila suzukii toxicity ratio 

 

 

 

 

 

 

 

 

 

 

 

 

1 Toxicity resistence= LC50 of insecticide/ LC50 of Chlorpyrifos. 

 

 

 

 

Trade nome Active ingredient 
No. 

Insects 

LC50 (95% FI)  

mg i.a./L 

LC95 (95% FI) 

 mg i.a./L 

TR1 

(LC50) 
𝝌2 p 

Capataz ® Chlorpyrifos  927 6.10-6 (5x106 – 7x106) 3.10-5 (2x10-5-4x10-5) --- 0.346 8.95 

Deltamax 25SC Deltamethrin 805 2.10-4 (2x10-4 – 2x7.10-4) 7.10-4 (6x10-4 – 8x10-4) 26.88 0.126 8.36 

Termimax 25SC Lamba-cyhalothrin 955 9.10-5 (8x10-5 – 1x10-5) 3.10-5 (3x10-5 -4x10-7) 0.99 0.41 7.14 

Actara® 250WP Thiamethoxam 1112 3.10-2 (2.9 x10-2– 3.7 x10-2) 2.10-1(1.6 x10-1-2 x10-1) 3394.72 0.161 13.03 

Evidence® 700WG Imidacloprid 716 1.10-2 (1.2 x10-2 – 1.4 x10-2) 4.10-3 (3 x10-3-5 x10-3) 141.47 2.54 0.78 

Engeo plenoTM S Thiamethoxam + 710 2.10-4 (2x10-4 – 3x10-4) 6.10-5 (5x10-5-7.10-5) 2.10-5 0.4 4.04 

 Lamba-cyhalothrin  2.10-4 (2x10-4 – 2.3x10-4) 5.10-4 (4x10-4-5x10-4) 2.10-5 0.4 4.04 

Tracer® Spinosad 567 7.10-4 (6x10-4 – 8x10-4) 2.10-2 (2.3 x10-2-3 x10-2) 79.04 0.00316 12.36 

Delegate® Spinetoram 980 6.10-1 (6x10-1– 7.10-1) 1.78 (1.58-2.01) 70315.6 0.18 11.4 

Pirate ® Chlorfenapyr 859 1.10-1  (1x10-1-1.2x10-1  ) 3.10-2 (2.7 x10-2-4.9 x10-2) 118.71 0.345 6.69 

Benevia® Cyantraniprole 877 2.10-3(1.9x10-3- 2.2x10-3) 7.10-4 (6.10-4-8.10-4) 210.52 0.0134 9.78 
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Supplemental material (Tables) 

Table 1.  

Sub-lethal concentrations of two spinosyns determined for Drosophila suzukii adult flies . 

  

 

 

 

 

 

 

 

 

 

Active 

ingredient 

No. 
LC  

LC  (95% FI)  

mg i.a./L  
X2 p 

 Insects mg i.a./L 

Spinetoram 980 LC5 0.252 0.222-0.281 11.40 0.18 

  LC10 0.312 0.280-0.344   

  LC20 0.404 0.370-0.440   

  LC60 0.776 0.720-0.836   

Spinosad 567 LC5 2.10-4 2.10-4-2.10-4 12.36 0.13 

  LC10 2.10-4 2.10-4-3.10-4   

  LC20 3.10-4 3.10-4-4.10-4   

  LC60 9.10-4 8.10-4-9.10-4   
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Table 2. 

Number of third instar larvae of C.  capitata offered to surviving adults of D. longicaudata, after exposure to different concentrations of spinosyns. 

Insecticide Concentration 
Number of larvae 

exposed 
Number of pupae  pupation rate (% ) Larval mortality  % 

Total number 

emerged parasitoids 

Spineteram LC0 207 207 100 0 131 

  LC10 202 202 100 0 165 

  LC20 215 215 100 0 167 

  LC60 200 192 96 4 131 

  TOTAL 824 816 99.0 1 594 

Spinosad LC0 194 191 98.5 1.5 146 

  LC10 165 155 93.9 6.1 137 

  LC20 194 189 96.9 3.1 173 

  LC60 183 178 97.3 2.7 161 

  TOTAL 736 713 96.7 3.3 617 
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Table 3. 

Lethal (LC60) and sublethal (LC10, LC20) effects on progeny, adult (F1 generation) of Diachasmimorpha longicaudata (Hymenoptera: Braconidae) to spinosyns 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

a. 

* The same control value was taken into account for all analyses and calculations. 

a. Percentage of third instar larvae of Ceratitis capitata killed. 

b. Percentage of C. capitata third instar larvae that developed in pupae 

c. Percentage of total adults of D. longicaudata obtained from pupae of C. capitata 

d. Total percentage of non-viable parasitoids D. longicaudata; considered as developed parasitoids, but dead inside the host pupa. 

e. Consider superparasitism, when after dissection the pupa was totally empty. 

f. At the time of dissection, the parasitoid was alive, but its immature state did not allow the sex to be identified. 

g. Pupa not parasitized, in this case, an adult of C. capitata was obtained. 

h. Sex ratio, calculated as follows: Number of females over the total number of emerged insects. 

 

There is a photographic plate to supplement the table 3. 

 

 

Insecticide Concentration 
Larval mortalitya  

% 

Pupationb 

% 

Total 

Emergencec  

% 

Inviabilityd 

% 

Superparsitisme 

% 

Viable without 

Emergencef   

% 

No parasitoidsg  

% 
Sex ratioh 

Spinetoram LC0
* 0.75 99.25 ± 1.35 69.50 ± 3.16 7.25 ± 1.50 6.125 ± 1.01 1.375 ± 0.49 0.125 ± 0.077 0.49 ± 0.04 

 LC10 0.00 100 ± 0.00 81.59 ± 2.79 4.75 ± 0.625 2.75 ± 1.125 1.75 ± 0.56 0.00 ± 0.00 0.39 ± 0.02 

 LC20 0.00 100 ± 0.00 77.47 ± 3.87 4.00 ± 0.75 5.50 ± 0.625 0.50 ± 0.37 2.00 ± 0.75 0.30 ± 0.01 

 LC60 4.00 96 ± 2.00 67.65 ± 6.18 10.25 ± 3.19 3.25 ± 1.19 0.50 ± 0.37 1.25 ± 0.93 0.43 ± 0.04 

Spinosad LC0
* 0.75 99.25 ± 1.35 69.50 ± 3.16 7.25 ± 1.50 6.125 ± 1.01 1.37 ± 0.49 0.125 ± 0.077 0.49 ± 0.04 

 LC10 6.10 93,9 ± 0.69 88.46 ± 2.45 4.00 ± 0.75 0.50 ± 0.375 0.00  ± 0.00 0.00 ± 0.00 0.29 ± 0.08 

 LC20 3.60 97.4 ± 0.85 91.48 ± 3.48 3.00 ± 0.75 0.25 ± 0.189 0.75 ± 0.37 0.00 ± 0.00 0.33 ± 0.08 

 LC60 2.70 97.3 ± 1.35 90.36 ± 3.82 3.50 ± 1.25 0.25 ± 0.189 0.50 ± 0.37 0.00 ± 0.00 0.22 ± 0.06 



98 

 

 

 

 

 

  



99 

 

 

 

Figures captions 

 

Figure 1. Parental longevity of Drosophila suzukii (F0) exposed to sublethal concentrations 

(LC0, LC5, LC10, and LC20) of spinosyn insecticides. A. Females) and B. Males, exposed to 

spinetoram; C. Females and D. Males exposed to spynosad. 

 

Figure 2. Fresh weight of Drosophila suzukii adults exposed to low concentrations (LC0, LC5, 

LC10, and LC20)of spinosyns. A. Pupae. B. Adults spinetoram and C. Adults spinosad. 

 

Figure 3. Total number A-D. Number of females; B-E. Males; C-F. Total of emerged progeny 

flies of 5-7 days old mated Drosophila suzukii exposed to low concentrations (LC0, LC5, LC10, 

and LC20) of spinosyns. 

Figure 4. . Number of oviposition scars per pupae. of D. longicaudata adultos survivors 72 

hours, of exposure to lethal LC60 and sublethal LC10 and LC20. concentrations of spinosyns. 

 

Figure 5. Progeny of D. longicaudata when parents were exposed to concentrations LC10, LC20, 

and LC60 of spinosyns. A. Total emergency; B. Sex ratio; C. Parasitism total. 

 

Figure 6. Progeny total of D. longicaudata when parents were exposed to concentrations LC10, 

LC20, and LC60 of spinosyns. A. Emergency rate spinetoram; B. Emergency rate spinosad. 

 

Figure 7. Total emergence of D. longicaudata when parents were exposed to LC10. LC20 and 

LC60 concentrations of spinosyns. A-C. Daily emergence of females and males; E-G. 

Cumulative emergence of females and males. exposed to spinetoram. B-D. Daily emergence of 

females and males; F-H. Cumulative emergence of females and males, exposed to spinosad. 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Table 3. Summary of the nonlinear regression analyses of the curve shown in Fig. 7. 

 

Concentration 
 insecticide 

Estimated 
parameters * 

Daily emergency 
Males spinetoram (Fig. 7C) 

Daily emergency 
Males spinosad (Fig. 7D) 

   
Value (95% CI) t- value P Value (95% CI) t- value P 

LC0 a 3.791 (3.119-4.463) 12.766 <0.0001 11.026 (10.287-11.765) 33.753 <0.0001 

LC10  29.266 (-187.841-246.373) 0.3005 0.7673 12.566 (11.613-13.519) 29.834 <0.0001 

LC20  19.122 (12.909-25.334) 6.963 <0.0001 14.161 (12.772-15.551) 23.051 <0.0001 

LC60  16.719 (-64.711-98.150) 0.464 0.6533 14.174 (12.901-15.446) 25.194 <0.0001 

LC0 b 1.029 (0.806-1.251) 10.459 <0.0001 0.826 (0.760-0.892) 28.392 <0.0001 

LC10  0.346 (1.058-1.749) 0.557 0.5912 0.757 (0.678-0.835) 21.903 <0.0001 

LC20  0.479 (0.287-0.671) 5.64 0.0003 0.761 (0.675-0.848) 19.862 <0.0001 

LC60  0.378 (-0.786-1.542) 0.735 0.481 1.039 (0.831-1.248) 11.282 <0.0001 

LC0 X0 2.383 (2.173-2.593) 25.653 <0.0001 1.908 (1.841-1.975) 64.462 <0.0001 

LC10  2.321 (0.868-3.774) 3.614 0.0056 1.644 (1.584-1.704) 61.985 <0.0001 

LC20  2.202 (1.949-2.456) 19.672 <0.0001 1.853 (1.761-1.945) 45.541 <0.0001 

LC60  2.346 (1.398-3.294) 5.597 0.0003 1.367 (1.171-1.563) 15.774 <0.0001 

  

Accumulated emergency 
Males spinetoram (Fig. G) 

Accumulated emergency 
Males spinosad (Fig. 7H) 

