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RESUMO GERAL

Ceratitis capitata e Anastrepha spp. (Diptera: Tephritidae) destacam-se pela polifagia e
plasticidade fenotipica, impactanto diretamente a fruticultura e os mercados de exportacao.
Conhecer o complexo moscas-das-frutas, bem como as variagdes de infestacao e parasitismo
entre frutiferas €, nesta perspectiva, fundamental para gerenciar os riscos e implementar taticas
assertivas em pomares com diversidade de plantas hospedeiras. Além disso, a prospec¢do de
novos agentes de biocontrole é uma estratégia particulamete interessante, especialmente quando
consideramos inimigos naturais ja presentes em campo, a exemplo do predador Euborellia
annulipes (Dermaptera: Anisolabididae). Esse estudo determinou a composi¢do do complexo
moscas-das-frutas para um pomar na regido Sul de Minas Gerais, Brasil e avaliou o papel dos
volateis do fruto da goiaba (Psidium guajava) na sinalizacéo de abrigo e presenca de presas por
E. annulipes. Adicionalmente, determinou-se a predacdo da mosca-das-frutas C. capitata por
E. annulipes e investigamos se o0 parasitismo por Diachasmimorpha longicaudata
(Hymenoptera: Braconidae) influencia na predacéo, além de verificar se as marcacdes quimicas
do parasitoide D. longicaudata orientam a escolha de E. annulipes entre larvas parasitadas e
ndo parasitadas. Para o levantamento em campo, cinco espéecies de mosca-das-frutas e sete
espécies de parasitoides foram associadas a cinco familias boténicas. O maior indice de
infestacdo foi obtido para araca-boi (Eugenia stipitata) e consideramos pitanga (Eugenia
uniflora) e araga-roxo (Psidium myrtoides) como repositérios de parasitoides de moscas-das-
frutas. A amostragem utilizando armadilhas, possibilitou a captura de 10 espécies de moscas-
das-frutas, sendo A. amita e A. punctata reportadas pela primeira vez para o estado de Minas
Gerais. As espécies mais abundantes foram C. capitata, A. fraterculus e A. obliqua. Nossos
resultados mostraram também que as fémeas do predador E. annulipes utilizam pistas quimicas
volateis para localizar frutos de goiaba, 0s quais servem como abrigo. Apesar de serem
inicialmente atraidas pelos odores de frutos de goiaba infestados por presas, as tesourinhas
preferem se abrigar em frutos ndo infestados apds a predacdo. Além disso, as fémeas predam
um nimero maior de moscas-das-frutas do que os machos, independentemente do estagio de
desenvolvimento da presa, mas ambos 0s sexos exibiram uma resposta funcional do tipo II.
Curiosamente, os machos mataram as presas, mas ndo consumiram mais larvas de moscas-das-
frutas do que as fémeas. Em testes com chance de escolha, as fémeas evitaram se alimentar de
larvas parasitadas por D. longicadata. No geral, esses achados sdo inéditos, agregam
conhecimento e novas relagdes troficas para moscas-das-frutas e indicam que E. annulipes é
um potencial agente de controle bioldgico de C. capitata. Por evitar o consumo de larvas
parasitadas por D. longicaudata, a combinacdo dos dois inimigos naturais € promissora,
podendo resultar em efeito aditivo na mortalidade da praga.

Palavras-chave: Anastrepha. Ceratitis. Tesourinha. Comportamento. Resposta olfativa.
Predacéo intraguilda.



ABSTRACT

Ceratitis capitata and Anastrepha spp. (Diptera: Tephritidae) stand out for their polyphagy and
phenotypic plasticity, directly impacting fruit production and export markets. Knowing the fruit
fly complex, as well as the variations in infestation and parasitism among fruit trees is, in this
perspective, essential to manage risks and implement assertive tactics in orchards with a
diversity of host plants. Furthermore, the prospect of new biocontrol agents is a particularly
interesting strategy, especially when we consider natural enemies already present in the field,
such as the predator Euborellia annulipes (Dermaptera: Anisolabididae). This study determined
the composition of the fruit fly complex for an orchard in southern Minas Gerais, Brazil and
evaluated the role of guava (Psidium guajava) as repositories and prey presence by E.
annulipes. Additionally, predation of the fruit fly C. capitata by E. annulipes was determined
and we investigated whether parasitism by Diachasmimorpha longicaudata (Hymenoptera:
Braconidae) influences predation, in addition to verifying whether chemical markings of the
parasitoid D. longicaudata guide the choice of E. annulipes between parasitized and non-
parasitized larvae. For the field survey, five species of fruit flies and seven species of parasitoids
were associated with five botanical families. The highest infestation rate was obtained for araca-
boi (Eugenia stipitata) and we considered pitanga (Eugenia uniflora) and araga-roxo (Psidium
myrtoides) as repositories of fruit fly parasitoids. Sampling with traps allowed the capture of
10 species of fruit flies, being A. amita and A. punctata reported for the first time for the state
of Minas Gerais. The most abundant species were C. capitata, A. fraterculus and A. obliqua.
Our results also showed that females of the predator E. annulipes use volatile chemical cues to
locate guava fruits, which serve as a repository, and that despite being initially attracted by the
odors of prey-infested guava fruits, they prefer to shelter in uninfested fruits after predation.
Furthermore, females prey on a greater number of fruit flies than males, regardless of prey
developmental stage, but both sexes exhibited a type Il functional response. Interestingly, the
males Killed the prey but did not consume more fruit fly larvae than the females. In the choice
tests, females avoided feeding on larvae parasitized by D. longicaudata. Overall, these findings
are unprecedented, add knowledge and new trophic relationships for fruit flies and indicate that
E. annulipes is a potential biological control agent for C. capitata. By avoiding the consumption
of larvae parasitized by D. longicaudata, the combination of the two natural enemies is
promising, and may result in an additive effect on pest mortality.

Keywords: Anastrepha. Ceratitis. Earwig. Behavior. Olfactory response. Intraguild predation.
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PRIMEIRA PARTE

1 INTRODUCAO GERAL

Tefritideos frugivoros (Diptera: Tephritidae) sdo guiados por estimulos quimicos,
visuais e tateis para plantas hospedeiras (CUNNINGHAM et al., 2016; DREW; PROKOPY;
ROMIG, 2003; JALEEL etal., 2021; RATTANAPUN; AMORNSAK; CLARKE, 2009). Logo,
as plantas desempenham funcdes cruciais na orientacdo de adultos para sitios onde ha recursos
essenciais a sobrevivéncia e reproducdo, havendo, portanto, variacbes na
atratividade/preferéncia das moscas-das-frutas dentre as espécies frutiferas (JALEEL et al.,
2021; SOUSA et al., 2020). Os tefritideos causam sérias ameacas a fruticultura, especialmente
em virtude do potencial invasivo, polifagia e plasticidade fenotipica (LEMIC et al., 2021). O
controle destas espécies é dificultado, particularmente, pela disponibilidade de frutiferas
hospedeiras associadas ao carater multivoltino. Os danos, entretanto, sdo muito mais
significativos quando consideramos as perdas econdmicas associadas as espécies-praga,
incluindo as limitacGes a exportacdo de frutas frescas. No Brasil, Anastrepha spp. e Ceratitis
capitata (Wiedemann, 1824) (Diptera: Tephritidae) sdo reportadas infestando ampla
diversidade de frutos de importancia comercial ou ndo (ZUCCHI; MORAES, 2021; 2022).
Enquanto Anastrepha spp. sdo nativas das Americas, C. capitata € uma espécie invasora, nativa
da Africa Subsaariana e a Unica espécie do género presente em territorio nacional
(DESCHEPPER et al., 2021).

Anastrepha é representada por 128 espécies no Brasil. Entretanto, das espécies
registradas, apenas 60 tem seus hospedeiros conhecidos e destas, 28 espécies com apenas um
hospedeiro associado (ZUCCHI; MORAES, 2022). Essa limitagdo de informacéo das plantas
hospedeiras pode ser justificada por uma maioria dos estudos de levantamento envolvendo
exclusivamente a amostragem de moscas-das-frutas por meio de armadilhas, realizadas,
sobretudo, em cultivos comerciais. Ademais, ha para este género, 318 espécies de plantas
hospedeiras associadas, distribuidas em 59 familias botanicas, sendo as principais: Myrtaceae,
Sapotaceae e Fabaceae (ZUCCHI; MORAES, 2022). A mosca-das-frutas do mediterraneo, C.
capitata, é considerada uma das invasoras mais notérias (DESCHEPPER et al., 2021). No
Brasil, ela aparece associada a 115 espécies hospedeiras e 31 familias, dentre as quais destacam-
se: Myrtaceae, Rutaceae, Rosaceae, Anacardiacea e Sapotaceae (ZUCCHI; MORAES, 2021).

Embora sejam constantes os esforcos para agregar conhecimento a respeito das
interacOes troficas envolvendo moscas-das-frutas, muitas informagGes ainda permanecem

desconhecidas. E preciso, entretanto, considerar a extensdo territorial e a diversificacdo das
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paisagens brasileiras, aliadas a diversidade e disponibilidade das espécies frutiferas que
viabilizam a permanéncia das espécies em campo. Por exemplo, o Estado de Minas Gerais
concentra boa parte dos levantamentos de tefritideos na regiao Norte do Estado (ALVARENGA
et al., 2009; CAMARGOS et al., 2015; QUERINO et al., 2014; SOARES et al., 2020).
Particularmente, esta regido contém importantes projetos de fruticultura irrigada, tal como o
Projeto de Irrigagdo Jaiba, que compreende desde pequenos agricultores até grandes areas
irrigadas corporativas (OLIVEIRA; SILVA; PEREIRA, 2018). O Sul do Estado, em
contrapartida, tem uma diversificacdo das culturas agricolas com potencial de expansdo
comercial, mas possui poucos trabalhos que consideram as espécies de moscas-das-frutas
naturalmente dispersas em campo (ROSSI et al., 1998). Trabalhos de levantamento por meio
da coleta de frutos hospedeiros sdo, nessa perspectiva, fundamentais para gerar conhecimento
destas interacdes tdo relevantes.

Considerando a dificuldade de controle das populagdes de moscas-das-frutas atreladas
a ineficiéncia e restricbes ao controle quimico, o controle biolégico com espécies de
himendpteros parasitoides constituem uma ferramenta particularmente viavel e importante
(DIAS; MONTOYA; NAVA, 2022; PARANHOS; NAVA; MALAVASI, 2019). As coletas
realizadas por meio da amostragem de frutos podem, nesse contexto, fornecer informagdes
relevantes sobre parasitoides nativos e embasar a tomada de decisbes para 0 manejo de
tefritideos. Além disso, frutos hospedeiros podem ser classificados como potenciais
repositorios de inimigo naturais e, nessa perspectiva, contribuir para a manutencdo destes
parasitoides em campo. Himendpteros Opiinae (Braconidae) estdo associados a tefritideos de
importancia econémica no Brasil, sendo Doryctobracon areolatus (Szépligeti, 1911) a espécie
mais amplamente distribuida em territdrio nacional (MARINHO; COSTA; ZUCCHI, 2018).
Além disso, os Eucoilinae (Figitidae) também sdo reportados para o Brasil, sendo Aganaspis
pelleranoi (Bréthes, 1924) a espécie mais frequente deste grupo (GUIMARAES et al., 2003).

O parasitismo natural, entretanto, parece insuficiente na regulacdo das populacfes de
moscas em campo, requerendo a adocdo de ferramentas adicionais, a exemplo do controle
bioldgico classico e/ou aplicado. Para tanto, € desejavel que estas espécies sejam facilmente
criadas em condic0es artificiais, viabilizando posteriores liberagdes inundativas. Um estudo
recente mostrou que D. areolatus tem potencial para ser utilizado em programas de controle
biologico (RABELO et al., 2020). Entretanto, mais pesquisas ainda precisam ser desenvolvidas
para melhorar a viabilidade das coldnias de laboratério. Dentre as espécies de braconideos, o
parasitoide larva-pupa Diachasmimorpha longicaudata (Ashmead, 1905) (Hymenoptera:

Braconidae), foi introduzido em 1994 no Brasil a partir dos Estados Unidos, para uso contra
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moscas-das-frutas, incluindo C. capitata (WALDER et al., 1995). Esse parasitoide é
considerado um dos principais agentes de biocontrole de moscas-das-frutas, especialmente pela
facilidade de criacdo artificial, sua adaptabilidade e capacidade de forrageamento em frutos
presentes na copa das arvores e/ou a nivel do solo (GARCIA-MEDEL et al., 2007; GARCIA;
RICALDE, 2013; HARBI et al., 2018).

Como toda ferramenta de controle, os parasitoides também apresentam limitacdes em
sua eficiéncia, reforcando a necessidade da adocdo de multiplas ferramentas que viabilizem o
controle efetivo de tefritideos. Por exemplo, parasitoides larva-pupa podem nao alcancar, com
seus ovipositores, as larvas hospedeiras que por ventura estejam mais profundamente ao
epicarpo (MONTOYA et al., 2016). Alem disso, a eficacia de parasitismo ndo é modulada
apenas por caracteristicas intrinsecas aos frutos, mas também pela espécie do hospedeiro
tefritideos (LOPEZ-ARRIAGA et al., 2022; SA et al., 2018). Nesse contexto, as larvas que
escaparem do parasitismo podem manter as gera¢es de moscas em campo e continuar gerando
perdas de frutos. Nos ecossistemas, entretanto, outros agentes de regulagdo natural de moscas-
das-frutas podem estar presentes e constituir estratégias particularmente interessantes, como é
0 caso da espécie de tesourinha Euborellia annulipes (Lucas, 1847) (Dermaptera:
Anisolabididae).

Euborellia annulipes € considerada a espécie mais cosmopolita da ordem Dermaptera
(KOCAREK; DVORAK; KIRSTOVA, 2015), exibe atividade predatéria noturna e alta
voracidade. Em campo, essa tesourinha parece ser fortemente atraida por fruto da familia
Mrytacea, tais como Araca-boi e goiaba (Psidium guajava L.), infestados com imaturos de
moscas-das-frutas (Coelho, R. S., observacdo pessoal). Relato anterior da predagdo dessa
espécie sobre Bactrocera dorsalis (Handel, 1912) (Diptera: Tephritidae) foi verificado
(CLANCY; MARUCCI; VAN DEN BOSCH, 1951) e, posteriormente, sobre Anastrepha
suspensa Loew (1862) (Diptera: Tephritidae) (HENNESSEY, 1997), mas os estudos de
predacdo parecem ndo ter evoluido.

Sabe-se que a longas distancias, as misturas volateis liberadas por frutos infestados
(herbivore-induced plant volatiles, HIPVs), podem guiar os inimigos naturais para habitats com
maior probabilidade de encontro com as presas (TAKABAYASHI; SHIOJIRI, 2019).
Considerando que as tesourinhas requerem um substrato Umido e escuro para se proteger, 0s
frutos hospedeiros de moscas-das-frutas podem prover ndo apenas alimento, como também
abrigo e contribuir para a permanéncia destes individuos em campo. As tesourinhas sdo capazes
de acessar o interior dos frutos por orificios formados quando esses se desprendem da planta

hospedeira, possibilitando o acesso a larvas mais jovens, que estejam mais internamente aos
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frutos e que, ocasionalmente, escaparam do parasitismo (Coelho, R. S., observagédo pessoal).
Por outro lado, um mesmo fruto pode conter larvas parasitadas e ndo parasitadas e nessa
condicdo, a tesourinha pode escolher alimentar-se de larvas e/ou pupas de moscas previamente
parasitadas ou evita-las.

