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RESUMO

GODOY, Raquel Soares Maid).Sc., Universidade Federal de Vicosa, jutte2015.

Morfofisiologia do intestino médio de adultos do mosquito ndo hematéfago
Toxorhynchites (Lynchiella) theobaldi (Diptera, Culicidae). Orientador: Gustavo
Ferreira Martins. Coorientador: Kenner Morais Fernandes.

Na maioria das espécies de mosquitos, as fémeas precisam se alimentar do sangue de
vertebrados para completar o desenvolvimento de seus ovos. No entanto, em mosquitos
do género Toxorhynchites, os ovos se desenvolvem sem a dieta de sangue, e ambos,
fémeas e machos desse género se alimentam exclusivamente de substancias acucaradas
O intestino médio é um 6rgdo bem conhecido nos mosquitos que se alimentam de
sangue, mas pouco se sabe a seu respeito em mosquitos ndo-hematofagos. No presente
trabalho, foi investigada a morfologia detalhada do intestino médio de Toxorhynchites
theolbadi utilizando-se métodos histoquimicos e ultraestruturais. O intestino médio de
fémeas e machos adultos de T. theobaldi consiste em um longo e fino do intestino
médio anterior (AMG), e um curto e dilatado intestino médio posterior (PMG). O AMG

€ subdividido em AMG1 (curto, com pregas) e AMG2 (longo, sem pregas).
Ramificacbes neuronais e células enteroenddcrinas estdo presentes no AMG e PMG,
respectivamente. Em comparacdo com o PMG de mosquitos-fémeas que se alimentam
de sangue, o PMG de T. theobaldi € menor; no entanto, em ambos 0s mosquitos, 0 PMG
parece ser a principal regido de digestdo e absorcdo de alimentos, e secrecdo de
proteinas. As pregas presentes no AMG de T. theobaldi ndo foram relatadas em outros
mosquitos; no entanto, a organizacdo muscular do intestino médio e o controle
endocrino do processo digestivo sdo conservados em ambos T. theobaldi e mosquitos

hematéfagos.



ABSTRACT

GODOY, Raquel Soares Maia, M.Sc., Universidade Federal de Vicosa, July,
2015Midgut of the non-hematophagous mosquito Toxorhynchites theobaldi
(Diptera, Culicidae). Adviser: Gustavo Ferreira Martin€o-advise: Kenner Morais
Fernandes

In most mosquito species, the females require a blood-feeding for complete egg
development. However, in Toxorhynchites mosquitoes, the eggs develop without blood-
feeding, and both females and males exclusively feed on sugary diets. The midgut is a
well-understood organ in blood-feeding mosquitoes, but little is known about it in non-
blood-feeding ones. In the present study, the detailed morphology of the midgut of
Toxorhynchites theobaldi was investigated using histochemical and ultrastructural
methods. The midgut of female and male T. theobaldi adults consists of a long, slender
anterior midgut (AMG), and a short, dilated posterior midgut (PMG). The AMG is
subdivided into AMGL1 (short, with folds) and AMG2 (long, without folds). Nerve
branches and enteroendocrine cells are present in AMG and PMG, respectively.
Compared with the PMG of blood-feeding female mosquitoes, the PMG of T. theobaldi
is smaller; however, in both mosquitoes, PMG seems be the main region of food
digestion and absorption, and protein secretion. The epithelial folds present in the AMG
of T. theobaldi have not been reported in other mosquitoes; however, the midgut muscle
organization and endocrine control of the digestion process are conserved in both T.

theobaldi and blood-feeding mosquitoes.



1. INTRODUCAO

O género Toxorhynchites pertence a familia Culicidae, subfamilia Culicinae,
tribo Toxorhynchitini. Apesar de compartilhar varias caracteristicas simplesiomorficas
com os demais memlsda familia, Toxorhynchites possui habito alimentar peculiar e
modificacbes adaptativas que o difere dos outros géneros de culicideos. No entanto, sua
biologia € pouco estudada, o que dificulta o entendimento de suas distngdes
esclarecimento de sua histéria evolutiva.

Um dos aspectos mais intrigantes da biologia de Toxorhynchites € seu
comportamento alimentar cujas fémeas, diferentemente dos culicideos em geral, ndo sao
hematofagas. Como o tipo de alimentacdo esta intimamente ligackracteristicas
morfofuncionais do trato digestivo, o conhecimento desse trato nas espécies do género
traz informagdes-chave para o entendimento de sua biologia, auxiliando também na

compreensao da morfofisiologia geral dos mosquitos.

1.1. CULICIDAE

O taxon Culicidae é monofilético e engloba todas as espécies de mosquitos. Seus
representantes, quando no estagiotadsfio delgados, possuem pecas bucais alongadas
e longas pernas, além de escamas em grande parte do corpo, tornando-os facilmente
reconheciveis (Harbach e Kitching, 1998). Devido a falta de ferramentas de estudo mais
conclusivas, a classificacdo atual dos membros do téxon Culicidae nao reflete
inteiramente sua historia evolutiva. Portanto, apesar de estar sujeita a modificacdes, a
familia Culicidae é atualmente composta por duas subfamilias, Anophelinae e Culicinae
(Harbach e Howard, 2007; Reidenbach et al, 2009; WRBU, 2014). Culicinae é a maior
subfamilia do téaxon Culicidae, abrangendo 3059 espécies (Harbach, 2014). Seus
representantes sdo denominados comumente como ‘“mosquitos verdadeiros” e seus
membros sdo considerados mais derivados que os da subfamilia Anophelinae
(Pawlowski et al, 1996; Besansky e Fahey, 1997; Miller et1897; Harbach e
Kitching, 1998; WRBU, 2014).

Os mosquitos apresentam ampla diversidade morfologica, paralela a uma

espetacular irradiacdo em praticamente todo tipo de ambiente, 0 que proporcionou a
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esses animais um enorme sucesso evolutivo (Grimaldi e Engel, 2005). Eles habitam
regides tropicais e temperadas, sendo algumas espécies encontradas até bem além dc
Circulo Polar Artico (Foley et al, 2007). No entanto, seu nimero e diversidade s&o
muito maiores em ambientes de floresta tropical (Harbach e Howard, 2007).

Os mosquitos sdo normalmente encontrados em ambiente cuja umidade € alta.
Algumas espécies vivem a poucos metros do solo, enquanto outras, principalmente as
silvestres, vivem no dossel de florestas. O tempo de v6o e a duracdo da atividade
alimentar sdo geralmente caracteristicos de cada espécie. Em relacdo ao periodo de
atividade, h& culicideos noturnos, crepusculares, ou ativos durante o dia (Harbach e
Howard, 200Y.

Culicideos sao insetos holometabolos (de metamorfose completa), pois possuem
distintos estagios de desenvolvimento, com seu ciclo de vida incluindo as fases de ovo,
larva, pupa e adulto. O estagio de pupa é uma fase quiescente, mas o0s estagios larvais
precisam se alimentar para dar continuidade ao seu desenvolvimento (Wiegmann et al
2009). As fases imaturas dos mosquitos sdo encontradas em um amplo espectro de
ambientes aquaticos, ocupando principalmente corpos temporarios e permanentes de
agua subterranea (Harbach e Howard, 2007

Fémeas e machos adultos de Culicidae sdo em geral morfologicamente distintos,
principalmente quanto as antenas, pecas bucais e genitalia. As diferencas sdo mais
visiveis em relacdo a morfologia das antenas e do aparelho bucal. FEémeas possuem
antenas pilosas, estruturas de perfuracdo no aparelho bucal e sdo geralmente mais
robustas que os machos, que, por sua vez, tém antenas plumosas e ndo apresentarr
proboscide com pecas perfurantes (Forattini, 2002).

Todos o0s mosquitos machos se alimentam exclusivamente de liquidos de
plantas, como néctar, mel, sumos de frutas e exudados. No entanto, com excecdo dos
géneros Toxorhynchites, Malay@Topomyia, as fémeas de mosquitos se alimentam
também de sangue de animais vivos, o que faz delas excelentes veiculos para
transmissao de patdgenos, exibindo uma enorme importancia meédica (Fig. 1) (Harbach
e Howard, 2007). Dentre os trés géneros de mosquitos nao-hematdfagos
Toxorhynchites possui um ndamero muito maior de espécies e ampla distribuicao
geografica, tornando-o mais representativo.

O sangue ingerido pelas fémeas hematéfagas €é requerido @ara

desenvolvimento de seus ovos, de forma absoluta (anautogenia) ou facultativa
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(autogenipq Fémeas anautdgenas nao produzem ovos sem 0 repasto sanguineo. Nas

fémeas autdgenas, um lote de ovo é desenvolvido apos a emergéncia do estagio adulto

mas alimentacfede sangue sdo necessarias para a producdo dos lotes posteriores
(Clements, 1992).

Figura 1: FEmeas hematédfagas adultas de mosquitos realizando repasto samguiHéanea da espécie
Anopheles quadriannulatus, representante da subfamilia Anopheina€éémea da espécie Aedes
aegypti, representante da familia Culicinae. Fonte: https://www.vectorbase.org/.

A hematofagia surgiu independentemente varias vezes no curso da evolug¢édo dos
artropodes e muitas adaptacdes comportamentais, anatdmicas e fisiologicas
acompanharam essa tendéncia evolutiva (Justice et al, 2003). Dentre essas adaptacoes,
as mandibulas dos mosquitos foram modificadas para facilitar 0 acesso ao sangue; as
glandulas salivares passaram a produzir moléculas capazes de bloquear a hemostasia; e
o intestino médio foi modificado para neutralizar rea¢cdes imunoldgicas mediadas pelo
sanguee otimizar a digestdo dos componentes sanguineos (Ribeiro, 1996; Stark e
James, 1996). No entanto, o grupo que engloba os mosquitos do género Toxahynchit
sofreu novas modificacdes adaptativas, perdendo Adwde de se alimentar de sangue
(Marguardt, 2005).

1.2. TOXORHYNCHITINI

A subfamilia Culicinae é composta por 11 tribos, sendo a Toxorhynchitini uma
delas (WRBU, 2014). Toxorhynchitini possui apenas um género, Toxorhynchites, que
por sua vez engloba 4 subgéneros, Toxorhynchites, Afrorhynchus, Ankylorhymchus
Lynchiella. O subgénero Toxorhynchites ocorre apenas no Velho Mundo; Afrorhynchus

é encontrado na Africag Ankylorhynchus e Lynchiella (a qual inclui a espécie em
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estudo) sdo confinados ao Novo Mundo. Ao todo, sdo reconhecidas 90 espécies do
género atualmente. Toxorhynchites foi anteriormente encaixado em uma subfamilia
exclusiva (Toxorhynchitinae) dentro do taxon Culicidae. Hoje, por apresentar maiores
semelhancas morfologicas com culicineos do que com anofelinos, e por se acreditar que
a maioria das caracteristicas distintivas deste género séo caracteristicas adaptativas
secundérias relacionadas ao grande tamanho e aos habitos de alordsstéay@as e

adultos, Toxorhynchites foi incluido na subfamilia Culicinae (WRBU, 2014).