   Value (95% CI) t- value P Value (95% CI) t- value P 

LC0 Y0 4.961 (-7.881 -2.042) -3.844 0.0039 23.369 (-27.301 -19.437) -13.445 <0.0001 

LC10  74.090 (-79.627 -68.552) -30267 <0.0001 28.546 (-41.151 -15.942) -5.123 0.0006 

LC20  40.562 (-47.543 -33.581) -13.144 <0.0001 34.682 (-37.580 -31.784) -27.076 <0.0001 

LC60  23.565 (-30.551 -16.579) -7.631 <0.0001 18.036 (-21.519 -14.552) -11.712 <0.0001 

LC0 a 15.767 (13.006-18.527) 12.919 <0.0001 46.986 (43.115-50.856) 27.46 <0.0001 

LC10  99.347 93.846-104.848 40.852 <0.0001 52.531 (40.035-65.027) 9.51 <0.0001 

LC20  68.899 (62.044-75.755) 22.736 <0.0001 62.925 (60.061-65.789) 49.7 <0.0001 

LC60  41.393 (34.556- 48.229) 13.696 <0.0001 49.764 (46.333-53.195) 32.812 <0.0001 

LC0 b 0.579 (0.505-0.653) 17.673 <0.0001 0.375 (0.348-0.402) 31.5 <0.0001 

LC10  0.254 (0.241-0.267) 43.271 <0.0001 0.289 (0.225-0.352) 10.274 <0.0001 

LC20  0.398 (0.364-0.432) 26.572 <0.0001 0.329 (0.316-0.343) 65.789 <0.0001 

LC60  0.426 (0.367-0.484) 16.384 <0.0001 0.370 (0.348-0.392) 37.505 <0.0001 

* Coefficients from the three parameters log-normal model 𝑦 =
𝑎

𝑥
exp [−0.5 (

𝐼𝑛𝑥/𝑐

𝑏
)
2
]. The Parameters characterize attributes 

of the curves. where a is the maximum value of dependent variable. b is the localitation of the peak response value on the time 

axis and c is the skewness (or rate of change) of the response as a function of time. Parameter values followed by different 

letters in the columns were significantly different (based on non-overlapping of confidence limits) 
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Table 4. Summary of the nonlinear regression analyses of the curve shown in Fig. 7. 

 

Concentration 

 insecticide 

Estimated 

parameters * 

Daily emergency 

Females spinetoram (Fig. 7A) 

Daily emergency 

Females spinosad (Fig. 7B) 

   
Value (95% CI) t- value P Value (95% CI) t- value P 

LC0 a 
4.836 (3.391-6.281 ) 7.571 <0.0001 3.530 (2.426-4.635) 7.231 <0.0001 

LC10  
3.745 (2.492-4.997) 6.761 <0.0001 4.153 (3.559-4.747) 15.817 <0.0001 

LC20  
3.287 (2.132-4.442) 6.44 0.0001 7.578 (6.668-8.487) 18.842 <0.0001 

LC60  
4.840 (3.748-5.932) 10.027 <0.0001 2.785 (2.044-3.526) 8.505 <0.0001 

LC0 b 
1.556 (0.237 -6.554) 6.554 0.0001 1.180 (0.754-1.607) 6.263 0.0001 

LC10  
1.663 (1.020-2.306) 5.581 0.0002 0.820 (0.682-0.958) 13.476 0.0001 

LC20  
1.500 (0.891-2.108) 5.576 0.003 0.736 (0.625-0.847) 15.018 0.0001 

LC60  
(1.023 0.757-1.289) 86.999 <0.0001 1.041 (0.721-1.362) 7.35 0.0001 

LC0 X0 
5.240 (4.703-5.777) 22.08 <0.0001 5.217 (4.790-5.643) 27.679 <0.0001 

LC10  
5.334 (4.692-5.977) 18.787 <0.0001 5.307 (5.174-5.440) 90.314 <0.0001 

LC20  
5.380 (4.772-5.989) 20.011 <0.0001 4.445 (4.358-4.531) 115.763 <0.0001 

LC60  
4.836 (4.570-5.103) 41.007 <0.0001 4.415 (4.096-4.734) 31.286 <0.0001 

  

Accumulated emergency 

Females spinetoram (Fig. 7E) 

Accumulated emergency 

Females spinosad (Fig. 7F) 

   Value (95% CI) t- value P Value (95% CI) t- value P 

LC0 Y0 
6.702 (-12.304-1.100) -2.706 0.0241 4.266 (-8.291 -0.242) -2.398 0.04 

LC10  
5.788 (-10.895 -0.681) -2.564 0.0305 3.988 (-8.510 -0.534) -1.995 0.0772 

LC20  
4.804 (-9.403 -0.204 ) -2.363 0.0424 8.197 (-17.421 -1.027) -2.01 0.0753 

LC60  
(5.783 (-11.436 -0.130) -2.314 0.0459 3.800 (-6.959 -0.641) -2.721 0.0236 

LC0 a 
38.699 (25.143-52.256) 6.458 0.0001 23.821 (11.747-35.896) 4.463 0.0016 

LC10  
30.428 (18.117-42.740) 5.591 0.0003 18.602 (10.096-27.107) 4.497 0.0008 

LC20  
23.124 (14.741-31.506) 6.24 0.0002 25.772 (18.451-33.093) 7.964 <0.0001 

LC60  
24.361 (17.549-31.172) 8.09 0.0459 14.092 (11.452-16.731) 12.077 <0.0001 

LC0 b 
0.886 (0.791-0.982 ) 20.948 <0.0001 0.895 (0.777-1.013) 17.175 <0.0001 

LC10  
0.886 (0.775-0.997) 18.08 <0.0001 0.875 (0.724-1.027) 13.075 <0.0001 

LC20  
0.874 (0.751 - 0.997) 16.069 <0.0001 0.775 (0.608-0.942) 10.503 <0.0001 

LC60  
0.852(0.721-0.982) 14.748 <0.0001 0.816 (0.703-0.929) 16.293 <0.0001 

* Coefficients from the three parameters log-normal model 𝑦 =
𝑎

𝑥
exp [−0.5 (

𝐼𝑛𝑥/𝑐

𝑏
)
2
]. The Parameters characterize attributes 

of the curves. where a is the maximum value of dependent variable. b is the localitation of the peak response value on the time 

axis and c is the skewness (or rate of change) of the response as a function of time. Parameter values followed by different 

letters in the columns were significantly different (based on non-overlapping of confidence limits) 
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Abstract 

 

Integrated management of Drosophila zusukii is based on the use of synthetic insecticides, 

mainly from the spinosyns group. Considering that spotted wing drosophila is an exotic pest 

that can cause great damage to Brazilian fruit growing, it is necessary to seek new strategies for 

its control. In recent years, the use of natural products has aroused much interest in the use of 

essential oils and their major components for the control of agricultural pests. In addition to 

having insecticidal properties, these products are environmentally friendly, resistance has not 

yet been reported and they can be included in IPM. However, most research focuses mainly on 

their lethal activity, and side effects are underestimated. Thus, our first objective was to 

determine the dose-response curve of sweet orange essential oil Citrus sinensis (L.) Osbeck and 

its major component (R)-(+)-Limonene in 7-day-old adults. We subsequently selected low 

concentrations (Control LC0, LC1, LC5, LC10; LC20) of both the essential oil and the major 

compound, and 7-day-old adult flies were exposed for 48 hours. We determined the longevity 

of exposed adults, as well as the fertility, and weight of pupae and adult offspring. Our results 

show that orange EO is more toxic than its major compound, although both showed insecticidal 

activity for control of adult D. suzukii flies. On the other hand, it was observed that at low doses 

of the essential oil the longevity of exposed adults was prolonged, and the opposite effect 

occurred when exposed to limonene. In both cases, total fertility was affected. Our results 

demonstrate that the use of EOs is an optimal alternative for the control of adult flies, there are 

hormetic responses when exposed to low concentrations, and further studies should be 

developed for other life stages of the insect, as well as the type of formulation. 

 

Keywords: Bioinsecticide, Hormesis, Spotted wing drosophila, Toxicity, Low-concentration. 
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Introduction 

 

The use of synthetic insecticides is considered the most effective strategy for controlling 

agricultural pests compared to other alternatives. However, the misuse of pesticides, along with 

other factors such as climatic variables (Deutsch et al. 2018),  has changed this situation, 

causing pests to develop resistance to chemical molecules, resulting in less effective pest control 

(Matzrafi 2019, Pu et al. 2020). In addition to accumulating in the environment, pesticide 

residues can cause various problems, including human health problems, loss of natural 

predators, and contamination of water, soil, and food. These residues can indirectly affect target 

pests by creating stimuli that alter the biology and reproduction of the species. This 

phenomenon is called the hormetic effect (Papanastasiou et al. 2017, Tjaden et al. 2018, Haddi 

et al. 2020, Guedes et al. 2022). As a result, researchers are exploring alternatives to 

conventional pesticides for pest control, leading to a growing interest in natural-source 

pesticides. One of the most effective alternatives is the use of essential oils that have insecticidal 

properties and can fit into IPM strategies(Koul et al. 2008). Essential oils (EOs) are volatile 

substances extracted from various plant parts, mainly flower, leaf, and root (O’Bryan et al. 

2015). They have a low molecular weight and are composed of alkaloids, tannins, steroids, 

glycosides, resins, phenols, essential oils, and flavonoids (Asgari Lajayer et al. 2017).  

Essential oils have historically been used in medicine, perfumery, cosmetology, and the 

culinary industry (Bolouri et al. 2022). However, as they are considered safer and more 

environmentally friendly than synthetic insecticides(Koul et al. 2008), research into their 

insecticidal properties has intensified in recent years. The best-known mechanisms of action of 

EOs act as neurotoxicants and repellents. In many cases, the visible symptoms of the 

insecticidal activity of EOs are hyperactivity, convulsions, tremors, and paralysis (Shaaya and 

Rafaeli 2007). Nevertheless, the mechanisms of toxic action of ECs have not been fully 

elucidated to date. Citrus, a genus in the Rutaceae family, is the most widely cultivated fruit in 

the world (Moore 2001). Due to its chemical composition of secondary metabolites, C. sinensis 

has been the subject of extensive research by the pharmaceutical industry. Numerous chemical 

compounds have been discovered in the fruit, peel, leaves, juice, and roots of C. sinensis., 

including flavonoids, steroids, hydroxyamides, alkanes, fatty acids, coumarin, peptides, 

carbohydrates, alkylamines, carotenoids, and other volatile compounds. These substances have 

various applications, such as fungicides, antibacterials, acaricides, nematicides, and insecticides 

(Kelebek and Selli 2011, Favela-Hernández et al. 2016). These biological activities are often 
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ascribed to the existence of compounds like α-pinene, β-pinene, β-myrcene, and predominantly 

Limonene, which is its major compound and typically comprises more than 80% (v/v). These 

compounds have demonstrated lethality towards several insect pest species, including Aedes 

aegypti, Sitophilus zeamais, and Drosophila suzukii (Lourenço et al. 2018, de Souza et al. 

2022a, Wangrawa et al. 2022, Fouad et al. 2023). Nonetheless, the impact on organisms 

exposed to low concentrations remains unknown. 