Com base no exposto, o0 objetivo geral dessa tese consistiu em estabelecer a composic¢ao
do complexo moscas-das-frutas visando agregar informacdes sobre as espécies de tefritideos,
parasitoides e suas interacdes multitroficas, assim como avaliar o papel dos volateis do fruto da
goiaba na sinalizacdo de abrigo e a presenca de presas para tesourinha E. annulipes. Avaliou-
se também a predagdo da mosca-das-frutas C. capitata por E. annulipes e se o parasitismo por
D. longicaudata influencia na predacdo. Finalmente, verificou-se também se as marcacoes
quimicas do parasitoide D. longicaudata orientam a escolha de E. annulipes entre larvas
parasitadas e ndo parasitadas. Foram testadas as seguintes hipoteses: (i) as espécies frutiferas
influenciam as comunidades de moscas-das-frutas e espécies de parasitoides em um pomar
diversificado no Sul de Minas Gerais; (ii) a infestacdo e parasitismo respondem a variacdo dos
frutos hospedeiros; (iii) os frutos de goiaba infestados podem prover nao s6 abrigo, mas também
alimento para a manutencao e reproducao da espécie E. annulipes; (iv) E. annulipes preda larvas
e pupas de C. capitata e fémeas de tesourinhas sdo mais vorazes que os machos e (v) como o
parasitoide D. longicaudata presumivelmente marca o hospedeiro apds o parasitismo, a
tesourinha, provavelmente, evita predar larvas de moscas-das-frutas parasitadas. Assim, este
estudo buscou fornecer informac@es sobre algumas das complexas relagdes que ocorrem entre
as espécies de moscas-das-frutas e seus inimigos naturais, e como estes resultados podem

respaldar téaticas de controle bioldgico destes tefritideos.
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Resumo

Um pomar diversificado com hospedeiros de moscas-das-frutas (Diptera: Tephritidae) pode
fornecer informacdes a respeito das relacGes tréficas, incluindo novos insights sobre os insetos
benéficos. Avaliamos a composicdo do complexo moscas-das-frutas visando fornecer
informacdes sobre as espécies de tefritideos, parasitoides e interagdes multitroficas para a
regido Sul de Minas Gerais, Brasil. A amostragem ocorreu por meio de frutos coletados a nivel
da planta e/ou solo, segundo disponibilidade/periodo de frutificacdo entre fevereiro de 2019 a
junho de 2021 e através de armadilhas, mantidas continuamente entre novembro de 2019 a abril
de 2021. As ocorréncias de Anastrepha amita Zucchi e A. punctata Hendel sdo registradas pela
primeira vez no estado de Minas Gerais e novas associacdes troficas foram obtidas para A.
bahiensis Lima, A. bistrigata Bezzi, A. fraterculus (Wiedemann), A. obliqua (Macquart) e
Ceratitis capitata (Wiedemann), incluindo frutiferas nativas. No geral, as amostras de
armadilhas possibilitaram a coleta de 10 espécies de tefritideos, sendo C. capitata, A.
fraterculus e A. obliqua as mais abundantes. Cinco espécies de moscas-das-frutas e sete
espécies de parasitoides foram obtidas de frutos. O braconideo Doryctobracon areolatus
(Szépligeti) foi 0 mais frequente entre as espécies de parasitoides. Além disso, classificamos 0s
frutos de pitanga (Eugenia uniflora L.) e araca-roxo (Psidium myrtoides O. Berg) como
repositorios de parasitoides de moscas-das-frutas. Curiosamente, ndo houve diferenca entre a
composic¢do das espécies de moscas-das-frutas e parasitoides emergidos de amostras da arvore
e do solo. A flutuacdo populacional das moscas-das-frutas mais abundantes coletadas sugere
que C. capitata pode deslocar espécies de Anastrepha, reafirmando seu potencial invasivo. Os
resultados aqui obtidos sdo inéditos para o estado de Minas Gerais e poderdo somar esfor¢cos ao
manejo de moscas-das-frutas, especialmente, o controle biolégico.

Palavras-chave: Frutos hospedeiros; Ceratitis capitata; Anastrepha; parasitoides.
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Introducéo

As caracteristicas das plantas influenciam os herbivoros, afetando direta e indiretamente
0s inimigos naturais (Abdala-Roberts et al. 2019). Por exemplo, o comportamento de
herbivoros pode ser modulado por sinais quimicos emitidos pelas plantas hospedeiras
(Cunningham et al. 2016; Ghosh e Venkatesan 2019; Bolton et al. 2021; Jaleel et al. 2021);
configuracdo morfologica (incluindo cores dos frutos, firmeza e espessura do pericarpo) (Drew
et al. 2003; Rattanapun et al. 2009); recompensa nutricional (Yu et al. 2019) e atracéo inata
e/ou adquirida (Anderson e Anton 2014; Kadow 2019). Da mesma forma, as plantas podem
alterar os comportamentos dos inimigos naturais de forma a reduzir ou aumentar a herbivoria
(Abdala-Roberts et al. 2019; Cai et al. 2020; Ayelo et al. 2021; Zida et al. 2022; Pires et al.
2022). Particularmente, as interacdes envolvendo tefritideos frugivoros (Diptera: Tephritidae)
e parasitoides tem ganhando notoriedade em estudos e aplicagdes, principalmente em virtude
da relevancia econdmica e do avanco do controle bioldgico (Paranhos et al. 2019; Clarke et al.
2022; Dias et al. 2022). Nesse aspecto, conhecer as interacdes multitroficas de moscas-das-
frutas pode fornecer novos insights e abordagens para 0 manejo integrado e, especialmente, o
controle bioldgico de tefritideos.

Anastrepha spp. e Ceratitis capitata (Wiedemann, 1824) (Diptera: Tephritidae)
infestam uma diversidade de espécies frutiferas, sejam de importancia econdmica ou nao.
Anastrepha spp. sdo nativas do continente americano, representadas por 128 espécies no Brasil,
associadas a 318 espécies frutiferas em 59 familias (Zucchi e Moraes 2022). Em contrapartida,
C. capitata é nativa da Africa subsaariana (Deschepper et al. 2021) e é a Unica da espécie do
género presente no Brasil, associada a 115 espécies frutiferas em 31 familias (Zucchi e Moraes
2021). Em campo, estas moscas sdo frequentemente parasitadas por himenopteros das familias
Braconidae e Figitidae (Almeida et al. 2019; Sousa et al. 2021), espécies cenobiontes que
parasitam larvas e emergem dos puparios de seus hospedeiros. Dentre os parasitoides nativos,
destaca-se Doryctobracon areolatus (Szépligeti) (Hymenoptera: Braconidae), frequentemente
associado a Anastrepha spp. (Sousa et al. 2021).

O Estado de Minas Gerais esta inserido no dominio de trés biomas brasileiros: Cerrado,
Mata Atlantica e Caatinga. Apesar da importancia e diversificagdo das culturas fruticolas, o0s
trabalhos envolvendo levantamentos de moscas-das-frutas concentram-se na regido Norte
(Alvarenga et al. 2009; Querino et al. 2014; Camargos et al. 2015; Soares et al. 2020) e na
regido da Zona da Mata Mineira (Pirovani et al. 2020). Curiosamente, pouco esforco amostral
tem sido destinado a regido Sul (Rossi et al. 1998), onde as informagdes sobre as interagdes
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multitréficas de tefritideos permanecem escassas. Considerando a alta polifagia e plasticidade
fenotipica das moscas-das-frutas, atrelados ao desconhecimento das espécies de ocorréncia na
regido Sul do Estado, a amostragem por meio da coleta de frutos torna-se indispensavel na
compreensdo destas relacdes.

Neste estudo, levantamos a hipotese de que as espécies frutiferas influenciam as
comunidades de moscas-das-frutas e parasitoides em um pomar diversificado. Ademais, a
infestacdo e parasitismo respondem a variacdo dos frutos hospedeiros. Nessa perspectiva, nosso
objetivo foi estabelecer a composicdo do complexo moscas-das-frutas visando fornecer
informacdes sobre as espécies de tefritideos, parasitoides e suas interagdes multitroficas para a
regido Sul de Minas Gerais. A compreensao destas interacfes contribuird para a implementacdo

de estratégias assertivas de controle da mosca-das-frutas em pomares.

Material e métodos
Area de estudo

O estudo foi realizado no pomar experimental da Universidade Federal de Lavras -
UFLA, Lavras, Minas Gerais, Brasil (44°58°56” W ¢ 21°13°50” S, altitude 908 m). Segundo a
classificacdo de Koppen, o clima da regido é Cwa - clima subtropical, ou seja, um clima tropical
de altitude caracterizado por um inverno seco e um verdo quente e imido (Alvares et al. 2013).
A temperatura média anual durante os dois anos de amostragem (fevereiro 2019 - junho 2021)
variou de 15 a 23,4°C (temperaturas minimas de 10,3 a 19,9°C e temperaturas maximas de 16,3
a 30,4°C), com precipitacdo total anual de 1.124 mm (2019), 1.633,9 mm (2020) e 661,5 mm
(janeiro a junho de 2021) e umidade relativa média variando de 50,74 a 78,65 (Fig. 1). Os dados
meteoroldgicos foram obtidos de uma estagdo meteoroldgica localizada no Campus UFLA. A
area abrange 17 ha de vegetacdo diversificada, com cultivo de diversas frutiferas hospedeiras
de moscas-das-frutas (Tabela 1) e fragmentos de mata, além de areas urbanas no entorno do
campus (Coelho, R.S observacao pessoal). Esporadicamente frutos infestados com moscas-das-
frutas também foram coletados em pomares domésticos nas zonas rurais dos municipios de
ljaci, Minas Gerais, Brasil (44°55°43” W e 21°10’15” S, altitude 833 m) e ltumirim, Minas
Gerais, Brasil (44°52°15” W e 21°19°01” S, altitude 870,56 m) para compor a lista de espécies
e estabelecer as relacgdes troficas.
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Amostragem
Coleta de frutos

A amostragem de frutos ocorreu durante o periodo de fevereiro de 2019 a junho de 2021
e variou ao longo do tempo, dependendo da disponibilidade/época de frutificagdo. Coletaram-
se frutos maduros ou em fase de amadurecimento aleatoriamente das arvores e/ou frutos caidos
no solo, os quais foram acondicionados em bandejas plésticas (435 x 285 x 80 mm) rotuladas
e encaminhados ao Laboratério de Controle Biologico de Pragas (LCBIOL - UFLA).
Sequencialmente, os frutos de cada espécie (separados em amostras da arvore e do solo) foram
pesados, quantificados e mantidos em bandejas plasticas, com uma fina camada de vermiculita
como substrato para a pupacédo. Esses recipientes foram cobertos com tecido voile e mantidos
sob condic¢es controladas (25 + 2 °C, 50 + 10% UR e fotofase de 12 h). Ap6s um periodo de
15-20 dias, a vermiculita foi examinada, os puparios contabilizados e acondicionados em novos
recipientes plésticos (50 ml) rotulados e contendo vermiculita, mantendo nesta condicéo até a
emergéncia de moscas adultas e/ou parasitoides. Finalmente, os adultos obtidos foram

contabilizados, sexados e preservados em alcool 70% para posterior identificacéo.

Armadilhas

Foram utilizadas trés armadilhas do tipo McPhail, contendo isca composta por proteina
hidrolisada de milho (Bio Anastrepha®) diluida a 5%. As armadilhas foram instaladas na copa
das arvores aproximadamente 1,50 m acima do solo e inspecionadas quinzenalmente, ocasido
em que os espécimes de moscas capturados eram coletados e os atrativos alimentares
substituidos. Os espécimes foram lavados com dgua em peneira e devidamente acondicionados
em recipientes plasticos (250 ml) com &lcool 70%, sendo rotulados e encaminhados ao LCBIOL
- UFLA para triagem. As armadilhas foram mantidas de maneira ininterrupta de novembro de
2019 a abril de 2021.

Identificacdo dos insetos

A identificacdo de moscas e parasitoides foi baseada exclusivamente em adultos. A
identificacdo especifica de Anastrepha foi baseada apenas nas fémeas (Uramoto 2007; Zucchi
et al. 2011) e C. capitata em machos e fémeas. As espécies de Braconidae foram identificadas
de acordo com Canal e Zucchi (2000) e Marinho et al. (2018) e Figitidae de acordo com
Guimardes et al. (2003). Anastrepha fraterculus (Wiedemann, 1830) corresponde a um

complexo de espécies cripticas; entretanto, considerado como lato sensu neste trabalho.
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Amostras de referéncia de moscas-das-frutas foram preservadas em é&lcool 70% e depositadas
posteriormente no Museu de Entomologia da Esalg, USP, enquanto amostras de parasitoides
foram depositadas na Colecdo Entomoldgica do Centro de Biodiversidade e Patrimonio
Genético da UFLA.

Analises dos dados

Realizamos uma analise descritiva das espécies frutiferas hospedeiras e ndo hospedeiras
de moscas-das-frutas bem como as espécies de moscas e parasitoides obtidas a partir destas
coletas. Para amostras de cada espécie de planta hospedeira, o indice de infestacdo por
tefritideos foi calculado dividindo-se 0 nimero total de pupérios obtidos da amostra do fruto
pelo nimero de frutos. A porcentagem de parasitismo foi obtida dividindo-se o total de
parasitoides emergidos pelo nimero total adultos emergidos da amostra e multiplicados por 100
(Alvarenga et al. 2009). Para as analises usamos unicamente 0s especimes obtidos de frutos
coletados no pomar experimental da UFLA, visto que houve uma periodicidade na amostragem
destes frutos. A riqueza total das espécies foi calculada a partir do nimero de individuos
coletados (para moscas e parasitoides), agrupando todas as amostras, para a obtencao da curva
de rarefacdo de Coleman e do estimador de riqueza Bootstrap. Para a analise da composicédo
das espécies de moscas e parasitoides obtidos de frutos amostrados da arvore e/ou caidos no
solo, realizou-se uma analise multivariada permutacional de variancia (Permanova) através do
pacote “Vegan” (Oksanen et al. 2020). As interacOes de moscas-das-frutas com frutos
hospedeiros e de parasitoides com frutos infestados foram apresentadas pelo mapa de calor para
determinar as relacGes entre as espécies (moscas-das-frutas e/ou parasitoides) e espécies de
frutos. Representamos quais frutos contribuiram para a abundancia e diversidade das espécies
na area de estudo. A forca das interacdes de espécies entre frutos foi medida pela distancia
euclidiana. Todas as analises foram executadas utilizando-se o software R 4.0 (R Core Team
2020).

A frequéncia foi calculada a partir da proporcdo de individuos de uma espécie em
relagdo ao numero total amostrado. A riqueza total das espécies coletadas em armadilhas foi
calculada a partir do nimero de individuos, agrupando-se as trés armadilhas por 18 meses de

amostragem, gerando a curva de rarefacdo de Coleman e do estimador de riqueza Bootstrap.
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Flutuagdo das populagdes

Para visualizar diferentes padrdes de distribuicdo das espécies de moscas-das-frutas foi
estabelecida a flutuacdo populacional utilizando-se apenas as fémeas de moscas-das-frutas
capturadas mensalmente nas armadilhas. Nesta analise foram consideradas as trés espécies de

moscas-das-frutas mais abundantes.

