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RESUMO

Na busca do controle vetorial do Aedes aegypti, diversos protocolos vém sendo desenvolvidos
e testados. Dentre esses destaca-se a utilizacdo de radiacfes ionizantes para a inducdo de
esterilidade como controle das populagdes-alvo. Para isso, pupas de A. aegypti macho foram
expostas ou ndo a radiacdo gama por cobalto-60 (Co-60). Foram avaliados os pesos,
comprimento do cefalotérax das pupas (10 horas apds irradiacdo), os comprimentos da asa e
torax dos adultos machos emergidos apds 1 e 10 dias de pupas irradiadas (IR-1 e IR-10) ou
ndo-irradiadas (nIR-1 e nIR-10). Foram avaliadas a capacidade espermética, morfometria dos
espermatozoides, histomorfologia testicular, fertilidade e o perfil proteico do sistema
reprodutor do mosquito macho por meio de andlise de espectrometria de massa. Ndo foram
observadas alteracGes no peso ou biometria das pupas ou mosquitos adultos irradiados. No
entanto, a capacidade espermatica variou e foi inicialmente maior nas pupas e nos mosquitos
IR-1, aumentando, respectivamente, (31.3 %) e (32.0 %), e foi menor nos mosquitos IR-10
em 21.0 %. A morfometria espermatica ndo foi alterada apo6s a irradiacdo, apresentando
categorias de 200-300 pum: nIR-1 (21.8 %), IR-1(23,6 %), nIR-10 (13.0 %), IR-10 (13.0 %); e
espermatozoides na categoria 300-400 pum: nIR-1 (77.6 %), IR-1(75,8 %), nIR-10 (86.7 %),
IR-10 (86.1 %). A morfologia testicular perdeu a integridade entre componentes somaticos e
germinativos, com maior evidencia no grupo IR-10. As taxas de eclosdo dos ovos produzidos
a partir de fémeas normais, acasaladas com machos IR-1 e IR-10, foram muito baixas ou
nulas, sendo 0.8 % e 0.2 %, respectivamente. Esses resultados confirmam as respostas
diferenciais dos componentes somaticos e germinativos e os efeitos da radiacdo ionizante ao
longo do ciclo de vida do A. aegypti na organizacdo da microestrutura testicular e na
capacidade espermatica, reduzindo as taxas de fertilidade e eclosdo em mosquitos irradiados
com 50 Gy durante o estagio de pupa. Foram identificadas 1,012 proteinas nos grupos nao-
irradiados e irradiados. Entre eles, 75 proteinas estavam reguladas positivamente e 125
proteinas negativamente no grupo IR-1 quando comparado ao grupo nIR-1. Por outro lado, 53
proteinas foram reguladas positivamente, enquanto 115 proteinas foram reguladas
negativamente no grupo IR-10 quando comparado ao nIR-10. A analise de ontologia genética
categorizou proteinas funcionais reguladas positivamente nos grupos IR-1 e IR-10 com
processos similares, representados por movimento celular baseado em microtubulos, atividade
motora de microtubulo e ligagdes envolvendo ribonucleotideos e nucleotideos. Por outro lado,
0s processos regulados negativamente foram relacionados aos mecanismos celulares,

principalmente metabolismo de &cidos carboxilicos, transcricdo e translacdo proteica nos



grupos IR-1 e IR-10, respectivamente. Os resultados encontrados revelaram componentes
moleculares e eventos associados com radiacdo ionizante no sistema de reproducdo dos
mosquitos machos A. aegypti quando utilizando a técnica do inseto estéril (TIE). Esses dados
sdo Uteis na elucidacdo de mecanismos relacionados ao processo da espermatogénese.
Levando em consideracdo todos os resultados obtidos neste trabalho, sugere-se que a
irradiacdo, durante a fase de pupa, e a liberacdo de mosquitos um dia apds a emergéncia dos

mesmos seria vantajosa como TIE para reduzir as populagcfes-alvo de A. aegypti.

Palavras chave: Aedes aegypti, Radiacdo ionizante, Espermatozoides, Protedmica.



ABSTRACT

Searching for Aedes vector control, several protocols have been developed and tested, among
which it is possible to use ionizing radiation for sterility induction leading to the target
population suppression. A. aegypti males emerged from pupae exposed or not to gamma
radiation by cobalt-60 (Co-60). After irradiation, pupae cephalothorax weights and length (10
hours after irradiation), as well as wing and thorax length of emerged adults after 1 and 10
days of irradiated pupae (IR-1 and IR-10) or non-irradiated (nIR-1 and nIR-10) were
evaluated. Then, sperm capacity, sperm morphometry, testicular histomorphology and fertility
were measured. Male reproductive system protein profile throughout the life cycle was also
evaluated by mass spectrometry analysis. No changes in weight or biometrics of pupae or
adult mosquitoes were observed after irradiation. However, sperm capacity varied during the
mosquito's life cycle and was highest in pupae and IR-1 mosquitoes, respectively (31.3 %)
and (32.0 %), while sperm capacity was reduced in mosquitoes IR-10 at 21.0 %. Sperm
morphometry was not altered after irradiation with sperm presence only in the 200-300 um
categories: nIR-1 (21.8 %), IR-1 (23.6 %), nIR-10 (13.0 %), IR-10 (13.0 %) and sperm in the
300-400 pum category: nIR-1 (77.6 %), IR-1 (75.8 %), nIR-10 (86.7 %), IR-10 (86.1 %). The
testicular morphology was altered with loss of integrity between somatic and germinative
components, with higher alterations observed in the IR-10 group. Larval eggs hatching rates
from adult females mated with IR-1 and IR-10 males were very low or zero, being 0.8% and
0.2%, respectively. These results confirm differential responses of somatic and germinative
components and the effects of ionizing radiation throughout A. aegypti's life cycle, on the
organization of the testicular microstructure and on the spermatic ability to perform a
reduction in fertility rate and hatching rate in mosquitoes irradiated during pupal larval stage
with a dose of 50 Gy. Mass spectrometry analysis identified 1,012 proteins in non-irradiated
and irradiated groups. Among them, 75 proteins are up-regulated and 125 down-regulated
proteins in the IR-1 group when compared to the nIR-1 group. On the other hand, 53 proteins
were up-regulated, while 115 proteins were down-regulated in the IR-10 group compared to
nIR-10. Genetic ontology analysis categorized up-regulated functional proteins in groups IR-1
and IR-10 with similar processes, mainly represented by microtubule-based cell movement,
microtubule motor activity, and ribonucleotide and nucleotide binding. On the other hand,
down-regulated processes were related to cellular mechanisms, mainly carboxylic acid
metabolism, transcription and protein translation in groups IR-1 and IR-10, respectively.

Results revealed molecular components and events associated with ionizing radiation in the



male reproductive system of A. aegypti when using a sterile insect technique (SIT). These
data are useful in elucidating mechanisms related to the spermatogenesis process. Taken these
data together, it is suggested that irradiation during a pupal stage and the mosquitoes release
one day after they emerged are advantegous when applying the SIT to reduce target

population of A. aegypti.

Keywords: Aedes aegypti, lonizing Radiation, Spermatozoids, Proteomics
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1 INTRODUCAO

Nas Ultimas décadas as arboviroses vém causando importantes epidemias e,
consequentemente, prejuizos a saude mundial, seja animal ou humana (GOULD; HIGGS,
2009; WEAVER; REISEN, 2010). Os patogenos da familia Flaviviridae sdo de grande
interesse médico, pois provocam doencas como zika, dengue, febre amarela, febre do Nilo
Ocidental e encefalite japonesa (IOOS et al., 2014; WAGGONER; PINSKY, 2016).
Flavivirus sdo um grupo de pequenos virus envelopados que em sua maioria infecta
mamiferos e aves (COLMANT et al., 2017). Os virus da dengue e zika pertencem a essa
familia, enquanto o virus chikungunya pertence a familia Togaviridae (PAIXAQ; TEIXEIRA,;
RODRIGUES, 2018). No ciclo de replicacdo desses virus estdo os mosquitos vetores A.
aegypti, originario da Africa (WOMACK, 1993; WEAVER et al., 2016) e cuja expansdo da
distribuicdo de diferentes espécies invasivas € evidente em muitas &reas ao redor do mundo
(SCHAFFNER; MATHIS, 2014; MEDLOCK et al., 2015). Diante da importancia médica e
do impacto social dessas doencas, o controle vetorial bem implementado, utilizando
ferramentas existentes, reduz efetivamente a transmissdo de virus disseminados por esses
vetores (WORLD HEALTH ORGANIZATION, 2016). Portanto, a compreensdo da biologia
reprodutiva dos mosquitos é essencial para estudos de comportamento, fluxo genético,
estrutura populacional e controle genético (PONLAWAT; HARRINGTON, 2007).

Dentre as estratégias para o controle da populacdo dos mosquitos ha um interesse
especial na producdo de insetos machos estéreis. A técnica do inseto estéril (TIE) consiste nas
etapas de producdo em massa, separacdo sexual, esterilizagdo por radiacdo ionizante e
liberacdo no ambiente (HELINSKI; KNOLS, 2008). Apesar dos mosquitos machos ndo
estarem diretamente envolvidos na transmissdo de patdgenos, sua estrutura fisica, ligada aos
fatores como tamanho corporal e idade, é indicativo de sua qualidade espermatica e sucesso
reprodutivo (MAHMOOD; REISEN, 1994).

Na TIE, a esterilizagdo de machos e fémeas é conseguida por exposi¢do a uma fonte
de radiagdo ionizante, principalmente usando raios X ou raios gama, que possuem altos niveis
de energia e grande poder de penetracdo para atravessar materiais (PARKER; METHA, 2007;
HELINSKI; PARKER; KNOLS, 2009). Com relacdo a biologia reprodutiva dos machos, a
radiacdo teve grande influéncia no numero de espermatozoides presentes nos testiculos de
mosquitos machos adultos irradiados durante a fase de pupa, 0s quais tiveram

significativamente menos espermatozoides em comparagdo aos machos ndo irradiados,
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enquanto essa diferenga ndo foi observada para os machos irradiados durante a fase adulta
(HELINSKI; PARKER; KNOLS, 2009).

Os testiculos dos mosquitos sdo estruturas fusiformes emparelhadas, cada uma
consistindo em um unico foliculo dividido em varios cistos. Cada cisto contém um clone de
células germinativas, que eventualmente se desenvolvem em espermatozoides maduros
(WANDALL; SVENDSEN, 1985). Sdo 6rgdos que possuem atividade celular intensa e
sofrem danos somaticos e germinativos, proporcional a dose de irradiacdo. Quando a
irradiacdo acontece em fases mais tardias do desenvolvimento do inseto, os danos somaticos
diminuem & medida que a taxa de divisdo mitética celular também reduz (HELINSKI;
PARKER; KNOLS, 2009).

Durante o acasalamento, além da transferéncia dos espermatozoides, ocorre também a
transferéncia de proteinas do fluido seminal (PFS’s) para a fémea em inumeras espécies de
insetos, incluindo A. aegypti (ALFONSO-PARRA et al., 2014). Esses fluidos transferidos
junto com o0s espermatozoides sdo frequentemente responsaveis por mudancas
comportamentais e fisiologicas de curto e longo prazo na fémea (VILLARREAL et al., 2018).
Essas proteinas causam mudancas nas fémeas, conhecidas coletivamente como a resposta pos-
acasalamento (RPA) (GLIGOROQV et al., 2013). As RPAs incluem taxas aumentadas de
ovulacdo e postura, armazenamento de espermatozoides, receptividade diminuida para
machos em corte, além de mudancas na longevidade, alimentacao e padrBes de sono (AVILA
etal., 2011; SIROT et al., 2008).

Portanto, a compreensdo da biologia reprodutiva apos irradiacdo em mosquitos vetores
de importancia médica, apresenta-se de grande importancia para um melhor entendimento no
processo de controle vetorial nas arboviroses (ALFONSO-PARRA et al., 2014; HELINSKI;
HARRINGTON, 2013), uma vez que a técnica do inseto estéril vem sendo bastante usada no
combate as superpopulacGes de mosquitos vetores, além de se mostrar ambientalmente mais
segura. O presente trabalho avaliou os efeitos da irradiagdo no desenvolvimento corporeo, no
aparelho reprodutor, possiveis alteragdes morfologicas e moleculares durante a producéo de

espermatozoides e fertilidade de machos de A. aegypti de laboratdrio.
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2 FUNDAMENTACAO TEORICA
2.1 ARBOVIROSES IMPORTANTES A SAUDE HUMANA

As arboviroses, doencas causadas por virus transmitidos por artrépodes, sdo de grande
importancia para saide humana em quase todo 0 mundo (GOULD; HIGGS, 2009). Todos 0s
arbovirus acometem animais selvagens, muitos causam doencas que sao transmitidas para 0s
seres humanos e para animais importantes na agricultura, denominados como hospedeiros
acidentais, também chamados hospedeiros incidentais (TROUPIN; GRIPPIN; COLPITTS,
2017). Dentre as arboviroses que provocam epidemias na maioria dos paises com importancia
econbmica para salude humana, encontram-se dengue (DENV), Zika (ZIKV), chinkungunya
(CHIKV) e febre amarela (WEAVER; REISEN, 2010). Os arbovirus infectam milhdes de
pessoas, anualmente, em todo o mundo, onde quase metade da populacdo estd em risco de
infeccdo com essas ameacas (KAMAL et al., 2018). O mosquito A. aegypti é predominante na
transmissdo e disseminacdo desses virus, que se originou na Africa e espalhou-se para as
regides neotropicais nos séculos XVII e XVIII (WEAVER; REISEN, 2010). No continente
africano existem trés familias de virus transmitidos por mosquitos que afetam seres humanos:
os Flaviviridae (género Flavivirus), Togaviridae (género Alphavirus) e os Bunyaviridae
(principalmente Orthobunyavirus, mas com alguns outliers importantes, como o Phlebovirus
Rift Valley Fever) (BRAACK et al., 2018).

Muitos fatores causaram a expansdo das arboviroses, tanto animal quanto humanas, e
um deles foi a expanséo urbana tropical, resultando em um maior contato entre 0 homem e o
mosquito A. aegypti (WEAVER; REISEN, 2010). Na urbanizacéo a proliferacdo de larvas se
da pelo acumulo de 4gua em recipientes usados para armazenamento, dentro e ao redor das
areas habitadas, e em pequenos recipientes descartaveis jogados no lixo, colaborando para o
surgimento de ciclos endémicos permanentes de DENV urbano e do CHIKYV, assim como
também da transmissdo sazonal do virus da febre amarela (BRONZATO, 2015).

A recente invasdo do A. albopictus, um vetor secundario de grande importancia na
transmissdo de CHIKV e DENV, nas Américas, Europa e Africa, aumentou a transmissio
urbana desses virus em regides tropicais e temperadas, tornando-as assim arboviroses de
grande importancia para a saude publica (WEAVER; REISEN, 2010). Os aumentos
demografico e de circulagdo internacional de pessoas, bagagens e utensilios poderdo servir
como reservatorios para vetores, virus e fontes infecciosas, aléem do contato entre humanos,
animais silvestres infectados ou vetores silvaticos e locais de reproducdo e habitats para

vetores, como A. aegypti e A. albopictus (BRAACK et al., 2018), quadro que pode atingir
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maior gravidade com cerca de 83 milhdes de pessoas sendo adicionadas a populagdo mundial
a cada ano, atingindo 9,8 bilhdes de pessoas no ano de 2050, um crescimento que devera
continuar mesmo supondo que os niveis de fertilidade continuem a declinar. (UNITED
NATIONS, 2013).

A filogenia indica que a origem ancestral dos Flavivirus transmitidos por mosquitos e
carrapatos é da Africa e acredita-se que surgiram de virus de mamiferos, inicialmente n&o
vetorizados (GOULD et al., 2003; MOUREAU et al., 2015). Os Flavivirus sdo distintamente
agrupados em virus transmitidos por carrapatos, por mosquitos e um grupo de virus nao
vetorizados ou ndo-reconhecidos (GOULD et al., 2003; MOUREAU et al., 2015; HOLMES;
TWIDDY, 2003; HUANG et al., 2014). No ambiente natural, os Flavivirus transmitidos por
Aedes spp. tendem a picar primatas e/ou humanos, estando associados ao desenvolvimento de
doenca hemorragica. Os virus transmitidos por Culex spp. por outro lado, picam aves e
roedores selvagens e animais domésticos. Em contraste com o Aedes spp., muitos dos virus de
Culex spp. estdo mais caracteristicamente associados a doenca encefalitica em humanos
(GOULD et al., 2001).

Existe a premissa que, assim como o virus da Febre amarela, o virus da Dengue teve
sua origem na Africa e foi dispersado para a América no periodo da escraviddo (GERMAIN
et al., 1982; KRAEMER et al., 2015). DENV, conhecidamente, com distribuicdo central na
Asia, pode também ter sua origem histérica na Africa Ocidental (HOLMES; TWIDDY,
2003). Apareceu pela primeira vez nos Estados Unidos aproximadamente no mesmo periodo
da Febre Amarela, podendo ter sido transportado nos mesmos navios negreiros junto com o
mosquito A. aegypti (GOULD et al., 2001). Formalmente descrito no Japdo em 1943 e no
Havai em 1945, a epidemia teve abrangéncia desde a india até as llhas do pacifico,
propagando-se pela Asia-Pacifico até as Américas, na década de 1970, e Africa, em 1984
(MESSINA et al., 2014). Posteriormente se expandiu, principalmente, para paises tropicais e
subtropicais, causando grave morbidade e mortalidade (KRAEMER et al., 2015, SEMENZA
etal., 2014).

DENV é um complexo composto por quatro sorotipos filogeneticamente e
antigenicamente distintos, que causam dengue e dengue hemorrdgica em humanos
(HOLMES; TWIDDY, 2003). Seu principal vetor entre humanos sdo o A. aegypti e 0 A.
Albopictus, vetorizando, respectivamente, em areas urbanas e em areas periurbanas e rurais
(BENEDICT et al., 2007; YAMAR et al., 2005; SEMENZA et al., 2014; DHAR-
CHOWDHURY et al., 2016).
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O virus da Febre Amarela também tem origem na Africa e possivelmente disseminado
junto com o trafico de escravos (BRYANT; HOLMES; BARRETT, 2007; HUANG et al.,
2014). Em Barbado, no Caribe, apos infeccéo de escravos, os superintendentes também foram
infectados durante as épocas de surto nos anos de 1647, 1650 e 1690. Esses homens brancos
foram para América do Norte, onde estabeleceram um novo foco, e a febre amarela foi
difundida também na América do Sul (MCNEILL, 2010). Durante a constru¢do do Canal do
Panam4, aproximadamente 30.000 pessoas morreram, assim como também no periodo da
guerra Hispano-Americana, aproximadamente 80% das forcas americanas em Cuba
contrairam a febre amarela (SPIELMAN; D’ANTONIO, 2001). Em condicGes silvestres
africanas, a transmissédo da febre amarela acontece principalmente por A. africanus, A.
furcifer/taylori, A. Luteocephalus, A. Metalico, A. Vittattus e A. Opok (HUANG et al., 2014;
GERMAIN et al., 1982). Na América do Sul foi estabelecido um ciclo silvestre envolvendo
varios mosquitos Haemagogus, Aedes e Sabethes (HUANG et al., 2014). N&do houve
transmissdo urbana significativa nas Gltimas décadas nesta parte do continente, porém o0s
hospedeiros do reservatorio silvestre na América do Sul sdo macacos-prego (Cebus spp.),
Aranha (Ateles spp.) e Bugio (Alouatta spp.) (BRYANT; HOLMES; BARRETT, 2007). Ao
ser infectado, o primata florestal tem um periodo de viremia de 1 a 6 dias, periodo em que
pode transmitir o virus para 0 mosquito e também desenvolver imunidade para toda a vida. Na
América do Sul e Central, os macacos e saguis que sdo infectados morrem. Ao invés de
desenvolverem imunidade, hd o exterminio dos primatas focais, fazendo com que aconteca o
término das epizootias (MEEGAN et al., 1991). A febre amarela é transmitida de uma forma
macica entre os seres humanos pelo A. aegypti como uma doen¢a doméstica (GUBLER,
2004).