Drosophila suzukii (Matsumura, 1931), the spotted wing fly, of Asian origin, entered 

Brazil in 2013 (Deprá et al. 2014). An exotic pest with a preference for red fruits. Considering 

that Brazil is the third largest fruit-producing country in the world, its importance lies in the 

oviposition capacity of the females inside healthy fruits, because it has a sclerotized and sawed 

ovipositor. The larvae develop inside the fruit by feeding on the pulp, making them lose their 

commercial value. The pupal stage usually occurs on the ground, from where the adults emerge 

again to complete a new cycle. It has a short life cycle of approximately 10-12 days at an 

average temperature of 25oC. Integrated management of this pest is mainly based on cultural 

practices and the use of synthetic insecticides such as spinosyns (Andreazza et al. 2016, 

Schlesener et al. 2018, Gress and Zalom 2019). 

Therefore, in this research we investigated the lethal effect and after-effects of adult 

flies D. suzukii exposed to low concentrations of sweet orange EO Citrus sinensis (L.) Osbeck 

and its major component Limonene. We documented the response in adult longevit, and the 

body mass of pupae and adult progeny. 

 

Material and Methods 

 

Essential Oil-EO 

 

The EO of Citrus sinensis (L.) Osbeck (Sapindales: Rutaceae) was commercially 

purchased in 10 ml sealed amber bottles from WNF Indústria e Comercio Ltda (WFN 2022). 

The major component (R)-(+)-Limonene 97% was acquired from Sigma-Aldrich warrants.  

 

 

Chemical characterization 

 



115 

 

 

 

Furthermore, the chemical identification of the constituents was performed by gas 

chromatography coupled to mass spectrometry (GC-MS), using a model QP 2010 Plus 

equipment (Shimadzu Corporation, Kyoto, Japan) operating with a capillary column of fused 

silica (30 m × 0.25 mm) with a DB-5 bound phase (film thickness, 0.25 µm). Helium was used 

as carrier gas at a flow of 1.0 mL min−1. Injector and detector temperatures were 220 and 240 

◦C, respectively. The sample injection volume was 0.5 µL, diluted in hexane (1%) (Sigma-

Aldrich®, St. Louis, MO, USA) and injection volume partition ratio (split) of 1:100. 

Temperature ramp started at 60 ◦C, with an increase at a rate of 3 ◦C min−1 to 240 ◦C, followed 

by an increase at 10 ◦C min−1 until reaching 300 ◦C, with the final temperature maintained for 7 

min. Column pressure was around 71.0 kPa. The mass spectrometer was operated with an 

ionization potential of 70 eV and an ion source temperature of 200 ◦C. The mass analysis was 

performed in full-scan mode, ranging from 45 to 500 Da, with a scan speed of 1000 Da s−1 and 

a scanning interval of 0.5 fragments s−1. Data were obtained and processed using the Lab 

Solutions LC/GC Workstation 2.72 software (Shimadzu, Kyoto, Japan). The retention index of 

the compounds was calculated in relation to a homologous series of n-alkanes (nC9–nC18), using 

the equation of Van den Dool and Kratz (van Den Dool and Dec. Kratz 1963). The identification 

of compounds was performed by comparing the calculated retention indices with those 

described in the literature(Adams 2007). Comparisons of the mass spectra obtained with those 

existing in the FFNSC 1.2, NIST107 and NIST21 libraries were also performed. Quantitative 

analysis was performed by gas chromatography with a flame ionization detector (GC-FID), 

using model GC-2010 equipment (Shimadzu Corporation, Kyoto, Japan), with experimental 

conditions identical to those used in the qualitative analysis, except the detector temperature, 

which was 300◦C and acetylene was used as carrier gas. The relative percentages of each 

constituent were obtained by the area normalization method. 

 

Bioassay of essential oils toxicity to Drosophila suzukii  

 

Bioassays of concentration-mortality were carried out on the essential oil of orange and 

its main constituent was conducted to determine the contact and ingestion of lethal activity D. 

suzukii adults. The colony of D. suzukii, used in the experiments is kept in a rearing facility in 

the laboratory of Molecular Entomology and Eco-Toxicology (MEET) of the Entomology 

Department at the Federal University of Lavras, Lavras (Minas Gerais-Brazil). Adult exposure 

was performed according to IRAC (Insecticide Resistance Action Committee -IRAC) protocol 
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No.26 with adults of Musca domestica L. (Diptera: Muscidae), with slight modifications 

described below (IRAC 2006, de Souza et al. 2022). Firstly, pre-tests with logarithmically 

spaced concentrations of EO were carried out to determine the range of concentrations causing 

between 0 and 100% mortality. Once that mortality range was obtained, seven concentrations 

within it were used to determine the dose-response curve. The serial concentrations were 

prepared by diluting to the final concentration the corresponding EO volumes in dimethyl 

sulfoxide DMSO (2.5% v/v) and a sugar solution (20% w/v). Then, dental cotton rolls (2 cm) 

were impregnated with 2.2 mL of the prepared serial dilutions of the EO and placed in 200 mL 

glass flasks. The negative control, was the DMSO (2.5% v/v) in sugar solution (20% w/v). 

Subsequently, for each repetition, 20 to 25 non-sexed flies of the same age (7 days) were 

introduced into each glass flask. Four repetitions for each concentration were used. The flasks 

were closed with foam plugs and kept in a BOD at 23 ± 2oC, 60 ± 5% relative humidity (RH) 

and 12H scotophase. Mortality was evaluated after 48 hours of exposure. Flies were considered 

dead if they did not show any movement even after being podded with a fine brush. 

 

Exposure of D. suzukii adults’ to essential oils low concentrations 

  

After determining the dose-response curve of orange essential oil and its main 

compound limonene, the following concentrations were selected: LC0 (control water + DMSO), 

LC1, LC 5, LC 10 and LC 20 were selected to assess the effect of low dose exposure on the survival 

and reproductive output of exposed flies. The exposure was performed as previously described, 

with the difference that females and males of the same age (5-7 days) were exposed separately 

to each concentration, following the methodology of Pineda et al., (2023). After 48 hours, 

mortality was evaluated and the survivors were transferred to new containers with sugar 

solution (20% w/v). After 24 hours, ten pairs (10 females and 10 males) from each concentration 

were formed and transferred to glass containers (200 mL) with 30 mL of artificial diet (for one 

liter of water: 67 g sugar, 23 g brewer's yeast, 42 g corn flour, 15 g agar, 5.9 ml propionic acid 

and 10% nipagin), with five repetitions for each concentration (Pineda et al. 2023; Andreazza 

et al. 2016a). The daily mortality of the parents was evaluated, and every 8 days the survivors 

were transferred to new glass with diet, in order to avoid a clash between the generations. For  

three weeks, the number of flies emerging daily was counted. Additionally, the body weight of 

D. suzukii pupae and emergent adults was estimated. Fifty pupae and Fifty adults (female and 

male, separately) from each concentration were determinate. 
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Statistical analyisis  

 

Dose-mortality data were subjected to analyses to the concentration-response curve and 

chi-square (χ2) values with 95% confidence limits using the SAS V9 statistical software 

package (SAS Institute, Cary, NC, USA). The results of the survival were subjected to survival 

analysis using Kaplan-Meier estimators (Log-rank method) with SigmaPlot 12.0 (Systat 

Software, San Jose, CA, USA). The total number of flies that emerged, pupal and adult weights 

were subjected to univariate analysis of variance (ANOVA) or a Kruskal-Wallis one-way 

ANOVA on ranks, when the assumptions of normality and homoscedasticity were not satisfied. 

Pairwise comparisons were performed using pairwaise multiple comparison analysis of means 

Holm-Sidak method; Tukey's analysis or Dunn's Method (p ≤ 0.05). 

 

Results 

 

Chemical characterization of the essential oil 

 

The chemical characterization showed that six different monoterpenes were present. The 

main component was Limonene (95.29%), followed by β-pinene (1.29%), ϓ-terpinene 

(1.22%), p-cymene (0.94%), myrcene (0.75%) and α-pinene (0.51%) (Table 1).  

 

Toxicity bioassays 

 

The mean lethal concentrations (LC50) estimated for the essential oil, and main 

constituents against adult’s D. suzukii are presented in Table 2. The lethal concentration LC50, 

indicated that orange EO (0.33 μl.mL-1) was more toxic than its major component Limonene 

(8.12 μl.mL-1). 

 

Effects of low concentrations of D. suzukii flies 

 

Adults’ Longevity  

 

Longevity (LT50) of D. suzukii adults exposed to sweet orange essential oil had a longer 

mean lifespan when exposed to limonene. Thus, the essential oil of orange showed significant 
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differences in the mean life span of the females and males exposed at the following 

concentrations tested LC0, LC1, LC5, LC10 and LC20 (♀: χ2 = 11.395, df = 4, p= 0.022; ♂: χ2 = 

38.254, df = 4, p <0.001) (Figures 1A-C). In both cases, there was an increase in the average 

life expectancy of adults with LC20 (♀LT50= 21.841 ± 1.559 d; ♂ LT50= 22.347 ± 1.822 d) and 

LC1 (♀LT50= 22.689 ± 1.215 d; ♂ LT50= 17.061 ± 1.453 d) in comparison with the control 

group LC0 (♀LT50= 17.868 ± 0.903 d; ♂ LT50= 12.351 ±0.879 d). In contrast, when exposed to 

the main compound in orange essential oil, adults of the same age were exposed to Limonene. 

So, in females there was no statistical difference in the half-life (♀: χ2 = 1.984, df = 4, p = 0.739) 

(Figures 1B)., but in males the difference was evident (♂ χ2 = 31.880, df = 4, p < 0.001) (Figures 

1D), because the half-life decreased as the lethal concentration increased LC10 (LT50= 6.968 

±0.477 d), LC20 (LT50= 7.422 ± 0.633 d) LC0 (LT50= 12.351 ±0.879 d). 

 

Body mass of pupae and adults 

 

There were statistical differences in the body mass of pupae exposed to orange EO (F = 

7.628; df = 4; p < 0.001) compared to those exposed to the majority component Limoneno (F = 

6.870; df = 4; p = 0.143) (Figure 2A). In relation to the weight of adults from parents exposed 

the same treatments, the females of the adults that were exposed to limonene (H = 6.350; df = 

4; p = 0.175) had a higher body mass than those that were exposed to orange essential oil (H = 

12.824; df = 4; p = 0.012) (Figure 2B-C). Interestingly, the opposite effect was observed in the 

offspring exposed to limonene (H = 10.479; df = 4; p = 0.033), where the males had a greater 

body mass in relation to the females (Figure 2B-C). 

 

Adult fertility  

 

The effective fertility of adults exposed to orange EO and its major compound, 

limonene, was determined using daily offspring counts. Weekly values for each sex (D8; D16 

and D24) were used for the analyses (Figure 3). Concerning the female offspring, only for the 

orange EO on D16 (F=3.080; df = 4; p = 0.033) (Figure 3A) there were statistical differences 

regarding the concentrations LC1 (91,200 ± 10,185) and LC5 (45,600 ± 12,848). On the other 

hand, in the male offspring, significant statistical differences were found in the first week D8 

(F=3.653; df = 4; p = 0.017) (Figure 3C) for the EO orange and its main component Limonene 

(F=3.027; df = 4; p = 0.035) (Figure 3D). Finally, the analysis of variance of the total emergence 
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(sum of females and males) showed no statistical difference in any of the cases, for the orange 

EO, in contrast to the offspring exposed to limonene, where a difference was detected at D16 

(F=2.728; df = 4; p = 0.050) and D8+d16 (F=11.520; df = 4; p = 0.021) (Figure 3E-F). 