Resultados
Coleta de frutos
Moscas-das-frutas

Ao todo, foram amostrados frutos de 30 espécies frutiferas distribuidas em nove familias
botanicas, os quais somaram 166,71 kg de 8.146 frutos coletados. Dentre as espécies frutiferas
obtidas, registramos a presenca de Anastrepha spp. e/ou C. capitata em 23 espécies
pertencentes as familias Myrtaceae, Rubiaceae, Oxalidaceae, Rutaceae e Rosaceae. O indice de
infestacdo de moscas-das-frutas variou entre os frutos obtidos das arvores e do solo e entre as
espécies frutiferas (Tabela 1). Ademais, os maiores indices de infestacdo média foram obtidos
para Eugenia stipitata MacVaugh (7,67), Prunus pérsica (L.) cv. Libra (6,73), Psidium guajava
(L.) cv. Roxa (6,27) e cv. Polpa vermelha (5,71) (Tabela 1).

De todas as espécies, a mosca-das-frutas Sul-americana, Anastrepha fraterculus,
infestou o maior nimero de hospedeiros, explorando 20 espécies frutiferas distribuidas entre as
cinco familias botanicas amostradas. Em particular, as espécies de plantas Campomanesia
xanthocarpa O. Berg., Plinia jaboticaba (Vell.) Kausel, Citrus paradisi Macfad x Poncirus
trifoliata L. Raf., Citrus aurantium L., Citrus sinensis (L.), Citrus limonia Osbeck, Poncirus
trifoliata (L.) e Citrus unshiu (Mack.) Marcov. tiveram exclusivamente A. fraterculus
infestando seus frutos. A mosca-das-frutas Anastrepha obliqua (Macquart, 1835) foi associada
a 10 espécies de plantas das cinco familias botanicas, sendo a Unica espécie infestando Eugenia
pyriformis Cambess. Anastrepha bistrigata Bezzi, 1919 foi obtida de duas espécies da familia
Myrtaceae. Por outro lado, Anastrepha bahiensis Lima, 1937 foi obtida unicamente de
Eriobotrya japonica (Thunb.) Lindl.. Finalmente, a mosca-do-mediterraneo, C. capitata foi
encontrada em 11 espécies das cinco familias amostradas (Tabela 2).

A composicdo de moscas-das-frutas obtidas dos frutos da arvore e do solo ndo
apresentaram diferenca entre si, sugerindo similaridade pela analise de Permanova,
(F1,38=1,736; p<0,122).
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A espécie A. fraterculus e C. capitata apresentaram maior nimero de espécimes/Kg de
frutos (Fig. 2).

Observou-se uma tendéncia a assintota na curva de acumulacdo de espécies representada
na amostragem por frutos, com uma riqueza observada total de cinco espécies de moscas-das-
frutas (Fig. 3). Conforme o estimador Bootstrap (5,36), a riqueza de espécies estimada para 0
Pomar de Fruticultura da UFLA ndo se mostrou muito divergente da riqueza observada.
Segundo o esfor¢o amostral, obtivemos a riqueza de 93,28% das espécies (Fig. 3).

As interacbes das espécies de moscas-das-frutas com suas frutiferas hospedeiras
mostraram que A. fraterculus interagiu fortemente com cereja do rio grande, seguida pela
pitanga e araca-roxo e C. capitata mostrou a interacdo mais forte com péssego libra e café
convencional (Fig. 4). A maioria das interacbes foram fortes, porém, houveram interacdes

fracas. Por exemplo, A. bahiensis interagiu apenas com néspera (Fig. 4).

Parasitoides

Encontramos quatro espécies da familia Braconidae: Doryctobracon areolatus
(Szépligeti, 1911); Opius bellus Gahan, 1930; Utetes anastrephae (Viereck, 1913) e Asobara
anastrephae (Muesebeck, 1958) e trés espécies da familia Figitidae: Odontosema anastrephae
Borgmeier, 1935; Aganaspis pelleranoi (Brethes, 1924) e Lopheucoila anastrephae (Rhower,
1919) associadas a espécies de moscas-das-frutas obtidas de frutos hospedeiros. O parasitoide
D. areolatus foi obtido de amostras de 14 espécies frutiferas, sendo a espécie presente em quase
a totalidade de frutos amostrados. As espécies O. bellus e U. anastrephae foram encontradas
em seis espécies frutiferas hospedeiras de moscas-das-frutas. Asobra anastrephae, por sua vez,
foi obtida de moscas-das-frutas infestando cinco espécies frutiferas. As espécies A. pelleranoi e
L. anastrephae foram encontradas em amostras de quatro espécies frutiferas e O. anastrephae
associada a tefritideos em trés frutiferas coletadas (Tabela 3).

A composicdo de parasitoides obtidas de moscas-das-frutas infestando frutos foram
similares, uma vez que ndo houve separa¢do entre as amostras dos frutos obtidos da arvore e
do solo, pela anélise de Permanova (F1,2s= 0,787p<0,602).

Das sete espécies de parasitoides obtidas das amostras, D. areolatus apresentou o0 maior
numero de espécimes por massa total de frutos, seguido por O. bellus e U. anastrephae (Fig.
5).

Houve estabilidade na curva de acumulacéo de espécies de parasitoides obtidos de frutos

infestados por tefritideos, com uma riqueza total observada de sete espécies (Fig. 6). O
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estimador Bootstrap (7,02), indica que alcangcamos uma riqueza de 98,59% de espécies de
parasitoides esperada (Fig. 6).

A porcentagem de parasitismo variou dependendo das espécies frutiferas hospedeiras
de moscas-das-frutas e entre amostras obtidas das arvores e do solo (Tabela 4). As maiores
porcentagens de parasitismo media foram obtidas para Eugenia uniflora (49, 89%), Psidium
myrtoides (40,40%) e C. xanthocarpa (40,00%) (Tabela 4).

As interacOes das espécies de parasitoides obtidos das amostras de frutos infestados por
moscas-das-frutas mostraram que D. areolatus interagiu fortemente com pitanga, araga-roxo e
cereja do rio grande (Figura 7). A maioria das interaces foram fracas, por exemplo, O.
anastrephae interagiu apenas com goiaba roxa, araga-boi, goiaba polpa branca e carambola.

Armadilhas

Nossos esforcos de amostragem resultaram nos primeiros registros de Anastrepha amita
Zucchi, 1979 e Anastrepha punctata Hendel, 1914 para o estado de Minas Gerais. Foram
coletadas 1.768 fémeas de moscas-das-frutas de 10 espécies. Dentre as espécies, C. capitata, A.
fraterculus e A. obliqua foram as mais frequentes (Tabela 5).

Observou-se uma tendéncia a assintota na curva de acumulacgdo de espécies coletadas
nas armadilhas McPhail, com uma riqueza observada total de 10 espécies (Fig. 8). Conforme o
estimador Bootstrap, a riqueza de espécies estimada para o Pomar de fruticultura da UFLA néo
se mostrou muito discrepante da riqueza observada (10,90), indicando que obtemos uma riqueza

de 91,74% de espécies de moscas (Fig. 8).

Flutuacdo das populagdes

A flutuacdo populacional de moscas-das-frutas foi calculada para as trés espécies mais
abundantes, sendo C. capitata, A. fraterculus e A. obliqgua. Um pico das populagdes de A.
fraterculus e A. obliqua foi observado durante o periodo de fevereiro de 2020 a abril de 2020.
Posteriormente, no més de junho de 2020 iniciou-se um pico populacional de C. capitata, que
se estendeu até novembro, onde observou-se poucos individuos das espécies de Anastrepha.
No més de fevereiro de 2021 iniciou-se um outro pico populacional de A. fraterculus e A.
obliqua, estendendo-se até abril (Fig. 9).
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Discussao

Atualmente, o género Anastrepha possui 36 espécies reportadas para Minas Gerais,
Brasil (Pirovani et al. 2020; Zucchi e Moraes 2022). O presente estudo, entretanto, contribuiu
com o0s primeiros registros de mais duas especies: A. amita e A. punctata, totalizando 38
especies. Além disso, este artigo apresenta os resultados do primeiro levantamento sobre
Tephritidae em um pomar diversificado no Sul de Minas Gerais. Consequentemente, todas as
relagOes troficas aqui obtidas sdo novas para esta regido e destacam a importancia de ampliar o
conhecimento sobre o complexo moscas-das-frutas em ambientes ainda pouco explorados e
com diversidade de frutiferas.

A amostragem por armadilhas e frutos compartilharam quatro espécies: A. fraterculus,
A. obliqua, A. bistrigata e C. capitata. No geral, as amostras das armadilhas apresentaram maior
riqueza de espécies quando comparadas as amostras de frutos. 1sso se deve, especialmente, por
um maior esfor¢o amostral, visto que as armadilhas permaneciam no pomar continuamente. A
coleta de frutos, entretanto, ocorreu mediante disponibilidade/periodo de frutificacdo das
espécies hospedeiras. Embora as amostras de armadilhas tenham resultado na maior riqueza de
espécies, a associacdo de hospedeiros, e de seus parasitoides, sé € possivel através da coleta de
frutos (Araujo et al. 2019). Assim, esse estudo utilizou-se de ambos 0s métodos de amostragem
que, complementarmente, contribuiram para gerar as informag6es aqui apresentadas.

Claramente a infestacdo por tefritideos é condicionada por caracteristicas intrinsecas as
espécies frutiferas e, portanto, algumas delas parecem ser fortemente atrativas, como € o caso
de espécies da familia Myrtaceae e Rosaceae (Tabela 1). Anastrepha fraterculus, por exemplo,
parece apresentar preferéncia por espécies da familia Myrtaceae (Alvarenga et al. 2009;
Querino et al. 2014; Araujo et al. 2019). Além disso, frutos da familia Myrtaceae, como P.
guajava, contribuiram para a presenca de A. bistrigata no pomar, semelhante ao encontrado por
Araujo et al. (2019). Entretanto, alguns frutos podem exibir algum grau de resisténcia e/ou
serem ndo preferiveis por moscas-das-frutas. Physalis peruviana é, neste contexto, reportado
como fruto ndo hospedeiro para a mosca-do-mediterraneo, C. capitata, seja pela casca e as
resinas/ceras da superficie, inviabilizando a oviposi¢ao ou, no caso das larvas, pelos compostos
toxicos no fruto (Aluja et al. 2019). Nossos achados somam a esse relato, visto que nenhuma
pupa foi obtida destes frutos, e apoiam as varia¢Ges entre diferentes frutiferas (hospedeiras ou
ndo, além de variacdo entre niveis de infestacdo), respaldando a condugdo de levantamentos

baseados na amostragem de frutos.
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Documentamos aqui o primeiro registro de P. myrtoides como hospedeiro de A. obliqua
para o Brasil. Além disso, novas associa¢des troficas sdo relatadas para o estado de Minas
Gerais. Anastrepha bahiensis foi associada a E. japonica e A. bistrigata a P. myrtoides e P.
guajava, sendo, até 0 momento, as unicas frutiferas hospedeiras associadas a estas espécies de
moscas no estado. Por outro lado, A. fraterculus e A. obliqua infestaram o maior nimero de
espécies frutiferas e houve, com esta pesquisa, um acréscimo no numero de hospedeiros
conhecidos (Tabela 2). Com estas novas ocorréncias, esse nimero aumentou de 17 para 31
hospedeiros associados a A. fraterculus e de 12 para 19 hospedeiros associados a A. obliqua,
registrados para Minas Gerais. A mosca Sul-americana, A. fraterculus, foi, ainda, a que mais
interagiu com as espécies frutiferas coletadas, com diferentes intensidades de interac&o.
Entretanto, a mais fraca interacdo foi obtida por A. bahiensis em E. japonica (néspera), o que
se deve ao Unico espécime obtido.

Ceratitis capitata destaca-se por sua adaptabilidade e estd entre as espécies mais
invasoras (Deschepper et al. 2021), podendo preferir espécies frutiferas exoticas. Para Minas
Gerais, hd 23 hospedeiros conhecidos (Zucchi e Moraes 2022). Este estudo, entretanto,
constatou novas associacdes entre C. capitata e espécies nativas brasileiras, tais como: E.
stipitata, P. myrtoides e E. involucrata. No geral, entre frutiferas nativas e exoticas, sete novas
espécies podem ser consideradas hospedeiras de C. capitata no estado (Tabela 2).
Curiosamente, ndo obtivemos adultos de C. capitata de frutos de P. guajava. Em contrapartida,
P. persica influenciou fortemente a presenca de C. capitata, havendo um nimero reduzido de
espécimes de A. fraterculus para esta frutifera. Provavelmente, estas espécies desenvolveram
estratégias de exploracdo de nichos distintos, em diferentes épocas do ano, para evitar a
competicéo.

Sete espécies de parasitoides foram obtidas em frutos infestados por moscas-das-frutas
(Tabela 3). Além disso, as maiores porcentagens de parasitismo observadas neste estudo em
hospedeiros, como P. myrtoides e E. uniflora (40,40 — 49,89%), sugerem que o0 tamanho
pequeno dos frutos pode contribuir para a efetividade do parasitismo. Embora ndo tenhamos
verificado a correlacdo entre o parasitismo e tamanho de frutos, é fato que, em frutos maiores,
0 hospedeiro tefritideo pode estar fora de alcance ou escapar movendo-se mais profundamente
dentro do fruto, tornando-o menos suscetivel ao ovipositor do parasitoide (Montoya et al. 2016).
Aqui, classificamos P. myrtoides e E. uniflora como repositorio de parasitoides de moscas-das-
frutas. Ademais, este estudo confirma que D. areolatus é o parasitoide nativo com maior
abundancia, semelhante ao observado por outros autores (Alvarenga et al. 2009; Paranhos et al.

2019; Lopez-Ortega et al. 2020; Sousa et al. 2021a). Entre parasitoides frequentemente
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encontrados atacando o mesmo hospedeiro, como no caso de D. areolatus e U. anastrephae, o
tamanho do ovipositor das fémeas e, 0 consequente acesso ao hospedeiro, pode ser uma
adaptacdo evolutiva que viabiliza a coexisténcia e fornece ‘espaco livre de concorrentes'. Nesse
caso, 0 ovipositor mais longo de D. areolatus pode indicar uma especializacao que lhe permite
atacar larvas em frutos maiores do que U. anastrephae que, por sua vez, é um competidor
intrinseco superior a D. areolatus (Aluja et al. 2013).

Em relacdo a composicdo de espécies amostradas da arvore e solo, os exemplares
amostrados representaram a comunidade de moscas-das-frutas e parasitoides de forma
semelhante. Para parasitoides, por exemplo, registramos espécimes que forrageiam e atacam
seus hospedeiros tefritideos enquanto os frutos ainda estdo fixos a planta, o que pode justificar
a similaridade entre arvore e solo. Essa diferenca poderia ocorrer, entretanto, se algumas das
espécies coletadas exibisse atividade/preferéncia de forrageamento e parasitismo em
hospedeiros tefritideos mais velhos e, consequentemente, em frutos ja presentes no solo, como
0 caso de Diachasmimorpha longicaudata (Ashmead) (Hymenoptera: Braconidae) (Harbi et al.
2018).

