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Resumo

Martins JR. Genes de hexamerinas em Apis mellifera: busca de fungdes alternativas durante o
desenvolvimento. 2012. 189p. Tese de Doutorado — Departamento de Genética, Faculdade de

Medicina de Ribeirdo Preto, Universidade de Sdo Paulo, Ribeirdo Preto, 2012.

Introducfo: Hexamerinas s3o proteinas de estocagem sintetizadas pelo corpo gorduroso de
larvas de insetos ¢ secretadas na hemolinfa, onde se acumulam. A funcdo candnica das
hexamerinas consiste em servir de reserva de aminoacidos e energia para a reconstrucao de
tecidos e oOrgdos durante a metamorfose. Este trabalho teve como objetivo a busca por
evidéncias de fungdes alternativas das hexamerinas durante o ciclo de vida de abelhas A.

mellifera.

Resultados: Os perfis temporais de expressdo das quatro hexamerinas (HEX 70a, HEX 70b,
HEX 70c e HEX 110), verificados por meio de SDS-PAGE e western blot, corroboram sua
funcdo canodnica na metamorfose. Consistente com esta func¢do, as quatro hexamerinas foram
localizadas no citoplasma das células do corpo gorduroso utilizando-se anticorpos especificos
e microscopia confocal. No entanto, fungdes adicionais puderam ser inferidas com base nos
seguintes resultados: (1) Foci das quatro hexamerinas foram localizados nos nucleos de
algumas células do corpo gorduroso em metamorfose, levando a hipdtese de que tém fungao
anti-apoptotica durante este periodo critico do desenvolvimento; (2) Além disso, HEX 70a e
HEX 110 foram localizadas no citoplasma e ntcleo de células ovarianas e testiculares,
indicando fun¢do no desenvolvimento e maturagdo das gonadas; (3) A co-localizacdo de um
analogo de timidina (EdU) e HEX 70a nos nucleos das células dos ovariolos, sugeriu
fortemente uma fungio na proliferacdo celular. O knockdown de HEX 70a in vivo por meio de
injecdo de anticorpo especifico prejudicou o crescimento dos ovariolos de rainhas, refor¢ando
a hipdtese de fungdo na proliferacdo celular, (4) interferiu na esclerotizagdo da cuticula de
operarias, indicando funcdo na formagdo do exoesqueleto e (5) provocou a antecipacao da
ecdise adulta, provavelmente em resposta a auséncia (ou diminui¢do) dos aminoacidos
derivados das hexamerinas. Foram investigados também aspectos da regulacao dos genes de
hexamerinas. A manipulacdo experimental da dieta alimentar e dos titulos do hormoénio
juvenil (HJ) interferiram claramente na expressao dos genes de hexamerinas. A potencial agdo
reguladora do HJ foi reforgada pelos resultados de analises por bioinformatica da regido 5’
UTR de cada gene de hexamerina (Martins et al., 2010) que revelaram potencial motivo de

ligagdo a proteina Ultraspiracle (Usp), um membro do complexo receptor do HJ no DNA.



Procedimentos para expressar as hexamerinas in vitro em sistema de bactérias e purifica-las

estdo em progresso visando a caracterizacdo da estrutura e de interagdes entre as subunidades.

Conclusao: Estes resultados ressaltam que as hexamerinas tém outras fungdes no ciclo de
vida de A. mellifera, além da fungdo ja bem estabelecida de reserva de aminoacidos para a

metamorfose.

Palavras-chave: Hexamerinas; Apis mellifera; Metamorfose; Hormonio juvenil; corpo

gorduroso; testiculo; ovario



Abstract

Martins JR. Hexamerin genes in Apis mellifera: alternative functions during development.
2012. 189p. PhD thesis — Genetics Department, Faculdade de Medicina de Ribeirdo Preto,
Universidade de Sdo Paulo, Ribeirdo Preto, 2012.

Background: Insect hexamerins are storage proteins synthesized by the larval fat body and
secreted into the hemolymph, where they accumulate. The canonical function of hexamerins
is to provide amino acids and energy for the reconstruction of tissues and organs during
pupal-to-adult development. The aim of the current study was to search for evidence of

alternative roles for the hexamerins in the life cycle of the honey bee, A. mellifera.

Results: The canonical role of insect hexamerins received support from our data on the
temporal expression profiles of the four honey bee hexamerin subunits (HEX 70a, HEX 70b,
HEX 70c and HEX 110), as verified by SDS-PAGE and western blot using hemolymph and
fat body samples. Consistent with the canonical function, the four hexamerins were localized
in the cytoplasm of fat body cells, during metamorphosis, by using specific antibodies and
confocal laser-scanning microscopy. However, additional functions could be inferred by the
following findings: (1) The four hexamerins were also localized in the nuclei of some fat body
cells, thus tentatively suggesting an anti-apoptotic role during metamorphosis; (2)
Furthermore, HEX 70a and HEX 110 were localized in the cytoplasm and nucleus of ovarian
and testicular cells, pointing to a role in gonad development and maturation. Co-labeling of
the thymidine analog EdU and HEX 70a in the ovariole cell nuclei, strongly suggested a role
in cell proliferation; HEX 70a depletion via injection of the specific antibody in queen pupae
impaired ovariole growth, thus strengthening our hypothesis on a role in cell proliferation, (3)
HEX 70a depletion also impaired cuticle sclerotization, indicating a function in exoskeleton
formation, and (4) led to a precocious adult ecdysis, perhaps in response to the lack (or
decrease) in hexamerin-derived amino acids. We also investigated aspects of the regulation of
hexamerin genes. The experimental manipulation of diet consumption and juvenile hormone
(JH) titer clearly interfered in the expression of hexamerin genes. Regulation by JH was also
supported by a previous bioinformatics analysis of the 5> UTR region of each hexamerin gene
(Martins et al., 2010), which revealed a potential binding site for Ultraspiracle (Usp), a
member of the JH receptor complex in the DNA. Experiments are in progress for in vitro
expression and purification of the four hexamerins aiming to further characterize their

structures and interactions.



Conclusion: Taken together, these results imply in novel roles for hexamerins in the life cycle
of A. mellifera in addition to their well-established role as amino acids sources for

metamorphosis.

Keywords: Hexamerins; Apis mellifera; Metamorphosis; Juvenile hormone; fat body; testicle;

ovaries
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1. Aspectos da biologia de Apis mellifera
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Figura 1: Ciclo de vida das abelhas

operarias  A. mellifera. 1-3: estagio
embrionario. 4-8: do 1° ao 5° instar larval,
fase de alimentagdo. 9: 5° instar larval, fase
de tecelagem do casulo. 10-12: pupas
faratas. 13 e 14: pupas. 15-20: adultos
faratos. 21: recém emergida (ecdise).

Modificado de Winston (1991).

As abelhas sdo insetos holometabolos e,
portanto, apresentam metamorfose completa com
quatro estagios distintos de desenvolvimento:
embriondrio, larval, pupal e adulto (Fig. 1).

Os ovos s3o depositados pela rainha nos
alvéolos dos favos de cera e, apos trés dias, as larvas
eclodem iniciando um periodo marcado por um
intenso crescimento corporal, que envolve uma série
de mudas ou substituicdes periddicas do
exoesqueleto (Snodgrass, 1956; Winston, 1991).

Cada ciclo de muda tem inicio quando os
titulos de hormonios ecdisterdides aumentam na
hemolinfa (Gilbert et al., 2002), fazendo com que o
exoesqueleto existente se separe da epiderme em um
evento definido como apdlise. Na sequéncia, ocorre a
sintese e secre¢do do novo exoesqueleto. Quando os
titulos de ecdisterdides diminuem, o0 novo
exoesqueleto ¢ estabilizado por um processo
denominado esclerotizacdo, resultando em uma
estrutura que varia regionalmente em sua espessura,
elasticidade, cor e rigidez (Kayser, 1985; Hiruma ¢
Riddiford, 1988; Hopkins e Kramer, 1992; Andersen,
2005). O velho

exoesqueleto ¢ em seguida

descartado, caracterizando assim a ecdise para o estagio adulto.

Diferente das mudas larvais que resultam em aumento do tamanho corporal, a muda

metamorfica ¢ marcada pela morte celular programada dos tecidos e o6rgdos larvais e pelo

desenvolvimento das estruturas do adulto.
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responsaveis por alteracdes nos titulos
horménio juvenil (HJ) e de ecdisterdides

(Rachinsky et al., 1990; Hartfelder ¢ Engels, 1998), o que resulta em distintos perfis de
expressao génica (Cristino et al., 2006; Barchuk et al., 2007).

Um fator que regula o crescimento celular em resposta ao status nutritivo e que pode
estar associado ao dimorfismo de castas (operarias e rainhas) é o gene target of rapamycin
(TOR). Patel et al. (2007) mostraram que a dieta afeta a via de TOR e, consequentemente,
aciona a via de insulina, regulando assim o crescimento corporal e o estoque de energia (Jia et
al., 2004). Assim, o desenvolvimento de castas envolve a interagdo entre o gene TOR, a via de
sinalizag@o insulin/insulin-like signaling (IIS) e os titulos de HJ (Tatar et al., 2003).

Uma das diferengas mais marcantes entre a rainha e as operdrias adultas reside no
sistema reprodutivo. Uma rainha tem cerca de 200 ovariolos por ovario e ¢ capaz de produzir
centenas de ovos por dia, ao passo que as operarias tém entre dois e 12 ovariolos por ovario e
ndo produzem ovos, a ndo ser em condi¢des especiais (Velthuis, 1970). Tais diferengas tém
origem durante o desenvolvimento larval, e s3o marcantes ao final do 5° instar, periodo no
qual cerca de 95% dos primérdios de ovariolos sofrem morte celular programada nas larvas
que se desenvolverao em operarias. Nas larvas destinadas a serem rainhas, os altos titulos de
HIJ previnem a degradacdo dos ovariolos (Schmidt-Capella e Hartfelder, 1998) sendo possivel

visualizar alguns foliculos pré-vitelogénicos poucos dias antes da emergéncia (Adams et al.,



1977; Estoup et al., 1994). Depois do voo de acasalamento, os foliculos se tornam
vitelogénicos e 0s ovos passam a ser produzidos.

Os ovarios de A. mellifera sdao do tipo meroistico politrofico (Fig. 3), onde cada
ovariolo ¢ composto por filamento terminal (células indiferenciadas), germario (células
germinativas e somaticas em diferenciacdo) e vitelario. O viteldrio contém ovdcitos em
desenvolvimento e células nutridoras, ambos envoltos por uma bainha de células foliculares
epiteliais (Ries, 1932; Patricio e Cruz-Landim, 2002).

A

i i Germdrio Filamento
Vitelario flamen

Ovécito maduro
? Foliculo  Cdmara nutridora

Figura 3: Esquema de ovariolos de abelhas A. mellifera. (A) Rainha ovipositora. (B) Operaria adulta. Em azul:
nicleos de ovocitos. Laranja: células foliculares cubicas rodeiam cada ovocito em crescimento. Células
foliculares achatadas rodeiam cada cdmara nutridora. Amarelo: vitelo. Verde: células indiferenciadas do

filamento terminal. Adaptado de Cruz-Landim (2009).

O papel dos zangdes de A. mellifera, os quais se originam dos ovos nao fertilizados
postos por rainhas ou operarias poedeiras. estd fundamentalmente relacionado ao
acasalamento e fecundagdo da rainha (Winston, 1991). O sistema reprodutivo dos zangoes €
composto pelos testiculos, vesiculas seminais e glandulas acessorias ou de muco (Snodgrass,
1956). As unidades estruturais dos testiculos, os testiolos, sdo bem evidentes no 3° instar
larval e os agrupamentos de células germinativas em seu interior sdo observados no 4° instar
larval (Tozetto, 1997).

Durante o estigio pupal, as células germinativas sofrem meiose e tem inicio a
espermiogénese ¢ migragdo dos espermatozoides para a por¢do pré-ventricular dos ductos
deferentes e para as vesiculas seminais, onde sdo temporariamente armazenados. O final do
processo de espermiogénese ocorre antes da emergéncia do zangdo adulto (Bishop, 1920;
Silveira, 1972; Kerr e Silveira, 1974; Louveaux, 1977; Tozetto, 1997), assim como o inicio da

degeneracdo dos testiculos (Snodgrass, 1956).



2. Hexamerinas

Durante o estdgio pupal o inseto holometabolo ndo se alimenta, mas utiliza proteinas
abundantemente armazenadas na hemolinfa durante o estagio precedente, larval, como fonte
de aminoacidos para o desenvolvimento (Burmester e Scheller, 1999). Estas proteinas sao
denominadas de proteinas de estocagem e as principais pertencem a classe das hexamerinas
(Telfer e Kunkel, 1991), que integram uma familia de proteinas composta por fenoloxidases,
hemocianinas, pseudo-hemocianinas e receptores de hexamerinas (Burmester e Scheller,
1996; Burmester, 2001 e 2002). Ao contrario da ancestral hemocianina, as hexamerinas
perderam a fungio respiratoria, pois nelas os residuos de histidina ligadores de ions Cu®",
necessarios para o transporte de oxigénio, foram substituidos por outros aminoacidos
(Beintema et al., 1994; Burmester, 2001 e 2002).

As hexamerinas tém grande massa molecular e consistem de seis subunidades, sendo a
maioria entre 75 ¢ 90 kDa (Scheller et al., 1990; Telfer ¢ Kunkel, 1991). A reconstrugdo
tridimensional de um complexo hexamérico de Cerura vinula (Lepidoptera), baseada em
microscopia eletronica de transmissdo, revelou uma estrutura dupla-trimérica, ou seja, um
dimero de trimeros (Kayser et al., 2009).

Essas proteinas sdo sintetizadas em grandes quantidades pelo corpo gorduroso larval
em resposta a intensa ingestao de alimento, sendo subseqiientemente secretadas na hemolinfa,
onde se acumulam em concentracdes entre 60 e 90% do total de proteinas circulantes
(Scheller et al., 1990; Haunerland, 1996). Quando a larva para de se alimentar, da-se inicio ao
seqiiestro das hexamerinas pelas mesmas células do corpo gorduroso que as sintetizaram,
onde serdo armazenadas em forma de granulos citoplasmadticos, que serdo utilizados em
processos do metabolismo intermedidrio para atender ao desenvolvimento pos-larval (Locke e
Collins, 1965, 1966, 1967 ¢ 1968; Levenbook ¢ Bauer, 1984).

A seletividade do processo de endocitose, ou sequestro, das hexamerinas foi sugerida
pela identificacao de receptores especificos putativos nas membranas das células do corpo
gorduroso de alguns Lepidoptera (Helicoverpa zea, Corcyra cephalonica) e de varios Diptera
(Burmester e Scheller, 1992; Wang e Haunerland, 1994a; Kirankumar et al., 1997; Burmester
e Scheller, 1999). Os receptores putativos de hexamerinas ndo pertencem a nenhuma classe
conhecida de receptores de proteinas, mas sdao similares aos seus proprios ligantes, ou seja, as
proprias hexamerinas, assim como a outros membros da familia destas proteinas (Burmester e
Scheller, 1996). Estudos recentes realizados em Achea janata (Lepidoptera) sugerem que os
receptores de hexamerinas sdo proteinas ancoradas a face externa da membrana plasmatica

por meio de ligacdo covalente com o fosfolipideo de membrana glicosil fosfatidil inositol



(GPI). Proteinas deste tipo tém funcdes variadas (ativacdo celular, transducdo de sinal,
hidro6lise de proteinas da matriz extracelular, adesdo celular) e podem mediar o sequestro de
ligantes (por exemplo, as hexamerinas) por meio de fosforilagdo (Budatha et al., 2011).

Diferentes hexamerinas coexistem em uma mesma espécie de inseto e suas origens
tém sido atribuidas a eventos de duplicacdo génica que resultaram em multiplos paralogos
(Burmester, 1999). Este fendmeno pode estar relacionado a aquisi¢do de novas fungdes pelas
diversas hexamerinas (Hagner-Holler et al., 2007). Algumas destas moléculas contém em sua
composi¢do uma porcentagem relativamente alta de aminoacidos aromaéticos (tirosina,
fenilalanina e triptofano) e foram denominadas arilforinas. Outras sdo enriquecidas com
metionina, ou glutamina (Telfer ¢ Kunkel, 1991). E provavel que estas particularidades
sirvam para atender a necessidade de aminoacidos de diferentes tipos ¢ quantidades durante o
desenvolvimento pos-larval.

Neste contexto, ha evidéncias circunstanciais de que certas hexamerinas participem do
processo de esclerotizacdo do exoesqueleto (Peter e Scheller, 1991). Outras teriam fungdo no
transporte de metabdlitos ou hormoénios (ecdisterdides e HJ), além de outros componentes
organicos, como a riboflavina (Enderle et al., 1983; Magee et al., 1994; Braun e Wyatt, 1996;
Nagamanju et al., 2003). Zalewska et al. (2009) mostraram que proteinas da hemolinfa, entre
elas as hexamerinas, formam um complexo com proteinas ligadoras de HJ, auxiliando seu
transporte as células alvo. Deste modo indireto, as hexamerinas estariam relacionadas a
regulacdo dos titulos e acdo do HJ. Esta propriedade das hexamerinas sugere que podem
participar do processo de diferenciacdo de castas em cupins (Reticulitermes flavipes) que é
desencadeada por este horménio (Zhou et al., 2006a ¢ b, 2007).

Além disto, a detecg@o de granulos de hexamerinas no citoplasma das células do corpo
gorduroso de alguns insetos adultos sugere que estas moléculas também constituem fontes de
aminoacidos para a producao de proteinas do vitelo dos ovos e sdo, portanto, coadjuvantes no
processo de reprodugdo (Wang ¢ Haunerland, 1991; Roberts et al., 1991; Faria et al., 1994;
Haunerland, 1996).

Experimentos com cultura de células intestinais de espécies de Lepidoptera
(Spodoptera littoralis, Trichoplusia ni e Leptinotarsa decemlineata) mostraram que uma
arilforina da hemolinfa induziu o aumento do nimero de células-tronco (Loeb, 2010). No
entanto, o mecanismo pelo qual ocorre aumento da proliferagdo celular induzido por

hexamerinas ainda nao foi determinado.



3. Historico do estudo de hexamerinas em Apis mellifera

Ryan et al. (1984) foram os primeiros a identificar, por meio de SDS-PAGE, uma
subunidade de 74 kDa na hemolinfa de abelhas A. mellifera, a qual denominaram arilforina.
Mais de uma década depois, Danty et al. (1998) demonstraram quatro subunidades de
hexamerinas na hemolinfa desta abelha, as quais foram denominadas HEX 70a, HEX 70b,
HEX 70c e HEX 80/110, de acordo com as massas moleculares das subunidades obtidas por
SDS-PAGE. Estes autores também verificaram que as subunidades de 70 kDa tinham N-
terminais distintos, enquanto aquelas de massa molecular entre 80 e 110 kDa compartilhavam
uma sequéncia N-terminal comum e possivelmente representavam isoformas secundarias de
uma Unica sequéncia primaria de aminoacidos. Assim, os dados de Danty et al. (1998)
sugeriram a existéncia de, no minimo, quatro diferentes genes de hexamerinas em A.
mellifera.

Segue breve resumo dos estudos que se seguiram sobre a caracterizagdo dos genes de
hexamerinas e da expressao temporal de cada um deles nas operarias, rainhas e zangoes, sob
diferentes condi¢des fisioldgicas (naturais e manipuladas).

Cunha et al. (2005) tiveram como foco exclusivo o gene hex 70b. O cDNA foi
completamente sequenciado e foi demonstrado que este gene esta ativo em operarias durante
o estagio larval. A reducao da abundancia de transcritos coincidia com a diminui¢ao dos
titulos de HJ e ecdisteroides que antecede a muda metamorfica, sugerindo regulacdo positiva,
em nivel de transcri¢do, por ambos os hormoénios. Esta hipdtese foi experimentalmente
confirmada, uma vez que o tratamento de larvas de ultimo estdgio com estes hormonios
impediu a reducao dos niveis de transcritos, resultando em significativa extensao do periodo
de expressdo em comparag¢do as larvas do grupo controle, ndo tratadas.

Bitondi et al. (2006) enfocaram o gene hex 110. Uma regido de cDNA
(correspondente a 180 nucleotideos) foi sequenciada e foi verificado que em operarias, os
niveis de transcritos sao muito abundantes durante o estagio larval e inicio do estagio pupal,
mas diminuem substancialmente em quantidade ao final deste estagio e durante a ecdise. Os
niveis de transcritos aumentam novamente no estagio adulto, mas sem atingir a abundancia
verificada no estagio larval. Experimentos de manipulacdo da dieta alimentar e do status
reprodutivo das operarias adultas mostraram que a expressdo de hex 110 correlaciona-se
positivamente com o consumo de pdlen, a principal fonte de proteinas da dieta das abelhas, e
com a presenca de ovdrios ativos em operarias Orfds (que foram separadas da rainha e,

portanto, liberadas do efeito repressor do feromoénio real que impede sua reprodugdo). Estes



7

resultados mostraram que o gene hex 110 ¢ nutricionalmente regulado nas operarias adultas e
que a reproducdo demanda aumento de expressao deste gene.

Os estudos de Martins (2008) e Martins et al. (2008) tiveram como alvo o gene hex
70a. A densidade de transcritos de hex 70a no corpo gorduroso, assim como a abundancia das
respectivas subunidades polipeptidicas na hemolinfa, foram comparadas entre operarias,
rainhas e zangdes durante os estagios larval, pupal e adulto. Assim como hex 110, foi
demonstrado que o gene hex 70a ¢ nutricionalmente regulado e sua expressdo aumenta
significativamente no corpo gorduroso de operdrias com ovarios ativos, sugerindo que seu
produto pode ser requerido para uma fun¢do no contexto da reproducdo. A presenga de
transcritos e de subunidades de HEX 70a nas gonadas em diferenciagdo de operarias, rainhas
e zangoes, conforme demonstrado por RT-PCR e western blot evidenciou um novo papel para
esta hexamerina na biologia do desenvolvimento de A. mellifera.

Martins et al. (2010) aprofundaram e tornaram mais abrangente o enfoque sobre os
genes de hexamerinas. O gene hex 110 foi completamente sequenciado, assim como hex 70c.
Foi verificado que cada um dos genes de hexamerinas esta presente como uma unica copia no
genoma de A. mellifera: hex 70a, hex 70b e hex 70c estdo localizados in tandem no
GroupUn.53, enquanto hex 110 esta posicionado separadamente no Groupl1.32. O diagrama
esquematico comparando a estrutura dos genes de hexamerinas, assim como suas sequéncias
nucleotidicas constam do Apéndice 1 (Fig. 29). A contribuicdo de um dos co-autores do
trabalho supra-citado (A. S. Cristino) levou a identificacdo de motivos conservados de
resposta ao HJ nas respectivas regides 5° UTR dos genes de hexamerinas, além da construgao
de uma arvore filogenética abrangendo 45 sequéncias conhecidas de hexamerinas de
Hymenoptera, Diptera, Lepidoptera, Coleoptera, Isoptera e Orthoptera. Foram mapeados seis
motivos super-representados numa extensdo de 1,5 kb a partir (upstream) dos codons de
inicio dos respectivos genes. Um dos motivos mostrou significante identidade com o sitio de
ligagdo da proteina Ultraspiracle (USP), que compde o complexo de ligagdo de ecdisterdides
e HJ ao DNA (Yao et al., 1992 ¢ 1993; Jones et al., 2006). Os outros cinco motivos nao
apresentaram similaridade com elementos de resposta conhecidos e parecem ser especificos
de hexamerinas. A analise filogenética revelou um complexo padrio de evolugdao das
hexamerinas, com radia¢do independente em cada uma das Ordens de insetos contemplada na
analise. Revelou ainda que HEX 110, juntamente com as sequéncias HEX 109 e HEX 102 de
outro Hymenoptera, a vespa parasita Nasonia, ocupa a posi¢do mais basal entre as
hexamerinas de insetos Holometabola conhecidas até entdo.

Estudos comparativos dos niveis de expressdao de cada gene no corpo gorduroso, em

etapas precisas da muda metamorfica, evidenciaram diferencas na modulagdo da expressao



entre operarias, rainhas e zangdes, neste periodo critico do desenvolvimento, e também
durante os estagios pupal e adulto (Apéndice 2 — Fig. 30). Os estudos comparativos foram
estendidos as gonadas das fémeas e dos zangdes em desenvolvimento e adultos (Apéndice 3 —
Fig. 31). As analises por RT-PCR semi-quantitativa mostraram que além de expressar o gene
hex 70a, conforme verificado anteriormente (Martins et al., 2008), os ovarios e testiculos em
desenvolvimento também expressam hex 110 e hex 70b. Assim como hex70a, a expressdo do
gene hex 110 também foi identificada em ovarios de rainhas em oviposi¢ao. O tnico gene de
hexamerina aparentemente inativo nos ovarios e testiculos ¢ hex 70c, uma vez que ndo foram
identificados transcritos nestes 0rgaos.

Estes resultados podem ser assim resumidos: (1) os genes codificadores de
hexamerinas de A. mellifera apresentam caracteristicas estruturais peculiares indicando
diversidade de fungdes no ciclo de vida; (2) os 4 genes de hexamerinas compartilham motivos
super-representados na regido reguladora 5°, incluindo um motivo com potencial de ligar o
receptor de HJ, sugerindo que estes genes sdo regulados por HJ; (3) todos os genes de
hexamerinas mostram expressao abundante no corpo gorduroso larval de operarias, rainhas e
zangoes, corroborando a fun¢do candnica de genes codificadores de proteinas de estocagem
para a metamorfose; os genes hex 110 e hex 70a sdo também transcritos no corpo gorduroso
dos adultos, com padrdoes de expressdo casta e sexo especificos, sugerindo fungdes
alternativas neste 6rgdo dos adultos; (4) a expressdo de trés dos genes de hexamerinas
(hex70a, hex 70b ¢ hex 110) nas gonadas de larvas e pupas de operarias, rainhas e zangdes
sugeriu fun¢ao no desenvolvimento e diferenciacdo destes orgdos; (5) a expressdo de hex 70a
e hex 110 nas gonadas de rainhas adultas sugeriu relagdo com o funcionamento dos ovarios e
reprodugao.

Com o intuito de aprofundar este tema, procedemos a busca de evidéncias de fungoes
alternativas das hexamerinas no contexto do desenvolvimento de A. mellifera, abrangendo
diferentes fases do ciclo de vida. Também foram estudados aspectos da regulacdo dos genes
de hexamerinas. Além disto, empreendemos esfor¢os para isolar e purificar parcialmente estas
proteinas, e paralelamente, iniciamos os procedimentos de transcrigdo/tradugdo in vitro das
hexamerinas em bactérias visando obté-las parcial ou totalmente purificadas para viabilizar a

caracterizagdo da estrutura dos hexdmeros e experimentos de ligagdo ao HIJ.
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Objetivos

Objetivo Geral:

Este trabalho teve como objetivo geral a busca de evidéncias de fungdes alternativas
das hexamerinas de A. mellifera, e o estudo de aspectos da regulacao destes genes,
principalmente  no  contexto da  metamorfose do  corpo  gorduroso e

desenvolvimento/maturacao das gonadas.

Objetivos Especificos:

No contexto da metamorfose: (1) verificar a dinamica de acumulo de hexamerinas no
corpo gorduroso ¢ hemolinfa; (2) obter evidéncia de regulacdo dos genes de hexamerinas por
HJ e pela dieta alimentar; (3) verificar as consequéncias da diminuicdo dos niveis de
hexamerinas sobre o desenvolvimento; (4) determinar a localizagdo de HEX 70a, HEX 70b,
HEX 70c e HEX 110 nas células do corpo gorduroso de operarias durante a muda
metamorfica;

No contexto do desenvolvimento/maturagao das gonadas: (1) Determinar a localizagao
das hexamerinas HEX 70a e HEX 110 nas células das gonadas de operarias, rainhas e
zangoes; (2) Investigar a relacdo entre HEX 70a, crescimento dos ovariolos e esclerotizacao
cuticular.

Como objetivo adicional, propusemos iniciar procedimentos para obter as hexamerinas
parcialmente ou totalmente puras visando caracterizar a estrutura do hexamero e aspectos

especificos da fung¢a
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Material e Métodos

1. Material Biologico

Abelhas africanizadas Apis mellifera foram obtidas no apiario experimental do
Departamento de Genética da Faculdade de Medicina de Ribeirdo Preto — Universidade de

Sao Paulo (FMRP/USP).

1.1. Operadrias e rainhas em diferentes estagios e fases da ontogénese

Rainhas ovipositoras foram confinadas em uma area limpa de um quadro de cria, por
meio de uma tela excluidora de rainhas, durante 6 h. Finalizado o periodo determinado para a
oviposi¢do, a rainha foi retirada do confinamento, mas a tela excluidora foi mantida para
evitar que novos ovos fossem depositados nos mesmos alvéolos.

Passados trés dias, larvas de 1° instar foram transferidas para cupulas de rainhas
contendo geleia real, sendo mantidas em colonias-recria até a emergéncia dos adultos.
Algumas larvas foram mantidas no quadro de cria para a obtengdo de operarias.

Larvas e pupas foram identificadas de acordo com os critérios de Rembold et al.
(1980) e Michelette e Soares (1993), que apresentam um perfil detalhado do desenvolvimento
pré-imaginal de A. mellifera baseado em caracteristicas morfologicas e fisiologicas de rainhas
e operarias, respectivamente (Tabela I). Assim, as larvas de rainhas e operarias foram
agrupadas em cinco estagios distintos (L1, L2, L3, L4 e L5), definidos com base na
ocorréncia de ecdises. O 5° e ultimo instar larval é o mais longo, sendo subdividido em trés
fases: de alimentacdo (L5F), de tecelagem do casulo (L5S) e de pupa farata (PP) que
representa o estagio de transi¢do entre o estagio larval e o pupal. A pupa (Pw) e os adultos
faratos em fases sucessivas de desenvolvimento (Pp, Pdp, Pb, Pbl, Pbm e Pbd) foram

classificados usando como parametros a cor do olho e a pigmentagao da cuticula toracica.
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Tabela I: Identificagdo dos estagios e fases de desenvolvimento de rainhas e operarias de Apis mellifera

(Rembold et al., 1980; Michelette e Soares, 1993).

Instares larvais

Intervalo de peso (mg) e caracteristicas

L1
L2
L3
L4
L5F1
L5F2
L5F3
L5S1
L5S2
L5S3
PP1

PP2

PP3

Operarias Rainhas
0,11-0,30 0,10 -0,45
0,31 -1,05 0,35-1,50
1,50 — 4,45 1,30-7,0
4,80 — 24,80 3,80 — 44,00
27,12 - 42,62 35,00 - 90,00
53,09 -91,01 91,00 — 180,00

106,78 — 115,86 181,00 — 260,00
Intestino totalmente cheio
Intestino em processo de esvaziamento
Intestino totalmente vazio
Pouco movimento, cabega orientada em direg¢@o ao opérculo, o
intestino pode ser visualizado como um tubo vazio.

Imovel, cabega orientada em dire¢do ao opérculo, o intestino ndo é
mais visivel, os apéndices da cabeca e do térax sdo visiveis através da
cuticula larval.

Imovel, cabega orientada em diregdo ao opérculo, o liquido exuvial

foi reabsorvido e a cuticula larval tornou-se opaca e enrugada. Apéndices

toracicos ndo podem mais ser visualizados.

Fases do estagio pupal Cor do olho Pigmentac¢io da cuticula
toracica
Pw Branco Ausente
Pp Rosa claro Ausente
Pdp Rosa escuro Ausente
Pb Marrom Ausente
Pbl Marrom Inicio
Pbm Marrom Intermediaria
Pbd Marrom Intensa

Operarias adultas foram obtidas em colmeias de acordo com a atividade exercida

durante a coleta: nidal

(recém-emergida e alimentagdo da cria) ou extra-nidal

(forrageamento). Rainhas ovipositoras foram obtidas de diferentes colmeias, ndo importando

a idade cronologica.
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1.2. Obtencao de zangdes

Zangdes foram coletados de colmeias em condi¢des regulares (com rainha) e oOrfas
(sem rainha). As pupas foram identificadas de acordo com os critérios de Tozetto et al. (2007)
(Tabela II), sendo classificadas em 13 estadgios (P1, P2, P3, at¢é P13), usando como

parametros a cor do olho e a pigmentagao da cuticula toracica.