O género Toxorhynchites inclui os maiores mosquitos ja identificados. Os
adultos séo facilmente reconhecidos pelo grande tamanho e pela peculiar probdscide
dobrada(Fig. 2). O corpo é coberto por escamas iridescentes de cores vivas e 0S
segmentos abdominais posteriores possuem tufos de escamas laterais. As larvas também
sdo grandes e apresentam cores que variam entre o rosa, vermelho e roxo, o que também
as torna de facil identificacdo (WRBU, 2014).

Figura 2: Macho de Toxorhynchites rutilus, representante da tribo Toxorhynchitini (sub&éam
Culicinae). Fonte: http://bugguide.net/node/view/721549/bgpage
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Toxorhynchites € encontrado na maioria das regifes tropicais e também em
algumas regides subtropicais e temperadas do mundo, e os principais tipos de vegetacao
gue eles ocupam sdo as florestas (Muspratt, 1951). Suas larvas geralmente habitam
buracos de arvores e bambus, mas algumas sao vistas nas axilas de folhas, em plantas
carnivoras, fendas de rochas e recipientes artificiais (Schreiber, 2007).

Os ovos de Toxorhynchites sdo ovais, brancos ou amarelos e encemtram-
flutuando na superficie da agua ou logo abaixo desta. O periodo de incubacéo é de 40-
60 horas e pode variar dependendo da temperatura. A fase larval possui quatro instares,
com duracéo total de desenvolvimento variando de 13-91 dias, dependendo da espécie,
temperatura e disponibilidade de alimento. O periodo pupal ocorre entre 3-12 dias e

depende principalmente da temperatura (Steffan e Evenhuis, 1981).



As larvas de Toxorhynchites sdo predadoras e, por isso, possuem partes bucais
modificadas, compostas por 10 ou menos filamentos espessos achatados utilizados para
agarrar as presas (WRBU, 2014). Elas se alimentam de invertebrados aquaticos,
incluindo larvas de outros mosquitos, sendo Uteis em tentativas de controle de
culicideos de importancia epidemiolégica, como Aedes aegypti, Aedes albapictus
Culex quinquefasciatus (Regis, 1995; Collins e Blackwell, 2000; Shaalan e Canyon,
2009; Nyamah et al, 2011). Algumas dessas tentativas falharam, o que pode ter
ocorrido, pois, na elaboracéo de estratégias de controle biologico, é indispensavel que a
biologia de ambos espéc#« e agente potencial de controle sejam entendidas
completamente, o que n&®m caso do género Toxorhynchitédém disso, a utilizacdo
desses predadores no controle de outras espécies esbarra na dificuldade de criagcdo em
laboratorio para obtencdo de mosquitos em grande quantidade (Steffan e Evenhuis,
1981; Collins e Blackwell, 2000; WRBU, 2014).

Como o género nao esta incluido na lista de “espécies-praga”, e ndo € vetor de
doencas por ndo apresentar comportamento de hematofagia, a biologia geral e a
taxonomia de Toxorhynchites tém sido amplamente negligenciadas. Excec¢fes foram
descri¢cdes da ecologia de algumas espécies, somado a um pequeno numero de estudos
taxondmicos (Collins e Blackwell, 2000).

Por fim, o peculiar comportamento alimentar das fémeas de Toxorhynchites
somado a falta de estudos sobre sua biologia revela a importancia da investigacdo da
morfofisiologia do érgdo digestivo de espécies do género, a fim de revelar que
modificacdes relacionadas com a dieta podem ter ocorrido durante sua evolucao, além
de aperfeicoar o conhecimento geral sobre o sistema digestivo de Culicidae.

1.3. SISTEMA DIGESTIVO DE INSETOS

A estrutura béasica do trato digestivo dos insetos consiste em um tubo formado
por tecido epitelial de camada Unica que vai da boca ao anus (House, 1974, Dow, 1986)
Ele é sustentado na cavidade corporal por musculos viscerais extrinsecos, que ao
contrairem promovem a dilatacdo do lumen intestinal. Mlsculos viscerais intrinsecos
longitudinais e circulares também estdo presentes, permitindo que o intestino sofra
dilatacdo e submeta-se a movimentos peristalticos (Bernick et al., 2008). De acordo

com sua origem embrionaria e funcgéao fisiologica, o trato digestdividido em tés
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regides principais: intestino anterior, intestino méiatestino posterior (House, 1974;
Chapman, 1985; Dow, 1986

Invaginacoes do ectoderma denominadas estomodeu e proctodeu originam 0s
intestinos anterior e posterior, respectivamente. Por serem derivadas de células
ectodérmicas, essas porcdes do intestino sdo revestidas internamente por cuticula,
caracteristica que oferece limitagcbes para sua capacidade de absorcdo e digestao
(Snodgrass, 1935). A cobertura cuticular € secretada pelas proprias células epiteliais
dessas regifes e € continua com a cuticula do revestimento corporal (House) 1974).
intestino meédio € a Unica estrutura do inseto que deriva da endodepoejsso, ndo
possui revestimento cuticular. Os tubulos de Malpighi se inserem entre o intestino
médio e o intestino posterior como evaginagdgsdérmicas desse ultimo (Chapman,
1985; Lehane e Billingsley, 1996).

A primeira regido do intestino anterior € a faringe, que € seguida pelo esodfago.
Esse ultimo consiste geralmente em um tubo simples que desemboca no intestino
médio, embora em algunssétos possa estar modificado em um “estbmago” ou papo
dilatavel utilizado para estocar alimento (Klowden, 2007). Em insetos adultos das
ordens Diptera e Lepidoptera, o “estdmago” existe como um diverticulo separado do
resto do esodfago por um ducto (Winteringham, 1965; Kathuria, 1972). O alimento
composto de agdres ¢ primeiro estocado no “estobmago” e entdo passa vagarosamente
para o intestino médio, enquanto proteinas sdo enviadas diretamente para o intestino
médio (Clements, 1963; Klowden, 2007). A coberfcuticular do “estomago” limita
sua capacidade absortiva, fazendo com que este funcione basicamente como um
reservatério alimentar, apesar de permitir a absor¢cdo de alguns lipidios. Embora a
absorcao seja limitada, a digestdo pode ocorrer nessa regido devido a acédo continuada
de enzimas das glandulas salivares presentes no bolo alimentar. A parte posterior do
intestino anterior € modificada em um proventriculo muscular (cardia) que funciona
como um esfincter, regulando a passagem do alimento para o intestino médio (House,
1974; Klowden, 2007).

O intestino médio consiste basicamente em um tubo que liga o intestino anterior
ao posterior $ilva et al, 201p Ele contém pelo menos trés tipos celulares arranjados
em uma camada epitelial Gnica, que sdo as células colunares (ou digestivas)
regenerativas e endocrinas. As células colunares sdo as mais numerosas, e possuem as

bordas que séo voltadas para o lumen repletas de microvilos, aumentando a area de
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superficie absortiva e secretora. Elas contém varias redes de reticulo endoplasmatico
necessarias para a produgdo de enzimas digestivas e absorvem a maioria dos nutrientes
do lumen intestinalGhapman, 1989 ehane e Billingsley, 1996 Esss células estao

em constante renovacao a partir das células-tronco regenerativas, que por sua vez estéao
localizadas na regido do intestino médio adjacente a hemolinfa. As células regenerativas
se dividem assimetricamente e tem a capacidade de se diferenciar tanto em células
colunares quanto enddcrinas (Chapman, 1985). Essas ultimas, por fim, estdo em contato
com o limen e/ou com a hemolinfa, contém muitos granulos secretorios citoplasmaticos
eletron-densose sdo encontradas dispersas no epitélio intestinal geralmente como
células simples, embora algumas vezes possam estar organizadas em pequenos grupos
(Andriés e Tramu, 1985, Klowden, 2007).

A regido anterior do intestino médio pode conter diverticulos denominados
cece gastricos, que aumentam a area de superficie do 6rgdo para a absor¢cédooe secreca
de substancias e criam um fluxo contracorrente dentro do intestino, resultante de sua
absorcéao diferencial de agua (Terra, 1990; Billingsley e Lehane, 1996). Esta é secretada
no limen pelo intestino posterior, e se movimenta para frente para ser absorvida na
regido cecal, permitindo que solidos néo digeridos se movimentem de volta para serem
finalmente digeridos e absorvidos no intestino médio (Billingsley e Lehane, 1996;
Klowden, 2007).

Devido a auséncia de cuticula, as células do intestino meédio estédo
constantemente sujeitas a abrasado pelo alimento. Na grande maioria dos insetos, células
do intestino médio produzem uma matriz extracelular denominada matriz peritrofica
(MP), que consiste em uma estrutura saculiforme composta por microfibrilas de quitina
proteinas e glicoproteinas em uma matriz de proteoglicano (Moskalik et al., 1996;
Lehane, 1997). As varias proteinas que suprem a MP sdo denominadas peritrofinas e
possuem dominio de ligacdo a moléculas de quitina (Dinglasan et al., 2009). Proteinas e
precursores de quitina sdo secretados por células digestivas do intestino médio, e a MP
se organiza por intercalacéo de fibrilas de quitina e peritrofinas (Hegedus et al, 2009;
Rose et al, 2014).

Existem dois tipos de MP com base em seus sitios de siRwetses( 1992
Lehane, 1997). A MP tipo | é secretada por todas as células digestivas e se condensa
para formar a redeug circunda o bolo alimentar. Sua producdo pode ocorrer

continuamente, no caso da maioria dos insetos ndo-hematéfagos; ou ap6s estimulos do
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alimento ao chegar no intestino médio, como ocorre tipicamente em insetos
hematofagos. A MP do tipo Il € formada sempre continuamente por um anel de células
localizado na cardia (ou valvula estomodeal), que produz um tubo em movimento
retrogrado com funcdo de engloba bolo alimerdar. Esse tubo entdo se estende
revestindo o interior dos intestinos médio e posterior (Jacobs-Lorena e Oo, 1996;
Lehane, 1997

Distintos estagios de vida de um mesmo inseto podem proMRsr de
diferentes tipos (Tellam et al, 1999). Todos os tipos de MP contém poros e apresentam
permeabilidade a algumas enzimas digestivas e certos produtos da digestdo. Essa
permeabilidade seletiva cria dois compartimentos; o espaco endoperitréfico, circundado
pela MP e o espaco ectoperitréfico, localizado entre a parede intestinal e a MP. A
compartimentalizacdo das enzimas digestivas e seus produtos resultante da presenca da
MP leva a uma maior eficiéncia na digestdo por manter as enzimas e seus substratos
especificos concentrados em um mesmo compartimento (Lehane HEQjEdus et al
2009.