As flutuacbes populacionais das espécies mais abundantes sugerem uma hierarquia
competitiva entre C. capitata, A. fraterculus e A. obliqua. Logo, a espécie invasora, C. capitata,
parece deslocar, pelo menos em determinado periodo do ano, as espécies de Anastrepha.
Relatos anteriores de invasfes envolvendo esses dois géneros sugerem que C. capitata é
competitivamente superior (Silva et al. 2021). Como anteriormente mencionado, a maior
abundancia de C. capitata de junho a novembro de 2020 foi determinada principalmente pela
disponibilidade de P. persica. O pico populacional subsequente de A. fraterculus pode estar,
nesta perspectiva, fortemente associado a disponibilidade de frutiferas da familia Myrtaceae.
Por fim, as informacGes aqui obtidas abrem caminho para a compreensdo de algumas das
complexas relacbes troficas de moscas-das-frutas, espécies hospedeiras e parasitoides para o
estado de Minas Gerais e, especialmente, a regido Sul do estado. Trabalhos posteriores podem
explorar outras espécies hospedeiras nativas na busca por novas associagcfes troficas, o que
pode, portanto, contribuir e subsidiar estratégias de manejo integrado, tal como o controle

bioldgico, de moscas-das-frutas em ambientes diversificados.
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Fig. 1 Dados climaticos obtidos do pomar experimental da Universidade Federal de Lavras -

UFLA, Lavras, Minas Gerais, Brasil, durante o periodo de fevereiro de 2019 a abril de 2021
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Fig. 2 Moscas-das-frutas (Diptera: Tephritidae) por massa total de frutos coletados em um
pomar experimental da Universidade Federal de Lavras - UFLA, Lavras, Minas Gerais, Brasil,
durante o periodo de fevereiro de 2019 a junho de 2021. As barras representam a média de

espécimes capturados e as linhas representam o erro padréo
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Fig. 3 Curva de rarefacdo de Coleman e estimador de riqueza Bootstrap de espécies obtidas de
frutos coletados em um pomar experimental da Universidade Federal de Lavras - UFLA,
Lavras, Minas Gerais, Brasil, durante o periodo de fevereiro de 2019 a junho de 2021. (A)
Riqueza observada. (B) Riqueza observada e estimador de riqueza Bootstrap. As linhas

representam a riqueza observada e estimada. A area sombreada representa o erro padréo
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Fig. 4 Mapa de calor das interacdes de espécies de moscas-das-frutas com hospedeiros do
pomar experimental da Universidade Federal de Lavras - UFLA, Lavras, Minas Gerais, Brasil.
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fevereiro de 2019 a junho de 2021. As barras representam a média de espécimes capturados e
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Fig. 8 Curva de rarefacéo de Coleman e estimador de riqueza Bootstrap das espécies de moscas-
das-frutas coletadas por meio de armadilhas McPhail em pomar experimental da Universidade
Federal de Lavras - UFLA, Lavras, Minas Gerais, Brasil, durante o periodo de novembro de
2019 a abril de 2021. (A) Riqueza observada. (B) Riqueza observada e estimador de riqueza
Bootstrap. As linhas representam a riqueza observada e estimada. A area sombreada representa
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Fig. 9 Flutuacdo populacional das espécies de moscas-das-frutas mais abundantes coletadas por

meio de armadilhas McPhail em pomar experimental da Universidade Federal de Lavras -

UFLA, Lavras, Minas Gerais, Brasil, durante o periodo de novembro de 2019 a abril de 2021
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Tabela 1 — Familia botanica, nome cientifico e vernacular, nimero e peso dos frutos amostrados, classificados como infestados ou ndo por moscas-

das-frutas (Diptera: Tephritidae), durante o periodo de fevereiro de 2019 a junho de 2021. (Pomar de fruticultura da UFLA, Lavras, MG e pomares

doméstico de Itumirim, MG e ljaci, MG).

NUmero Fruto .Indice d~e o
Plantas de frutos Peso (kg) infestado Infestacao _Indlce d~e
Familia/Espécie Nome vernacular (n) Sim/Ndo Arvore Solo infestagdo
Myrtaceae

Eugenia stipitata MacVaugh Araca-boi 298 (16) 20,36 Sim 11,55 4,76 7,67
Psidium myrtoides O. Berg Araca-roxo 964 (13) 3,24 Sim 1,69 0,95 1,49
Eugenia involucrata DC. Cereja do rio grande 203 (2) 0,31 Sim 1,69 1,76 1,72
Campomanesia xanthocarpa O. Berg Gabiroba 40 (1) 0,12 Sim 0,35 0,35 0,35
Goiaba polpa branca 267 (7) 10,67 Sim 3,09 1,62 2,35
Psidium guajava L Goiaba polpa brancat 30(2) 1,58 Sim 366 1,61 2,29
' Goiaba polpa vermelha 40 (4) 4,73 Sim 6,72 2,67 571
Goiaba roxa 154 (6) 8,1 Sim 9,01 2,98 6,27
Plinia jaboticaba (Vell.) Kausel Jaboticabat 127 (1) 0,27 Sim 0,05 0,05 0,05
Syzygium jambos (L.) Alston Jambo 11 (1) 0,47 Sim 3,33 0 1,67
Eugenia uniflora L Pitanga 110 (2) 0,41 Sim 396 3,38 3,67
' Pitanga! 100 (1) 0,23 Sim 1,54 1,09 1,31
Eugenia pyriformis Cambess Uvaial 45 (3) 0,82 Sim 3,15 1,8 2,47

Rubiaceae

Continua...
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. indice de
Numero Fruto . ~ oo
Plantas de frutos  Peso (kg) infestado — Infestacdo ilnnfglsi: %%
Familia/Espécie Nome vernacular (n) Sim/Nédo Arvore Solo ¢
Coffea arabica L Café convencional 105 (1) 0,13 Sim 0,3 - 0,3
' Café SAT? 2757 (3) 3,01 Sim 0,16 - 0,16
Oxalidaceae
Averrhoa carambola L. Carambola 654 (16) 36,82 Sim 1,43 1,12 1,28
Rutaceae
Citrus paradisi (L.) OStF)ela); Poncirus trifoliata (L.) Citrange 15 (1) 245 sim 0.2 i 0.2
Citrus paradisi Macfa%;; Poncirus trifoliata L.) Citrumelo 12 (1) 156 sim 0,08 i 0,08
Citrus reticulata Bléns%%c)liCItrus sinensis (L.) Tangerina Dekopon 70 (6) 715 sim 0.6 143 0,72
Citrus aurantium L. Laranja azeda 19 (1) 3,22 Sim - 0,16 0,16
Citrus sinensis (L.) Laranja Serra d'agua? 5(1) 0,84 Sim 1,8 - 1,8
Fortunella margarita (Lour.) Swingle Laranja Kinkan 162 (5) 1,96 Sim 0,85 0,5 0,65
Citrus limonia Osbeck Limao cravo 66 (3) 3,6 Sim 0,57 0,43 0,5
. - Poncirus Flying Dragon 240 (2) 10,36 Né&o - - -
Poncirus trifoliata (L) Poncirus 47 (2) 8,6 Sim 006 023 0,17
Citrus unshiu (Mak.) Marcov. Tangerina Satsuma 20 (2) 1,48 Sim 2,22 3 2,61

Continua...
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. indice de
Numero Fruto . N o
Plantas de frutos  Peso (kg) infestado — Infestacao ilnr:%ﬁz %%
Familia/Espécie Nome vernacular (n) Sim/Nédo Arvore Solo ¢
Rosaceae
Eriobotrya japonica (Thunb.) Lindl. Néspera 586 (11) 6,66 Sim 098 1,01 0,99
Pyrus communis x P. pyrifolia Péra 50 (2) 2,95 Sim 0,95 0,67 0,86
Prunus pérsica L Péssego Libra 157 (3) 3,32 Sim 9,32 4,14 6,73
P ' Péssego Rubimel 23 (1) 1,06 Sim 1,13 - 1,13
. Framboesa negra 211 (1) 0,21 N&o - - -
Rubus niveus Thunb. Framboesa vermelha 180 (3) 0,49 Né&o - - -
Solanaceae
Solanum betaceum Cav. Tomate de arvore 162 (14) 6,19 Nao - - -
Physalis peruviana L. Physalis 128 (4) 0,35 Nao - - -
Cactaceae
Selenicereus undatus (Haw.) Pitaya branca 24 (4) 4,91 Nao - - -
Selenicereus polyrhizus Pitaya vermelha 5(1) 1,3 N&o - - -

Continua...
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. indice de
Numero Fruto . N P
Plantas de frutos  Peso (kg) infestado — Infestacao ilnr:fiﬁg %Z

Familia/Espécie Nome vernacular (n) Sim/Nédo Arvore Solo ¢
Moraceae

Ficus Carica L. Figo 38 (2) 2,94 Né&o - - -
Passifloraceae

Passiflora edulis Sims. Maracuja azedo 21 (1) 3,84 Nao - - -

(n) nimero de amostras coletadas de cada espécie
Icoletas realizadas nos pomares domeésticos de ljaci, MG
2coleta realizada no pomar domeéstico de Itumirim, MG
3Café SAT: café sem aplicagBes de agrotoxicos
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Tabela 2 - Familia botanica, nome cientifico e vernacular e espécies de moscas-das-frutas, nimero de fémeas, nimero de macho e total

obtidos de frutos amostrados durante o periodo de fevereiro de 2019 a junho de 2021 (Pomar de fruticultura da UFLA, Lavras, MG e

pomares domestico de Itumirim, MG e ljaci, MG).

Hospedeiros

Espécie de moscas-das-frutas

— — R Machos Total
Familia/Espécie Nome vernacular (fémeas)
Myrtaceae
Eugenia stipitata Araca-boi Anastrepha fraterculus (Wied.) (177) 699
Anastrepha obliqua (Macquart) (496) 1373
Ceratitis capitata (Wied.) (1) 0
Psidium myrtoides Araca-roxo Anastrepha bistrigata Bezzi (58)
Anastrepha fraterculus (Wied.) (178) 198 442
Anastrepha obliqua (Macquart) (2)
Ceratitis capitata (Wied.) (2) 4
Campomanesia xanthocarpa Gabiroba Anastrepha fraterculus (Wied.) (6) 1 7
Psidium guajava Goiaba polpa branca Anastrepha bistrigata Bezzi (9) 150 201

Anastrepha fraterculus (Wied.) (66)
Anastrepha obliqua (Macquart) (64)

Continua...
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Hospedeiros

Espécie de moscas-das-frutas Machos  Total

Familia/Espécie Nome vernacular (fémeas)
Goiaba polpa branca  Anastrepha fraterculus (Wied.) (25)
Anastrepha obliqua (Macquart) (7) 19 52

Goiaba polpa vermelha

Goiaba roxa
Plinia jaboticaba Jaboticabat
Eugenia involucrata Cereja do Rio Grande
Syzygium jambos Jambo

Anastrepha bistrigata Bezzi (1)

Anastrepha bistrigata Bezzi (5)

Anastrepha fraterculus (Wied.) (36) 34 9
Anastrepha obliqua (Macquart) (4)
Anastrepha bistrigata Bezzi (17) 179 377
Anastrepha fraterculus (Wied.) (162)
Anastrepha obliqua (Macquart) (26)
Anastrepha fraterculus (Wied.) (1) 1 2
Anastrepha fraterculus (Wied.) (110) 107 222
Ceratitis capitata (Wied.) (2) 3
Anastrepha fraterculus (Wied.) (5) 3 16
Ceratitis capitata (Wied.) (0) 8

Continua...
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Hospedeiros

Familia/Espécie

Nome vernacular

Espécie de moscas-das-frutas
(fémeas)

Machos Total

Eugenia uniflora Pitanga Anastrepha fraterculus (Wied.) (99) 128
Anastrepha obliqua (Macquart) (1) 232
Ceratitis capitata (Wied.) (3) 1
Pitangat Anastrepha fraterculus (Wied.) (31) 35 66
Eugenia pyriformis Uvaial Anastrepha obliqua (Macquart) (53) 31 84
Rubiaceae
Coffea arabica Café convencional Anastrepha fraterculus (Wied.) (3) 0
Anastrepha obliqua (Macquart) (1) 31
Ceratitis capitata (Wied.) (12) 15
Cafeé SAT3 Anastrepha fraterculus (Wied.) (77) 83 167
Ceratitis capitata (Wied.) (4) 3
Oxalidaceae
Averrhoa carambola Carambola Anastrepha fraterculus (Wied.) (6) 138
Anastrepha obliqua (Macquart) (263) 422
Ceratitis capitata (Wied.) (7) 8
Continua...
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Hospedeiros

Espécie de moscas-das-frutas

— — R Machos Total
Familia/Espécie Nome vernacular (fémeas)
Rutaceae
Citrus paradisi x Poncirus trifoliata Citrange Anastrepha fraterculus (Wied.) (2) 1 3
Citrus reticulata X Citrus sinensis Tangerina Dekopon Anastrepha fraterculus (Wied.) (6) 4 11
Anastrepha obliqua (Macquart) (1)
Citrus aurantium Laranja azeda Anastrepha fraterculus (Wied.) (1) 2 3
Citrus sinensis Laranja Serrad'dgua?  Anastrepha fraterculus (Wied.) (4) 2 6
Fortunella margarita Laranja Kinkan Anastrepha obliqua (Macquart) (2) 10 78
Ceratitis capitata (Wied.) (49) 17
Citrus limonia Limé&o cravo Anastrepha fraterculus (Wied.) (6) 7 13
Poncirus trifoliata Poncirus Anastrepha fraterculus (Wied.) (3) 1 4
Citrus unshiu Tangerina Satsuma Anastrepha fraterculus (Wied.) (9) [ 16
Rosaceae
Eriobotrya japonica Néspera Anastrepha fraterculus (Wied.) (173)
Anastrepha obliqua (Macquart) (23) 217 486
Anastrepha bahiensis Lima (1)
Ceratitis capitata (Wied.) (6) 66

Continua...
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Hospedeiros

Espécie de moscas-das-frutas

— — R Machos Total
Familia/Espécie Nome vernacular (fémeas)
Pyrus communis x P. pyrifolia Péra Anastrepha fraterculus (Wied.) (9) 15 32
Ceratitis capitata (Wied.) (3) 5
Prunus persica Péssego Libra Anastrepha fraterculus (Wied.) (52) 48 1124
Ceratitis capitata (Wied.) (496) 528
Péssego Rubimel Anastrepha fraterculus (Wied.) (5) 4
Ceratitis capitata (Wied.) (8) 8 25

Icoletas realizadas nos pomares domésticos de ljaci, MG
2coleta realizada no pomar doméstico de Itumirim, MG
3Café SAT: café sem aplicagBes de agrotoxicos
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Tabela 3 —Espécies de parasitoides e seus hospedeiros obtidos de frutos coletados durante o periodo de fevereiro de 2019 a junho de 2021

(Pomar de fruticultura da UFLA, Lavras, MG e pomares doméstico de Itumirim, MG e ljaci, MG).