Tabela II: Parametros para classificagdo de fases de desenvolvimento de zangdes de Apis mellifera (Tozetto et

al., 2007).

Fases de pupa e Cor dos olhos Pigmentacio da cuticula toracica

adulto farato

Pupas P1 Perolado Perolado
P2 Bege Perolado
Pupas P3 Rosa Perolado
faratas P4 Violeta Perolado
P5 Violeta escuro Perolado
P6 Violeta escuro Pigmentagdo mesocutanea
P7 Violeta escuro Marfim
P8 Violeta claro Marfim
P9 Violeta claro Bege
P10 Violeta claro Bege escuro
P11 Violeta claro Marrom claro
P12 Marrom Marrom
P13 Marrom Marrom escuro

2. Tratamento hormonal

Larvas L5F de operarias foram tratadas topicamente com 1 pL. de uma solugdo de 10
png/uL de horménio juvenil III (Fluka) diluido em acetona. Larvas do grupo controle
receberam 1 pL do diluente. Apos o tratamento, o quadro com as larvas tratadas foi devolvido
a colmeia, onde permaneceu por 24 h, quando os grupos tratados e controles foram coletados

para analise por RT-PCR.
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3. Manipulacio da dieta alimentar
3.1. Alternancia da dieta de larvas de operarias e rainhas

Rainhas ovipositoras foram confinadas em uma area limpa de um quadro de cria, por
meio de uma tela excluidora de rainhas, durante 6 h. Metade das larvas de primeiro instar, 96
h ap6s a postura, foram transferidas para realeiras, contendo geleia real, e a outra metade
permaneceu no quadro de cria. Apos 48 h, metade do grupo que estava nas realeiras foi
transferido de volta para o quadro de cria, ¢ metade do grupo que estava no quadro de cria foi
transferido para novas realeiras. Passados mais dois dias, as larvas dos quatro grupos foram
pesadas, o corpo gorduroso foi coletado para extragdo de RNA e analises por RT-PCR semi-
quantitativa, e a hemolinfa para andlise de proteinas por western blot. Resumidamente, os
grupos analisados eram constituidos por: 1) abelhas que permaneceram 4 dias em células de
operarias (40p); 2) abelhas que ficaram 2 dias em células de operaria e 2 dias em células de
rainha (20p2Ra); 3) abelhas que ficaram 2 dias em células de rainha e 2 dias em células de

operaria (2Ra20p); e 4) abelhas que permaneceram 4 dias em células de rainha (4Ra).

3.2. Dieta larval enriquecida ou pobre em polen

Duas coldnias de abelhas Apis mellifera foram confinadas em gaiolas de 2 x 2 x 2 m,
localizadas no apiario Experimental do Departamento de Genética da FMRP-USP. Nos trés
primeiros dias, estas colonias ndo receberam alimento para que o polen estocado pelas
operarias fosse totalmente consumido e, entdo, um quadro livre de alimento e cria foi
utilizado para o confinamento da rainha para oviposi¢do. A partir do quarto dia, as colOnias
receberam alimento composto por pélen comercial fermentado (1 kg de pdélen + 10 mL de
mel, estocado em estufa, durante 24 h, a 34°C e 80% de umidade relativa) em diferentes
concentragdes: 1) 5% de polen em xarope (50% de actcar em agua); 2) 20% de polen em
xarope. Os quadros foram acompanhados dia-a-dia e ap6s 8 dias, larvas da postura controlada
foram coletadas e pesadas. A hemolinfa foi estocada para analise por western blot ¢ o RNA

total foi extraido do corpo gorduroso para analise por RT-PCR ¢ qRT-PCR.

4. Inativacdo das hexamerinas

Pupas (Pw) de operarias e rainhas foram coletadas e mantidas em estufa a 34°C e 80%
de umidade relativa por 24 h antes de receberem uma inje¢do de 1 pL (1 pg) do anticorpo
anti-HEX 70a, anti-HEX 70b, anti-HEX 70c ou anti-HEX 110 (Tabela III), diluido em 0,9%
NaCl. O anticorpo foi injetado na hemocele abdominal, com o auxilio de uma micro seringa

Hamilton (1701LT) e agulha G30 (Becton Dickinson). Para este experimento foram utilizados
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dois grupos controle que receberam 1 pL de NaCl 0,9%, ou 1 pL (1 pg) de anticorpo anti-
mouse diluido em 0,9% NaCl. Apés 4 e 24 h da injecdo, a hemolinfa e o corpo gorduroso de
parte dos grupos tratados e controles foram coletados para analise por western blot. Parte dos
grupos foram mantidos em estufa, nas mesmas condigdes acima mencionadas, até¢ a
emergéncia (ecdise), quando foram fotogrados. Uma vez que a hexamerina HEX 70a ¢ uma
arilforina e, dessa forma, podem estar relacionada com a formagao da cuticula, o progresso da
pigmentacdo e esclerotizagdo foram examinados diariamente até a ecdise. Rainhas injetadas
com anti-HEX 70a tiveram seus ovarios dissecados ¢ marcados com DAPI para medidas da

espessura dos ovariolos.

Tabela III: Sequéncias utilizadas para a produgio dos anticorpos contra hexamerinas de A. mellifera

Nome Sequéncia Empresa produtora
anti-HEX 110 NLYTKYHGQYP Rheabiotech, Campinas, Brasil
anti-HEX 70a SYKMHQKPYNKD Affinity BioReagents, CO, USA
anti-HEX 70b TFNLVENLDNYNDKEAVNEF Rheabiotech, Campinas, Brasil
anti-HEX 70c¢ RNYDMESNMDMYKDKNVVQK Rheabiotech, Campinas, Brasil

anti-mouse Horseradish Peroxidase-linked whole Kit ECL Western Blotting
antibody Detection Reagents and Analysis

System (Amersham Biosciences)

5. Extracao de hemolinfa

A coleta de hemolinfa de operarias foi realizada através de incisdo na cuticula
abdominal dorsal das larvas e pupas pela qual inseriu-se um microcapilar. As aliquotas de
hemolinfa obtidas por sucgao foi adicionado inibidor de protease (Protease Inhibitor Cocktail
Tablets — Roche Applied Science) (10% v/v). As amostras foram centrifugadas a 3000 rpm

(mini Spin Eppendorf) por 3 min. O sobrenadante foi coletado e estocado a -20°C.
6. Separaciao de membranas e nucleos de células do corpo gorduroso

6.1. Membranas

Larvas de 5° instar (operarias) foram dissecadas para a extracdo do corpo gorduroso
em tampao HEPES; gelado (5 mM HEPES, pH 8.,5; 130 mM NaCl; 5 mM KCI; 0,1 M
CaCl,). O corpo gorduroso foi lavado (3 vezes) com tampao HEPES, (5 mM HEPES, pH 8,5;
0,1 mM CaCl,), para retirar a hemolinfa contaminante. Entao 1,5 mL de tampao HEPES, foi
adicionado a amostra e, com o auxilio de uma seringa de insulina (I mL/cc — INJEX

industrias cirargicas LTDA), o material foi homogeneizado. Apos centrifugacdo a 2580 rpm



17

(Sorvall RC5C), por 10 min, a 4°C, o sobrenadante foi retirado e novamente centrifugado a
14000 rpm (Sorvall RC5C) por 30 min a 4°C. O pellet foi lavado com 1,5 mL de tampao
HEPES; e submetido a nova centrifugagdo nas mesmas condi¢des da anterior. O pellet (fragao
de membranas) foi ressuspendido em 0,5 mL de tampao HEPES; (10 mM HEPES, pH 7; 2
mM CaCly; 10% sacarose p/v), acrescido de 0,1% de Triton X-100.

6.2. Nucleos

Larvas de 5° instar (operarias) foram dissecadas para a extracdo do corpo gorduroso
em PBS; (137 mM NaCl; 2,7 mM KCI; 10 mM Na,HPOy; 1,7 mM KH,PO4, pH 7.4). O corpo
gorduroso foi lavado (3 vezes) com PBS; para retirar a hemolinfa contaminante. Entdo, 1,5
mL de PBS; e 25 puL de inibidor de proteases foram adicionados a amostra, que foi
centrifugada a 200 — 250 x g, por 15 min, a 4°C. O sobrenadante foi descartado e 10 pL de
inibidor de proteases ¢ 1 mL de tampao HEPES, foram adicionados ao pellet, o qual foi
homogeneizado com o auxilio de uma seringa de 3 mL e agulha numero 26 por cerca de 10
vezes, e centrifugado a 1000 x g por 5 min a 4°C. Ao pellet (fragdo nuclear) foram
adicionados 2,5 pL de inibidor de protease e 150 uL de tampao uréia/CHAPS (uréia 8 M e
2% CHAPS). O pellet foi homogeneizado e levado ao ultrassom por 5 min, e depois ao gelo
por 5 min e ao vortex por 5 min (este ciclo foi repetido 3 vezes). A amostra foi centrifugada a

20000 x g por 30 min a 4°C. O sobrenadante foi estocado em freezer -80°C.
7. Analises de expressiao génica

7.1. Extracao do RNA total e sintese do cDNA

A extragdo de RNA foi feita utilizando reagente TRIzol® (solug¢dao comercial de fenol
e isotiocianato de guanidina para isolamento de RNA total, Invitrogen). O protocolo de
extracdo foi aquele recomendado pelo fabricante. Para tecidos contendo excesso de gordura
(no caso de larvas de 5° instar ¢ amostras de corpo gorduroso) o passo de adicdo de
cloroférmio foi repetido. O RNA obtido foi ressuspendido em 4agua tratada com 0,1%
dietilpirocarbonato (DEPC). A quantificacio do RNA foi realizada em espectrofotdmetro
(NanoDrop®ND-1000, NanoDrop Technologies) a 260 nm. As amostras foram estocadas em
freezer — 80°C.

O RNA foi tratado com DNase (Invitrogen) por 15 min em temperatura ambiente € em
seguida a 65°C por 10 min, para a inativacdo da enzima com a adi¢do de 1 pL de EDTA. A
sintese de cDNA, a partir de 1-2,5 pg de RNA total, foi feita de acordo com o sistema de
sintese Superscript II (Invitrogen) ¢ Oligo (dT)12-18 (Invitrogen), seguindo instrugdes do

fabricante. Por este método, apenas a primeira fita do cDNA ¢ sintetizada através de



18

transcri¢do reversa. A segunda fita ¢ gerada posteriormente por PCR com o uso de primers

especificos.

7.2. PCR e anilise por eletroforese

Para as amplificagdoes por PCR foram utilizados os cDNAs e os primers especificos
para cada gene (todos desenhados em exons diferentes, para controle de eventual
contaminagdo por DNA genomico) e as condi¢cdes de PCR especificas foram determinadas
para cada par de primers (Tabela IV).

As reagdes foram realizadas com 0,8 plL de primer forward e reverse (1uM), 1 uL de
cDNA, 10 puL de Master Mix 2,5X (Promega){10X PCR buffer [200 mM Tris- HCI (pH 8,4),
500 mM KClJ]; 50 mM MgCl,; 25 mM dNTP mix [100 mM de solucao de: dTTP; dATP;
dGTP ¢ dCTP]; taq DNA polymerase [5 U/uL]}, totalizando um volume de 20 puL com agua
bidestilada estéril. O controle da amplificagdo foi realizado utilizando-se primers especificos
para o gene codificador da proteina ribossomal rp49 de Apis mellifera (GenBank accession
number AF441189; Tabela 1V), de expressao constitutiva (Lourenco et al., 2008).

Aos cDNAs amplificados por PCR foram adicionados 2,5 pLL. de tampao de amostra
(50% glicerol; 0,42% azul de bromofenol; 0,42% xileno cianol) para anélise em gel de
agarose 1%, contendo brometo de etidio, em tampao TBE 1X (89 mM Tris, 89 mM 4cido
boérico, 2 mM EDTA, pH 8). A eletroforese foi realizada com uma corrente constante de 100
V. Apds a eletroforese, o gel foi visualizado digitalmente com o uso de um foto-
documentador KODAK EDAS 290. O ADNA/Hind III Fragments de 100 pb (Invitrogen®,
Life Technologies) ou 100 bp DNA Ladder (Promega) foi usado como marcador do tamanho
dos produtos de PCR (fragmentos de DNA).
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Tabela I'V: Sequéncias dos primers especificos e condigdes de PCR para analise semi-quantitativa

Versao Nimero Tamanho Nome do Sequéncia (5°-3°) Condigoes da
do de acesso do primer PCR
genoma no fragmento
GenBank
4.0 EU105212 152 nt Hex 110 F GGCGGAGGAATTCAGCAAAA 94°C — 30 s; 18
Hex 110 R TGGCCTACAGGATTCTGGAT ciclos de 94°C — 30

s, 58°C — 1 min,
72°C - 1 min;
72°C — 10 min

4.0 EF591128 109 nt Hex 70aF  AAAGCCAATCACGCTCTGAT 94°C — 30 s; 21

Hex 70a R AATCGTGATTCAGATACCAGC ciclos de 94°C - 30
s, 54°C — 1 min,
72°C — 1 min;
72°C — 10 min

4.0 AY601637 132 nt Hex 70b F  ATACGACGAGTTCGGTCATG 94°C — 30 s; 21
Hex 70b R ACGAAGACAGATTCGTGGCT ciclos de 94°C — 30
s, 54°C — 1 min,

72°C - 1 min;
72°C — 10 min
4.0 EF89162 130 nt Hex 70c F  TTACAAAACTGCCGCTTGGG 94°C — 30 s; 23

Hex 70c R GGGATAGATCTCGTAGATGG ciclos de 94°C - 30
s, 54°C — 1 min,

72°C - 1 min;
72°C — 10 min
4.0 AF441189 150 nt Rp49 F CGTCATATGTTGCCAACTGGT 94°C — 30 s; 25

Rp49 R TTGAGCACGTTCAACAATGG ciclos de 94°C — 30
s, 58°C — 1 min,
72°C — 1 min;
72°C — 10 min

7.3. qRT-PCR
RT-PCR em tempo real foi realizada utilizando 7500 Real Time PCR System (Applied

Biosystems). Dilui¢des seriais de cDNA foram utilizadas para calcular a eficiéncia (E) das
reacdes (E = 10 C"*°P9) para cada gene. Os pares de primers escolhidos foram aqueles cuja
eficiéncia ficou entre 1,9 e 2,05. A amplificacdo foi feita com 20 pL de volume final,
contendo 10 uL de SYBR® Green Master Mix 2X (Applied Biosystems), 1 pL de cDNA
(diluido 10X), 7,4 uL de agua destilada e 0,8 uL (1 uM) de cada primer especifico (Tabela
IV e V). Os primers foram desenhados para amplificar uma regido de cada gene flanqueando

um intron, servindo assim como controle da contamina¢do por DNA gendmico. Para checar a
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reprodutibilidade, o método foi realizado em triplicata técnica e triplicata biologica. As
condi¢des de PCR foram: 50°C por 2 min e 95°C por 10 min, seguidos por 40 ciclos de 95°C
por 15 s e 60°C por 1 min. O gene rp49 de A. mellifera codificador de uma proteina
ribossomal de expressdo constitutiva (Lourengo et al., 2008) foi utilizado para normalizagdo ¢
controle interno da PCR (Tabela IV). Cada corrida foi seguida por analise da curva de
melting para confirmar a especificidade da amplificacdo e auséncia de dimeros de primers. A
quantificagdo relativa dos transcritos foi calculada usando o método comparativo Ct (Applied

Biosystems, User bulletin # 2).

Tabela V: Sequéncia dos primers especificos utilizados em analise por qRT-PCR

Versao Nimero Tamanho  Nome do primer Sequéncia (5°-3°)
do de acesso do
genoma no fragmento
GenBank
4.0 GB11059 149 nt Lipoforina F AGCGAAGAGGATCGCAGATA
Lipoforina R AACCCTTCGTTCCTCCTTTC
4.0 GB10174 267 nt ILP2 F ATGCACCAATATTATGGTCGAAC
ILP2 R TTAACGGGCACCGCAATAGG
4.0 GB11037 119 nt Chico F ACCAGCGAAAGTCATCCAAC
Chico R GAGATTGGCGGTGAATAGGA
4.0 GB11213 128 nt Tor F CTTCAAAAAGCCTGGACTGC
Tor R GCAAGAGCCCAACATGATCT
4.0 AB490017 106 nt ecrAF CCAACAGCAACAACGGCTAC
ecrA R AAAGAGCCAGGCTGCGACAA
4.0 AB490050 86 nt ecrB F ACAGTGTTGCCAACGGTCAC
ectBR AAAGAGCCAGGCTGCGACAA
4.0 AY273778 145 nt USPF CGATATTCGACCGTGTCCTC
USPR AGCAGGGTCACTTCCTGGAT
4.0 GB15634 145 nt MFE2 F GGAATCATTTCTTGCGGAGA
MFE2 R GTTATGCGCGCTATGGAAAT
4.0 AY647436 121 nt JHEF AGATGCGCCCAGAGTAAAAA
JHE R TTTCCCAACTGGAGGTAACG
4.0 XM394922 160 nt JHEH F GCTTTTCAATTAGGTAGTGG

JHEH R GATGGGAAATAGGTACCGAC
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8. Imunolocalizacdo das hexamerinas e busca de funcio

8.1. Microscopia de luz

Gonadas de rainhas, operarias e zangdes foram dissecadas em Ringer (NaCl 0,17 M;
KC10,01 M; CacCl, 0,003 M) e fixadas em paraformaldeido 4% em PBS;, por 24 h, a 4°C. Os
tecidos foram, entdo, desidratados em uma série crescente de etanol (70, 80, 90 e 95%, 2
lavagens de 15 min cada) e infiltrados em resina de metacrilato por 24 h a 4°C, seguido de
embebigdo na mesma resina acrescida de endurecedor (Historesin, Leica). Sec¢des seriadas de
4 um de espessura foram realizadas em microtomo (Micron) e transferidas para laminas
histolégicas para coloragdo com azul de metileno e fucsina basica (21,8% de azul de metileno
4 mM; 38% de tetraborato de sodio 26,2 mM; 27,2% de etanol absoluto; 13% de fucsina
basica 3,8 mM) por 5 min, seguida de uma rapida lavagem com agua destilada e estocagem
em estufa a 37°C para secagem do material. Apos a secagem das laminas foram realizadas
preparacdes permanentes com Entellan (Merck), e o material foi examinado e fotografado em

microscocopio de luz Axioskop Il photomicroscope (Zeiss).
8.2. Microscopia confocal

8.2.1. Marcacio de F-actina com rodamina-faloidina

Apos dissecgdo em PBS;, ovarios e testiculos foram imersos em meio de cultura
especifico para tecidos de abelhas (Rachinsky e Hartfelder, 1998), no qual foi realizada a
individualizagdo dos ovariolos e testiolos e remocdo da tunica peritoneal que os reveste.
Ovariolos e testiolos foram fixados por 30 min em solugao contendo 240 pL de PBS;, 200 pL
de formaldeido 37% (Merck), 8 uL de Triton X-100 (Sigma) e 2 pL de rodamina-faloidina
(Invitrogen). O material foi lavado 2 vezes em solucdo de PBS; com Triton X-100 0,2%
(0,2% TPBS) e 0,1% de rodamina-faloidina por 20 min cada. Uma terceira lavagem foi
realizada em 0,2% TPBS por 20 min. Ovariolos e testiolos foram incubados por 5 min em
DAPI (4,6-diamidino-2-phenylindole - Sigma) 1:8000 em 0,2% TPBS e entdo lavados 5 vezes
em 0,2% TPBS por 5 min cada. Glicerol 80% (Merck) em 0,2% TPBS foi utilizado como
meio de montagem e o material foi examinado em microscopio confocal Leica TCS-SP5

(Leica Microsystems, Bannockburn, IL).

8.2.2. Imunolocaliza¢do da hexamerina HEX 70a nas gonadas

Ovariolos e testiolos foram fixados por 20 min sob agitagdo constante em
paraformaldeido 4% em PBS;, permeabilizados com 0,1% TPBS por 15 min (5 lavagens),
bloqueados com 0,1% TPBS e 1% BSA (TPBSA)) por 30 min e incubados em TPBSA, e 5%
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de soro de cabra, por 30 min a temperatura ambiente. Ovariolos e testiolos foram entdo
incubados com anti-HEX 70a em uma concentragdo de 1:50 em TPBSA; ¢ 5% de soro de
cabra por 16 h a 4°C. Em sequéncia, o material foi lavado 5 vezes (20 min cada lavagem) em
0,1% TPBS, bloqueado com TPBSA, por 20 min (2 lavagens) e incubados em 5% soro de
cabra por 30 min. Cy3 goat anti-rabbit antibody (Sigma, 1:200 diluigdo) foi adicionado as
amostras e estas foram incubadas por 2 h em temperatura ambiente. Ovariolos e testiolos
foram lavados com 0,1% TPBS (5 lavagens de 20 min cada) e incubados com DAPI (1:8000
dilui¢do) em 0,1% TPBS por 5 min e entdo lavados 5 vezes com 0,1% TPBS. Ovariolos e
testiolos foram montados em Glicerol 80% (Merck) e examinados em Leica TCS-SP5

confocal microscope (Leica Microsystems, Bannockburn, IL).

8.2.3. Co-localizacdao de HEX 70a e EAU

Pupas de operarias Pw foram coletadas e mantidas em estufa por 24 h a 34°C com
80% de umidade relativa. Com o auxilio de uma micro seringa Hamilton (1701LT) e agulha
G30 (Becton Dickinson), 40 uM de 5-ethynyl-2’deoxyuridine (EdU, Click-it™ EdU Imaging
Kits - Invitrogen) diluido em Ringer foi injetado na hemocele da regido abdominal. As pupas
foram mantidas por mais 24 h em estufa a 34°C com 80% de umidade relativa, apos as quais
os ovarios foram dissecados e fixados em 3,7% formaldeido em PBS; por 30 min, lavados em
PBS; por 20 min e, subsequentemente, transferidos para a solug¢do de rea¢do do Click-iT EdU
Imaging Kit (43 uL de 10X reaction buffer; 38 uL de agua destilada; 20 uL de sulfato de
cobre; 1,2 pL de Alexa Fluor 594; 50 uL de reaction buffer additive) por 30 min. A
permeabilizacdo e a marcagdo com anticorpo para localizacdo da hexamerina HEX 70a foram

realizadas conforme descrito no item 8.2.2.

8.2.4. Marcacao dos nucleos com DAPI e mediciao da largura dos ovariolos

Ovarios de pupas de rainhas injetadas com anticorpo anti-HEX 70a e ovarios do grupo
controle injetado com NaCl 0,9% foram dissecados e fixados em paraformaldeido 4% em
PBS; por 20 min. Os ovariolos foram lavados trés vezes com 0,2% TPBS por 20 min e
incubados com DAPI (1:8000 - Sigma) em 0,1% TPBS por 5 min, seguido de 5 lavagens (5
min cada) em 0,1% TPBS. Os ovariolos foram montados em Glicerol 80% e examinados em
Leica TCS-SP5 confocal microscope (Leica Microsystems, Bannockburn, IL), utilizando o
software do programa para a medicao da largura dos ovariolos em pontos especificos ao longo

de seu eixo proximal-distal.
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8.2.5. Imunolocalizacio da hexamerina HEX 110 nos ovarios de operarias adultas (7

dias de idade) e rainhas ovipositoras

Ovariolos foram fixados por 20 min em paraformaldeido 4% em PBS;,
permeabilizados com 0,1% TPBS por 5 min (3 lavagens), bloqueados com TPBSA, por 5 min
(5 lavagens) e incubados em TPBSA; e 10% de soro de cabra, por 1 h. Os ovariolos foram
entdo incubados com anti-HEX 110 a uma concentragdo de 1:50 em TPBSA; e 10% de soro
de cabra por 16 h a 4°C. Em sequéncia, o material foi lavado 3 vezes (5 min cada lavagem) e
5 vezes (20 min cada lavagem) em TPBSA|, e incubado com Alexa Fluor 488 conjugado com
anticorpo anti-rabbit (Invitrogen, 1:200 diluicdo) em TPBSA; por 2 h em temperatura
ambiente. Os ovariolos foram lavados com TPBSA; (3 lavagens de 5 min e 5 lavagens de 20
min) e incubados com iodeto de propideo (Invitrogen, 2 pg por mL), para marca¢do dos
nucleos, em TPBSA; por 15 min e entdo lavados 3 vezes com TPBSA; por 5 min. Em seguida
foram montados em Glicerol 80% (Merck) ¢ examinados em Leica TCSSP5 confocal

microscope (Leica Microsystems, Bannockburn, IL).

8.2.6. Imunolocalizacao das hexamerinas HEX 70a, HEX 70b, HEX 70c e HEX 110 no

corpo gorduroso de operarias

Corpo gorduroso de operarias em fase de pupa farata (PP2, Tabela I) foi fixado por 20
min em paraformaldeido 4% em PBS,;, permeabilizado com 0,1% TPBS por 5 min (3
lavagens), bloqueado com 0,6% TPBS e 5% BSA (TPBSA;) por 5 min (5 lavagens) e
incubado em TPBSA,; ¢ 10% de soro de cabra, por 30 min. Seguiu-se incubagdo com anti-
HEX 110, anti-HEX 70a, anti-HEX 70b ou anti-HEX 70c a uma concentracao de 1:50 em
TPBSA; e 10% de soro de cabra por 16 h a 4°C. Em sequéncia, o material foi lavado 3 vezes
por 5 min e 5 vezes por 20 min em TPBSA,, e incubado com Alexa Fluor 488 (Invitrogen,
dilui¢do 1:200) em TPBSA; por 2 h em temperatura ambiente. Seguiram-se lavagens com
TPBSA; (3 lavagens de 5 min e 5 lavagens de 20 min) e incubac¢do com iodeto de propideo
(Invitrogen, 2 pg por mL) em TPBSA; por 15 min e 3 lavagens com TPBSA; por 5 min. O
corpo gorduroso foi montado em Glicerol 80% (Merck) e examinado em Leica TCSSP5

confocal microscope (Leica Microsystems, Bannockburn, IL).

8.3. Microscopia eletronica de transmissdo para verificacio da cuticula de operarias

injetadas com anti-HEX 70a

As tibias do 3° par de pernas de operarias recém emergidas tratadas com anticorpo
anti-HEX 70a e com NaCl 0,9% na fase Pp (Tabela I) foram coletadas e fixadas em solucao
de glutaraldeido 4% em tampao cacodilato de sédio 0,1M, pH 7,2, por 1 h em temperatura
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ambiente e mais 24 h a 4°C. Apds a fixagdo, o material foi lavado em tampdo cacodilato e
pos-fixado em tetroxido de 6smio 1% em PBS; e desidratado em série crescente de alcool 30,
50, 70, 90 e 95%, (10 min cada), e 3 vezes em alcool 100% (15 min cada). As amostras foram
lavadas por 2 vezes por 10 min cada em 6xido de propileno e infiltradas em araldite e 6xido
de propileno (1:1) por 16 h e em araldite e 6xido de propileno (3:1) por 2 h. Posteriormente,
foram embebidas em araldite por 16 h, a 60°C, no véacuo. Sec¢des com 0,5 pm de espessura
(Reichert OM-V ultramicrotome) foram transferidas para laminas histologicas e coradas com
azul de toluidina 2% e examinadas em microscopio de luz para a identificacdo da area para
realizagdo dos cortes ultrafinos (60-70 nm de espessura). Os cortes ultrafinos foram
transferidos para telas e contrastados com acetato de uranila 2% e citrato de chumbo 0,3% por
15 min ¢ fotografados em microscopio eletronico de transmissao (Jeol — Jem — 100 cx Il

electron microscope).
8.4. SDS-PAGE

8.4.1. Proteinas da hemolinfa, do corpo gorduroso, dos extratos de nucleo e de

membranas

O teor de proteinas foi determinado por espectrofotometria (Beckman Coulter — DTX
880 Multimode Detector), pelo método de Bradford (1976), utilizando albumina sérica bovina
para construgdo de curvas padrao. Aliquotas de amostras contendo 1-30 pg de proteinas foram
analisadas por SDS-PAGE e aliquotas contendo 5 pg de proteinas foram submetidas a western
blot. As proteinas foram separadas de acordo com suas massas moleculares por eletroforese
em gel de poliacrilamida e SDS (dodecil sulfato de sodio), contendo 7,5% da solugdo de
acrilamida/bis-acrilamida. O procedimento baseou-se na descricdo de Laemmli (1970), com
algumas modificacoes. O gel de separacao, medindo 12 x 10 x 0,09 cm, foi preparado com 2,5
mL de solucdo de acrilamida (30%)/bis-acrilamida (0,8%), 5 mL de tampao Tris-HCI 0,15 M
pH 8,8, 2,3 mL de agua destilada, 40 uL. de TEMED e 190 pL de persulfato de amonia a 1%.
O gel de empilhamento (4,26% de acrilamida/bis-acrilamida) foi preparado com 0,375 mL de
acrilamida (30%)/bisacrilamida (0,8%), 1,38 mL de tampao Tris-HCI1 0,024M pH 6,8, 0,825
mL de agua destilada, 10 pL de TEMED e 51 pL de APS 5%. O tampao usado nas cubas dos
eletrodos era composto por 1,515 g de Tris-Base, 7,2 g de glicina, 0,5 g de SDS e 250 mL de
agua. Diferentes volumes de tampao para amostras (1,51 g de Tris-base, 20 mL de glicerol, 4
g SDS, 10 mL 2-mercaptoetanol, 0,002 g de bromofenol blue, agua destilada até um volume
total de 100 mL, pH 6,75) foram adicionados as amostras, que foram desnaturadas a 100°C

por 3 min e aplicadas em gel para migragdo durante 3 h a 4°C, sob corrente de 15-20 mA,
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juntamente com marcadores de massa molecular: Miosina, B-Galactosidase, Fosforilase-B,
Albumina sérica bovina, Ovoalbumina e Anidrase Carbdnica, com massas moleculares de
205, 116, 97, 66, 45 e 29 KDa, respectivamente.

Terminada a eletroforese, os géis foram corados com: 1) Coomassie Brillant Blue R-
250 1%, dissolvido em uma solucdo contendo etanol, dgua e acido acético (5:5:1 v/v); 2)
Coomassie Coloidal [incubacdo prévia com fixador (10% acido acético; 40% etanol absoluto,
50% agua milli-Q) por 16 h, e em seguida com 80% de Coomassie Brillant Blue G-250 (5,87
mL acido fosforico; 50 g sulfato de amonio; 0,5 g Coomassie Brillant Blue G-250; agua milli-
Q para completar 500 mL de solugdo) e 20% de metanol] (Neuhoff et al., 1988) ; 3) Nitrato
de Prata [incubagdo prévia com fixador (50% metanol, 10% acido acético) por 30 min;
lavagem com metanol 5% por 15 min; 3 lavagens (5 min cada) com agua milli-Q; incubagao
com tiossulfato de sodio (0,2 g/L gelado) por 2 min; 3 lavagens (30 seg cada) com agua milli-
Q; incubagao com nitrato de prata (0,2 g/100 mL gelado) por 25 min; 3 lavagens (1 min cada)
com agua milli-Q; revelagdo com carbonato de sddio (3 g/ 100 mL de carbonato de sddio; 50
uL/ 100 mL de formaldeido 37%, 2 mL/ 100 mL de tiossulfato de s6dio) por no maximo 10
min] (adaptado de Blum et al., 1987).