 

Discussion 

 

The insecticidal properties of orange EO and its major constituent, Limonene, have been 

previously reported for controlling various insect pests. However, here we show that despite its 

toxicological efficacy in the control of D. suzukii adults, when exposed at low concentrations, 

there are positive changes in the survival of exposed adults. In addition, the EO promoted 

positive responses in the weight of pupae and adult offspring, while the major compound, 

Limonene, had a direct effect on fertility. EOs are classified as biopesticides, according to the 

US Environmental Protection Agency (EPA). They are defined as products whose active 

ingredients are derived from natural materials. There are currently 10 products with commercial 

essential oil formulations, including orange peel-based PREV-AM® with 5-6% essential oil and 

XT-2000 Orange Oil Plus with 95% d-limonene (Isman 2020, EPA 2022, Assadpour et al. 

2023). This makes EOs suitable for inclusion of Integrated Pest Management, not only because 

they are toxic to key insects, but also they are compatible with controlling species and, above 

all, environmentally friendly (Isman 2016, Andreason et al. 2018, Abubakar et al. 2020). 

The insecticidal properties of orange essential oil and its primary constituent Limonene 

have been previously documented for the management of numerous insect pests (Isman et al. 

2011). However, we show here that although it is highly toxic for the control of D. suzukii adult 

insects, at low concentrations, there are beneficial changes in the viability of exposed adults. In 

addition, the EO of orange showed a beneficial effect on the weight of the pupae and adult 

offspring, while the main compound had a direct effect on fertility. The results show that the 

essential oil of orange was eight times more toxic (LC90 = 1.004 μL.mL-1) than the parent 

compound limonene (LC90 = 8.52 μL.mL-1) (Table 2). It is worth mentioning that the insects 

were exposed mainly by ingestion, and to a lesser extent by tarsal contact. Direct ingestion of 

the EO or limonene ensured an efficient toxic action. Souza et al (2022) reported that this 

method of application of three EOs (Illicium verum, Myristica fragrans and Schinus molle) 

caused damage to various organs and tissue alterations in D. suzukii that were exposed. Both 

Limonene and EO orange have already been reported for the control of other Diptera such as 

(Klauck et al. 2018), Haematobia irritans irritans, Musca domestica (Muscidae) (Espinoza et 
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al. 2021), Aedes aegypti (Palacios et al. 2009) and Culex quinquefasciatus (Culicidae) (Pavela 

et al. 2014), Bactrocera dorsalis (Wen et al. 2021) and Ceratitis capitata (Tephritidae) (Kumar 

et al. 2012, Benelli et al. 2021, Jaffar and Lu 2022) 

Despite presenting a remarkable efficiency as an insecticide, when adults of spotted-

wing Drosophila are exposed to low concentrations, this stressor triggers biostimulant effects 

that are directly related to behavioral, biological, and reproductive alterations, this phenomenon 

is known as hormesis (Calabrese 2016, Calabrese et al. 2018), is widely documented in 

insecticides. However, we demonstrated that in the case of orange essential oil when adults of 

D. suzukii were exposed to LC1, the longevity of females and males was increased and was 

reflected in the fertility D8 and D16 (Figure 3A-C) (Haddi et al. 2015, 2016, Tang et al. 2019, 

Cutler et al. 2022, Rix et al. 2022). Interestingly, the opposite effect occurred with males 

exposed to low concentrations of limonene which, although they presented a shorter life span, 

differences in total fertility were evidenced (Figure 3A-C). Adverse effects on nutrition and 

reproduction of species such as Spodoptera frugiperda (Cruz et al. 2016), and mortality in third-

instar larvae of Aedes aegypti when exposed to limonene(Hardstone et al. 2010, Nascimento et 

al. 2017) have already been reported. 

Variations were evident in relation to the body weight of pupae; for example, in pupae 

and female offspring of flies exposed to LC20 of essential oil, the weight was lower and, 

curiously in the case of limonene, adult males presented a slight increase, when compared to 

the control (Figure 2A) We consider that there may be compensation or decompensation in the 

body mass of the offspring, resulting from intoxication at low concentrations of the essential 

oil and its major component. Some reviews mention that in several cases, essential 

oils/components can be phytotoxic at high concentrations to plants, and beneficial to plants at 

low concentrations (Calabrese, 2008). However, despite the evidence, there is still much 

research to be done regarding all the effects that hormesis can cause, as well as their 

mechanisms of action. The bioinsecticides such as essential oils and their major compounds 

have multisite action, affecting different metabolic pathways, depending on the type of 

application and life stage of the pest. Thus, monoterpenes are considered effective larvicide 

(Cheng, Chang, et al. 2009, Cheng, Huang, et al. 2009, Aciole et al. 2011, Lima et al. 2011). 

Many accounts mention significant physiological, biological and behavioral effects on larvae 

and adults of culicidae (Magalhães et al. 2010). On the other hand, histological studies 

demonstrated that the mesenteron histology of A. aegyptii larvae exposed to R-limonene 

exhibited an increase in epithelial cells (Calabrese 2008, Ray et al. 2009, Oliveira et al. 2021). 
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Recent studies confirm that histological analysis showed alterations in the epithelium and 

carbohydrate distribution in the midgut, as well as a reduction in the size of adipose cells and 

thoracic muscle fibers of D. suzukii exposed to low concentrations of I. verum essential oil (de 

Souza et al. 2022). In this sense, this would explain the difference in body mass between pupae 

and adult offspring of adults exposed to low concentrations of orange EO and limonene. The 

obtaining and absorption of nutrients, takes place in the midgut, which in turn is covered by the 

peritrophic membrane whose function is to protect the mesenteron from abrasive particles, and 

external infections, therefore in immature stages determines the energy reserves of adult insects 

(Chapman 2013, Perumalsamy et al. 2013, Nation 2022) If, limonene in lethal doses causes a 

process of cellular apoptosis that directly compromises the physiology and function of the 

insect, however, in small doses the effects can be visualized in body deformations, less adipose 

tissue in pupae and adults, as we demonstrated in this study. 

Finally, we suggest that the accumulation of monoterpenes such as Limonene and EOs, 

accumulate in the epithelial cells of the intestine, and the damage is greater when the insect 

acquires these compounds by ingestion, interrupting the normal process of digestion and 

absorption of nutrients for the normal development of insects. Now, an important point that has 

been little researched is the most efficient way to produce products formulated with essential 

oils, partly due to the low physicochemical stability, high volatility, thermal decomposition and 

low solubility in water. Nano-formulations are an alternative that can allow more efficient uses 

of these biomolecules to improve physicochemical characteristics and maintain insecticidal 

properties (Echeverría and Albuquerque 2019, Sharma et al. 2020, Caetano et al. 2022, Gupta 

et al. 2023). In any case, further studies are needed to dissualidate the best functioning of the 

mechanisms of action, at different stages of the insect. It is also necessary to determine the best 

methods of application to make these biopesticides efficient. 

 

Conclusions 

 

Our research shows that in addition to essential oil and its main component Limonene 

have insecticidal properties for the control of adults of D. suzukii. However, when adults of D. 

suzukii were exposed to sublethal concentrations, hormetic effects were observed. In females 

and males, the mean lifespan increased when exposed to EO, and interestingly the opposite 

effect occurred in males when exposed to LC10 of the major compound Limonene. It was also 

shown that as the sublethal dose increased the weight of pupae and adult offspring of adults 



122 

 

 

 

exposed to low concentrations of EO was lower. Finally, significantly more adults were found 

from the progeny of adults exposed to LC1 of EO, while the progeny that stood out for the major 

compound Limonene was LC20. EOs, the majority compounds can also stimulate the 

reproduction and half-life of spotted-wing drosophila when exposed to low concentrations. 

Thus, further research should be conducted to determine the mode of action, type of 

formulation, type of application and all possible risks they may cause, before they are included 

as part of integrated management program strategies. 
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Table 1. Chemical composition of sweet orange Citrus sinensis (L.) Osbeck essential oil. 

Retention Time 

(min) 
RIexp RItab Constituents 

Porcentage 

% 

6.415 934 932 α-Pinene  0.5100 

7.747 979 974 β-Pinene  1.2900 

8.005 988 988 Myrcene 0.750 

9.286 1025 1.020 p-Cymene 0.9400 

9495 1030 1024 Limonene 95.29 

10543 1058 1.054 ϓ-Terpinene  1.22 

Where: RIex pis the experimental retention index and RItab is the index tabulated in the literature. 

In bold are the components considered to be majors. 
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Table 2. Lethal and sublethal toxicity of orange C. sinensis (L.) Osbeck essential oil and its 

major compound Limonene to adults Drosophila suzukii 

 

 

 

Compound 
Concentration 

lethal 

Concentration 

lethal 
n 

Fiducial range 

X 2 P 
μl.mL-1  95% 

C. sinensis   1138  12.9724 0.1639 

 LC1 0.044  0.034 - 0.055   

 LC5 0.079  0.065 - 0.094   

 LC 10 0.108  0.092 – 0.125   

 LC 20 0.159  0.134 – 0.179   

 LC 50 0.330  0.304 – 0.358   

 LC 90 1.004  1.004 – 1.148   

(R)-(+)-Limonene   780  4.3821 0.1118 

 LC1 7.433  7.278 – 7.544   

 LC5 7.627  7.508- 7.715   

 LC 10 7.734  7.633- 7.809   

 LC 20 7.864  7.784 – 7.927   

 LC 50 8.119  8.064 – 8.175   

 LC 90 8.524  8.440 – 8.638   
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Figures captions 

 

Figure 1. Half-life (LT50) of Drosophila suzukii adults exposed to low concentrations (LC0, 

control; LC1; LC5; LC10 and LC20 ) of orange essential oil Citrus sinensis (L.) Osbeck (A-B) and its 

major component (R)-(+)-Limonene (C-D). 

 

Figure 2. Weight of Drosophila suzukii offspring of parents exposed to low concentrations 

(Control LC0; LC1 LC5 LC10 LC20 ) of orange essential oil Citrus sinensis (L.) Osbeck and its 

major component (R)-(+)- Limonene. A. Weight of Pupae; B. Weight Females; C.  

Weight Males. 

 

Figure 3. Offspring of Drosophila suzukii flies exposed to low concentrations (LC0, control; 

LC1; LC5; LC10; LC20) of orange essential oil Citrus sinensis (L.) Osbeck and its major component 

(R)-(+)-Limonene. A-B. Weekly emergence of females (mean±SE); C-D. Weekly emergence 

of males (mean±SE); E-F. Weekly emergenceTotal (Female+male) (mean±SE). 
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Abstract 

 

Temperature is the most important factor in the life development of insects because it plays a 

crucial role in their metabolic, physiological, reproductive, and behavioral processes. Exotic 

pests can adapt to diverse climatic conditions, giving rise to morphotypes, as is the case with 

Drosophila suzukii, the spotted-wing drosophila (SWD) that first arrived in Brazil in 2013. 