O ZIKV foi registrado pela primeira vez na Floresta Zika, em Uganda, na Africa, a
partir de um macaco sentinela Rhesus, colocado nessa floresta em 1947, e em um mosquito A.
africanus em 1948 (DICK; KITCHEN; HADDOW, 1952). Esse virus permaneceu endémico
na Africa e na Asia por décadas, se espalhando pelos Estados Federados da Micronésia, pela
Polinésia Francesa, por uma série de ilhas do Pacifico, chegando ao Brasil em 2015
(HADDOW et al., 2012; JOUANNIC et al., 2016; LANCIOTTI et al., 2016; ZINSZER et al.,
2017). Na Africa, 0 ZIKV foi mantido por meio de primatas e mosquitos Aedes,
representando o ciclo silvestre do virus. Em outros lugares, aparentemente, os ciclos silvestres
ndo existem, mas a transmissdo se da através de humano-mosquito-humano, em ambientes
urbanos empobrecidos, tendo como vetores primérios o A. aegypti e o A. albopictus

(PETERSEN et al., 2016). Atualmente, a principal e mais preocupante sequela do ZIKV em
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mulheres gravidas sdo as anomalias em bebés que vdo desde deformidades oculares, cardiacas
e neuroldgicas, como a microcefalia (PETERSEN et al., 2016).

Existe um grande grupo de virus, transmitido por mosquitos, de grande importancia
médica, muito complexo na origem, dispersao, ecologia das espécies e membros, que € 0
género Alphavirus, da familia dos Togaviridae (MCINTOSH et al., 1961). Diferentemente
dos Flavivirus, os Alfavirus ndo tém relacbes evolutivas e ecoldgicas claras com grupos
vetoriais especificos, eles sdo menos agrupados. Os mosquitos Aedes e Culex, juntamente
com outros géneros, tal como Anopheles, sdo vetores importantes para a sua transmissao
(MCINTOSH et al., 1961).

O CHIV compde o género Alphavirus, que foi diagnosticado pela primeira vez numa
epidemia na Tanzania em 1952 (WEAVER et al., 2016), havendo outros surtos subsequentes
na Africa e Sudeste da Asia em 1953 (POWERS et al., 2000; CAGLIOTI et al., 2013). Houve
a reincidéncia nos anos 2000 e, com o surto, houve uma mutagdo no virus e intensa
multiplicagdo viral dentro do intestino médio dos mosquitos vetores, levando ao aumento na
viremia dentro das glandulas salivares (ENSERINK, 2007; CAGLIOTI et al., 2013). A partir
do ano 2004 houve surtos em escala global (TOWNSON; NATHAN, 2008; MOREIRA-
SOTO et al.,, 2017) e, atualmente, se tornou uma ameaca a saude publica (WEAVER;
FORRESTER, 2015). Na Africa, os vetores silvaticos importantes sdo os A. africanus, A.
furcifer, A. cordellieri (JUPP, 1996; COFFEY; FAILLOUX; WEAVER, 2014), A. taylori, A.
neoafricanus e A. luteocephalus (POWERS et al., 2000); em condic¢des urbanas existem o A.
aegypti e 0 A. albopictus como principais vetores (I-CHING et al., 2015); o A. albopictus é o
mais importante vetor global para a infeccdo do Chikungunya (CHARREL;
LAMBALLERIE; RAOULT, 2007), porém o A. aegypti tem maior impacto na infectividade
(WEAVER; FORRESTER, 2015). Desde a disseminacio na Africa para outras regides, ciclos
de endemia e epidemia tém sido registrados com A. aegypti e A. albopictus, transmitindo o
virus em um ciclo de humano-mosquito-humano, principalmente urbano (CAGLIOTI et al.,
2013).

Segundo Kamal et al. (2018), existem diferengas na distribuicdo de ocorréncia no
mundo entre A. aegypti e A. albopictus. Geograficamente a distribuicéo de registros de A.
Aegypti ocorreram na Asia e nas América, com mais de 55%, principalmente no Brasil, india,
Tailandia, México e Estados Unidos, enquanto que o A. Albopictus, a maioria dos registros
ocorreu apenas em Taiwan, Estados Unidos e Indonésia, em mais de 67%. Essa distribuigdo é
bem observada na Figura 1.
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Figura 1 — Mapeamento de distribuicdo global de dois vetores arbovirais A. aegypti e A.
albopctus em 2018.
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Fonte: Kamal et al. (2018).

A transmissdo dos virus pode ser horizontal, entre mosquitos, aves, seres humanos e
outros vertebrados, como também vertical transgeracional. Em algumas espécies esses Vvirus
infecciosos passam dos vetores adultos para os seus descendentes, como acontece com 0S
mosquitos (ROSEN, 1988). O ovo raramente € infectado, aparentemente devido a presenca do
virus s6 nos oviductos laterais e comuns, onde a contaminacdo poderia ocorrer. Nos
Flavivirus, ovos sdo infectados por um mecanismo ainda néo identificado totalmente, onde os
foliculos ndo estdo envolvidos na infeccdo, mas o dvulo maduro é infectado durante a
ovoposicdo (LEAKE, 1992). A transmissdo vertical natural foi identificada no Nordeste
brasileiro, na cidade de Fortaleza, em A. aegypti e A. albopictus, que foram criados a partir de
larvas e pupas recolhidas em agregados familiares (MARTINS et al., 2012). No norte da
india, aconteceu a transmissdo vertical entre alfavirus do Chikungunya em A. aegypti (SINGH
et al., 2016) e na Tailandia foi transmitida em condi¢des experimentais para as geracdes F5 e
F6 dos A. aegypti e A. albopictus (CHOMPOOSRI, 2016).

Outra causa importante, além da transmissdo atraves dos vetores, é a adaptacdo que 0s
virus e os vetores passam atraves de mutagdes, recombinagdo do segmento genémico e novas
combinacgOes de genes em cromossomos, fatores que contribuem para a ocorréncia de doencas

virais emergentes ou reemergentes (ELLIOTT, 2009). Os rearranjos efetuados pelos virus
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produzem novos virus, epidemias, viruléncias, patologias, e pequenas mutagdes que afetam a
suscetibilidade, aumento de eficiéncia ou mesmo ineficiéncia vetorial (WENGLER,;
WENGLER, 1993). Por exemplo, 0 CHIKV era transmitido, principalmente, por A. aegypti e
atualmente é também transmitido por A. albopictus (WENGLER; WENGLER, 1993;
VAZEILLE et al., 2007; GOULD; HIGGS, 2009). As mutagfes acontecem ndo somente nos
virus, mas também nos vetores. Os mosquitos, historicamente habitantes de florestas,
passaram por adaptacdes e atingiram uma forma “domesticada”, amoldada a cidade. Como
exemplo, 0 A. aegypti, que se espalhou por quase todas as partes do mundo e atualmente € o
grande vetor das arboviroses (BROWN, 2011, MOORE et al., 2013). Outro exemplo de
adaptacdo dos mosquitos € a resisténcia a tentativa de controle por inseticidas, amplamente
observada em A. aegypti (ISHAK et al., 2015) e A. albopictus (MARCOMBE et al., 2014;
ISHAK et al., 2015). Um dos fatores primordiais na contribuicdo de adaptacéo e reproducao
de vetores e virus sdo as alteracdes climéticas, as quais podem levar, consequentemente, a
mudancas em aspectos geograficos (GOULD; HIGGS, 2009, VONESCH et al., 2016). Esses
aspectos podem influenciar a distribuicdo dos mosquitos no mundo. Kamal et al. (2018)
construiram uma previsao de distribuicdo do potencial atual dos mosquitos A. Aegypti e A.

Albopictus, de acordo com as condig@es climaticas (Figura 2).

Figura 2 — Distribuicdo atual dos mosquitos Aedes aegypti e Aedes albopictus com base nas
condicdes climaticas atuais. As areas em azul marinho foram consideradas adequadas e as

areas em cinza foram consideradas como inadequadas.

Aedes albopictus j_ )
Fonte: Kamal et al. (2018)
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2.2 AEDES AEGYPTI (LINNAEUS, 1762)

Aedes (Stegomyia) aegypti (Linnaeus, 1762) é oriundo da Africa, tendo sido descrito
inicialmente no Egito, possuindo distribuicdo em regides tropicais, subtropicais e temperadas
do globo (CLEMENTS, 1992; CONSOLI; OLIVEIRA, 1994). A distribuicdo e a expansdo
geogréfica sdo influenciadas por multiplos fatores ambientais, sobretudo a temperatura
(GLASSER; GOMES, 2002). O A. aegypti € um diptero da familia Culicidae, pertencente a
subfamilia Culicinae, sua forma adulta apresenta coloracdo geralmente negra, com faixas
branco-prateadas no térax (CONSOLI; OLIVEIRA, 1994; FORATTINI, 2002; BECKER et
al., 2003). Apresenta um curto ciclo de vida que pode se completar no periodo de 15 a 30 dias
em regides tropicais e seu desenvolvimento compreende quatro estagios: ovo, larva, pupa e
inseto adulto (Figura 3). O tempo de desenvolvimento das larvas varia em funcdo da
temperatura da agua, disponibilidade de alimento e densidade populacional de individuos
presentes nos criadouros (CLEMENTS, 1992).

Figura 3 — Fases que compBem o ciclo biologico de Aedes aegypti

ADULTO

Fonte: Adaptado de Christophers (1960).
Nota: Em sentido horario: Ovo, larva (L1-L4), pupa e adulto alado.

Na forma de mosquitos adultos, machos e fémeas buscam por fontes de carboidratos,
essenciais ao seu metabolismo basico. Além disso, as fémeas também necessitam de
alimentacdo sanguinea para a producdo de ovos. A maturidade sexual acontece

aproximadamente 24h apds a passagem para a fase adulta. Em geral, o0 comportamento sexual
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das fémeas de A. aegypti é monandrica (uma unica copula) (YUVAL, 2006). Evidéncias
mostram que o0 acasalamento torna a fémea refrataria a uma nova inseminagdo e desencadeia
comportamentos posteriores, como digestdo mais rapida da refeicdo de sangue (DOWNE,
1975) e aumento da oviposicdo (RAMALINGAM; CRAIG, 1976).

Além dos espermatozoides, os machos transferem fluidos seminais que produzem uma
série de alteracdes fisioldgicas e comportamentais nas fémeas (ADLAKHA; PILLAI, 1975).
Acredita-se que essas modificacfes tornam as fémeas menos receptivas a uma segunda
copula, pelo menos no mesmo ciclo gonotrofico (AVILA et al., 2011). Outros acoplamentos
com uma fémea j& acasalada podem ocorrer, mas tendem a ndo resultar em inseminacéao
(GWADZ; CRAIG JR; HICKEY, 1971). As proteinas das glandulas acessorias masculina
(PGAmM’s), também conhecidas como proteinas da glandula reprodutora masculina (PGRm’s),
sdo componentes importantes do fluido seminal que sdo transferidos juntamente com o
espermatozoide durante a cépula, afetando a fisiologia € 0 comportamento da fémea
(VILLARREAL et al., 2018). Essas proteinas e peptideos pertencem a Vvérias categorias
funcionais diferentes e sdo reconhecidamente muito importantes na fertilizacdo de insetos,
porque estdo relacionados a uma variedade de funcbes no trato reprodutivo feminino
(GWADZ; CRAIG JR; HICKEY, 1971; HELINSKI et al., 2012; DUVALL et al., 2017,
VILLARREAL et al., 2018). As fémeas sdo estimuladas a aumentar a produgéo de ovos, taxa
de ovulacéo e armazenamento de espermatozoides, bem como reduzir a receptividade sexual,
além de alteracdes no comportamento alimentar e na longevidade (JUDSON, 1967; WALLIS;
LANG, 1956). De fato, a insemina¢do causa muitas mudancas na expressao génica feminina
(MACK; PRIEST; PROMISLOW, 2003) e um grande nimero respostas pos-acasalamento
podem ser observados, mesmo quando a cépula acontece com machos sem espermatozoides,
destacando o importante papel das proteinas da PGRm’s (MEUTI; SHORT, 2019).

Os machos transferem espermatozoides e fluidos seminais diretamente para dentro da
bursa inseminalis, um 6rgdo parecido com um saco, dentro do gonotrema, do qual sai uma
abertura distal da wvagina, comunicando-a com o meio externo (GIGLIOLI, 1963;
SPIELMAN, 1964). Esse 6rgdo funciona como um local de reserva temporario para
espermatozoides. Ap6s um atraso de cerca de 40 segundos (SPIELMAN, 1964; JONES;
WHEELER, 1965), os espermatozoides comecam a se deslocar desse orgdo por ductos
estreitos para uma a trés espermatecas. As espermatecas sdo reservatorios quitinosos,
esféricos, nos quais os espermatozoides sdo armazenados a longo prazo. Os espermatozoides
s80 mantidos nessas capsulas durante toda a vida de uma fémea, nutridos por células
glandulares adjacentes as espermatecas (CLEMENTS; POTTER, 1967; PASCINI;
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RAMALHO-ORTIGAO; MARTINS, 2012, 2013). Em ultima analise, os espermatozoides
viajam de volta pelos mesmos ductos, fertilizam os évulos que passam pelo oviduto comum e

saem pelo gonotrema (Figura 4).

Figura 4 — Trato reprodutivo de Aedes aegypti fémea durante a inseminagéo

os espermatozdides sobem aos ductos
espermatecais e s30 armazenados em 5 minutos

0 espermatozoide entra no vulo através da
liberagio dos espermatozdides é rigidamente micrépila,que se alinha perfeitamentecom a saida
gulada enquanto os ovos 5o colocados. do ducto espermatecal.

Fonte: Adaptado de Degner e Harrington (2016).
Nota: Modelo quadro a quadro dos espermatozoides através do trato reprodutivo de Aedes aegypti fémea desde a
inseminacado (A) até a fertilizacao (F).

Fémeas, uma vez inseminadas, produzem uma quantidade abundante de ovos férteis,
desde que alimentadas com sangue. A atividade hematofagica é diurna e, apds o repasto
sanguineo, a fémea procura no ambiente locais para repouso, enquanto realiza a digestdo
sanguinea. Cerca de 90 a 120 ovos podem ser produzidos por uma fémea em cada ciclo de
oviposicdo. Os ovos sao depositados de forma individual nas paredes internas dos recipientes,
proximos a lamina d’agua (CHRISTOPHERS, 1960; CONSOLI; OLIVEIRA, 1994).

Em condic¢Bes ambientais adversas, 0s ovos podem entrar em quiescéncia (dorméncia),
podendo permanecer viaveis no ambiente por periodos superiores a um ano (OLIVA et al.,
2018). Este ultimo aspecto é de grande importancia, por representar a principal forma de
permanéncia e dispersdo passiva de A. aegypti no ambiente. Além disso, as fémeas tendem a
distribuir pequenos grupos de ovos de um mesmo ciclo gonadotréfico em mais de um
criadouro, comportamento que potencializa sua dispersdo e dificulta as acbes de controle
(BRAGA; VALLE, 2007; REITER; AMADOR; COLON,1991).

Essa colonizacdo em vérios habitats, promove um rapido crescimento populacional,

aliada ainda a sua elevada fecundidade e curto ciclo de desenvolvimento pés-embrionério
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(REGIS, et al., 2013). Tais caracteristicas os definem como insetos “r-estrategistas”, cuja
sobrevivéncia da populacdo tem como base a capacidade de colonizacdo de habitats instaveis,
aliada a uma elevada fecundidade/fertilidade, gerando acentuadas flutuacGes de densidade
populacional (SCHOFIELD, 1991).

2.3 ANATOMIA DO SISTEMA REPRODUTOR DE Aedes aegypti MACHOS

Estudos anatdbmicos e histolégicos dos 6rgdos genitais em insetos sdo fundamentais
para o conhecimento de sua funcéo e, assim, fornecem uma base para pesquisas anatmémicas
e fisiologicas (NATVIG, 1948; CHRISTOPHERS, 1960). A estrutura dos 6rgdos genitais de
insetos € muito variada, portanto estudos morfoldgicos intensivos sdo necessarios para
auxiliar na resolucdo de problemas na discriminacdo de homologias e no rastreamento do
desenvolvimento evolutivo (WENSLER; REMPEL, 1962).

A anatomia do sistema reprodutor externo e interno dos mosquitos machos em geral, e
do macho A. aegypti em particular, tem recebido bastante atencdo no estudo de todos os
componentes e suas inter-relacbes, mesmo para uma Unica espécie (NATVIG, 1948;
CHRISTOPHERS, 1960).

O abdémen dilatado do adulto recém-emergido A. aegypti se afila posteriormente. A
membrana pleural palida, acinzentada e ndo selada é visivel e se afunila até o final do oitavo
segmento abdominal. O abdémen é composto por nove segmentos ou urdbmeros facilmente
visiveis (HODAPP; JONES, 1961). Os primeiros sete segmentos sao aproximadamente do
mesmo comprimento, mas diminuem gradualmente em didmetro. O oitavo segmento €
visivelmente menor que o sétimo; e o nono segmento (ou genital) é bastante reduzido em
tamanho, embora dé origem a dois apéndices maiores e complexos. O décimo e décimo
primeiro segmentos abdominais (segmentos pds-genitais) sdo pecas altamente modificadas
embutidas na regido membranosa posterior ao nono segmento (HODAPP; JONES, 1961).
Essas caracteristicas podem ser observadas na Figura 5.

No mosquito individual, o oitavo ao décimo primeiro segmento abdominal constitui
um terninalium (o termo plural é terminalia, como usado pela primeira vez e corretamente
definido por Freeborn (1924), no qual o termo plural é frequentemente usado como se fosse
um Unico substantivo). Essa definicdo leva em conta o fato de que o oitavo segmento
abdominal sofre rotacdo (CHRISTOPHERS, 1915). As cerdas que se tornam ligeiramente
mais longas e definitivamente mais numerosas, também estdo presentes nas margens
posteriores do primeiro ao oitavo tergitos e do primeiro ao sétimo esternitos. Como o

terminalium do mosquito macho gira 180° durante o primeiro dia de vida adulta, nas
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descricdes, os termos dorsal e ventral se referem a estruturas como sdo encontradas no
mosquito macho recém-emergido, com terminalium n&o rotacionado, a menos que
especificado em contrario (HODAPP; JONES, 1961).

Figura 5 — Abddmen de Aedes aegypti

Fonte: Adaptado de Christophers (1960).

Nota: Abdémen de fémea de Aedes aegypti. A. Como visto em vista dorsal em fémea ndo ingurgitada; B. visdo
dorsal de tergitos como visto em fémeas ingurgitadas; C. visdo dorsal de esternitos como visto em fémeas
ingurgitadas; a mancha prateada lateral em tergito I; b, banda branca basal; ¢, ponto prateado nos lados de tergito
e esternito; d, banda palida apical.

Da porgdo ventral do nono segmento abdominal surgem estruturas de consideravel
complexidade. Os dois maiores anexos foram referenciados como claspers (THEOBALD,
1907), hypopygium ou genitalium (CRAMPTON, 1920), embora tenha ficado claro ha algum
tempo que eles sdo homologos aos parameres (literalmente pedacos laterais) de outros insetos
(CRAMPTON, 1942; SNODGRASS, 1959). As duas pequenas pecas negras esclerotizadas,
que sdo facilmente visiveis através do lobo membranoso ventral mediano do nono segmento
do mosquito macho vivo, constituem o 6rgao intromissivo e sdo referidos como aedeagus
(EDWARDS, 1920; SNODGRASS, 1959) ou phallosome (FREEBORN, 1924,
CHRISTOPHERS, 1960), demonstradas esquematicamente na Figura 6.
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Figura 6 — Terminalia de macho de Aedes aegypti

Fonte: Adaptado de Christophers (1960).

Nota: Representacdo esquematica do nono segmento abdominal do macho Aedes aegypti. 1. vista dorsal
termindlia de macho de Aedes aegypti; 2. Vista ventral do mesmo. A, por¢do terminal expandida do brago do
nono tergito; IXs’,, por¢do membranosa do nono esternito; IXs”, por¢do apodematosa esclerotizada do mesmo;
3. Vista externa lateral. Rotulado como para 2; 4. Vista interna lateral, com a gonocéxito préxima removida;
Letras: ap.b, apodema basal; ap.e apodema externo; bl, lobo basal; bl*, por¢éo proximal da dobra carregando
dois cabelos; Cr, porcédo terminal da esclerito ventral de proctiger (provavelmente cercus); Gc, gonocoxito; Gc ',
area membranosa da superficie dorsal da mesma; Ge”, superficie ventral esclerética da gonocéxito; Ph,
falosoma; Ph', 0 mesmo visto atras da membrana; Pr, proctiger; pr, paramere; sl, estilo; sl’, apéndice do estilo;
IXs, Xs, respectivos esternitos; IXt, Xt, respectivos tergites.