8.4.2. Proteinas obtidas das cromatografias

Aliquotas de amostras obtidas das cromatografias foram analisadas por SDS-PAGE.
As proteinas foram separadas por eletroforese em gel de poliacrilamida, contendo gradiente
de 6 — 12% da solucdo de acrilamida (30%)/bis-acrilamida (0,8%) [gel 6% (2 mL de
acrilamida/bis-acrilamida, 2,5 mL de tampdo Tris-HCl 0,15 M pH 8.8, 5,3 mL de agua
bidestilada, 0,1 mL de APS 10%, 0,1 mL SDS 10%; 6 uL de TEMED) gel 12% (4 mL de
acrilamida/bis-acrilamida, 2,5 mL de tampao Tris-HCI 0,15 M pH 8,8, 3,3 mL de agua
bidestilada, 0,1 mL de APS 10%, 0,5 g sacarose, 0,1 mL SDS 10%; 2 uL de TEMED)].

O gel de empilhamento [5% de acrilamida(30%)/bis-acrilamida (0,8%)] foi preparado
com 0,830 mL de acrilamida (30%)/bisacrilamida (0,8%), 0,630 mL de tampao Tris-HCI 1 M
pH 6.8, 3,40 mL de 4gua destilada, 5 pL. de TEMED e 50 pL de persulfato de amonio 10%. O
tampado usado nas cubas dos eletrodos era composto por 25 mM de Tris-Base, 192 mM de
glicina e 0,1% SDS. Diferentes volumes de tampao para amostras (2 mL de tampao Tris-HCl
50 mM pH 6,8; 2 mL de glicerol; 4 mL SDS 10%; 0,03 g de 100 mM DTT; dgua milli-Q para
completar 10 mL de solugdo, 0,002g azul de bromofenol) foram adicionados as aliquotas de
proteinas. As amostras foram aplicadas em gel para migracdo durante 3 h a 19°C, sob corrente

de 20 mA, juntamente com marcadores de massa molecular: Miosina, B-Galactosidase,
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Fosforilase-B, Albumina sérica bovina, Ovoalbumina e Anidrase Carbdnica, com massas
moleculares de 205, 116, 97, 66, 45 ¢ 29 KDa, respectivamente.
Terminada a eletroforese, os géis foram corados com Coomassie Coloidal como

descrito no item 8.4.1.

8.5. PAGE (nao desnaturante)

Aliquotas de fragdes obtidas das cromatografias foram analisadas em géis de
poliacrilamida contendo 5 — 12% da solug@o de acrilamida/bis-acrilamida As amostras foram
aplicadas em gel para migra¢do durante 3 h a 19°C, sob corrente de 20 mA, juntamente com
marcadores de massa molecular: contendo as proteinas tireoglobulina de tireoide bovina,
ferritina de bago de cavalo, catalase de figado bovino, aldolase muscular de coelho e albumina
sérica bovina, com massas moleculares de 669, 440, 232, 158 e 67 KDa, respectivamente).

Terminada a eletroforese, os géis foram corados com Coomassie Coloidal.

8.6. Western blot

Nos experimentos de western Blot, amostras de proteinas foram separadas por SDS-
PAGE e transferidas para membrana de PVDF (Bio-Rad, Immun-Blot® PVDF membrane),
utilizando-se como tampao de transferéncia: 20 mM Tris, 192 mM Glicina e 20% de etanol
absoluto. A transferéncia ocorreu por 2 h a temperatura ambiente, a 30 V.

Ap6s a transferéncia as membranas foram coradas com solugdo de Ponceau (1 g do
corante Ponceau em 200 mL de 4cido acético 1%), para verificar a eficiéncia da transferéncia,
e lavadas em agua destilada por cinco minutos. As membranas foram incubadas em solugao
bloqueadora (3,027 g Tris, 0,147 g CaCl, e 2,337 g NaCl, pH 8.5, em um volume final de 250
mL, 50 g de leite em po6 desnatado e 500 pL de azida sédica 10%, em um volume final de 500
mL) por 16 h, a 4°C, seguida de incubacdo na mesma solucdo acrescida de anticorpo primario
para a proteina de interesse, sob leve agitacdo, por 1 h, em temperatura ambiente. Para os
diferentes experimentos foram utilizados os seguintes anticorpos primarios nas seguintes
dilui¢des: 1) Anti-HEX 110 (1:1000); 2) Anti-HEX 70a (1:5000); 3) Anti- HEX 70b (1:1000);
4) Anti-HEX 70c (1:1000).

Posteriormente, as membranas foram lavadas da seguinte forma: 2 lavagens rapidas de
5 min cada e 1 lavagem de 15 min a temperatura ambiente, sob leve agitacao, em PBS-Tween
(500 pl de Tween em 1 L de PBS 0,2 M, pH 7.2). Apos as lavagens, as membranas foram
incubadas, por 1 h, com anticorpo secundario (1:12000) em PBS-Tween. O anticorpo
secundario utilizado foi: anti-rabbit IgG, Horseradish Peroxidase-linked whole antibody,
fornecido pelo fabricante do Kit ECL Western Blotting Detection Reagents and Analysis
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System (Amersham Biosciences). As membranas foram lavadas novamente, sob as mesmas
condi¢cdes descritas acima e, para a deteccdo do sinal quimioluminescente, foram incubadas
em uma mistura dos reagentes de detecg¢ao do Kit ECL, por 1 min, no escuro. Em seguida, as
membranas foram envolvidas em uma folha plastica, colocadas em cassetes e expostas a
filmes autorradiograficos (Kodak® XR-Omat/ HyperfilmTM MP, Amersham Biosciences)

durante 1-60 min. Os filmes foram revelados e fixados com as solu¢des GBX da Kodak®.
8.7. Cromatografia Liquida

8.7.1. Filtraciao em gel

As hexamerinas da hemolinfa de larvas de operarias L5F foram separadas por meio de
Cromatografia Liquida por filtragdo em gel (FPLC), utilizando o cromatdgrafo Pharmacia
FPLC System — Liquid Chromatography controller LCC-500. A FPLC foi realizada em
coluna Superdex™200 (10/300 GL; GE Healthcare). O tampao utilizado para a coluna foi
Tris-HCI 50 mM (pH 7,5). Amostras de hemolinfa foram centrifugadas a 12000 rpm
(Eppendorf 5415) por 5 min e 100 pL. do sobrenadante foi injetado na coluna, submetida a um

fluxo de 0,5 mL/min. A presenca de proteinas nas fragdes foi determinada a 280 nm.

8.7.2. Troca-ionica

Uma aliquota de 500 pL das fragdes 2 e 3 obtidas na cromatografia por filtragdo em
gel foi injetada em coluna Mono Q™ HR 5/5 anion-exchange column (FPLC system,
Pharmacia), conectada ao aparelho Pharmacia FPLC System — Liquid Chromatography
controller LCC-500 Plus. Os tampdes utilizados no sistema de vasos comunicantes foram:
Tris-HC1 50 mM (pH7,5) e Tris-HCI 50 mM (pH7,5) acrescido de 1 M de NaCl. A taxa de

fluxo foi de 0,5 mL/min. A presenga de proteinas foi determinada a 280 nm.

8.8. Espectrometria de massa

Bandas do gel SDS-PAGE contendo as proteinas de massas moleculares similares as
hexamerinas foram lavadas com agua milli-Q e descoradas com 50 puL de acetonitrila 50%
por aproximadamente 1 h. As bandas foram submetidas a 3 lavagens com 50 uL. de NH4HCO;
50 mM e 50 pL de acetronitrila 100%, por 10 min cada. Em seguida, as bandas foram
desidratadas no Savant SC110 SpeedVac por 10 min. As amostras foram reduzidas em 50 pL
de 10 mM DTT em 100 mM de NH4HCOs3, por 1 h a 56°C e alquiladas em 50 pL de 55 mM
de acrilamida em 100 mM de NH4HCOs3, por 45 min em temperatura ambiente. Mais duas
lavagens foram realizadas com 200 uL de 100 mM de NH4HCO; e 200 pL de acetonitrila

100%, por 10 min cada. Na ultima lavagem com acetonitrila, as bandas foram maceradas com
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pistilo de plastico e colocadas em SpeedVac por 20 min. Aos fragmentos desidratados foram
adicionados 10 pL de solugdo de Tripsina gelada [50 pL de 100 mM de NH4HCOs 2,5 uL de
200 mM de CaCl,, 1 pL de Tripsina 0,2 pg/uL (Promega), 46,5 uL de agua milli-Q]. Apos
incubagdo em gelo durante 40 min, o excesso de Tripsina foi retirado e aos fragmentos foi
adicionado 10 pL de tampao de digestdo (50 uL de 100 mM de NH4HCO3 2,5 pLL de 200 mM
de CaCl,, 47,5 pL de dgua milli-Q) para incubagdo a 37°C por 16 h.

Em cada amostra digerida, foi adicionado 1 pL de TFA 0,1% para acidificagdo.
Assim, 1 puL de cada amostra foi aplicado no Bruker Anchorchip™ e incubado em
temperatura ambiente até secagem completa. Um volume de 0,5 pL de matriz DHB (2,5-
dihydroxybenzoic acid matrix substance for MALDI-MS - Fluka) foi adicionado as amostras
que foram incubadas em temperatura ambiente até secagem completa. O chip foi colocado no
espectrometro de massa Bruker Daltonics AutoflexIl Maldi TOF/TOF. Os picos de tripsina e
queratina foram removidos com o uso de Peptide MIX (Bruker Daltonics). Os espectros
obtidos foram analisados em Mascot software, assumindo P<0,05 (Perkins et al., 1999) para

busca das proteinas no Banco de Dados do NCBI (www.ncbi.nlm.nih.gov).

8.9. Teste de ligacio de hexamerinas a extratos enriquecidos de membranas de corpo

gorduroso

Proteinas extraidas da membrana do corpo gorduroso (item 6.1) foram utilizadas para
a identificagdo dos possiveis receptores de hexamerinas. Para isso, 10 pg do extrato de
proteinas de membrana foram submetidos a eletroforese em gel SDS-PAGE 7,5% e as bandas
foram transferidas para membrana PVDF. As membranas foram lavadas (3 vezes de 10 min
cada) com 50 mL de 50 mM Tris-HCI (pH 7,4) e 150 mM NacCl e incubadas por 16 h, a 4°C,
com 50 mL de tampao de bloqueio [50 mM Tris-HCI (pH 7,4), 150 mM NaCl, 2% BSA,
0,2% de Blocking reagent (ECL)]. Posteriormente, as membranas foram lavadas (3 vezes de
10 min cada) com tampao de ligagcdo [5S mM MES (pH 6,5), 100 mM NaCl, 8 mM CaCl,, 24
mM MgCl,, 0,5% Tween-20 (v/v), 5 mg/mL de BSA] e incubadas a 22°C, por 4 h, com 50
mL do tampao de ligacdo e 1 mL de hemolinfa. Apos esse periodo, as membranas foram
lavadas (3 vezes de 10 min cada) com tampdo de bloqueio e incubadas com anticorpo
primario das hexamerinas (HEX 110, HEX 70a e HEX 70b) por 1 h. As membranas foram
novamente submetidas a 3 lavagens de 10 min com tampao de bloqueio e foram incubadas
com anticorpo secundario (1:12000 — anti-rabbit IgG, Horseradish Peroxidase-linked whole
antibody, fornecido pelo fabricante do Kit ECL Western Blotting Detection Reagents and
Analysis System - Amersham Biosciences), por 1 h. As membranas foram lavadas novamente

(3 vezes de 10 min cada) com tampao de bloqueio e reveladas conforme descrito no item 8.6.
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Posteriormente, 10 pg do extrato de proteinas de membrana foram submetidos a
eletroforese em gel SDS-PAGE 7,5% e corados com Coomassie Coloidal (ver item 8.4.1). As
bandas correspondentes aquelas obtidas por western blot foram recortadas, secas em speed

vac e enviadas para andlise por espectrometria de massa (Instituto Pasteur de Montevidéu).

8.10. Expressio in vitro das hexamerinas em células de E. coli

As sequéncias completas dos genes hex 110, hex 70a, hex 70c e hex 70c, foram
submetidas a andlise no programa NEBcutter V2.0 (htpp://tools.neb.com/NEBcutter2) para a
escolha do melhor vetor de expressdo para insercdo de cada uma destas sequéncias. O vetor
escolhido foi o pET-28a, que apresenta sitios de restricdo para as enzimas Eagl, Ncol e Xbal,
e ainda carrega uma cauda de histidina tanto na regido N-terminal quanto na C-terminal,
flanqueadas por sitios para ligagdo da T7 RNA polimerase. Primers especificos foram
desenhados nas extremidades 5° e 3* dos genes (Tabela VI). Na extremidade 5°, o fragmento
que contém o peptideo sinal foi excluido das andlises, uma vez que ele ¢ clivado, e um ATG
foi adicionado. Na extremidade 3°, o stop cédon de cada gene foi substituido pelo stop cédon

da bactéria a ser utilizada para a producao das proteinas.

Tabela VI: Sequéncia dos primers desenhados para expresséo in vitro das hexamerinas e escolha das enzimas de

restri¢do. Sitios de restrigdo estdo sublinhados.

Nome Sequéncia (5°-3°) Enzima de
restricao
Hex 70b ATCTAGAAAATGGTGCCCAACAAGGTCGC Xbal
FWD
Hex 70b ATCCGGCCGTAGCAGAGCAACGTTCAACTCCTC Eagl
REV
Hex 110 AGCCCATGGTCATGCTGTGCCCCCAACGTCAAAC Ncol
FWD
Hex 110 ATCCGGCCGTAGCTGAGTGATGTCATTGGTGGGT Eagl
REV
Hex 70a AGCCCATGGTCATGCGGTGCAGAATATTACGACACGAA Ncol
FWD
Hex 70a ATCCGGCCGTAGTAATAAGTGATATTCATATCAAATTCATCC Eagl
REV
Hex 70c AGCCCATGGTCATGGCCTCCTACGCAGGAAGGC Ncol
FWD
Hex 70c ATCCGGCCGTAGAGTAATTCATACTCTCCTCGTTTG Eagl

REV
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8.10.1. Producao do DNA linear

Os primers especificos para os genes de interesse foram utilizados em reagdes de PCR
com a enzima Platinum Tag DNA polymerase High Fidelity (Invitrogen), seguindo as
instru¢des do fabricante (5 pL PCR buffer, 1 uL dANTP 10 mM, 2 uL MgSOs, 36,8 uL de
agua destilada, 2 pL de primer forward, 2 uL de primer reverse, 0,3 uL de taq High Fidelity,
1 uL de cDNA). Para tanto foi utilizado cDNA de larva de operaria L4 (Tabela I). As reacoes
ocorreram sob as seguintes condigdes: 94°C por 2 min, seguidos de 30 ciclos a 94°C por 30 s,
55°C por 30 s e 68°C por 3 min, e uma extensdo final de 4°C. Uma aliquota do produto de
PCR foi submetida a eletroforese em gel de agarose 0,8% (em tampao TAE 1X — 0,04 M Tris
base, 1 M acido acético, 50 mM EDTA, pH 8,0) para a confirmag¢dao da amplificagdo e
tamanho dos fragmentos. O restante do produto de PCR foi purificado usando o Kit Illustra™
GFX™ PCR DNA e Gel Band Purification kit (GE) e a quantidade de DNA obtida foi
quantificada por espectrofotometria (Nanodrop® ND-1000, NanoDrop Technologies).

8.10.2. Digestao

A digestdo foi realizada tanto para os produtos de PCR purificados quanto para o
plasmideo pET-28a, usando 1,5 pg de DNA. Para clonagem do gene da HEX 70b, o produto
de PCR e o vetor foram digeridos com as enzimas Eagl e Xbal. Para as outras hexamerinas
foram utilizadas as enzimas Eagl e Ncol. Esse processo ocorreu a 37°C por 1 h e em seguida
a 65°C por 20 min para inativa¢do das enzimas. O produto obtido foi aplicado em gel de
agarose 0,8% (em tampao TAE). As bandas foram recortadas ¢ purificadas (Wizard® SV Gel
and PCR Clean-up System — Promega). O DNA obtido foi quantificado por
espectrofotometria (Nanodrop® ND-1000, NanoDrop Technologies) e utilizado para a ligagio

dos genes de hexamerinas aos plasmideos. A ligacao foi feita a 4°C por um periodo de 16 h.

8.10.3. Transformacao

O produto da ligacdo foi dialisado em 4gua destilada, com o auxilio de um filtro de
0,025 um (Millipore), por um periodo de 20 a 30 min. O produto livre de sais foi coletado e 5
uL foram utilizados para transformar bactérias E. coli DHS5a por choque térmico ¢ ou por
eletroporagdo. As bactérias acrescidas do produto dialisado foram incubadas a 42°C por 2 min
e em gelo por 5 min. As bactérias tranformadas por eletroporagdo foram colocadas em cubetas
(Gene Pulser Curvette, Bio-Rad) e submetidas a um pulso de 2,5 V (Gene Pulser Il e Pulser
Controller Plus, Bio-Rad). Para recuperar as bactérias, 0,5 mL de meio LB liquido, sem
antibiotico, foi utilizado para ressuspender as bactérias, que foram deixadas sob leve agitagao

a 37° C, 190 rpm, por 1 h. As bactérias foram submetidas a centrifugacao (13000 rpm por 2
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min — Eppendorf 5415 R), 80% do sobrenadante foi descartado e o restante foi utilizado para
o plaqueamento em meio LB sdlido contendo canamicina (15 pg/pL). As placas de cultivo
foram incubadas a 37°C por 16 h. Neste procedimento, s6 sdo capazes de crescer bactérias
que contenham o vetor recombinado, uma vez que este apresenta o gene de resisténcia a
canamicina como seletor. Os clones foram selecionados, cultivados em meio liquido LB e
utilizados para a extracdo dos plasmideos. Os plasmideos recombinantes foram utilizados
como molde em PCR para a verificagdo da presenca do inserto, utilizando-se primers T7
(forward e reverse), para amplificagdo das extremidades dos genes ¢ primers especificos dos
genes de interesse, para amplificagdo da regido interna dos genes (Tabelas VI e VII). Os
plasmideos foram sequenciados para confirmacdo das sequéncias e verificar se os genes de

interesse estavam na pauta correta de leitura.

Tabela VII: Sequéncia de primers utilizados na PCR de sequenciamento

Nome Sequéncia (5°-3°)

T7 FWD TAATACGACTCACTATAGGG
T7 REV GCTAGTTATTGCTCAGCGG
Hex 110 OR CTCGTGAATCCAAGTGATGT
Hex 110 1F GTTGCTGCTGTATTAACTCG
Hex 110 IR CAGTTCCTTCAATCAGATCAC
Hex 110 2F GTCCTCAGAATCTTCAACTTC
Hex 110 2R ATGGTCGTGTTTGGGTCCAA
Hex 110 3F TACTGGTCACCAATCCCAAC
Hex 110 3R TGGCCTACAGGATTCTGGAT
Hex 110 4F GGCGGAGGAATTCAGCAAAA
Hex 110 4R CATAGGGGACGTTCATTCCT
Hex 110 5F TCCGTACTGCAAGGATTAGG
Hex 70a IR ATCAGAGCGTGATTGGCTTT
Hex 70a 2F CTCTCTGGGCGAAGAACAAC
Hex 70a 2R ACCAGAATCGATTGCTGCCG
Hex 70a 3F GAGAATATCGGCAGCAATCG
Hex 70a 3R CAGTTTGTGATGCGAATCGT
Hex 70a 4F TGAAGAGCAAAGAAACGATGA
Hex 70c 1R GGGATAGATCTCGTAGATGG
Hex 70c¢ 2F TTACAAAACTGCCGCTTGGG
Hex 70c¢ 2R ATCCAGAATTGATGGGCTTG
Hex 70c 3F GCCCAAAGAAATACGTGGAC

Hex 70b F ATCCGCTCTTCAAATGTGGTCTAC

Hex 70b R

GTGTTGCTTCCGCTTTTCAGG




32

8.10.4. Preparo das células competentes E. coli de linhagens DH5a ¢ BL21

As linhagens DH5a e BL21 de E. coli estocadas a -70°C foram inoculadas em 5 mL de
meio LB a 37°C e 180 rpm por cerca de 16 h. Uma fragdo de 200 pL deste cultivo liquido foi
utilizado para inocular 50 mL de meio LB a 37°C sob agitagdo a 230 rpm até atingir
densidade optica (D.O.) de 0,5 - 0,6 em comprimento de onda de 600 nm. As células foram
mantidas em gelo por 30 min e centrifugadas a 5000 rpm (Eppendorf 5415 R) por 5 min a
4°C.

Para as células utilizadas para transformacdo por choque térmico, o precipitado foi
ressuspendido cuidadosamente em 5 mL de CaCl, 0,1 M e submetido a uma nova
centrifugacdo de 5000 rpm (Eppendorf 5415 R) por 5 min a 4°C. O precipitado foi
ressuspendido cuidadosamente em 5 mL de CaCl, 0,IM acrescido de glicerol (15%),
aliquotado (250 pL por tubo) e estocado a -70°C. J& para as bactérias utilizadas para
transformagao por eletroporagao, o precipitado foi ressuspendido cuidadosamente em 5 mL de
agua milli-Q e submetido a uma nova centrifugacdo de 5000 rpm (Eppendorf 5415 R) por 5
min a 4°C. O precipitado foi ressuspendido cuidadosamente em glicerol (80%), aliquotado

(250 pL por tubo) e estocado a -70°C.

8.10.5. Sequenciamento

O sequenciamento foi realizado pelo método de Sanger utilizando reagdo com big dye
(Perkin Elmer). Nestas reagdes foram usados 2 puL de big dye, 2 uL de tampdo de
seqiienciamento, 2 uL de plasmidio com os insertos, 3 uL de agua estéril e 1 uL de primer
foward ou 1 uL de primer reverse (Tabelas VI ¢ VII), resultando em um volume final de 10
pL de reagdo. As amplificagdes ocorreram em 25 ciclos de 96°C - 10 s, 50°C - 5 s e 60°C - 4
min. Os produtos das rea¢des para hex 70b foram precipitados por isopropanol 75%,
ressuspendidos em Hi-dye Formamide (Applied Biosystems), desnaturados a 94°C por 2 min
e submetidos a eletroforese capilar em aparelho ABI Prism™ 310 Genetic Analyzer (Applied
Biosystems). Os produtos das rea¢des para hex 110, hex 70a e hex 70c foram purificados em
Sephadex (lllustra™ Sephadex™ G-50 Fine DNA Grade, GE Healthcare) com colunas
Multiscreen HV (Millipore) e centrifugagdo a 2300 rpm (Eppendorf 5810 R) por 5 min. Os
produtos purificados foram aquecidos a 95°C por aproximadamente 15 min até secagem total.
Os produtos das reagdes foram ressuspendidos em Hi-dye Formamide, desnaturados a 94°C
por 2 min e submetidos a eletroforese capilar em aparelho ABI 3730 DNA Analyser (Applied
Biosystems). As sequéncias obtidas foram analisadas por meio do programa Sequencher ™

version 4.7 for Windows (Gene Codes Corporation) que avalia as sequéncias pela qualidade
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dos eletroferogramas gerados pelo seqiienciador, com posterior anotagdo destas sequéncias no

genoma, com o auxilio da plataforma Artemis 7.0 (Rutherford et al. 2000).

8.10.6. Preparo das linhagens de expressao

Os plasmideos de expressdo contendo os genes de interesse foram utilizados para
transformar células competentes de E.coli da linhagem de expressdo BL21, do mesmo modo

descrito no item 8.11.3 para as bactérias E. coli da linhagem DH5a.

8.10.7. Producgao das proteinas

Os clones foram pré-inoculados em LB liquido contendo 15 pg/pL de canamicina e
incubados overnight a 37°C e 170 rpm de agitagdo. Os pré-indculos foram quantificados a
600 nm e utilizados para inocular 100 mL de meio LB contendo canamicina, de forma a se
obter uma DO inicial de 0,2. Os meios foram incubados a 37°C e 170 rpm até atingir uma DO
entre 0,6 ¢ 0,8. Neste momento, | mM de IPTG foi adicionado aos meios de cultivo que
foram deixados a 37°C, 170 rpm, por 3 h. Os meios foram centrifugados a 5000 rpm
(Eppendorf 5415 R) por 10 min. Os pellets obtidos foram lavados em agua milli-Q e
centrifugados novamente a 5000 rpm (Eppendorf 5415 R) por 10 min. Os sobrenadantes

foram descartados e os pellets foram estocados a -20°C até o momento de uso.

8.10.8. Purificacio das proteinas

Os pellets foram ressuspendidos em 15 mL de start buffer [10 mL de tampao fosfato
200 mM (19 mL de fosfato de sédio monobasico 0,2 M; 81 mL de fosfato de sddio dibasico
0,2 M; agua milli-Q para um volume final de 200 mL, pH 7,4), 12,5 mL de NaCl 4M, 1 mL
de imidazol 2M, 4gua milli-Q até completar o volume para 100 mL] e 300 puL de inibidor de
protease 50 mM. A solucdo obtida foi sonicada, a 4°C, com 30% de amplitude em 4 ciclos de
30 s de homogeneizagdo com a macroponta e 30 s de repouso, seguidos de 16 ciclos com a
microponta. O homogeneizado foi incubado com estreptomicina 10 %, sob agitacdo, a 4°C,
por 20 min, e centrifugado a 15000 rpm (Eppendorf 5415 R), por 45 min. O sobrenadante
obtido foi filtrado em Millex®GP de 0,22 um (Millipore). O pellet foi ressuspendido em 1
mL de agua milli-Q. Com o auxilio de uma coluna HiTrap™chelating HP (GE Healthcare) de
1 mL, as proteinas presentes no filtrado foram purificadas e submetidas a gel SDS-PAGE 9%,
juntamente com uma aliquota do pellet que foi ressuspendido, para confirmagdo da expressao

das proteinas e sua solubilidade. Os géis foram corados com Coomassie R-250.
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Resultados

I — Aspectos da multifuncionalidade das hexamerinas

1. Dinamica do aciumulo das subunidades de hexamerinas no corpo gorduroso e

hemolinfa durante o desenvolvimento

A expressao das 4 hexamerinas na hemolinfa e no corpo gorduroso foi analisada por
western blots em pontos criticos do desenvolvimento (Fig. 4). Ficou evidente a existéncia de
grandes quantidades de todas as hexamerinas na hemolinfa de larvas L5F quando comparada
ao corpo gorduroso na mesma fase do desenvolvimento, sugerindo fortemente intensa
secrecao destas proteinas para a hemolinfa. Nas fases seguintes, L5S e PP, a abundancia de
todas as hexamerinas aumenta no corpo gorduroso. De tudo o que se sabe sobre o intercambio
das hexamerinas entre o corpo gorduroso e a hemolinfa, este aumento denota que elas estdo
retornando para o corpo gorduroso via sequestro da hemolinfa. Da fase L5S para as fases de
adultos faratos (Pb, Pbm), as hexamerinas permanecem relativamente abundantes no corpo
gorduroso (sendo a HEX 110 a menos abundante). Exceto para a HEX 70a, a abundancia de
todas as hexamerinas no corpo gorduroso diminui para niveis indetectaveis antes da ecdise
adulta. HEX 70a ¢ a unica que esta presente na hemolinfa das operérias adultas, inclusive nas
forrageiras. O padrao de diminuicdo de HEX 70b, HEX 70c ¢ HEX 110 na hemolinfa ¢
consistente com a fun¢do de reserva de aminoacidos para o desenvolvimento pupal e adulto

farato.
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HEX 110
HEX 70a
- Corpo gorduroso
3d  24d
HEX 70b
HEX 70c

L5F L5S PP Pw Pb Pbm Re Nu Fo

Figura 4: Analise por western blot das hexamerinas da hemolinfa e corpo gorduroso durante o desenvolvimento
de operarias. L5F e L5S: fases de alimentagao e de tecelagem do casulo de larvas do 5° instar. PP: pupas faratas.
Pw: pupas. Pb, Pbm: fases sucessivas de adultas faratas. Re: adulta recém-emergida. Nu: nutridoras. Fo:
forrageiras. O western blot relativo a hexamerina HEX 70a de operarias adultas com 3 e 24 dias de idade foi
extraido de Martins et al. (2008).

2. Deteccao das hexamerinas no nicleo das células do corpo gorduroso

E de conhecimento geral que as hexamerinas se acumulam em granulos no citoplasma
das células do corpo gorduroso. Aqui investigamos se estas proteinas estariam também
presentes em extratos de nucleos. Todas as hexamerinas foram detectadas na fragdo nuclear
obtida do corpo gorduroso, como demonstrado por SDS-PAGE e western blot usando

anticorpos especificos (Fig. 5).
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. HEX 110
- HEX 70a Figura 5: Hexamerinas detectadas por western blot

em extratos enriquecidos de nucleos de células do

HEX 70b corpo gorduroso

I HEX 70c

3. Imunolocalizacio das hexamerinas no citoplasma e no nicleo das células do corpo

gorduroso

A utilizacdo de anticorpos especificos e microscopia confocal permitiu localizar as
hexamerinas nos trofocitos e enocitos do corpo gorduroso.

Nos trofocitos, HEX 110 (Fig. 6A-C), HEX 70a (Fig. 6D-F), HEX 70b (Fig. 6G-I) ¢
HEX 70c (Fig. 6J-L) localizam-se no nucleo e citoplasma. A localizagdo nuclear de HEX 110
(Fig. 6A, C) e HEX 70a (Fig. 6D, F) foi mais evidente do que a localizacao nuclear de HEX
70b (Fig. 6J, L). As quatro hexamerinas localizam-se como densos granulos de diferentes
tamanhos, ou como grandes inclusdes citoplasmaticas Nos trofocitos mostrados na Fig. 6G,
HEX 70b localiza-se na superficie celular. De forma peculiar, os trofocitos incubados com
anti-HEX 70b (Fig. 6G) e anti-HEX 70c (Fig. 6J) mostram grandes granulos de diferentes
densidades proximos a superficie celular, sugerindo que sdo derivados da endocitose das
hexamerinas.

Uma profusdo de inclusdes (em vermelho) foi observada no citoplasma dos trofocitos
corados com iodeto de propideo (Fig. 6B, E, H, K ¢ suas respectivas sobreposi¢des 6C, F, L,
L). Iodeto de propideo é um corante comumente utilizado para marcacdo do DNA nuclear,
mas também se liga ao RNA. As inclusdes no citoplasma dos trofocitos, marcada em
vermelho por iodeto de propideo, aparentemente sdo vactolos autofiagicos contendo DNA e
RNA ribossomal, produtos remanecentes de mitocondrias e da reciclagem de reticulo
endoplasmatico rugoso (RER). As inclusdes em vermelho no citoplasma dos trofocitos (Fig.

6B, E, H ¢ K) também sao caracterizadas pela presenga de uma regido central sem marcagao.
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Figura 6: Microscopia confocal para localizagdo das hexamerinas nos trofocitos de pupas faratas (PP).
Trofécitos marcados com Alexa Fluor 488: preparagoes utilizando-se (A) anti-HEX 110, (D) anti-HEX 70a, (G)
anti-HEX 70b e (J) anti-HEX 70c para deteccao das respectivas hexamerinas (marcagdo em verde). (B, E, H, K)
Nucleos corados com iodeto de propideo (vermelho). Na coluna da direita as imagens sobrepostas mostram: (C)
HEX 110, (F) HEX 70a, (I) HEX 70b e (L) HEX 70c nos nucleos (amarelo) e no citoplasma (verde). As pontas
de setas maiores mostram a localizacdo nuclear das hexamerinas. As pontas de setas menores mostram
hexamerinas em pequenos granulos proximos da superficie celular. As setas maiores mostram hexamerinas em
grandes granulos citoplasmaticos. As setas menores mostram hexamerinas em pequenos granulos

citoplasmaticos. A célula no centro das Figuras J, K e L ¢ um endcito.
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Hexamerinas também foram localizadas nos endcitos (Fig. 7A-0). A Fig. 7A-C
mostra preparagdes de enocitos sem o anticorpo especifico (primdrio), as quais constituem os
controle do procedimento de imunolocalizagdo, que também servem de controles para as
preparagdes da Fig. 6. Os padroes de imunolocalizacao de HEX 110 (Fig. 7D-F) ¢ HEX 70a
(Fig. 7G-I) sdo similares: estdo presentes no nucleo e também dispersas no citoplasma.
Marcagao para as outras duas hexamerinas, HEX 70b (Fig. 7J-L) e HEX 70c (Fig. 7M-0O) foi
observada exclusivamente no citoplasma dos endcitos, ¢ a localizagdo de HEX 70c esta

limitada ao citoplasma periférico.