Thus, the present research aimed to determine the effect of two temperatures (20 and 25oC) on 

the phenotypic plasticity of D. suzukii. Adult flies from the D. suzukii stock at the Laboratory 

of Molecular Entomology and Ecotoxicology (MEET-UFLA) were acclimatized, and 

monitoring was conducted every 5 generations, from F10 to F30. We determined the life cycle, 

body mass, and longevity of adults. Additionally, we quantified morphometric parameters 

related to phenotypic plasticity: body size (thorax measurements), length, area width, shape, 

and size of wings, spot area in males, length, and number of ovipositor teeth in females. Survival 

analyses revealed that at a lower temperature, adult survival is higher. Females reared at 20oC 

stood out in relation to males, and analysis of variance for linear measurements showed 

significant differences (P<0.05) for all evaluated parameters, except for the number of 

ovipositor teeth. In males, the area of the spot on the left wing was greater at 20oC. No 

differences were observed in fluctuating asymmetry analyses; however, multivariate analysis 

demonstrated differences in wing shape between females and males. We confirmed that 

temperature effects on phenotypic plasticity, leading to changes in the morphology of the 

species, giving rise to morphotypes that easily adapt to different environmental conditions, 

ensuring reproductive success and the invasive capacity of this species. 

 

Keywords: Spotted-wing-drosophila SWD, Temperature, Wings, Ovipositor, Morphometric. 

 

Introduction 

 

In fact, in Drosophila flies, the evolution of phenotypic plasticity as a genetic expression 

has been well-documented in response to different environmental factors [8–11]. Most studies 

indicate that temperature is the environmental factor that most influences the alteration of 

physiological processes, reflected in external morphology, enabling them to survive and 

reproduce successfully [12]. Insects rely on external temperature to control their body 

temperature [13] and carry out their metabolic and physiological activities [14]. For example, 

in Drosophila melanogaster, genetic analyses demonstrate that certain chromosomal loci are 
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associated with wing shape and size, which are directly affected by temperature changes, thus 

generating population selection to ensure survival and reproductive success [15–17] 

Histological and genetic studies show that temperature-induced plasticity varies among sexes, 

developmental stages, and tissue types, with females exhibiting the most significant 

morphological changes [18]. However, some authors mention that interspecific variations 

related to phenotypic plasticity may or may not exist among individuals of the same species 

[19]. 

Currently, one of the Drosophila species that has gained importance is the Spotted Wing 

Drosophila (SWD), D. suzukii, considered a pest of Asian origin, reported in Brazil ten years 

ago [20]. The females possess a sclerotized ovipositor capable of piercing healthy fruits to lay 

eggs; subsequently, the larvae feed on the fruits, causing economic damage through the loss of 

fruit production [21–23]. This polyphagous pest shows a preference for red fruits, has a broad 

geographical distribution, and a high adaptability to different environmental conditions. 

Nevertheless, the optimal temperature for its development is 22.6°C [24]. In recent years, 

research on SWD has focused on understanding the morphological, biological, ecological, 

reproductive, and behavioral parameters of this species under different abiotic conditions [25–

28]. Among the most studied morphological parameters are the size and shape of the wings, 

legs, abdomen, and in some cases, the ovipositor [12,29–34]. Therefore, our research aimed to 

analyze the temperature effect using linear and morphometric measurements, at a 

transgenerational level, of the main morphological characteristics of male and female D. 

suzukii. 

 

Material and Methods 

 

Insect colony 

 

The flies of D. suzukii adults were used in the stock colony of the Laboratory of 

Molecular Entomology and Eco-Toxicology (MEET) of the Entomology Department at the 

Federal University of Lavras, (Lavras -MG, Brazil). The flies were maintained in plastic cages 

(10 cm height × 25 cm Ø) using an artificial diet [35–37] The cages were maintained under 

controlled conditions of temperature (T: 23 ± 2 ◦C), relative humidity (RH: 60 ± 5%) and 

scotophase (12H). 
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Adult acclimatization 

 

Twelve 5-day-old pairs were transferred from the stock colony to a 200 ml glass bottle 

with 30 ml of artificial diet and covered with foam. Three replicates were placed in biological 

oxygen demand (BOD) incubators at selected temperatures (15±1 (T15); 20±1 (T20); 25±1 (T25) 

and 30±1◦C (T30)) at 60 ± 10% rh and 12 H of photophase. After 24 hours, the adults were 

removed and transferred to a new glass bottle and checked daily for longevity. The glass bottle 

with egg clutches was left in the same conditions until new adults were obtained. Fifteen 5-day-

old pairs were transferred back to glass jars with 200 ml of diet. This procedure was performed 

for each generation to avoid the transposition of generations. The flies were reared and 

maintained in the BOD until the 30th generation, for the determination of morphological 

parameters. 

 

Bioassays  

 

Oviposition assay 

 

In a plastic cage (8 cm height × 15 cm Ø) with a window covered with cloth (5 cm x 3 

cm) to guarantee the flow of oxygen, 4 Petri dishes of 3 cm Ø were placed with 1 ml of substrate 

for oviposition (10 g agar; 5 g strawberry gelatin and 425 ml of water) [38], then 15 pairs with 

8 days of age of the first generation (F1) of each temperature (T15; T20; T25; T30) were included. 

After three hours the adults were removed, except the T15 treatment where 60 to 72 hours were 

necessary to have egg clutches. The presence of eggs was verified with the aid of a stereoscope 

(zoom 5.0x) Zeiss stemi 2000, each plate was individualized, and the plates were then placed 

under the same conditions. This procedure was repeated for 4 to 6 generations. Until larval 

hatching, hourly observations were made to determine the development time (hours) from egg 

to first instar larvae.  

 

Life cycle  

 

In glass tubes, (8.5 cm high, 2.5 cm diameter) with 1.5 ml of artificial diet and covered 

with foam, five 8-day-old, first-generation (F1) were transferred. After 12 hours, the presence 

of eggs was verified, and the adults were removed. Except for the adults exposed to 15 oC, 
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which were removed 72 hours later, due to the absence of eggs. The tubes were checked daily 

with a stereoscope to determine the time (days) of egg-adult development. This procedure was 

repeated until generation F6. The experimental design was completely randomized and 

consisted of 4 replicates for each generation, for each temperature. Each repetition consisted of 

one tube with the 5 couples as described above. 

 

Adult fly weight 

 

From the F10 generation, 10 adults between 6 and hours of emerged, of each sex per 

replicate, were sacrificed in a lethal chamber (glass tube, cotton on the base covered with white 

cardboard and impregnated with ethyl acetate.), and subsequently weighed on a Bel Automatic 

Calibration Analytical Balance M214AI. Flies were labeled and preserved in Eppendorf tubes 

with 70% alcohol for subsequent morphometric analysis. This procedure was performed 5 times 

every 5 generations (F10 to F30) and was performed only for temperatures of 20oC (T20 n=400) 

and 25oC (T25 n=395). 

 

Morphometric measurements 

 

Parameters 

 

To determine the phenotypic plasticity caused by temperature, measurements of the 

thorax and wings were determined for both sexes, in addition to the ovipositor of females. 

Adults preserved in alcohol (from the previous stage) were removed and allowed to dry at room 

temperature for 20 seconds. Then, first, the adults were placed in dorsal thorax dorsal (Txdor) 

(scutellum+post-scutellum), and lateral thorax right (Txr), thorax left (Txl) (distance between 

the anterior the pro-pleuron and posterior scutellum) (Figure 1A-B), subsequently in lateral and 

dorsal position for photography. Then, with the help of dissecting needles the wings of each 

individual were removed and fixed on glass slides with a mixture of 96% alcohol + glycerin. 

For the left and right wings of both sexes, three measurements were obtained (Figure 1D-E), 

length (from the base of the wing to the apical part at the R4+5 vein), width (middle part of the 

wing, passing through the intersection of the discal-medial and medial-cubital vein) and total 

area, in males the characteristic spot of this species was also measured (Figure 1E) [30,39]. 

Finally, in the females, after removal of the wings, the abdomen was placed in a 2 ml Eppendorf 



143 

 

 

 

tube with 0.5 ml of 10% KOH and placed in a water bath at 70oC for 30 minutes, then, with the 

help of a brush, all the tissue was removed from the sclerotized valve right to be photographed, 

the length of the left valva was determined, and the number of teeth in the sclerotized region 

was counted (Figure 1F). 

 

Photo acquisition 

 

All photographs were obtained using an industrial digital camera UA1000CA (10 

megapixel/1/2/3" Aptina CMOS sensor), coupled to a trinocular stereo microscope brand the 

Zeiss Stemi 2000-C (Germany) microscope has a zoom range of 0.65x -5.0x. Before taking the 

pictures the camera was always calibrated and placed in the same position, for all the pictures 

a scale of 1mm was used.  

 

Linear, Morphometry Geometric, and fluctuating asymmetry  

 

Measurements of the thorax, wings, and ovipositor were performed with ImageJ 

software (l.52q) [40]. Total measurements for the thorax were (n=48) for each sex (female-

male) and for each temperature (T20; T25); for the ovipositor (T20 n=70; T25 n=66). The total 

number of digitized wings was higher in males (T20 n=142; T25 n=136) than in females (T20 

n=96; T25 n=96). In order to determine the morphometric alterations in the wings of flies 

exposed to two temperatures, we first performed a fluctuating asymmetry analysis FA, as 

recommended by Klingenberg (2015). FA analysis allows for determining if there is sexual 

dimorphism, if there is symmetry in the wings, and if there are morphological changes caused 

by stress factors. The right and Left Wings, of males and females were digitized with TPS 

util64, TPS dig264, and TPS regr64 [41,42]. Fifteen landmarks (for right and left wings) 

distributed over the entire wing area [43], were defined (Figure 1G) from which X-Y 

coordinates were extracted and Shape and size information was extracted by a full Procrustes 

fit [44]. To evaluate measurement error (ME), the protocol proposed by Graham, J.H.; Özener 

(2016) was followed to ensure the correct procedure for digitization and landmarking. For the 

case of linear and geometric morphometry, the left wings of the flies were used. An ANOVA 

was used to determine the differences in the size of the centroid and a Procrustes ANOVA for 

the Shape, here it was considering the values of individual variation (MS) of the ANOVA. The 

results were obtained with type 1 error [45–47]. 
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Statistical analysis 

 

The longevity of the parental flies was analyzed with the survival subjected to survival 

analysis using Kaplan-Meier estimators (Log-rank method) with SigmaPlot 12.0 (Systat 

Software, San Jose, CA, USA). Life cycle, adult weight and linear morphometry measures were 

subjected to One-way ANOVA and Two-way ANOVA (Generalized linear models, GLM) with 

Kruskal Wallis, after testing for normality and homoscedasticity assumptions using the 