O intestino médio também age como uma barreira contra patdgenos, cuja
principal importancia esta ligada a transmissdo de doencas pelos vetores hematéfagos
(Arias-Goeta et al, 2013). As enzimas digestivas e a MP secretadas nessa porgéo do
intestino oferecem resisténcia ao desenvolvimento dos parasitas. Além disso, a
permeabilidade seletiva da MP pode proteger o inseto contra possiveis toxinas presentes
no alimento, impedindo-as de atravessarem a MP e afetarem diretamente as células
intestinais (Abraham and Jacobs-Lorena, 2004; Arias-Goeta et al, 2013; Agrawal et al,
2014).

O processo digestivo dos insetos envolve a acao de varias enXiigestao
inicial ocorra no espaco endoperitrofico; e as fases intermédiaria e final ocorrem no
espaco ectoperitréfico e ao nivel das células intestinais, respectivamente (Terra, 1990;
Silva et al, 2012). A maior parte do alimento que requer digestdo € composta por
polimeros, tais como amido, celulose, hemiceluloses e proteinas. Primeiramente, ocorre
um descréscimo na massa molecular dos polimeros pela acdo das despolimerases
(amilases, proteinases, etc) e oligomerases (aminopeptidases), que entdo formam
dimeros e pequenos oligbmer@®erra, 1990)Os dimeros séo clivados a monémeros
por dimerasescglobiase, maltase e dipeptidases)cestando o processo digestivo
(Silva et al, 2012).



Apos a digestdo do alimento no intestino médio, o material ndo digerido segue
em direcdo ao intestino posterior, gileomposto por piloro, ileo e reto. O piloro é a
valvula de onde os tubulos de Malpighi surgem. O ileo consiste em um tubo estreito
seguido pelo reto, que € mais alargado (Klowden, 2@7htestino posterior, cuja
principal funcdo é osmoregulacao, é revestido por uma cuticula mais permeavel que a
do intestino anterior e contém a abertura dos tubulos de Malpighi, que por sua vez
funcionam produzindama “pré-urina” isosmotica a partir da hemolinfa contendo ions,
aminoacidos e metabdlitos (Hanrahan et al, 1984). O intestino posterior reabsorve
seletivamente agua, aminoécidos e alguns ions, produzindo uma urina hiper ou
hiposmoética, que € excretada juntamente com o bolo fecal. Esse bolo é formado por
produtos nédo digeridos e materiais descartaveis que passam pelo intestino posterior e
perdem agua (Phillips et al, 1987, Klowden, 2007

1.4. INTESTINO MEDIO DE MOSQUITOS

Somente 0s mosquitos que se alimentam de sangue estdo envolvidos na
transmissao de patdégenos. Por esse motivo, as pesquisas sdo mais direcionadas ao sel
estudo, sendo grande parte da revisdo bibliografica voltada ao conhecimento sobre

sistema digestivo de fémeas hematofagas.

Alguns estudos com glandulas salivares de mosquitos mostraram que tais
estruturas sdo sexualmente dimérficas nas espécies em que as fémeas sdo hematofagas
As glandulas salivares dos machos sdo menores e ndo tém, ou possuem pouca atividade
relacionada com a ingestéo de sangue, caproducéo de substancias antiplaquetarias,
anticoagulantes e vasodilatadoras (Ribeiro et al, 1984; Rossignol e Lueders, 1986;
Marinotti et al, 1990; Moreira-Ferro et al, 199%orém, experimentos utilizando
Toxorhynchites revelaram que suas glandulas salivares sdo sexualmente monomorficas,
refletindo o tipo idéntico de dieta do macho e da fémea (Jariyapan et al, 2004). Tal
achado oferece uanpista de que modificacdes evolutivas importantes ocorreram no

trato digestivo desses insetos.

Assim como ocorre na classe Insecta em gerattestino meédio (Fig. 3¢ a
porcao do trato digestivo de mosquitos responsavel por quase a totalidade tda diges

do alimento (Billingsley, 1990). Por isso, e por essa ser consequentemente a regiao mais
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propicia a modificagdes adaptativas relacionadas ao tipo especifico de dieta, seu estudo

torna-se de maior interesse.

O intestino médio dos mosquitos compreendasdegifes distintas que se
diferem morfologica e funcionalmenténtestino médio anterior (IMA) e intestino
médio posterior (IMP)O IMA configura-se como um tubo simples relacionado com a
digestédo/absor¢cédo de acucares (Billingsley, 1990). O IMP est4 mais envolvido com a
digestdo de sangue e compreende um saco expansivel cujas células sdo multifuncionais
para desempenhar pelo menos trés papéis: regulacdo hidrica pds-repasto sanguineo;
sintese e secrecao de enzimas digestivas e componentes eaibdbrcédo de nutrientes
(Billingsley, 1990.

/_ = i
/f - 7- // :
7 glandula papo
Selvar intestino
médio

Figura 3: Visdo geral do trato digestivo de mosquitos, com destaque para o intestino kheédificado
deRebecca et al, 2014.

7 s

Quando o alimento é uma solucdo acucarada, como néctar, ele é estocado
primeiramenteno “crop’ ou “estdmago”, € vai passando aos poucos para o intestino
médio. Se o alimento é sangue, ele vai diretamente para o intestino médio, sendo
armazenado no IMP. O principal fator que determina o destino do alimento é sua
composicado quimica (Gooding, 1972), apontando para a existéncia no mosquito de
receptores para glicose e/ou para alguma substancia presente no sangue. Além disso,
sabe-se que 0 néctar possui inibidores de proteinases, e isso pode ser um dos motivos
pelo qual ocorre essa separacao espacial do tipo de alimento (Gooding, 1973), essencial

no caso das fémeas, por possuirem ambos os tipos de dietas.

Nas espécies de mosquitos cujas fémeas sdo hematofagas, o intestino médio de
fémeas e machos difere quanto ao tamanho e morfologia. As fémeas possuem regiédo
anterior reduzida e regidao posterior mais desenvolvida que os machos (Christophers,

1960). Essas diferencas provavelmente refletem adaptacfes relacionadas a dieta.
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O epitélio do IMA é responsavel pela digestdo e absorcdo de carboidratos
(Billingsley e Hecker, 1991Billingsley, 199Q. Nas fémeas hematofagas, a presenca de
um plugue de material da matriz peritrofica (MP) no inicio do IMP impede o
envolvimento direto do IMA na digestdo de sangue (Perrone e Spielman, 1988;
Billingsley e Rudin, 1992). Além disso, glicosidases secretadas pelas células do IMA
ajudam a suportar um papel dessa por¢gdo do intestino na digestdo de carboidratos
(Billingsley, 1989). Esta porcdo é bem suprida por terminacdes nervosas, ao contrario
do IMP, o que colabora com a idéia de que essas duas regides fumciona

independentemente (Hecker, 1977; Billingsley, 1990).

Tanto as células epiteliais do IMA quanto as do IMP possuem caracteristicas
ultraestruturais que apontam para as funcbes de estocagem, sintese, secrecao e absorca
de substancia@ertram e Bird, 1961; Rudin e Hecker, 1976).

As células que compdem o IMA normalmente possuem uma lamina basal
continua em contato com a hemolinfa, microvilos densamente empacotados e um
labirinto basal bem formad@Hecker et al, 1974; Hecker, 1977). As membranas
plasmaticas altamente dobradas dos microvilos (regido apical) e labirinto (regido basal)
sdo tipicas do epitélio absortivo. O reticulo endoplasmético rugoso (RER) das células do
IMA ocorre como peqguenas cisternas simples em Aedes aegypti, e cisternas mais longas
e pobremente organizadas em Anopheles gambiae, Anopheles steplaiek pipiens
fatigans. O reticulo endoplasmético liso (REL) é encontrado denso e altamente
organizado nessa regiado (Hecker, 1977).

O IMP possui células secretoras apresentando pilhas e espirais de reticulo
endoplasmatico rugoso (RER); aparelho de Golgi numeroso e pobremente orga&nizado;
vesiculas secretoras. Células com funcédo de estocagem também foram encontradas
nessa regido, contendo depdsitos de lipidio e glicogénio (Bertram e Bird, 1961,
Reinhardt e Heckef,973).0 glicocéalicedas células do IMP de Culex tarsglsssuem
glicosaminoglicanos e/ou glicoproteinas acidas, enquanto que as membranas
plasmaticas laterais, o labirinto basal e a lamina basal sdo altamente ani6nicos,

consistente com seu papel regulatério (Houk et al, 1986a; Houk et al, 1986b).

Quando o alimento é sangue, as células do IMP submetem-se a uma deformacéo

assim que essa regiao é preenchida, e o estresse mecanico envolvido é compensado pele
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presenca de juncgOes intercelulares em suas membranass.lakera espécies de
Anopheles, as células do IMP possuem apenas desmossomos septados como juncdes
intercelulares (Hecker, 1977) Em culicineos, sdo encontradas juncdes do tipo zonula
continua proximas ao apice celular, e desmossomos nas regides basais (Reinhardt e
Hecker, 1973; Hecker, 1977; Houk e Hardy, 1979).

As células epiteliais do intestino médio de fémeas adultas de mosquitos
produzemMP do tipo | em resposta a ingestdo de sangue. Varios papéis foram
propostos para essa estrutura, dentre eles o de protecdo contra patdégenos e protecao
fisica do epitélio; filtracdo semipermeavel de proteinas e enzimas digestivas; barreira de
retencao paraibidores de proteinases; e uma camada para prevenir o entupimgnto do

microvilos por material do [imen (Marquardt, 2005).

A MP impede que o alimento ingerido figue em contato direto com o epitélio. A
formagcdo dessa matriz ocorre diferentemeate culicineos e anofelinos. Nesses
altimos, o material precursor da matriz ja esta presente em granulos, que séo liberados
apos a ingestao de sangue (Hecker, 19Hm)culicineos, a MP ¢ formada “de nov®
pelas células do IMP (Rudin e Hecker, 1976).