41

Figura 7: Microscopia confocal para a localiza¢do das hexamerinas nos enécitos de pupas faratas (PP). Endcitos
marcados com Alexa Fluor 488: preparacdes (A) sem o anticorpo primario especifico (controle) ou com (D) anti-
HEX 110, (G) anti-HEX 70a, (J) anti-HEX 70b ou (M) anti-HEX 70c para a localizagdo das respectivas
hexamerinas (marcag¢do em verde). (B, E, H, K, N) Nucleos corados com iodeto de propideo (vermelho). Na
coluna da direita as imagens sobrepostas mostram: (C) controle sem o anticorpo, (F) HEX 110 e (I) HEX 70a
nos nucleos (amarelo) e no citoplasma (verde), (L) HEX 70b no citoplasma (verde), (O) HEX 70c na periferia

do citoplasma (verde). As pontas de setas mostram a localizagdo nuclear ¢ as setas mostram a localizagdo

citoplasmatica das hexamerinas.
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4. Hexamerinas nas gonadas

4.1. Imunolocalizacio da HEX 70a no nucleo das células ovarianas de operarias adultas-

faratas

O estudo dos ovarios de operarias adultas faratas foi realizado a partir de cortes
histologicos corados com azul de metileno e fucsina basica (Fig. 8A), e visualizagdo de
ovariolos inteiros, por microscopia confocal, através da marcacdo de F-actina com
rodamina/faloidina (Fig. 8B, C). A hexamerina HEX 70a foi localizada por imunodetecg¢ado
com anti-HEX70a/Cy3 (Fig. 8E, F). DAPI foi utilizado para marcar os ntcleos das células
ovarianas ¢ facilitar a visualizacdo dos ovariolos (Fig. 8B, C, D, F). No estagio inicial do
desenvolvimento do adulto farato (1 dia apos a ecdise pupal), cada ovariolo consiste de um
filamento terminal (ndo mostrado) e um germario proximal. No germario, as células da
linhagem germinativa, ou cistdcitos, estdio comegando a ser arranjadas em estruturas
denominadas rosetas (uma delas marcada com uma circunferéncia na Fig. 8A). Cada roseta ¢
um clone formado por varios cistécitos derivados de um unico cistoblasto (ovogonia) e dara
origem a um unico ovocito e aos trofécitos que o acompanham, ou células nutridoras. Para
melhor visualizar a estrutura do ovariolo neste estdgio do desenvolvimento, foi utilizada
rodamina/faloidina para detectar a F-actina, e DAPI para marcar os nucleos das células
ovarianas. Na regido proximal do germario (parte superior da Fig. 8B) pode-se visualizar um
denso complexo de actina, tipico da regido do polifusoma no centro de cada roseta de
cistocitos (pontas de seta na Fig. 8B). Na regido mais distal do germario (parte inferior da Fig.
8B, C) os polifusomas foram convertidos em canais em anel (setas nas Fig. 8B, C) que
permitem a comunicagdo entre as células da linhagem germinativa, i.e., entre as células
destinadas a serem ovodcitos e as células nutridoras associadas. Ovariolos com estas
caracteristicas estruturais, como detalhado nas Fig. 8A—C, foram preparados para a detec¢ao
da hexamerina HEX 70a com anti-HEX 70a/Cy3. A Fig. 8D mostra uma regido proximal do
germario de um ovariolo marcado com DAPI. A Fig. 8E ilustra a mesma regido do ovariolo
onde a marcacdo da HEX 70a pode ser visualizada (uma sobreposi¢do das imagens ¢
mostrada na Fig. 8F). O inserto na Fig. 8F representa um ovariolo controle incubado com
soro pré-imune e corado com DAPI e Cy3. Comparagdes entre as Fig. 8D—F revelam que a
HEX 70a esta localizada no nucleo das células germinativas (cistocitos), aparentemente em
associacao com a cromatina (pontas de seta nas Fig. 8D—F). As células foliculares (células

somadticas) presuntivas ndo estdo muito evidentes neste estagio, mas foram indicadas por setas
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nas Fig. 8D-F. Assim como os ntcleos das células germinativas, os ntcleos das células

somaticas mostram marcagao para a HEX 70a.
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Figura 8: Detecgdo da HEX 70a nos ovariolos de operarias no inicio do desenvolvimento adulto farato (1 dia
apos a ecdise pupal, o estdgio de desenvolvimento estd ilustrado na regido superior esquerda da figura). (A)
Microscopia de luz dos ovariolos (cobertos por suas respectivas bainhas peritoneais) corados com azul de
metileno e fucsina basica. Somente o germario esta representado na figura (a regido mais anterior do ovariolo, ou
filamento terminal, ndo ¢ mostrada). Uma roseta formada por células da linhagem germinativa (precursoras dos
ovocitos e células nutridoras) € ressaltada por uma circunferéncia no germario. (B, C) Imagens de microscopia
confocal com marcagdo da F-actina por rodamina/faloidina (verde) e nucleos das células marcados com DAPI
(azul) mostram aspectos estruturais dos ovariolos (a bainha peritoneal foi removida). Os polifusomas ricos em
actina (pontas de seta em B) sdo visualizados no centro das rosetas de cistocitos na regido proximal do germario.
Canais em anel derivados dos polifusomas (setas em B e C) estdo aparentes na regido distal do germario
mostrado em B e em um maior aumento em C. (D) Microscopia confocal de um ovariolo (por¢ao proximal do
germario) marcado com DAPI. (E) HEX 70a detectada com anti-HEX 70a/Cy3 (vermelho). (F) Sobreposicéo
das imagens D e E. O inserto em F mostra um ovariolo “controle” (por¢do proximal do germario) incubado com
soro pré-imune e subsequentemente marcado com Cy3/DAPI. Pontas de seta em D-F mostram os nicleos das
células de linhagem germinativa. Setas em D—F apontam para os nticleos dos precursores das células foliculares.

Em todas as figuras, a por¢éo proximal do germario esta orientada para cima.
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4.2. Imunolocalizacio de HEX 70a nos ovariolos de rainhas ovipositoras

HEX 70a também foi localizada nos ovariolos de rainhas adultas. A Fig. 9A mostra
uma representagdo esquematica de um ovariolo de rainha ovipositora. O ovariolo consiste de
uma estreita regido distal, o filamento terminal, uma regido intermediaria, ou germario, ¢ uma
regido proximal, o vitelario. O filamento terminal contém células somaticas e putativas
células-tronco de linhagem germinativa (Tanaka e Hartfelder, 2004). Os aglomerados de
cistocitos sdo observados na regido proximal do germadrio, e na regido distal ¢ possivel
visualizar os ovocitos em crescimento associados com as células nutridoras poliploides. Na
regido proximal do vitelario (Fig. 9A), sdo visiveis as camaras de células nutridoras e do
ovocito formando os foliculos pré-vitelogénicos. A regido basal do vitelario ¢ a maior regidao
do ovariolo (Fig. 9B) e consiste de uma sequéncia de ovocitos em crescimento envolvidos por
uma camada de células foliculares (pontas de seta), e intercalados com camaras de células
nutridoras (setas). Nesta regido, os ovocitos atingem o maximo de seu tamanho, as células
nutridoras entram em colapso, o corion ¢ formado e o ovo ¢ finalmente liberado no oviduto.

As Fig. 9C-K mostram a localizagdo de HEX 70a nos ovariolos. Na regido distal do
filamento terminal (Fig. 9C-E), HEX 70a esta fortemente associada aos nticleos das células,
mas também se localiza no citoplasma das células do filamento (Fig. 9D, E, setas). HEX 70a
também foi localizada nos nucleos das células nutridoras (Fig. 9F—H) e das células foliculares
(Fig. 9I-K), que recobrem o ovoécito. Em ambos os tipos celulares, HEX 70a ¢
exclusivamente intranuclear. Os foci de HEX 70a assemelham-se a pontos pequenos ¢ sdo
distribuidos por todo o nucleo das células nutridoras poliploides e sdo maiores e concentrados

em areas nucleares bem definidas nas células foliculares em proliferacao.
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Figura 9: Imunolocalizacdo de HEX 70a nos ovariolos de rainhas ovipositoras. (A) Representagcdo esquematica
de um ovariolo de rainha ovipositora (mostrada na margem esquerda superior): somente o filamento terminal, o
germario e os foliculos pré-vitelogénicos na regido proximal do vitelario sdo mostrados em A. Imagens de
microscopia confocal: (B) Parte de um ovariolo mostrando as regides intermediaria e distal do vitelario marcado
com rodamina/faloidina (verde) para visualizagdo da F-actina. As setas e¢ pontas de seta mostram o
desenvolvimento das camaras de células nutridoras e de ovdcitos, respectivamente. (C—E) O filamento terminal
(a regido distal estd orientada para baixo) comtém HEX 70a nos nucleos de suas células (D, E) e no citoplasma
(setas em D, E). (F-H) Nucleos das células nutridoras (regido distal do vitelario como indicado pelas setas em
B). (I-K) Nucleos das células foliculares que recobrem um ovocito na regido distal do vitelario (como indicado
pelas pontas de seta em B). (C, F, I) Nucleos das células marcados com DAPI (azul); (D, G, J) Marcagdo com
anti-HEX 70a/Cy3 para deteccdo de HEX 70a (vermelho) e (E, H, K) sobreposi¢do das imagens.
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4.3. Imunolocalizacio da hexamerina HEX 110 em ovarios de operarias adultas e

rainhas ovipositoras

Em ovérios de operarias adultas (Fig. 10), com aproximadamente 7 dias de idade,
marcados com anti-HEX 110/Alexa Fluor 488 (verde) foi possivel detectar HEX 110 nos
nucleos (setas) da regido proximal do filamento terminal (Fig. 10A, B e C) e da regido distal
do germario (Fig. 10D, E ¢ F). Em ambas regides, os foci nucleares de HEX 110 foram
visualizados tanto nas células germinativas quanto nas células somaticas. HEX 110 também
se localiza no citoplasma das células do filamento terminal e do germéario (pontas de seta)
(Fig. 10A-F). Na regido pré-vitelogénica (Fig. 10G, H, I), a hexamerina HEX 110 esta
presente no nucleo das células foliculares e no citoplasma tanto das células somaticas quanto

das germinativas.
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Figura 10: Deteccdo de HEX 110 nos ovarios de operarias adultas com 7 dias de idade (estagio do
desenvolvimento mostrado na margem esquerda superior). (A, B, C) Filamento terminal (a regido distal esta
orientada para baixo). (D-F) Por¢ao proximal do germério. (G—I) Por¢ao distal do germario. (A, D, G) Nucleos
das células marcados com iodeto de propideo (vermelho); (B, E, H) Marcagdo com anti-HEX 110/Alexa Fluor

488 para detec¢do de HEX 110 (verde) e (C, F, I) sobreposicdo ds imagens. Setas indicam a marcacgdo nuclear.

Pontas de seta indicam marcacao citoplasmatica.
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Em rainhas ovipositoras, a localizacdo da hexamerina HEX 110 ¢ peculiar as regides
do ovariolo (Fig. 11). As preparagdes dos controles (Fig. 11A, B e C), ndo incubados com o
anticorpo primario, demonstram a especificidade da marcacdao, uma vez que nenhum sinal de
fluorescéncia foi observado. Nas regides proximal do filamento terminal e do germario, a
hexamerina HEX 110 tem localizagdo intranuclear e citoplasmadtica (Fig. 11D, E e F). Isto
ndo foi observado na regido do viteldrio, uma vez que nas cdmaras nutridoras, apenas os
nucleos proximais apresentam marcagao para HEX 110 (Fig. 11G, H e I). No foliculo em
desenvolvimento (Fig. 11J, K e L) e no foliculo maduro (Fig. 11M, N e O), a HEX 110 se

localiza no citoplasma das células foliculares.
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Figura 11: Imunolocalizacdo de HEX 110 nos ovarios de rainhas ovipositoras. (A, B, C) Prepara¢des controles.
Parte do vitelario de um ovariolo preparado sem o anticorpo anti-HEX 110. (D-F) Filamento terminal (a regido
distal estd orientada para baixo). (G-I) Camara nutridora (no meio da figura) e foliculo ovariano (embaixo)
(regido distal do vitelario). (J-L) Foliculo ovariano formado pelo grande ovodcito envolvido por células
foliculares. Regido intermediaria do vitelario. (M-Q) Parte de um foliculo maduro. (A, D, G, J, M) Nucleos das
células marcados com iodeto de propideo (vermelho); (B, E, H, K, N) Marcagdo com anti-HEX 110/Alexa Fluor
488 para detecgdo de HEX 110 (verde) e (C, F, I, L, O) sobreposi¢cdo das imagens. Setas indicam marcagdo

nuclear. Pontas de seta indicam marcagao citoplasmatica.
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4.4. Imunolocalizacao de HEX 70a nos testiculos

HEX 70a também foi detectada nas células somaticas e germinativas dos testiculos em
desenvolvimento. A Fig. 12A mostra uma seccdo da porcdo proximal de um testiolo
dissecado de uma pupa de zangdo (1 dia ap6s a ecdise pupal). Nesta regido pode-se observar
os cistos, i.e., grupos de células germinativas (cistocitos ou espermatogonia: setas na Fig.
12A) alojados no interior de um envelope de células somaticas (os nucleos das células
somdticas estdo apontados por pontas de seta na Fig. 12A). A marcagdo de F-actina com
rodamina/faloidina (verde) e dos nticleos das células com DAPI (azul), seguida de andlise por
microscopia confocal, (Fig. 12B) destaca a estrutura desta regido do testiolo. F-actina ¢ um
componente abundante no citoplasma das células somaticas e também estd presente nos
canais em anel (asteriscos na Fig. 12B) que permitem a comunicagdo entre as células
germinativas. A compara¢do das Fig. 12C-E revelou que HEX 70a localiza-se
predominantemente nos nucleos das células germinativas (setas largas na Fig. 12E) e das
células somaticas (pontas de seta na Fig. 12E), mas também se encontra dispersa no
citoplasma das células germinativas (setas finas na Fig. 12E). O pequeno volume do
citoplasma das células somaticas prejudica a acurdcia na identificacio de marcagdo

citoplasmatica de HEX 70a.
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Figura 12: Imunolocalizagdo da HEX 70a nos testiolos de pupas de zangdes (1 dia apds a ecdise pupal; estagio
do desenvolvimento mostrado na margem esquerda superior). (A) Microscopia de luz de um testiolo corado com
azul de metileno e fucsina basica mostrando uma regido que contém grupos de cistocitos (espermatogonias)
(setas) envolvidos por células somaticas (ntcleos das células somaticas indicados por pontas de seta). (B)
Imagem de microscopia confocal mostrando a marcagdo de F-actina com rodamina/faloidina (verde) e os
nucleos das células marcados com DAPI (azul); pontas de seta mostram nucleos de células somaticas; o inserto
mostra um aumento da imagem de um cisto contendo cistocitos (ntcleos dos cistdcitos apontados por setas) e
canais em anel (asteriscos). (C—E) Imagens de microscopia confocal de um testiolo de zangdo na mesma fase do
desenvolvimento, mostrando (C) marcagao dos nticleos das células com DAPI, (D) marcagdo da HEX 70a com
anti-HEX 70a/Cy3 (vermelho), e (E) sobreposicao das imagens C e D. Na Fig. 12E as setas largas mostram os
nucleos das células germinativas, as setas finas mostram a marca¢do da HEX 70a no citoplasma; as pontas de

seta mostram os nucleos das células somaticas.
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Secgdes das regides distais dos testiolos de zangdes em uma fase intermediaria do
desenvolvimento adulto farato (6 dias apds a ecdise pupal) mostraram um agrupamento
sincicial de espermatides alongadas (Fig. 13A, C, setas). Cones de actina sdo observados
sobre a porcao anterior dos nucleos das espermatides (Fig. 13B, D, setas). A Fig. 13E mostra
os nucleos das espermatides marcados com DAPI nos agrupamentos sinciciais (setas) e os
nucleos das células somaticas (pontas de seta). Na Fig. 13F, que ¢ uma preparacdo marcada
com anti-HEX 70a/Cy3, e na imagem sobreposta (Fig. 13G), verifica-se que HEX 70a se
localiza na extremidade posterior dos ntcleos das espermatides (Fig. 13F, G insertos), assim
como nos nucleos dos espermatozoides individualizados (setas nas Fig. 13F, G) e das células

somaticas (pontas de seta nas Fig. 13F, G).
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Figura 13: Imunolocalizagdo de HEX 70a nos testiolos de zangdes adultos faratos (6 dias ap6s a ecdise pupal;
estagio do desenvolvimento mostrado na margem esquerda superior). (A, C) Microscopia de luz dos testiolos
corados com azul de metileno e fucsina basica. Agrupamento sincicial de espermatides estd indicado por setas.
(B, D) Imagens de microscopia confocal mostrando a marcagdo de F-actina com rodamina/faloidina (verde) e a
marcagdo dos nucleos das células com DAPI (azul). A associagdo da actina com as cabegas de espermatides nos
agrupamentos sinciciais esta evidente em B (setas) ¢ em uma imagem similar e amplificada em D (setas). (E-G)
Microscopia confocal mostrando (E) ntcleos marcados com DAPI nos agrupamentos sinciciais de espermatides
(asteriscos) e nos niicleos das células somaticas do cisto (pontas de seta); (F) HEX 70a foi localizada com anti-
HEX 70a/Cy3 (vermelho) na extremidade posterior dos nucleos das espermatides no agrupamento sincicial
(mostrado em maior aumento na lateral esquerda superior): setas apontam para os espermatozoides
individualizados e a ponta de seta indica um nucleo de célula somatica. (G) A sobreposicdo das imagens E-F
mostra o aglomerado sincicial de espermatides (inserto), espermatozoides individualizados (setas) e nucleos das

células somaticas do cisto (ponta de seta).
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5. Colocalizacdo de EAU e HEX 70a no nucleo das células ovarianas de operarias adultas

faratas

EdU ¢ um nucleosideo andlogo da timidina que ¢ incorporado ao DNA durante a fase
S do ciclo celular, o que permite a detec¢do da replicagdo do DNA e divisdo celular quando
acoplado a um fluor6foro (Alexa Fluor 594). EAU foi injetado em pupas de operarias (1 dia
ap6s a ecdise pupal). Os ovarios foram dissecados depois de 24 h, quando as operarias
iniciavam o desenvolvimento adulto farato, e preparados para microscopia confocal. As Fig.
14A-D mostram as imagens de um desses ovarios. Na Fig. 14A a marca¢do com DAPI
permite a visualizagdo dos nucleos das células na base dos ovarios e nos ovariolos
individualizados. Somente a regido do germario ¢ mostrada em cada ovariolo. A Fig. 14B
revela a localizagdo intranuclear da HEX 70a por toda a extensdo do ovario. Por comparacao
entre as Fig. 14A e 14B, pode-se identificar regides nucleares marcadas com DAPI nos
ovariolos (germario), mas ndo marcadas com HEX 70a/Cy3. Sendo assim, HEX 70a ndo esta
presente em todos os nucleos ovarianos. A Fig. 14C mostra a incorporacdo de EdU em
nucleos que estdo na fase S. Em anélise comparativa, as Fig. 14B, C e as imagens sobrepostas
visualizadas na Fig. 14D revelam que os nucleos marcados com EdU/Alexa Fluor também
mostram marcacao por HEX 70a/Cy3, sugerindo que HEX 70a pode estar de alguma forma
envolvida nos eventos da fase S e na proliferagdo celular dos ovariolos. Entretanto, HEX 70a
também localiza-se nos ntcleos de células que nao estdo em fase S: por exemplo, os nucleos
que mostram imunofluorescéncia da HEX 70a na margem direita do ovario na Fig. 14B ndo

mostram a fluorescéncia de EdU (Fig. 14C, D).
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Figura 14: Colocalizagdo de anti-HEX 70a/Cy3 e EdU/Alexa Fluor nos ovarios de uma operaria adulta farata (2
dias apos a ecdise pupal: mostrada na regido superior esquerda da figura). (A) Nucleo das células ovarianas
marcado com DAPI (azul). Para maior clareza, os ovariolos estdo delimitados por linhas tracejadas acima da
por¢do basal dos ovarios. Somente a regido do germario € apresentada em cada ovariolo. (B) HEX 70a foi
detectada com anti-HEX 70a/Cy3 (vermelho). (C) Localizagdo de EdU/Alexa Fluor no nucleo dos ovarios em
fase S (amarelo). (D) Sobreposicdo das imagens B e C. As circunferéncias em B-D enfatizam os grupos de
cistocitos (na regido do germario) mostrando dupla marcagdo (anti-HEX 70a/Cy3 e EdU/Alexa Fluor). O grupo
de cistocitos em destaque na posi¢do mais a direita em D estd em maior aumento no inserto. Nucleos das células
da margem direita do ovario em B (pontas de seta) mostram marcagdo de HEX 70a/Cy3 mas ndo de EdU/Alexa

Fluor.
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6. Efeito da injecdo do anticorpo anti-HEX 70a na largura dos ovariolos e esclerotizacao

cuticular

Para reforcar a hipotese de que a hexamerina HEX 70a est4 envolvida na proliferacao
das células dos ovariolos, nés injetamos anticorpo anti-HEX 70a (diluido em 0,9% NaCl) em
pupas de rainha, 24 h apds a ecdise pupal, e a largura dos ovariolos foi determinada logo apds
a ecdise adulta. A Fig. 15A mostra que a injecdo do anticorpo inibiu significantemente o
crescimento dos ovariolos (p = 0,002) em comparacdo aos ovariolos das rainhas controles,
injetadas somente com 0,9% NaCl sugerindo participagdo da HEX 70a na proliferacdo das
células dos ovariolos.

Em paralelo, pupas de operarias, 24 h ap6s a ecdise pupal, foram injetadas com anti-
HEX 70a ¢ o efeito deste anticorpo sobre os niveis de HEX 70a foi examinado. western blots
revelaram redugdo de 54% (estimada por densitometria das bandas de HEX 70a normalizadas
com uma banda de lipoforina de expressdo constitutiva) nos niveis de HEX 70a, 4 h apos a
injecdo do anticorpo, seguida de recuperagao para niveis normais ap6s 72 h (Fig. 15B).

Visto que a HEX 70a ¢ uma arilforina (ver item III 1 — Resultados), e como tal pode
representar uma fonte de aminoéacidos aromaticos necessdrios para a formagdo da cuticula,
também checamos o progresso da pigmentacdo e esclerotizagdo cuticular das operarias
injetadas com anti-HEX 70a, comparadas aos dois grupos controle, injetados com IgG de
camundongo ou somente com o diluente de anti-HEX e IgG. A injecdo de anti-HEX 70a
causou um efeito drastico na formacao da cuticula. Este efeito foi mais evidente na cuticula
das pernas traseiras das operarias que mostraram-se incompletamente pigmentadas e
esclerotizadas. Nas abelhas tratadas com anti-HEX 70a, a cuticula das pernas traseiras

revelou-se mais clara e mais flexivel que as dos grupos controles (Fig. 15C).
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Figura 15: Efeito de anti-HEX 70a nos ovarios de rainhas e na diferenciagcdo da cuticula de operarias. (A)
Espessura dos ovariolos de rainhas injetadas com anti-HEX 70a (diluido em 0,9% NaCl) e respectivos controles
injetados somente com 0,9% NaCl. As medidas foram feitas em duas regides do germario de 120 ovariolos, 60
deles foram dissecados de 3 rainhas injetadas com anti-HEX 70a (20 ovariolos por rainha), e os outros 60 foram
dissecados das 3 rainhas do grupo controle. As medidas obtidas das abelhas injetadas com anticorpo, ou somente
com o diluente do anticorpo, foram comparados usando teste T (Jandel SigmaStat 3.1 software, Jandel
Corporation, San Rafael, CA, USA). (B) Western blot dos niveis de HEX 70a nas amostras de hemolinfa de
operarias, 4 ¢ 72 h ap6s a injegdo com anti-HEX 70a ou NaCl 0,9% (controle). Os niveis de lipoforina, proteina
da hemolinfa de expressdo constitutiva, serviram como normalizador. (C) Pernas traseiras de operarias injetadas
com anti-HEX 70a diluido em 0,9% NaCl, em comparagéio as operarias injetadas com IgG de camundongo em

0,9% NaCl, ou injetadas somente com 0,9% NaCl.

Analises por microscopia eletronica de transmissao (Fig. 16) das tibias do 3° par de
pernas das operdrias tratadas com 0,9% NaCl (controles) (Fig. 16A e B) ou com anti-HEX
70a diluido em NaCl 0,9% (Fig. 16C ¢ D) mostraram significativa alteragdo na espessura da
cuticula (setas). A camada cuticular ¢ mais espessa nas operarias controles. Nas operarias que
tiveram os niveis de HEX 70a diminuidos, a cuticula estava mais fina, o que reforca a
hipotese de que esta hexamerina seja uma importante fonte de aminoacidos para a deposi¢ao

cuticular.
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0,9% NaCl

anti-HEX 70a

Figura 16: Microscopia eletronia de transmissdo das tibias do 3° par de pernas de operarias injetadas com (A, B)
NaCl 0,9% (controle) ou com (C, D) anti-HEX 70a. As regides delimitadas em A e C estdo representadas em B e
D..

7. Injecido de anticorpos anti-hexamerinas em operarias adultas faratas: efeito sobre a

sobrevivéncia e dura¢io do periodo adulto farato

A inje¢do de cada anticorpo contra as hexamerinas em operarias em inicio do periodo
adulto farato (fase Pp) resultou em uma diminui¢ao dos niveis destas proteinas na hemolinfa e
no corpo gorduroso 4h e/ou 24h apos a inje¢do (Fig. 17A). No periodo do experimento, a
abundancia de HEX 110 esta diminuindo na hemolinfa; os niveis de HEX 70c devem cair um
pouco mais tarde (antes da fase Pbm), e os de HEX 70a permanecem altos (ver Fig. 4). De
fato, 4h apo6s a injecao de anti-HEX 110 ou anti-HEX 70a, os niveis das respectivas proteinas
diminuiram na hemolinfa. Entretanto, niveis normais de HEX 70a foram recuperados 24h
apos a injecdo. A diminui¢do dos niveis de HEX 70c foi constatada 24h apoés a injegdo (Fig.
17A). Como os niveis de HEX 70b diminuem na hemolinfa durante a fase de

desenvolvimento correspondente a 24 h apds a injecao (fase Pb) (ver Fig. 4), as analises do
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efeito do anticorpo anti-HEX 70b foram realizadas com o corpo gorduroso, onde os niveis
desta hexamerina permanecem altos (Fig. 4). A Fig. 17A mostra diminui¢do dos niveis de
HEX 70b em consequéncia da inje¢do do anticorpo.

As injecdes nao afetaram significantemente (p = 0,524) a sobrevivéncia até a ecdise
adulta (Fig. 17B). No entanto, as abelhas injetadas com os anticorpos contra as hexamerinas
mostraram acelera¢do do desenvolvimento e passaram pela ecdise adulta significantemente
mais cedo que os controles injetados com 0,9% NaCl ou IgG de camundongo (p = 0,019)

(Fig. 17C).
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Figura 17: Efeito da inje¢do de anti-hexamerinas em operarias adultas faratas (fase Pp). (A) Western blots
mostram a diminui¢cdo de HEX 110, HEX 70a e HEX 70c na hemolinfa, e a diminui¢do de HEX 70b no corpo
gorduroso de adultas faratas (Pb) 4 e/ou 24h apos a injecdo de 1 pg dos respectivos anticorpos diluidos em 0,9%
NaCl. Grupos controles foram injetados com 0,9% NaCl ou com 1 pg de IgG de camundongo em 0,9% NacCl.
(B) Todos os grupos de abelhas (cada um contendo 22 abelhas) mostraram taxas de sobrevivéncia similares,
independente da injecdo de anti-hexamerinas (p = 0,524). (C) Os grupos injetados e controles diferiram

significantemente no tempo de desenvolvimento até atingir a ecdise adulta (p = 0,019). Os dados foram
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analizados usando Kaplan-Meier: Log-Rank seguido por teste de multiplas comparagdes (i teste) (software de

estatistica R, versdo 2.15.0).

I1. Regulacio da expressao dos genes de hexamerinas

1. Efeito do HJ sobre a expressao dos genes de hexamerinas em larvas de 5° instar

O tratamento com HJ foi realizado em larvas de 5° instar (L5F) com o objetivo de
manter os titulos deste hormdnio em altos niveis por um prolongado periodo de tempo,
contornando a diminui¢do natural que normalmente ocorre na transicdo das fases de
alimentagao (L5F) para a de construgdo do casulo (L5S) (Rachinsky et al. 1990).

A Fig. 18 mostra que a expressdo dos genes hex 70b e hex 70c ¢ nitidamente maior nas
larvas tratadas com HJ com relagdo aos controles, embora o efeito do HJ sobre a expressao
dos genes hex 70a e hex 110 seja mais discreto. Juntos, estes resultados suportam uma fungéo

do HJ na indugdo da expressao dos genes de hexamerinas.

hex 110
hex 70a

hex 70b
hex 70c

49

Hormonio juvenil Controle

Figura 18: Efeito do horménio juvenil sobre a expressdo dos 4 genes de hexamerinas. O horménio (diluido em
acetona) foi topicamente aplicado sobre o dorso de larvas do 5° instar (fase de alimentagdo, LSF). Controles
foram tratados somente com a acetona. A expressdo do gene foi analisada 24 h apds o tratamento. A abundancia
dos transcritos de hexamerinas foi analisada por RT-PCR seguida por eletroforese do cDNA amplificado em géis

de agarose corados com brometo de etideo. O gene rp49 de A. mellifera foi utilizado como normalizador.
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2. Regulacio da expressao dos genes de hexamerina pela dieta alimentar

2.1. Efeito da dieta oferecida a colmeia sobre o desenvolvimento larval e expressao dos

genes de hexamerinas

Por meio da manipulagdo da quantidade de polen disponibilizado para a colmeia foi
possivel, indiretamente, influenciar o status nutricional das larvas e verificar se os niveis de
transcritos dos gene hex 70c ¢ dos outros trés genes de hexamerinas, sdo nutricionalmente
regulados nas larvas.

Duas colmeias foram confinadas em gaiolas revestidas por uma tela que impede o
acesso das abelhas forrageiras a qualquer fonte de alimento externo. Dois tipos de dietas
contendo 5 ou 20% de pdlen foram oferecidas, separadamente, a duas colmeias, cada uma
abrigada em uma gaiola. Larvas originarias da colmeia que recebeu a dieta com 5% de pdlen
apresentaram peso 4 vezes menor que larvas da colmeia alimentada com a dieta contendo
20% de polen (p = 0,009) (Fig. 19A). Quantificagdo das proteinas da hemolinfa (Fig. 19B) e
do corpo gorduroso (Fig. 19C) destas larvas, assim como do RNA total extraido do corpo
gorduroso (Fig. 19D) mostrou niveis significativamente mais baixos (p = 0,001; p = 0,005; p

= 0,004, respectivamente) nas larvas que se desenvolveram na colmeia alimentada com 5% de
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Figura 19: Efeito da concentragdo de pdlen na dieta oferecida a colmeia sobre o desenvolvimento larval. (A)
Peso das larvas (mg). (B) Quantidade de proteinas na hemolinfa (ug/pL). (C) Quantidade de proteinas no corpo
gorduroso (pg/pL). (D) Quantidade de RNA total no corpo gorduroso (pg/pL).
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A concentragdo de pélen na dieta de uma colmeia foi capaz de inibir ou estimular a
produgdo de transcritos de hexamerinas (Fig. 20A). As larvas coletadas da colmeia
alimentada com dieta contendo 5% de pdlen mostraram niveis menores de transcritos de
hexamerinas. Este efeito foi mais evidente para os genes hex110, hex 70a ¢ hex 70b. Um
efeito mais discreto foi observado para o gene hex 70c. A expressdo do gene que codifica a
lipoforina I/II, proteina de estocagem de alta massa molecular, também foi prejudicada em
consequéncia da alimentacao pobre em poélen (Fig. 20B).