Dorsolateralmente, no sexto segmento abdominal, estdo localizados os testiculos de A.
aegypti, com suas extremidades estendendo-se até a margem posterior do quinto segmento.
Nos machos recém-emergidos, os testiculos podem ser tdo grandes que se estendem do 6°
para a margem posterior do 4° segmento abdominal. Testiculos de mosquitos machos adultos
mais velhos sdo pequenos e encontrados apenas no 6° segmento; eles definitivamente nédo
ficam dilatados com a idade na vida adulta (HODAPP; JONES, 1961). Nos machos recém-
emergidos, os testiculos sdo normalmente do mesmo tamanho e situados quase identicamente
em lados opostos do corpo (Figura 7). Apos a rotagdo do terminalium, um testiculo é
deslocado para uma posi¢do mais posterior e € notoriamente menor do que o0 outro no mesmo
individuo (CHRISTOPHERS, 1960).
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Figura 7 — Sistema reprodutor interno de macho de Aedes aegypti

Fonte: Adaptado de Hodapp e Jones (1961).

Nota: A. Vista ventral do sistema reprodutor interno de adultos do sexo masculino Aedes aegypti antes da
rotacdo do terminélia, mostrando o testiculo (T), corpo adiposo do testiculo (FB), traqueia do testiculo (TR),
compartimento testicular (SC), vas efferens (VE), vas defferens (VD), vesiculas seminais (SV), glandula
acessoria (AG) e filamento da glandula acesséria (AGf). B. Vista ventral do sistema reprodutivo interno de
Aedes aegypti macho adulto ap6és uma rotagdo no sentido anti-horario da termindlia, mostrando testiculos
deslocados (DT), ganglio abdominal terminal (TG), vas eferentes (VE), vesiculas seminais (SV), glandula
acessoria (AG) e reto (Re).

Os 6rgdos reprodutivos internos no macho consistem em dois testiculos, um ducto
longo e fino (vasa efferentia) passando de cada testiculo para uma estrutura mediana em
forma de frasco (vasa defferentia), que desemboca em duas vesiculas seminais longas
localizadas ventralmente e que se fundem no oitavo segmento abdominal. Os testiculos de
adultos recém-emergidos de A. aegypti tém trés regides claramente definidas: (a) zona
anterior demarcada, hialina, lateralmente curvada; (b) uma zona central maior, mais longa e
dilatada; e (c) uma zona terminal grande, semelhante a um calice. As zonas intermediaria e
terminal tém cor acastanhada distinta com luz transmitida, que é devido ao seu conteudo
interno e ndo ao pigmento, dentro da bainha testicular. A parede do testiculo de A. aegypti é
uma bainha muito fina e incolor que envolve completamente o 6rgdo (WENSLER; REMPEL

1962). Quando os testiculos sdo examinados em bloco, corados com hematoxilina, a estrutura
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celular da tanica é obscura, embora nucleos redondos ou ovoides possam ser distinguidos
nela, enquanto em sistemas completos frescos, ndo corados, os ndcleos geralmente ndo s&o
visiveis (CHAPMAN, 1998). Durante o primeiro dia da vida adulta, o compartimento
terminal do testiculo se abre para um ducto longo, reto, posterior e ventralmente direcionado,
denominado vas efferenes (HODAPP; JONES, 1961). De acordo com Snodgrass (1935), os
vas efferenes de paredes relativamente finas juntam-se muito abruptamente a uma porgao bem
definida, de paredes espessas e curtas do trato reprodutivo, denominada vas deferens. Apds
uma curta distancia, esses dois ductos de paredes espessas se unem para formar um ducto
mediano comum que desemboca em duas vesiculas seminais longas e ventralmente
localizadas, que se fundem no oitavo segmento abdominal. Lateralmente as vesiculas
seminais, encontram-se as glandulas acessorias em forma de sacos e o ducto ejaculador, que é
uma curta passagem que leva a abertura genital (PRASHAD, 1916), como esquematizado na

Figura 8.

Figura 8 — Sistema reprodutor interno de macho de Aedes aegypti

Fonte: Adaptado de Hodapp e Jones (1961).

Nota: Vista ventral semidiagramética da porcao posterior do sistema reprodutor interno de um A. aegypti adulto
recém-emergido, mostrando detalhes dos vas efferens (VE), vas deferens (VD), vesiculas seminais (SV), divisdo
mediana das vesiculas (MS), glandulas acessérias (AG), filamento da glandula acesséria (AGf), zona anterior da
glandula acessoria (AZ), zona posterior da glandula acesséria (PZ), regido do gonéporo (G), ducto ejaculatério
(ED), endéfalo (EP) e edeago (Ae).
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2.4 ALTERNATIVAS AO CONTROLE DE INSETOS: UMA BREVE HISTORIA DA
TECNICA DO INSETO ESTERIL, CONCEITO, METODO E APLICACAO

O final do século XIX foi marcado por grandes descobertas cientificas, entre elas a
radioatividade e os raios X. Esse fato mudou o pensamento cientifico da época, pois
acreditava-se que o atomo era algo impenetravel e imutavel (NAVARRO et al., 2008). A
partir disso, o0 uso das radiacGes ionizantes passou a ser aplicado em diversas areas (MOULD,
1993).

Runner (1916) demonstrou os primeiros efeitos da radiagdo ionizante em insetos, no
coledptero  Lasioderma  serricorne, tornando-os incapazes de se reproduzir
(MASTRANGELO; WALDER, 2011). Muller (1927) demonstrou que a radiacdo ionizante
provocava mutacGes letais na mosca Drosophila melanogaster, sendo uma das principais
consequéncias a infertilidade nas fémeas.

Nos anos de 1950, no entanto, foi 0 momento em que a técnica do inseto estéril obteve
0 éxito mais significativo, quando a mesma foi integrada a um programa de controle de pragas
que tinha como objetivo reduzir a populacdo de Cochliomyia hominivorax (KLASSEN;
CURTIS, 2005). A TIE proposta em 1950 por Bushland e Knipling, compreende a criacéo
massiva de insetos machos de uma determinada espécie, seguida de esterilizagdo e liberacao.
Dessa forma, machos estéreis copulam com fémeas selvagens e a prole gerada se tornara
inviavel. Essa é uma técnica considerada espécie-especifica, ndo envolvendo outros
organismos (BUSHLAND, 1960; KNIPLING, 1955; ALPHEY 2002; DYCK et al., 2005;
OLIVEIRA; CARVALHO; CAPURRO, 2011; PHUC et al., 2007; PAPATHANOS et al.,
2009; WILKE et al., 2009).

Nos anos seguintes, a ideia de introduzir a esterilidade em insetos foi amplamente
difundida no mundo. Um estudo publicado por Bushland e Hopkins (1953) descreveu o0s
resultados do uso de radiacdo ionizante (raios — X) em pupas macho de C. hominivorax, que
apresentavam morfologia normal na fase adulta, porém, quando copulavam com fémeas
virgens, as mesmas ndo geravam ovos férteis.

Em 1954, na ilha de Curacao, Knipling realizou a liberagcdo de pupas irradiadas de C.
hominivorax, com frequéncia de duas vezes por semana. A liberacdo de machos estéreis
alcancou uma frequéncia de 155 machos/Km?/semana, promovendo um “valor estéril” inicial
de 69%, que aumentou posteriormente, chegando a desejaveis 100%. Essa atividade foi
mantida por 14 semanas, até obter um grau satisfatorio de eliminacdo do vetor (KLASSEN;
CURTIS, 2005).
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Com o tempo, a TIE foi direcionada a outras espécies e esses estudos contribuiram
para a integracdo definitiva da técnica em programas de controle vetorial. A TIE ¢é
considerada uma técnica ambientalmente segura, pois nao envolve outros organismos e nao
gera residuos toxicos, além de ser compativel com outros meios de controle vetorial
(MUBARQUI et al., 2014). As radiacOes ionizantes utilizadas sdo geralmente radiacdo gama
e raios X. Como fonte radioativa, sdo utilizados radiois6topos, como o Cobalto 60, e a dose
utilizada é calculada através de irradiadores que determinam a taxa de dose (BAKRI,
MEHTA; LANCE, 2005). O uso de radiacdo inclui vantagens como: (i) O aumento de
temperatura durante o processo € insignificante; (ii) insetos estéreis sdo liberados
imediatamente, ap6s a emergéncia na fase adulta; e (iii) a radiacdo tem alto poder de
penetracdo para atravessar materiais. (BAKRI; MEHTA; LANCE, 2005).

Historicamente, a TIE baseia-se na radiacdo ionizante para induzir a esterilidade no
macho libertado (KNIPLING, 1955; DYCK et al., 2005). O projeto de TIE mais bem-
sucedido e conhecido é a erradicagdo do New World Screwworm Cochliomyia hominivorax
Coquerel dos EUA, América Central (GRAHAM, 1985) e — durante um surto em 1989 —
Libia (LINDQUIST et al., 1990). Outro exemplo ¢ a erradicacdo da mosca tsé-tsé Glossina
austensi Newstead, da ilha de Zanzibar (VREYSEN et al., 2000). Projetos em andamento da
TIE estdo ocorrendo contra a mosca da fruta do Mediterraneo (medfly) Ceratitis capitata
(Wiedemann) na América Latina e Central, Austrélia, partes do sul da Europa e Africa do Sul
(ROBINSON, 2002). O México tem um histdrico de uso bem-sucedido da TIE para o controle
de pragas veterinarias, como a moscas-varejeiras Cochliomyia hominivorax (Coquerel)
(VARGAS-TERAN; HOFMANN; TWEDDLE, 2005) e pragas de insetos agricolas, como
moscas da fruta (ENKERLIN, 2005). Consequentemente, o pais abriga uma das maiores
instalagBes de producédo de insetos estéreis do estado de Chiapas, no sul do México, para uso
na Califérnia, Guatemala e México (GUTIERREZ et al., 2010). Outras pragas visadas como
alvos para a impelmentacdo da TIE incluem a mosca de fruta mexicana, Anastrepha ludens
Loew, no sul dos EUA e México (TOLEDO et al., 2004), a mosca do meldo Dacus cucurbitae
(Coquillett), no Japdo (ITO et al., 2003), a mosca da cebola Delia antiqua Meigen. Na
Holanda (TICHELER et al., 1974; HELINSKI; EL-SAYED; KNOLS, 2006), a Traca-da-
maca Cydia pomonella (Linnaeus), na Colombia Britanica (BLOEM; BLOEM; FIELDING,
1997), e a lagarta rosada Pectinophora gossypiella (Saunders), na California (LINDQUIST et
al., 1990).
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Figura 9 — Irradiador de armazenamento a Seco e seus componentes

Fonte: Adaptado de IBTEN (2013).

Figura 10 — Representacao esquematica de um tubo de raios X
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Fonte: Adaptado de Schmitt, Dietrich e Pollmanns (2008).

No caso da utilizacdo da TIE em mosquitos vetores, para A. alpopicutus a utilizacao de
doses entre 30-40 Gy em estudo de campo aumentou a taxa de esterilidade em machos com
reducdo significativa na densidade de ovos (BELLINI et al., 2013). Exposicdes de pupas de A.
alpopicutus levaram a manutencdo da producdo de ovos em fémeas acasaladas com machos
irradiados com doses entre 40-60 Gy, com consequente nulidade nas taxas de eclosdo de ovos
(BALESTRINO et al., 2010). O estudo desenvolvido por Bellini et al. (2013) também

apresentou alta taxa de esterilidade entre os grupos irradiados com dose de 50 e 60 Gy. Mais
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recentemente, o estudo desenvolvido por Bond et al. (2019) observou que machos de A.
aegypti irradiados com 50 Gy apresentaram uma fertilidade proxima de zero.

A TIE moderna, no entanto, também utiliza tecnologias recentes de biologia
molecular, como organismos transgénicos e paratransgénesis, para impedir a reproducdo de
insetos. Paratransgénesis inclui a manipulacdo de organismos simbiontes, tais como
Wolbachia, presentes na espécie-alvo para induzir esterilidade (RICCI et al.,, 2012). O
fenotipo mais comum associado a infeccdo por Wolbachia, em insetos, € a incompatibilidade
citoplasmatica (IC), uma forma de falha reprodutiva po6s fecundacdo. Ndo hd a
descondensacdo correta dos cromossomos paternos, ocasionando a fusdo com 0s
cromossomos maternos antes da primeira divisdo mitdtica (SINKINS, 2004). Esse fendbmeno
causa mudancas estruturais na cromatina, ocasionando a morte do embrido (EL-SONBATY;
GABARTY; IBRAHIM, 2016). Apesar das Wolbachia spp. estarem presentes em 40% de
todas as espécies de insetos (ZUG; HAMMERSTEIN, 2012), elas ndo séo endossimbiontes
naturais de A. aegypti.

Pesquisas recentes levaram ao desenvolvimento da linhagem dessa espécie
transfectadas com Wolbachia, wMel, refratéria a infeccdo por virus Dengue (WALKER et al.,
2011). Apesar de ndo ser esperada a eliminagdo da presenca de A. aegypti em campo, a
substituicdo levara, ao longo do tempo, a uma redugdo do nimero de casos de infeccdes
(DUTRA et al., 2015). O sistema genético-molecular, também conhecido como sistema RIDL
(Release of Insects with Dominant Lethality), € um dos métodos de esterilizacdo mais recente
utilizado. Esse sistema compreende a liberacdo de machos portadores de um gene letal, que
sera expresso apenas em uma determinada condicdo ambiental. Os machos transgénicos, ao
copularem com fémeas selvagens, transmitem esse gene letal para prole, impedindo o
individuo de alcangar a fase adulta (OLIVEIRA; CARVALHO; CAPURRO, 2011).

No entanto, o controle bioldgico do Aedes, especialmente nos paises em
desenvolvimento, tem constituido um importante desafio, mesmo considerando-se as
situacbes em que os recursos destinados ao controle do vetor sejam apropriados para a
implementacdo de programas, muitas vezes ndo se tem alcancado sucesso (ZARA et al.,
2016). Aspectos relacionados aos problemas de infraestrutura das cidades, tais como baixas
coberturas na coleta de lixo e intermiténcia no abastecimento de agua, sdo fatores que
comprometem a efetividade dos métodos tradicionais de controle do Aedes (COELHO, 2008).
Dessa forma, a integracdo de diferentes estratégias de controle vetorial compativeis e eficazes,

considerando as tecnologias disponiveis e as caracteristicas regionais, parece ser um método
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viavel para tentar reduzir a infestagdo dos mosquitos e a incidéncia das arboviroses
transmitidas por eles (ZARA et al., 2016)

Em face do cenario de surtos e epidemias de Dengue, e mais atualmente de Zika e
chikungunya, varias estratégias de controle do A. aegypti, com énfase em inovacOes
tecnoldgicas promissoras, vém sendo implementadas para utilizacdo no Brasil (ZARA et al.,
2016). A partir de 1996, o Ministério da Saude colocou em pratica o Plano de Erradicacéo do
A. aegypti (PEAa), que previa um modelo descentralizado, com a participacdo das trés esferas
de governo, cujo objetivo foi a reducdo dos casos de dengue hemorragica. O PEAa nédo
conseguiu a necessdria atuacdo multissetorial, havendo insucesso na contencdo do
crescimento dos casos de dengue e pelo avango da infestagdo do A. aegypti (BRAGA,
VALLE, 2007). Em 2001, o governo desistiu da meta de erradicar 0 mosquito e passou a
considerar o controle do vetor, com a implantacdo do Plano de Intensificacdo das Ac¢bes de
Controle da Dengue (PIACD), priorizando a¢Bes em municipios com maior transmisséo de
dengue. Em 2002, o Plano Nacional de Controle da Dengue (PNCD) foi elaborado em funcéo
do aumento do risco de epidemias, ocorréncia de casos graves de dengue e reintroducdo e
répida disseminacdo do sorotipo 3 no pais (BRAGA; VALLE, 2007; FIGUEIRO, 2010).

No Brasil, a tecnologia RIDL, voltada a supressao populacional, j& vem sendo testada
por empresas como a Moscamed? e possui resultados importantes em dois bairros de Juazeiro
(BA) — Mandacaru e Itaberaba, onde foi registrada uma reducéo de 90% da populacéo de A.
aegypti em seis meses.

E pela primeira vez no pais, a aplicacdo do Bacillus thuringiensis israelensis
(Atomizacdo-Bti) e a técnica do inseto estéril (TIE) foram integradas para o controle
biol6gico, mecénico e genético do mosquito A. aegypti na llha de Fernando de Noronha (FN)
(03°54°S e 32°25°0), localizada a 545 km da costa do Recife, estado de Pernambuco, Brasil.
Além da llha, foi trabalhado um estrato de 900 imdveis no bairro da Varzea/Recife (8°2°S e
34°57°0), Pernambuco (DE MELO SANTOS et al.,, 2017). As duas primeiras etapas,
consideradas precursoras da implantacdo da TIE, revelaram a eficicia da radiacdo gama para
a esterilizagdo dos machos, sem haver um comprometimento significativo da sua

competitividade para o acasalamento (LIMA, 2015).

1 BIOFABRICA MOSCAMED BRASIL. Projeto Aedes Transgénico. Disponivel em:
http://www.moscamed.org.br/2012/moscamed.php.
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2.5 EFEITOS BIOLOGICOS DAS RADIACOES IONIZANTES

Raios-X, raios gama e parte superior do ultravioleta (UV) —10 a 125 nm — do espectro
eletromagnético (EMS) constituem as radiacGes ionizantes (RI). A parte inferior do UV (<10
nm) de EEM, tais como, luz laser, infravermelho, micro-ondas e ondas de réadio sdo radiagdes
ndo ionizantes (ndo-RI). Particulas alfa, beta, muons, mésons, positrons, néutrons e outras
particulas que constituem os raios cosmicos secundarios sdo as particulas subatdmicas tipicas
da radiacgdo ionizante (ISLAM, 2017). A RI, em qualquer dose, ap6s um processo radiolitico,
pode causar ruptura direta e/ou indireta de estruturas atbmicas, levando a alteracdes quimico-
biologicas em células vivas (HALL; GIACCIA, 2006). Particulas alfa, néutrons e radiagdo
gama altamente energética (> ~20 MeV) sdo responsaveis por causar a transmutacdo nuclear
via ativacdo de néutrons, absorcao alfa e vias de fotodesintegracdo (ISLAM, 2017).

A 4agua (H20) constitui aproximadamente 80% das células em um sistema bioldgico.
A radidlise da H20 por exposi¢do a RI resulta na producéo de perdxido de hidrogénio (H202),
H> e radicais livres como hidroxila (*OH) e hidrogénio singleto (He). Este ultimo converte-se
rapidamente em radicais superoxido (O27) e radicais per-hidroxila (HO2¢) (STERNICZUK;
BARTELS 2016), enquanto radicais organicos (Re) e radicais perdxi (RO2¢) também s&o
formados pela abstracdo do hidrogénio (H) e uma reagdo rapida com oxigénio molecular (O2),
respectivamente (AMORATTI et al., 2016). A abstracdo de He pela RO2* causa peroxidagao
lipidica e inativacdo de moléculas de proteina (BARAIBAR et al., 2012). Caso contrario,
H202 e O2" 7, na presenca de ions de metais redox cataliticos (principalmente ions de ferro e
cobre), levam a producdo de radicais *OH via reagoes de Fenton ¢ Haber-Weiss (ATTRI et

al., 2015). Possiveis eventos radioliticos estdo resumidos na Figura 11.
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Figura 11 — Consequéncias da irradiacdo da molécula de DNA
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Embora a superéxido dismutase (SOD) catalise a dismutacdo do radical superdxido
(O2" 7) para formar a molécula estavel, o H2O2, em associagdo a radiagdo ionizante, pode
estimular a 6xido nitrico sintase induzivel (iNOS), aumentando a concentracdo de Oxido
nitrico (NO). O NO, entéo, reage com Oy" ~ para formar o anion peroxinitrito (ONOO-) ou o
radical peroxinitrilo (ONOO¢). Semelhante a *OH, ONOO—/ONOO- também é um radical
altamente reativo e capaz de atacar uma ampla gama de alvos celulares, incluindo lipidios,
tiois, proteinas e bases nitrogenadas da molécula de DNA (ESCH et al., 2002).