Espécies de parasitoides NUmero Plantas associadas Insetos hospedeiros
Aganaspis pelleranoi (Bréthes) 31  Araga-boi A. fraterculus, A. obliqua, C. capitata
2 Gabiroba A. fraterculus
6 Goiaba polpa branca A. bistrigata, A. fraterculus, A. obliqua
2 Goiaba polpa vermelha A, bistrigata, A. fraterculus, A. obliqua
32 Goiaba roxa A. bistrigata, A. fraterculus, A. obliqua
8 Cafeée SAT? A. fraterculus, C. capitata
Doryctobracon areolatus (Szépligeti) 7 Araca-boi A. fraterculus, A. obliqua, C. capitata
344  Araga-roxo A. bistrigata, A. fraterculus, A. obliqua, C. capitata
2 Gabiroba A. fraterculus
2 Goiaba polpa branca A. bistrigata, A. fraterculus, A. obliqua
3 Goiaba polpa vermelha A, bistrigata, A. fraterculus, A. obliqua
73 Goiaba roxa A. bistrigata, A. fraterculus, A. obliqua
35 Cereja do Rio Grande A. fraterculus, C. capitata
133  Pitanga A. fraterculus, A. obliqua, C. capitata
48 Pitanga! A. fraterculus
1 Uvaial A. obliqua
7 Café SAT? A. fraterculus, C. capitata
40 Carambola A. fraterculus, A. obliqua, C. capitata

Continua...
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Tabela 3 — Continuacéo

Espécies de parasitoides Numero Plantas associadas Insetos hospedeiros
7 Tangerina Dekopon A. fraterculus, A. obliqua
8 Laranja Kinkan A. obliqua, C. capitata
1 Lim&o cravo A. fraterculus
43 Néspera A. fraterculus, A. obliqua, A. bahiensis, C. capitata
3 Péssego Libra A. fraterculus, C. capitata

Lopheucoila anastrephae (Rhower) 3 Araca-boi A. fraterculus, A. obliqua, C. capitata
1 Goiaba polpa branca A. bistrigata, A. fraterculus, A. obliqua
1 Goiaba polpa vermelha A, bistrigata, A. fraterculus, A. obliqua
4
2

Cereja do Rio Grande A. fraterculus, C. capitata

Laranja Kinkan A. obliqua, C. capitata
Odontosema anastrephae Borgmeier 21 Araca-boi A. fraterculus, A. obliqua, C. capitata
12 Goiaba polpa branca A. bistrigata, A. fraterculus, A. obliqua
45 Goiaba roxa A. bistrigata, A. fraterculus, A. obliqua
1 Carambola A. fraterculus, A. obliqua, C. capitata
Opius bellus Grahan 11 Araca-roxo A. bistrigata, A. fraterculus, A. obliqua, C. capitata
6 Cerejado Rio Grande A, fraterculus, C. capitata
8 Pitanga A. fraterculus, A. obliqua, C. capitata
6 Pitangat A. fraterculus
38 Cafe SAT? A. fraterculus, C. capitata
1 Néspera A. fraterculus, A. obliqua, A. bahiensis, C. capitata
1 Péssego Libra A. fraterculus, C. capitata

Continua...
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Especies de parasitoides NUmero Plantas associadas

Insetos hospedeiros

Utetes anastrephae (Viereck) 1 Araca-boi
23 Araga-roxo
16 Cereja do Rio Grande

3 Pitanga

8 Pitangat

22 Cafe SAT?

4 Néspera
Asobara anastrephae (Muesebeck) 1 Aracéa-boi

17 Araga-roxo

7 Goiaba polpa vermelha
2 Carambola

1 Néspera

A. fraterculus, A. obliqua, C. capitata

A. bistrigata, A. fraterculus, A. obliqua, C. capitata
A. fraterculus, C. capitata

A. fraterculus, A. obliqua, C. capitata

A. fraterculus

A. fraterculus, C. capitata

A. fraterculus, A. obliqua, A. bahiensis, C. capitata

A. fraterculus, A. obliqua, C. capitata
A. bistrigata, A. fraterculus, A. obliqua, C. capitata
A. bistrigata, A. fraterculus, A. obliqua
A. fraterculus, A. obliqua, C. capitata
A. fraterculus, A. obliqua, A. bahiensis, C. capitata

Icoletas realizadas nos pomares domésticos de ljaci, MG
2Café SAT: café sem aplicacBes de agrotoxicos
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Tabela 4 — Familia botanica, nome cientifico e vernacular e porcentagem de parasitismo de frutos infestados por moscas-das-frutas (Diptera:
Tephritidae) amostrados durante o periodo de fevereiro de 2019 a junho de 2021 (Pomar de fruticultura da UFLA, Lavras, MG e pomares

domestico de Itumirim, MG e ljaci, MG).

i Parasitismo (% . L
- Hospedelros - 06) Parasitismo medio (%)
Familia/ Espécie Nome vernacular Arvore  Solo
Myrtaceae
Eugenia stipitata Aracéa-boi 1,29 3,99 2,84
Psidium myrtoides Araca-roxo 32,73 61,86 40,4
Campomanesia xanthocarpa Gabiroba 0 80 40
Psidium guajava Goiaba polpa branca 0,71 13,65 7,18
Goiaba polpa brancat 0 0 0
Goiaba roxa 21,02 37,5 28,51
Plinia jaboticaba Jaboticabat 0 0 0
Eugenia involucrata Cereja do rio grande 15,37 40,9 27
Syzygium jambos Jambo 0 0 0
Eugenia uniflora Pitanga 36,66 38,81 37,73
Pitanga! 40,54 59,25 49,89
Eugenia pyriformis Uvaia! 0,9 0 0,45

Continua...



Tabela 4 — Continuacéo

Hospedeiros

Parasitismo (%)

Familia/ Espécie

Nome vernacular

- Parasitismo médio (%
Arvore Solo (%)

Rubiaceae
Coffea arabica

Oxalidaceae
Averrhoa carambola

Rutaceae
Citrus paradisi x Poncirus trifoliata

Citrus sinensis
Fortunella margarita
Citrus limonia
Poncirus trifoliata

Citrus unshiu

Café convencional
Café SAT®

Carambola

Citrange
Laranja Serra d'agua?
Laranja Kinkan
Limé&o cravo
Poncirus

Tangerina Satsuma

0 - 0
31,4 - 31,4
6,96 7,09 7,02

0 0 0

0 0 0
0,55 54,68 30,62

0 7,14 3,57

0 0 0

0 0 0

Continua...
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Tabela 4 — Continuacao

Hospedeiros

Parasitismo (%)

Parasitismo médio (%)

Familia/ Espécie Nome vernacular Arvore  Solo
Rosaceae
Eriobotrya japonica Néspera 13,65 9,55 11,6
Pyrus communis x P. pyrifolia Péra 0 0 0
Prunus persica Péssego Libra 0,3 0,28 0,19
Péssego Rubimel 0 0 0

Icoletas realizadas nos pomares domeésticos de ljaci, MG
2coleta realizada no pomar domeéstico de Itumirim, MG
3Café SAT: café sem aplicacBes de agrotoxicos
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Tabela 5 —Moscas-das-frutas coletadas com armadilhas McPhail durante o periodo de
novembro de 2019 a abril de 2021 (Pomar de fruticultura da UFLA, Lavras, MG).

Espécies NOmero de fémeas  Coletas Frequéncia relativa
Ceratitis capitata 880 22 0,498
Anastrepha fraterculus 600 45 0,339
Anastrepha obliqua 255 24 0,144
Anastrepha distincta 11 8 0,006
Anastrepha grandis 7 7 0,004
Anastrepha dissimilis 6 4 0,003
Anastrepha bistrigata 4 4 0,002
Anastrepha pseudoparallela 3 2 0,002
Anastrepha amita 1 1 0,001
Anastrepha punctata 1 1 0,001

Total 1768
Riqueza S' 10
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Abstract

Chemical clues are crucial to natural enemies in searching for and successfully locating the host
or prey. Euborellia annulipes (Lucas) (Dermaptera: Anisolabididae), a nocturnal predatory
earwig, is often found inside fruits of the family Myrtaceae that have fallen to the ground and
become infested with larvae of fruit flies (Diptera: Tephritidae). Here, we evaluated the role of
volatiles from guava fruit (Psidium guajava L.) in signaling the presence of shelter and prey to
females of this earwig. First, in arena tests, we investigated the preference of earwigs,
inexperienced with guava odors or fruit-fly predation, to shelter in mechanically perforated
fruits, not infested by larvae of Ceratitis capitata (Wiedemann) (Diptera: Tephritidae) vs.
artificial fruits, and for mechanically perforated vs. larvae-infested fruits. Subsequently, we
evaluated the earwigs’ attraction and preference for volatiles emitted by guavas that were intact,
mechanically perforated, and infested by larvae of C. capitata. The results of the arena tests
showed that at all times evaluated, the earwigs preferred the guava fruits over the artificial fruits
and had no preference between infested and uninfested fruits up to 33 h; however, from 45 h
after release, more females sheltered in fruits without larvae. The olfactory tests showed that
the female earwigs recognized volatiles from mechanically perforated fruits infested with C.
capitata larvae, but preferred volatiles emitted by infested guavas over volatiles from intact or
mechanically damaged fruits. Thus, our results suggest that females of E. annulipes use volatile
chemical cues to locate guava fruits, which serve as shelter, and that despite being initially
attracted by the odors of prey-infested guava fruits, they prefer to shelter in uninfested fruits

after predation.

Key-words: Guava; behavior trials; olfactory response; Mediterranean fruit fly; tritrophic

interaction
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Introduction

In response to damage caused by herbivorous arthropods, plants emit complex mixtures
of volatile compounds (herbivore-induced plant volatiles, HIPVs), providing important clues to
natural enemies in locating, especially over long distances, potential hosts and prey (Hare, 2011,
McCormick et al., 2012; Turlings & Erb, 2018; Takabayashi & Shiojiri, 2019). For example,
in a plant-herbivore system where the hosts or prey are protected by the fruit pulp and therefore
“invisible” to natural enemies, HIPVs can provide reliable information on the presence of
herbivores, triggering innate and/or acquired responses to the perception of these stimuli.
Among the most harmful pests of fruit crops, fruit flies are difficult to control because the larvae
remain protected most of the time inside host fruits and later pupate in the soil, which allows
them to escape conventional control strategies, mainly insecticides, and to remain protected
until a new infestation cycle begins.

Among fruit-fly species, the Mediterranean fruit fly Ceratitis capitata (Wiedemann)
(Diptera: Tephritidae) is considered the most harmful because of its high polyphagy, phenotypic
plasticity (Lemic et al., 2021), and cosmopolitan character (Deschepper et al., 2021), making it
highly prevalent and invasive (Malacrida et al., 2007). Because of market pressure for high-
quality fresh fruits and the inefficiency of chemical insecticides used indiscriminately,
biological control through the use of parasitoids has assumed a prominent position (Garcia &
Ricalde, 2013; Paranhos et al., 2019). It is well documented that parasitoids utilize HIPVs from
host fruits in foraging, locating, and adapting to fruit-fly larvae (Altuzar et al., 2004; Silva et
al., 2007; Segura et al., 2012, 2016; Pérez et al., 2013; Harbi et al., 2019; Cai et al., 2020);
however, there is a gap in the understanding of predator-fly interactions.

As far as we are aware, no studies have focused on understanding the ecological
relationships of the Mediterranean fruit fly with soil predators, such as those of the order

Dermaptera, and few published reports suggest their association (Urbaneja et al., 2006; Orsini
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et al., 2007) and the potential of dermapterans for predating tephritids (Clancy et al., 1951,
Marucci, 1955; Hennessey, 1997; Oliveira et al., 2019). The earwig Euborellia annulipes
(Lucas) (Dermaptera: Anisolabididae) was often found inside fruits of guava Psidium guajava
(Linnaeus) infested with fruit-fly larvae and fallen to the ground, suggesting predatory activity.
In the laboratory, the earwigs fed on pupae and larvae of different instars of C. capitata (Coelho,
unpublished data). Besides this, E. annulipes is a biological-control agent for lepidopterans
(Silva et al., 2009; Nunes et al., 2019), dipterans (Byttebier & Fischer, 2019; Tangkawanit et
al., 2021), hemipterans (Oliveira et al., 2019), and coleopterans (Lemos et al., 2003). Euborellia
annulipes is distinguished by its nocturnal predatory activity and high voracity, one of the most
significant attributes of this species. The ability of E. annulipes to enter infested fruits through
holes formed when the fruit drop (Coelho, personal observation) allows the earwigs to consume
larvae that are located deeper in the pulp and that may have occasionally escaped natural
parasitism. All these factors indicate that this species is another potential biocontrol agent for
fruit flies.

In our study, we evaluated the role of guava-fruit volatiles in signaling shelter and the
presence of prey to earwigs. We address the following questions: (i) do the earwigs search for
guava fruits as a shelter? (ii) do earwigs have a preference between prey-infested and non-prey-
infested guava fruits? (iii) do volatile compounds released by mechanically perforated or prey-
infested guava fruits attract earwigs? (iv) do earwigs prefer volatile compounds released by
infested fruits over compounds emitted by mechanically perforated or intact fruits? and (v) do
earwigs have a preference between mechanically perforated and intact guava fruits? Based on
our findings and previous reports (Clancy et al., 1951; Hennessey, 1997) we hypothesized that
infested guava fruits can provide not only shelter but also food for the sustenance and
reproduction of the earwigs. Furthermore, it is desirable, from the perspective of biological

control, to exploit potential natural enemies dispersed in the field, adding effort to the
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techniques already used. Understanding of the ecological functions of E. annulipes will support
further investigation of its true role as a predator, with a view toward implementation of

strategies for fruit-fly control in orchards.

Material and methods
Fruits and insects

Fruits of P. guajava (cv. Paluma) were purchased at a supermarket and brought to the
laboratory for cleaning with water and neutral detergent. Next, the fruits were washed in a 5%
sodium hypochlorite solution for disinfection and left to dry naturally. Guava fruits were
purchased every three days, standardizing the supplier, variety, stage of maturation (ripening
fruits), and absence of punctures that would indicate oviposition by fruit flies in the field.

A colony of the earwig E. annulipes was established with about 70 individuals collected
from fruits, especially of the family Myrtaceae, infested with fruit flies and obtained from the
soil of the Fruit Culture Sector on the Experimental Campus of the Federal University of Lavras
(UFLA), in the municipality of Lavras, Minas Gerais (44°58°56” W and 21°13°50” S, altitude
908 m). The rearing method was adapted from Pacheco et al. (2023) and the adults were
occasionally supplemented with the wheat aphid Schizaphis graminum (Rondani) (Hemiptera:
Aphididae) from a laboratory rearing colony. Only female earwigs were used for the bioassays
because of their greater foraging activity compared to males of the species (Moral et al., 2017).
These females had no previous experience of guava-fruit odors or fruit-fly predation.
Specimens of C. capitata were obtained from a colony maintained in the UFLA Department of
Entomology and reared according to the method described by Fernandes et al. (2019). Colonies
of earwigs and fruit flies were maintained in climate-controlled rooms (252 °C, 70 + 10% RH,

and 12-h photophase), which were also used for the experiments.
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Treatments

To obtain mechanically perforated guava fruits (MPF), the fruits were cleaned in the
laboratory, and 48 h before a test began, we bored a hole 0.8 cm in diameter and 5.5 cm in depth
in each fruit, in the top-central portion so as not to pierce the opposite side. Three hours before
the test, we bored holes 0.8 cm in diameter in the side of each fruit (totaling four holes per fruit),
to simulate the openings formed when the fruits fall to the ground and to facilitate access to the
inside of the fruits by the earwigs. To obtain infested fruits (IF), we inoculated 30 5-day-old
larvae of C. capitata into each fruit through the central hole.

The number of larvae per fruit was determined based on the results obtained in
preliminary tests of predatory capacity (Coelho, unpublished data). To prevent the larvae from
escaping, the inoculation hole was sealed with Parafilm M® pierced with small pinholes to
allow gas exchange. As with the MPF, four holes were bored into the sides of each IF prior to
the beginning of the experiments. Intact fruits (UF), with no mechanical damage or larvae, were
used only in the olfactory-preference assays. The fruits were kept in voile-covered plastic trays

(435 x 285 x 80 mm) under controlled conditions until the experiments were carried out.