Para a formacao da MP em anofelinos, granulos de secrecéo apicais das células
digestivas sédo liberadano lumen do IMP, exclusivamente em resposta ao estresse
mecanico durantaalimentacdo. Esses granulos séo repostos enquanto ocorre a digestao
subsequente (Berner et al, 1983ilingsley e Rudin, 1992). © seus conteudos

coalescem e entdo condensam para formar é8dier et al, 1983).

Em culicineos, algum tempo apo6s a refeicdo sanguinea, forma-se uma MP
discernivel mostrando uma estrutura densamente laminada proxima aos microvilos, que
por sua vez tornam-se progressivamente menos estruturados e, finalmente, a MP atinge
sua estrutura altamente organizada, com numerosas caffREtasne e Spielman,
1988).

As células do intestino médio que ndo estdo diretamente envolvidas com a
digestdo sdo as regenerativas e endocrinasker, 1977;Brown et al., 1985). As
células regenerativas sdo caracterizadas por um citoplasma denso contendo poucas
organelas diferenciadas, uma quantidade pequena de mitocondrias, nucléolo né&o-

evidente, além de nenhuma especializacdo nas membranas celulares apicais e basais
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(Clements, 1992). &células enddcrinas podem ser distinguidas das demais células do
sistema digestivo devido a sua estrutura refinada. Em A aegypti, pelo menos 500
células enddcrinas estdo presentes por epitélio do IMP, sendo concentradas
posteriormente e constituindo o maior 6rgao enddcrino do mosquito (Brown et al.,
1985). Pelo menos dois tipos de células enddcrinas estao presentes, as célulassclaras e
escuras, e cerca de 25% dessas células sdo encontradas adjacentes as células
regenerativas do epitélio. Dentre esses dois tipos, sdo encontradas células que atingem e
gue nado atingem a superficie luminal, essas primeiras contendo microvilosidades e em
nenhuma delas havendo labirinto basal. Vesiculas secretoras, produzidas pelo complexo
de Golgi, sdo geralmente concentradas no ter¢o basal do citoplasma dessas células, e
varias formas de corpos lamelares estdo também presentes. O conteudo das vesiculas €
liberado diretamente na hemolinfa por exocitose (Brown et al., 1985; et al.,, 1987;

Billingsley e Lehane, 1996

Dois hormoénios peptidicos, o neuropeptideo semelhante ao FMRFamida de
moluscos e o hormdnio semelhante ao polipeptidio pancreético de vertebragos (PP
foram localizados nas células enddcrinas intestinais de algumas espécies de mosquitos.
Ambos os hormdnios sdo encontrados em vesiculas tanto das células enddcrinas claras
qguanto das escuras, mas nem todas as células apresentam imunoreatividade (Brown et
al, 1986;Glanttli et al, 1987). A marcacéo das células enteroenddcrinas com anticorpos
anti-FMRFamida é a mais utilizada para auxiliar na sua distingdo entre os tipos

celulares do epitélio.

Em relacéo ao processo digestivo enzimatico, quando o mosquito ingere sangue,
asua presenca no intestino médio estimula a secrecao de enzimas digestivas no limen
intestinal, cujas principais sdo as proteoliticas (Billingsley, 1991; Terra, 1996). Enzimas
proteoliticas (ou proteases) sao divididas em endo e exo-peptidades. Endopeptidases sédo
moléculas relativamente pequenas (~25-30 kDa) que clivam grandes complexos
proteicos e sdo capazes de passar através dos poros e espéieoExiapeptidades sao
enzimas maiores (>100 kDa) geralmente ligadas a membrana plasmatica do epitélio
intestinal que hidrolisam as regifes terminais de pequenas proteinas e peptideos
(Borges-Veloso et al., 2012; Weidlich et al., 2012).

A principal enzima do processo digestivo dos mosquitos hematofagos é a
protease tripsina. Dentro de poucas horas ou dias apds a ingestdo do sangue, 0s niveis
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de proteases podem aumentar 20 vezes. A sintese da tripsina inicial &€ aparentemente
parte de um sistema Unico de transducdo de sinais e sua sintese geralmente € induzida
pela presenca de aminoacidos livres encontrados no bolo sanguineo (Noriega et al
1999; Marquardt, 2005). Acredita-se que sua funcéo pode ser determinar se ha proteina
suficiente para suportar o ciclo gonadotroéfico. Quando isso ocorre, vias de transducao
de sinais ativam a transcricao da tripsina tardia, e de genes que codificam outros tipos
de enzimas digestivas para digerir 0 sangue. Dentre esses outros tipos, as principais sao

as amino e carboxipeptidades (Marquardt, 200&idlich et al, 201

Imediatamente ap0s a emergéncia das fémeas adultas de mosquito, o intestino
médio ainda ndo esta completamente diferenciado, o que as impede de se atimentar
de sangue (Hecker, 1971). As células do IMP de A aegypti nesse momento séo
extremamente irregulares na forma, possuem poucos microvilos e um aparato sintético-
secretorio precariamente desenvolvido. Dentro de um dia ap0s a emergéncia,
desmossomos se desenvolvem ao longo da margem celular apical, os microvilos
formam uma “borda em escova” completa, ¢ o reticulo endoplasmatico rugoso se
desenvolve em pilhas e espirais bem organizadas. Trés dias apdés a emergéncia, as
células do IMP estdo maduras formando um epitélio colunar regular e os mosquitos
estdo prontos para realizar o repasto sangytecker, 1971Hecker et al, 1974) . Em
Anopheles spp., processo de maturagdo semelhante ocorre, mas n&o envolve
desenvolvimento de desmossomos e inclui sintese de vesiculas apicais contendo
precursores da MEBerner et al, 1983; Hecker, 197 8e o0 mosquito ndo realiza o
repasto sanguineo, as células do IMP exibem sinais de processos degenerativos, como
aumento das frac6es de lisossomos e mitocondrias, e perda drastica da quantidade de
reticulo endoplasmatico (Bauer et al, 1977).

Apesar de todo o conhecimento atual sobre a biologia do intestino médio de
mosquitos hematéfagoainda ndo ha uma descricdo modafiégica do intestino al
nenhuma espécie fitéfaga. Estudos envolvendo essas espécies seriam importantes para
acrescentar na literatura informacfes a respeito da biologia geral dos mosquitos

elucidando diferentes adaptacdes evolutivas relacionadas aos tipos de dietas.
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3. OBJETIVOS

3.1. OBJETIVOS GERAIS

Analisar e caracterizar a estrutura do intestino médio de mosquitos adultos de

Toxorhynchites theobaldi.

3.2. OBJETIVOS ESPECIFICOS

a) Descrever a morfologia e caracteariasitipos celulares do intestino médio;

b) Verificar se ha diferencas morfolégicas entre os epitélios do intestino médio

anterior e posterior.
c) Observar se ocorre a producao de matriz peritrofica pelas células intestinais.

d) Comparar a estrutura intestinal do macho e da fémea.
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Abstract

In most mosquito species, the females require a blood-feeding for complete egg
development. However, in Toxorhynchites mosquitoes, the eggs develop without blood-
feeding, and both females and males exclusively feed on sugary diets. The midgut is a
well-understood organ in blood-feeding mosquitoes, but little is known about it in non-
blood-feeding ones. In the present study, the detailed morphology of the midgut of
Toxorhynchites theobaldi were investigated using histochemical and ultrastructural
methods. The midgut of female and male T. theobaldi adults consists of a long, slender
anterior midgut (AMG), and a short, dilated posterior midgut (PMG). The AMG is
subdivided into AMGL1 (short, with folds) and AMG2 (long, without folds). Nerve
branches and enteroendocrine cells are present in AMG and PMG, respectively.
Compared with the PMG of blood-feeding female mosquitoes, the PMG of T. theobaldi
is smaller; however, in both mosquitoes, PMG seems be the main region of food
digestion and absorption, and protein secretion. The epithelial folds present in the AMG
of T. theobaldi have not been reported in other mosquitoes; however, the midgut muscle
organization and endocrine control of the digestion process are conserved in both T.

theobaldi and bloodeeding mosquitoes.

Keywords: Culicidae, digestive system, midgut, Toxorhynchites
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Introduction

The family Culicidae (Diptera) is monophyletic and consists of all mosquito
species’, including species of the tribe ToxorhynchitmiThis tribe includes a single
genus, Toxorhynchites, comprising approximately 93 speciesUnlike most
mosquitoes, in Toxorhynchites, females are not hematophatplusHence, egg
development does not depend on blood supply and, as adults, both males and females
feed exclusively on nectar, honey, and other sugary substaifcesLack of
hematophagy is not an exclusive characteristic of Toxorhynchites and is shared with
other genera (e.g., Malaya and Topomyia) in the family Culicidae. Among the non-
hematophagous mosquitodsxorhynchites has a greater number of species and wider
geographic distributiof, making this genus more representative.

The midgut is the portion of the digestive tract responsible for digestion of
food in mosquitoe€*® In adult mosquitoes, the midgut has two portions, which differ
morphologically and functionally: the anterior midgut (AMG) is mainly associated with
sugar digestion and absorptidh'? and the posterior midgut (PMG), which is an
expandable sac whose cells are involved in blood digestion (females exclusively), water
regulation, digestive enzyme and peritrophic matrix (PM) component synthesis and
secretion, and nutrient absorptioti 4

Unlike the PMG, the AMG of adult mosquitoes is well supplied by nerve
endings®. However, both AMG and PMG are enclosed externally by circular and
longitudinal muscles, which assist in food movement and provide structural integrity
1015 The midgut epithelium is adjacent to the muscle fibers, and is predominantly made
up of digestive cells. These cells actively participate in nutrients digestion and
absorption, with two typical types of cell membrane specializations: microvilli and

basal labyrinth®. The other cells not directly involved in digestion include endocrine
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cells, related to the control of digestive processes through the release of hormones and
neuropeptides; and regenerative cells, responsible for the renewal of midgut epithelium
10,13,1(?

The midgut in blood-feeding female mosquitoes is the site of blood digestion
and the gateway for establishment of various human pathogen, including viruses,
protozoa, and nematodé$®®. This explains why the midgut is one of the most
understood organs in mosquitoes. However, there has been little research on the midgut
of non-hematophagous mosquitoes, such as Toxorhynchites. Therefore, in the present
study, the midgut morphological and functional characteristics of female and male
Toxorhynchites theobaldi were investigated, and the differences between this species
and blood-feeding mosquito species were discussed. Additionally, this study will also

help in understanding the overall morphophysiology of the Culicidae midgut.