Analise da expressdo de um gene da via da insulina, ILP2 (Insulin-like peptide 2),
mostrou que também ¢ reprimido pela baixa quantidade de pélen no alimento (Fig. 20C). No
entanto, a expressao de outros genes como chico (Fig. 20D) ¢ TOR (target-of-rapamycin)
(Fig. 20E) nao foi significantemente modificada.

O gene codificador de uma isoforma do receptor de ecdisona, EcCRa (Fig. 20F),
também mostrou menor expressdao em consequéncia da baixa quantidade de pdlen na dieta.
No entanto, o gene que codifica a outra isoforma do receptor de ecdisona, ECRb (Fig. 20G),
assim como ultraspiracle, que codifica a proteina Usp que junto com EcR forma o complexo
heterodimérico de ligagdo a ecdisona, ndo mostraram alteragao significante de expressao (Fig.
20H). O gene mfe2 (metil farnesoato epoxidase 2) (Fig. 20I), da via de sintese do HJ, assim
como os genes codificadores de enzimas que degradam este horménio, jhe (esterase) (Fig.
20J) e jheh (epdoxido hidrolase do HJ) (Fig. 20K) também mostraram baixa expressao em

larvas criadas em colmeias que receberam pouca quantidade de pélen.
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Figura 20: Efeito da concentragdo de polen na dieta oferecida a colméia sobre a expressdo dos (A) genes de
hexamerinas e de outros genes: (C-E) com fun¢o na via de insulina, (F-G) genes receptores de ecdisona, (I)
genes da via de sintese e (J-K) de degradag@o do HJ. (A) Produto de RT-PCR semi-quantitativa analisado em gel
de agarose 1%, corado com brometo de etidio. (B-K) Quantificacdo de transcritos por qRT-PCR. Os niveis de
mRNA foram comparados utilizando-se o teste T (Jandel SigmaStat 3.1 software, Jandel Corporation, San

Rafael, CA, USA). O gene rp49 foi utilizado como normalizador na amplificagdo por PCR.
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2.2. Alternancia da dieta de larvas de operarias e rainhas e efeitos sobre a expressio dos

genes de hexamerinas

A transferéncia de larvas L1 dos alvéolos de operarias, onde permaneceram por 2 dias,
para cupulas de rainhas para permanéncia por mais 2 dias (grupo 20p2Ra), provocou
alteracdo da dieta nutricional e as larvas antes destinadas a se tornarem operarias alcangaram
tamanho corporal semelhante as larvas mantidas por 4 dias nas cupulas de rainhas, as quais
receberam, exclusivamente, alimento de rainha (grupo 4Ra) (Fig. 21A). As larvas mantidas
por 2 dias em cupulas de rainha e, subsequentemente, transferidas para os alvéolos de
operarias, onde permaneceram por mais 2 dias (grupo 2Ra20p), mostraram tamanho
semelhante aquelas que passaram os 4 dias nos alvéolos de operdrias, consumindo
exclusivamente alimento de operaria (grupo 40p) (Fig. 21A). Este resultado foi confirmado
pela pesagem das larvas. As larvas do grupo 20p2Ra apresentaram um aumento significativo
do peso corporal (p < 0,001), equivalente ao observado em larvas do grupo 4Ra. As larvas
2Ra20p mostraram um valor de massa corpérea similar as larvas do grupo 40p. Os grupos
2Ra20p e 20p2Ra nao diferiram significativamente quanto ao peso corporal (Fig. 21B).
Andlises da expressdao dos genes de hexamerinas em todos os grupos mostraram alteracdo na
densidade de transcritos de apenas um deles, hex 70a (Fig. 21D). Larvas do grupo 4Op
apresentaram cerca de 25 vezes mais transcritos deste gene em relagdo as larvas do grupo
4Ra. Larvas 20p2Ra mostraram niveis significativamente mais baixos de transcritos de hex
70a (p = 0,001; One-way ANOVA — Holm Sidak) quando comparados aos niveis de
transcritos de larvas do grupo 4Op. As larvas do grupo 2Ra20p ndo diferiram
significativamente quanto aos niveis de transcritos em relag@o as dos grupos 4Ra e 4Op. Perfil
de expressdo similar foi observado para a proteina HEX 70a da hemolinfa destas larvas (Fig.
21G). Os outros genes de hexamerinas, hex 110 (Fig. 21C), hex 70b (Fig. 21E) ¢ hex 70c
(Fig. 21F), ndo apresentaram modificacdo significativa na densidade de transcritos e da
proteina em consequéncia da variacdo da dieta, no periodo de tempo de duragdo do

experimento.
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Figura 21: Manipulag@o experimental da dieta larval. (A) Larvas L1 alimentadas exclusivamente, durante 4 dias,
com alimento de rainhas (grupo 4Ra) ou com alimento de operarias (grupo 40p). Larvas L1 alimentadas durante
2 dias com alimento de operarias e em seguida por mais 2 dias com alimento de rainhas (grupo 20p2Ra). Larvas
L1 alimentadas durante 2 dias com alimento de rainhas e em seguida por mais 2 dias com alimento de operarias
(grupo 2Ra20p). (B) Peso em gramas. Letras diferentes indicam diferengas estatisticamente significantes (One-
way ANOVA; Holm Sydak; SigmaStat 3.5 software, Jandel Corporation, USA). (C-F) qRT-PCR para
quantificacdo de transcritos dos genes de hexamerinas (hex 110, hex 70a, hex 70b e hex 70c). O gene rp49 foi
utilizado como normalizador. Letras diferentes indicam diferengas estatisticamente significantes (p < 0,001 One-
way ANOVA; p < 0,05 Holm Sidak; SigmaStat 3.5 software, Jandel Corporation, USA). (G) Western blot de

amostras de hemolinfa utilizando-se anticorpos contra cada subunidade de hexamerina.
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III. Caracteristicas das subunidades HEX 70a, HEX 70b, HEX 70c e HEX 110

1. Estudo da estrutura das subunidades de hexamerinas

A sequéncia N-terminal de cada subunidade de hexamerinas (HEX 70a, HEX 70b,
HEX 70c e HEX 110) foi determinada por Danty et al. (1998). Todas elas contém os
dominios de hemocianina conservados N, M e C (N: PF03722.5, M: PF00372.10 e¢ C:
PF03723.5 — base de dados Pfam, Bateman et al., 2004) (Fig. 22A). Também foi previamente
demonstrado (Bitondi et al., 2006) que o dominio de hemocianina C da HEX 110 ¢
interrompido por uma inser¢do de 291 aminoacidos. Esta inser¢do ¢ muito rica em glutamina
e acido glutamico (GIx) e contribui significativamente para o total de Glx (20,9%) da HEX
110.

O sequenciamento completo dos 4 genes de hexamerinas [Cunha et al., 2005 (hex
70b); Martins, 2008; Martins et al., 2008; Martins et al., 2010 (hex 70a, hex 70c e hex 110)]
seguido da andlise das sequéncias de aminoacidos preditas possibilitou identificar a presenga
de sitios de glicosilagdo, uma histidina conservada e motivos tipicamente encontrados em
outras hexamerinas de insetos (Fig. 22B). O software http://phobius.sbc.su.se foi utilizado
para a predi¢dao de peptideos sinal e topologia transmembrana das sequéncias de aminoacidos
de cada subunidade de hexamerina. As quatro subunidades contém peptideo sinal que dirige o
transporte das proteinas. Como esperado, nenhuma das subunidades contém dominio
transmembrana. Com respeito a composicao de aminoacidos, HEX 70a ¢ HEX 70c contém
uma quantidade relativamente elevada de fenilalanina, triptofano e tirosina (18,2% e 16,9%,
respectivamente), e pertencem a classe das hexamerinas ricas em aminoécidos aromaticos (ou
arilforinas). Com seu conteudo relativamente alto de metionina, HEX 70b (4,4%) ¢ HEX 70c
(6,4%) puderam ser incluidas na classe das hexamerinas ricas em metionina.

A identidade de aminoacidos entre as hexamerinas de A. mellifera varia de 30% a
42%. Multiplos alinhamentos utilizando ClustalW 1.83 revelaram que HEX 70a, HEX 70b e
HEX 70c sdo mais similares entre si (39 a 42%) do que com a HEX 110 (30 a 32%
identidade) (Apéndice 4 — Fig. 32).
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Figura 22: (A) Diagramas das sequéncias de hexamerinas mostrando os dominios de hemocianina conservados
N, M e C. O dominio C esta interrompido na sequéncia de HEX 110. (B) Sequéncias de aminoacidos deduzidas
do sequenciamento completo dos genes das hexamerinas. O peptideo sinal esta indicado por linhas pontilhadas e
as linhas tracejadas mostram os motivos identificados por Danty et al. (1998). Asteriscos indicam os sitios de
glicosilagdo. A histidina conservada esta duplamente sublinhada. O motivo LSP signature-1 esta indicado (+++).
O motivo LSP signature 2 esta em negrito. O sitio de clivagem por protease estd sublinhado. A glicina 14

conservada em exopterigotos ¢ endopterigotos esta indicada (#).
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2. Cromatografia para separacao das hexamerinas

A cromatografia por filtragdo em gel de amostras de hemolinfa de larvas de operarias
L5S gerou 10 picos (Fig. 23A). As fragdes correspondentes foram coletadas e analisadas por
SDS-PAGE (Fig. 23B), PAGE ndo desnaturante (Fig. 23C) e espectrometria de massa.
Hexamerinas foram localizadas nas fragdes 2 e 3, ¢ em gel nativo de poliacrilamida
apresentaram massa molecular de aproximadamente 660 kDa. Analises por western blot (Fig.
23D) confirmaram a presenga das hexamerinas nestes picos. Optou-se pela utilizagdo dos
anticorpos em western blots para identificagdo das hexamerinas nas fragdes, uma vez que por
espectrometria de massa, apenas a HEX 70b foi identificada. A hexamerina HEX 110 nao foi

detectada nas fracoes.
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Figura 23: Cromatografia por filtragdo em gel. (A) Cromatograma. Os numeros indicam as fracdes coletadas.
(B) SDS-PAGE de amostras das fragdes 1 a 9 obtidas da cromatografia. As subunidades HEX 70a, HEX 70b e
HEX 70c estdo indicadas, assim como a banda de aproximadamente 200 kDa identificada como Major Royal
Jelly Protein 1 (MRJP1). (C) PAGE em condi¢des ndo-desnaturantes de amostras das fragdes 2 ¢ 3 obtidas da
cromatografia. (D) SDS-PAGE e Western blot de amostras das fragdes 2 e 3 utilizando-se anticorpos contra cada

uma das quatro hexamerinas.
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Para melhor purificagdo dos oligdmeros de hexamerinas obtidos nas fragdes 2 e 3 da
cromatografia por filtragdo em gel, estas foram submetidas a cromatografia de alta-eficiéncia
por troca-idnica. O procedimento gerou 5 picos (Fig. 24A). Analises por SDS-PAGE (Fig.
24B), PAGE nao desnaturante (Fig. 24C) e espectrometria de massa revelaram que o 1° pico
gerado, ou fracdo, relativo a proteinas que ndo aderiram a coluna, continha 3 hexamerinas,
HEX 70a, HEX 70b e HEX 70c, e que HEX 70b e HEX 70c estavam também presentes no 2°
pico. Western blots de amostras das fragdes 1 ¢ 2 confirmaram a presenga de HEX 70a e
HEX70c na fracao 1, e de HEX 70c na fracao 2 (Fig. 24D). A presenga de HEX 70b e HEX
70c no 2° pico sugere a formagdo de um provavel heteroligobmero, ou seja, um hexadmero

composto por estas duas subunidades. A proteina MRJP1 foi identificada nos picos 3, 4 ¢ 5.
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Figura 24: Cromatografia por troca-i6nica das fragdes 2 e 3 obtidas da cromatografia por filtracdo em gel (ver
Fig. 23). (A) Cromatograma. Os niimeros indicam as fracdes coletadas. (B) SDS-PAGE de amostras das fracdes
1 a 5 obtidas da cromatografia. (C) PAGE nf3o desnaturante de amostras das fragdes 1 a 5 obtidas da
cromatografia. (D) Western blot de amostras das fragdes 1 e 2 utilizando-se anticorpos contra cada uma das

quatro hexamerinas.
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3. Producao das hexamerinas in vitro

Como alternativa para a tentativa de separacao e purificacdo das hexamerinas por
cromatografia, partimos para a expressao in vitro destas proteinas. Foram construidos primers
especificos para esta finalidade, os quais foram eficientes em amplificar esses genes (Fig.
25A). A Fig. 25B mostra a eficiéncia da digestdo e a Fig. 25C mostra que as bactérias foram
transformadas e contém os insertos dos genes de hexamerinas. SDS-PAGE do extrato de
bactérias ap6s indugdo da expressdo da proteina HEX 70c mostrou uma banda indicativa da
expressao desta proteina (Fig. 25D). Testes por western blot para identificagdo desta banda no
purificado estdo em andamento. A expressdo e a purificagdo das outras subunidades de

hexamerinas estdo em andamento.

A B
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Figura 25: Expressdo in vitro das quatro hexamerinas (HEX 110, HEX 70a, HEX 70b ¢ HEX 70c). (A)
Expressao dos genes hex 110, hex 70a, hex 70b e hex 70c obtida por RT-PCR semi-quantitativa seguida de
eletroforese em gel de agarose 0,8%, corado com brometo de etidio. M: marcador de massa molecular. Ct:
amostra sem cDNA. (B) Produto de digestdo dos genes amplificados, assim como do plasmidio pET-28a.
Produto de PCR submetido a eletroforese em gel de agarose 0,8%, corado com brometo de etidio. (C) PCR de
extratos das colonias DHSa que foram transformadas com os plasmideos contendo os genes de hexamerinas.
Produto de PCR semi-quantitativa em gel de agarose 0,8%, corado com brometo de etidio. (D) SDS-PAGE do

extrato de bactérias BL21 apos inducdo da expressdo da proteina HEX 70c.
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4. Busca pelos receptores de hexamerinas

4.1. Analises in silico de sitios de fosforilagdo putativos nas hexamerinas preditas

Analises das sequéncias preditas das hexamerinas de A. mellifera utilizando-se o
programa NetPhos 2.0 (www.cbs.dtu.dk/services/NetPhos/) revelaram a presenga de sitios de
fosforilacdo por tirosina quinase (Tabela VIII). Quanto maior o valor de score, que varia de 0
a 1, maior a probabilidade da sequéncia analisada constituir um sitio auténtico de fosforilagao

(Blom et al., 1999). Para as hexamerinas, o threshold adotado foi de 0,7 a 1.
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Tabela VIII: Sitios putativos de fosforilagdo nas sequéncias preditas de hexamerinas de A. mellifera.

Nome Fragmento Score
HEX 110 FPPVYEILP 0,886
KDIDYENVQ 0,984

FTDFYVDLD 0,976

QEPFYITEP 0,939

SVDQYQQLK 0,900

VSEYYQNKP 0,949

HEX 70a NIDSYTNAA 0,943
NEAQYIYSL 0,854

RGEEYLYSH 0,798

IDSGYILNN 0,761

NTEFYGSID 0,809

AASKYQIVP 0,913

DEIIYPNLK 0,922

IGPKYDSHH 0,783

SEIFYEKIE 0,923

DKPLYDFNY 0,962

YDFNYEGPN 0,819

HEX 70b MKKTYNNID 0,726
GEVSYVSLD 0,973

HMQKYVQMI 0,918

SNVKYQVVP 0,968

LGPKYDEFG 0,806

ETFKYSSQP 0,839

HEX 70c NMDMYKDKN 0,982
SEQKYEVRM 0,954

FELLYNAKD 0,723

PDTKYMKFP 0,965

VNTNYSSKN 0,805

NMREYNDPE 0,783

NDPEYKLDY 0,868

SSSQYHMPK 0,865

YKYKYLNVI 0,810

4.2. Busca por hexamerinas em amostras de concentrados de membranas do corpo

gorduroso

Investigamos a possibilidade das hexamerinas de A. mellifera se ligarem a membrana

plasmatica. Analises por western blot com enriquecidos de membranas celulares do corpo
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gorduroso de operarias pupas faratas (fase PP) revelaram a presenca marcante da HEX 110 e

vestigios de HEX 70b e HEX 70c. HEX 70a nao foi detectada (Fig. 26).

R HEX 110

- HEX 70a Figura 26: Western blot de amostras de enriquecidos de

membranas do corpo gorduroso utilizando-se anti-HEX

HEX 70b 110, anti-HEX 70a, anti-HEX 70b e anti-HEX 70c.

| HEX 70c

4.3. Teste de ligacdo de hexamerinas em extratos enriquecidos de membranas do corpo

gorduroso

Amostras de extratos enriquecidos de membranas do corpo gorduroso de larvas LSF,
pupas faratas (PP) e adultos faratos (Pbl) foram submetidas a SDS-PAGE (Fig. 27A). Os géis
foram corados com Coomassie para verificar a eficiéncia do processo de extracdo das
proteinas. Aliquotas das mesmas amostras foram utilizadas em procedimentos paralelos de
SDS-PAGE seguidos de transferéncia das proteinas para membranas de PVDF por western
blot. As membranas foram, entdo, incubadas com hemolinfa coletada de larvas L5F de
operarias que apresenta alto conteido de hexamerinas. O intuito for verificar possivel
afinidade entre proteinas do extrato de membranas e proteinas soluveis da hemolinfa (Fig.
27B). Os resultados obtidos revelaram que HEX 110 da hemolinfa se liga a uma proteina de
aproximadamente 110 kDa presente no extrato de membranas (Fig. 27B). A marcagdo ¢ mais
intensa em pupas faratas, fase de intenso sequestro de hexamerinas pelas células do corpo
gorduroso (Fig. 27B). HEX 70a da hemolinfa se ligou a duas proteinas do extrato de
membranas (Fig. 27C) com massas moleculares ao redor de 70 kDa. A marcac¢do ¢ mais
acentuada nas larvas L5F, fase anterior ao inicio do sequestro de hexamerinas pelo corpo
gorduroso (Fig. 27C). HEX 70b se ligou a uma proteina de aproximadamente 70 kDa,
aparentemente exclusiva da fase PP (Fig. 27D).

A celetroforese (SDS-PAGE) foi entdo repetida com amostras do extrato de
membranas. Em seguida ao procedimento de coloragdo com Coomassie coloidal, o gel

contendo as bandas obtidas dos extratos de membranas foi comparado com as membranas
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obtidas dos western blots com a finalidade de recortar do gel as bandas correspondentes. As
proteinas das bandas foram identificadas por espectrometria de massa (Fig. 27E). Os
resultados das analises revelaram a presenca das trés subunidades de hexamerinas HEX 110,
HEX 70b e HEX 70c nas amostras de extratos enriquecidos de membranas. Além disso,
proteinas como a endoplasmina (componente do reticulo endoplasmatico envolvido na
degradagao das proteinas em processo dependente de ubiquitinas) e uma heat shock protein de

60 kDa também foram identificadas.

M L5F PP Pbl L5F PP Pbl L5F PP Pbl L5F PP Pbl

HEX 110 HEX 70a HEX 70b
E
Amostra MS identificagao
1 HEX 110
2 HEX 70c e HEX 70b
3 HEX 70b e heat shock protein 60 kDa

Figura 27: Ligantes de hexamerinas em amostras de enriquecido de membranas de corpo gorduroso. (A) SDS-
PAGE do extrato de membranas do corpo gorduroso. SDS-PAGE seguido de western blot para as hexamerinas
(B) HEX 110, (C) HEX 70a e (D) HEX 70b. M: marcador de peso molecular (kDa) no lado esquerdo da figura
(A). L5F: larva de 5° instar em fase de alimentagdo. PP: pupa farata. Pbl: adulto farato. Os niimeros de 1 a 3

indicam as bandas analisadas por espectrometria de massa. (E) Resultado obtido por espectrometria de massa.
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Discussao

O genoma de A. mellifera apresenta quatro genes codificadores de hexamerinas. Estes
genes foram sequenciados e a abundancia de seus transcritos durante o desenvolvimento das
diferentes castas e sexos foi caracterizada (Cunha et al., 2005; Martins et al., 2008; Martins et
al., 2010). As sequéncias nucleotidicas obtidas revelaram diferengas estruturais e de
organizagdo de introns e éxons que, em conjunto com os perfis d¢ mRNAs, a localizagao
subcelular das hexamerinas no corpo gorduroso e nas gonadas, o estudo da regulagdo
hormonal e nutricional, além da analise da estrutura das proteinas, indicam que as
hexamerinas sdo proteinas multifuncionais, ressaltando sua importancia no desenvolvimento e

fisiologia dos insetos.

1. Hexamerinas no corpo gorduroso

Em concordancia com estudos prévios sobre as proteinas da hemolinfa de A. mellifera
(Danty et al., 1998; Chan et al., 2006), baixos niveis de expressdao dos genes de hexamerinas
foram detectados em operarias adultas quando comparados com os niveis de transcritos
obtidos em larvas. Dos quatro genes de hexamerinas, hex 70a ¢ hex 110 sdo os unicos com
expressao detectdvel no corpo gorduroso de adultos. Seus perfis transcricionais diferem entre
os adultos de rainhas, zangdes e operarias. Niveis de transcritos de hex 70a foram muito
baixos em rainhas e abundantes em operarias e zangdes. Entretanto, em zangdes, a
abundancia ¢ limitada aos 5 primeiros dias apos a emergéncia, ja em operarias, se estende até
0 30° dia de vida adulta. Estes perfis transcricionais em operarias e zangodes sao similares aos
respectivos perfis de HEX 70a na hemolinfa (Martins et al., 2008) e estdo relacionados com a
duracdo da vida adulta. Operarias vivem mais que zangdes (Winston, 1991) e seus respectivos
padrdes de expressdo de hex 70a refletem a atividade metabodlica do corpo gorduroso. Mas a
maior expressdo de hex 70a no corpo gorduroso de operarias adultas, em compara¢do com
rainhas, sugere fun¢do na fisiologia das operarias.

Assim como hex 70a, o gene hex 110 esta ativo no corpo gorduroso de operarias
adultas, mas os transcritos sdo praticamente ausentes em rainhas e zangdes. Apesar da
evidente presenga de transcritos de hex 110 em operarias adultas, a subunidade
correspondente (HEX 110) ndo ¢é detectavel na hemolinfa (Bitondi et al., 2006), indicando
que esta hexamerina ndo funciona como uma proteina de estocagem neste estagio.

Estes resultados sdo consistentes com a reindugdo da expressdo de hex 70a e de hex
110 nas abelhas adultas, embora s6 o produto de hex 70a se acumule na hemolinfa neste

estagio. A presenca de hexamerinas nos insetos adultos pode ocorrer por causa da persisténcia
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de hexamerinas sintetizadas durante o estagio larval, ou devido a inducdo da atividade génica
especificamente no estagio adulto. Como exemplo, algumas espécies de Lepidoptera que nao
se alimentam de proteinas na fase adulta podem utilizar o estoque larval de hexamerinas para
a produgdo dos ovos (Wheeler et al., 2000); mRNAs para uma hexamerina especifica de
adultos aparece em fémeas de Musca domestica s6 depois da indugdo por uma dieta rica em
proteinas (Capurro et al., 2000). Mas a presenga de HEX 70a em abelhas adultas resulta da
reinducdo depois de uma drastica redugdo dos niveis de transcritos durante a ecdise adulta
(Martins et al., 2010).

As rainhas de A. mellifera recebem continuamente, via trofalaxis, uma secrec¢do
glandular proteindcea, a geleia real, que ¢ produzida por operarias nutridoras (Haydak, 1970).
As rainhas aparentemente nao necessitam da reserva de hexamerinas larvais para a producao
de seus ovos, uma vez que a dieta enriquecida de proteinas pode suprir esta demanda. Os
nutrientes estruturais e a energia derivados da geleia real servida as rainhas ndo sao utilizados
para a sintese e estocagem de hexamerinas (os niveis de transcritos de hexamerinas sdo muito
baixos ou indetectaveis no corpo gorduroso de rainhas adultas) mas devem ser direcionados
para a vitelogénese e produgdo dos ovos. Diferente das rainhas, as operarias normalmente nao
produzem ovos, embora elas tenham acesso a uma dieta rica em proteinas, pelo menos
enquanto sdo jovens (Hrassnigg e Crailsheim, 1998). O consumo de poélen aumenta a
expressao de hex 70a e hex 110 no corpo gorduroso e aumenta a abundancia de HEX 70a na
hemolinfa das operarias (Bitondi et al., 2006; Martins et al., 2008). Aparentemente, o
consumo de dieta rica em proteinas causa a reindugdo de ambos os genes de hexamerinas em
operarias adultas, levando a estocagem de HEX 70a na hemolinfa.

O consumo de pélen também provoca o acumulo de vitelogenina, a proteina do vitelo,
na hemolinfa de operarias jovens (Bitondi e Simdes, 1996). A vitelogenina ¢ continuamente
produzida e estocada na hemolinfa durante as duas primeiras semanas de vida adulta, mas sua
concentragdo na hemolinfa se reduz consideravelmente nas operdrias mais velhas que se
tornam forrageiras (Rutz et al., 1976; Engels et al., 1990; Hartfelder e Engels, 1998; Piulachs
et al., 2003). HEX 70a segue um padrao similar.

Uma vez que as operarias normalmente nao se reproduzem e, em geral, tém um ciclo
de vida curto, a questdo que permanece sem resposta €é: por que elas estocam proteinas na
hemolinfa? Podemos sugerir que o consumo de polen pelas abelhas operarias jovens excede a
demanda e o excesso ¢ transformado em proteinas de estocagem e outros produtos para serem
consumidos mais tarde, quando elas se tornarem forrageiras. Forrageiras se alimentam de
néctar (Crailsheim et al., 1992), o qual é composto primariamente por carboidratos (Slansky e

Scriber, 1985). Desta forma, o estoque de proteinas sustentaria o metabolismo basal das
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operarias durante o forragemanto. Os dados obtidos para HEX 70a (Martins et al., 2008),
vitelogenina (Engels et al., 1990; Hartfelder ¢ Engels, 1998; Piulachs et al., 2003) e outras
proteinas da hemolinfa (Crailsheim, 1986), que mostram diminui¢ao gradual da concentragio
destas proteinas nas forrageiras, sao consistentes com esta hipotese.

O destino das proteinas de estocagem na hemolinfa de operéarias pode ndo ser fixo,
mas dependente do contexto social. Quando ha perda da rainha, certas operdrias podem ativar
seus ovarios para a produ¢do de zangdes. Suas reservas de proteinas podem entdo ser
direcionadas para a reproducdo. Operarias acumulam proteinas de estocagem quando elas
ainda sdo jovens e mais propensas a ativar seus ovarios se separadas das rainhas. Foi
demonstrado que as operarias adultas de Camponotus festinatus nao estocam hexamerinas,
mas aparentemnte fazem uso delas para nutrir as larvas. Mas as hexamerinas se acumulam na
hemolinfa destas operarias quando ndo hé larvas na colonia. Também foi observado que as
hexamerinas sdo abundantes em rainhas virgens de C. festinatus, mas tornam-se escassas
quando elas estdo produzindo ovos (Martinez e Wheeler, 1993 e 1994). O mesmo foi
observado em cupins (Johnston e Wheeler, 2007).

Utilizando anticorpos especificos investigamos a localizacdo das quatro hexamerinas
nas células do corpo gorduroso de operdrias no estdgio de pupa farata. Neste estagio, a
arquitetura tipica do corpo gorduroso larval ¢ modificada e as camadas ou aglomerados de
células que formam este 6rgdo se dissociam em células individuais (Hoshizaki, 2005). Esta
mudanca, que caracteriza o inicio da muda metamorfica nos insetos holometabolos e ja foi
descrita para A. mellifera (Snodgrass, 1956) ¢ outras espécies de abelhas (Cruz-Landim, 2009;
Poiani e Cruz-Landim, 2012), ¢ marcada pela drastica diminui¢do da sintese/secrecdo de
hexamerinas, para sua reabsor¢ao da hemolinfa. Estudos que estabeleceram a correlagdo entre
a diminui¢do de hexamerinas da hemolinfa e o aparecimento de granulos no citoplasma dos
trofocitos do corpo gorduroso anteciparam a demonstracdo experimental de que as
hexamerinas sequestradas sdo estocadas na forma de granulos para futura utilizagdo como
fonte de aminoacidos (Locke e Collins, 1968; Tojo et al., 1978). Esta dinamica de
sintese/secrecao/sequestro foi deduzida quando comparamos os niveis de HEX 70b na
hemolinfa e no corpo gorduroso de A. mellifera em metamorfose. Hd uma diminuig¢do abrupta
de HEX 70b na hemolinfa de pupas faratas (fase PP) e aumento no corpo gorduroso (ver Fig.
4). Neste aspecto, HEX 70b ¢ a mais tipica entre as hexamerinas de A. mellifera. Embora esta
dindmica ndo seja tdo evidente para as outras hexamerinas, todas elas aparecem no corpo
gorduroso na fase que antecede a muda metamorfica (L5S) indicando que estdo sendo
sequestradas. Como descrito para as hexamerinas dos insetos em geral, HEX 70b, HEX 70c e

HEX 110 sao essencialmente proteinas da metamorfose e sua abundancia diminui a niveis
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basais antes da ecdise adulta. Entretanto, como demonstrado previamente (Danty et al., 1998;
Martins et al., 2008) HEX 70a persiste até nos adultos (veja Fig. 4).

Utilizando-se anticorpos especificos e microscopia confocal, as hexamerinas foram
localizadas em pequenas e grandes inclusdes, similares aos granulos de proteinas de diferentes
tamanhos, no citoplasma dos trofocitos de pupas faratas. O aparecimento dos granulos de
proteinas no corpo gorduroso de A. mellifera antes da pupagio foi descrito décadas atras por
Bishop (1922; 1923). Utilizando ilustragdes esquematicas, Snodgrass (1956) descreveu a
localizagao destes granulos na periferia do citoplasma dos trofocitos em pupas faratas de A.
mellifera, e também comentou que a abundancia destes granulos de proteinas continua a
aumentar durante parte do estdgio pupal para desaparecer proximo a ecdise adulta. Poiani e
Cruz-Landim (2012) também encontraram grandes quantidades de granulos de proteinas nos
trofocitos de pupas faratas. As inclusdes, ou granulos, marcados com anti-HEX 70c ou anti-
HEX 70b nos trofocitos foram principalmente localizados na periferia do citoplasma (ver Fig.
6G, I, J, L), assim como os granulos descritos por Snodgrass (1956). Aparentemente, os
granulos marcados com anti-HEX 70b a anti-HEX 70c estdo envolvidos na estocagem e
reciclagem de HEX 70b e HEX 70c. Granulos marcados com anti-HEX 110 e anti-HEX 70a
foram muito menos abundantes nos trofocitos, mas isto pode ser devido a regionalizacdo do
corpo gorduroso. Ja foi demonstrado em D. melanogaster que a abundancia de granulos de
proteinas pode diferir entre as regides do corpo gorduroso (Tysell e Butterworth, 1978). Os
trofocitos mostrados na Fig. 6 podem ser de diferentes regides do corpo da pupa farata.

Como proposto (Locke e Collins, 1968), pequenos granulos de proteinas sao
inicialmente formados nos trofocitos e mais tarde se fundem com outros granulos e aumentam
de tamanho. E entdo possivel que nos trofocitos mostrados nas Fig. 6A (marcados com anti-
HEX 110) e 6D (marcados com anti-HEX 70a) a fusdo dos granulos de proteina tenha apenas
se iniciado no momento da coleta do corpo gorduroso.