A producdo de espécies reativas e seus efeitos oxidativos sdo 0s mecanismos
subjacentes relatados. Espécies reativas provenientes de fontes internas e externas
desempenham multiplos papéis em sistemas biologicos. Em niveis fisiolégicos normais, eles
sdo cruciais na transducgdo de sinal e na sobrevivéncia celular saudavel (FINKEL, 2001). No
entanto, em niveis elevados, eles funcionam como agentes toxicos e estdo associados ao dano
de macromoléculas celulares, como carboidratos, acidos nucléicos (DNA/RNA), proteinas,
lipoproteinas e lipidios (BROOKS, 2005).

As espécies reativas produzidas a partir dos efeitos radioliticos, apds a difusdo nos
tecidos e nas células, sofrem uma série de respostas bioldgicas. Espécies reativas de oxigénio
(ERO) e espécies reativas do nitrogénio (ERN) podem atacar o DNA, resultando em varias
alteracdes, incluindo quebras na molécula de DNA, danos em bases nitrogenadas, destruicao

de acucares, formacéo de ligacdes cruzadas e disfuncdes teloméricas (SAHIN et al., 2011). Se
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ndo reparados ou mal reparados, esses danos podem levar a mutagfes e promover a
transformacédo neoplésica ou a morte celular (KRYSTON et al., 2011). Os efeitos dependem
principalmente do tipo e concentracdo de espécies reativas e suas vias de acdo. ERO em
niveis baixos inibem a NADPH oxidase na fase G1 do ciclo celular (via inibi¢do da producéo
de O2" ™ pela exposi¢do aos raios gama), enquanto altas concentracdes deles podem afetar o
ciclo celular em G1, G2, S e todas as fases da meiose (VUCIC et al., 2006).

Baixa dose de radiacdo induz um efeito espectador (bystander effect) e respostas
adaptativas. O primeiro € caracterizado por estresse oxidativo, alteracbes
genéticas/epigenéticas (rearranjos cromossémicos, mutacdo aumentada, amplificacdo do gene
da aneuploidia, alteragdes na expressdo génica etc.). Os efeitos a longo prazo de baixos niveis
de RI/ROS e ERN podem afetar direta ou indiretamente proteinas/genes que participam no
metabolismo oxidativo (WU et al., 2011). Um aumento nos marcadores inflamatorios,
proteina C-reativa (PCR), interleucina-6 (IL-6), contagem de células brancas e niveis de acido
sidlico estdo ligados aos efeitos cronicos da Rl em humanos (CASSANO et al., 2016). O dano
oxidativo ao DNA, no entanto, pode levar a mutacdes, assim como ligacdes cruzadas de DNA
em células vizinhas (CADET; DOUKI; RAVANAT, 2011). Além disso, lesdes oxidativas
(lesdes de DNA agrupadas induzidas oxidativamente) sdo capazes de induzir quebras de fita
dupla do DNA (DSBs) e quebras da fita simples (SSBs), levando a morte celular ou efeitos
estressantes a longo prazo em células sobreviventes (SEDELNIKOVA et al., 2010).
Notavelmente, os efeitos inflamatérios de longo prazo também podem induzir dano ao DNA
(MARTIN et al., 2011). De fato, a inflamacéo cronica induzida por radiacdo, o metabolismo
oxidativo e a instabilidade genbmica sdo responsaveis por produzir doencas
neurodegenerativas, cardiovasculares e até mesmo cancer (WEINBERG; CHANDEL, 2009).
Deve ser mencionado que a formacdo de um adulto de DNA metiltransferase covalente
(DNMT)-DNA, apds a quebra da molécula induzida por RI, pode levar ao bloqueio da
capacidade de reparo do DNA e ao aumento da radiossensibilidade celular (SULLI; DI
MICCO; DI FAGAGNA, 2012). A radiacdo ionizante, apés a producdo de ERO,
principalmente O2" ~ e H20,, causa extensa depurinacdo e, em menor grau, despiriminagoes.
Caso contrario, niveis excessivos de ROS podem oxidar bases no DNA (LINDAHL, 1993). A
mutacéo é resultado da falha no reparo de bases oxidadas no DNA. Além disso, a metilacédo
da citosina na 5-metilcitosina, causada pela reacdo com a Sadenosilmetionina (BRONZINI et
al., 2017), cria um local mutéavel que gera timina, levando a uma mutacdo de ponto C para T.
No entanto, os pontos de verificagdo do ciclo celular, reparo de excisdo de base (BER), reparo
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de excisdo de nucleotideos (NER), reparo incompativel (MMR) e reparo de quebra dupla fita
(DSBR) ocorrem para superar os efeitos prejudiciais no DNA (KAHANDA et al., 2016).

N&o héa diavida de que as ROS dos processos metabdlicos do corpo podem conferir um
efeito de agrupamento com as ROS induzidas por Rl (GEORGAKILAS et al., 2010). Nessa
ocasido, doses baixas de efeitos de ERO induzidos por RI devem ser levadas em consideragao
em um efeito combinado com ERO proveniente de fontes endégenas. A exposi¢cdo a longo
prazo também é evidente para aumentar os niveis de micronucleos, principalmente de DSBs
(LOVREGLIO et al., 2014), carbonilacdo de proteinas, peroxidacdo lipidica e diminuicGes na
eficiéncia de clonagem (BUONANNO et al., 2011).

2.6 ESPERMATOGENESE E ESPERMATOGENESE EM AEDES

O desenvolvimento dos gametas masculinos é denominado espermatogénese e ocorre
dentro dos foliculos testiculares. Em insetos, a espermatogénese é cistica, pois a diferenciacao
das células-tronco em células germinativas adultas ocorre dentro de uma éarea (cisto)
delimitada por células ndo germinativas, as células cisticas (Figura 12) (WANDALL,;
SVENDSEN, 1985). As células, somaticas do cisto podem fornecer nutricdo aos
espermatozoides em desenvolvimento. Em alguns dipteros, segundo Wensler e Rempel
(1962), aparecem trés tipos de células nutritivas, que funcionam sequencialmente na
espermatogénese. As primeiras sdo as “células cisticas”, que formam a monocamada em torno
de cada célula germinativa primitiva. O segundo tipo seria originario de espermatog6nias que
ndo sofrem espermatogénese e se diferenciam em trofécitos. Esta uUltima é uma célula
alongada localizada entre os cistdcitos. Chapman (1998) relata a presenca, em alguns insetos,
de células irregulares denominadas trofécitos, dispersas entre os cistos, que podem

corresponder ao Ultimo tipo de célula citado.
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Figura 12 — Testiculo de pupa macho de Aedes aegypti

1417

Fonte: Adaptado de Wandall e Svendsen (1986).

Nota: Uma micrografia composta de uma secdo longitudinal do testiculo de pupa de Aedes aegypti. Vinte cistos
estdo presentes: Cistos 1-10, contando a partir da por¢do anterior e estreita do testiculo, contém espermatogdnias
em interfase mitdtica ou em mitose (marcado com M na Fig.), Cistos 11-12, células em interfase premiética;
Cisto 13; as células estdo em 12 profase meidtica; Cistos 14-17, contém espermatdcitos em leptoteno ou
zig6teno; Cistos 18-20, contém células em paquiteno.

O agrupamento de espermatogdnias e espermatocitos em cistos da ao testiculo uma
aparéncia estriada sob o microscépio de luz (CHRISTOPHERS, 1960). Esse processo é
sequencial e a primeira etapa tem inicio no apice do foliculo pela divisdo assimétrica das
células-tronco  epermatogoniais, originando tanto  células-tronco novas quanto
espermatog6nias para a continuidade do ciclo (DUMSER, 1980). Na observacdo dos
testiculos em pupas de A. aegypti, os cistos 1-10 contém espermatog6nias em interfase
mitotica ou em mitose. As células dos cistos 11-12 estdo em interfase premitotica. O cisto 13
€ o inicio da profase meidtica. Cistos 14-17 contém espermatocitos em leptoteno ou zigoteno
e cistos 18-20 contém células paquitenicas (WANDALL; SVENDSEN, 1985).

Essa organizagdo cistica € tipica dos testiculos encontrados nas fases de pupa, exceto
que as divisbes mitdticas sdo geralmente vistas apenas nos cistos 1-2. Geralmente, 0s
testiculos da pupa sdo grandes e contém muitos cistos espermatogoniais e meidticos. Na

pupacdo, os cistos mais avangados estdo em paquiteno; o segundo dia pos-pupacdo, as pupas
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possuem cistos espermatogénicos em seus testiculos. Os testiculos do adulto, no primeiro dia
pés emergéncia, contém menos cistos meidticos, mas sdo similares aos testiculos da pupa.
Nos machos adultos mais velhos, poucos cistos contém espermatogdnias ou espermatocitos
(WANDALL; SVENDSEN, 1985). A ordem fisica dos cistos nos testiculos reflete apenas
aproximadamente o seu desenvolvimento relativo (WANDALL; SVENDSEN, 1985).

As espermatogdnias sdo células grandes e esféricas, com nucleos polimdrficos que
apresentam nucléolo proeminente. Por meio de uma série de divisGes mitéticas, cujo namero
de divisOes é caracteristico de cada espécie, formardo os espermatocitos (HOAGE; KESSEL,
1968; CRUZ-LANDIM, 2004; GOTTARDO; MERCATI; DALLAI, 2012). A morfologia das
espermatog6nias dos testiculos de pupas e os testiculos de adultos jovens sdo semelhantes; 0s
espermatocitos primarios também permanecem inalterados durante o periodo de
desenvolvimento (WANDALL; SVENDSEN, 1985). Os espermatocitos permanecem
interligados por pontes citoplasmaticas reforcadas por anéis de actina. Eles possuem nucleo
esférico, com cromatina difusa e um citoplasma pobre em organelas com polirribossomos e
mitocondrias esféricas. Além disso, o citoplasma apresenta um centrossomo adjacente a
membrana plasmatica (HOAGE; KESSEL, 1968; CRUZ-LANDIM, 2004; GOTTARDO;
MERCATI; DALLAI, 2012).

Assim que o nimero de espermatdcitos por cisto, tipico da espécie, é atingindo,
ocorrem as divisGes meidticas, resultando na formacdo das espermatides. Apds formadas, as
espermatides passam por varias modificacbes morfoldgicas que as transformam em
espermatozoides. Assim sendo, células gaméticas masculinas maduras sdo constituidas na
regido de cabeca pelo acrossomo e nucleo e na regido de cauda pelos dois derivados
mitocondriais e o axonema. Os espermatozoides recém-formados deixam os testiculos através
dos vasos eferentes e ficam armazenados na vesicula seminal até a copula, durante a qual eles
sdo transferidos para o trato reprodutor feminino (DUMSER, 1980; KLOWDEN, 2013;
CHAPMAN, 1998). A espermiogénese (WILSON, 1900) descreve as transformacdes em que
espermatides se diferenciam em espermatozoides (Figura 13). Claramente, a espermiogénese
€ um processo continuo, mas, para propositos puramente descritivos, € vantajoso dividir
arbitrariamente 0 processo em uma série de estagios, nos quais uma espermatide é
caracterizada por passar por oito etapas para atingir o status de um espermatozoide maduro
(WANDALL; SVENDSEN, 1985).
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Figura 13 — Espermatogénese de Aedes aegypti

Fonte: Adaptado de Krafsur e Jones (1967).

Nota: llustracdo semidiagramética da espermiogénese em Aedes aegypti (L.) A, a espermatozoide "estagio 1".
Séo ilustrados o nacleo (n), nucléolo (nuc), membranas do reticulo endoplasmatico (mem), vacuolo e granulo de
coloracdo vermelha neutra (nr) e nebenkern mitocondrial (neb). B, “estagio 2”; C, espermatides em “estagio 3.
D, “estagio 4” da espermatogénese. E, espermatides em “estagio 4”; F, “estagio 5” da espermatogénese. G, uma
espermatide em “estagio 5” na forma que muitas vezes assume em solucdo salina. H, ilustrando a aparéncia
anterior de uma espermatides em “estagio 6”. |, por¢ao terminal do flagelo de uma espermatides em “estagio 6”.
J, espermatides em “estagio 7”. K, espermatide no “estagio 8” da espermatogénese. L, 0 espermatozoide
maduro mostrando o ndcleo (n), que constitui a pe¢a principal, a posterior bifurcagdo ou ligeira bifurcacdo do
nucleo (ft) e o flagelo (fl).

As espermatides iniciais sdo células globulares com ndcleo central, com um nucléolo e
uma cromatina difusa (CRUZ-LANDIM, 2004; KLOWDEN, 2013; GOTTARDO;
MERCATI; DALLAI, 2012). A medida que a espermiogénese avanca, as seguintes
transformacdes ocorrem: o acrossomo se forma pela unido de vesiculas liberadas a partir do
complexo de Golgi; o nicleo comeca a apresentar forma afilada com cromatina cada vez mais
compactada; as mitocondrias se fundem formando uma estrutura denominada nebenkern, que
posteriormente se divide formando os dois derivados mitocondriais, que se alongardo a
medida que o flagelo é formado; o axonema é formado a partir de um centriolo e é
caracterizado por um arranjo microtubular 9 + 9 + 2, que é uma organizacdo microtubular
convencional para insetos pterigotas. Por fim, todas as estruturas das espermatides se
alongam, o citoplasma excedente é eliminado, terminando a diferenciagdo celular com a
formacdo do espermatozoide (HOAGE; KESSEL, 1968; GONZALEZ; TAVOSANIS;
MOLLINARI, 1998; CRUZ-LANDIM, 2004; KLOWDEN, 2013).
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3 OBJETIVOS
3.1 GERAL

Analisar as caracteristicas funcionais e morfoldgicas do sistema reprodutor de pupas e

adultos de A. aegypti machos, expostos ou ndo a radiagdo gama.
3.2 ESPECIFICOS

Comparar o tratamento de A. aegypti expostos a radiacdo gama (COBALTO-60) com
tratamento controle (ndo irradiado), a partir das analises:

a) Caracterizar a biometria corporal de pupas e adultos machos;

b) Caracterizar a morfologia, morfometria e histologia do sistema reprodutor de pupas
e adultos machos;

c¢) Avaliar morfologicamente o espermatozoide de pupas e adultos;

d) Avaliar a fertilidade de adultos;

e) Caracterizar o perfil proteico do sistema reprodutor do macho adulto.
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Abstract

Background. Several protocols have been tested for the vector control of Aedes
aegypti, such as the use of ionizing radiation to induce sterility and, thus, reduce
target populations.

Methods. Male A. aegypti pupae were exposed to cobalt-60 gamma radiation (50
Gy). After irradiation, the weight and cephalothorax length of the pupae, and wing
and thorax lengths of adult mosquitoes that emerged from irradiated pupae were
measured after 1 day (IR-1) and 10 days (IR-10). Sperm capacity, sperm
morphometry, testis morphology, and fertility were also assessed.

Results. No changes in weight or biometrics were observed in the pupae or adult
mosquitoes after pupal irradiation. However, the sperm capacity changed during the
mosquito life cycle and was initially higher in the pupae and IR-1 mosquitoes, but the
sperm production was reduced in the IR-10 mosquitoes. Sperm morphometry was
not altered after irradiation, but the larval hatching rates of both IR-1 and IR-10 males
were very low or zero. Testis morphology was disorganized with a loss of integrity
between somatic and germinal components, with greater alterations observed in the
IR-10 group. These findings confirmed the deleterious effects of pupal irradiation.
Conclusion. Cobalt-60 gamma radiation of pupae promoted differential age-
dependent responses of somatic and germinal testis components in A. aegypti
mosquitoes. We suggest that irradiation during the pupal stage and the release of
mosquitoes 1 day after their emergence would be advantageous as a sterile insect
technique to reduce target populations of A. aegypti.

Keywords: Arbovirus, Aedes aegypti, Mosquito, lonizing radiation, Sperm quantity,
Testicular damage
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Introduction

Arboviruses have caused important epidemics over the past few decades and have,
thus, greatly affected global animal and human health (Gould & Higgs, 2009; Weaver
& Reisen, 2010). Pathogens of the Flaviviridae family are of great medical interest
because they cause serious diseases worldwide, such as Zika, dengue, yellow fever,
West Nile fever, and Japanese encephalitis (Thiel et al., 2005; loos et al., 2014;
Waggoner & Pinsky, 2016). The replication cycle of these viruses occurs in Aedes
(Stegomyia) aegypti (Linnaeus, 1762) mosquito vectors, which originated in Africa
(Womack, 1993; Gubler, 2006; Weaver et al., 2016) and whose distribution and
control has been studied in many regions of the world because of their medical
importance (WHO, 2016). Among the numerous strategies developed for the control
of mosquito populations, the sterile insect technique (SIT) (Helinski, Parker & Knols,
2006), associated or not with larvicides (Melo-Santos et al., 2018), has received
special interest as a means to significantly reduce arbovirus transmission and,
consequently, reduce the genetic diversity of mosquitoes.

Although male mosquitoes are not directly involved in the transmission of
pathogens, their age, physical structure, and body size are indicative of sperm quality
and reproductive success (Mahmood & Reisen, 1994). Therefore, the success of the
technique depends on the availability of good quality genetic material (Yeap, 2013)
and on the release of sterile male mosquitoes with the same mating capacity of wild-
type mosquitoes to promote the decline of target populations to reduce the viral cycle
in endemic regions (Helinski & Harrington, 2013; Lees et al., 2015). Understanding
the reproductive biology of mosquitoes is thus essential for studies of behavior, gene
flow, population structure, and genetic control (Ponlawat & Harrington, 2007).

Since the SIT technique has been widely used to control overpopulations of
mosquito vectors, the present study evaluated the effect of cobalt-60 gamma
radiation on the body development, reproductive system, and fertility of A. aegypti
males irradiated with 50 Gy during the pupal stage.

Materials & Methods

Mosquitoes

An A. aegypti colony, kept under selection pressure for several years at the Insectary
of the Department of Entomology of the Research Center Aggeu

Magalhéaes (CPgAM), Oswaldo Cruz Foundation (Fiocruz) unit in Permabuco, was
used (Melo-Santos et al., 2010). This strain is susceptible to all chemical and
biological insecticides and has a detoxification enzyme activity profile similar to the
Rockfeller strain, which is often used as a reference to evaluate the effects of
chemical insecticides.

Irradiation procedure

Pupae were irradiated at the Gamma Radiation Laboratory of the Department of
Nuclear Energy of the Universidade Federal de Pernambuco (UFPE) and a
Gammacell 220 ® irradiator was used as the source of cobalt-60 gamma radiation
(MDS Nordion, Ottawa, Canada).

Twenty-four hours after the onset of the pupal stage, RecLab male pupae
were homogeneously distributed and kept in Petri dishes covered with moistened
filter paper. The plates uniformly received one dose of 50 Gy (213 Gy.min1) (Lima,
2015).

Experimental design
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Body measurements, sperm capacity, morphometry, and male mosquito fertility were
evaluated throughout the life cycle of A. aegypti. Experimental groups were divided
into three subgroups, which were sampled and analyzed in triplicate, using a total of
10 animals per replicate (Fig. 1):

A. Irradiated or non-irradiated pupae, 24 h after the onset of the pupal stage,
evaluated 10 h after irradiation.

B. Adult A. aegypti, 1 day after emergence from irradiated (IR-1) or non-irradiated
(nIR-1) pupae.

C. Adult A. aegypti, 10 days after emergence from irradiated (IR-10) or non-irradiated
(nIR-10) pupae.

Body size

After 10 h of irradiation, male A. aegypti pupae were dried on a paper towel and
weighed to determine their wet weights. The pupae were then laterally positioned on
a histological slide and photographed individually to determine their cephalothorax
lengths.

To obtain the biometric data, adult A. aegypti 1 and 10 days after emergence
were anesthetized for 2 min at -20 °C. One wing and the thorax of each specimen
were removed and mounted on a single histological slide using silicone glue. Wing
length was measured from the axillary incision to the apex, excluding the fringe
(Briegel, 1990; Nasci, 1990), and thorax length was measured from the scutellum to
the most anterior point of the thorax (Hoffmann et al., 2007). All photomicrographs
were obtained under bright-field illumination using an Axio Imager-M2m/ZEISS
microscope and measurements were performed using an appropriate software (Blue
Edition/Zeiss).

Dissections

Pupae and adult A. aegypti males were anesthetized and placed on a histological
slide containing 0.1 M phosphate buffer solution (pH 7.4). The protocol to remove the
male reproductive system was adapted. The cephalothorax was removed first,
followed by the displacement and removal of the last abdominal segment. The entire
reproductive system, containing the testes, seminal vesicles, and accessory glands,
was then removed to evaluate the sperm capacity, testis morphology, and sperm
morphometry (Ponlawat & Harrington, 2007).