Shapiro-Wilk test. Pairwise comparisons were performed by pairwise multiple comparison 

analysis of means Holm-Sidak method; Tukey's analysis or Dunn's method (p ≤ 0.05), using 

the SAS V9 statistical software package (SAS Institute, Cary, NC, USA). All linear 

measurements (left and right) were determined three times to reduce measurement error. Then, 

a measurement error analysis was performed to confirm that the changes were due to 

temperature and to rule out digitization error. The wings were digitized twice, and a Procrustes 

analysis of variance was performed, comparing the individual values and the mean square (MS) 

errors of the analysis of variance PROCUSTERS. Subsequently, to determine the variation in 

wing shape, a principal component analysis (PCA) was performed using the covariance matrix 

of the symmetric component of the average shape of the population [48]. Subsequently, a 

canonical variable analysis (CVA) of shape variation was performed to detect differences 

between temperatures. The relationship between shape and size was analyzed with a 

multivariate centroid regression, including a confidence ellipse for each group of (Probability: 

0.9) with 10.000 interactions. Fluctuating Asymmetry was determined with an ANOVA- 

Procrusters testing individual × side interactions and individual × side mean squares (MS ind × 

side). Finally, to determine the significant statistical differences, a multivariate analysis 

(MANOVA) was performed using temperature as a factor. All statistical analyses and graphs 

were performed with MorphoJ 2.0 software [48–50] 

 

Results 

 

Parental longevity 

 

The Long-Rank test showed significant statistical differences in the survival time LT50 

for adults of D. suzukii exposed to different temperatures T15, T20, T25, and T30 (♀: χ2 = 337.4; 

df = 3; p <0.001; ♂: χ2 = 8.03; df = 3; p <0.001) (Figure 2). In relation to the mean survival time 
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LT50 for adults of D. suzukii, we were able to show that at the maximum temperature, the 

longevity was lower T30 (♀LT50= 8.99 ± 0.20 d; ♂ LT50= 8.03 ± 0.23 d). In contrast, the highest 

longevity was found in flies exposed to T20 (♀LT50= 55.27 ± 1.40 d; ♂ LT50= 54.72 ± 1.49 d) 

(Figure 2A-B). 

 

Life cycle 

 

The analysis of variance showed significant differences for life cycle length (F=33.590; 

df = 3; p <0.001). Development time in days from egg to adult behaved similarly to the 

longevity of the parental adult flies. As temperature increased the development time in days 

from egg to adult was shorter T30 (11.38 ± 0.20 d), T25 (11.45 ± 0.80 d), T20 (14.17 ± 0.78 d), 

and T15 (23.88 ± 1.22 d) (Figure 3A; Table 1). 

 

Adult fly weight 

 

In relation to the body mass of adult flies, although a pattern of higher weight was 

observed in females (T20 2.24 ± 0.03; T25 1.97 ± 0.04 mg) than in males (T20 1.37 ± 0.02; T25 

1.28 ± 0.03 mg;), type II ANOVA showed significant differences for the temperature factor (p 

<0.001) and sex (p <0.001). There were no differences in body weight at the transgenerational 

level (Female p = 0.610; male p = 0.770) (Figure 3B) (S Table 1). The flies maintained at 30°C 

and 15°C did not survive. 

 

Linear Morphometric Analysis 

 

The fluctuating asymmetry analysis showed no differences between the wings of the D. 

suzukii adults analyzed, indicating that the wings are symmetrical, and for this reason only 

linear measurements of the left wing are presented. Type II ANOVA showed significant 

differences (P<0.001) for temperature (T20; T30) and sex (female; male) for all linear 

measurements of length (Figure 4A), width (Figure 4B) and total wing area (Figure 4C), dorsal 

(Figure 4D) and lateral thorax (Figure 4E) Interestingly, at the transgenerational level, 

temperature affected thorax measurements more in females (P<0.001) than in males (Tx dorsal: 

P= 0.712; T left: P= 0.313) (S Table 2). In addition, in females, significant differences were 

also observed for valve ovipositor size (P<0.001) (Figure 4F), and the number of teeth in each 
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generation (P<0.001) (Figure 4G) (S Table 3). The area of the male characteristic spot also 

showed statistical differences (P<0.001) when kept at different temperatures. Despite showing 

some visual differences in spot shape, type II ANOVA showed no significant (P= 0.727) 

transgenerational differences (Figure 4H; Table 1; S Table 4). However, the transgenerational 

effect was more evident in all parameters in male wings (Figures 4A, B-H) at both temperatures 

compared to females (Figure 4; S Table 5). 

The value of the mean squares (MS) error of the Procustes ANOVA, after combining 

two independent measurement datasets of the samples, was lower than the MS value of the 

individuals, excluding the measurement error of the landmarking process (S Table 6). The 

principal component analysis (PCA) for total variation in wing shape and size of D. suzukii 

adults maintained at two temperatures (PC1: 26.63; PC2: 10.95; PC3: 9.78; PC4: 9.51 %) 

showed that the four PCs accounted for 56.88% for females and 54.157% for males (PC1: 

22.51; PC2: 11.98; PC3: 10.93; PC4: 8.73 %) (Figures 5A-B, S1). For the factors temperature 

and transgenerational level of individuals, the Procrustes ANOVA showed significant statistical 

differences (P<0.001) only for the shape for both sexes (centroid size Females Temperature P= 

0.9493; Generation P= 0.9454; Males Temperature P= 0.7376; Generation P= 0.7113) (Table 

2).  

The plot of the canonical variables to see the differences caused by the effect of 

temperature showed Mahalanobis distances among groups (P<0.001) (Figures 5C-D). The 

multivariate regression analysis performed to analyze allometry showed no significant 

differences (Females P= 0.3962; Males P= 0.6332). Finally, the results of the MANOVA 

procrustes fluctuating asymmetry caused by temperature, analysis showed significant 

differences only in shape and not in centroid size (Table 3). Our results identified a small 

variation between the intersection of landmarks 8-9 (r-m vein) and 10-11 (dm-cu vein). Visually 

it was more noticeable in females cultured at 20oC compared to males. 

 

Discussion 

 

We found significant effects on the egg-to-adult development time, and median Half-

life (LT50) of adults, of D. suzukii when they were kept at different constant temperatures. It 

showed that temperature had a significant effect on the body size and body weight of adult flies. 

Additionally, morphological changes were evident in both exposed females and males, thus 

confirming our hypothesis that temperature directly influences the phenotypic plasticity of this 
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species. In fact, we know that insects are ectothermic and heterothermic organisms and their 

body temperature directly depends on changes in ambient temperature. Thus, the temperature 

within the optimal range for each species allows each insect species to carry out its metabolism, 

growth, development, and survival rates normally, making reproduction the fundamental 

biological activity for maintaining their populations. However, if temperature fluctuations 

occur, they can have a negative impact on these activities [13,51,52]. We found a negative 

correlation between temperature and the longevity of adults. At a higher temperature (T30), the 

average longevity of both female and male adults was 8.5 days under laboratory conditions. 

Many studies support the findings of this research, confirming that adult flies exhibit greater 

survival at lower temperatures. In either case, males tend to experience higher mortality rates 

[38,53,54]. The optimal temperature for the development of D. suzukii has been recorded 

between 22.6 - 25 oC; however, minimum temperatures between 11.6 -13.2 oC and maximum 

temperatures between 30 – 33.6 oC have also been [24,38,55–58]. Despite these records, our 

research was unable to achieve more than two generations at the maximum temperature (T30). 

The few flies that managed to emerge exhibited wing malformations, making it difficult for 

them to fly and move. Additionally, the flies had a shorter lifespan. It was only possible to 

observe that they were smaller in size, and the body coloration was lighter compared to flies’ 

growth at other temperatures. The low emergence and survival under conditions (RH 65% T30 

± 2oC) could be attributed to the developmental threshold limit of this species [25]. The low 

rate of emergence and survival at this temperature indicates that temperatures above 30 °C are 

close to the upper threshold for the development of the species, as indicated by other studies 

[56,57] Similarly, as observed in low temperatures (13 °C), where survival rates also decrease, 

Tonina (et al., 2016) estimated the lower threshold of development under natural conditions 

(LT = 11.6 °C). Due to technical constraints, it was not possible to obtain more than 4 

generations of flies cultured at (T15); however, visually, we observed that they were larger flies, 

with a darker color, and interestingly, the characteristic wing spot in males was darker. On the 

other hand, the time and mean temperature of development in insects are directly related to their 

developmental cycle. In this case, several authors point out that fluctuating temperature and the 

number of degree days determine each developmental phase (instar) [56,59,60]. Thus, 

temperature affected the developmental cycle as well as the body size of the insects. At a lower 

temperature (T15), the egg-to-adult development of D. suzukii under laboratory conditions was 

23.8 ± 1.22 days, while at a higher temperature, it was significantly shorter at 11.45 ± 0.80 days. 

Similarly, there was an effect on the change in body size of females and males. The differences 
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became more evident after 30 generations, with females being larger and having greater weight 

compared to males. Thus, flies maintained at 20oC surpassed those kept at 25oC. Temperature 

directly influences the growth rate of Drosophila because its physiological processes are 

regulated by biochemical and molecular mechanisms. Therefore, temperature alterations can 

affect the insect's reproduction due to thermal stress that directly impacts its endocrine system 

[61]. For example, in the last larval instar of Drosophila melanogaster, the secretion of juvenile 

hormones stops upon reaching the pupal stage, and this is directly reflected in the body size of 

the flies [62,63]. The temperatures to which the flies were exposed affect cell size, and studies 

have shown that smaller cells are more tolerant to acute temperature fluctuations as they can 

supply more oxygen. On the other hand, larger cells are more tolerant to chronic thermal stress 

[64,65]. The cell size in fruit flies is directly reflected in body size, and therefore, it is reflected 

in morphological changes that allow them to adapt to the new conditions to which they are 

exposed [66,67]. Among the most commonly used methods to analyze the phenotypic plasticity 

of a species is geometric and linear morphometrics, which, in this case, allowed us to determine 

the effect of temperature on variations in the shape and size of the thorax, wings, and ovipositor 

in D. suzukii flies. Our experiments showed no difference in thorax measurements at the 

transgenerational level. However, after 30 generations in adults exposed to constant 

temperatures, the area and length of the thorax were significantly larger, especially in females 

exposed to T20 compared to males and females exposed to T25. Other linear measurements were 

related to thorax size, with lower temperatures tending to increase thorax size, proportionally 

leading females to have larger wings compared to males, and with an increase in temperature. 

Stockton et al (2020) found similar results, where the morphology and survival of D. suzukii 

adults are higher at lower temperatures, as well as the melanization of the abdomen in adults 

[39]. So, temperature is an environmental factor that is directly involved in the adaptation and 

survival capacity of this species. It is established that D. suzukii adults survive cold periods and 

easily adapt when they have the right conditions for reproduction. However, this phenotypic 

plasticity reflected in the change in body color and size comes at a cost to their reproduction. It 

has been recorded that they employ the reproductive strategy of diapause. Nevertheless, it is 

not entirely clear whether this is due to changes in temperature, photoperiod, humidity, type of 

food, or external morphology [15,28,29,68]. In the case of females, the sclerotized length 

measurement was greater in those cultivated at T20 degrees compared to T25, and conversely, 

the number of teeth showed no statistical differences. Visually, it was observed that the teeth at 

the higher temperature were thinner and more delicate, possibly representing an adaptation of 
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females, as fruits from warmer climates tend to have a thinner exocarp [69]. Indeed, the 

reproductive success and the significance of this species lie in the fact that females have a 

serrated and sclerotized ovipositor, allowing them to lay eggs inside the fruit, favoring their 

invasive success. Other research suggests that at higher temperatures, there are small changes 

in the shape and size of the ovipositor, indicating a strong adaptation of this organ that plays a 

mechanical role concerning [30,32]. On the contrary, several authors also emphasize that diet 

or host type does not cause changes in the morphology of the [70,71]. Multiple research studies 

point to a relationship between temperature and the phenotypic plasticity of this species. 