Results

General morphology and histology

The midguts of both female and male T. theobaldi consist of a long, slender
AMG, and a smaller, dilated PMG. In both females and males, the AMG is divided into
two distinct parts: AMGL1, with folds on the surface and located in the thorax; and
AMG2, without folds and located in abdomen (Fig. 1a and Sup. Fig. a). The total length
of the midgut was 6.1 mm in females and 4.5 mm in males, however, length and width
of the different regions of the midgut were proportional between females and males.
The length of the AMG corresponded to ~84% of the total midgut length. The length of
AMG1 corresponded to a quarter of the total length of the AMG. The width of PMG

was higher than AMG1 or AMG2 (Fig. 1b).
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In the three regions of the T. theobaldi midgut (AMG1, AMG2, and PMG)
there was a single cell layer epithelium with cells displaying brush borders (Figs. 2a, 29,
and 3a). The AMG1 epithelium was continuous with the cardia epithelium
(proventriculus or the transition between the foregut and midgut) and had many
wrinkles or folds (Figs. 2a and 2d). In AMG2 and PMG, no folds were seen, but
undulations occurred in the basal region of the epithelium, where the circular muscles
are inserted (Figs. 2g and 3a). In AMGL1, digestive cells were approximately of the same
height (Fig. 2a), unlike AMG2, where cells exhibited different heights, forming a
narrow lumenwith an “X” shape when cross-sectioned (Fig. Bf)the PMG, digestive
cells were aligned with the nucleus positioned at the same height (Fig. 3a). The height
of the epithelium and the thickness of brush border in each of the three-midgut regions
were similar between females and males (p > 0.05). Digestive cells in PMG were higher
(43.34 um) and had thicker brush borders (11.31 pm) than AMG1 and AMG2, which
had similar measurements (22.78 pm epithelial height and 3.59 pm brush border) (Fig.
1c).

In the three regions of the midgut, digestive cells had elongated or rounded
nuclei, and their supranuclear portion was predominantly acidic (Figs. 2c and 3a). The
subapical cell region, immediately below the brush border, was negative for the PAS
reaction, but rich in proteins. This region was thicker or more evident in PMG (Figs. 2d,
3d-3e). The brush border on all regions of the midgut was positive for the PAS reaction
(Figs. 2a, 2f and 3d). Besides digestive cells, other cells were seen in the basal region of
the midgut epithelium (Fig. 2c and 3a). These basal cells could correspond to
regenerative or enteroendocrine cells. In whole mounts, they had small nuclei with no
defined shape, unlike the digestive cells with large, elongated, and regular nuclei (Figs.

3f—g). Externally, the midgut had elongated and large nuclei of muscle cells (Fig. 3h).
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The lumen of AMG1 and AMG2 was narrow, sometimes with opposite brush
borders very close to each other (Figs. 2a and 2f), while the PMG lumen was large (Fig.
3c). In AMG1 and PMG, structures protruding from the apical side of the digestive cells
towards midgut lumen were visualized, characterizing the process of aprocrine
secretion. These structures were positive for proteins (Figs. 2d and 3b), and negative for
PAS reaction (Supplementary Figs. d-e). In AMGL, these structures were basic, while in
PMG, they were acidic (Figs. 2c and 3a). This type of cell process was not seen in

AMG2.

In midguts where the food bolus is being transferred to the hindgut, digestive
cells of AMG and PMG exhibited intense staining for the PAS reaction. This staining
was observed in the apical and basal regions, or only in the basal region of cells (Figs.
2e and 3d).

A PAS-positive material, corresponding to the PM, was also seen in the lumen
of midgut, including inside epithelial folds of AMG1 (Figs. 2b, 2g and 3d). This PM
was thin and loosely organized (Figs. 2b and 3d). The presence of PM in the lumen of
all midgut regions of T. theobaldi were confirmed by WGA-FITC staining (Figd).4a
In the AMG1 (Fig. 4a) and AMG2 (Fig. 4b), the labelling was seen just above the brush
border. Differently, the labelling in PMG were more diffused or located in the center of
the lumen (Figs. 4c).

By phalloidin-FITC labeling (actin marker), muscle bundles were seen in the
midgut of T. theobaldi, forming a network covering the outer wall of the organ. This
labeling revealed the arrangement of circular and longitudinal bundles in the three
regions of the midgut (Fig. 5a). The longitudinal bundles had similar width in the

AMG and were apparently thicker in the PMG, whereas the circular bundles were
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thicker in AMG1, becoming narrower in the passage between AMG1 and AMG2 (Figs.
5d-f).

The circular bundles were organized orthogonally to the longitudinal ones. Each
circular bundle was interconnected to neighbor circular bundles. The interconnection of
the circular muscle bundles always occurred at the same position along the midgut
length (Figs. 5d-e and 5g).

The longitudinal bundles were parallel and with few branches, seen only in
some muscle bundles of AMG1 and PMG (Figs. 5d and 5g). The longitudinal bundles
were not all continuous from the beginning to the end of the midgut, with some of them
terminating early in the PMG, while others originated from the rear end of the PMG,

extending the transition of AMG2 to PMG (Fig. 5f).

Transmission electron microscopy

AMG1

The AMGL1 digestive cells had densely-packed microvilli in the apical region
and invaginations in the basal region, forming an extensive and sparse labyrinth, which
occupied nearly half the cell (Figs. 6a and 6f). The microvilli were thin, tall, numerous,
and contained extracellular material with granular aspect on its ends, corresponding to
the PM (Fig. 6b).

The digestive cells of AMG1 had many mitochondria and lamellar bodies in the
apex (Fig. 6¢). Golgi apparatus, small autophagic vacuoles, lamellar, and multilamellar
bodies were also seen (Figs. 6d, 6e, and 6g). The basal lamina was compact and
continuous, and had undulations and depressions (Figs. 6f and 6h). Muscle cells were

located adjacent to the basal lamina (Figs. 6a and 69).
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Regenerative cells were seen in the basal region of the epithelium of AMG1,
AMG2, and PMG (Figs. 6h and 7d). These small cells had few organelles and extensive
lateral expansions, which establish a connection with the neighboring regenerative cells
and the basal lamina. Differentiating regenerative cells had emerging microvilli and
basal labyrinths (Fig. 6h).

AMG2

AMG digestive cells had long and slender microvilli (Figs. 7a, inset and 7b). As
well as in AMGL1, microvesicle-like structures were seen close to the PM, with single or
double layers (Fig. 7c). The digestive cell cytoplasm had autophagic vacuoles (Fig. 7b,
inset), electrondense lysosome-like structures, and many mitochondria and rlamella
bodies concentrated in the apex (Fig. 7b). The basal labyrinth was extensive, but less
developed than in AMGL1, and the basal lamina was compact and continuous (Fig. 7d).

Enteroendocrine cells were seen in AMG2, and in PMG. In both regions, these
cells had electron-lucent nuclei, few mitochondria, and many small electrondense
granules. These cells established contact with the basal lamina through extensive
cytoplasmic processes (Figs. 7d, 8h, and 8i).

PMG

The microvilli of digestive cells of PMG were thin, numerous, and higher than
that of AMG and were also associated to microvesicle-like structures (Fig. 8a, inset).
Autophagic vacuoles of various sizes, multilamellar bodies, and Golgi apparatus were
also found here (Figs. 8f). Digestive cells in the PMG were rich in rough endoplasmic
reticulum with their concentric lamellae accumulated in the supranuclear region (Figs.
8f-g). Large vesicles, or inclusion bodies, containing eletrondense structures or a

granular material (Fig. 8g, inset) were seen in the apex of the digestive cells. Basal

31



labyrinth in PMG was less expressive and the basal lamina was thick and compact in

some intervals in comparison to AMG (Figs. 8h-i).

Scanning electron microscopy

The midgut topography was similar in T. theobaldi females and males. AMG1
was continuous with the cardia, a dilated structure that connected the esophagus to
AMG (Figs. 9a and 9b). As seen in the histological sections, the AMGL1 epithelium had
folds (Figs. 9a and 9d) that were not seen in AMG2 (Fig. 9e).

Ganglia were located just above the cardia and nerve fibers extended along
AMG. Nerves ramified and connected to the longitudinal muscle bundles (Figs. 9b and
9c). Tracheoles were seen on the entire surface of the midgut and were most commonly
found in AMG2 and PMG (Figs. 9e and 9f).

In AMG1 and AMG2, only the longitudinal muscle bundles were seen (Figs.
9c-e) under SEM. In AMG1, longitudinal bundles were more widely spaced, but the
circular bundles still could not be seen, as they were hidden in the furrows formed
between the epithelial folds (Fig. 9¢). In AMG2, there were many tracheoles and the
longitudinal bundles were very close to each other, hiding the circular bundles (Fig. 9e).
In the PMG, the longitudinal bundles were widely spaced, allowing the visualization of

circular muscle bundles (Figs. 9f-g).

Cell proliferation

Cell proliferation was not detected in any of the three regions in the midgut of 5-
to 10-day-old adult mosquitoes under experiment conditions. However, in the positive
control, corresponding to the midguts of A aegygt! larval stage), labeled nuclei

were present as expected (Sup. Fig. f).
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FMRFamide-like positive cells

The anti-FMRFamide antibodies labeled neurons and endocrine cells in T.
theobaldi midgut. The pattern of this labeling was similar in female and male T.
theobaldi adults. FMRFamide-like positive ganglions were seen above the cardia and
their ramifications were seen overlying more than half of the AMG (Figsc).0a

Enteroendocrine cells (i.e., FMRFamide-like positive cells) were abundant and

scattered among the digestive cells of the extreme end of AMG2 (close to PMG) and
throughout PMG (Figs. 10d and 10e). The number of enteroendocrine cells was similar

in males and females (p = 0.842), with approximately 99 cells per midgut.

Discussion

The general morphology of the midgut in female and male T. theobaldi
resembled that of the midgut of male mosquitoes whose females are hematophagous. In
this regard, similar to these males, the AMG of T. theobaldi was thin and long, while
the PMG was enlarged and reduced in size. Different of this, in blood-feeding female
mosquitoes, the AMG is short and the PMG is expanded (Sup. Figs. b'aAtft)

The AMG of T. theobaldi was subdivided into two morphologically distinct
regions: AMG1 and AMG2. In other Culicidae (both females and males) this
subdivision is not evident (or absent), and the AMG is slender and without folds, similar
to AMG2 of T. theobaldi. By being wider than AMG2 and containing folds, AMG1
seems to function as a first site of food digestion. The presence of folds increase the
contact surface between the food and the digestive epithelium, and probably reduce the
speed in which nutrients pass through the lumen, facilitating the digestion and

absorptiorf”.
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The epithelium characteristics of the three midgut regions of T. theobaldi were
compatible with the secretory, digestive, absorptive, and nutrient transport functions as
reported elsewherf?> Both AMG1 and PMG seem to be more involved in enzyme
secretion and nutrient absorption compared with AMG2. These two regions presented
apocrine secretion of proteins and intense labeling for carbohydrates, especially in the
basal portion of the digestive cells. However, the acidic character of apocrine secretion
in AMGL1 versus the basic character of this secretion in PMG indicates that the secreted
proteins are probably different in the two regions.