Host preference for guava and artificial fruits

To determine whether the chemical cues of the uninfested guava fruit are responsible
for guiding the earwig to the fruit, we performed double-choice tests between MPF and artificial
fruits (AF) in rectangular plastic arenas (129 x 280 x 410 mm). Each arena contained an MPF
and an AF filled with hydrogel, simulating a humid environment, both mechanically perforated
as previously described. A female earwig (12 to 26 days old and not previously fasted, as the
treatments did not include food) was released in the center of each arena and her choice between
treatments recorded at 16 time intervals, 8 observations in the photophase and 8 observations

in the scotophase. The time intervals were set at: 0, 3, 6, 7, 8, 9, 21, 24, 27, 30, 31, 32, 33, 45,
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48 and 72 h after the females were released, which corresponded to the times of day: 12:00,
15:00, 18:00, 19:00, 20:00 and 21:00 on day 1; 09:00, 12:00, 15:00, 18:00, 19:00, 20:00 and
21:00 on day 2; 09:00 and 12:00 on day 3; 12:00 on day 4, respectively.

To observe the behavior of earwigs in scotophase, we used a portable red light (Naranjo-
Guevara et al., 2021). To investigate whether the presence of C. capitata larvae plays a role in
the innate attraction of the earwig female to the fruit, we conducted a double-choice test similar
to the previous one. The treatments consisted of one MPF and one IF as described above. For
this test, an earwig female (10 to 26 days old and fasted for 48 h) was released in the center of
each arena, her choice between the treatments recorded at the above time intervals, and the
number of larvae consumed recorded at the end of the 72-h evaluation period. For both
experiments, each earwig was considered one repetition, totaling 31 repetitions.

The innate response of E. annulipes in searching for shelter was analyzed through
generalized linear mixed models (GLMM) with a binomial distribution, with the treatments as
fixed variables and evaluation intervals as random variables. The Wald Type Il chi-square test
was used to compare odor sources. The response of E. annulipes in choosing between MPF and
IF was analyzed using generalized linear models (GLM) with binomial distribution. The log-
likelihood ratio test was used to compare odor sources at each assessment interval. For both
tests, the means were compared by Tukey's test, with 5% probability, and goodness of fit was
determined through a semi-normal plot with a simulation envelope. All statistical analyses were
carried out with the software R 3.6 (R Core Team, 2019) with the packages “Ime4” (Bates et

al., 2015), “emmeans” (Searle et al., 1980), and “hnp” (Moral et al., 2017).

Olfactory preference

The olfactory behavior of E. annulipes females was initially observed in a Y-tube

olfactometer, following the method described by Naranjo-Guevara et al. (2017); however, the
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responses were inconsistent, and an arena was developed for testing the olfactory stimuli
(Figure 1). The innate olfactory response of E. annulipes females was evaluated in a series of
five double-choice trials, where volatile cues were evaluated in the following combinations: (i)
MPF vs. blank; (i) IF vs. blank; (iii) IF vs. MPF; (iv) MPF vs. UF; and (v) IF vs. UF (Table 1).
For the control treatment (blank) a ball of sulfite paper of similar size to the guava fruit was
used. The treatments were enclosed in polyester bags (31 x 41 cm) and sealed with a nylon tie
one hour before the beginning of the tests. The tests took place in the scotophase (19:00-22:00
h), as the earwigs show random-choice behavior during the photophase (Naranjo-Guevara et
al., 2017). To observe the behavior of the earwigs we used a portable red light. Silicone tubes
(21 cm) connected to polyester bags containing the respective treatments were attached to
opposite sides of a Petri dish used as the arena (15 cm in diameter). Each arena contained a
central marking and two half-moon lateral markings surrounding the hole through which the
volatiles arrived (Figure 1). One female (4 to 25 days old and fasted for 48 h) was released
through a microcentrifuge tube, cut and sealed with a cotton swab soaked in water, at one end
of the arena. The female was considered to have responded when she entered one of the tubes
within 5 min. Undividuals that did not choose a treatment within that time were excluded from
the statistical analysis. At each repetition, the tubes and arena were replaced and the treatments
were inverted to avoid lateral bias. Each earwig was tested only once; after every 4 insects a
new pair of fruits/treatments was used. For each combination of treatments there were at least
43 responses.

The olfactory response of E. annulipes was analyzed using generalized linear mixed
models (GLMM) with binomial distribution, with odor sources as fixed variables and
fruit/treatment pairs as random variables. The Wald Type 1l chi-square test was used to compare
odor sources. Goodness of fit was determined using a semi-normal plot with a simulation

envelope. All statistical analyses were performed using R 3.6 (R Core Team, 2019) with the
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packages “lme4” (Bates et al., 2015), “emmeans” (Searle et al., 1980), and “hnp” (Moral et al.,

2017).

Results
Host preference for guava and artificial fruits

The earwigs preferred to shelter in MPF over AF during the entire experiment (GLMM-
Binomial, 2 = 21.37, d.f. =1, p < 0.001; Figure 2). In the test of the earwigs’ preference
between MPF and IF, there was an interaction between treatments and evaluation time (GLMM,;
v?=22.95,d.f. =1, p<0.001; Figure 3). Up to 33 h, there was no difference between treatments;
however, from 45 h after release, more earwig females sheltered in fruits without larvae (MPF)
than in fruits with larvae (IF) (GLM-Binomial, 45 h: y*> = 28.03, d.f. =1, p < 0.001; 48 h: y* =
28.03,d.f.=1,p<0.001; 72 h: y* =25.02, d.f. = 1, p < 0.001; Figure 3). In this assay, the mean
consumption recorded at the end of the evaluations was 11.39 + 1.07 larvae/female (mean +

standard error).

Olfactory preference

Females of E. annulipes responded to volatiles from guava fruits in the arena tests,
where they were attracted to volatiles emitted by MPF (GLMM; ¥? = 10.01, d.f. = 1, p = 0.0015;
Figure 4) and IF (GLMM; »% = 21.87, d.f. = 1, p < 0.001; Figure 4) versus the blank (absence
of fruit). However, earwigs exposed to the odors of MPF and IF preferred the volatiles from IF
(GLMM; % = 18.66, d.f. = 1, p < 0.001; Figure 4). Although 58% of earwigs were attracted to
MPF odors in relation to those emitted by UF, there was no statistically significant difference
between treatments (GLMM; y? = 2.16, d.f. = 1, p = 0.1416; Figure 4). Furthermore, earwigs

exposed to IF and UF odors preferred IF (GLMM; »% = 10.65, d.f. = 1, p = 0.0011; Figure 4).
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Discussion

To locate food in a habitat with diverse host plants and potential prey, predators are
guided by their innate or acquired olfactory, visual, and tactile preferences (Ardanuy et al.,
2016; Takabayashi & Shiojiri, 2019). In a system where the larvae/prey are “protected” inside
the fruit pulp, predators need to develop tactics to optimize locating prey, which includes
detecting clues from the microhabitat of their prey (host fruits), especially over long distances.
Earwigs, soil insects that forage exclusively at night (Naranjo-Guevara et al., 2017) and seek
protection during the day in dark humid places (Klostermeyer,1942), can use the host fruit of
their prey as shelter and food source. Our study focused on evaluating the role of volatiles from
guava fruits, infested or not with C. capitata larvae, in attracting the predatory earwig E.
annulipes.

Our results confirmed our hypothesis that earwigs are attracted to guava fruits, which
serve as a shelter. The earwigs not only preferred to shelter in the natural guava fruit but were
also attracted by volatiles from the mechanically perforated fruits. Guava fruits that earwigs
find on the ground usually have openings due to the stage of ripening and the impact on the
ground, enabling the earwigs to access the fruits and providing an opportunity to encounter their
prey. The larvae-infested fruit emitted even more-attractive volatiles to earwigs than the
mechanically perforated fruit, as we predicted. However, the earwigs initially did not
distinguish between the two treatments in the host-preference assays, and after approximately
2 days, preferred to shelter in the mechanically perforated fruits.

Despite this preference, all the earwigs consumed larvae in the fruits (on average, each
earwig consumed 36% of the larvae), which indicates that visiting the infested fruit resulted in
predation. The consistency of the pulp in the infested fruit differed notably from the consistency
of the mechanically perforated fruit. During the trial, the feeding larvae turned the fruit pulp

gelatinous (Supplementary Fig. S1), which probably made it difficult for the earwigs to remain
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inside after 2 days. In the field, however, we believe that this effect would be less intense, since
the excess moisture from the fruit would be absorbed by the soil, enabling the earwigs to remain
in the infested fruits. Interestingly, in the host-preference experiment, the earwigs filled the
holes with mechanically perforated fruit pulp, presumably as a kind of “extra protection”
against possible invaders (Supplementary Fig. S2). Most of the mechanically perforated fruits
with this “seal” contained an earwig egg mass (Supplementary Figure S3), which reinforces the
assumption that the fruits can still serve as a shelter for females and their offspring.

Over long distances, the volatile mixture released by infested fruits guides parasitoids
and predators to habitats where they are more likely to encounter prey (Takabayashi & Shiojiri,
2019). Much is already known about the localization of the habitat (including the microhabitat)
and the host by fruit-fly parasitoids (Quilici & Rousse, 2012). For example, females of
Diachasmimorpha longicaudata (Ashmead) (Hymenoptera: Braconidae), a generalist
parasitoid and important control agent of C. capitata larvae in agricultural systems, recognize
the volatiles of fruit fly-infested guavas (Silva et al., 2007). This parasitoid responds to
compounds derived from larval activity (Segura et al., 2012), can discriminate between infested
and uninfested fruits based on infochemicals, and its preference is modulated by the level of
infestation (Segura et al., 2016). Guava fruits infested with fruit-fly eggs are significantly more
attractive to females of the parasitoid Fopius arisanus Sonan (Hymenoptera: Braconidae) than
are uninfested fruits (Pérez et al., 2013). However, unlike fruit-fly parasitoids that only insert
the ovipositor into the fruit to parasitize host eggs and larvae, predatory earwigs need to
penetrate the fruit pulp to prey, and our results suggest that their ability to remain in the fruit
with prey depends on the consistency of the pulp.

In this study, we did not characterize the chemical profile of the volatiles from guava
fruits; however, guava fruits, regardless of the stage of ripening, emit mostly volatiles derived

from fatty acids (known as green leaf volatiles) such as (E)- 2-hexenal and (Z)-3-hexenyl
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acetate (Soares et al., 2007). This group of plant volatiles seems to be important in attracting
the predatory earwig Doru luteipes (Naranjo-Guevara et al., 2017, 2021), as well as other
generalist predators (Yu et al., 2008; Allmann & Baldwin, 2010; Maeda et al., 2015). Future
studies may investigate the role of green leaf volatiles in the behavior of the earwig E. annulipes
in searching for prey.

In addition to herbivory-induced volatiles, other odors from infested guava fruits may
have influenced their attractiveness to the earwigs in the olfactory-preference assays. Chemical
cues derived from fruit-fly larvae, such as in the frass, may be attractive to natural enemies
(Seguraetal., 2012), even though they are less abundant and less detectable over long distances
compared to host-plant volatiles (Vet & Dicke, 1992). Furthermore, microbial growth on fruits
can influence the odor profile of the fruits, as well as the response of earwigs, which
occasionally feed on fungi (Silva et al., 2022). However, in our study, the time interval between
the fruit damage or infestation and the trials (4 days) was short and the fruits did not appear to
have rotted, so that volatiles derived from microorganisms were probably not dominant in the
mixture.

Euborellia annulipes has been gaining notoriety as a voracious predator of insect pest
(Byttebier & Fischer, 2019; Nunes et al., 2019; Tangkawanit et al., 2021; Souza et al., 2022)
and may be a useful addition to the arsenal of fruit-fly control agents. Because of the difficulty
of controlling larvae inside the fruits and the ability of larvae and pupae in soil to escape control,
knowledge of their ecological relationships can support biological-control programs and,
especially, foster more-complex discussions about their multitrophic interactions. Our results
showed that guava-fruit volatiles are important clues to help earwigs in locating shelter and
prey. New research should contribute to the understanding of chemical cues associated with

different levels of fruit ripening and microorganisms associated with guava-fruit infestation.
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Further studies are needed to identify the volatile compounds involved in the attraction found

in the present study.
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Figures

Figure 1. Arena used in the two-choice tests of olfactory preference.
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Figure 2. Preference of Euborellia annulipes females between mechanically perforated Psidium

guajava fruits and artificial fruits. Dark and light bars comprise the assessments in scotophase

and photophase, respectively. Equal letters indicate no significant difference by Tukey's test (p

= 0.05).
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Psidium guajava fruits and fruits infested with Ceratitis capitata larvae. Dark and light bars
comprise the assessments in scotophase and photophase, respectively. Equal letters indicate

no significant difference by Tukey's test (p = 0.05).
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Table 1. Combinations of treatments offered to Euborellia annulipes females and the respective

hypotheses tested.
Test Hypothesis
MPF vs. blank Volatiles released by mechanically perforated fruits are attractive to

IF vs. blank

IF vs. MPF

MPF vs. UF

IF vs. UF

female earwigs, which seek the fallen fruit for shelter.
Volatiles released by fruits infested by fruit-fly larvae are attractive to
female earwigs, which seek shelter and a food source.
Volatiles released by fruits infested by fruit-fly larvae are preferred
over volatiles from mechanically perforated fruits by female earwigs,

which seek shelter and a food source.

Volatiles released by mechanically perforated fruits are more attractive
than unperforated fruits to earwig females, which look for fruits with
openings to shelter inside.

Volatiles released by fruit infested by fruit-fly larvae are more
attractive than unperforated fruit to female earwigs seeking shelter and

a food source.

MPF: Mechanically perforated fruit; IF: Infested fruit; UF: Undamaged fruit.
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Figure S1. Gelatinous fruit pulp as a result of larvae feeding during the trial.
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Figure S2. Earwigs filled the holes with mechanically perforated pulp creating an “extra
protection” against potential invaders.
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Figure S3. Fruits mechanically perforated with this “seal” and presence a mass of earwig
eggs.
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Abstract

The earwig Euborellia annulipes (Lucas) (Dermaptera: Anisolabididae), a generalist predator,
has been observed in fruits infested with fruit fly larvae, which are frequently parasitized by
parasitoid wasps. Neither the capacity of earwigs to predate on fruit flies nor intraguild
interactions between earwigs and fruit fly parasitoids have been investigated. Here, we studied
in laboratory conditions the predation on the fruit fly Ceratitis capitata (Wiedemann) (Diptera:
Tephritidae) by the earwig E. annulipes, and whether parasitism of fruit fly larvae by the
parasitoid wasp Diachasmimorpha longicaudata (Ashmead) (Hymenoptera: Braconidae)
influences predation by the earwig. We evaluated the predation capacity, functional response
and prey preference of E. annulipes for parasitized and non- parasitized fruit fly larvae in choice
and no-choice tests. We found that earwigs prey on second- and third- instar larvae and pupae
of C. capitata and consumed larger numbers of second- instar larvae, followed by third- instar
larvae and pupae. Females prey on larger numbers of fruit flies than did males, regardless of
the prey developmental stage, but both sexes exhibited a type Il functional response.
Interestingly, males killed but did not consume fruit fly larvae more than did females. In no-
choice tests, earwig females consumed equal numbers of parasitized and non- parasitized fruit
fly larvae. However, in choice tests, the females avoided feeding on parasitized larvae.
Subsequent tests with hexane-washed parasitized and non-parasitized larvae showed that
putative chemical markings left on fruit flies by parasitoids did not drive the earwig preference
towards non- parasitized larvae. These findings suggest that E. annulipes is a potential
biological control agent for C. capitata, and that, because the earwig avoids consuming larvae
parasitized by D. longicaudata, a combination of the two natural enemies could have an additive
effect on pest mortality.