However, it is crucial to consider that these are experiments with flies cultivated in controlled 

conditions, and one must account for the broad geographical distribution of this species, which 

exhibits morphological and behavioral differences [72].The only study that explored the 

number and recorded significant differences in ovipositor size and the number of teeth was a 

research project that compared three strains with different geographic origins (France, the 

United States, and Japan). Conversely, they did not register differences in terms of body and 

wing size [73]. The wings showed differences in width and length, which were more 

pronounced in females compared to males. It has been confirmed through various methods that 

developmental temperature has a strong effect on wing size, and flies raised at lower 

temperatures exhibit changes in wing size compared to flies raised at other temperatures. Our 

geometric morphometric results on the wings demonstrated that there are two morphotypes in 

wing shape, following a comparison of the average shape in the wings of female and male flies 

exposed to 20 and 25°C. The pattern of veins in Drosophila is highly characteristic; however, 

with the superimposition of points, a slight difference can be observed in the transverse veins 

r-m and dm-cu. For several authors, specific morphotypes, as in this case, caused by 

temperature, can affect the flight performance and behavior of various Drosophila species [74]. 

In D. suzukii, it has already been documented that temperature, in addition to affecting 

morphology, directly influences flight parameters such as speed and acceleration [31,38,72,75]. 

Although our results did not show differences in fluctuating asymmetry in both sexes, 

interestingly in males, the wing spot area was asymmetrical. The left-wing spot in males 

cultivated at 20oC was larger compared to the right-wing spot, and its color was darker 

compared to the spots of males at 25°C. The only study indicating similar results to our research 

is that of Ceferino, Varón et al (2020), who also detected consistent directional asymmetry in 

spot size, favoring the right side, indicating a lateralized sexual behavior in all populations and 

temperatures. Thus, temperature directly affects reproduction and the phenotypic plasticity of 
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D. suzukii, giving rise to morphotypes that easily adapt to environmental conditions. This has 

undoubtedly been the key to its geographical dispersion and classification as an invasive exotic 

pest. 

 

Conclusion 

 

Based on our results, we can conclude that temperature is a stressor for spotted-wing 

drosophila. We found variations between temperatures 20 and 25oC, which directly influenced 

the development time from egg to adult. Similarly, differences were observed between 

morphometric parameters (thorax, wings, and ovipositor). Phenotypic plasticity was more 

notable in males’ wings, which showed more visual phenotypic characters than females. This 

suggests that the phenotypic plasticity of D. suzukii allows it to adapt easily to temperature 

changes, ensuring its reproductive success. 
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Table 1. Duration of developmental stages of Drosophila suzukii at different Temperatures 

Means and standard deviations (μ ± SE) of Performance Scores. 

 

      Development time (days) 

Temperature 
oC 

Generations n Egg 
Larva-

prepupa 
Pre-pupa 

Pupa-

adult 
Egg - adult 

15 4 4 3.00 ±0.38 9.31 ± 0.85 2.62 ± 0.46 8.93 ± 0.46 23.87 ± 1.12a 

20 6 4 0.50 ± 0.00 7.42 ± 0.21 1.00 ± 0.00 5.25 ± 0.00 14.17 ± 0.21b 

25 6 4 0.50 ± 0.00 5.25 ± 0.62 1.00 ± 0.00 4.70 ± 0.53 11.46 ± 0.80c 

30 2 3 0.45± 0.01 5.50 ± 0.50 0.93 ± 0.08 4.50 ± 0.33 11.38 ± 0.19c 
Test Multiple Comparison of means of Dunn's Method, different letters, with statistically significant difference 

(P = <0.001) 
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Table 2. Procrustes ANOVA of Drosophila suzukii adults to determine the effect of 

temperature on female and male wing size and shape for matched symmetry. Degrees of 

freedom (df). F-statistics and parametric P-values for each effect in females and males. 

 

Effect df F P 

Females    

Centroid size    

Temperature 1 0.0 0.9493 

Generation 3 0.12 0.9454 

Individual 80 0.93 0.6314 

Side 1 0.0 0.9721 

Shape    

Temperature 26 27.05 <0.0001 

Generation 78 1.82 <0.0001 

Individual 2080 2.52 <0.0001 

Side 26 1.32 0.3500 

Males    

Centroid size    

Tempreratura 1 0.11 0.7376 

Generation 4 2.48 0.7113 

Individual 121 0.95 0.6224 

Side 1 0.14 0.7052 

Shape    

 Temperature 26 34.44 <0.0001 

Generation 104 2.03 <0.0001 

Individual 3146 3.313 <0.0001 

Side 26 1.11 0.3206 
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Table 3 Procrustes ANOVA of Drosophila suzukii adults to determine the effect of temperature 

on female and male wing size and shape for Fluctuating asymmetry. Degrees of freedom (df). 

F-statistics and parametric P-values for each effect in females and males. 

 

Effect df F P Pillai tr* P (param.) 

Females      

Centroid size      

Temperature 1 0 0.9740   

Generation 3 0.16 0.9225   

Individual 83 0.93 0.6290   

Side 1 0 0.9.721   

Individual*side 86 1.01 0.4671   

Error 174     

Shape Temperature     

Temperature 26 26.05 <0.0001 0.94 <0.0001 

Generation 78 2.00 <0.0001 0.0060 0.0060 

Individual 2158 3.63 <0.0001 16.96 <0.0001 

Side 26 1.11 0.3173 0.31 0.4415 

Individual*side 2236 2.54 <0.0001 13.27 <0.0001 

Error 4524     

Males      

Centroid size      

Tempreratura 1 0.38 0.5367   

Generation 4 3.04 0.7469   

Individual 135 0.94 0.6294   

Side 1 0.48 0.4886   

Individual*side 135 1.00 0.5029   

Error 272     

Shape      

Tempreratura 26 33.83 <0.0001 0.90 <0.0001 

Generation 104 1.95 <0.0001 1.34 <0.0001 

Individual 3406 3.15 <0.0001 16.58 <0.0001 

Side 26 0.92 0.5838 0.23 0.2174 

Individual*side 3510 2.70 <0.0001 14.04 <0.0001 

Error 7072     

*Pillai's tr: Pillai's Trace is a statistic that is commonly used to assess the overall significance 

of the differences among group means in multivariate analysis of variance (MANOVA) 
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Figures captions 

 

Figure 1. Linear and morphometric characters of Drosophila suzukii. A. Measurement of the 

dorsal thorax. B. Measurement of the left lateral thorax. C. Wing measurements: width, length 

and total area. D. Measurement of the male spot. E. Measurement of the ovipositor valve and 

number of teeth. F. Landmarks used for MG measurements. 

 

Figure 2. Half-life (TL50) of Drosophila suzukii adults exposed to four constant temperatures. 

A. Females; B. Males. Holm-Sidak method test of means, different letters with significant 

differences (Log-rank test P<0.05). 

 

Figure 3. Effect of the four temperatures (T15; T20; T25; T30) on the development of Drosophila 

suzukii. A. Averages (μ ± SE) of the mean egg-to-adult duration time. Different letters present 

significant statistical differences in Dunn's Method (P<0.05). B. Averages (μ ± SE) of the mean 

estimated body weights of freshly obtained adult females and males of D. suzukii, exposed to 

T20 (green color) and T25 (red color). Holm-Sidak method average comparison test (P<0.05). 

*Statistically significant differences (P<0.001).  

Figure 4.  Mean (μ ± SEM) of thorax, wing, and ovipositor measurements of Drosophila suzukii 

adults reared at constant temperatures (T20; T25). Measurements were performed on the left 

wing. The color represents the temperature T20 green, T25 red, and the symbol is the sex. Circle: 

females; square: males. A. wing width (mm). B. Wing length (mm). C. Total area (mm2). D. 

Dorsal thorax (mm2). E. Left lateral thorax (mm). F. Left valve of the ovipositor (mm). G. 

Number of teeth of the valve. H. area spot of the left and right wing of the male (mm2). Means 

with asterisks show statistically significant differences, Tukey/Holm-Sidak method test 

(P<0.05). 

Figure 5.  Effect of temperature on morphometrics of Drosophila suzukii. Principal component 

analysis of wing shape, A. Females; B. Males.  Analysis of canonical wing shape variables, C. 

Females; D. Males. Wing shape variations, E. Females; F. Males. 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Supplementary figure 1 
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Supplementary material 

 

Table 1. Effect of temperature at the transgenerational level on adult body mass of Drosophila 

Suzukii. 

Source of  variation DF SS MS F P 

Female 

Temperature 1 0.483 0.483 6.606 0.015* 

Generation 4 0.199 0.0499 0.682 0.610ns 

Residual 34 2.488 0.0732   

Total 39 3.381 0.0867   

Male 

Temperature 1 0.451 0.451 1.625 0.211ns 

Generation 4 0.0502 0.0125 0.452 0.770ns 

Residual 34 0.943 0.0277   

Total 39 1.066 0.0273   
* There is a statistically significant difference (P <0.015). ns Not significant 

 

Analysis of variance Two Way ANOVA for the effect of temperature and sex level on the adult 

body mass of Drosophila Suzukii. 

Source of 

variation 
DF SS MS F P 

Temperature 1 0.607 0.607 12.540 <0.001* 

Sex 1 12.145 12.145 250.781 <0.001* 

Residual 76 3.680 0.0484   

Total 79 16.592 0.210   
* There is a statistically significant difference (P <0.005) 

 

  



171 

 

 

 

Table 2. Evaluation of the Influence of Temperature and Sex in the width of the left wing of 

Drosophila suzukki. 

Source of variation DF SS MS F P 

Temperature 1 0.983 0.983 156.36 <0.001* 

Sexo 1 1.621 1.621 257.98 <0.001* 

Residual 234 1.470 0.0062   

Total 237 4.158 0.0175   
* There is a statistically significant difference (P <0.005) 

 

Evaluation of the Influence of Temperature and Sex in the length of the left wing of Drosophila 

suzukki. 

Source of variation DF SS MS F P 

Temperature 1 2.428 2.428 261.90 <0.001* 

Sexo 1 7.473 7.473 806.07 <0.001* 

Residual 235 2.179 0.00927   

Total 238 12.134 0.0510   
* There is a statistically significant difference (P <0.005) 

 

Evaluation of the Influence of Temperature and Sex in the area of the left wing of Drosophila 

suzukki. 

Source of variation DF SS MS F P 

Temperature 1 8.029 8.029 857.59 <0.001* 

Sexo 1 0.607 0.607 64.80 <0.001* 

Residual 234 2.191 0.0093   

Total 236 10.946 0.0462   
* There is a statistically significant difference (P <0.005) 

 

Evaluation of the Influence of Temperature and Sex on thorax dorsal of Drosophila suzukki. 