The AMG1 and PMG digestive cells of T. theobaldi showed greater
carbohydrates accumulation when food was being transferred to the hindgut. The
carbohydrates accumulation, such as glycogen, is common in insect digestive cells
during absorption activity®?® and in the PMG digestive cells of larval and adult
mosquitoes fed with sugar or blo66%°. These carbohydrate deposits seen in PMG
seem to accumulate because of the digestion process, functioning as energy reserves, or
facilitating the subsequent absorption of more carbohydfates

Apocrine secretions are typically released during the digestive process of
insects, and it is speculated that this is also related to regions that perform nutrients
absorption®’. Corroborating this, AMG1 and PMG are apparently more involved with
the carbohydrate absorption, and are the regions where apocrine secretion occurred.

Another possibly secretory mechanism present in the midgut of T. theobaldi is
the microapocrine secretion. The small single and double membrane structures seen
across the midgut lumen of T. theobaldi resemble microapocrine secreted vesicles found
in the midgut lumen of various insects Enzymes, such as amylase, and various

peritrofins are released into the midgut lumen by this secretory mechahisthe
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existence of this type of secretory mechanism is something that needed to be clarified in
adults of non-hematophagous mosquitoes.

The abundant rough endoplasmic reticulum (RER) lamellae in the PMG are
also found in the PMG of hematophagous females when a blood meal is acquired. The
marked presence of these organelles occurs in cells that are specialized in protein
secretion”*% Accordingly, it is possible to infer that the bloodmeal in blood-feeding
female mosquitoes, and the sugar meal in T. theobaldi stimulate intense activity of
protein secretion in PMG digestive cells. In addition to the PMG, the AMG1 also had
many RER lamellae in the digestive cells, which is probably related to the apocrine
secretion of proteins as demonstrated by histochemistry with bromophenol blue.

Autophagic vacuoles were seen in the digestive cells of all regions of T.
theobaldi midgut, being larger in size and quantity in PMG. These vacuoles are related
to the recycling of membranes that occurs due to endo- and exocytosis during digestion
29, Large inclusion bodies were also seen in the digestive cells of T. theobaldi, similar to
those observed in the PMG of blood-feeding mosquitoes post bloodfféalThe
function of these inclusion bodies is unknown, but it has been proposed for recycling
membranes, along with the autophagic vacudle®y containing a large amount of
autophagic vacuoles and inclusion bodies compared with AMG, PMG digestive cells
may be more involved in vesicular transport than AMG digestive cells.

Lamellar bodies were also abundantly found in digestive cells throughout the
T. theobaldi midgut. These structures are composed primarily of lipids and proteins, and
their biogenesis involves endocytic and/or autophagic pathifays some vertebrate
digestive epithelia, lamellar bodies are secreted to protect cell membranes from
digestive enzymes and the abrasion of food ffl8wHowever, the function of these

organelles in mosquitoes is unknown.
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The PAS reaction and WGA stainifiyconfirmed the presence of a thin PM
throughout the midgut lumen in T. theobaldi. This PM had a granular/loose appearance
under TEM. In hematophagous mosquitoes, the PM is of typé® Ihowever, for the
non-hematophagous T. theobaldi, the classification of PM (if it is type | or 1l) is still
unclear. In comparison with the PM of T. theobaldi, the PM of hematophagous
mosquitoes is thicker, more compact, and is found only in the BME®. The
presence of PM in T. theobaldi midgut indicates that this structure is not only related to
blood digestion in Culicidae, but also plays a role in sugar digestion of non-
hematophagous species of this family. In the latter case, PM would be important to
protect the midgut cells against microorganisms, which are found abundantly in sugar-
based foods such as nectar and hdfiey

Cell divisions could not be identified in the midgut of 5- to 10-day-old T.
theobaldi adults through antibodies against PH3. The absence of cell division was also
reported in adults of A aegypti (with the exception of newly emerged A aegypti) and
Culex quinquefasciatu®*% The dynamics of stem cells division and differentiation in
T. theolbadimidgut need more investigations considering different ages and digestive
phases.

The circular muscle bundles of T. theobaldi midgut are interconnected with
adjacent circular bundles. This characteristic also occurs in adult female A aegypti and
Anopheles gambia¥. In these two hematophagous species, as well as in T. theobaldi
not all PMG longitudinal bundles are continuous. Some bundles emanate from AMG,
ending close to the AMG/PMG transition. Additionally, other longitudinal bundles
extend from the hindgut towards the PMG surfateThese structural similarities

between the midgut muscles of T. theobaldi and blood-feeding females indicate the
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existence of a common organization of muscle fibers in mosquitoes, even with
markedly different feeding habits.

The ganglia associated with the cardia are part of the stomatogastric nervous
system of insects®* FMRFamide-like immunoreactive neurons in T. theobaldi
innervate only the anterior portion of the midgut, as in other mosquitoes previously
studied*®. Neuropeptides, such as FMRFamide-like peptides (FLPs), are secreted by
neurons and endocrine cells, and supposedly these peptides act in the control of the
digestive proces&***¢ The physiological roles of these peptides in mosquito midguts
are unknown, but in some insects the FLPs look like to be involved in the control of gut
motility and secretion of digestive enzyniés’,

FMRF-like immunoreactive (enteroendocrine) cells are found in the PMG and
in the final portion of AMG2 of T. theobaldi adults, while in A aegypti adults, these
cells are only seen in the PM&*24347 Despite this minor difference in the location of
enterodocrine cells, the neuroendocrine control of the digestive process based on
FMRFamide-like neuropeptides, in both blood-feeding and in non-blood-feeding
mosquitoes, seems to be performed by the ramifications of the stomatogastric nervous
system in AMG, and the endocrine cells in PMG. The enteroendocrine cells of T.
theobaldi present abundant small, electrondense secretory granules, as well as the
enteroendocrine cells described elsewH&reThus, the presence of these granules is
another feature conserved among adult mosquitoes with different diets.

The presence of a midgut with a long AMG and reduced PMG in T. theobaldi
adults is likely an adaptation to sugar-rich diets. Other adaptations to this diet include
modifications of the stimuli perception, as in the morphophysiology of salivary
glands®®. Compared to blood-feeding females, Toxorhynchites amboinensis females lost

some types of chemoreceptors in the palps and antennae, such as a putative ionotropic
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receptor and various odorant receptors. This simplification of the chemoreceptive
repertoire probably resulted from the loss of the blood-feeding habit by Toxorhynchites
®1 Additionally, Toxorhynchites splendens salivary glands lack secretory cavities and
are morphologically and biochemically similar between male and female, unlike in
blood-feeding species, where these glands are sexually dimorphic, and females
synthesize a range of proteins related to blood-feeding abits

Through our observations, we conclude that the midgut features that are similar
among T. theobaldi and hematophagous females include: (1) PMG is rich in specialized
organelles for protein secretion; (2) the muscular organization in PMG involves sharing
of muscle fibers between neighboring muscle bundles; (3) longitudinal muscle bundles
are not continuous along the organ; (4) regenerative cell divisions were not detected in
aged adults; and (5) FMRF-like immunoreactive cells, including nervous cells and
endocrine cells, are located in AMG and in PMG, respectively. However, the
differences between the midguts of T. theobaldi and hematophagous females include:
(1) AMG in T. theobaldi is subdivided into two anatomically distinct regions, AMG1
and AMG2, while in hematophagous females this subdivision is not evident; (2) AMG
is very long and PMG is small in T. theobaldi when compared with hematophagous
females; (3) PM is very thin and is observed in the whole midgut of T. theobaldi, but
thick, compact, and is synthesized only after a bloodmeal in hematophagous females.

Our results indicate that the morphophysiology of the midgut of the autogenous
and sugar-feeding mosquito T. theobaldi is similar in both males and females, unlike
blood-feeding mosquito species, where sexual dimorphism is evident. This similarity
can be ascribed to both female and male T. theobaldi having the same feeding behavior.
Information on protein synthesis by the midgut of these mosquitoes can unravel the

differences in morphology and physiology between the midguts of T. theobaldi and

38



hematophagous mosquitoes; however, to date, nothing is known regarding this in the
genus Toxorhynchites. Studies focusing on the enzymatic activity and proteomics of the
midgut in Toxorhynchites species are the next steps to improve the understanding of
midgut physiology in these insects, providing new insights into the evolutionary

adaptations of the family Culicidae related to a sugar-based diet.

Material and methods

Mosquitoes

Immature specimens of T. theobaldi (larvae of different stages and pupae) were
collected from Mata do Paraiso (20°45'14"S, 42°52'55"W), Atlantic Forest region of
Vicosa, Minas Gerais, Brazil. Larvae and pupae were collected in black plastic buckets
(5 L) containing rainwater at ground level, near tree trunks. The specimens were
transferred to the insectary of the Departamento de Biologia Geral/lUFV, where the
larvae were reared individually in transparent glass bottles (200 mL) and fed daily with
Aedes aegypti larvae at different stages.

Pupae were transferred to plastic pots containing dechlorinated tap water and
kept in cages until the emergence of adults. Adukd@=d after emergence) were fed
ad libitum with 10% sucrose solution, and dissected. The insects were kept at a

temperature of 26 + 2°C and humidity-G0%.

Whole mounting and histology

Twenty midguts (10 males and 10 females) were dissected in phosphate
buffered saline- PBS pH 7.6 (0.1 M NaCl, 20 mM KH2PO4, and 20 mM:NR,) and
fixed in 2.5% glutaraldehyde solution (sucrose/cacodylate buffer 0.1 M pH 7.2) for 24

h. The fixed midguts were cut with using microscissors in three distinct regions: AMG1
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(initial portion of the AMG), AMG2 (posterior portion of the AMG), and PMG. The
samples were washed with distilled water, dehydrated in ascending ethanol series (70,
80, 90, 95 and 100%) and embedded in 2-hydroxyethyl methacrylate historesin (Leica
Microsystems Heidelberg Mannhein, Germany). Serial sectionquaf @ickness were
obtained using an automatic microtome with glass knives.