A presenga de hexamerinas no citoplasma dos trofdcitos era uma expectativa obvia,
mas nds encontramos pequenas marcagdes destas hexamerinas no citoplasma dos enocitos.
Endcitos diferem dos trofocitos quanto a origem embriologica, morfologia, fungdes
bioquimicas e fisioldgicas, sendo necessarios para o processamento de lipideos, crescimento
larval ¢ produgdo de feromdnios (Hoshizaki, 2005; Burns et al., 2012). Foi uma surpresa
encontrar hexamerinas nos enocitos. Notdvel, entretanto, foi detectar as quatro hexamerinas
no nucleo dos trofécitos, e HEX 110 ¢ HEX 70a no nucleo dos endcitos. A imunolocaliza¢ao
das hexamerinas no nucleo do corpo gorduroso através de microscopia confocal confirmou os
resultados obtidos por western blot (Fig. 5), que tinham detectado as quatro hexamerinas em

fragdes de enriquecidos nucleares do corpo gorduroso.
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Corroborando nossos dados sobre a licalizagdo intranuclear das hexamerinas, Begna et
al. (2012) detectaram HEX 110 no proteoma nuclear de larvas de rainhas e operarias de 4° ¢
5° instares, utilizando eletroforese bidimensional e espectrometria de massa.

Aqui, n6s também mostramos que a inje¢do de anticorpos contra cada hexamerina na
hemocele de operarias em inicio do desenvolvimento adulto farato provoca diminuicao parcial
ou total da concentracdo de hexamerinas na hemolinfa ou no corpo gorduroso, 4 e/ou 24 h
apos a injecdo. A injecdo de cada anticorpo ndo resultou em mortalidade significante em
comparagdo aos controles. Entretanto, a ecdise para o estagio adulto foi antecipada. Esta
resposta ocorreu independentemente do tipo de anticorpo anti-hexamerina injetado,
evidenciando a importancia de cada hexamerina no tempo de desenvolvimento do adulto
farato.

Como pupas e adultos faratos ndo se alimentam, o seu desenvolvimento ¢ viabilizado
por estoques enddgenos de nutrientes acumulados durante o estagio larval. Hexamerinas sao
as principais proteinas de estocagem na hemolinfa larval e a principal fonte de aminoéacidos
para o desenvolvimento pupal e adulto farato. Funcionando como um fator nutricional, a
diminui¢do natural dos niveis de hexamerinas na hemolinfa e corpo gorduroso pode ter uma
fungdo critica na sinalizagio do inicio da ecdise adulta. E possivel que a diminui¢do dos
niveis de hexamerinas nos adultos faratos tratados com anticorpo tenha de algum modo
antecipado a ecdise em resposta a restricdo de aminoacidos derivados das hexamerinas.

Sabe-se que o status nutricional das larvas tem importante fun¢dao no controle do seu
tamanho e inicio da muda metamorfica (Callier e Nijhout, 2011). O inico da muda
metamorfica depende de um tamanho limite, ou peso critico, em que os eventos endocrinos
levam ao término da alimentagdo larval ¢ inicio da metamorfose (Davidowitz et al., 2003;
Nijhout et al., 2006). Pode-se hipotetizar que um sinal nutricional também controle o tempo
do desenvolvimento do adulto farato até¢ a ecdise, o qual pode ter sido perturbado pela

diminui¢do dos niveis de proteinas de estocagem.
2. Hexamerinas nas gonadas
2.1. Ovarios

2.1.1. HEX 70a

Entre os insetos solitdrios hé evidéncias circunstanciais de que as hexamerinas
também sdo utilizadas para a reproduc¢do. Em espécies de Lepidoptera, por exemplo, foi
estabelecida a correlagdo entre a produgdo de ovos e a diminuigdo das reservas de

hexamerinas (Pan ¢ Telfer, 1996; Wheeler et al., 2000). Mosquitos autogenos, que produzem
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sua primeira leva de ovos sem se alimentar, podem utilizar as proteinas de estocagem larvais,
principalmente as hexamerinas, como fonte de aminoédcidos para esta finalidade (Wheeler e
Buck, 1996; Zakharkin et al., 2001). Também foi sugerido que os aminoacidos provenientes
das proteinas de estocagem sdo utilizados para prover os ovos de Schistocerca americana
(Hahn e Wheeler, 2003).

Utilizando western blots, Martins et al. (2010) investigaram a presen¢a de transcritos
de hexamerinas nas gonadas de A. mellifera. Exceto para hex 70c, os transcritos foram
abundantes nas gonadas de larvas e pupas de operarias, rainhas e zangdes, sugerindo que
hexamerinas tém fun¢do na diferenciacdo dos ovarios e também na espermatogénse, que
ocorre durante o estdgio pupal e ¢ finalizada antes da emergéncia do zangdo. Dois dos genes
de hexamerinas, hex 70a ¢ hex 110, também mostraram-se expressos em ovarios de rainhas
adutas. Transcritos de hex 110 foram mais abundantes nos ovarios de rainhas ovipositoras do
que em rainhas virgens.

Sabe-se que o acasalamento provoca mudangas na expressdo dos genes de fémeas de
Drosophila (McGraw et al., 2004). O acasalamento também provoca mudangas fisioldgicas e
de comportamento nas rainhas de A. mellifera, e embora os mecanismos moleculares
envolvidos nesta resposta nao sejam conhecidos, foi verificado que eles envolvem expressao
diferencial de genes nos ovarios. Baseado nisto, a estes genes diferencialmente expressos
foram atribuidas fung¢des na ovogénese (Kocher et al., 2008). O aumento de expressdo de hex
110 nos ovarios de rainhas ovipositoras sugere uma funcao relacionada a atividade ovariana e
reproducao.

Ovarios de rainhas ovipositoras tém menores niveis de transcritos de hex 70a que
ovarios de rainhas recém-emergidas. Mas subunidades de HEX 70a existem em quantidade
equivalente nos ovarios de ambas, rainhas recém-emergidas e ovipositoras, como confirmado
por western blot utilizando anticorpo especifico (Martins et al., 2008). E possivel que assim
como a vitelogenina (principal proteina do vitelo dos ovos) que ¢ secretada na hemolinfa e
incorporada aos ovarios, parte das hexamerinas dos ovarios resulte de sequestro dos estoques
da hemolinfa.

Nossos procedimentos de imunolocalizagdo por microscopia confocal mostraram que
HEX 70a estd localizada no ntcleo de células germinativas e somaticas dos ovarios e
testiculos. Esta localizacdo, inesperada para uma proteina de estocagem, implica em fungdes
regulatorias e estruturais nos nticleos. E a primeira vez que uma hexamerina ¢ detectada no
nucleo, HEX 70a cumpre todos os critérios para sua inclusdo na classe das hexamerinas. Ela
apresenta os trés dominios de hemocianinas que sdo tipicos de todas as hexamerinas. Ela ¢

macigamente sintetizada pelo corpo gorduroso durante o estagio de alimentagdo larval e
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abundantemente estocada na hemolinfa (Danty et al., 1998; Martins et al., 2008). Esta
caracteristica estd em conformidade com a funcdo das hexamerinas prover aminodcidos para o
desenvolvimento pupal e adulto farato.

Em sua estrutura nativa, HEX 70a ¢ um oligdbmero (ver item III 2 - Resultados) e pode
atuar no ntcleo na forma monomérica, como recentemente demonstrado para a royalactin, um
mondmero de 57 kDa que funciona como um fator determinante de casta em A. mellifera.
Royalactin forma o oligdmero MRJP1, um membro da familia das Major Royal Jelly
Proteins, que esta presente ndo so6 na geleia real secretada pelas glandulas hipofaringeas das
operarias, mas também na hemolinfa e em outros tecidos de A. mellifera (Kamakura, 2011).

A colocalizagao nuclear de HEX 70a com o marcador da fase S do ciclo celular (EdU)
indicou que a HEX 70a pode ter fung¢ao na replicagdo do DNA para a proliferacao celular ou
poliploidizagdo. Esta hipotese € apoiada por dados da literatura. Foi demonstrado que o corpo
gorduroso ou extratos de corpo gorduroso (de espécies de Lepidoptera) sao capazes de
estimular a proliferagdo de células tronco intestinais em sistema in vitro (Loeb e Hakim, 1996;
Sadrud-Din et al., 1996). Curiosamente, o fator do corpo gorduroso que induz a proliferacdo
celular foi identificado como sendo uma subunidade de arilforina de 77 kDa (a-arilforina)
(Blackburn et al., 2004). Baixa concentra¢ao de a-arilforina purificada foi suficiente para
estimular a proliferacdo das células tronco intestinais, excluindo um simples efeito
nutricional. Experimentos usando marca¢do com BrdU confirmaram que a arilforina induz a
sintese de DNA. A atividade de estimulagao mitogéncia da arilforina foi também detectada in
Vivo em insetos que mostraram um aumento nas taxas de crescimento depois de serem
alimentados com uma dieta artificial contendo a arilforina (Blackburn et al., 2004; Cermenati
et al., 2007). Portanto, metodologias experimentais muito distintas daquelas utilizadas nesta
tese, nos levam a mesma conclusdo, ou seja, que as arilforinas tém funcdo na proliferacao
celular.

Verificamos também nacleos de células dos ovariolos que mostraram
imunofluorescéncia para HEX 70a, mas ndo para EAU (o reverso ndo foi observado). Isto
pode indicar que HEX 70a nao tem fungdo exclusiva na fase S do ciclo celular, ou que a
estabilidade da proteina no interior do nucleo nao ¢ restrita a fase S. A hipotese de que HEX
70a esta envolvida na proliferacdo celular foi reforgada pelos resultados dos experimentos
onde o anticorpo anti-HEX 70a foi injetado em pupas faratas de rainhas, revelando um efeito
negativo sobre a largura dos ovariolos que aumentam de tamanho via proliferagao celular.

HEX 70a foi localizada no nucleo dos cistdcitos dos ovarios de operarias em inicio da
fase pupa farata. Cistdcitos sdo mitoticamente ativos, como mostrado aqui por marcagdo com

EdU, e através de marcagdo por BrdU (5-bromo-2’-deoxyuridine) (Tanaka e Hartfelder,
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2004). Cada cistocito prolifera para formar um clone de cerca de 48 ou mais células
(Snodgrass, 1956; Biining, 1994) que se organiza como uma roseta € contém uma estrutura
especifica da linhagem germinativa, o polifusoma (Lin et al., 1994). A proteina actina foi
identificada como sendo um proeminente componente do polifusoma no centro das rosetas
(Gutzeit et al., 1993; Schimidt-Capella e Hartfelder, 2002). Um cistocito em cada roseta
entrard em meiose e iniciarad o crescimento e, entdo, se tornara morfologicamente distinguivel
das células dos cistocitos destinadas a serem nutridoras (nurse cells). As rosetas sdo
gradualmente transformadas em foliculos iniciais, com o fusoma sendo convertido em canais
em anel que conectam o ovocito em desenvolvimento com as células nutridoras, e estas
células entre si. Cada cluster de ovocito e células nutridoras é envolvido pelas células
foliculares e serdo divididos em camara do ovo, onde a ovogénese ¢ vitelogénese acontecem,
e uma camara trofocitica (ou camara das células nutridoras) (Biining, 1994; Tanaka e
Hartfelder, 2004; Wilson et al., 2011). Enquanto este padrdo é comum em rainhas, a
progressdo da ovogénese em operdrias s6 ocorrera se elas forem liberadas do efeito repressor
do feromonio da rainha (Page e Erickson, 1988).

As células nutridoras passam por uma série de ciclos endomitoéticos (Biining, 1994;
Cruz-Landim, 2009). Esta caracteristica, tipica de um ovario meroistico, ¢ uma estratégia
evolutiva para aumentar a sintese de material a uma taxa elevada durante a ovogénese, e
exporta-los para o ovocito em crescimento por meio dos canais em anel (Engels, 1968;
Spradling, 1993). Durante a ovogénese de A. mellifera, as células foliculares se transformam
em um espesso epitélio ao redor do ovécito em crescimento € em uma camada de células
achatadas ao redor do agrupamento de células nutridoras (Fleig et al., 1991). Para
acompanhar o intenso crescimento do ovocito durante a ovogénese e vitelogénese, as células
foliculares que o circundam passam por diversos ciclos de divisdes mitéticas. Dados de nosso
laboratorio (Macedo LMF, comunicagao pessoal) revelaram significante aumento do niimero
de células foliculares conforme o ovoécito se desenvolve. Consistente com uma func¢ao na
replicagdo de DNA, HEX 70a foi localizada no nticleo das células foliculares em proliferacao
que recobrem o ovocito em crescimento em ovarios de rainhas. O padrao de marcagdo de
HEX 70a nos nucleos difere entre as células nutridoras e foliculares. Os foci de HEX 70a se
assemelham a pequenos pontos distribuidos por todo o nucleo das células nutridoras e sdao
maiores e concentrados em ares nucleares bem definidas nas células foliculares. HEX 70a
também foi localizada no nucleo das células do filamento terminal, onde foi demonstrada a
presenca de células em divisao (Tanaka e Hartfelder, 2004), provavelmente células tronco da

linhagem germinativa. SO nesta regido do ovariolo pudemos distinguir marca¢do de HEX 70a
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no citoplasma. Nao obtivemos éxito em localizar HEX 70a no nucleo dos ovdcitos em
meiose.

A presenga de HEX 70a no nucleo das células germinativas e somaticas de ovarios
sugere fungdo na regulacao, organizacao estrutural nuclear e/ou proliferacao celular.

Aqui ¢ preciso considerar que em contraste as células dos ovérios que sdo
mitoticamente ativas, como mostrado por marcagdo com BrdU (5-bromo-2’-deoxy-uridine)
(Tanaka e Hartfelder, 2004) e também com EdU, as células do corpo gordurose de pupas
faratas nao estdo se dividindo, mas estdo em processo de dissociagdo para a metamorfose.
Qualquer que seja a funcdo das hexamerinas no nucleo das células do corpo gorduroso de
pupas faratas, certamente ndo estd relacionada a proliferacdo celular. Uma proteina de
estocagem de Bombyx mori (SP2), que apresenta cerca de 25-30% de similaridade com as
hexamerinas de A. mellifera suprimiu a fragmenta¢do nuclear e formagdo de corpos
apoptoticos em cultivos de células HeLa (Rhee et al., 2007). Este intrigante resultado pode
indicar que durante a metamorfose, as hexamerinas protegem certas células do corpo

gorduroso da morte celular programada, mas isto tem que ser ainda investigado

2.1.2. HEX 110

Estudos prévios (Martins et al., 2010), utilizando RT-PCR semi-quantitativa e
quantitativa, indicaram a presenga de mRNA do gene hex 110 nos ovarios de rainhas
ovipositoras, sugerindo possivel funcdo desta proteina durante o processo reprodutivo. Os
procedimentos de imunolocalizagcdo e microscopia confocal confirmaram marcag¢des de HEX
110 no filamento terminal, germdrio e viteldrio de ovarios de rainhas ovipositoras. HEX 110
foi visualizada no nucleo e citoplasma das células do filamento terminal e regido proximal do
germario, locais onde se encontram os precursores das células foliculares e germinativas. A
presenca de pontes intercelulares e de centriolos no filamento terminal sugerem a ocorréncia
de proliferacdo celular (Cruz-Landim, 2009) e isto refor¢a a observacdo de Tanaka e
Hartfelder (2004) em seus experimentos de marcagdo de ovarios com BrdU.

Conforme o ovocito cresce no ovario da rainha e as camaras nutridoras e ovociticas
vao se diferenciando na regido do vitelario, a hexamerina HEX 110 passa a ser detectada
apenas no citoplasma das células foliculares que circundam estas cdmaras.

Em operarias adultas, transcritos de hex 110 ndo foram detectados nos ovarios. Isto
nao exclui a possibilidade de transferéncia de HEX 110 da hemolinfa para os ovarios, o que
nos motivou a utilizar o anticorpo anti-HEX 110 em experimentos de imunolocaliza¢do nos

ovarios de operarias adultas. HEX 110 foi detectada no nucleo das células do filamento
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terminal, do germario e das células foliculares que envolvem a camara ovocitica. Portanto,
assim como HEX 70a, HEX 110 também se localiza no nucleo de células dos ovarios.

No filamento terminal e na regido proximal do germério, HEX 110 aparentemente
localiza-se nos nucléolos. Mas esta marcagdo nao ¢ mais observada nos foliculos em
crescimento. Os nucléolos desaparecem dos ovarios de Drosophila melanogaster, quando os
ovocitos passam a ter alguma atividade transcricional (Liu et al., 2006) que ocorre durante o
crescimento do ovocito conforme demonstrado por marcagdes com BrdU (Bogolyubov,
2007). E possivel que a ndo detecgdo de HEX 110 nos niicleos de foliculos em crescimento
deva-se ao desaparecimento dos nucléolos, mas isto tem que ser mais profundamente

investigado.

2.2. Testiculos

A localizacdo intranuclear de HEX 70a também foi detectada nas células germinativas
e somaticas da gonada masculina em desenvolvimento. Marcagdes citoplasmaticas de HEX
70a foram observadas somente nos estagios iniciais do desenvolvimento do testiculo. Com o
progresso da espermatogénese a marcacao de HEX 70a se torna exclusivamente intranuclear.
Este resultado se assemelha ao que ocorre nos ovarios, onde HEX 70a se localiza no
citoplasma de células do filamento terminal, que ainda ndo iniciaram a ovogénese, mas
conforme os foliculos crescem, passa a se localizar exclusivamente nos nucleos.

Nas pupas de zangdes, os clusters de espermatogonias secundarias, também
denominadas de cistocitos, sdo circundados por células somaticas ricas em actina. No interior
destes cistos, as espermatogdnias se tornam espermatocitos, que entdo iniciam a divisdo
meidtica (Louveaux, 1977). Dentro do cisto, as células germinativas estdo conectadas por
pontes citoplasmaticas, os canais em anel, similares aqueles vistos nos ovariolos. Assim, a
presenca de HEX 70a nos nticleos dos cistdcitos e das células somaticas dos zangdes também
pode estar associada a proliferacdo celular. Entretanto, HEX 70a também foi detectada no
nucleo de espermatides e de espermatozoides que nao estdo em processo de proliferagdo.

Nos zangdes de A. mellifera, o processo inteiro da espermatogénese, das células
germinativas indiferenciadas até a formacdo do espermatozoide, ocorre durante o
desenvolvimento pods-embrionario e ¢ essencialmente concluido antes da emergéncia do
zangdo da célula de cria. Os espermatozoides entdo migram dos testiolos para as vesiculas
seminais onde sdo estocados por poucos dias antes do voo para fecundar a rainha (Snodgrass,
1956). A espermatogénese em abelhas se caracteriza por (1) uma meiose atipica (zangdes sao
originarios de ovos hapldides) durante a qual os espermatozoides permanecem

interconectados por pontes citoplasmaticas, (2) formacdo e subsequente eliminacdo dos
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centriolos excedentes derivados da primeira divisdo meidtica, e (3) divisdo desigual dos
espermatocitos secundarios (Hoage e Kessel, 1968).

Durante a espermatogénese em D. melanogaster, formam-se cistos de 64 espermatides
interconectadas, derivadas de uma unica cé€lula germinativa precursora. Estas espermatides
sinciciais sdo finalmente separadas em espermatozoides em um processo chamado de
individualizagdo, que ocorre simultaneamente para todas as 64 espermatides. A polimerizagao
da actina ¢ importante para a individualizagdo, e este processo ¢ mediado por cones de actina
que se formam ao redor de cada nucleo dos espermatozoides. Os cones de actina adquirem um
formato triangular e se movem para longe do nucleo do espermatozoide, provocando a
formac¢ao do corpo residual que contém citoplasma e organelas que serdo descartados. Este
processo leva a transicdo das espermatides sinciciais para 0s espermatozoides
individualizados (Noguchi e Miller, 2003).

Durante a espermatogénese de zangdes detectamos marcacao de HEX 70a no nucleo
das espermatides sinciciais, posteriormente a localizagdo dos cones de actina, e também no
nicleo dos espermatozoides individualizados. A presenca de HEX 70a no nucleo das
espermatides em diferenciagdo e nos espermatozoides certamente ndo pode estar associada a
proliferagao celular, mas sugere uma nova e distinta fungdo para esta proteina durante a

espermatogénese.

3. Hexamerinas e o HJ

Os quatro genes codificadores de hexamerinas em A. mellifera sdo diferencialmente
expressos nos diferentes morfotipos (operdrias, rainhas e zangdes) durante o periodo de
transicdo larval-pupal (Martins, 2008; Martins et al., 2010). A diferenga mais marcante
ocorreu durante a fase de alimentacao do 5° instar larval (L5F), onde foram observados os
maiores niveis de transcritos de hex 110, hex 70a e hex 70b em operarias e zangdes quando
comparados aos de rainhas. Este ¢ um resultado muito interessante se comparado com os
titulos de HJ neste estagio, maiores em rainhas do que em operarias e zangdes (Rembold,
1987; Rachinsky et al., 1990). Sabe-se que o HJ tem fungdo central na diferenciacdo das
castas em A. mellifera. Os titulos deste hormonio geram respostas fisiologicas especificas em
larvas: altos titulos de HJ induzem o desenvolvimento de rainhas e baixos titulos de HJ
especificam o fenotipo de operarias (Wirtz e Beetsma, 1972; Rembold et al., 1974). A relagdo
inversa entre os niveis de transcritos de hexamerinas e os titulos de HJ leva-nos a especular
se, como proposto para os cupins Reticulitermes flavipes (Zhou et al., 2006a e b; Zhou et al.,
2007; Scharf et al., 2007), as hexamerinas de A. mellifera podem funcionar como proteinas

ligadoras de HJ. Por se ligarem e controlarem os niveis de HJ, as hexamerinas desta espécie
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de cupim foram relacionadas ao processo de diferenciacdo de castas. Aplicando este modelo
para A. mellifera, podemos hipotetizar que titulos altos de HJ excedem a capacidade de
ligacdo das hexamerinas. Em consequéncia, o HJ livre interage com receptores especificos e
promove o desenvolvimento da rainha. Com exce¢do de hex 70c, todos os genes de
hexamerinas mostraram expressdo significantemente maior em larvas de operdrias LSF
(apresentam baixos titulos de HJ) que em larvas de rainhas no mesmo estdgio do
desenvolvimento (apresentam altos titulos de HJ) (Martins, 2008; Martins et al., 2010). O 5°
instar larval é um periodo critico para a determinacdo de castas em A. mellifera. Se as
hexamerinas de fato se ligam ao HJ, também contribuem para a diferenciagdo da larva
bipotente em rainha operaria.

As hexamerinas podem nio se ligar diretamente ao HJ, mas podem fazer parte de um
complexo de proteinas envolvido no sequestro e transporte deste hormoénio. A primeira
demostragao fisica desta interacao entre o HJ e um complexo de proteinas revelou a presenca
de duas hexamerinas (uma delas ¢ uma arilforina) e uma lipoforina, além da proteina
especifica de ligagdo ao HJ, JHBP (Juvenile hormone binding protein), neste complexo
(Zalewska et al., 2009). Esta interagdo implica em importante participacdo das hexamerinas
na regulacdo dos niveis e acdo do HJ, mesmo nao se ligando diretamente a ele.

A possibilidade das hexamerinas de A. mellifera, e de outros insetos, atuarem como
proteinas ligadoras de HJ, assim influindo na regulagdo dos niveis deste hormonio e,
consequentemente, em aspectos essenciais do ciclo de vida, requer investigagdo. O primeiro
passo nesta diregdo € a purificacao parcial ou total das hexamerinas.

Além da hipotética funcdo de “ligar” ao HJ, a expressdo dos genes de hexamerinas de
A. mellifera ¢ induzida por este horménio. Nossos resultados mostraram forte e positiva
influéncia do HJ sobre a expressdo dos genes hex 70b e hex 70c, e um efeito mais sutil sobre a
expressdo de hex 70a e¢ hex 110. Estes resultados foram refor¢ados pela identificagdo, na
regido 5° UTR dos quatro genes de hexamerinas, de potencial sitio de liga¢do para a proteina
Usp, a qual integra o complexo receptor de HJ (e ecdisterdides) (Martins et al., 2010). Estes
dados indicam que o HJ regula a atividade dos genes de hexamerinas. A Fig. 28 resume os

dois aspectos da relagdo entre as hexamerinas e o HJ.
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Figura 28: Esquema das possiveis relagdes entre o HJ e as hexamerinas de A. mellifera. O HJ em associagéo

com a proteina Usp regula a transcri¢o dos genes de hexamerinas. As hexamerinas se ligam ao HJ modulando

seus titulos e sua agdo.

4. Hexamerinas e formacao da cuticula

HEX 70a contém alta propor¢ao de aminoacidos aromaticos (18,2%), o que a torna um
membro da subclasse das hexamerinas, as arilforinas, as quais t€ém sido relacionadas a
formacdo da cuticula. Aminodcidos aromdticos sdo necessarios para o processo de
esclerotiza¢do do exoesqueleto (Munn et al., 1967; Webb e Riddiford, 1988; Wu e Tischler,
1995; Pan e Telfer, 1996 ¢ 1999). Como demonstrado aqui, a inativagdo de HEX 70a in vivo
pela inje¢ao de anti-HEX 70a em pupas de operarias visivelmente interferiu no processo de
formagdo da cuticula adulta e este efeito foi mais evidente na cuticula das pernas. O
knockdown de HEX 70a na hemolinfa (e talvez no corpo gorduroso) provocado pela injecido
do anticorpo especifico foi suficiente para afetar a formagao da cuticula, mesmo na presenga
de outra arilforina, HEX 70b, também presente no corpo gorduroso de adultas faratas (ver

Fig. 4). Isto indica que HEX 70a tem participacao essencial na formacao da cuticula.
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5. Hexamerinas e a dieta alimentar

Os genes codificadores de hexamerinas sao regulados nutricionalmente no corpo
gorduroso de operarias adultas. Mesmo o gene hex 70b, com expressdo basal nas operarias
adultas, pode ser re-induzido pela dieta. Dieta alimentar rica em pdlen, a principal fonte de
proteinas para as abelhas, induz o acimulo de transcritos destes genes (Bitondi et al., 2006;
Cunha et al., 2005; Martins et al., 2008).

As operarias nutridoras que alimentam as larvas, tanto de operarias quanto de rainhas,
produzem geleia real em suas glandulas hipofaringeas a partir do alimento que consomem
(Ricciardeli D’ Albore e Battaglini Bernardini, 1978; Biondi et al., 2003). Enquanto exercem a
funcdo de nutridoras, as operarias consomem polen (Winston, 1991). Assim, alterando a
quantidade de pdlen oferecido as colmeias foi possivel influenciar o consumo e, por extensao,
o status nutricional das larvas, e assim, verificar o efeito sobre a expressio génica.
Verificamos que a abundancia dos mRNAs de genes que codificam proteinas de estocagem,
como hexamerinas e lipoforina, foi alterada nas larvas, dependendo da dieta oferecida a
colonia. A manipulacao da dieta ndo alterou somente a expressao destes genes, uma vez que
em abelhas A. mellifera adultas, a alteracdo na alimentagdo gera uma cascata de eventos
metabolicos capaz de influenciar a expressao dos genes da via de insulina, e os titulos de
ecdisterdides e do hormonio juvenil (Edgar, 2006). Sabe-se que o alimento ingerido pelas
larvas ¢ ainda capaz de gerar uma série de sinais especificos para o crescimento de tecidos
periféricos e producdo de peptideos de insulina (ILPs) pelas células neurossecretoras
(Rulifson et al. 2002; Ikeya et al. 2002; Broughton et al. 2005). Os ILPs ativam o sistema-
alvo da rapamicina (IIS-TOR), promovendo o crescimento (Zhang et al. 2000; Oldham et al.
2000; Oldham e Hafen 2003). Quando comparamos as colmeias que receberam dieta
contendo 5 ou 20% de pdlen encontramos niveis mais baixos de mRNA para o gene de
insulina (ilp2) naquelas alimentadas com baixo teor de polen, mas ndo observamos alteragdo
na expressdo de TOR e Chico (insulin receptor substrate - IRS). No entanto, a dieta contendo
20% de polen foi capaz de induzir a expressdo dos genes codificadores de receptores de
ecdisterdides, EcRa e o EcRb, mas ndo de Usp. A elevada concentragdo de pdlen no alimento
também elevou os niveis de mRNA dos genes codificadores de produtos das vias de sintese
(mfe2) e degradacgao (jhe e jheh) do HJ.

Sabe-se desde longa data que larvas de A. mellifera até os 3 dias de vida sdo bipotentes
e podem se desenvolver em operarias ou rainhas dependendo da qualidade e quantidade de
alimento recebido das operdrias nutridoras. Larvas destinadas a serem operarias recebem
geleia real acrescida de pdlen e mel, enquanto que larvas de rainhas recebem somente geleia

real (Winston, 1991). Para verificar o efeito da dieta larval sobre os niveis de expressao dos
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genes de hexamerinas durante o periodo de determinacdo de castas, transferimos larvas de 1°
instar (L1) para alvéolos de operarias e cipulas de rainhas onde foram mantidas por 4 dias, ou
2 dias, quando trocamos as larvas que estavam nas cupulas de rainha para os alvéolos de
operarias e vice-versa.

Analises por RT-PCR semi-quantitativa e western blot do corpo gorduroso destas
larvas revelaram que apenas o gene hex 70a teve sua expressdo modulada diferentemente
dependendo do tipo de dieta oferecida as larvas. Corpo gorduroso de larvas mantidas
exclusivamente com dieta de rainhas durante 4 dias apresentou baixos niveis de mRNA
quando comparado aquele extraido de larvas mantidas exclusivamente com dieta de operéria
durante 4 dias. Nivel intermediario de transcritos foi verificado em larvas mantidas 2 dias em
cada dieta. Portanto, a expressdo do gene hex 70a ¢ sensivel a dieta alimentar que determina
as castas, mas isto ndo foi verificado para os outros genes de hexamerinas.

E dificil explicar porque hex 70b, hex 70c e hex 110 ndo responderam & variagdo da
dieta alimentar. E possivel que estendendo-se o periodo do experimento se consiga obter uma
resposta mais clara.

O resultado obtido para hex 70a (maior expressdo em larvas de operarias que de
rainhas) ¢ semelhante ao obtido de larvas de operarias de 5° instar (L5F), as quais também
tém niveis de transcritos de hex 70a significantemente mais elevados que larvas de rainhas no
mesmo estagio (Martins et al., 2010). Este resultado leva-nos a especular se, como foi
proposto para a espécie de cupim Reticulitermes flavipes (Zhou et al., 2006a; Zhou et al.,
2006b; Zhou et al., 2007; Scharf et al., 2007), maiores niveis de hexamerinas em operarias
teriam como consequéncia a diminui¢ao dos titulos de HJ, ao contrario do que aconteceria nas

rainhas. Estudos s3o necessarios para investigar esta hipdtese.

6. Caracterizacio da hexamerinas

As hexamerinas sdo proteinas com massa molecular estimada ao redor de 500 kDa e
compostas por seis subunidades em geral com cerca de 70 a 85 kDa. Mas algumas
hexamerinas podem apresentar maior massa, por exemplo, HEX 110 de A. mellifera ¢ HEX
102 ¢ HEX 109 de Nasonia (Martins et al., 2010), além de uma molécula homoéloga de
Drosophila, FBP1 (fat body protein 1) (Burmester et al., 1999), tém massa molecular maior
que 100 kDa. A estrutura hexamérica vem em geral sendo inferida por meio de PAGE nao
desnaturante e desnaturante (Telfer ¢ Kunkel, 1991). Mas muitos fatores contribuem para
alterar a mobilidade eletroforética das proteinas e, consequentemente, tornar imprecisa a
determina¢do da massa molecular (Ryan et al., 1985). Dessa forma a massa molecular

inferida da sequéncia de DNA pode diferir daquela estimada por SDS-PAGE (Willott et al.,
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1989). Em busca de melhor definicdo dos resultados, outras metodologias podem ser
adotadas, como a ultra-centrifugagdo analitica (Ryu et al., 2009) e o crosslinking (Shapiro et
al., 1992; Koopmanschap et al., 1992).