Source of variation DF SS MS F P 

Temperature 1 0.206 0.206 40.715 <0.001* 

Sexo 1 0.829 0.829 163.735 <0.001* 

Residual 197 0.998 0.0050   

Total 199 2.093 0.0105   
* There is a statistically significant difference (P <0.005) 
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Evaluation of the Influence of Temperature and Sex in the length of the left of the thorax of 

Drosophila suzukii. 

Source of 

variation 
DF SS MS F P 

Temperature 1 0.288 0.288 39.460 <0.001* 

Sexo 1 1.150 1.150 157.90 <0.001* 

Residual 197 1.435 0.0072   

Total 199 2.917 0.0146   
* There is a statistically significant difference (P <0.005) 

 

Evaluation of the Influence of Temperature and and generation of effect on Thorax dorsal e 

length of the left in females of D. suzukii. 

Source of variation DF SS MS F P 

Thorax dorsal 

Temperature 1 0.257 0.257 35.70 <0.001* 

Generation 4 0.217 0.054 7.524 <0.001* 

Residual 91 0.655 0.007   

Total 96 1.181 0.012   

Thorax left 

Temperature 1 0.325 0.325 34.81 <0.001* 

Generation 4 0.940 0.235 25.16 <0.001* 

Residual 91 0.850 0.009   

Total 96 2.236 0.023   
* There is a statistically significant difference (P <0.005) 

 

Evaluation of the Influence of Temperature and and generation of effect on Thorax dorsal e 

length of the left in males of D. suzukii. 

Source of variation DF SS MS F P 

Thorax dorsal 

Temperature 1 0.0343 0.0343 11.016 0.001* 

Generation 3 0.0042 0.0014 0.458 

0.0712 

ns 

Residual 97 0.302 0.0031   

Total 104 0.349 0.0033   

Thorax left 

Temperature 1 0.0514 0.0514 10.716 0.001* 

Generation 3 0.0173 0.0057 1.202 0.313 ns 

Residual 97 0.465 0.0048   

Total 104 0.566 0.0054   
* There is a statistically significant difference (P <0.005) 
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Table 3. Evaluation of the Influence of Temperature at a transgenerational level on the length 

of the left valve and number of teeth in Drosophila suzukii females. 

Source of variation DF SS MS F P 

Valva 

Temperature 1 0.0232 0.0232 15.455 <0.001* 

Generation 4 0.0379 0.0094 6.318 <0.001* 

Residual 126 0.189 0.0015   

Total 131 0.261 0.0019   

Teeth 

Temperature 1 0.0572 0.0572 0.0155 0.901ns 

Generation 4 159.73 39.933 10.841 <0.001* 

Residual 126 464.13 3.684   

Total 131 711.34 5.269   
* There is a statistically significant difference (P <0.005) 

 

Table 4. Evaluation of the Influence of Temperature on the spot area on wings of male 

Drosophila suzukii. 

Source of variation DF SS MS F P 

Spot Wing Male 

Temperature 1 0.1370 0.1370 23.401 <0.001* 

Side 1 0.0113 0.0113 1.923 0.167 

Temp*Side 1 0.0127 0.0127 2.164 0.142 

Residual 283 1.662 0.0058   

Total 286 1.824 0.0063   
* There is a statistically significant difference (P <0.005) 
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TABLE 5. Evaluation of the effect of Temperature on the morphology of adult Drosophila suzukii females exposed to two temperatures. Means 

and standard deviations (μ ± SE ) of Performance Scores. Only the left wing was considered for statistical analysis. Taking into account that the 

analysis of fluctuating asymmetry showed that there was no statistical difference between the wings of the same individual. Only the measurement 

of the ovipositor is shown. only those of the left valve are shown, previous analyses showed no statistical differences in the measurements of the 

two valves. The number of teeth was counted only in the sclerotized part of the valve. 

 

 

 

 

 

 

 

 

 

 

 

 

a Constant temperature to which D. suzukii adults were grown. b Average of each variable in each generation. c Total average (sum of all individuals of all generations).      

*There is a statistically significant difference (P <0.005) 
 

  

 Generationb 

Ta Variable F10 F15 F20 F25 F30 Total averagec 

T20 

Length wing (mm) - 2.476  ± 0.046* 2.608 ± 0.0395* 2.578 ± 0.047* 2.568 ± 0.0539* 2.577 ± 0.0616* 

Width wing (mm) - 1.187 ± 0.0271* 1.270 ± 0.0250* 1.234 ± 0.041* 1.222 ± 0.0340* 1.229 ± 0.0415* 

Total wing área (mm2) - 2.000 ± 0.0810 2.007 ± 0.0627 1.981 ± 0.063 1.949 ± 0.0750 1.985 ± 0.0255* 

Thorax (mm2) - 0.549 ± 0.0375 0.561 ±0.0179 0.576 ± 0.0443 0.550 ± 0.0350 0.559 ± 0.0328* 

Thorax left (mm) - 1.105 ± 0.087 1.088 ± 0.07425 1.033 ± 0.0347 1.0349 ± 0.0447 1.034 ±0.0592* 

Valva left  (mm) 0.6303 ± 0.0292* 0.617 ± 0.0193 0.594 ± 0.0409* 0.596 ± 0.0496 0.6371 ± 0.0146 0.616 ± 0.0283* 

Teeth (number) 22.444 ± 1.888* 18.250 ± 1.4583* 17.50 ± 2.000* 19.167 ± 1.9720* 20.167 ± 1.3611* 19.10 ± 2.2017 

T25 

Length  wing  (mm) - 2.352 ± 0.051 2.322 ± 0.0452 2.323 ± 0.0462 2.334 ± 0.0343 2.331 ± 0.0444* 

Width  wing (mm) - 1.105 ± 0.0285 1.087 ± 0.0256 1.120 ± 0.0154 1.1090 ± 0.022 1.105 ± 0.0255* 

Total wing área (mm2) - 1.593 ± 0.071 1.552 ± 0.049 1.589 ± 0.057 1.597 ± 0.0623 1.583 ± 0.0623* 

Thorax (mm2) - 0.482 ± 0.0382 0.414 ± 0.069 0.455 ± 0.082 0.472 ±  0.0689 0.456 ± 0.0667* 

Thorax left (mm) - 0.981166667 0.935166667 0.919 ± 0.0809 0.961 ± 0.0449 0.949 ± 0.0615* 

Valva left  (mm) 0.618 ± 0.0143* 0.603 ± 0.0143* 0.586  ± 0.0097* 0.559 ± 0.0195* 0.574 ± 0.0203* 0.581 ± 0.0290* 

Teeth (number) 19.818 ± 1.2314 20.167 ± 1.2223 18.750 ± 1.458 18.833 ± 1.194 19.750 ± 0.791 19.549 ± 1.201 
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Evaluation of the effect of Temperature on the morphology of adult Drosophila suzukii males exposed to two temperatures. Means and standard 

deviations (μ ± SE) of Performance Scores. Only the left wing was considered for statistical analysis. Taking into account that the analysis of 

fluctuating asymmetry showed that there was no statistical difference between the wings of the same individual. 
 

 Generationb 

Ta Variable F10 F15 F20 F25 F30 Total averagec 

T20 

Length wing (mm) 2.186 ± 0.041 2.185  ± 0.043 2.229  ± 0.037* 2.108  ± 0.158 2.185  ± 0.044* 2.178 ± 0.062* 

Width wing (mm) 1.097 ± 0.009 1.046 ± 0.035 1.062 ± 0.017* 1.151 ± 0.212 1.026 ± 0.027* 1.080 ± 0.0740* 

Total wing área (mm2) 1.812  ± 0.043* 1.864  ± 0.068 1.928  ± 0.106* 1.851  ± 0.057 1.84  ± 0.077* 1.854 ± 0.0856* 

Spot wing right (mm2) 0.111 ± 0.018 0.112 ± 0.016 0.133 ± 0.016 0.132 ± 0.011 0.119 ± 0.0128 0.144 ± 0.0490* 

Spot wing left (mm2) 0.153 ± 0.088* 0.151 ± 0.119 0.131 ± 0.016 0.132 ± 0.012* 0.119 ± 0.012* 0.121 ± 0.0168* 

Thorax (mm2) - 0.385 ± 0.033 0.396 ± 0.020 0.398 ± 0.065 0.414 ± 0.029 0.398 ± 0.038* 

Thorax left (mm) - 0.881 ± 0.054 0.880 ± 0.050 0.0874 ± 0.050 0.888 ± 0.030 0.880 ± 0.045* 

T25 

Length wing (mm) 1.917 ± 0.197* 1.895 ± 0.292* 1.955 ± 0.037* 1.952 ± 0.030* 1.977 ± 0.042* 1.991 ± 0.053* 

Width wing (mm) 0.889 ± 0.089 0.857  ±  0.138 0.911 ± 0.027 0.924  ±  0.018 0.928  ±  0.030 0.916 ± 0.040* 

Total wing área (mm2) 1.549 ±  0.0730* 1.596 ±  0.067* 1.442 ±  0.076* 1.447 ± 0.0468 1.491 ± 0.0065 1.507 ± 0.0830* 

Spot wing right (mm2) 0.0905 ± 0.0123 0.095 ± 0.009 0.0795 ± 0.022 0.0964 ± 0.009 0.0900 ± 0.0020 0.090 ± 0.0120* 

Spot wing left (mm2) 0.0891 ± 0.0105 0.101 ± 0.008 0.0811 ± 0.023 0.089 ± 0.008 0.087 ± 0.0120 0.0913 ± 0.0124* 

Thorax (mm2) - 0.345 ± 0.0642 0.3430 ± 0.033 0.372 ± 0.032 0.359 ± 0.0279 0.362 ± 0.031* 

Thorax left (mm) - 0.864 ± 0.0037 0.8140 ± 0.0560 0.863 ± 0.0420 0.798 ± 0.0909 0.835 ± 0.063* 
a Constant temperature to which D. suzukii adults were grown. b Average of each variable in each generation. c Total average (all individuals of all generations).  

*There is a statistically significant difference (P <0.005). 
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Table 6. Procrustes ANOVA of the temperature effect on Drosophila suzukii adults. Sums of 

squares (SS) and Mean squares (MS) are units of procusters distances (dimensionless). The MS 

of de error are Small that individual x side, discarding measurement error of digitization of 

landmarks. 

 

Effect SS MS df F P 
Pillai 

tr* 
P (param.) 

Females        

Individual 0.08713336     0.0000389684      2236     3.63       <.0001        16.96   <.0001 

Side 0.00031021     0.0000119310 26 1.11       0.3173         0.31 0.4415 

Ind*Side 0.02400516     0.0000107358      2236 2.54       <.0001 13.27 <.0001 

Error 1 0.01910177     0.0000042223 4524     

Males        

Individual 0.15665090 0.0000446299 3510 3.15       <.0001        16.58 <.0001        

Side 0.00033796     0.0000129985        26 0.92       0.5838 0.23        0.2174 

Ind*Side 0.04971161     0.0000141629      3510 2.70       <.0001        14.04   <.0001        

Error 1 0.03686994     0.0000052521      7072     

 

 