Sperm capacity

Sperm quantification was performed after suspending the reproductive system in 50
uL of 0.1 M phosphate buffer (pH 7.4) to release the sperm in an Eppendorf tube,
and then adjusting to a final volume of 200 pL with the same buffer. A total of 10
aliquots of 5 pL of the stock solution containing the sperm suspension were
distributed in silanized multi-well slides. The slides were air dried, fixed with acetone
p.a., and stained with Giemsa dye (Sigma-Aldrich, Germany) for 1 h. The slides were
washed and stored at -4 °C until quantification using a dark-field optical microscope
(Ponlawat & Harrington, 2007; Helinski & Knols, 2009).

For the pupae, the sperm cells were divided into two categories: immature
sperm at stages 6—8 and mature sperm (Krafsur & Jones, 1967); the sum of which
was considered to be the total sperm capacity. After counting, images of 50 intact
sperm cells were processed to evaluate the sperm morphometry.
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For the adult stage (IR-1 and IR-10), the sperm was morphologically divided
into categories of 100 um (Helinski & Knols, 2009). The sperm length distribution
profile was obtained using ZEN 2 software (Blue Edition/Zeiss).

Testis morphology of A. aegypti

After dissecting the male reproductive system of adult A. aegypti, the testes were
separated from the seminal vesicles and accessory glands, and fixed in 2.5%
glutaraldehyde and 4% formaldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) at
25°C and post-fixed in 1% OsO4 using the same buffer. The testis samples were
then stained with 2% uranyl acetate, dehydrated in acetone, and infiltrated with and
embedded in Epon 812 resin (Electron Microscopy Sciences). Semi-thin sections of
the samples were used for light microscopy analysis using an Axio M2m/Zeiss
microscope after staining with toluidine blue.

Fertility

Adult male mosquitoes that were irradiated or non-irradiated during the pupal stage,
were placed in cages (15 x 20 cm) for mating with virgin A. aegypti females. After 2
days, males were removed from the cage and females were fed a 10% sucrose
solution for up to 24 h before offering a blood meal with heparinized Gallus gallus
chicken blood, using a Glytube artificial feeder (Costa-da-Silva et al., 2013), during
the first 2 h of the photophase period. Only A. aegypti females fed with blood were
maintained in cages for egg maturation and subsequent oviposition. Amber glasses
filled with water to a third of their capacity were placed in the cages. A piece of filter
paper was placed in each glass on which females could lay their eggs. After
oviposition, the filter papers were mounted on histological slides and photographed
under a dark-field optical microscope. The eggs were quantified using ZEN 2
software and then embedded and incubated until hatching. The larvae were counted
to determine the sterility rate after the sterilization of pupae with gamma rays.

Statistics

The data were first tested for normality using the Shapiro-Wilk test. An arcsine
square root transformation of the results was performed for statistical analysis of
sperm morphometry and fertility (Klowden & Chambers, 2004). The biometric
parameters and sperm production were analyzed using a Student’s t-test and all
tests were two-sided. Analysis of variance (ANOVA) was used to assess the hatching
rate and fertility parameters. When a significant effect was detected, a Tukey's post
hoc test was performed to determine the differences. Statistical significance was set
at p-values < 0.05. All statistical analyses were performed using STATISTICA® 7.

Results

Body size of A. aegypti

The data presented in Table 1 demonstrates that adult mosquitoes that emerged
from irradiated pupae had the same body size of non-irradiated mosquitoes. The
traditional measurements evaluated to determine the quality of the emerged
mosquitoes, i.e., pupal wet weight and cephalothorax length, and adult wing and
thorax lengths, did not change after irradiation and were independent of the analyzed
life cycle period (1 or 10 days after emergence). Using a new approach, an easily
obtained index was created to evaluate the biometric parameters of adult A. aegypti
by dividing the wing length by the thorax length, which also did not change after
irradiation.
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Sperm capacity

The sperm capacity of pupae showed different responses after irradiation, according
to the two stages of spermatogenesis. The ionizing radiation did not affect the
production of immature sperm cells in stages 6—8 (IR: 541.60 + 121.18 and nIR:
540.80 = 72.26, p = 0.9). However, the number of mature sperm cells was higher in
irradiated pupae (IR: 476.80 + 89.72 and nIR: 158.40 + 44.42, p = 0.01). Therefore,
the total sperm capacity, which is the sum of the two categories of quantified sperm,
was also higher in the irradiated group (IR: 1018.40 + 120.44 and nIR: 699.20 *
82.57, p = 0.04).

In adult mosquitoes, the ionizing radiation had a different impact on the sperm
capacity when evaluated 1 and 10 days after emergence: IR-1 mosquitoes showed a
higher sperm capacity (IR-1: 3522.80 + 210.24 and nIR-1: 2392.00 £ 292.46, p =
0.006), as reported for the pupae, but there was a significant- reduction in the
number of sperm cells after 10 days (IR-10: 7958.15 * 403.90 and nIR-10: 10042.00
+ 550.80, p = 0.01). In summary, an initial peak in sperm production was observed
with a subsequent decline in sperm capacity, which confirmed the deleterious effects
of the radiation treatment.

Relationship between sperm capacity and body size in adults and pupae

The relationship between the sperm capacity of pupae (immature stages 6—8, mature
stages, and total sperm) and their biometrics (body weight and cephalothorax length)
was established. The irradiated pupae showed a higher sperm capacity per body
weight (mg) or cephalothorax length (mm) after irradiation (Fig. 2). This is the first
study to evaluate the sperm capacity of non-irradiated and irradiated pupae and
correlate the findings with biometric data. lonizing radiation in the pupal stage was
shown to promote an increase in sperm production without causing damage or
mobilization of somatic energy.

In adult mosquitoes, the ratio between the total sperm capacity and weight,
cephalothorax length (mm), wing length (mm), and thorax length (mm) was higher in
the IR-1 mosquitoes (Fig. 3). However, 10 days after emergence, a decline in the
ratio between sperm capacity and wing or thorax length after irradiation was
observed.

Sperm length measurements

The sperm morphometric data enabled further categorization into four categories,
following Helinski & Knols (2009), i.e., radiation apparently did not affect the sperm
length, regardless of the category or post-emergence evaluation time (1 and 10
days). There were no sperm cells with lengths < 100 um or between 100 and 200
pum. The observed lengths of sperm cells are shown in Table 2.

Testis morphology of adult A. aegypti
Semi-thin histological sections of the testes of non-irradiated and irradiated
mosquitoes showed individual fusiform follicles externally lined by flattened cells that
delimited the germinal tissue. In the region of the terminal compartment of the testis,
the testicular wall opened into a long, straight, posterior, and centrally directed duct,
the vas efferens (Fig. 4).

It was possible to observe in both nIR-1 and nIR-10 that the total cyst
composition varied according to age, which is consistent with the pattern already
observed in other studies (Fig. 4A—C). Therefore, the internal morphology of the non-
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irradiated A. aegypti mosquito testis was composed of four main features: 1) the
testis, which is divided into three different portions according to the organization of
the germinal tissue, i.e., the apical portion (spermatogonial zone), the middle portion
(spermatogenic zone), and the terminal portion (spermatic zone); 2) the germinal
tissue, which is composed of germ cells and interstitial cells; 3) germ cells, which
occur in groups with a fixed number of elements in the same syncytial state; and 4)
the interstitial cells surrounding the germ cells, which form the supracellular unit of
the germinal tissue (Fig. 4A). The testes of nIR-1 adult mosquitoes resembled those
of the late pupae, but their middle testis layer contained many spermatic cysts (Fig.
5A) and fewer spermatogonial cysts (Figs. 5A, 5B, 4A). Conversely, the testis of nIR-
10 adult mosquitoes (Fig. 4B) had few spermatogonial cysts and a high sperm
density in the middle, terminal, and vas efferens compartments (Fig. 51-C). Both
groups had spermatids embedded in the cytoplasm of cyst cells, which demonstrated
the relationship between these cells and germ cells (Fig. 5G—H).

The testis morphology of irradiated mosquitoes was shown to be a strong
indicator of the damage caused by ionizing radiation because it demonstrated the
gradual loss of organization of the testes according to age (Fig. 4B—D). The testis
morphology of IR-1 mosquitoes diverged from the morphology observed in age-
matched nIR-1 control mosquitoes, and individual follicles with three distinct regions
were noted. The follicles had a spermatogonial zone with cyst cells separating the
cysts (Fig. 5D). However, the spermatogenic zone did not have cyst or sperm cells
and had a region of high cell density with varied morphology and chromatin, mostly
located peripherally (Fig. 5E). The spermatic zone was delimited from the middle
portion by a single cyst cell and it was possible to observe spermatic cells embedded
in the cyst cell (Fig. 5F).

The most severe effect of the exposure to ionizing radiation was observed in
adult mosquitoes, 10 days after emergence. The internal histological analysis
showed a loss of the supracellular unit of the germinal tissue and, therefore, it was
not possible to observe the division of the follicle into the three distinct zones, as
previously described (Fig. 4D). The internal testicular content was diffused with a
disorganized arrangement of elongated spermatids and sperm cells (Fig. 5J-L), and
demonstrated cells that resembled spermatogonia and were adrift in the amorphous
testicular content. This indicated the loss of interaction between the germ cells and
somatic cyst cells involved in maintenance and testicular organization (Fig. 5K).

Radiation-induced sterility

The results obtained after mating virgin females with A. aegypti virgin male
mosquitoes are shown in Table 3. Mating females with IR-1 irradiated males reduced
oviposition compared to the nIR-1 and nIR-10 non-irradiated groups. No significant
differences in oviposition rates for females mated with IR-10 male mosquitoes were
observed compared to both nIR-1 and nIR-10 males.

Egg hatchability

The larval hatching rate results revealed that the SIT employed in our protocols had a
high efficiency for biological control, since the number of larvae produced by hatching
eggs laid by females mated with IR-1 and IR-10 males was almost zero (Table 3).
The absolute number of hatched larvae showed a significant reduction n both IR-1
and IR-10 irradiated groups, thus reducing the hatching rate by 99.1% and 99.8%,
respectively.
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Compared to the oviposition rate, which represents the percentage of eggs
that develop to larvae, the larval hatching rates were significantly reduced in the
batches of eggs produced by IR-1 and IR-10 mated females, i.e., by 98.5% and
99.7%, respectively.

Discussion

Our results showed that exposure to a dose of 50 Gy did not alter the body
measurements and sperm morphometry, but that the sperm capacity after irradiation
was age dependent in A. aegypti. Initially, an increase in the sperm capacity in late
pupae and early adults was observed with a subsequent decline in late adult life,
gradual loss of testicular microstructure, reduced fertility rates, and reduced larval
hatching rates after mating.

Exposure to ionizing radiation, depending on the dose, has been shown to
greatly decrease the size of pupae and, subsequently, of adult mosquitoes, and can
lead to mosquito death in more severe cases. Bakri, Mehta, & Lance et al. (2005)
observed that the radiation dose scale used for sterilization in Dipteros ranged from
20 Gy to 160 Gy. The irradiation dose used in our study was in accordance with
insect sterilization and release practices with less pronounced induction of somatic
damage and, consequently, greater competitiveness (Robinson, 2002; Parker &
Mehta, 2007). Body size is a crucial physical factor for the reproductive dynamics of
both male and female mosquitoes (Dieng et al., 2016). Morphologically, body size is
positively correlated with age, size of sexual organs, total number of gametes and,
consequently, with reproductive success (Ponlawat & Harrington, 2007; 2009).

Several studies have analyzed animal development and organ size at various
ages during different stages of their life cycles. Factors, such as food availability and
larval density, have been shown to cause changes in the growth rate, adult animal
size, reproductive capacity, behavioral patterns, and mortality (Ho, Ewert, & Chew,
1989; Walker et al., 1991; Lounibos et al., 2001). With a larval density of 280
larvae/80 mL (~3 larvae/mL), Barbosa et al. (1972) obtained A. aegypti male pupae
weighing ~2.0 mg. At a larval density of 2.5 larvae per mL, Banerjee et al. (2017)
produced Aedes albopictus larvae weighing 2.0-2.3 mg, i.e., pupae that can
generate large-sized adult mosquitoes, which corroborates the pupal body size
results of our study for both irradiated and non-irradiated groups. Cephalothorax
length and width, as well as pupal wet weight, were considered to be predictive
factors of the size of A. aegypti adult male mosquitoes by Koenraadt (2008).
Although pupal weight varies, our results corroborate the findings of this author
regarding the pupal weight and cephalothorax measurements, as well as wing length
of adult male mosquitoes. Regarding adult mosquitoes, our wing length data was
consistent with the dimensions of medium- to large-sized mosquitoes, which
indicated that adult mosquitoes irradiated during the larval stage still underwent
normal development. Correlation of the biometric data with sperm capacity values
revealed consistent results with those of Ponlawat & Harrigton (2007) regarding wing
size and sperm capacity. The wing size of irradiated or non-irradiated mosquitoes
was observed to be comparable with large size animals, and sperm capacity
variations were age-dependent (Huho et al., 2006; Ponlawat & Harrington, 2007,
Hatala, Harrington, & Degner, 2018).

Comparison of age-matched groups showed distinct features: irradiated or
non-irradiated early adult mosquitoes (IR-1 and nIR-1) and non-irradiated late adult
mosquitoes (nIR-10) showed similar sperm capacities compared with large-sized
mosquitoes of the same age according to Ponlawat & Harrigton (2007); however, the
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IR-10 mosquitoes had fewer sperm cells compared to age-matched non-irradiated
mosquitoes. Compared to the findings of this previous study, our IR-10 mosquitoes
showed similar sperm capacities to the small-sized mosquitoes of the previous study.
Therefore, adult mosquitoes emerged from irradiated pupae were shown to have the
same body size pattern of non-irradiated mosquitoes for both analyzed periods of 1
and 10 days after emergence and that their biometric patterns resemble those of
other animals of competitive sizes observed in other studies (Barbosa et al., 1972,
Ponlawat & Harrington, 2007; Banerjee et al., 2017).

To our knowledge, no other such studies on sperm quantification in the larval
stages have been conducted. However, studies on the exposure to ionizing radiation
have shown that the early stages of spermatogenesis are more radiosensitive
(Helinski & Knols, 2009). In the present study, exposure to ionizing radiation
increased the sperm capacity of IR-1 mosquitoes, which was consistent with the
observations of Liu et al. (2007). These authors showed that exposure of male germ
cells to low dose rates (LDR) produced a stimulating effect, i.e., hormesis, while
exposure to high dose rates (HDR) had an inhibitory effect on cell metabolism,
antioxidant capacity, proliferation, and maturation. Moreover, pre-exposure to LDR
can protect cells from HDR-induced genomic and cytological effects as an adaptive
response (Liu et al., 2007). Such an adaptive phenomenon was also observed in our
study, whereby the sperm capacity was initially higher in irradiated pupae and IR-1
mosquitoes. However, the long-term effect of the radiation was observed during the
late adult life of the mosquito with a marked reduction in sperm production, probably
due to the dominant lethal mutations, especially in dividing cells (LaChance, 1967).
According to Mukherjee & Rees (1969), testes contain actively dividing
spermatogonia and spermatocytes that undergo many meiotic division stages and
these are the most radiosensitive stages (Bakri, Mehta, & Lance, 2005). Our study
corroborates the effects of ionizing radiation on the Mediterranean fly Ceratitis
capitata (Wiedemann), i.e., a reduction in the number of sperm cells in the testis after
irradiation of pupae (Anwar et al., 1971), and the data of Helinski & Knols (2009) who
observed that Anopheles arabiensis (Patton) male mosquitoes irradiated during the
pupal stage had significantly lower sperm counts, which were not observed in males
irradiated during adulthood. The observed decrease in sperm count is probably due
to the increased irradiation-induced damage during the early stages of
spermatogenesis (Proverbs, 1969; Anwar et al., 1971; Bakri, Mehta, & Lance, 2005),
which mainly occurs during the larval stages and pupal development (Clements,
1992; Mahmood & Reisen, 1994).

The use of radiation, as part of a SIT, can sterilize an insect by damaging the
germ cell chromosomes, which causes their fragmentation and leads to the
production of altered gametes and, subsequently, to the inhibition of mitosis and the
death of fertilized eggs or embryos (Klassen & Matsumura, 1966; Dyck et al., 2005).
It is generally accepted that chromosome damage (structural and numerical
abnormalities) is the cause of dominant lethal mutations, which do not cause gamete
dysfunction but are fatal to the fertilized egg or developing embryo (Dyck et al.,
2005). This observation corroborates our results since the sperm morphometric
analysis revealed no changes in sperm length (Klowden & Chambers, 2004; Helinski
& Knols , 2009), however, our study did demonstrate changes in the testicular
microstructure which caused severe somatic damage of the testis cyst cells. Our
results clearly demonstrated the role of ionizing radiation as a testicular
microstructure modifying agent.
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Few studies have assessed the direct effects of gamma radiation on A.
aegypti testicular microstructures. Studies of other radiation-exposed dipteran
species demonstrated a loss of the cyst sheath of spermatocytes in Ceratitis capitata
(Wiedemann) (Anwar et al., 1971) and dispersed sperm cells in the testes of
Cochliomyia hominivorax (Coquerel) (Riemann, 1967) and Stomoxys calcilrans
(Diptera: Muscidae) (Offori, 1970). Another finding of the present study, i.e., that the
germ cell chromatin was located on the periphery of the nucleus, was also observed
by Raminani & Cupp (1977) after radiation exposure of A. aegypti embryos, whereby
the testes did not have clearly distinct compartments. Morphologically, somatic
damage of the testis cyst cells leads to disorganization and the gradual loss of
contact of these cells with germ cells, which disrupts the internal structure of the
parenchyma in an age-dependent manner. However, despite the structural
disorganization of the spermatogenic process, sperm production was conserved,
although significantly reduced, in the late adult life of irradiated mosquitoes.

The reduction in hatchability rates is a consequence of changes in the
testicular microstructure and induced dominant lethal mutations, which induces high
levels of sterility. The egg production results of the present study were consistent
with those of a previous study by Terzian & Stahler (1958), who showed that normal
A. aegypti females continued to oviposit considerably in the F1 generation, even
when mated with males irradiated with 10-300 Gy of gamma radiation. In A.
alpopicutus, the use of doses of 30—40 Gy in a field study increased the sterility rate
in males with a significant reduction in egg density (Bellini et al., 2013). After A.
alpopicutus pupae were exposed to radiation, egg production was maintained in
females mated with males irradiated with doses of 40—60 Gy with subsequent null
egg hatching rates (Balestrino et al., 2014). Another study by Bellini et al. (2013) also
showed a high sterility rate in groups irradiated with doses of 50 Gy and 60 Gy. Lima
(2015) showed that irradiation of A. aegypti pupae with doses of 30-50 Gy reduced
the number of embryonated eggs, whose larvae hatch in response to contact with
water, until a complete lack of viability, which was observed only at the highest dose
of 50 Gy. More recently, a study by Bond et al. (2019) showed that A. aegypti males
irradiated with 50 Gy showed near-zero fertility, which corroborates the observations
of the present study. Considering the male fertility data, nIR-1 mosquitoes can be
considered to be naturally less fertile than nIR-10, possibly due to the immaturity of
the reproductive system. This irradiation-associated immaturity led to a significant
reduction in fertility, almost to zero, in the IR-1 group, despite having greater sperm
capacity. Considering the complexity of the A. aegypti male reproductive system,
further studies are needed to clarify the effects of ionizing radiation on accessory
glands, seminal vesicles, and pre- and post-mating protein transfers.

Conclusions

Our findings suggested that irradiation during the pupal stage and the release of
mosquitoes 1 day after emergence is advantageous for use as a sterile insect
technique since these specimens had a higher sperm capacity compared to age-
matched non-irradiated mosquitoes but had high levels of sterility, and would thus
ultimately reduce the target populations of A. aegypti. Our study provides important
information on the effects of the sterile insect technique on A. aegypti
spermatogenesis throughout its various life stages. Considering the complexity of the
A. aegypti male reproductive system, further studies are needed to clarify the effects
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of ionizing radiation on accessory glands, seminal vesicles, and pre- and post-mating
protein transfers
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Figure legends

Figure 1. Chronologically organized experimental protocol with periods of
irradiation, and the evaluation of biometric parameters and sperm capacity in
the pupae and adult mosquitoes.