Recentemente, Kayser et al. (2009) identificaram uma hexamerina de C. vinula com
massa de aproximadamente 500 kDa, determinada por diversos métodos, composta de 6
subunidades diferentes de aproximadamente 85 kDa. Também foram observados oligdmeros
com metade da massa molecular de 500 kDa, provavelmente trimeros formados pela
dissociagao do hexamero nativo. Dessa forma, o complexo hexamérico pode ser um dimero
de trimeros. Markl et al. (1992) chegaram a mesma conclusdo ao analisar arilforinas de
moscas varejeiras.

Andlises por cromatografia de filtracdo em gel associadas a eletroforese em gel de
poliacrilamida, espectrometria de massa e western blot mostram que, em A. mellifera, os
hexameros apresentam massa molecular ao redor de 660 kDa, mas foram eluidos na mesma
fragdo, ndo sendo possivel separéd-los por este tipo de cromatografia. Resultados obtidos por
cromatografia de troca-idnica sugerem que os oligdmeros sejam heterogéneos, ja que duas
hexamerinas, a HEX 70b ¢ a HEX 70c foram eluidas na mesma fragao.

Iniciamos a produgdo in vitro destas hexamerinas, com o intuito de té-las separadas e
puras para esclarecer quais as possiveis combinagdes na formacdo de um hexamero por meio
de ensaios por calorimetria. Bactérias foram transformadas para a producdo destas proteinas.
Ensaios de indugao estdo em andamento.

Ao mesmo tempo, e utilizando um procedimento relativamente simples, verificamos
se as hexamerinas da hemolinfa se associam a extratos de membranas do corpo gorduroso.
Hexamerinas sintetizadas durante o estagio de alimentacdo larval e estocadas na hemolinfa,
sdo seqliestradas pelo corpo gorduroso pré-pupal, pupal e adulto-farato (Ismail e Dutta-
Gupta, 1990; Haunerland, 1996; Burmester e Scheller, 1999). A seletividade do processo de
sequestro das hexamerinas requer a presenca de um receptor na membrana das células do
corpo gorduroso. Surpreendentemente, os receptores de hexamerinas ndo pertencem a
nenhuma classe de receptores conhecida, mas sdo semelhantes aos seus proprios ligantes, as
hexamerinas (Burmester e Scheller, 1996).

Embora tenha havido esforgos para caracterizar bioquimicamente estes receptores em
C. cephalonica, C. viccina, D. melanogaster, H. zea, Sarcophaga peregrina (Ueno e Natori,
1984; Burmester e Scheller, 1995a; Chung et al., 1995; Burmester et al., 1999; Damara et al.,
2010), nenhum dominio tipico transmembrana foi encontrado nas sequéncias destas proteinas
(Burmester e Scheller, 1995b). Ha evidéncias de que os receptores de hexamerinas tém entre

80 e 130 kDa e sua fosforilagdo ¢ mediada por uma tirosina quinase em presenga de 20-
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hidroxiecdisona (20E) (Ueno e Natori, 1984; Wang e Haunerland, 1994a e b; Chung et al.,
1995; Burmester e Scheller, 1997; Kirankumar et al., 1997; Burmester e Scheller, 1999; Arif
etal., 2003).

Analises in silico das sequéncias de aminoacidos das subunidades de hexamerinas de
A. mellifera revelaram sitios de fosforilagdo por tirosina quinase. Por meio de western blot
verificamos a presenga de trés (HEX 110, HEX 70b e HEX 70c) das quatro hexamerinas em
concentrados de membranas do corpo gorduroso.

Os testes para verificar se proteinas da hemolinfa se ligam a proteinas de enriquecidos
de membranas mostraram que HEX 110 s¢ interage com a HEX 110; HEX 70a interage com
a HEX 70b e HEX 70c; HEX 70b se liga a HEX 70b e HEX 70c.

Este resultado mostra interagdo entre as subunidades nas membranas celulares, mas
ndo esclarece sobre qual possivel receptor.

Estudo recente sugere que o receptor de hexamerinas ¢ uma proteina ancorada a face
externa da membrana plasmadtica por meio de ligacdo covalente com o glicolipideo glicosil
fosfatidil inositol (GPI) (Budatha et al., 2011). Proteinas ancoradas a GPI apresentam fungdes
variadas (ativagdo celular, transdugdo de sinal, hidrélise de proteinas da matriz extracelular,
adesdo celular) e podem funcionar como receptores € mediar o sequestro de ligantes por meio
de fosforilagdo. A liga¢do dos receptores ancorados a GPI promove um aumento da

concentrag@o local das hexamerinas o que otimiza o sequestro ou endocitose (Abrami et al.,

2003; Nohe et al., 2000).
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Nossos estudos revelaram que as hexamerinas de A. mellifera sdo mais do que simples
proteinas de estocagem ou reservas de aminoacidos. A variacdo da abundancia das
hexamerinas no corpo gorduroso ¢ na hemolinfa, durante e apdés a muda metamorfica, ¢é
consistente com a dinamica temporal de estocagem na hemolinfa durante o estagio larval para
reciclagem no corpo gorduroso e utilizacdo durante o estagio pupal. A localiza¢ao das quatro
hexamerinas (HEX 70a, HEX 70b, HEX 70c e HEX 110) no citoplasma de células do corpo
gorduroso reforca esta funcdo candnica. HEX 70b, HEX 70c e HEX 110 foram também
localizadas em enriquecidos de extratos de membranas do corpo gorduroso podendo estar
associadas ao processo de endocitose. Surpreendente foi verificar que as quatro hexamerinas
se localizam nos nticleos das células do corpo gorduroso e, além disto, duas delas (HEX 70a e
HEX 110) se localizam no citoplasma e nucleo de células germinativas e somaticas dos
ovarios e testiculos. A localiza¢dao nuclear supde fun¢do reguladora ou estrutural, ainda nao
descrita. A co-localizagao de HEX 70a e um marcador de fase S do ciclo celular (EAU) nos
nucleos de células ovarianas sugere que HEX 70a tem func¢do na proliferacdo celular para o
desenvolvimento e maturagdo das gonadas. A inativacao in vivo de HEX 70a por meio de
injecdo de anticorpo especifico prejudicou o crescimento dos ovariolos, reforgando a hipotese
de fungdo na proliferacao celular, além de impedir a perfeita formagdo e esclerotizagao da
cuticula, e sinalizar para a antecipacdo da ecdise.

Experimentos in Vivo mostraram que a expressao dos genes de hexamerinas ¢ regulada
pela dieta alimentar e pelo titulo de HJ. Analises in silico identificaram sitio de ligagdo a
proteina Usp (receptor de HJ) na regido 5S’UTR de cada gene de hexamerina, reforcando a
evidéncia de que o HJ regula a expressao dos genes de hexamerinas.

Na tentiva de purificar as quatro hexamerinas foram realizadas cromatografias de
filtracdo e troca idnica. Estes procedimentos estdo em andamento, mas ha indicios do carater
heterogéneo dos hexameros, formados por diferentes subunidades de hexamerinas. Em
paralelo, iniciamos os procedimentos de expressdo in vitro das quatro hexamerinas em
bactérias, com o objetivo de obté-las puras para caracterizagdo da estrutura e de interagdes

entre as subunidades e com outras moléculas.
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Figura 29: Genes de hexamerinas. (A) Diagrama esquemético da estrutura dos genes de hexamerinas. Exons e
introns estdo representados por retangulos e linhas, respectivamente. As setas a direita e a esquerda de cada gene
indicam os codons de inicio e término, respectivamente. As UTRs sequenciadas estdo marcadas em cinza escuro.
Numero dos nucleotideos (nt) estdo indicados para os éxons e os introns. (B) Sequéncias codificadoras
completas (determinadas por sequenciamento). Exons estio separados por asteriscos. Os primers utilizados para
o sequenciamento dos genes estdo sublinhados. O sequenciamento dos genes foi realizado por: Cunha et al.
(2005) para hex 70b; Martins et al., (2008) para hex 70a; Martins (2008) e Martins et al. (2010) para hex 110 e
hex 70c.



130

W98 59WELO LWL
g‘hggooﬁéhhhhhhg 5159 onmﬂéu 1192311 Eoohurl.dlﬂﬂmuﬂﬁﬁo L0 LIFYHLIY LOVIYIO¥I VY DI DINY IVILIVOLIS
191¥ 99¥¥ D11 IV 19 I¥I¥ ¥.10 LI¥ I¥ILLIVY 99I¥ 0999 L9I¥ JII¥ ¥ 0¥ 993 I¥I) LLI¥ 999 L 1919 ONFINOI¥ 9910 99¥9 INV¥¥¥ 99 I¥
I¥LLIIDIVINY¥OIW LODLWWHS I¥IEVIINURAINI9LVIILIONS LIDLIILLILLA LN ¥HIY LOOY 1N LYY 99D ¥WE L9 L IIDIHLLD I¥
J191H2¥¥ 92D IDLLI999 LA INY¥Y¥EA LI LIV LIOY DLI¥ DINY HI9¥ V5D 997 INOD I¥YY D¥Y9 LIVY VIV I¥ 10 LIV LY I¥a D9V 0 D09 1Y

TRLOWYD 190WH0%D LISD I¥ILNW 9 DLIIVOYD DAI¥WOIINIIN DNV LAVNI DI D190 0L & DWOWWLIOIDLLING DIVH ALY ¥IILNILLOL
2I¥ IDLLIVINVYOY I¥1D I¥.1 194 I¥ I¥9 IV IV H¥0 LY WA I¥9 L1100 ¥ 00 9991 190 LIDINOY D19 I¥¥4 9¥FY 90¥Y YOOV Y ING JINIVY
DINDVWY INWYYIVLLIIND LINO DI IV IIWWALY LOL LI L9 10 IO O¥ND LLLADY L LIN LOLVY 9919 O¥¥Y D LLLYWWY 9919%I99 1929
YYINYILINO1D LIWIVOLO VYV I¥9D LIV LAJY I¥ 19 LIV ¥INO IINL¥WOLA LI I¥W9 DLINYY LIOVIO¥ DD L¥OY D¥ LIVEHDIVEY DLW 2%

JARILIDHVII LIV VVYV OVIVOVYIIOILIVIL &+ 9¥IILIINOVYYY DOV LOLDDAINIVIDILLIDOYDDIVAVIVAIN DOVWIIVII LIV I IAVY YD
110 13909%92 2014 ¥ L1V YOV INVO¥ DO L LOVA D 1I0VYIV 13999100 I¥ A0S D0 LI LI¥ LN 9% LA LW L990¥ LILIWWNS IWIVH L
I¥ LI I0% 0¥ JAYY HONY ¥ IV Y IO I¥Y 199 L1314 I¥ LYWY LI 199¥YAY 0¥ I¥D¥ LLIN J¥O¥ IRO¥ ¥AWY¥o4 LW I¥Y A0¥I¥ 194 LLIV I¥a4 2D
LIN9IIV L9V IILYYILLIIJD INIV IILLID9I¥VILYY LD & IWVILIOINIVYY LYIVYYLIV LIVLIDOD9LLL) LDJLLLIY OV IVYYIVYIVIV IO
DLLLIVY 19199 14% DIADV LA LYY I¥ 039D D10V LLILNA9 LILIN ¥ 0 0¥ 000 9WF2¥YH4 LIV DLI¥ 90990V ¥ 199 1L I¥9 INWW ILLYY
2I¥¥ 9310 2IL IV IF O 1D WOLF OLIF ¥ D9¥ ¥ OND LIID LIV LIV L LIV IV D9 LA 0% I W¥O¥ ¥¥00 09 L¥ L¥ DI I¥¥ DD9¥ D9¥D DIALNAILIF
11009119 I¥¥ V414 D91¥ 0¥ LL¥ LI¥ LIV I¥ D0 1¥¥S L I¥¥A D1 I¥A¥Y 99 1¥D 110V LIVOLLDOWY IV LN W40 I 1WA VYDV INY 909V 41V LN
YV 19¥D DLI¥ LOWV S0V D VYO LOVIY IV IN DVHY DIV DNEIVVALNYSS 10V IOALAIIVIILIN & O¥SILIIAINVHRALLIIVY VYOV IOV Y
VOYI¥LILO IOWY¥OLIVOILIILLINIINYIIIINLIINANOIY LIIN D09 IDLLINH VALY IV IN VY LIVIWS LIIVAVIY 12193292901V LIILLIL
1909¥0% 20¥D LIOL¥ IS0 IR IFEA LD LIV 10999 L1090 39 LI WWH YOV A LLLA I¥EY DI LLIFA¥EFAI D I¥Y D% IV LI LINW9 ILLA 1L
2I¥Y ¥ 1999 H0Y I¥¥HOWIO¥ AL LOVWLILIAI D 1¥ ILLLIVIDAINY 1929 DI¥ L0110 IN¥O00¥ INY ¥ IV 199190 10 LID LLOVYY W IV LD
19I9Y = WY IVIIWVIV IOLY VOO I¥ INWISVEYSO I¥IVAINLINYOIY IO OV L9 IS IV IO LY OV LN VAL LIV VIIWIII¥Y IO OV
11109119100 ¥90LI¥ ¥ A¥HAVERY 299Y ¥ L LD L LIN 91N I¥ 9009007 0¥ 0 999 99¥090¥ 12D LD D909 99¥ ¥ D90 9929 LLIY 139139

31999991991 1911 LISV 199¥ ¥ 19119 1¥ 5D o035 1019 609W0 I EHD O 180

(1°291685dE) 20L x°4

WD 0009 W OO D LD

WRISLILIY LIOIYVAL LOVO H¥99 I¥9¥H99% IND L¥D L 19D LIDLH 9¥A9 YW LIIYD DINIHYID 19
LO¥ 19¥ 1132391112 919 LID¥HI¥ 9913 1302 1109 99 I¥ LI9LAI¥G9I¥9 I¥ LLI¥I¥IID 19999914 191 DI LIVIY I¥¥ 221421
22¥FAILINOIFAILINDI HILI 19D LI LA DLID L9 L¥ ¥IVLAIIA IV 19 9¥FORET I¥¥ D 999¥¥ D09 LI L LILLISI¥ ¥ DI LLINA IXLLII
9% 231X ILLV LOWY DLLO I¥OY 9I9¥ LAAIVIIN 9D9Y II99 L99LIA9Y IN¥IELA LI9LAIV I9¥D IDLLA9¥H I¥90 302 L9218 0110 1990 1¢
FOOvI09VI¥Y 99VANIDLN IV INVOINTID0INVENOL + JOWY 1199 L9ILIIVIINOAINGTII L¥DLLINEH I¥IV¥ LI¥W ¥4 19D LIIVA 11
2¥¥3 170 1990 L19¥ 9079 DF IR ¥¥9 I¥99 1100 LIV 190 D199 I¥ 19 9¥¥Y D10 IWHY ¥¥ IV 909% VW 290190 I¥ IWI LY IID¥LLLLIOVYY
2WIDWWOLLOOVIVLEVIY HILIOWHN IIND I¥II¥IVY OWYD DOWY ¥¥ D9 IV LOVY ¥ DLINOI LI LW 49 I¥¥IVY 9119 I¥DD 1OWH ILLINIIN 91
LLL¥ LIJ¥ JI¥ D1X9¥YIV 9919 II¥9 192D INYD JIN I 9WY L9199¥ 22D LLIY ¥Y LINY YYD I¥IIVIVIVYVA JDLLIINY YVIAVYIV IV = ¥

¥IRIINILYVILYILLIIIY JIVIVYIV LOLV D9YD LLIL IV 1D LDOLYI99¥ILLIIY II¥ LI 199 .—.w.-ﬂ_qf__u.ﬁhuhu A2II¥IID LI LIV D IF LAWY
ALHIVNIIINVHIVI IH9D LLIH OV LL I LAY ¥¥YI WO I DLIDD LD IF 99 LLVW O¥ 990V IV LINW IV LD DYV ILADOY INOV 20DV W IDD¥VILLADIND
FYLA9L1L1ILLIA DV LIVAI¥Y IIVYD IW IV LA LLIWY L I9I¥ II¥Y 2990 ¥ 190 LIV¥AY LD LISD¥ LI99 11D I¥9D I¥ I290I¥ ¥ LD I¥99¥WII¥ IF
ALLIINOINIDINALY = ¥HILIALY INVY9YI9 IV IV JLID¥IDL 199 D% L9 199 LOVY $O¥A¥AR D LIDD 1LID A LIDW99 LYY 39 JDLLVAVA I¥
0¥ D2DIV LIV I¥9D LW DOV IVIID INDIVIVIIDAN AIHLVLIOVIII OV L 99D IN IV 0¥V JO¥ LLOVOVOND LLJOVLIV IV & OVWOWYILIV
19%¥ IOV INI DL LLDL LIY LILLY ¥ L9990 LINY ¥ IV D DLILOWY D LD9 D LW YW I L LIS I¥D LLLIDWID LN LIV WOV D L¥W 9 LIALYILL Y
IILLIND WD LID9ALIS INONHAIIVILL IV IDWHY L INOY O¥ D900 D910 WY IV INE¥ DNV LLIN IO 9N 9 LI I¥ LDWHa 09909 LII¥ 11
IVLIVIIVIDIIVIVY IVWOVLILOVOVY VRVI INOV L) & SN OVIVOIODIINIDDLIVION YOV I LIV VWOV JOIV IO WALV OINV D LLIVINILL
¥I¥ ID9INALH 99DV IHLYYII DD LIFY ¥ALY ALV HY IV IV LIDLHIIY IIIFHLA 19 LADO¥R LLIDHIVIAL LIV LOINY ¥ INY S0W¥ YL
HIRYILINAWI D999 LILD LIH¥ DYV YOV LOLLO LHO¥ HIILOI¥Y ¥R DD 909V IV LALILLOIH IDLL LLID 199 LADIARNWIDNIID DOLN R DOVY
AWFIIVILIVIOVILLALINYIIDALIIVIILLIALNYID IV N ¥VIL LI LIV D IND LLOV DD¥VW A LDDIINY D & ¥WWIVIIVWIVLIO¥VWOVIOLIL
FYRYILIOILI INYD LLLI¥I9D 9099 %9 9% DDV LILIW W90 DI¥ D I¥ LL DD IVHI INY D I¥99 LAD¥ I99 L ILLD LI¥Y A0V LIIN D¥YA¥ ¥ 299
FIO¥ILHIN LD IVOY Y IND 209D IHHYE YITY DI09 19D 9I¥I DLHL LIDL LID LILI LHY IHILILLLIN IID LLLHADIDINED IR ILVOLO DIND IV

(1°LE9TO9AY) qos xey

¥RLIOVI LIV LY OV IIVY DOVI IV ILI9¥YIINVIOLLILIOILIO LY
IN99YYI IAILLLI¥ ¥V LIDLIL9I9Y JLI¥ D919 92132019 LIS WY D¥99 12D IDDLLIHH ILILIDEN ¥ 299 I¥OLLIDD LLI¥ D)0 1990998
IND 199% 99D LII¥D IIOW ¥ IV O¥ IV LIV INYD D9¥ I LA LLYAYI IVIHY¥ ILLOADI¥ YYD LI IV Y ILIHDV LI IV LAWHY J99 1999 199109 0% DY
29¥D¥99 J¥LIILAIIY DI LINFIS9DD D LAY DOV LODII¥RID LIV DID LIVY¥ILDILIDREYD 199199 1OV D 99I¥ INYY IOIV I9I LN L

DOINIWED LOLLIOL LD OW IODWHLIIWHLILD O L0 LO IWWO LI DWW WD L LLIWO LL IWIN LD WD L WOWD LIV IWOLO LIL LT D LIV
LLIWOLL LML HYI L IHLL L0 W DFd L 900 LI LIY LOWL WD LL LS WL W L1 L W0 W LL I LI LW LI L WIHL W LL Wl 19 I

TTILO19 LOqL¥L0 L 7LD THHL YL LM 1109 LeD LW LTwe La LOwd LU g9 YL ORI WHLL LLIT0WID Ve Td AL T eI WL NG LN T O el
Y LTl S LRI O RLL TR LLLL WL LWL WINY 19 LL Te T LLLL LELY T¥L0 L0 D L0 LW0WL LLLL 0 140 0 1L LLIT LLILE 14l 7409 00
DI IMILLI0 1L 100 L WL THLD L1 L0 WAL LG WEL LILL THLL 1000 LLLD LWL L TW00 L140 10 1L LIRLINY LIV LLIVILV IRY IR IVD
LLI¥¥AI¥ 99¥¥IVI I¥LLINIL O LIV INAY¥YYILIALLA LY LYY LD I¥9¥Y¥ALY LI¥Y DL LIV I¥ 1D LOLD D¥YY I¥OY L1903 D LIL 1991 1140 1Y
SYPYVIVOLLIVNYIV LI 0199 99 1% INVOVAILINYIY IO¥ DI¥Y VI 999 11D 10 19¥ID19¥ L1 IV LY LD LI9119¥D 1IN DDOLNYI9 WY
29 ¥YY 1999 9% LD IV LLY 119 LIVO¥¥I9YID LI¥D 9 LLL LIFY VY OL¥Y ¥ LIV L LIVD DWWV 0¥OLO¥IVYILD 1010 VY 90 0¥ VN ¥
1910 LI¥ 199¥909% 90 9 ¥9¥ LIV I¥¥S I¥OIVILLOLLLA LI¥ 9¥ L1 LO¥ D¥¥ 1OJ¥I¥ LIVE¥¥IWWOLLI99¥ILIVYAL » LIVA¥ 1D9L1¥D
ALLYYIVHLIVYYIIYILL IOV LYW LIV AVYIVIOLIVYY ADIV¥ L0V ¥R IV DIV I 0L IN IV INY ¥AIIVIID INILILIN YAV L IV ID AV I9¥Y
O LY ¥IONNYINOLIO VY D¢ LIV LIV IV DILIVY LLIOID VYR W OLN YV LLLION I¥ 1OV ONOY LIV WU L INVL ILILA00Y VY IV .19 DWWV OF
Y¥IA¥AYYALIIVLLALIF A9 IV YOV II¥A DYDY INA LLI¥ ¥ I¥¥ A 1LLI¥ 1O0¥ LINALINHY I¥AA 1920% LI 11 I¥¥AILYA¥E A LLLY¥A2 D1
FLLIVLLIYYYI IFOVYVIVYIVIODIVYVIV IIVIAIVYYYIV LIO¥ D &« WILYLLV LIVD LIVY I¥VIYVYY IVIDINYIIIVLIILIY D900 DIVAWY
91¥LIILI¥I¥IDLIILLLIN VYIS LIIDAISYWIILIOLLNWYD IV LAWNIOVEIANIIVEIY LLINY OVL L9 L 1IILWWHY 99¥9 IOILIDIN 199D I¥
29%D991¥IILINVO LOVIWRIV 1001 INOY IAIN Y IOVYDD LNV IV IR V00 IIILINDVYALLIOOV YRV 0D0% IV ILIV IR VOVD 90 I8 VNV 01
II¥YITHILI LIVIV LIS LILINOD INVIAVIOADLN IVVOVID LUWOOVEIURILVLIINUYS « 99WDLI¥ OVIVEEIV IVYY IV 1D 1900 DLLIOY
FIIVSILIINAIDHIYEVI II00 LIN I IV LI HDILNYID LIV L 1I¥D I¥D OV LI IV LIN LLHH 1D DIN L OLLIV DD¥Y ¥AYI I LIVAIL LAV 9¥H0 LD
L¥IL00¥ILIF OL¥Y DOLLLIVO VYA LLOY LIV I¥O¥ I¥YS LI0 LIV LI WEY I¥ID 0¥ L¥ I¥ 1L L¥ I¥ ¥9¥¥ 9299 L90L¥ LI¥ 9900 9 LI ¥OI¥ 1¥
¥94¥¥4 I¥ID¥LI99 101 1930 D 1I¥ 39¥¥ D190 ALED LD L LIF L 0¥ L IO¥I¥RY 1I¥Aa D I¥I¥A¥Y 90 I¥ D LID¥ LIIVY IO¥WHLVYYY 99110%
FIVLIVIIVILYVALIIVIOALIOSDD LIV LINWY D990 DIV W IF DOV IOV AUV DV LONUY ID IHVVIVUNYI OVIV = HVIINYVIIILLLLIIVA LD
1390901000 99FY 9¥ 39 LI LOWYOVILINYILIOLLILLIY DD 309 L9 LFA¥IDY LOLI00I¥ D00 LIEY D1I¥ DLINYY IOV IO 9309 S¥WIVL
199 19339%3¥ ¥ 14 LIIAY Y L¥ I¥ 2% I¥Y D900 4¥00 ¥¥Y LY WY IN¥AYYAI 999 1310 LAY I¥AY ¥ LLILLIL IV I¥ A3 LLINAY ¥¥40 4 1% 0¥
LILIAHLIYYYI LIHL LAY ILA INYY 999¥ LLID LI¥Y D900 IV LIVIOLOLILLLIY LI ¥O¥ I L90¥IIL LIALYHSD IV IV YV IV IV I¥ 4010 1D
JLIYYISYYALIDINYID = HIAINV IDVIYLIID LIV DIV IVVIDANVIVIFIVYIDINDAVYI LHHIVAIVY IVLIAHHIV IV LIV I¥Y 9099 LLID A
20¥¥IL09029990I¥ ITLIHLD VYOV IO LOIYY SVRIVIVY ¥ALLOLID LIDWOIV ¥ IV DDO¥ IVRY WOV IVIIV LIV INVIVIOLAADLOOILLS

HILLIDHH LIX L1399 L1919 918 LAWY D I¥ I¥ D190 DV LY LLIO I¥ INWHWD JL0 LIOL WD IL L1899 D09 L 0 LIMOWILILIND I LD IW00 L1DD 0D

(1'821T654d) 2OL XY

3300 1909 ¥9 L¥¥99 %0 1919 J¥¥I¥I9 L LIV LA¥YI¥Y IS 1OV A¥YI A LILLIIAAYD DI 19 DA9¥¥IDLAIA9YR DD 1919 99% D DL LH99¥ 3D
LAL99¥Y 3014 199¥ ¥IDLAIIH¥EILIINITRYD DLIL9WY D019 LI ¥ INNIALALI9W DL IALD 0¥ LIv 907700 LW 19 00 L¥ ¥INY I¥WI¥Y
29499 1D I¥¥I¥ 1910 1321¥2DI ILID LIV LI¥I¥IALI¥9 I¥ILF¥ILI INVIWYIO¥OV 99 I¥ L0 I¥ HIFY¥ILDI LIS IFIOWI I¥ I99¥ A¥IVED
L9% O¥ IV W IV LALIOVIAD NI IWIAWE DS INVY D¥VIWYID LOWK DWW IDDINY IV Y IO LOVE VY IOV IDI¥HA LI9Y LW 1O ONH D AR I¥H9¥ 139
HLI99399Y39 IN¥D 19¥ LAV LIOLHYY D119 IDLIV INIVHIN I¥OWY IN 9997 00997 19100 IV ¥O¥ D D INSYIDIVINY 90DV INY I¥99 ¥
D% INWY 10¥IWLIILDIFY D090V LIF LONW WA¥LIOLD « I¥¥ILLIVYIVYIOVILIOLVRILAOLLINYI¥ILI IDLD LIAOWIY LOINTH¥ 0090
IIR7 997 990995 LANYILOLIIVYYD 199 ¥ 29¥ 99%% 9 LIV ¥ WY DIN LYW DD WA LLA09WY 19 D199 ¥ IO¥ INY I¥¥ D I¥OYY D0¥ LLIWS LLIAWY
FIWWLI IDIFHLO¥ D399 9IFI¥ IO LOIN Y LIINIIDIWWYD 1901 LILID I¥HLH LI¥ LLILIF R ILLILIDILLLAGEY I¥ID WD LAWY DI LL
J1IL9LI¥I¥LI9LD DILLIOND LLILVYHD INI¥ DD & O¥9 LOWD I¥O¥ IDLINIIT¥HI¥IDD IND DI¥ 1D9 124 L¥Y ILAY H9¥9 I¥WD LINY¥D
LILLI¥ L0193 399 L I¥99 DDD9¥H¥ W LIDLIA¥YINWILILINGWOY LINLIVI OV INWH WA LO9LDIIN DL & DDWWAYIDIN LLINWIIFAL
LI¥¥9LI91LLDIILYINY DIPY OY LOLLLY 4% LINY D0¥9 099%¥¥ 1N 009907 09 9% 000¥ 99 LL00 110141900 LaLIS%DA399% D 3914 I
T DWW JIVIFILLAYID LIFY WY IF I¥¥D I¥ LLOOVY DI¥D I¥99 LIFIWIWY 9 13 I¥D LAWY LL) 19D 1D INY JLOVHW IV VO¥Y QYW I¥YIANT
F¥000L¥Y 00¥ 0199 Lo L 19239 1¢4 DLIL¥I0 1AW LI LLILVAIIWILLILILIVY I LLIWYD 19¥D 19 I¥ 9119 J¥¥a¥I LI¥II¥ 919¥ 9913 DL

LILINLILIIING INVIVIVY JIFLDIALIIF LLLIILIYYIVYIIV I9VI¥VILY LLLD DV YA LY LIAVYVAYYIV L9 LIVYIIV IO LL LIAY DDO¥90¥ 201
2209 119¥¥9¥ 991LI¥%9 LLO¥ II¥D I¥DD¥IVIVIIN 459 L LIV VYWY 9 1LO¥YH LI 100 IF¥¥ 09 LI L IINN¥DOD 1D LI LI WY IALILOY
¥99INIINID + H¥VIDLVWILOIONVIVLADLIVEIv¥oLINILINS 199 LIDLINI¥ WO I¥ 1999¥I¥I WY D I8 19 101D LLLD 111D 1909 9%
FIWIDW LINHIOIVWVI I LD LIVOLIVIDOIVI VOVI LOVIVVIVOVON LILOVWIDI LI IN IVVW IO LV ILD AV IOVWYOOWYY I DDIVWILILIOVYO 1L
3I9¥ 590 19519029 9¥24 DLINWALLIVAS I¥¥D 10109340 LIIIWI¥D IWED I¢ LLIDLAYYY 0¥ 10 I¥¥¥¥AI¥ 10¥0 LIV I¥0O¥ ¥ 1IN 100199
L13¥992%¥10 1120 190 L¥¥ 1L ¥YS ¥ 1193V 99LL LIV YI¥E D1¢D L1ID¥ IOLIIN L¥¥D LI9¥ 9909 3199 LIV L¥WW DWW D¥RI YOOV I¥
FIVOIWIONWINVIVY OLLIVIVVYV OOV LOLIN OV IV YV OVY DINIVVON VOOV D LDV VW LL LD DOVONY OVONVINVINY VYV I IVVWIOVD » YWOWY
2LL¥I¥I¥S919LIIINY 11OV YIIILIYLOVIN 09109110 1941 L¥ I¥ A¥D 1OV ILILYLLD I¥ 1D 9% W ¥IVY O1¥0 I¥ D LOIN LILIO¥DO 1L
1910¥Y L1910 00I¥ 1101 I8 0¥ RV OV LYY ON VOVY YOSV ¥ LIV IV VYO LIV LIS LIV INY VYO L D9VY VYD LIV LI5V5 0¥ 0 LI 09 LLO¥ 3L
ﬂﬂuhu WLLLIVY¥OIV LLIOVWIONW DDDL L1IIV LIS 1O2ONY Uhu_fvhﬂsﬂuahkﬂua & VY LLOLLIVY OVOOVY
2I¥¥1141¥30 19193309 991¥ 391 LI¥ YYD 1901 L1I¥ A¥IIY LIV 49%Y 139 1999 LLLIDLIN A% I¥IILID LD D LLIOWY O¥¥¥ 9D LLD
¥¥IIAYILVYD 1INV D9V LILIIWEIY 199V VILI IVYD LI9¥ LLIOAYIOVYEYIOLIAL99%D0 I¥ 1OV IA IV LO LIV D I¥W D D0WE WY L¥ LW 3L
¥OLILIN Y ION ONDLINOY DIV L IHVLODLIDALL) INYY ¥ I LLOVY IOV INYY DD D INY DIVY I DL LLYW YV YV OV LD LLOVY D LIV D LOIV H¥YOVY
29ROV 1100 10DV A9¥IINALD « 9139 1AJ¥¥IVE¥ILO I¥¥IIIIDALALIL999% LIDIAY 19 91I 1399139 L IIV LIRD LLI¥ L99¥ I¥