The sections were subjected to different staining methods. As conventional
staining methods, hematoxylin-eosin (HE) or toluidine blue staining protocols were
used according to standard routine laboratory procedures. For histochemistry, the
periodic acid Schiff (PAS) reactiof was employed for neutral glycoproteins, neutral
carbohydrates and glycogen detection; and bromophenol JBlder total protein
detection. After staining and drying, the slides were mounted using Eukitt (Fluka, St.
Louis, MO, USA) mounting medium, analyzed, and photographed under an Olympus
BX53 microscope, coupled with an Olympus DP 73 digital camera of the Laboratério
de Sistemética Molecular, Departamento de Biologia Animal/UFV.

The length and width of AMG1, AMG2, and PMG of 20 insects (10 females and
10 males) were measured. The total organ length was obtained by adding the length
measurements of AMG and PMG. The height of the epithelium (i.e., digestive cells),
and brush border were measured separately in AMG1, AMG2, and PMG. The
measurements were performed only at regular epithelia, with no cytoplasmic
protrusions, and with muscular layer and brush border evident. Measurements were
performed using the Image Pro-Plus 4.5 software (Media Cybernetics) in light
micrographs of six females and six males.

The midgut cell organization was also analyzed in whole mounts. For this, 10
fixed and washed midguts were stained using diamidino-2-phenylindole (DAPI)

(Biotium, Inc., Hayward, CA, USA) for 30 min and mounted with Mowiol solution
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(Sigma-Aldrich Brasil Ltda, Sdo Paulo, SP, Brazil). The slide preparations were
photographed with a epifluorescence microscope (see above).

To examine the midgut muscle organization, 10 midguts (5 males and 5 females)
were dissected and fixed for 2 h in ZamBeniolution, rinsed thrice for 30 min in
PBS/Triton X-100 1% (PBST); and incubated for 40 min in phalloidin conjugated with
fluorescein isothiocyanate (FITC) diluted in distilled water (1:500) (Sigma Aldrich,
Sigma-Aldrich Brasil Ltda).Then, the midguts were washed in PBS three times for 5
min, mounted on slides with Mowiol solution, and examined under a confocal laser
scanning microscope (CLSM) Zeiss 510 Meta at the Nuacleo de Microscopia e

Microanalise (NMM) UFV.

WGA staining

To detect glycoconjugates angblysaccharides containing B-1-4 N-acetyl-
glucosamine residues, midgut (4 males and 4 females) sectionsmofiizekness were
washed in PBS two times for 10 min and incubated with for 30 min with 10 pg/ml
FITC-labeled lectin (WGA-FITC, Sigma Aldrich, #L4895, Ispaeliluted in PBS.
Sections were washed 3 times for 2 min, mounted with Mowiol solution and

photographed under fluorescence microscope.

Transmission electron microscopy (TEM)

Fragments of fixed midgut regions (AMG1, AMG2, and PMG, from 3 males
and 3 females) were washed in 0.1 M cacodylate buffer pH 7.2; and post-fixed for 1 h in
1% osmium tetroxide/0.1 M cacodylate buffer pH 7.2. The samples were washed three
times in distilled water and counterstained for 2 h in an aqueous solution of 3% uranyl

acetate. After further washing in distilled water, samples were dehydrated in ascending
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ethanol series; pre-infiltrated in LRWhite resin (London Resin Company Ltd, Berkshire,
England) and 100% ethanol (ethanol/resin 2:1, 1:1, and 1:2); and embeddee in pur
resin for subsequent polymerization at 60°C for 48 h. Ultrathin sectior®q7@m)

were analyzed and photographed under a TEM Zeiss EM 109 at NMM/UFV.

Scanning electron microscopy (SEM)

Whole midguts (3 males and 3 females) were fixed and post-fixed as describe
above. After washing in PBS, samples were dehydrated in ascending ethanol series,
critical point dried using C@and sputter coated with gold. Samples were analyzed and

photographed under a SEM LEO 1430VP at NMM/UFV.

Immunofluorescence

To identify dividing cells in the midgut, a primary antibody against the nuclear
protein phospho-histone H3 (PH3) (Cell Signaling Technology, Inc., Beverly, MA,
U.S.A.) was used?® Midguts of 10 males and 10 females were fixed in Zamboni's
fixative, washed three times for 30 min each in PBS/1% Triton X-100 (PBST) and
incubated for 24 h at 4°C in anti-PH3 primary antibody (Cell Signaling) (1:100) in 1%
PBST. The samples were washed three times and incubated with a secondary antibody
conjugated with FITC (Sigma) (1:500) in PBS for 24 h at 4°C, followed by three
washes of 10 min each.

For detection of cells expressing neuropeptides FMRFamide (neurons and
endocrine cells), after fixation, 20 midguts (10 females and 10 males) were washed and
incubated for 24 h at 4°C with anti-FMRFamide primary antibody (Peninsula
Laboratories, Inc., San Carlos, CA, U.S.A)) (1:400) in 1% PBST. Samples were

washed, incubated with the secondary antibody and washed again, as described above.
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For both in situ identification of proteins (H3 and FMRF), the cell nuclei were stained
with TO-PRO-3 lodide (Life Technologies) for 30 min, washed, mounted, and analyzed
under CLSM (2.2). The total number of FMRFamide-positive cells in the midgut was

determined for each insect manually using the z-stack tool of multiple confocal planes.

Controls

Midguts from six fourth instar larvae (L4) of A aegypti were used as a positive
control for PH3 identificatiorf®>. As negative controls for the two proteins (H3 and
FMRF) above, midguts of male and female (n = 3, each) T. theobaldi were treated as
described in Immunofluorescence item, but without primary antibodies. As negative
controls for WGA-FITC staining, histological sections of midguts of 4 individuals (2
males and 2 females) were mounted with Mowiol solution and observed under

fluorescent microscope.

Statistical analysis

Measurements of midguts and cell counts were subjected to analysis of
variance (ANOVA) for variables with normal distribution, and to the Kruskal-Wallis
test when non-normal distribution was found. Results were deemed significant when p <
0.05. Standard deviations (SD) were calculated using GraphPad Prism version 4.0 for
Windows (GraphPad Software, San Diego, California, USA), and the data were

expressed as replicate means.
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Figure 1: a: Midgut of Toxorhynchitestheobaldi adult female depicting the anterior
midgut (AMG) subdivided in AMGI1 (short and with folds) and AMG2 (long and
without folds); and a wide and short posterior midgut (PMG). Fb: fat body. Inset:
Portion of AMGI1 with epithelial folds (F). b: The length and width of the different
regions of the midgut are proportional among females and males (p > 0.05). The length
of the AMG (AMG1 and AMG2) corresponds to ~84% of the total length of the midgut.
¢: The heights of the epithelium and the brush border (bb) for each of the three regions
of the midgut did not differ between males and females. Bars with the same letter did
not differ statistically according to the ANOVA (p < 5%)MGI1: anterior midgut 1;
AMG?2: anterior midgut 2; PMG: posterior midgut; Ca: cardia; Mt: Malpighian tubule;

Hg: hindgut.

51



52



Figure 2: Histological sections of anterior midgut (AMG) of adult T. theobaldi stained
using periodic acid Schiff (PAS) reaction followed by counterstaining with hematoxylin
[a, b, g f, andg], hematoxylin and eosift] or bromophenol blugd]. a: AMGL1 of a

male with folds (F), and PAS-positive brush border (dHi).AMG1 of a female
containing food (Fd) and a PAS-positive peritrophic matrix (PM) in the lumen (Lu).
Some digestive cells present PAS-positivity (arrows) in their basal regiéG1 of

a female with digestive cells releasing apocrine secretion of acidic character (arrows)
into the lumen (Lu). Non-digestive or basal cells (bc) are seen at the basal regen of th
epithelium.d: AMG1 of a female presenting apical extrusions typical of apocrine
secretion, rich in proteins (arrows). The apical portion of the cells, underneath the brush
border, contains a thin layer intensely stained for proteins (ap). Muscle cells (mc) are
seen between epithelial folds (. AMG1 of a male showing intense labeling for
carbohydrates (arrows) in the digestive cdlisCross-section of AMG2 of a female
showing cells of different sizes and a X-shaped narrow lugiehMG2 of a male with

an undulated basal lamina (bl) where muscle cells (mc) are inserted. The peritrophic
matrix (PM) is thin, PAS-positive and is located next to the brush border (bb). Lu:

midgut lumen.
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Figure 3: Histological sections of posterior midgut (PMG) of Toxorhynchites theobaldi
adults stained with hematoxylin and eograndc], periodic acid Schiff (PAS) reaction
followed by hematoxylin staininfg], and bromophenol blud, e]. a: Epithelium of a

male showing cell apex projections typical of apocrine secretion (arrow) and stained for
basic substances. Basal cells (bc) are found throughout the epithelium, near muscle cells
(mc). n: nucleus of the digestive cell; PM: peritrophic matiixPMG of a male with

the cell projections (arrows). The cell apical region (ap), including the projections, are
intensely marked for proteins. bb: brush border; mc: muscle cells. Insets a and b:
detailed views of digestive cells (DC) with apical extrusions (arrows) towards midgut
lumen, in a process of apocrine secretmnEndoperitrophic (En) and ectoperitrophic
(Ec) spaces separated by peritrophic matrix (PM) in a female. DC: digestive cells; Hg:
hindgut. d: Epithelium of a female with the basal region of the digestive cells with
intense staining for carbohydrates (arrows), and with the apical region (ap) negative for
carbohydrates. Food (Fd) and peritrophic matrix (PM) are intensely stained, while the
apex of the digestive cells (c), the brush border (bb) and the basal lamina (bl) are less
stained. n: nucleus of the digestive cell.Epithelium of a female with a thick apical
region (ap) rich in proteins, while the peritrophic matrix (PM) and brush border (bb) are
weakly stained[f-h] Whole mounts of midgut stained with diamidino-2-phenylindole
(DAPI). f: Nuclei of digestive cells (N) of PMG of a femalg. Basal cell nuclei
(arrows) of the PMG of a female, similar to those observed in AMG1 and 2. The
epithelium of the three midgut regions contains non-digestive cells (regenerative or
enteroendocrine) with small and irregular nudteiFusiform nuclei of muscle cells (n)

of an AMG1 of a male.
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Figure 4: Histological sections of the midgut of adult males Taxorhynchites
theobaldi stained with WGA-FIT{A-C] and negative contro[®-F]. AMG1: anterior