Figure 2. Sperm capacity of immature (spz6-8) and mature (collectively called
SPZ) sperm cells and ratio between sperm capacity and biometrics of Aedes
aegypti pupae irradiated and non-irradiated with a dose of 50 Gy. PW, Pupal
weight (mg); CFTX, Pupal cephalothorax length (mm); WIN, Wing length (mm); TRX,
Thorax length (mm); n-IR, non-irradiated; IR, irradiated. T-test: p < 0.05 (*), p<0.01
(**)_

Figure 3. Sperm capacity in adult Aedes aegypti irradiated or non-irradiated
with a dose of 50 Gy after 1 and 10 days (IR-1 and IR-10 or nIR-1 and nIR-10,
respectively). SPZ, Estimated total sperm count; SPZ/PW, Sperm count per gram of
pupae; SPZ/CFTX, Sperm count per mm of cephalothorax; SPZ/TRX, Sperm count
per mm of thorax; SPZ/WIN, Sperm count per mm of wing. T-test: p <0.05 (*), p <
0.01 (**).

Figure 4. Photomicrographs of semi-thin sections of the testes of adult Aedes
aegypti mosquitoes after 1 and 10 days (respectively, 1 d and 10 d), irradiated
or non-irradiated (respectively, IR and nIR) with a dose of 50 Gy, embedded in
Epon 812 resin and stained with toluidine blue. A) Control testis containing the
spermatogonial (a), spermatogenic (b), and spermatic (c) zones ending in the vas
efferens (ve) and the margins of a cyst (cy) delimited by cyst cells (cc). B) Testis
showing the spermatogonial and spermatogenic zones without cyst or sperm cell
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divisions. C) Testis with the same morphological pattern observed in A. aegypti. D)
Testis without the typical syncytial division or spermatocytes, cyst cell only in the
testis wall, and diffuse germ cells (g) in the testicular parenchyma. Scales: 40 pm.

Figure 5. Photomicrographs of semi-thin sections of the testes of adult Aedes
aegypti mosquitoes after 1 and 10 days, irradiated (respectively, IR1 and IR10)
or non-irradiated (respectively, nIR1 and nIR10) with a dose of 50 Gy,
embedded in Epon 812 resin and stained with toluidine blue. A—B) Testis with
spermatic cysts (cy) in the spermatogenic zone surrounded by cyst cells (cc). C)
Longitudinal section of the testis containing cyst and sperm cells (spz) near the vas
efferens (ve). D) Testis with spermatogonia (g) in the spermatogonial zone
surrounded by the cyst cells. E) Chromatin (ch) located in the periphery of the germ
cell nucleus in the spermatogenic zone. F) Cyst cells in the transition between the
spermatogenic and the spermatic zones containing sperm cells. G-H) Spermatids in
the cyst cell. I) Vas efferens containing sperm cells delimited by the cyst cell. J)
Testicular wall (arrow) and diffuse spermatic cells in the apical region of the testicular
parenchyma. K) Germ cells adrift in the amorphous testicular content. L) Spermatic
cells diffused in the testicular parenchyma in the region of the vas efferens. Scales:
10 pym.

Tables

Table 1 Biometric data of irradiated and non-irradiated Aedes aegypti
measured during the pupal stage and at 1 and 10 days after emergence. Values
represent means + standard errors. T-test: p < 0.05 (*), p < 0.01 (**).

Table 2 Sperm length distribution profile of irradiated or undetermined adult
mosquitoes 1 and 10 days after emergence. N = number of males analyzed (50
sperm cells per mosquito). T-test: p < 0.05 (*).

Table 3 Fertility of irradiated and non-irradiated mosquitoes assessed at 1 and
10 days after emergence. EGGS. Number of eggs. Different letters represent
statistical significance at p < 0.05. after ANOVA or Tukey’s HSD.



Table 1

Parameter
Treatment
PW(mg) P value CFTX(mm) P value WIN(mm) Pvalue TRX(mm) Pvalue TRX/WIN P value
niR-1  2.04+£0,04 0.12 1.78 £ 0,01 0.94 2.12 £ 0,02 0.62 1.08 £ 0,01 017 1,97 £ 0,02 012
IR-1 1.91 +0,07 1.79 £ 0,02 2.07 £ 0,03 1.05+0,01 1,93+ 0,02
nlIR-10 2.07 £ 0,03 0.94 1.80 + 0,03 0.74 2.14 + 0,02 0.66 1.08 £ 0,01 0.37 1,97 £ 0,02 012
IR-10 2.06+0,10 1.81 £0,02 2.12+£0,03 1.10+ 0,01 1,93 +£0,02
Table 2
. N (sperm
Proportion (%) £ S.E.M per category length (um
Treatment P () P gory length (um) cells)
<100 Pvalue 100-200 P value 200-300 P value 300-400 Pvalue >400 P value
niR-1 + + 21.845. 77.6+5.1 .6+0. 1
0+0 0.0 0+0 0.0 825.3 0.50 0£5 0.56 0.620.3 0.80 0 (50)
IR-1 0£0 0+0 23.6x2.2 75.8+2.0 0.6+0.4 10 (50)
niR-10 + + 13.0£1.7 T7+1.7 4+0.2 14
0+0 0.0 0+0 0.0 3.0 0.95 86 0.83 0.420 0.68 (50)
IR-10 0£0 0+0 13.0£3.4 86.1+3.3 0.9+0.6 14 (50)
Table 3
Treatment Eggs P value Male fertility P value Larva Hatching P value larva hatching % P value
niR-1 804.0 + 61.12 53.6+4.12 521 £67.42 66.3+11.32
IR-1 494.3 +63.1° 33.0+4.2° 4.0+3.3° 0.8 +0.04°
0.028 0.029 0.0001 0.0001
nIR-10 807.0+50.42 53.8+3.42 742 +50.4" 91.8+05°¢
IR-10 670.3 £31.12 446 £2.123 1.5+0.7° 0.2+0.05"
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Abstract

Aedes aegypti vectors are responsible for the transmission of viruses that cause diseases such
as yellow fever, zika, dengue and chikungunya that impact human and animal health. Male
sterile insect technique (SIT) release through exposure to ionizing radiation has been shown to
be viable in biological control. SIT requires a deeper knowledge of male reproductive biology
to manipulate reproduction and reduce populations of these vectors. However, the basic
understanding of irradiated male reproductive biology is not fully investigated. In the present
study, we conducted proteomic expression profiling by LC-MS/MS between reproductive
system of non-Irradiated (nIR) and irradiated (IR) (cobalt-60 gamma radiation -50 Gy) adult
males after 1 day (IR-1) and 10 days (IR-10), respectively. A total of 1.012 proteins were
identified in IR and nIR groups. Among them, 75 proteins were found to be up-regulated (fold
change > 1.5) and 125 down-regulated (fold change < 0,50) in IR-1 when compared to nIR-1.
In other hand, 53 proteins were up-regulated (fold change > 1.5) and 115 down-regulated
(fold change < 0,50) in IR-10 when compared with nIR-10 group. Gene Ontology analysis
categorized Up-regulated functional proteins from IR-1 and IR-10 groups in similar process,
mainly represented by cell movement-based microtubules, microtubule motor activity and
ribonucleotide and nucleotide binding. In other hand, down-regulated processes were related
to cellular metabolism, mainly categorized in carboxylic acids metabolism, Transcription and
Protein translation, in IR-1 and IR-10, respectively. The present findings revealed molecular
components and events associated with ionizing radiation effects on system reproduction from
Aedes eegypti males. These data can be useful to elucidate the mechanisms related to
spermatogenesis process.

Keywords: arboviruses; Aedes aegypti; reproductive system; ionizing radiation; LC-MS/MS;
proteomics.
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Introduction

Many pathogens transmitted by Aedes aegypti causes disease that impose enormous
human morbidity and mortality, aside the economic and social burden from these diseases is
significant (CARVALHO; MOREIRA, 2017). The following Mosquito-borneviruses
(arboviruses) have been the most wide spread and notorious in terms of severity of diseases
and number of humans affected which are: yellow fever virus (YFV), Dengue viruses
(DENV), chikungunya virus (CHIKV) and zika virus (ZIKV) (POWELL, 2018).

Vector control strategies using existing tools for the reduction of these vectors and
virus spreading are the way of reducing the social impact and medical importance of these
diseases (“WHO | Vector control operations framework for Zika virus”, 2016). Among the
strategies for mosquito population control, there is a special interest in the production of
sterile male insects using ionizing radiation (HELINSKI; PARKER; KNOLS, 2006; LEES et
al., 2015).

The ability of released males to locate, copulate with, and transfer sterile sperm to wild
females is of great importance for the success of genetic control programs like the Sterile
Insect Technique (SIT) (DYCK; HENDRICHS; ROBINSON, 2005). Although, male
mosquitoes are not directly involved in the transmission of pathogens, mating, sperm and
seminal fluids transfer are directly involved with the quality and quantity of sperm leading to
a non-reproductive success (MAHMOOD; REISEN, 1994). A positive correlation between
body size and sperm quantity also can contribute to this process (HATALA; HARRINGTON,;
DEGNER, 2018; HELINSKI; KNOLS, 2009; PONLAWAT; HARRINGTON, 2009). In
addition to sperm, in numerous insect species, including A. aegypti, seminal fluid proteins
(SFPs) are transferred along with sperm from males to females during copulation
(ALFONSO-PARRA et al., 2014). Although sperm transfer is important to fertility, other

materials transferred through the male ejaculate are often responsible for short and long-term
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behavioral and physiological changes in the female (VILLARREAL et al., 2018). Mating
initiates numerous physiological and behavioral changes in females, triggering responses in
several processes related to fertility reviewed in (AVILA et al., 2011) and (GILLOTT, 2003).
A deeper understanding of A. aegypti reproduction and the mechanisms by which
mating of male contribute to female post-mating behavior and physiology is needed in order
to implement a SIT strategy (VILLARREAL et al., 2018). The Application of proteomics
techniques based on mass spectrometry analyses have been used to identify seminal fluid’s
proteins (SFPs) in vectors such as A. aegypti and An. Gambiae (ROGERS et al., 2009; SIROT
et al., 2008, 2011). Boes and collaborators (2014) identified many SFPs from A. Albopictus
with similar methodology, and recently Degner and collaborators (2019) identified 870 sperm
proteins and 280 SFPs in A. aegypti. Although the sterile insect technique (SIT) is potentially
cheaper, environment-friendly, and a species-specifc method of pest population suppression
or eradication (NIKOLOULLI et al., 2018), there are no studies that evaluate the effects of
ionizing radiation on the expression of these male reproductive system proteins (MRPS). In
this work, the male sterilized technique was applied to pupae and evaluated during the
mosquito life time of adult A. aegypti males (aged 1 and 10 days, respectively). In order to
analyze the proteins involved in the male reproductive processes, all mosquitoes were
dissected and their reproductive systems were isolated and studied using a proteomic
approaches representing the first study to identify altered MRPs in this important disease
vector. Results indicated that exposure of A. aegypti during the pupal phase promotes
differential gene expression throughout the adult life of the male mosquito with positive and
negative regulation of spermatogenesis-related protein coding transcripts. Ultimately, This
work represent a pioneer study about the reproductive biology and proteome profiles of male

reproductive system in SIT protocols and provides knowledge for future studies and
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application to discover key molecules in order to manipulate reproductive and vectorial

capacity for managing the rate of pathogen transmission by vectors.

Material and Methods
Mosquitoes

An A. aegypti colony, kept under selection pressure for several years at the Insectary
of the Department of Entomology of the Research  Center Aggeu
Magalhdes (CPgAM), Oswaldo Cruz Foundation (Fiocruz) unit in Pernambuco, was used
(MELO-SANTOS et al., 2010). This strain is susceptible to all chemical and biological
insecticides and has a detoxification enzyme activity profile similar to the Rockfeller strain,

which is often used as a reference to evaluate the effects of chemical insecticides.

Experimental design

Experimental groups were divided into two subgroups, which were sampled and
analyzed, using a total of 800 animals per group which are:
Adult A. aegypti, 1 day after emergence from irradiated (IR-1) or non-irradiated (nIR-1)
pupae and Adult A. aegypti, 10 days after emergence from irradiated (IR-10) or non-irradiated

(nIR-10) pupae.

Irradiation procedure

Pupae were irradiated at the Laboratério de Radiacdo Gama do Departamento de
Energia Nuclear at the Universidade Federal de Pernambuco (UFPE) and a Gammacell 220 ®
irradiator was used as the source of cobalt-60 gamma radiation (MDS Nordion, Ottawa,

Canada).
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RecLab male pupae were homogeneously distributed and kept in Petri dishes covered
with moistened filter paper Twenty-four hours after the onset of the pupal stage. All plates

uniformly received one dose of 50 Gy. (LIMA, 2015).

Dissection, Extraction and Protein Dosage:

Adult males of A. aegypti were anesthetized and placed on a histological slide in 0.1 M
phosphate buffer solution (pH 7.4) containing protease inhibitors (Roche). The entire
reproductive system, formed by testicles, seminal vesicles, and accessory glands, was then
removed to evaluate the protein profile analysis (PONLAWAT; HARRINGTON, 2007)

Dissected biological samples were centrifuged at ~ 1,000x g for 5 min, the
dissecting buffer was replaced three times. Samples were transferred to a new tube containing
an extraction buffer solution (7M Urea, 2M Thiourea, 4% CHAPS, 0.5% IPG Buffrer, 40 mM
DTT, Deionized Water) with protease inhibitor (Code 80-6501-23- GE Healthcare®), and
were macerated using Pellet pestles (Motor Cordless, Sigma-Aldrich, Z359971). Samples
were centrifuged at ~ 11,000x g for 30 min at 4 °C and supernatants (soluble fraction) were
removed and transferred to new tubes and they were stored at -20 °C. Proteins obtained were
precipitated using TCA-Acetone method developed by (WILLIAMS; STONE, 1997). Protein
guantification was performed by 2-D Quant Kit (code 80-6483-56 - GE Heathcare®)

according to the manufacturer's instructions.
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In-gel Digestion of Proteins
A total of 70 pg proteins from each IR and nIR groups were separated by SDS-PAGE
and staining by Comassie Blue. Lanes were excised and sliced in 1 x 1 mm pieces. Gel pieces
were destaining with 25 mM ammonium bicarbonate (ABC), 50 % ethanol, dehydrated with
100 % ethanol, and dried under vaccum. Then, the proteins were reduced with 10 mM DTT,
50 mM ABC (1 h at 56 °C), and alkylated with 50 mM iodacetamide, 50 mM ABC (1 h at
room temperature, light protected). Gels were washed with 50 mM ABC, then dehydrated
with 100% ethanol twice. Gels were incubated with 12.5 ng/ml trypsin (Promega, V5113), 50
mM ABC at 37 °C for 18 hours. After trypsinization, peptides were extracted from gel matrix
through incubation twice with 30% MeCN, 3% TFA, and twice with 100% MeCN. The
extracted peptide solution was concentrated under vaccum to allow MeCN evaporation and

desalted with homemade C18 spin columns.

LC-MS/MS Analysis

Peptides were analyzed by LC-MS/MS in a Thermo Scientific Easy-nLC 1000 system
coupled to a LTQ Orbitrap XL ETD (mass spectrometry facility RPTO2H / Carlos Chagas
Institute - Fiocruz Parana). Peptides separation was carried out in a 15 cm (75 pm inner
diameter) fused silica in-house packed with reversed-phase ReproSil-Pur C18-AQ 3 um resin
(Dr. Maisch GmbH, Ammerbuch-Entringen, Germany). Chromatography runs were
performed in a flow rate of 250 nL/min from 5 to 40 % MeCN in 0.1 % formic acid, 5 %
DMSO in a 120 min gradient. The mass spectrometer operated in a data-dependent mode to
automatically switch between MS and MS/MS (MS2) acquisition. Survey full-scan MS
spectra (at 300 — 2,000 m/z range) were acquired in the Orbitrap analyzer with resolution of
60,000 at m/z 400 (after accumulation to a target value of 1,000,000 in the C-trap). The ten

most intense ions were sequentially isolated and fragmented in the linear ion trap using
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collision-induced dissociation at a target value of 30,000. The “lock mass” option was enabled
in all full scans to improve mass accuracy of precursor ions (OLSEN et al., 2005). Each
sample was analyzed in triplicate.

Proteomic Data analysis

Peaklist picking, protein identification, quantification, and validation were done using
the MaxQuant platform (version 1.5.5.1) (COX; MANN, 2008), which includes the algorithm
Andromeda (COX et al., 2011) for database searching. Default parameters of the software
were used for all analysis steps, unless stated otherwise. Proteins were searched against a
“decoy database” prepared by reversing the sequence of each entry of the A. aegypti protein
sequence reviewed and unreviewed database (containing 35.675 protein sequences,
downloaded on *data* from Uniprot). This database was complemented with frequently
observed contaminants (porcine trypsin, Achromobacter lyticuslysyl endopeptidase, and
human Kkeratins) and their reversed sequences. Search parameters specified a MS tolerance of
20 ppm, a MS/MS tolerance of 0.5 Da, and full trypsin specificity, allowing for up to two
missed cleavages. Carbamidomethylation of cysteine was set as a fixed modification, and
oxidation of methionine, and N-terminal acetylation (protein) were allowed as variable
modifications. The triplicate runs were set as a single sample at the experimental design of
MaxQuant. To Validate all identifications, a minimum of seven amino acids per peptide
length were used. In addition, a false discovery rate (FDR) threshold of 0.01 was applied at
both peptide and protein levels. The option "match between runs" was enabled to improve
identification. Protein quantification was performed using a label-free approach, where
peptides eluting from each LC run are detected as three-dimensional features - retention time
(RT) versus signal intensity (extracted ion chromatogram, XIC) versus mass/charge - aligned

and compared across runs, as previously described (LUBER et al., 2010). The output of
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MaxQuant was analyzed on Perseus version 1.6.2.3. The LFQ intensities were transformed to
log10 before obtaining the relation for each protein between two sample comparation.
Functional annotations (Gene Ontololy and Pathways) were performed by Perseus through

Annotation feature and the enrichment terms were obtained by Fisher exact test.
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Results

Proteins differently expressed (DEPS) between irradiated and non-irradiated groups

1.012 proteins were identified in Irradiated and Non-Irradiated groups (Fig 1-A). Among of
them, 75 proteins were found to be up-regulated (fold change > 1.5) and 125 down-regulated
(fold change < 0,50) in IR-1 when compared to nIR-1. In other hand, 53 proteins were up-
regulated (fold change > 1.5) and 115 down-regulated (fold change < 0,50) in IR-10 when
compared with nIR-10 group (Fig 1-C). We highlighted some proteins that were UP-regulated
in both IR-1 and IR-10 groups: Bcr-associated protein-bap, 3 proteins from dynein heavy
chain family, Na+/K+ ATPase alpha subunit, papilin, acetyl-coa carboxylase, beta chain
spectrin, myosin heavy chain, AAEL008955-PA, AAELO008773-PA, AAEL004317-PA,
AAEL003658-PA and AAEL003155-PA. In addition, 9 commons proteins were found in
both down IR-1 and down IR-10 groups: serine/threonine protein phosphatase 2a regulatory
subunit, an aspartyl-tRNA synthetase, arginine or creatine kinase, malic enzyme, leucyl
aminopeptidase, putative, fibrinogen/fibronectin, leucine aminopeptidase, NADH-ubiquinone
oxidoreductase subunit B14.5b and aspartate aminotransferase. Curiously, we also identified
5 common proteins in up IR-10 and down IR-1 and 4 common proteins in up IR-1 and down
IR-10: yellow protein precursor; dopachrome-conversion enzyme (DCE), putative, vinculin,
glycogen synthase, xaa-pro aminopeptidase, AAEL010469-PA and cytochrome C1 heme
lyase, AAEL007144-PA, tubulin alpha chain, ethanolamine-phosphate cytidylyltransferase,

respectively (Fig-1B).



74
Gene Ontology Analysis of Differentially expressed proteins

Gene Ontology analysis revealed that the up IR-1 proteins were grouped, according to
biological process (BP), mainly in cellular process (17 proteins), microtubule-based process
(6 proteins), cellular and microtubule-based movement (5 proteins respectively). UP IR-10
proteins were grouped into 3 terms similar to IR-1 group: microtubule-based process (4
proteins) and cellular and microtubule-based movement (4 proteins). In the same category,
up-regulated IR-10 also featured transport (6 proteins) and establishment of localization-
related functions (6 proteins).