Key words: biological control, functional response, intraguild predation, predatory capacity
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Introduction

The increasing restrictions on chemical control of insect pests in fruit cultivation have
stimulated the development and adoption of alternative methods to suppress fruit fly
populations (Paranhos et al., 2019). One species in particular, the Mediterranean fruit fly
Ceratitis capitata (Wiedemann) (Diptera: Tephritidae), is considered one of the most invasive
pests. Inundative releases of the fruit fly parasitoid wasp Diachasmimorpha longicaudata
(Ashmead) (Hymenoptera: Braconidae) have proven to be effective for the management of C.
capitata populations (Cancino et al., 2019; Sanchez et al., 2016). This larval-pupal parasitoid
was introduced into fruit-producing areas of Brazil and the United States in the last century to
control fruit flies, including C. capitata (Walder et al., 1995). Today, this parasitoid wasp is
one of the main biocontrol agents of fruit flies worldwide, because it is feasible to mass-rear,
adaptable to a wide range of conditions, and can forage for fruit fly-infested fruits at both the
canopy and ground level (Garcia & Ricalde, 2013; Garcia-Medel et al., 2007; Harbi et al.,
2018). Furthermore, hosts parasitized by D. longicaudata are avoided by conspecific (Montoya
et al., 2003) and non-conspecific parasitoids (Cancino et al., 2012), preferring to deposit eggs
in non-parasitized hosts. Both these studies suggested that internal conditions of D.
longicaudata-parasitized hosts detected during insertion of the ovipositor mediate this
preference by parasitoids. However, we are aware of no report on the ability of generalist
predators that lack an ovipositor as a sensory organ to detect D. longicaudata-parasitized fruit
flies.

The efficiency of parasitoids as biological control agents depends heavily on their ability
to locate suitable hosts, the fruit plant and/or the fruit fly species (Ayelo et al., 2017; Cai et al.,
2020). In larger fruits, for example, tephritid larvae can escape from parasitism by moving
deeper into the fruit where they cannot be reached by the parasitoid’s ovipositor (Montoya et
al., 2016). The limitations of a parasitoid in regulating fruit fly populations are also related to
its lower intrinsic growth rate (r) compared to that of the host (Vargas et al., 2002). Furthermore,
larvae that eventually escape parasitism can still induce significant economic losses, which
highlights the impracticality of regulating populations of fruit flies with single control strategies
(Paranhos et al., 2019).

Fruit fly-infested tree fruits drop from the trees untimely, earlier than ripe uninfested
fruits (Moreira et al., 2022). The last-instar larvae leave the fruit and pupate in the soil, where
they may encounter soil-dwelling natural enemies (Aluja et al., 2005). In field observations, we
found nymphs and adults of the ring-legged earwig Euborellia annulipes (Lucas) (Dermaptera:
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Anisolabididae) inside fallen fruit fly-infested fruits of guava (Psidium guajava L.) in half of
the samples (117 of 222 fruits examined at random), and found the females of E. annulipes
caring for their egg mass inside the fruit that hosted the fruit flies, suggesting that the infested
fruits can provide not only food, but also protection and shelter. Furthermore, fruit fly larvae
were noticeably less abundant in guava fruits with earwigs inside than in fruits without them,
suggesting that E. annulipes prey on fruit fly larvae. This earwig has been reported to prey on
larvae of other fruit fly species, such as Bactrocera dorsalis (Hendel) (Diptera: Tephritidae)
(Clancy et al., 1951) and Anastrepha suspensa (Loew) (Diptera: Tephritidae) (Hennessey,
1997), under fallen fruits. Earwigs require a dark, moist substrate for shelter (Klostermeyer,
1942), and fruit fly-infested fruits can provide both shelter and food, enabling the maintenance
of earwig populations in the field.

Euborellia annulipes is the most cosmopolitan species of the order Dermaptera
(Kocarek et al., 2015). It is a highly voracious nocturnal predator that consumes prey of several
insect orders, such as Diptera (Byttebier & Fischer, 2019; Tangkawanit et al., 2021), Hemiptera
(Oliveira, Oliveria, et al., 2019), Lepidoptera (Nunes, Dantas, et al., 2019; Silva et al., 2009)
and Coleoptera (Lemos et al., 2003), which makes it a promising natural enemy for biological
control programs. Although considerable effort has been devoted toward releases of parasitoids
that attack individual species, generalist predators are considered effective due to their diversity
of prey species and their persistence in the system (Symondson et al., 2002). Moreover, earwigs
are long-lived insects with a predatory habit throughout their life cycle and can be reared on an
artificial diet (Lemos et al., 2003), which enables mass rearing for release into the field.

Earwigs usually enter fallen fruits through openings, where they may find non-
parasitized and parasitized fruit fly larvae in the same fruit. Previous studies have shown that
the ability of E. annulipes to discriminate between non-parasitized and parasitized prey varies
depending on the sex of the earwig and on the particular host-parasitoid system (Moral,
Demetrio, et al., 2017; Nunes, Ramalho et al., 2019). For application in biological control, it is
important to understand trophic interactions between predators and parasitoids where they
coexist and target the same prey/host species (Frago, 2016; Moral, Demetrio, et al., 2017). If
parasitized fruit fly larvae are recognized and avoided by predatory earwigs, the actions of
parasitoids and earwigs may complement each other to suppress fruit fly populations (Dainese
etal., 2017).

Here, we investigated the predation potential of the earwig E. annulipes on the fruit fly
C. capitata. Both species have been frequently found inside fallen guava fruits in non-

commercial orchards in Minas Gerais state, Brazil, as mentioned. Given that predation by
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earwigs is likely influenced by their sex and by the prey’s developmental stage and abundance,
we investigated the following questions: (1) Does E. annulipes prey on fruit fly larvae and
pupae? (2) Does the rate of consumption of E. annulipes vary as a function of its sex and prey
density? In view of the importance of biological control programs for tephritids using parasitoid
wasps, in particular D. longicaudata, we also examined the question: (3) Can E. annulipes
females recognize parasitized fruit fly larvae? And, because external chemical cues of the prey
seem to determine the preference of E. annulipes (Moral, Demetrio, et al., 2017), we addressed:
(4) Do chemical cues of the parasitized larval cuticle guide the choice of E. annulipes between
parasitized and non-parasitized larvae? To answer these questions, we evaluated the predation
capacity, functional response, and prey preference of E. annulipes for parasitized and non-
parasitized fruit fly larvae in choice and no-choice tests. We hypothesized that E. annulipes
prey on fruit fly larvae and pupae and that earwig females are more voracious than males, as
shown for this earwig preying on lepidopteran larvae (Moral, Demetrio, et al., 2017; Souza et
al., 2022). Moreover, we expected that the earwig would avoid consuming parasitized fruit fly
larvae, based on chemical cues of the host cuticle. Our study is an initial step to assess the

potential of E. annulipes as a biological control agent of fruit flies.

Materials and Methods
Insects

The founding population of E. annulipes was obtained from a sample of 96 guava fruits
collected at random on the soil during February and March 2019. The population was composed
predominantly of females (about 49 females and 21 males), with an offspring sex ratio of 3:1.
The rearing colony of E. annulipes was initiated with = 70 individuals collected in fallen fruits
infested with fruit fly larvae from Myrtaceae trees in a non-commercial fruit orchard on the
Experimental Campus of Lavras Federal University in the municipality of Lavras, Minas
Gerais, Brazil (44°58°56” W and 21°13°50” S; elevation 908 m). The rearing procedures were
adapted from Pacheco et al. (2021) and adults were occasionally supplemented with the aphid
Schizaphis graminum (Rondani) (Hemiptera: Aphididae) from a rearing colony kept in the
laboratory. Rearing of C. capitata and the parasitoid D. longicaudata followed the methods
described by Fernandes et al. (2019) and Alvarenga et al. (2005), respectively.
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Does E. annulipes prey on fruit fly larvae and pupae?

To address this question, we performed an experiment in the laboratory to assess the
consumption of the earwig E. annulipes for different fruit fly developmental stages. Two-day-
old adult female and male earwigs were starved for 24 h and then each was placed in a separate
container (500-mL capacity) with a moistened piece of cotton. The containers were sealed with
fine-mesh fabric (organza) and kept under controlled conditions (25 £ 2 °C, 70 £ 10% RH, and
12 h light). A single earwig was provided with: (1) 20 second-instar larvae, (2) 15 third-instar
larvae, or (3) 10 C. capitata pupae (72 h old), in a paper cup (3-cm diameter) placed inside the
container. The consumption of first-instar larvae was not tested because they are not targeted
in fallen fruit fly-infested fruits, which usually contain older larvae (second and third instars),
and younger larvae are difficult to handle with a brush or tweezer without damaging them. The
number of fruit flies in each treatment was established in preliminary tests, which established
that these numbers were more than enough for daily consumption by an earwig. All treatments
with fruit fly larvae contained a small amount of artificial diet (~0.01 g) (Fernandes et al., 2019)
to keep them alive for 24 h. The earwigs did not feed on the fruit fly artificial diet and consumed
only fruit fly larvae. The number of fruit fly prey consumed by earwigs was recorded every 24
h for 10 days. The paper cups with second-instar larvae, third-instar larvae, or pupae were
replaced daily by new sets containing the same numbers of prey as above. The experiment was

repeated 20 times.

Does the rate of consumption of E. annulipes vary as a function of its sex and prey
density?

In a similar experiment and setup as described above, we assessed the functional
response of earwig females and males by offering different densities of fruit fly larvae, which
was the prey developmental stage most consumed by earwigs. We chose to test the third-instar
larval stage, as E. annulipes is more likely to find older larvae in fallen fruits. A single, 1-to-3-
day-old E. annulipes female or male, starved for 24 h, was provided with 7, 12, 17, 22, or 27
third-instar larvae of C. capitata. Unlike the previous assay, this experiment lasted for 24h,
when the number of larvae partially or fully consumed by the earwigs was estimated. The
earwigs killed some larvae without consuming them; these dead but unconsumed prey

individuals were counted separately. The experiment was repeated 20 times.
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Can E. annulipes recognize parasitized fruit fly larvae?

To address this question, no-choice and two-choice tests were performed to assess the
earwig’s preference between third-instar fruit fly larvae parasitized or not by D. longicaudata.
The setup was similar to the consumption test described above. In the no-choice assay, a single
2-day-old E. annulipes female, starved for 24 h, was offered 16 C. capitata larvae, parasitized
or not by D. longicaudata, for food. In the choice assay, a starved earwig female was offered 8
non-parasitized C. capitata larvae and 8 C. capitata larvae parasitized by D. longicaudata. To
obtain parasitized larvae, 100 third-instar C. capitata larvae were exposed to 50-70 mated D.
longicaudata females for 1h. Those larvae with 1-3 parasitism scars were selected (Montoya et
al., 2003) to be used immediately in the assay. The number of fruit fly prey consumed 24h after
being offered to the predator was recorded. The experiment was replicated 25 times.

Do chemical cues of the parasitized larva cuticle guide the choice of E. annulipes between
parasitized and non-parasitized larvae?

In a similar experiment to the consumption test described above, the preference of E.
annulipes females for solvent-washed parasitized and non-parasitized larvae was assessed in
two-choice assays. Two-day-old earwig females, starved for 24 h, were given the choice to feed
on: (1) non-parasitized C. capitata larvae vs. solvent-washed parasitized C. capitata larvae; and
(2) solvent-washed non-parasitized C. capitata larvae vs. solvent-washed parasitized C.
capitata larvae. C. capitata larvae parasitized by D. longicaudata were obtained as above. To
remove putative parasitoid chemical cues from the host larvae, parasitized C. capitata larvae
were first washed with distilled water, then immersed in HPLC-grade n-hexane (Sigma
Aldrich), which extracts non-polar compounds of low and medium molecular weight from the
insect epicuticle (Belenioti et al., 2022; Carlson & Yocom, 1986), and gently shaken for 30s.
The time period for the extraction was determined based on larval survival and the earwigs’
acceptance of hexane-washed larvae in preliminary tests. After 30s, the larvae were washed
again in distilled water and used in the tests. For both combinations, only C. capitata third-
instar larvae were used. The experiment lasted 24 h, when the number of fruit fly larvae

consumed by the earwigs was recorded. Each assay was repeated 31 times.

Analyses

Statistical analyses were performed using R software (R Core Team, 2019) and the
packages “lme4” (Bates et al., 2015), “emmeans” (Searle et al., 1980), “frair” (Pritchard et al.,
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2017), “DHARMa” (Hartig, 2020), and “hnp” (Moral, Hinde, et al., 2017). The graphs were
created using the “ggplot2” package (Wickham, 2016).

A two-factorial experimental design was used to evaluate the influence of predator sex
and prey development stage in the predation ability tests. The number of fruit fly larvae or
pupae consumed by E. annulipes was analyzed using a mixed generalized linear model (GLM)
with a negative binomial distribution, using the 'glmer.nb' function, with predator sex and prey
development stage as fixed factors and time as a random variable. Comparisons were made
using the “emmeans” function, and Bonferroni corrected P-values. To determine the quality of
the estimated model, residual quantiles were generated from 1000 simulations of the models
with the “simulateResiduals” function.

The functional response was obtained from the sum of fully and partially consumed
prey, as well as dead and unconsumed prey. The type of functional response was determined
using the frair_fit function, which uses the maximume-likelihood estimate to obtain estimates of
non-linear models. For the type Il response model, the Rogers random predator equation was
used (Rogers, 1972), given by:

N, = Nox (1 —expexp [a(hx N, —T)])

Where N, is the number of prey consumed; N, is the number of prey offered; a is the
attack rate; h is the search and handling time; and T is the exposure time of the predator to the
prey (24 h). For the estimation of attack rate (a) and search and handling time (h) nonlinear
models were used. Estimates were obtained and optimized using maximum likelihood
estimation (MLE) using the frair_fit function. Confidence intervals (95% CIs), determined for
the differences between attack rate (a) and search and handling time (h) for males and females
of E. annulipes, were provided by nonparametric bootstrapping using “frair_boot”. Parameters
with non-overlapping Cls were considered significantly different. The maximum number of
attacked/predated C. capitata larvae was determined by the ratio of the total search time
available to the handling time (T/h). The predation behavior (prey fully or partially consumed,
and dead and unconsumed) was analyzed by GLM with quasi-binomial distribution.

To determine the preference of E. annulipes, the numbers of parasitized and non-
parasitized larvae were analyzed by a GLM with a Poisson distribution. The quality of the fit

was determined by a semi-normal plot with a simulation envelope in the “hnp” function.
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Results
Does E. annulipes prey on fruit fly larvae and pupae?

Predation varied according to the predator sex and prey development stage (GLM; y? =
14.243,d.f.= 2,P < 0.001). Earwig females preyed on more fruit flies than did earwig males,
regardless of the prey developmental stage. Earwigs, regardless of sex, consumed larger

numbers of second-instar fruit fly larvae, followed by third-instar larvae and pupae (Figure 1).

Does the rate of consumption of E. annulipes vary as a function of its sex and prey
density?

The number of C. capitata larvae consumed by E. annulipes was higher for females and
increased with prey density (Table 1) until reaching a plateau at densities of 17 and 22 larvae
for earwig females and males, respectively (Figure 2). The negative value of the linear
coefficient of the logistic regression suggests a type Il functional response for both sexes of the
predator (Rogers, 1972) (Figure 2; Table 2). This result means that as the prey density increased,
the proportion of time spent handling them also increased. Therefore, handling time, and not
prey availability, determines the number of C. capitata larvae that earwigs can consume.
Females and males exhibited similar handling times, attack rates, and maximum attack rates
(Figure 3). While E. annulipes females attacked up to approximately 14 fruit fly larvae, males
attacked a maximum of only 9 larvae within 24 h (Figure 3c). Interestingly, a mean of 17.36%
of fruit fly larvae were killed and not consumed by earwig males, while this proportion was
lower (9.41%) for females (GLM; y? = 15.739,d.f.= 1,P < 0.001). The number of killed
but not consumed by E. annulipes males increased by 7% for each increased prey (GLM; t =
5.25, P < 0.001). The proportions of partially consumed prey were similar for male and
female earwigs (GLM; y2 = 1.2074,d.f.= 1,P = 0.271839).