midgut 1; AMG2 anterior midgut 2; PMG: posterior midgut. ep: midgut epithelium.
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Figure 5: Organization of longitudinal (LM) and circular (CM) muscle bundles of the
midgut of Toxorhynchites theobaldi adults stained with phalloidin-F[&Cb andc]
anterior midgut 1 (AMG1), anterior midgut 2 (AMG2) and posterior midgut (PMG) of
female, respectively. F: epithelial fold: Portion of AMG1 of a female with circular
muscle bundles, which are thick, bifurcated (white arrow), and interconnected with
neighboring bundles. Some ramifications are also seen in the longitudinal muscle
bundles (black arrows)e: Portion of AMG2 with circular muscle bundles (CM)
forming interconnected rings between neighboring rings through bifurcations (arrows)
in a repeated pattern. The longitudinal muscle bundles (LM) are continuous and without
ramifications.f: Initial region of the PMG of a female. The longitudinal muscles have
some bundles with free ends at the beginning of the PMG. Some of these discontinuous
bundles arise from AMG2 (continuous circle) and others from the hindgut (doted
circles). g: PMG of a female with circular muscle bundles (CM) with bifurcations
(white arrows). Close to the insertion of the Malpighian tubules (Mt), the longitudinal

muscles (LM) branch (black arrows).
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Figure 6: Transmission electron micrographs (TEMs) of anterior midgut 1 (AMG1) of
Toxorhynchites theobaldi adulis. Digestive cells (DC) with tall microvilli (Mv) and a
well-developed basal labyrinth (Bl) in a male. Mc: muscle cells close to the basal
lamina (arrow).b: Peritrophic matrix (PM) with a granular appearance and structures
resembling microvesicles (arrows) are seen close to the microvilli (Mv) of a fetnale.
Apical portion of digestive cell rich in mitochondria (Mi) and lamellar bodies (Lb). Mv:
microvilli. d: Golgi apparatus (GC), rough endoplasmic reticulum (RER), mitochondria
(Mi) and autophagyc vacuole (Au) on digestive cell of a male. N: nuatellsmellae

of rough endoplasmic reticulum (RER), and lamellar bodies (Lb) in digestive cell of a
male.f: Basal labyrinth (Bl) and basal lamina (arrow) with branches in a digestive cell
of a male.g: Digestive cell with multilamellar bodies (Mb) in a male. BIl: basal
labyrinth; L: cell limit; Mc: muscle cell; N: nucleuk: Two regenerative cells (RC) in
the region of the basal labyrinth (BI) of digestive cells (DC) in a male. One of the
regenerative cells (left) is in the differentiation process, with primordial microvilli (Mv)

and basal labyrinth (Bl). N: nucleus.
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Figure 7: Transmission electron micrographs (TEMs) of the anterior midgut 2 (AMG2)

of Toxorhynchites theobaldi adulta: Digestive cells (DC) with thin and densely
packed microvilli (Mv, inset), and well-developed basal labyrinth (BI) in a female. Mc:
muscle cellb: Apical portion of a digestive cell with mitochondria (Mi), lysosome-like
structures (arrows), lamellar bodies (Lb), and structures resembling autophagic vacuoles
(inset).c: Structures resembling microapocrine vesicles (arrows) close to the microvilli
(Mi) digestive cell and released products (arrows) of these vesicles in the lumen towards
the peritrophic matrix (PM) in a femald: Enteroendocrine cell (EC) in contact with

the basal membrane close to a regenerative cell (RC) in a male. Arrow: basal lamina,

Mc: muscle cell; N and n: nuclei of digestive cell and regenerative cell, respectively.
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Figure 8: Transmission electron micrographs (TEMSs) of the posterior midgut (PMG) of
Toxorhynchites theobaldi adulta: Apex of digestive cell with slender and densely
clustered microvilli (Mv) in male. Under the microvilli, there are many mitochondria
(Mi), autophagic vacuoles (Au) and lysosome-like structures (arrows). Inset: structures
resembling microapocrine vesicles (arrows) close to microvilli; L: cell lirit.
Digestive cells with many autophagic vacuoles (Au), lysosome-like structures (arrows)
in a female.c: Autophagic vacuole (Au) in a digestive cell of a female, and a
multilamellar body (Mb) released into the intercellular spateand e Autophagic
vacuoles (Au) and multilamellar body (MB). Supranuclear portion of a digestive cell
with numerous lamellae of rough endoplasmic reticulum (RER) and Golgi apparatus
(GC) in a maleg: Digestive cell filled with rough endoplasmic reticulum (RER) and
inclusion bodies (IB, inset). IS: intercellular space; N- nucleu&nteroendocrine cell
(EC) contact the basal lamina (arrow) with cytoplasm rich in small electrondense
granules (Eg) in a female. Details of electrondense granules (Eg) of enteroendocrine

cell (EC) in a female. Arrow: basal lamina.
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Figure 9: Scanning electron micrographs (SEMs) of the midgut of Toxorhynchites
theobaldi adultsa: Outer surface of anterior midgut 1 (AMG1) with folds (F) in a
female. The cardia (Ca) is positioned between the foregut and midgs&nglia (G) in
AMG1 of a female. T: trachea: Longitudinal muscles (LM), and axons (Ax) in the
AMG1 of a female. F: epithelial foldl: AMG1 with folds, showing the furrows (f) and
the longitudinal muscles (LM)e: Longitudinal muscles (LM) and tracheoles (T) in
anterior midgut 2 (AMG2) of a mald: PMG with longitudinal muscles (LM) in a
female. Fb: fat body; T: tracheg: Posterior midgut (PMG) depicting the circular

muscles (CM) below the longitudinal muscles (LM). T: trachea.
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Figure 10: Immunofluorescence for neuropeptide FMRFamide (green) in the midgut of
a female Toxorhynchites theobaldi adult. The nuclei of the digestive (N) or endocrine
(n) cells are marked with TO-PRO-3 lodide (rea).Anterior midgut 1 (AMG1) and
anterior part of the anterior midgut 2 (AMG2). Ganglia (G) are located on the cardia,
and axons (Ax) are seen along the AMGandc: Axons (green) in AMG1 and AMGZ2,
respectively.d and e: FMRFamide enteroendocrine cells (EC) in posterior midgut

(PMG). N and n: nuclei of digestive and enteroendocrine cells, respectively.
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Supplementary figure 1: a: Midgut of a male Toxorhynchites theobaldi showing the
anterior midgut (AMG) subdivided into AMG1 (short and wide) and AMG2 (long and
slender), and a small and dilated posterior midgut (PM@ndc: Unfixed midguts of

adult female and male A. aegypti (PPCampos strain), respectively, depicting AMG and
PMG. Ca: cardia; Cr: crop; Mt: Malpighian tubules; Hg: hindguande: Sections of
AMG1 of female and PMG of male, respectively. Cell apexes (arrows) are negative for
PAS reaction and project towards midgut lumen, resembling the process of apocrine
secretion. DC: digestive celld: Nuclei of regenerative cells (RCn) positive for
phospho-histone H3 (green) in the midgut of fourth larva of A. aegypti. Individuals were
obtained from a colony of the insectary of Departamento de Biologia Geral/UFV, and
were dissected and stained as described in Materials and Methods

(Immunofluorescencey.
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5. CONCLUSOES

Nossos resultados mostram que a morfofisiologia do intestino médio de
mosquitos T. theobaldi é praticamente idéntica em fémeas e machos, ao contrario das
espécies de mosquitos cuja fémea € hematodfaga, onde o dimorfismo sexual é evidente
no 6rgdo. Essa semelhanca pode ser atribuida ao fato de ambos machos e fémeas de T.
theobaldi possuirem a mesma dieta.

O epitélio digestivo do intestino médio de T. theobaldi € constituido basicamente
por trés tipos celulares distintos, as células digestivas (grande maioria),
enteroendocrinas e regenerativas, como encontrado para as demais espécies de
mosquitos. Cada um desses tipos celulares possui caracteristicas morfologicas tipicas
gue as tornam facilmente distinguiveis.

Diferentemente do padrdo anatémico estabelecido para mosquitos, o intestino
médio de T. theobaldi possui uma regido anatomicamente e funcionalmente
diferenciada no IMA. Apesar dissatipica compartimentalizacdo do 6rgdo em regiao
anterior e posterior € bem clara, assim como ocorre nos demais mosquitos. Tal
compartimentalizacdo, ao que tudo indica, reflete grandes diferencas funcionais no
processo digestivo.

Surpreendentemente, as células do epitélio digestivo de T. theobaldi sintetizam
matriz peritréfica em torno do alimento, mesmo este sendo constituido apenas de
acucares.

As caracteristicas do intestino médio que sdo semelhantes entre T. theobaldi
as fémeas hematéfagas sdo: (1) O IMP é rico em organelas especializadas na secregao
de proteinas; (2) a organizacdo da musculatura do IMP envolve compartilhamento de
fibras entre os feixes musculares vizinhos; (3) os feixes musculares longitudinais nao

sdo continuos ao longo do 6rgdo; (4) divisbes das células regenerativas ndo foram
68



detectadas em adultos, com excecao dos recém-emergidos; e (5) Células imunorreativas
para 0 neuropeptideo FMRF, tanto neurdnios quanto células endodcrinas, estédo
localizadas no IMA e IMG, respectivamente. Contrariamente, as diferencas entre os
intestinos médios de T. theolbakldas fémeas hematofagas incluem: (1) o IMA em T.
theobaldi é subdividido em duas regibes anatomicamente distintas, IMAL1 e IMA2,
engquanto nas fémeas hematoéfagas essa subdivisdo ndo € evidente; (2) o IMA € muito
longo e o IMP é pouco desenvolvido em T. theobaldi em comparacdo com as fémeas
hematofagas; (3) a MP é muito fina e estd presente em todo o intestino médio de T.
theobaldi, mas espessa, compacta, e produzida apenas no IMP apds a ingestdo de
sangue nas fémeas hematoéfagas.

Por fim, informacdes sobre o conjunto de proteinas sintetizadas pelo intestino
médio de T. theobaldi podem melhorar o entendimento das suas diferencas
morfofisiolégicas em relacdo aos mosquitos hematdfagos, mas ainda nada a respeito
disso é conhecido em Toxorhynchites. Estudos considerando a atividade enzimética e a
protedmica do intestino médio de espécies desse género serdo 0s proéximos passos para
melhorar o entendimento da fisiologia do 6rgdo nesses insetos, fornecendo novos
insights a respeito das adaptacdes evolutivas da familia Culicidae relacionadas a dieta

de carboidratos.
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