Down-regulated biological processes in IR-1 and IR-10 groups are mainly related to
metabolic process (46 proteins and 48 proteins, respectively). In the first group, enriched
terms were: nitrogen compound metabolic process (18 proteins), primary metabolism process
(33 proteins), oxoacid, cellular ketone and carboxylic metabolism process (both with 19
proteins), cofactor, coenzyme and acetyl-CoA metabolic process (5 proteins in both terms)
and ion transmembrane transport (7 proteins). In the second group, the main terms were
related to cellular protein metabolism process (25 proteins), cellular macromolecule metabolic
process (31 proteins), protein complex assembly and subunit organization (5 proteins) and
translation (14 proteins).

Regarding to molecular function (MF), the enriched terms in up-regulated IR-1 proteins
were related with pyrophosphatase activity (10 proteins), motor activity (7 proteins),
microtubule motor activity (5 proteins), ribonucleotide and nucleotide binding (13 and 14
proteins, respectively), purine nucleotide, ribonucleotide and ribonucleoside triphosphate
binding (13 proteins). Accordingly, up-regulated IR-1 MF terms also were enriched in the up-
regulated IR-10 group. However, in the second group, a slight decrease on the number of

proteins related to these functions was observed.
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Down-regulated IR-1 proteins were mainly enriched in terms related to catalytic activity (86
proteins), transmembrane transport activity (10 proteins), cation and substrate-specific
transmembrane transporter activity (7 e 8 proteins, respectively) and hydrolase activity, acting
on acid anhydrides (7 proteins). In IR-10 group, catalytic activity also was overrepresented
with 56 proteins. In addition to this, other processes have undergone negative regulation, such
as: structural molecule activity (18 proteins), structural constituent of cytoskeleton (4
proteins) and structural constituent of ribosome (14 proteins). Cellular structural activities,
peptidase activity (11 proteins), GTPase activity (6 proteins), guanyl nucleotide and
ribonucleotide binding (7 proteins) terms were also down-regulated.
According to cellular component (CC), up-regulated IR-1 proteins were mainly grouped in
intracellular part (20 proteins), protein and macromolecular complexes related to cytoskeletal
part (8 proteins), dynein and microtubule associated complex (5 proteins), against only two
proteins located in the extracellular part. Up-regulated IR-10 proteins were enriched in the
same components, with exception of extracellular part and addition of integral to membrane
component (7 proteins).
On the other hand, down-regulated IR-1 proteins were mainly located in proton-transporting
two-sector ATPase complex, catalytic domain (6 proteins), protein complex (12 proteins),
macromolecular complex and membrane part (13 proteins). Whereas, down-regulated IR-10
proteins were enriched in terms related to intracellular part (56 proteins), located in
macromolecular complex (35 proteins), intracellular organelle (21 proteins),
ribonucleoprotein complex (18 proteins), ribosome (11 proteins), and small ribosomal subunit

(5 proteins).
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Discussion

Due to Aedes aegypti reproductive system complexicity, sperm transferring female
physiology, as well as the proteome involved in the reproductive process, there is a need to
comprehend the ionizing radiation effects which are used in the SIT protocols over this
system. Proteins produced by the testicles and germinative cells are very important to the
espermatogenesis and its maintenance. Sperm and seminal fluid protein have a very important
role in the reproductive success for both males and females. A better understanding about
these proteins once ionized leads to discovery of key molecules to be used in biocontrol as
well as differentially expressed proteins capable of interfere in the SIT protocols and the post
mating effects.
According to gene Ontology Analysis, proteins up-regulated in IR-1 ad IR-10 groups
presented similar process. Biological processes were related to cell movement-based
microtubules that results in component cellular movement. We highlight 5 proteins that
overlap in both IR-1 and IR-10 groups: 3 proteins from dynein heavy chain family, Na+/K+
ATPase alpha subunit and AAEL003155-PA, which has protein domains similar to the dynein
family. Some of them, were previously identified in sperm fraction from Aedes aegypti
reproduction system in a conducted study by (DEGNER et al., 2019). Dyneins are motor
proteins linked to ATP that can perform multivariate cellular functions (ROBERTS et al.,
2013). In the spermatozoon, these proteins are related to cilia and flagella, participating in the
movement of these cells (MOHRI et al., 2012). The motor function also can be associated
with up regulation of Na+/K+ ATPase alpha subunit protein in both irradiated groups.
Associated to dynein axonemal component, the tubulin proteins family are also directly linked
to the motility functions in the flagella (MOHRI et al., 2012). However, in the IR-10 group

they were down-regulated leading to the reduced motility and/or sperm production.
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In this group (IR-10) it was noticed a down regulation of tubulin family proteins involved on

sperm microtubule composition (movement).

Downregulated proteins

In Aedes aegypti reproductive system, ionizing radiation also produced down-regulating
effects on important cellular metabolic processes. In the IR-1 group, decrease of proteins
mainly related to ketone, oxidacid and carboxylic acids metabolism process were observed.
Alpha-ketoacids have been shown to be effective antioxidants in spermatozoa protection (LI
et al., 2010). The decrease of this process may suggest increased sperm susceptibility to
oxidizing compounds, causing undesirable effects on their effectiveness in the reproductive
context. In addition, functions related to amino acid metabolism were also affected, driven in
part by Gamma-glutamyl transpeptidase 1 isoform X2, Glutamate dehydrogenase, L-
asparaginase 1, Aspartate aminotransferase, Glutamine synthetase and aspartyl-tRNA
synthetase down-regulated proteins.

In addition, proteins involved in transmembrane cation transport, such as V-type proton
ATPase subunits Family proteins, which have been previously reported in both compartments
of the reproductive system, can be related to defects in protein transport, exchange and
secretion (PEREZ-SAYANS et al., 2012), compromising reproduction effectiveness, as
suggested by egg hatchability test (data not shown).

In the IR-10 group, processes related to replication, transcription and translation metabolism
were down-regulated. In this context, ionizing radiation affected chromatin organization
represented, in part, by down-regulation of Histone 2 (FC = - 1.004) and Histone 4 (FC = -
1.91). Besides, were identified the decreased expression of ATPases associated with diverse
activities protein super-family (AAA-protein super-family). Among them, RuvB-like helicase

1 (FC= -1.91) and RuvB-like helicase 2 (FC= -1.38), 2 transcriptional cofactors are
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intrinsically related to chromatin remodeling and consequently regulation of DNA replication,
transcription and repair. (CONAWAY; CONAWAY, 2009). Spermatogenesis associated
factor, member of this same family, was also down-regulated in IR-10 group (FC = -1.59). As
shown in a previous study in brown planthopper (BPH), the suppression of this protein-related
gene was related to the reduction of the accessory gland male protein content and fecundity
rate in females after mating (GE et al., 2016). This data corroborates with our previous study,
in which was observed that larvae produced number by hatching eggs laid by females mated
with irradiated males was almost zero (data not shown). In the present study, impaired
translation and overall protein function may be suggested by decreasing a number of
ribosomal components and chaperonins in the IR-10 group (Table 4). In addition, these data

may also be related to decreased sperm capacity in the latter group (data no showed).
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Figures
Figure 1. Experimental protocol with periods of irradiation as well as the evaluation of

protein profile analysis.

Figure 2.

Figure 2A. Venn diagram of identified proteins in the irradiated (IR-1, IR-10) and non-
irradiated (nIR-1, nIR-10) groups, indicating an overlapping.

Figure 2B. Venn diagram of differentially expressed proteins (DEPs), indicating overlapping
between up-regulated IR-1 and IR-10, down-regulated IR-1 and IR-10, up-regulated IR-10
and down-regulated IR-1 and up-regulated IR-1 and down-regulated IR-10.

Figure 2C. Volcano plots of “t “ tests between irradiated (IR-1, IR-10) and non-irradiated (n-
IR-1, n-IR-10) groups. Permutation-based multiparameter correction was applied with an
FDR of 0.01. Red data points indicate significant regulations (1,50 < x < 0,50) related to up

and down regulated proteins.
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Table 1. Gene Ontology Analysis: biological processes, molecular functions and cellular
componentes in the irradiated up-regulated proteins groups at day 1 and day 10.

Table 2. Gene Ontology Analysis: biological processes, molecular functions and cellular
componentes in the irradiated down-regulated proteins groups at day 1 and day 10.
Table 3. Up-regulated proteins in IR-1 group.

Table 4. Up-regulated proteins in IR-10 group.

Table 5. Down-regulated proteins in IR-1 group.

Table 6. Down-regulated proteins in IR-10 group.
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Table 1
Biological process (IR1-UP) Proteins | p-value Biological process (IR10-UP) Proteins | p-value
number number

cellular component movement 5 5,79E-08 | microtubule-based process 4 3,42E-06

microtubule-based movement 5 5,79E-08 | microtubule-based movement 4 3,42E-06

microtubule-based process 6 3,48E-07 | cellular component movement 4 3,42E-06
transport 6 3,05E-07
establishment of localization 6 3,05E-07

Molecular function (IR1-UP) Molecular function (IR10-UP)

pyrophosphatase activity 10 7,84E-10 | hydrolase activity, acting on acid anhydrides, in 8 5,19E-08
phosphorus-containing anhydrides

nucleoside-triphosphatase activity 10 7,84E-10 | hydrolase activity, acting on acid anhydrides 8 5,19E-08

hydrolase activity, acting on acid anhydrides, in phosphorus-containing anhydrides 10 7,84E-10 | microtubule motor activity 8 5,19E-08

motor activity 7 4,03E-09 | hydrolase activity 8 5,19E-08

ribonucleotide binding 13 5,35E-08 | ribonucleotide binding 4 3,42E-06

purine ribonucleotide binding 13 5,35E-08 | purine ribonucleotide binding 15 4,17E-05

purine ribonucleoside triphosphate binding 13 5,35E-08 | purine ribonucleoside triphosphate binding 10 5,86E-05

purine nucleotide binding 13 5,35E-08 | purine nucleotide binding 10 5,86E-05

microtubule motor activity 5 5,79E-08 | nucleoside-triphosphatase activity 10 5,86E-05

nucleotide binding 14 1,47E-07

Cellular componente (IR1-UP) Cellular componente (IR10-UP)

cytoskeletal part 8 4,03E-09 | cytoskeletal part 7 6,49E-09

microtubule associated complex 5 5,79E-08 | intracellular organelle part 9 2,34E-07

dynein complex 5 5,79E-08 | membrane part 7 3,05E-07

intracellular organelle part 10 6,05E-08 | intrinsic to membrane 7 3,05E-07

organelle part 11 1,66E-07 | integral to membrane 7 3,05E-07

protein complex 14 1,73E-06 | protein complex 10 7,79E-07

macromolecular complex 15 3,24E-06 | macromolecular complex 10 7,79E-07

cell part 26 6,41E-06 | organelle part 9 1,79E-06

intracellular part 20 3,91E-05 | microtubule associated complex 4 3,42E-06
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Table 2
Biological process (IR1-Down) Proteins | p-value Biological process (IR10-Down) Proteins | p-value
number number
metabolic process 46 6,17E-09 | cellular protein metabolic process 25 1,25E-11
cellular nitrogen compound metabolic process 17 1,72E-07 | cellular macromolecule metabolic process 31 7,45E-10
nitrogen compound metabolic process 18 3,06E-07 | protein metabolic process 33 2,30E-09
primary metabolic process 33 3,74E-07 | macromolecule metabolic process 37 1,72E-08
oxoacid metabolic process 19 5,24E-07 | cellular metabolic process 41 9,90E-08
cellular ketone metabolic process 19 5,24E-07 | cellular process 55 3,03E-07
carboxylic acid metabolic process 19 5,24E-07 | protein complex subunit organization 5 7,23E-07
cofactor metabolic process 5 1,97E-06 | protein complex assembly 5 7,23E-07
coenzyme metabolic process 5 1,97E-06 | cellular protein complex assembly 5 7,23E-07
acetyl-CoA metabolic process 5 1,97E-06 | metabolic process 48 1,36E-06
Molecular function (IR1-Down) Molecular function (IR10-Down)
transmembrane transporter activity 10 1,50E-09 | structural molecule activity 18 8,60E-15
transporter activity 11 4,14E-09 | structural constituent of cytoskeleton 4 1,45E-07
monovalent inorganic cation transmembrane transporter activity 7 1,04E-08 | GTPase activity 6 2,17E-06
peptidase activity, acting on L-amino acid
inorganic cation transmembrane transporter activity 7 1,04E-08 | peptides 11 3,01E-06
hydrogen ion transmembrane transporter activity 7 1,04E-08 | peptidase activity 11 3,01E-06
cation transmembrane transporter activity 7 1,04E-08 | catalytic activity 54 4,23E-06
substrate-specific transporter activity 8 4,11E-08 | guanyl ribonucleotide binding 7 5,06E-06
substrate-specific transmembrane transporter activity 8 4,11E-08 | guanyl nucleotide binding 7 5,06E-06
ion transmembrane transporter activity 8 4,11E-08 | GTP binding 7 5,06E-06
hydrolase activity, acting on acid anhydrides 7 5,28E-07 | endopeptidase activity 6 1,07E-05
Cellular component (IR1-Down) Cellular componente (IR10-Down)
proton-transporting two-sector ATPase complex, catalytic domain 6 1,55E-06 | ribonucleoprotein complex 18 8,60E-15
proton-transporting V-type ATPase, V1 domain 4 3,61E-06 | macromolecular complex 35 9,55E-12
cell part 33 1,18E-05 | ribosome 11 1,74E-11
protein complex 12 5,11E-05 | non-membrane-bounded organelle 11 1,74E-11
membrane part 13 7,38E-05 | intracellular non-membrane-bounded organelle 11 1,74E-11
macromolecular complex 13 7,38E-05 | intracellular part 56 4,47E-07
cell part 57 6,53E-07
organelle 21 3,29E-06
intracellular organelle 21 3,29E-06
small ribosomal subunit 5 1,30E-05




88

Table 3
Proteins name Fold change g-value

Myosin heavy chain, nonmuscle or smooth muscle 4,99087524 | 0,000846697
AAEL008773-PA 4,76606623 | 0,000874606
suppressor of actin (sac) 4,06407992 | 0,000902691
AAEL003155-PA 3,93636767 | 0,00015557
AAEL000403-PA 3,45474688 | 0,00167505
prophenoloxidase 3,4464709 | 0,000871037
dynein heavy chain 3,38261604 | 0,006729908
AAEL003658-PA 3,37106705 | 0,001037517
AAEL003785-PA 3,33531125 | 0,000871037
F14p3.9 protein (auxin transport protein) 3,29610189 | 0,000909192
Carboxylic ester hydrolase 3,28909047 | 0,000501413
AAEL007186-PA 3,25590642 | 0,000902691
hemomucin 3,11466662 | 0,002389764
AAEL013204-PA 3,00366974 | 0,004047973
AAEL004099-PA 2,97771772 | 0,000501413
Calmin 2,97711309 | 0,000874606
Low-density lipoprotein receptor (Idl) 2,96727498 | 0,002320317
translational activator gcnl 2,94468562 | 0,001515798
Dynein heavy chain 2,93976212 | 0,00167505
bcr-associated protein, bap 2,83631547 | 0,003405485
AAEL009955-PA 2,82865715 | 0,006709478
BTB domain-containing protein 2,80633672 | 0,000501413
Dynein assembly factor 1, axonemal homolog 2,79097684 | 0,005447882
dynein heavy chain 2,79065514 | 0,003894645
Beta chain spectrin 2,72494634 | 0,000318673
AAEL008607-PA 2,71628634 | 0,00167505
AAEL007874-PA 2,64535205 | 0,000898846
AAEL005967-PA 2,62218094 | 0,006973877
AAEL004317-PA 2,55126127 | 0,002034491
Dopachrome conversion enzyme 2,54474894 | 0,009906661
AAEL013249-PA 2,53928216 | 0,007194466
Methionine aminopeptidase 2 2,5334301 | 0,000909192
major sperm protein 2,47306569 | 0,005447882
AAEL014945-PB 2,45278549 | 0,007191147
adenosine diphosphatase 2,38946088 | 0,000827149
AAEL005930-PA 2,38138199 | 0,002142821
lamin, putative 2,37797864 | 0,001387072
Peptidyl-prolyl cis-trans isomerase 2,35404078 | 0,001425798
factor for adipocyte differentiation 2,33210437 | 0,000215885
AAEL004969-PA 2,29278819 | 0,000545844
AAEL008921-PA 2,27724838 | 0,003388375
sarcolemmal membrane-associated protein (LOC5563687), transcript variant

X5, mRNA 2,26769765 5,68E-05
tubulin alpha chain 2,24870491 | 0,000871037
Dynein heavy chain 2,19986788 | 0,000845082
Na+/K+ ATPase alpha subunit 2,19134712 | 0,003591535
Papilin 2,14285914 | 0,003828773
uncharacterized protein LOC5576059 2,13740285 | 0,002538243
myosin VI 2,04441961 | 0,004365283
chaperonin 2,01512527 | 0,004087351
Cellular retinaldehyde-binding protein 1,99748611 | 0,001292431
signal recognition particle receptor alpha subunit (sr-alpha) 1,98666128 | 0,00256852
AAEL003923-PA 1,95504951 0,001793
acyl-CoA oxidase 1,93787448 | 0,005587146
AAEL009248-PA 1,91870499 | 0,001539071
ethanolamine-phosphate cytidylyltransferase 1,89111074 | 0,002740383




89

aminoacyl-tRNA synthetase auxiliary protein, 43kD, putative 1,88083013 | 0,004977177
fragile X mental retardation syndrome-related protein 1, putative 1,87109121 | 0,004147766
Eukaryotic translation initiation factor 2A 1,84039625 | 0,003182388
Piwi-like protein 1,82453918 | 0,006709478
elongation factor -1 beta,delta 1,80909665 | 0,006674692
amidophosphoribosyltransferase 1,7875061 | 0,000871037
importin (ran-binding protein) 1,77449671 | 0,000846697
integral membrane pore glycoprotein gp210, putative 1,76902008 | 0,004047973
AAEL010241-PA 1,76809184 | 0,003263167
AAEL005877-PA 1,75956027 | 0,002034491
GTP-binding protein alpha subunit, gna; Succinate dehydrogenase, putative;

nuclear pore complex protein Nup205 1,73068047 | 0,006709478
AAEL011604-PA 1,69355583 | 0,003719376
40S ribosomal protein S14 1,68965785 | 0,001436634
Acetyl-coa carboxylase 1,67453702 | 0,002142821
AAEL014734-PA 1,66885948 | 0,002740383
golgi-specific brefeldin a-resistance factor 1,63733228 | 0,007613963
AAEL008955-PA 1,59699567 | 0,001530814
AP-1 complex subunit gamma-1 isoform X5 1,564593 | 0,001515798
cytochrome C1 heme lyase 1,52207756 | 0,008885393
Heat shock protein 70 (hsp70)-interacting protein 1,50639598 | 0,00856039
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Table 4
Proteins name Fold change g-value
Dynein heavy chain B 4,972900391 | 0,002513723
laminin A chain, putative 4,361797969 | 0,002736305
TITIN 4,001094818 | 0,001327332
AAEL003155-PA 3,93959109 | 0,001215445
Sodium/potassium-transporting ATPase subunit alpha 3,701424281 | 0,002336787
NADP transhydrogenase 3,433649063 | 0,000363058
Laminin beta-2 chain 3,351154327 | 0,002492691
Myosin heavy chain, nonmuscle or smooth muscle 3,228534063 | 0,001373215
Prohibitin, putative 3,143868764 | 0,001373215
Uncoordinated protein 3,056259155 | 0,002907372
AAEL008955-PA 3,042955399 | 0,001135679
Bcr-associated protein, bap 2,922562917 | 0,001373215
Papilin 2,917327245 | 0,001373215
AAEL008401-PA 2,820179621 | 0,000406877
V-type proton ATPase subunit a 2,770524979 | 0,000870728
AAEL005324-PA 2,726770401 | 0,001373215
AAEL011604-PA 2,702524821 | 0,002117534
Beta chain spectrin 2,697560628 | 0,001373215
Vacuolar protein sorting-associated protein (vpsl13) 2,658689499 | 0,004877517
V-type proton ATPase subunit a 2,552752177 | 0,000363058
Dynein heavy chain 2,484826406 | 0,002260831
AAEL005733-PB 2,483353933 | 0,005856755
Paramyosin, long form 2,444977442 | 0,001925452
talin 2,284149806 | 0,002513723
Fatty acid synthase 2,281726201 | 0,009530814
Cytochrome P450 6CB1 2,273615519 | 0,004430971
Beta-glucuronidase 2,182287852 | 0,000406877
Acetyl-coa carboxylase 2,109618505 | 0,002278683
AAEL004317-PA 2,060921987 | 0,005348676
Glutamate synthase 2,009794235 | 0,003351075
Macroglobulin/complement 1,935758591 | 0,002513723
Syntaxin binding protein-1,2,3 1,923182805 | 0,001327332
Nitrilase, putative 1,903219859 | 0,001373215
Dynein heavy chain 1,845780691 | 0,004877517
Yellow protein precursor; Dopachrome-conversion enzyme (DCE), putative 1,823533376 | 0,002492691
Axonemal dynein intermediate chain polypeptide 1,803876241 | 0,005382652
vinculin 1,765165965 | 0,000605183
glycogen synthase 1,758395513 | 0,000812309
AAEL010469-PA 1,741143545 | 0,001373215
Xaa-pro aminopeptidase 1,680541992 | 0,004792197
Spectrin 1,645034154 | 0,001373215
Glycogen debranching enzyme 1,599978129 | 0,005348676
Thioredoxin Peroxidase. 1,599257787 | 0,001691125
AAEL005833-PA 1,59589386 | 0,002289612
Serine Protease Inhibitor (serpin) likely cleavage at V/V. 1,594215393 | 0,001925452
Alcohol dehydrogenase 1,583841324 | 0,005856755
autophagy related gene 1,575726191 | 0,005421148
AAEL017395-PA 1,561573029 | 0,005308491
Quinone oxidoreductase 1,54143397 | 0,004765268
AAEL000581-PA 1,531557083 | 0,00513662
muncl13-4 1,527066549 | 0,005421148
aspartate ammonia lyase 1,503032684 | 0,001691125
mitochondrial brown fat uncoupling protein 1,502151489 | 0,001752311
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Table 5
Proteins name Fold change g-value