Can E. annulipes recognize parasitized fruit fly larvae?

In the no-choice tests, the earwig females consumed similar numbers of parasitized and
non-parasitized fruit fly larvae (GLM; x? = 0.21696,d.f.= 1,P = 0.6414; Figure 4a).
However, when given the choice between parasitized and non-parasitized fruit fly larvae, E.
annulipes females preferred to consume non-parasitized C. capitata larvae over larvae
parasitized by D. longicaudata (GLM; y? = 6.925,d. f.= 1, P = 0.0085; Figure 4B).
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Chemical recognition of D. longicaudata by E. annulipes

IIn two-choice tests, earwig females did not discriminate between solvent-washed
parasitized and non-parasitized fruit fly larvae and consumed similar numbers of larvae from
the two treatments (solvent-washed parasitized larvae: 5.4 + 0.42; non-parasitized larvae: 6.1 +
0.44) (GLM; y%2 = 1.9162,d.f.= 1,P = 0.1663). When both parasitized and non-parasitized
larvae were washed with solvent, the earwigs also consumed similar numbers of larvae from
the two treatments (solvent-washed parasitized larvae: 4.8 + 0.39; solvent-washed non-
parasitized larvae: 5.6 + 0.43) (GLM; y? = 2.6458,d.f.= 1,P = 0.1038).

Discussion
Control of C. capitata populations is difficult, particularly because the species is

polyphagous and has a multivoltine life cycle, which requires the use of multiple tactics,
including biocontrol agents. Although earwigs are voracious predators that interact with
immature fruit flies in fallen fruits, little attention has been given to the predatory role of
Dermaptera in controlling fruit flies (Clancy et al., 1951; Hennessey, 1997; Oliveira, Alves, et
al., 2019). Our study based on numerical and functional response, and intraguild predation
suggests that E. annulipes has potential as a biological control agent for fruit fly regulation.

Similarly to other species of earwigs (Oliveira, Alves, et al., 2019; Tangkawanit et al.,
2021), our study showed that E. annulipes preyed more on larvae than on pupae. Other studies
have reported that E. annulipes prefers to consume larvae over pupae of a lepidopteran prey
(Nunes et al., 2018; Nunes, Dantas, et al., 2019; Nunes, Paulo, et al., 2020). The higher
predation capacity of earwigs for insect larvae is likely related to the hardness of the tegument,
which is harder in the pupal than in the larval stage, acting as protection against natural enemies
(Kalinoski & DelLong, 2015). The C. capitata puparium has a rigid sclerotized cuticle that
hinders the predator and requires more energy to rupture it. Even so, E. annulipes adults were
able to rupture the protective envelope and access the softer parts. In addition to the sclerotized
cuticle, the immobility of the fruit fly pupae may make them less detectable and even reduce
encounter rates with earwigs, as occurs for other generalist predators that are less prone to attack
immobile prey (Eubanks & Denno, 2000; Mundy et al., 2000).

Among the different prey immature stages tested in our study, second-instar larvae were
the stage most consumed by males and females of E. annulipes. The earwigs consumed about
1.5-2 times as many second-instar as third-instar larvae. However, since a second-instar larva

is about one-fifth the size of a third-instar larva (data not shown), earwigs did not fully
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compensate for prey mass by consuming more second-instar larvae. This might be due to the
greater time and energy needed to capture more second-instar larvae, or to the superior
nutritional quality, in terms of available amino acids and carbohydrates, of second- over third-
instar fruit fly larvae (Nestel et al., 2005; Rabossi et al., 1991).

As predicted, E. annulipes females were more voracious than males, as they consumed
larger numbers of fruit fly larvae or pupae, in agreement with the aggressive behavior of females
previously reported for earwigs (Moral, Demetrio, et al., 2017; Nunes et al., 2018; Oliveira,
Alves, et al., 2019). Earwig females likely require more food because they are larger than males
and require more energy to produce eggs and provide maternal care (Rankin et al., 1995).
Interestingly, we observed that both earwig females and males killed some fruit fly larvae
without consuming them, as also reported for the earwig Anisolabella marginalis (Dohrn)
(Dermaptera: Anisolabididae) (Jiang & Kajimura, 2020). We found a higher proportion of dead
prey uneaten by E. annulipes males than by females, but no difference between the sexes in the
proportion of partially consumed prey. These observations indicate that E. annulipes males can
reduce the number of fruit fly larvae without entirely consuming them.

We studied the functional predatory response of E. annulipes females and males to
increasing densities of C. capitata larvae, which provided a general representation of the trophic
interaction. The earwigs slowed their consumption rate with increasing prey density, and
considering the functional response as the rate of ingestion as a function of prey abundance, our
data fit the type Il response (Rogers, 1972). According to van Lenteren (2012), predators that
exhibit this type of functional response are good candidates to employ in inundative biological
control programs to directly reduce the target pests. The type Il response has been reported for
E. annulipes that prey on lepidopteran pests. However, some authors have found that the
functional response can change to type 111 depending on the temperature or whether the prey is
infected by entomopathogenic fungi (Nunes, Dantas, et al., 2019; Nunes, Ramalho, et al., 2019;
Nunes, Truzi, et al., 2019). Attack rate (a) and handling time (h), which determine the slope
and height of a functional response curve, respectively (Holling, 1959), did not differ
significantly between earwig males and females. However, the sexes can still be combined and
produce differences in consumption as a function of prey density (Pritchard et al., 2017), as
observed for E. annulipes in the present study.

Given the notoriety of biological control programs for tephritid fruit flies using
parasitoids, we evaluated the possibility of competition for nutritional resources between
earwigs and parasitoids (intraguild predation). Earwig females discriminated between

parasitized and non-parasitized fruit fly larvae in choice assays, preferring those that were not
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parasitized by D. longicaudata. However, when E. annulipes did not have a choice, the females
did not avoid parasitized fruit fly larvae. The preference of E. annulipes for non-parasitized
over parasitized fruit fly larvae may reflect the apparently lower prey quality of parasitized
larvae, given that they have been mechanically damaged by parasitoids (Montoya et al., 2011).
Contrary to our results, other studies that evaluated the preferences of E. annulipes in similar
experimental setups found that females were less selective than males and did not avoid eating
lepidopteran prey parasitized by another hymenopteran parasitoid (Moral, Demetrio, et al.,
2017; Nunes, Ramalho, et al., 2019). Therefore, the intraguild interaction between E. annulipes
and parasitoids appears to vary depending on the prey and/or parasitoid species.

We hypothesized that the predator might be able to recognize external chemical cues on
the parasitized host cuticle. Previous studies demonstrated that parasitoids do not reject a D.
longicaudata-parasitized host before examining it internally with the ovipositor, suggesting that
internal conditions or marker pheromones deposited inside the host are responsible for not
parasitizing it (Cancino et al., 2012; Devescovi et al., 2020; Montoya et al., 2003). Contrary to
the pattern reported in the literature that oviposition by larval parasitoids changes only internal
host conditions (Nufio & Papaj, 2001), there is growing evidence that larval parasitism can also
induce chemical changes in the host epicuticle (Kryukov et al., 2022; Lebreton et al., 2010). In
addition, generalist predators seem to be capable of recognizing parasitized prey on the basis
of external cues (Labbe et al., 2006; Moral, Demetrio, et al., 2017; Naranjo, 2007). In our study,
we found that washing the fruit fly larval cuticle with hexane removed important signals for
earwigs in discriminating D. longicaudata-parasitized from non-parasitized larvae. Hexane
washing is a well-known method for extracting apolar compounds of low and medium
molecular weight from the insect cuticle, such as cuticular hydrocarbons (CHCs). The cuticle
of C. capitata larvae contains n-alkanes and 2-monomethyl alkanes as major compounds
(Sutton & Steck, 1994); however, their extraction requires a longer time in hexane than that
used in our study (Belenioti et al., 2022). We standardized the time interval for hexane washing
(30 s) based on preliminary assays, in which hexane washing did not cause larval mortality or
affect prey acceptance by the earwigs, as significant removal of CHCs can affect prey
recognition (Joel et al., 2022; Xu et al., 2018). Therefore, our method likely removed chemical
cues from the epicuticle of parasitized prey, such as those associated with mechanical damage
by parasitoids or cues left during host handling by the parasitoid. Future studies analyzing the
chemical profiles of extracts from parasitized and non-parasitized larval cuticles may elucidate

the nature of the cues that play a role in earwig preference.
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From the applied perspective, our results indicated that the earwig E. annulipes is a
potential biological control agent for the Mediterranean fruit fly, and demonstrated the
compatibility of this predator with the fruit fly parasitoid D. longicaudata. Although our study
was performed under controlled conditions, it is an important initial step in understanding the
interactions between the earwig and the insect community associated with fruit fly hosts. Given
the importance of C. capitata as a pest, we expect that our study will support future research on
the use of E. annulipes as a biological control agent in orchards; and investigations of the
stability of predator-prey dynamics under more complex scenarios, where multiple important
factors play a role in the predator’s capacity, such as temperature (Daugaard et al., 2019; Nunes,
Truzi, et al., 2020), prey availability, and previous predator experience (Schmidt et al., 2012).
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Fig. 1. Estimated marginal means of Ceratitis capitata larvae consumed by Euborellia
annulipes for 10 days. The error bars represent the upper and lower asymptotic confidence
intervals calculated by a mixed generalized linear model with a negative binomial distribution.
Different letters indicate significant differences, Tukey’s test with Bonferroni correction (P =
0.05).
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Tables

Table 1. Average number of third-instar larvae of Ceratitis capitata consumed at different

densities by Euborellia annulipes males and females in 24 h.

Mean preys consumed (Mean + SE)

Density of preys Female Male
7 5.6 +0.3% 4.2 +0.34b
12 9.0 + 0.64a 4.9+0.47b
17 9.8 +0.84a 5.7 £ 0.64b
22 10.0 £ 0.67a 7.3+£0.58b
27 11.6 £ 1.09a 7.0 £0.84b

Note: Means followed by different letters in the row differ by Tukey’s test at 5% probability.
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Table 2. Parameters estimated from the nonlinear regression analysis: estimates of the
coefficients of the type Il functional response model for the proportion of Ceratitis capitata

larvae consumed by Euborellia annulipes males and females.

Sex of predator

Female Male
Estimate -0.0851826 -0.0576133
Standard Error 0.0082528 0.0080061
z value -10.322 -7.1962

P (2) <0.001 <0.001
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3 CONSIDERACOES FINAIS

Até onde sabemos, esse é o primeiro estudo que se concentrou em estabelecer a
composicao do complexo moscas-das-frutas (Diptera: Tephritidae) em um pomar diversificado
no Sul de Minas Gerais, Brasil. Inicialmente, confirmamos a hipétese de que as espécies
frutiferas influenciam as comunidades de tefritideos e seus parasitoides e que a infestacdo e
parasitismo respondem a variagdo dos frutos hospedeiros. Novas rela¢6es troficas foram obtidas
e uma lista foi gerada com estas interacdes (artigo 1, tabelas 2 e 3), considerando-se amostras
obtidas da arvore e solo. Ademais, classificamos os frutos de pitanga (Eugenia uniflora) e araca-
roxo (Psidium myrtoides) como repositério de parasitoides de moscas-das-frutas e
Doryctobracon areolatus foi a espécie mais obtida a partir dos puparios coletados (artigo 1,
Fig. 5). No geral, cinco espécies de moscas-das-frutas e sete espécies parasitoides estiveram
associadas a cinco familias botanicas hospedeiras. Nossos esforgos de amostragem através de
armadilhas resultaram nos primeiros registros de Anastrepha amita e A. punctata para o estado
de Minas Gerais e foi possivel estabelecer a flutuacdo das espécies mais abundantes, sendo:
Ceratitis capitata, Anastrepha fraterculos e A. obliqua.

Durante a triagem dos frutos obtidos do solo, especialmente da familia Myrtaceae,
constatamos a presenca da tesourinha Euborellia annulipes. Nossos resultados confirmam a
hipotese de que frutos de goiaba (Psidium guajava) infestados podem prover ndo s6 abrigo,
mas também alimento para o sustento e reproducao desta tesourinha. Euborellia annulipes usam
pistas quimicas volateis para localizar frutos de goiaba, que servem como abrigo (artigo 2, Fig.
2), e que apesar de serem inicialmente atraidas por odores de frutos de goiaba infestados com
larvas de C. capitata, preferem se abrigar em frutos ndo infestados apds a predacéo (artigo 2,
Fig. 3). Essa € a primeira vez que os volateis de frutos de goiaba séo testados na sinalizacéo de
abrigo e presenca de presas para E. annulipes. Testes subsequentes foram realizados para
conhecer o seu potencial predatério. Comprovamos que as tesourinhas predam larvas de
segundo e terceiro instar e pupas de C. capitata, mas consumiram maior namero de larvas que
pupas (artigo 3, Fig. 1). As fémeas predam um nimero maior de moscas-das-frutas do que 0s
machos (artigo 3, Tabela 1), independentemente do estagio de desenvolvimento da presa, mas
ambos 0s sexos exibiram uma resposta funcional do tipo Il (artigo 3, Fig. 2). Confirmamos
também que, como o parasitoide Diachasmimorpha longicaudata presumivelmente marca seu
hospedeiro apos o parasitismo, E. annulipes provavelmente evita predar larvas de moscas-das-
frutas parasitadas.

Em geral, esse trabalho aborda as relacfes troficas e a importancia dos levantamentos

de espécie de moscas-das-frutas e seus inimigos naturais na definicdo de taticas assertivas de
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controle bioldgico, incluindo a prospeccao de novos agentes de biocontrole. Estas descobertas
sdo inéditas para o estado de Minas Gerais e apontam ndo apenas que E. annulipes tem potencial
para a regulacdo de imaturos de C. capitata, mas que ao evitar a predacéo intraguilda, causara
um efeito aditivo ao do parasitoide sobre a mortalidade da praga. Sob a perspectiva aplicada,
esse estudo fornece informac@es relevantes sobre a importancia do manejo de C. capitata, visto
que o0s prejuizos causados por esse inseto tém implicacOes diretas e indiretas na producédo e
comercializacdo de frutas frescas a nivel mundial. Além disso, trabalhos futuros podem ser
realizados com o intuito de conhecer mais das respostas predatorias de E. annulipes e da
utilizacdo conjunta com espécies de parasitoides, visto que demostramos em nosso estudo que
h& um potencial efeito sinérgico entre diferentes agentes de biocontrole.

Figura 1 — Desenho esquematico dos resultados. (A) Frutos de Araga-roxo (Psidium myrtoides)
como exemplo de repositorio de inimigos naturais de moscas-das-frutas. A amostragem de
frutos (coletados do solo e arvore) permitiram a obtencdo de quatro espécies de Anastrepha; C.
capitata e sete espécies de parasitoides. A amostragem por meio de armadilhas gerou um total
de nove espécies de Anastrepha e C. capitata. (B) Fémeas de E. annulipes usam pistas quimicas
volateis para localizar frutos de goiaba, que servem como abrigo para a fémea e sua prole. As
tesourinhas predam larvas e pupas de C. capitata e, quando em condicao de escolha, preferem
larvas ndo parasitadas por D. longicaudata.
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