AAEL017027-PA -3,377414068 | 0,00167505
four and a half lim domains -3,248955409 | 0,001661411
lipase -3,22162056 | 0,000874606
C-Type Lectin (CTL). -3,176440239 | 0,009895368
Angiotensin-converting enzyme -3,11912473 | 0,000501413
vacuolar ATP synthase subunit e -2,91387558 | 0,000827149
Yellow protein precursor; AAEL006985-PA -2,898209254 | 0,001539071
metalloproteinase -2,69218572 | 0,000846697
V-type proton ATPase subunit -2,680917104 | 0,004455108
trypsin -2,660788854 | 0,001539071
L-lactate dehydrogenase -2,606413523 | 0,003182388
Pyruvate dehydrogenase E1 component subunit alpha -2,548154831 | 0,000871037
Annexin -2,476945241 | 0,001045481
I-asparaginase i -2,443617503 | 0,000871037
V-type proton ATPase subunit C -2,366493225 | 0,00103801
Fibrinogen and fibronectin -2,300355911 | 0,001436634
ATP synthase subunit beta vacuolar -2,232177734 | 0,000174616
V-type proton ATPase catalytic subunit A (V-ATPase subunit A)(EC

3.6.3.14)(Vacuolar proton pump subunit alpha)(V-ATPase 69 kDa subunit) -2,211226781 | 0,000871037
AAEL007204-PA -2,190960566 | 0,004087351
malic enzyme -2,156344732 | 0,000827149
acid phosphatase-1 -2,127244949 | 0,000247274
Carbonic anhydrase -2,097652435 | 0,000827149
trypsin -1,97299703 | 0,009950719
tubulointerstitial nephritis antigen -1,969907761 | 0,004405583
dipeptidyl-peptidase -1,912562688 | 0,000501413
glutamate dehydrogenase -1,885698318 0,0010955
leukotriene a-4 hydrolase -1,855912526 | 0,002142821
acyl-coa thioesterase -1,84311676 | 0,00167505
leucine aminopeptidase -1,833137512 | 0,00308491
Phosphotransferase; hexokinase -1,779899597 | 0,002320317
Aspartate aminotransferase -1,766687393 | 0,002115205
trypsin-beta, putative -1,753846486 | 0,000895816
AMP dependent coa ligase -1,751323064 0,001793
AAEL010725-PA -1,659444809 | 0,000871037
zinc carboxypeptidase -1,609937032 | 0,001079102
dihydrolipoamide dehydrogenase -1,591477076 | 0,001425798
nitrilase, putative -1,580956777 | 0,008393158
AAEL010824-PA -1,569746017 | 0,00308491
AAEL017567-PA -1,562995911 | 0,000902691
testis/ seletal muscle dual specificty phosphatase; Dual specificity protein

phosphatase -1,55288887 | 0,003009312
galactokinase -1,551159541 | 0,006807078
NADH dehydrogenase, putative -1,548820496 | 0,004251677
sphingomyelin phosphodiesterase -1,548141479 | 0,007154426
vacuolar ATP synthase subunit S1 -1,514649073 | 0,005374942
succinyl-CoA ligase beta subunit -1,511747996 | 0,001633746
alpha-glucosidase -1,511022568 | 0,005887486
Xaa-pro aminopeptidase -1,506519953 | 0,000909192
Vacuolar H+-ATPase V1 sector subunit D; ATP synthase subunit d -1,495845159 | 0,003864585
annexin x -1,473130226 | 0,007194466
Pyruvate dehydrogenase E1 component subunit beta -1,470188141 0,0023517
AAEL017508-PA -1,461917877 | 0,004087351
leucyl aminopeptidase, putative -1,45282491 0,001793
Moesin/ezrin/radixin homolog 1 -1,422677994 | 0,001530814
cytochrome c oxidase, subunit VIA, putative -1,407505671 | 0,003828988
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Venom allergen -1,407342911 | 0,009936737
dihydrolipoamide acetyltransferase component of pyruvate dehydrogenase -1,400737762 | 0,000871037
Alpha-1,4 glucan phosphorylase -1,391147614 | 0,002291856
Glutamine synthetase -1,387073517 | 0,006057153
actin; Pupal-specific flight muscle actin -1,380600611 | 0,008258288
Serine Protease Inhibitor (serpin) likely cleavage at R/S -1,370629628 | 0,004087351
glutamate carboxypeptidase -1,337301254 | 0,007921681
Glycogen [starch] synthase -1,33592097 | 0,005447882
Triosephosphate isomerase -1,322539012 | 0,007213964
xaa-pro dipeptidase pepd/pepq(e.coli) -1,289487839 | 0,00308491
vinculin -1,289102554 | 0,007590953
NADH:ubiquinone dehydrogenase, putative -1,285118103 | 0,006807078
glutamate dehydrogenase -1,27106603 | 0,007068336
CTP synthase -1,265778542 | 0,006545267
Pyruvate dehydrogenase -1,238882065 | 0,003088215
zinc binding dehydrogenase -1,236064275 | 0,004262743
aspartyl-tRNA synthetase -1,206522624 | 0,007191147
AAEL010469-PA -1,180569331 | 0,00139282
AAEL003122-PA -1,180187861 | 0,002112035
Aconitate hydratase, mitochondrial; aconitase, mitochondrial -1,172152201 | 0,002503844
axonemal dynein intermediate chain -1,166492462 | 0,004241535
NADP-specific isocitrate dehydrogenase -1,13035202 | 0,003417138
arginine or creatine kinase -1,118742625 0,0094337
AAEL008428-PA -1,057209015 | 0,00308491
AAEL004001-PA -1,049719493 | 0,006363641
sideroflexin 1,2,3 -1,037056605 | 0,00563014
Multifunctional fusion protein -1,033042908 | 0,002851039
AAEL009705-PA -1,015590032 | 0,005500263
TENSIN -1,003264109 | 0,004536657
Glycerol-3-phosphate dehydrogenase -1,000230153 | 0,007068336
alanine aminotransferase -0,984095891 | 0,004365283
bleomycin hydrolase -0,953379631 | 0,006674692
Isocitrate dehydrogenase [NAD] subunit, mitochondrial -0,953241348 | 0,000999828
succinate semialdehyde dehydrogenase -0,944044113 | 0,009878898
GTP-binding protein (0) alpha subunit, gnao -0,935737292 | 0,009509238
cytochrome C1 -0,935281118 | 0,00728462
trifunctional enzyme beta subunit (tp-beta) -0,93421491 | 0,007590953
NADH-ubiquinone oxidoreductase fe-s protein 2 (ndufs2) -0,933386485 | 0,001539071
glutamate dehydrogenase -0,899927139 | 0,004670689
proline oxidase -0,89956665 | 0,003719376
Mitochondrial processing peptidase beta subunit -0,89372317 | 0,00660793
NADH-ubiquinone oxidoreductase subunit B14.5b -0,891959508 | 0,004788423
ATP synthase alpha subunit mitochondrial -0,884482066 | 0,003686925
glutamyl aminopeptidase -0,867636998 | 0,008263397
fasciclin, putative -0,860680898 | 0,001633746
2-oxoglutarate dehydrogenase -0,855935415 | 0,005320562
UTP-glucose-1-phosphate uridylyltransferase 2 -0,850896835 | 0,005933833
glycerol-3-phosphate dehydrogenase -0,833293915 | 0,004977177
isocitrate dehydrogenase -0,831341426 | 0,005500263
NADH:ubiquinone dehydrogenase, putative -0,826426824 | 0,000827149
NADH-ubiquinone oxidoreductase 24 kda subunit -0,809366226 | 0,007450353
NADH-ubiquinone oxidoreductase 39 kda subunit -0,804964701 | 0,003850319
ATP synthase coupling factor B, putative -0,743819555 | 0,006401025
carboxylase:pyruvate/acetyl-coa/propionyl-coa -0,736443837 | 0,004087351
alpha-actinin -0,721841812 | 0,006217865
AAEL010149-PA -0,698705673 | 0,009373913
cysteine desulfurylase [ -0,689352671 | 0,005628049
protease m1 zinc metalloprotease -0,674489339 | 0,00563014
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Delta-1-pyrroline-5-carboxylate synthase -0,669711431 0,001793
disulfide oxidoreductase -0,652697245 | 0,006363641
AAEL010639-PA -0,648869832 | 0,007590953
vesicular-fusion protein nsf -0,627127965 | 0,009936737
AAEL003501-PA -0,589712143 | 0,005098216
UDP-glucose 4-epimerase -0,561597824 | 0,009515833
rab5 -0,541542053 | 0,005887486
NADH dehydrogenase [ubiquinone] flavoprotein 1, mitochondrial -0,538169861 | 0,009936737
gamma-glutamyltranspeptidase 1 isoform X2 -0,519804637 | 0,008221397
Flotillin-1 -0,487045924 | 0,006729908
serine/threonine protein phosphatase 2a regulatory subunit a -0,452641805 | 0,006363641
troponin t, invertebrate -0,437512716 | 0,004788423
ADP,ATP carrier protein -0,398113251 | 0,002142821
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Table 6
Proteins name Fold change g-value
AAEL017315-PA -2,052459717 | 0,002092943
Nucleosome assembly protein -6,665581385 | 0,000425357
tubulin alpha chain -4,143220901 | 0,00107371
Tubulin alpha chain -4,06832091 | 0,002821157
60S ribosomal protein L23 -3,815748851 | 0,000834551
40S ribosomal protein S20 -3,05672582 | 0,000812309
ethanolamine-phosphate cytidylyltransferase -3,023873011 | 0,001327332
prolyl 4-hydroxylase alpha subunit 1 -2,972454071 | 0,001373215
60S ribosomal protein L9 -2,809101741 | 0,003893154
40S ribosomal protein S15 -2,794635773 | 0,003696356
glutathione transferase -2,693196615 | 0,001327332
trypsin, putative -2,683225632 | 0,000870728
asparagine synthetase -2,6718057 | 0,001373215
40S ribosomal protein S17 -2,66033872 | 0,001925452
Polyadenylate-binding protein -2,634084066 | 0,000425357
40S ribosomal protein SA -2,520755768 | 0,001373215
heat shock protein -2,513536453 | 0,000406877
T-complex protein 1 subunit delta;chaperonin -2,471502304 | 0,001145992
Eukaryotic translation initiation factor 3 subunit K (elF3Kk)(elF-3 p25 -2,414110502 | 0,004202396
40S ribosomal protein S3a -2,387783051 | 0,001373215
40S ribosomal protein S18 -2,369381587 | 0,001029338
40S ribosomal protein S10 -2,366860708 | 0,004997803
Carboxypeptidase -2,343358994 | 0,00107371
importin beta-2 -2,308134079 | 0,00967444
succinyl-CoA synthetase small subunit, putative -2,264795939 | 0,003765537
trypsin -2,263111115 | 0,001373215
60S ribosomal protein LPO -2,23246638 | 0,002821157
guanine nucleotide-binding protein subunit beta-like protein -2,203877131 | 0,001776021
importin beta-1 -2,095422745 | 0,003696356
dj-1 protein (park?) -2,071681341 | 0,002887356
protein disulfide isomerase -2,056668599 | 0,00133523
voltage-dependent anion-selective channel-like -2,055232366 | 0,003806659
Glycoprotein 25I -2,044786453 | 0,004714533
40S ribosomal protein S2 -2,040818532 | 0,001373215
cullin-associated NEDD8-dissociated protein 1 -2,036479314 | 0,002513723
AAEL007144-PA -2,02583758 | 0,002117534
chaperonin -1,995811462 | 0,000605183
rab gdp-dissociation inhibitor -1,957930883 | 0,000834551
40S ribosomal protein S15a -1,948081334 | 0,004253472
Proteasome subunit alpha type;26S proteasome alpha 3 subunit -1,947715123 | 0,001373215
cytochrome C1 heme lyase -1,933166504 | 0,002059439
40S ribosomal protein S16 -1,922710419 | 0,000834551
RuvB-like helicase 1 (EC 3.6.4.12) (Pontin) -1,913005829 | 0,002578632
leucine aminopeptidase -1,904381434 | 0,002907372
Piwi-like protein -1,89738973 | 0,004009155
40S ribosomal protein S25 -1,821514765 | 0,001920904
AAEL011838-PA -1,793931961 | 0,002092943
Failed axon connections protein, putative -1,785931269 0,0070504
Elongation factor 1-alpha -1,773232142 | 0,002902678
DNAJ homolog subfamily B member, putative -1,735424678 | 0,00737723
ras-related protein Rab-1A, putative -1,718411764 | 0,000886019
proteasome subunit beta type -1,712252299 | 0,005034892
elongation factor 1 gamma -1,682434082 | 0,008573484
Dolichyl-diphosphooligosaccharide--protein glycosyltransferase subunit 1 -1,664737066 | 0,001752311
metalloprotease -1,641350428 | 0,00062153
eukaryotic translation elongation factor -1,622009913 | 0,002534445
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spermatogenesis associated factor -1,597761154 | 0,001327332
proteasome subunit beta type -1,583649317 | 0,000605183
NADH-ubiquinone oxidoreductase sgdh subunit -1,582719167 | 0,004714533
Eukaryotic translation initiation factor 3 subunit C -1,566459656 | 0,001968792
casein kinase ii, alpha chain (cmgc group iv) -1,563388824 | 0,001722667
Superoxide dismutase -1,515783946 | 0,001373215
Histone H4 -1,514701843 | 0,008283017
protein disulfide isomerase -1,501586914 | 0,001691125
Isocitrate dehydrogenase [NADP] -1,49429512 | 0,001373215
DEAD box ATP-dependent RNA helicase -1,476029078 | 0,001373215
endoplasmin -1,458701452 | 0,001925096
ubiquitin conjugating enzyme, putative -1,431594849 | 0,001373215
proteasome subunit beta type -1,403291066 | 0,005361953
RuvB-like helicase 2 (EC 3.6.4.12)(Reptin) -1,383720398 | 0,001373215
Serine/threonine-protein phosphatase -1,344454447 | 0,002750356
Heat shock cognate 70 -1,343947093 | 0,005361953
coatomer delta subunit -1,332120895 | 0,002750356
phosphatidylethanolamine-binding protein -1,321664174 | 0,002907372
DEAD box ATP-dependent RNA helicase -1,295282364 | 0,003765537
26S protease regulatory subunit 6a -1,292219798 | 0,008333581
Ubiquitin; Ubiquitin (ribosomal protein L40) -1,251943588 | 0,003783696
60S ribosomal protein L5 -1,246448517 | 0,006524023
serine/threonine protein phosphatase 2a regulatory subunit a -1,193288167 | 0,00380224
leucine aminopeptidase -1,170444489 | 0,008312029
AAEL003750-PA -1,16938591 | 0,000605183
ubiquitin carboxyl-terminal hydrolase 5 -1,167293549 | 0,005199675
Glyceraldehyde-3-phosphate dehydrogenase -1,162150701 | 0,004877517
T-complex protein 1 subunit gamma; chaperonin -1,159546534 | 0,001752311
60S ribosomal protein L10 -1,159257253 | 0,005348676
myosin light chain 1, -1,147147497 | 0,006652977
chaperonin -1,111684799 | 0,003765537
chaperonin-60kD, ch60 -1,073817571 | 0,002278683
AAEL011059-PA -1,070713043 | 0,00868126
nucleoside-diphosphate kinase NBR-A, putative -1,066146851 | 0,008085707
Tubulin beta chain -1,046627045 | 0,000947705
Chaperonin -1,013264338 | 0,007477779
Histone H2A -1,00468572 | 0,002736305
fibrillarin -0,987267812 | 0,005748497
actin -0,936597188 | 0,006850722
Cytochrome b-c1 complex subunit 7 -0,934862773 | 0,003502437
purine biosynthesis protein 6, pur6 -0,9203523 | 0,005348676
arginine or creatine kinase -0,901555379 | 0,002421214
arginine or creatine kinase -0,893209457 | 0,006813824
Aspartate aminotransferase -0,862038294 | 0,001373215
DEAD bhox ATP-dependent RNA helicase -0,853014628 | 0,003489291
Fibrinogen and fibronectin -0,850070953 | 0,008085707
ubiquinol-cytochrome c reductase complex core protein -0,812016805 | 0,005421148
leucyl aminopeptidase, putative -0,811953227 | 0,002750356
Tubulin alpha chain -0,784057617 | 0,001691125
importin beta-3 -0,732699712 | 0,003765537
26S proteasome non-ATPase regulatory subunit -0,688058853 | 0,006524023
bifunctional purine biosynthesis protein -0,666837056 | 0,005701386
ATP synthase subunit alpha -0,642532349 | 0,004834625
aldehyde dehydrogenase -0,639318466 | 0,008811664
AAEL007082-PA -0,596423467 | 0,001691125
aspartyl-tRNA synthetase -0,382659276 | 0,008901598
malic enzyme -0,303235372 | 0,001373215
26S protease (S4) regulatory subunit, putative 0,296156565 | 0,002750356
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| glutaminyl-tRNA synthetase | 0,354902267 | 0,009654254 |
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5 CONCLUSOES

a) A exposicao de pupas a dose equivalente a 50 Gy néo altera a biometria de pupas e
mosquitos machos adultos;

b) A exposicdo a dose equivalente a 50Gy durante a fase de pupas afeta a capacidade
espermatica ao longo da vida adulta do mosquito,

c) A distribuicdo de comprimento dos espermatozoides de machos adultos ndo é
alterada ap0s exposicédo de pupas a 50 Gy;

d) A exposicdo de pupas a dose equivalente a 50 Gy altera a morfologia testicular na
ao longo do ciclo de vida adulta de Aedes aegypti;

e) Exposicdo de pupas a radiacdo ionizantes induz altas taxas de esterilidade durante a
vida adulta de mosquitos machos com efeitos de reducdo acima de 90% na viabilidade de
0vos;

f) A exposicdo da pupa de A. aegypti promove a expressao diferencial de genes ao
longo da vida adulta do mosquito macho, com regulacao positiva e negativa dos transcritos de
codificacdo de proteinas relacionados a espermatogénese;

g) Os resultados encontrados neste estudo trazem fortes evidencias de que 0s
mosquitos similares a RecL, com 1 dia ap6s emergéncia, irradiados durante a fase de pupa
apresentam-se como melhor alternativa para soltura nos protocolos de libracdo da TIE;

h) O conjunto de informacBes geradas neste estudo sobre a biologia do
desenvolvimento, biologia reprodutiva e aspectos funcionais do sistema reprodutor do macho
estéril sdo de grande relevancia para a aplicacdo da técnica do macho estéril para o controle

local das populacdes de A. aegypti.
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APENDICE A - Palataforma de criacdo e manutencdo de mosquitos

Figura 14 — Plataforma de criacdo e manutencdo de mosquitos

Fonte: O Autor, 2019.
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