(1°21250T03) OIT X8y

q

_:ﬂvm wie weokL u m_”n_. W Ly
sosxey W~ Tl
muc ¥EZ uage W azZy W Ze WEele W loF
VoL oLV
wu _e_hm it m__.c_. :.__ 18 W N_w_. u ;__.@m u ﬂ.mv
qozxey | hA KA \ KA ~ A |
- Woly JugSE W Le 9L W AvE W gEE WEZE -
YVL DLV
WEEL W 9z w09t 0SSt W aes
e0L xoy r_L _/_L
W ok W age WL JLEE 5
YVL DLV
wegL ug., WER w iz Lok u ﬂ_._. U 6
0LL X0y U Umy r: G \ _./_\_H-
W /88 LV WgEL W gzg wgy W SEZ W LbE u MM-
YV.L DLY



131

Figura 30: Expressdo dos genes de hexamerinas no corpo gorduroso de operarias, rainhas e zangdes em
desenvolvimento e adultos. (A) A abundincia de transcritos de hex 110, hex 70a, hex 70b e hex 70c foi
caracterzada por RT-PCR semi-quantitativa seguida por eletroforese em gel de agarose corado com brometo de
etidio. O gene codificador de actina de A. mellifera foi utilizada como controle interno e normalizador . (B)
Diagrama simplificado baseado na abundancia dos transcritos detectados por RT-PCR. As linhas espessas, finas
e tracejadas no diagrama representam alto, intermedidrio e baixo nivel de transcritos, respectivamente. L5F e
L5S: fase de alimentagdo e tecelagem do casulo do 5° instar larval. PP: pupa farata. Pw, Pp, Pdp, Pb, Pbl, Pbm e
Pbd: fases sucessivas do estagio pupal de operarias e rainhas. P1 a P13: fases sucessivas do estagio pupal de

zangdes. RE: recém emergida. Ov: rainha ovipositora. Numeros indicam a idade em dias do adulto.
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Figura 31: Expressdo dos genes de hexamerinas nas gonadas de operarias, rainhas e zangdes em
desenvolvimento e adultos. (A) A abundancia de transcritos de hex 110, hex 70a, hex 70b e hex 70c foi detectada
por RT-PCR semi-quantitativa seguida por eletroforese em gel de agarose corado com brometo de etidio. O gene
codificador de actina de A. mellifera foi utilizado como controle interno e normalizador. (B) Diagrama
simplificado baseado na abundancia dos transcritos detectados por RT-PCR. As linhas pretas, cinza-escuro,
cinza-claro ¢ tracejadas no diagrama representam diferentes niveis de transcritos (alto, intermediario, baixo e
muito baixo, respectivamente). Dados ndo mostrados sdo indicados (////). L4 e L5: 4° ¢ 5° instar larval. L5F ¢
L5S: fase de alimentag@o e tecelagem do casulo do 5° instar larval. PP: pupa farata. Pw, Pp, Pdp, Pb, Pbl, Pbm ¢
Pbd: fases sucessivas do estagio pupal de operarias e rainhas. P1 a P13: fases sucessivas do estagio pupal de

zangoes. RE: adultos recém-emergidos. Ov: rainha ovipositora. Numeros indicam a idade em dias do adulto.
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Mutiplos alinhamentos incluindo HEX 70a, HEX 70b, HEX 70c e HEX 110

HEX70a MFIPSHQVWLVGLLAFS-LVGAEYYDTKTADKDFLLKOKKVYNLLYRVAQPALANITWYN
HEX70b MIV---IMKAGFLFLASLCLLVQAVPNKVADKTYVTRQKNIYELEWHVDQPTVYHPELYQ
HEX70c MLSK--VVLLVALAAICGAQGASYAGRHTADMDFLHKQKKIFDLLLYVRQADLSDAEWYD
HEX110 M—-—---- RYFIILLALVALGVCAPNVKQRAADQDLLNKQODVIQLLOKISQP- IPNQELQN

* * . ** . . K . . . K. L

HEX70a EGQAWNIEANIDSYTNAAAVKEFLSIYKHGMLP-RGELFSLYYPQLLREMSALFKLFYHA
HEX70b KARTFNLVENLDNYNDKEAVNEFMQLLKHGMLP-RGQVFTMMNKEMRHQAVVLEFRLLYSA
HEX70c VGRNYDMESNMDMYKDKNVVQKFLWWYKQGMFLSRNAIFTPLNSEQKYEVRMLFELLYNA

HEX110 LGASYDIESNSHQYKNPIIVMYYAGAVKAGLVQPQGTTFSNSISQLRKEVSLLYRILLGA
c.. % * . * . * k. . * . . ke ee K

HEX70a KDFDIFFKTALWAKNNINEAQYIYSLYTAVITRPDTKFIQLPPLYEMCPYFFENSEVLQOK
HEX70b KTFDVFYNTAVWARENVNEQMYLYALSVAVIHRPDTKLMKLPPMYEVMPHLYFNDEVMQK
HEX70c KDFQTFYKTAAWARLRMNSGMFTTAFSIAVLYRPDTKYMKFPAIYEIYPNYFFDSSVIEE
HEX110 KDYQTFLKTAAWARVHVNEGQFLKAFVAAVLTRODTQGVIFPPVYEILPQHHLDSRVIQE

S - T - e S s = ke K ikl e gk sk e Gk gme . Roooad

HEX70a ANHALIFGKLDTKTSG-KYKEYIIPANYSGWYLNHDYNLENKLIYFIEDIGLNTYYFFLR
HEX70b AYNIAMGDTADMKKTYNNIDYYLLAANYTGWYLTKHNVPEQRLNYFTEDVGLNHEYFMLN
HEX70c AQNLKMSRGSSVVTIGMNNIETYIVNTNYSSKNMREYNDPEYKLDYFMEDVELNAYYYYMR

HEX110 AQNIAIQN————TQGKNNQQNILIPVNYS————ALLSHDEQQLSYFTQDIGLAAYYAQVN
* g : LI SHINC - TR
HEX70a QAFPFWLPSKEYDILP--———-"—-"-""""""""" o ————— DYRGEEYLYSHKLLLN
HEX70b HNYPPFMLSNSLNFP——————— QIRGEFYFFLHKQVLN
HEX70c EMLPYWMSSSQYHMPK-———-—-—-—---"—-—-———————————— ————— EIRGOLYYFLHKQLMT
HEX110 LAGYIQEQNQQQQQQQPLTQQQYQQQIVGKYLQQQAGQQDQQANIGRGAQYLYLHQQLLA

* % * . * .
. H

HEX70a RYYLERLSNDLPHLEEFDWQKPFYPGYYPTMTYSNGLPFPQRPIWSNFPIYKYKYIREIM
HEX70b RYYLERLSNDMGEVSYVSLDHPIPTGYYPTMRFRNGLAFPQRETGATVPLHMQKYVQOMIH
HEX70c RYFLERMSNDLGKTAEFDWNKPINSGFYSTIMYSNGVTFPQRNREFSSLPYYKYKYLNVIN

HEX110 RYELNRLSNGLGPIKDIDYEN- VQSLYQPHLRGLNGLEFAGRPQNLQLQSQRNQLIQYVA
* * * * ** . . ** * *

HEX70a NKESRISAAIDSGYILNNDGKWHNIYSEKGLNILGNIIEGNADSYNTEFYGSIDTLARKI
HEX70b DLHTRISTAIDLGYVVDSYGNHVKLYTKQGLNVLGNIVQGNGDSVNVQLYGQLDLLVRKV
HEX70c ALEMRLMDAIDSGYLIDEYGKKIDIYTPEGLNMLGNVIEGSSDSINTKFYGMYDILARDI
HEX110 TLEKRLRDAIDSGNVITPQGVFLSLYQPQGMNILGDLIEGTGRSVNPRYYGSLQAAARKL

* . kkKk kK e * . K sk ek e kK e o000k L * % . * .

HEX70a LGYNLEAASKYQIVPSALEIFSTSMKDPAFYRIYKRIIDYYHSYKMHQKPYNKDEIIYPN
HEX70b LGFGYESNVKYQVVPSALOQMWSTSLRDPVFFSIYKTILDYYHKYKENLPKYTTEELNFPG
HEX70c LGYNFDFQONKNNLIPSALQSYSTSMRDPAFYMLYQONILSYFLRYKKLQPQYSQSELQMPG
HEX110 LGNAPEVENIWDYTPSSLELGEVAVHDPVFYQLYKKVMNLYQQOYQQSLPVYQYNDLILPG

e z : i s fHeRIEE Fe ke w3 * x Lme *,
HEX70a LKIESFTVDKLITYFEQFDTTINNGLLLEEQRNDDK--PFLIKIRQYRLNHKPFNFHITI
HEX70b VSIESVIVDKLITYFDHFESMLNNGVSIQSHAKAKN---TMIKARQYRLNHKPFTYHIVV
HEX70c VKFESVNIDKLYTYFDKCDTLINNAVAVENFKGG-M—--YLRLKARRACMNYERFTYKINI

HEX110 VTIQNVDVSQLVTLFTDFYVDLDAVTGHQSQQQQEEQTQSRVRAHLKRLDHQPYQYKIAV
* *  * . P

------
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HEX70a NADKPMK-AAIRIFIGPKYDSH-HKLIEIPEDLKYFYEIDNWMLDLNSGLNKITRNSLDC
HEX70b NSDKNVK-GMVRIFLGPKYDEFGHEVDLVHNYMN-FMOMDEFVVNLKSGSNTIERNSHES
HEX70c NSDKETK-GMMRIFLGPAFDEIKHDMVYLOKYFYLFMEMDRFAVTLRPGSNSIERQSSES
HEX110 HSEQNVPGAVVRVFLGPKHDHQ GRPISISKNQHLFVELDQFIQNLHAGENTIIRNSQQA

* * - ** * * . ok . * * * * *

HEX70a FFTMNDLEPSEIFYEKIETSLNSDKPFTYNE--RIFGFPGRLLLPRGKKEGMPFQLFLYV
HEX70b VEFVVPDEVPSDVLYNRLVVSEDGSETFKYSS--QPYGFPERLLLPKGKKEGMPYNVLVVV
HEX70c PFTTSTIMPSDIFYDKLNKAIGGSEPFTYSE--KMLGFPERLILPRGKPEGMRYKMFFFL
HEX110 PGQSPDWPSTSQIQRGVNAAIRSQEPFYITEPHQIFSFPARLSLPKGQPQGFPLQFLVVI

. K . *‘k * K 'k* 'k s K.

HEX70a SPVS—S——m—m—m e e
HEX70D SPFDDS——— == m e e e e e e e
HEX70C SSMDES—————— = m—m e e
HEX110 SSSNPLNVPYGPVIPEQSLTYQDQQYQVVSVDQYQQLKEQGQISQVGGGIQONVEVLPEN

HEX70@ ——mmm oo
HEX 70D = m e oo e
HEX70C —— oo
HEX110 LVNAQQOVQAVRNYYANLYTKYHGQYPNTQIQNPVGQGQDMTYSVQGVGVVNAGGWLGQQ

HEX 708 === ——m—mmm e e e
HEX 70D == m e e e
HEXT0Q = mmm e e e e e e e e e
HEX110 GNSWSQQQVQOAQQVOQOMQAAMAAVQQOSQQRHQHAAQMIYGHQQSHHGLHINSSPSSVQ

HEX708 —————m—mm e
HEX 70D ——— e e e e e
HEXT70C —mmmm e e e e e e e e e e
HEX110 SGQQQQSVLOGLGVQGVOQGVQGVQTAQGVQGVQGVOGVQGVOGVQGVPGLLOGVOQVEG

HEX 708 === mm e e e e e e e e
HEX70D ———m e e
HEX70C —m—m oo
HEX110 QGVQGMNVPYGMQRGQSGGQTWSNSQVQGVAVPGSGIVASGQQHAGGWQSIYAQPQTVQD

HEX70a --————- EYNQYNSRIWGGYKFDKRSFGFPLDKPLYDFNYEGPNMLFKDILIYHKDEFDM
HEX70b -—————- NVVQIDSPVWGRHIYDGRAMGFPLDKPVDPLLLVLSNIHVKEVLVHHREMEEL
HEX70c -—-——-—--—- NTKSYEIPLYGKMTLDDKVFGFPLDRPMWAWNETIPNMYFKDVEIYNRPNEES
HEX110 QIVSEYYQNKPISEVIGGAISLDGKPLGFPLDRPLSLGALSVPNIFVKDVLVFHQGQPTN

* * . ‘k‘k‘k'k'k 'k * - koo s s s

-------

HEX70a NITY
HEX70b NVAL
HEX70c MNY-
HEX110 DITQ

Figura 32: Multiplos alinhamentos das sequéncias deduzidas das hexamerinas HEX 70a, HEX 70b, HEX 70c e
HEX 110 de A. mellifera utilizando ClustalW 1.83.
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Abstract

Background: Hexamerins are hemocyanin-derived proteins that have lost the ability to bind copper ions and
transport oxygen; instead, they became storage proteins. The current study aimed to broaden our knowledge on the
hexamerin genes found in the honey bee genome by exploring their structural characteristics, expression profiles,
evolution, and functions in the life cycle of workers, drones and queens.

Results: The hexamerin genes of the honey bee (hex 70a, hex 70b, hex 70c and hex 110) diverge considerably in
structure, so that the overall amino acid identity shared among their deduced protein subunits varies from 30 to 42%.
Bioinformatics search for motifs in the respective upstream control regions (UCRs) revealed six overrepresented motifs
including a potential binding site for Ultraspiracle (Usp), a target of juvenile hormone (JH). The expression of these
genes was induced by topical application of JH on worker larvae. The four genes are highly transcribed by the larval fat
body, although with significant differences in transcript levels, but only hex 170 and hex 70a are re-induced in the adult
fat body in a caste- and sex-specific fashion, workers showing the highest expression. Transcripts for hex 110, hex 70a
and hex70b were detected in developing ovaries and testes, and hex 110 was highly transcribed in the ovaries of egg-
laying queens. A phylogenetic analysis revealed that HEX 110 is located at the most basal position among the
holometabola hexamerins, and like HEX 70a and HEX 70c, it shares potential orthology relationship with hexamerins
from other hymenopteran species.

Conclusions: Striking differences were found in the structure and developmental expression of the four hexamerin
genes in the honey bee. The presence of a potential binding site for Usp in the respective 5' UCRs, and the results of
experiments on JH level manipulation in vivo support the hypothesis of regulation by JH. Transcript levels and patterns
in the fat body and gonads suggest that, in addition to their primary role in supplying amino acids for metamorphosis,
hexamerins serve as storage proteins for gonad development, egg production, and to support foraging activity. A
phylogenetic analysis including the four deduced hexamerins and related proteins revealed a complex pattern of
evolution, with independent radiation in insect orders.

Background

Hexamerins essentially participate in the dynamics of
amino acid storage and exploitation that occurs during
insect development. These six-subunit proteins are pri-
marily synthesized by the larval fat body and are mas-
sively stored in hemolymph as an amino acid source for

* Correspondence: mmgbit@usp.br
2 Faculdade de Filosofia, Ciéncias e Letras de Ribeirao Preto, Departamento de

Biologia, Universidade de Séo Paulo, Ribeirdo Preto, SP, Brazil
Full list of author information is available at the end of the article

development toward the adult stage [1]. They also may
function as JH-binding proteins [2,3], and in addition,
there is circumstantial evidence supporting the hypothe-
sis that larval hexamerins are targeted for egg production
[4-8].

While hexamerins have been the focus of numerous
studies in solitary insects [9,10], the characterization of
these proteins in social insects has received much less
attention, in spite of the potential for discovering unique

- © 2010 Martins et al; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the Creative Commons
( BloMed Centra| Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use, distribution, and reproduction in
any medium, provided the original work is properly cited.
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physiological functions linked to aspects of the social way
of life. Workers of an ant species may use hexamerins as
an amino acid source for brood nourishment, and there is
circumstantial evidence that, by acting as a JH-binding
protein, hexamerins regulate JH titer and caste differenti-
ation in a termite species [11-15].

The highly eusocial honey bee hatches as a larva after a
72 h embryonic stage, and develops through a series of
molts that define the five larval instars. This is a period of
feeding, and the larva gains weight while it is continu-
ously fed by worker bees. During the larval stage, queens,
workers and drones have distinct nutritional require-
ments. Depending on the quality and quantity of nutri-
tion, a diploid female larva develops as a queen or as a
worker. A queen-destined larva is fed with secretions
produced by worker hypopharyngeal and mandibular
glands, the royal jelly, in a much higher proportion than a
worker-destined larva. As a supplement to its nutritional
regime, the worker larva also receives pollen, nectar and
honey. Drone larval nourishment is composed of these
same nutrients, but they are fed on a larger quantity of
food, and their diet also differs in quality when compared
to that given to workers [16]. Female and male larvae
grow enormously because of these nutrients, and accu-
mulate proteins, lipids and glycogen for use as structural
materials and energy during the subsequent non-feeding
pupal and pharate-adult stages. Duration of development
from egg to adult eclosion differs considerably among
queens, workers and drones, spanning 16, 21 and 24 days,
respectively [17] with some differences among A. mellif-
era subspecies.

The single adult queen in the hive is adapted to egg pro-
duction. When fertilized, the eggs will give rise to work-
ers and occasionally to a new queen, while non-fertilized
eggs become drones. The functionally sterile workers
perform a series of flexible but age-correlated tasks, a
phenomenon known as age polyethism. The younger
worker bees usually stay inside the hive and are engaged
in brood rearing, queen tending, nest building, nest
cleaning, and food processing. Older workers take over
the duties of foraging for pollen and nectar that are used
to provision and maintain the hive. Drones do not have
any known function other than mating with the queen
[18].

Our goal was to determine whether these morphotypes
(queen, worker, drone), which are so divergent in their
developmental rate, size, morphology and other essential
characteristics, and which perform very distinct func-
tions as adults in the hive, also show hexamerin gene
expression profiles that are correlated with their unique
developmental trajectories. The current study was under-
taken to deepen our knowledge of the four hexamerin
genes found in the honey bee genome [19-21] by explor-
ing their structures, expression patterns, and putative
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functions using a comparative approach. To this end we
determined (1) the features of the full-length cDNA cod-
ing sequences and their conceptual translation products;
(2) the potential regulatory sequences present in the
respective 5' UCRs; (3) the expression patterns in the fat
body and gonads of developing and adult queens, workers
and drones; (4) the effect of JH on the expression in larval
fat body; (5) the relative quantities of hexamerin tran-
scripts in females and drones during the metamorphic
molt and adult stage, and (6) the evolutionary relation-
ships among the honey bee hexamerins and related mem-
bers of the hemocyanin superfamily in other insect
species. Consistent with the hypothesis that hexamerins
have multiple functions in the honey bee, our findings
disclosed striking structural differences among the hex-
amerin gene sequences and tissue-, caste- and sex-spe-
cific expression patterns. Additionally, the recognition of
potential JH-target sites in 5' UCR of all hexamerin genes
together with the observed JH-effect on the levels of hex-
amerin transcripts indicate regulation by this hormone.

Results

Structural characteristics of the hexamerin CDSs and
respective translation products

The entire CDSs of hex 70b and hex 70a, as well as a por-
tion of their respective 5' and 3' untranslated regions
(UTRs), were previously sequenced by our research
group [19,21]. Part of the iex 110 CDS (a cDNA fragment
of 180 bp) also was previously cloned and sequenced in
our laboratory [20]. In the current work, the sequencing
of hex 110 was extended to the entire CDS and part of the
5"and 3' UTRs. In addition, we cloned and sequenced the
hex 70c CDS as well as segments of its UTRs. Sequence
analyses using the Artemis platform [22] allowed com-
parisons of the structural characteristics of hex CDSs
(Figure 1A, Additional files 1, 2, 3 and 4). Each of these
sequences is present as a single copy in the Honeybee
Genome Assembly (version 4.0) as confirmed by BLAST
searches. The hex 70a, hex 70b and hex 70c sequences are
tandemly arrayed in GroupUn.53, whereas hex 110 is sep-
arately positioned in Group 11.32.

The translation products contain the N-terminal
sequences determined by Danty et al [23] using auto-
mated Edman degradation. The conserved N, M and C
hemocyanin domains (Figure 1B) were identified in all
hexamerin subunits (HEX 70a, HEX 70b, HEX 70c and
HEX 110), but as previously observed [20], the hemocya-
nin C domain of HEX 110 is interrupted by a 291 amino
acid insertion. This insertion is very rich in glutamine
and glutamic acid (Glx) and contributes significantly to
the total Glx content (20.9%) of HEX 110.

Some features of the honey bee hexamerin genes and of
the respective deduced subunits are compiled in Table 1.
The four hexamerin subunits are also characterized by
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Figure 1 Hexamerin genes and deduced protein subunits. (A) Schematic diagram of hexamerin genes structure. Exons and introns are represent-
ed by boxes and lines, respectively. Arrows at the right and left of each gene indicate initiation and termination codons, respectively. Sequenced un-
translated regions (UTR) are marked in dark gray. Number of nucleotides (nt) are indicated for exons and introns (exons and the primers used for
hexamerin sequencing are marked in the nucleotide sequences shown in Additional files 1, 2, 3 and 4). (B) Diagrams of the deduced hexamerin pro-
teins showing the N, M and C hemocyanin domains. Note that the C domain is interrupted in the HEX 110 sequence. Signal peptides and conserved
motifs are marked in hexamerin sequences shown in Additional files 5,6, 7 and 8.

the presence of glycosylation sites, a conserved histidine
and motifs typically found in other insect hexamerins
(Additional files 5, 6, 7 and 8). We used the software
http://phobius.sbc.su.se for prediction of signal peptides
and transmembrane topology from the amino acid
sequences of each of the hexamerin subunits in the honey
bee, HEX110, HEX70a, HEX 70b and HEX 70c. Hydropa-
thy profiles were produced for each of them and included
in the Additional file 9. The subunits are predicted to

contain each a signal peptide (Table 1, hydrophobic
amino acids specified in Additional file 9) that directs
transport of the protein through the secretory pathway.
As expected, none of the subunits contain transmem-
brane helices. With respect to amino acid composition,
HEX 70a and HEX 70c contain a relatively high quantity
of phenylalanine, tryptophan and tyrosine (18.2% and
16.9%, respectively), and thus belong to the class of aro-
matic amino acid-rich hexamerins (or arylphorins) [24].
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Table 1: Characteristics of hexamerin genes and respective subunits in the honey bee.
Gene structure Conceptual product
Hexamerin ORF (nt) Exon number Amino acid Molecular pl Signal
genes/ Number mass (kDa) peptide
subunits length
hex 70a/HEX 2,055 6 79.19 6.45 21
70a
hex 70b/HEX 2,052 7 77.26 6.64 21
70b
hex 70c/HEX 2,061 6 79.44 7.67 19
70c
hex 110/HEX 3,027 8 1008 110.21 6.37 24
110

Molecular mass and pl calculated using http://expasy.org/cgi-bin/protparam and http://phobius.sbc.su.se/

With their relatively high methionine content, HEX 70b
(4.4%) and HEX 70c (6.4%) can be included in the class of
methionine-rich hexamerins, which are composed of 4 to
11% methionine [10].

The overall amino acid identity shared among the
deduced honey bee hexamerins varies from 30% to 42%.
A multiple alignment using ClustalW 1.83 (Additional
file 10) revealed that HEX 70a, HEX 70b and HEX 70c are
more similar to each other (39 to 42% identity) than they
are to HEX 110 (30 to 32% identity).

Overrepresented motifs in upstream control regions (UCRs)
Motif analyses of the UCRs were carried out with two
goals in mind: to search for potential JH response ele-
ments, and to search for hexamerin-specific conserved
regions. Table 2 shows six DNA motifs, here named sitel
to site6, that are overrepresented in the UCRs of the four
hexamerin genes. All of the six motifs were mapped on an
extension of the UCR corresponding to 1.5 kb from the
translation start codon (Figure 2A). Sitel is 80% identical
to the D. melanogaster Ultraspiracle (Usp) binding site,
also known as chorion factor-1 (CF1, [Flybase ID:
FBgn0003964]) [25], and is located very close to the 5'
end (Figure 2A and 2D). Two sitel motifs enrich the hex
110 UCR, whereas only one was found in each of the
UCRSs of the three hex 70 genes. None of the other five
motifs (site2 to site6) are similar to any binding site
described to date in the TRANSFAC database, and may
be specific to hexamerin gene UCRs. The hex 70b UCR
showed the greatest complexity because it is the only one
containing all six motifs. Few of these motifs were found
in the hex 70a UCR, possibly because it is still a gapped
DNA region (Figure 2A).

Based on Figure 2A, we graphically represented the
types (Figure 2B) and quantities (Figure 2C) of the poten-
tial regulatory sites shared by the four honey bee hexam-

erin UCRs. Sitel is shared by all four hexamerin genes;
site2 is shared by hex 70a and hex 70b; site3 is present in
hex 70b, hex 70c and hex 110; site4 is specific to the hex
70 genes (it is absent from the hex 110 UCR); and site5
and site6 were both detected in hex 70b, hex 70c and hex
110 (Figure 2B). Therefore, the hex 70b and hex 70c
UCRs share a maximum of five of these motifs whereas
the hex 70a and hex 110 UCRs share only one motif (Fig-
ure 2C). This relationship suggests that at least some of
the hexamerin genes are co-regulated.

Effect of JH on the expression of hexamerin genes
JH-treatment was performed at the feeding phase of the
5thlarval instar. During this developmental phase, larvae
have a high titer of JH in hemolymph [26]. The treatment
with exogenous hormone aimed to maintain JH titer at a
high level for a prolonged period of time, thus circum-
venting the normal decay that normally occurs at the
transition from the feeding to the spinning phase [26].
Figure 3 shows that expression of the genes hex 70b and
hex 70c is higher in JH-treated larvae than in the controls,
although the JH-effect on the expression of hex 70a and
hex 110 is more discrete. Together, these results support a
function of JH in inducing the expression of hexamerin
genes in honey bee larvae.

Evolutionary relationship among the honey bee
hexamerins and related proteins

We investigated the evolutionary relationships among 45
hexamerin amino acid sequences from six insect orders
(Hymenoptera, Diptera, Lepidoptera, Coleoptera,
Isoptera, and Orthoptera), and hemocyanins from 8
insect species and from a crustacean. The tree structure
mainly reflects the molecular relationship at the level of
insect order (Figure 4). Within the hymenopteran cluster,
the honey bee HEX 110 (named AmeHEX 110 in the
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Table 2: DNA motifs discovered in the 5' UCRs of the honey bee hexamerin genes.

Motif name Motif Church Roc-auc P-value

sitel GnNnGwnnmCsskC 9.3E-09 0.98 3.5E-06

site2 TTGyGngnnrrnAawk 3.8E-06 0.87 4.4E-04

site3 GsnsakwCgmnmG 3.9E-06 0.97 2.2E-04

site4 gwnAtnnnanwnwTCG 3.8E-06 1.00 8.0E-07
AwAwys

site5 awCGAwWAAAwnnknn 9.3E-09 1.00 2.1E-05
wwRnA

site6 ATykCGAaTnmrannA 4.1E-06 0.99 9.5E-06

Site 1 motif is 80% similar to the USP binding site of D. melanogaster. The other motifs (sites 2 to 6) do not have similarity to any binding site
sequences in TRANSFAC database, and may be specific of hexamerin genes.

tree) grouped with two hexamerins from Nasonia vitrip-
ennis wasps, NviHEX102 and NviHEX109. Like the
honey bee HEX 110 (with ~110 kDa and 20.9% Glx),
these wasp hexamerins have a molecular mass higher
than that typically exhibited by hexamerins (102 kDa and
109 kDa, respectively) and are composed of a high or very
high proportion of Glx (here defined as 10% to 15%, and
>15%, respectively). Explicitly, NviHEX102 and
NviHEX109 are composed of 14.2% and 15.1% Glx,
respectively. The other hymenopteran hexamerins
[NviHEX79, NviHEX75, NviHEX81, NviHEX94,
NviHEX83; CfeHEX2; AmeHEX70a (HEX 70a),
AmeHEX70b (HEX 70b), AmeHEX70c (HEX 70c)],
which are in the range of 70-95 kDa, generally display an
intermediary Glx content (7%<Glx<10%). Exceptions in
this group are NviHEX79 and NviHEX81, which have
higher amounts of Glx (10.1% and 11.8%, respectively).

Most of the hymenopteran hexamerins (seven of
twelve) contain more than 15% aromatic amino acids, and
are therefore considered arylphorins. Five of twelve meet
the criterion for inclusion in the methionine-rich class. A
wasp hexamerin (NViHEX79) and two of the honey bee
hexamerins (HEX 70a, HEX 70b) contain more than 10%
leucine and are here defined as leucine-rich.

Hexamerins from the coleopterans Tribolium casta-
neum and Tenebrio molitor form a well-defined group
(Figure 4). Without exception, they are all arylphorins.
Aside from TcaHEXS5, they all have a high Glx content (at
9.8% Glx, TcaHEXS5 fails to meet our criterion for inclu-
sion among the high-Glx hexamerins by a small margin).

Among lepidopterans (Figure 4), the arylphorin
BmoSP2 is positioned separately from the methionine-
rich hexamerins HceHEX1, HzeHEX, TniJHSP2,
CfuDAP2, BmoSP1 and HceHEX2, which are organized
in two branches, one of them also including HviHEX. As
only part of the HviHEX sequence is available in data
Bank, we could not classify it as an arylphorin or a methi-
onine-rich hexamerin. All lepidopteran hexamerins con-
tain intermediary or low Glx (< 7%) content, and only

three of them (HceHEX1, HzeHEX and TniJHSP) are rich
in leucine. Interestingly, these leucine-rich hexamerins
were grouped in a single branch.

A branch of dipteran hexamerins (Figure 4) included
the very high Glx (20%)/high molecular mass DmeFBP1
and two other hexamerins from D. melanogaster,
Dme7320 and Dme8100, both containing a high Glx con-
tent (13.7% and 10.8%, respectively), but a typical molec-
ular mass ~70 kDa. All hexamerins in this branch are rich
in leucine. The other three main branches consist of hex-
amerins in the range of 82-99 kDa. One of them clustered
the DmeLSP1 isoforms («, p and y). The other two
branches grouped some Anopheles gambiae hexamerins
with OatHEX 1.2 from the mosquito Ochlerotatus atro-
palpus, and some A. gambiae hexamerins with DmeLSP2.
Except for some incomplete sequences (Aga29840,
Agal6795, and Aga31208) for which we could not deter-
mine the exact amino acid composition, all the hexam-
erins forming these three branches are arylphorins, and
OatHEX1.2, DmeLSPla and DmeLSP1p are also rich in
methionine. Several of them have a high Glx content.
None is rich in leucine.

The only orthopteran hexamerin used in tree construc-
tion, LmiJHBS (Figure 4), is distinguished by a high pro-
portion of leucine. The basal position of this hexamerin is
evident. Two isopteran hexamerins, RfIHEX1 and
RfIHEX2 clustered in a single branch. Both are
arylphorins, but RfIHEX1 is also rich in methionine.
RfIHEX2, but not RfIHEX1, has a high Glx content
(10.4%).

As expected, the insect hemocyanins clustered sepa-
rately from the hexamerins (Figure 4), and formed a well-
supported monophyletic clade (1.0 Bayesian posterior
probability), with ScuHC1 at the most basal position.

Expression of hexamerin genes in the fat body of
developing and adult workers, queens and drones

Figure 5 schematically represents RT-PCR transcriptional
profiles from the current and previous studies of the four



Martins et al. BMC Molecular Biology 2010, 11:23
http://www.biomedcentral.com/1471-2199/11/23

Page 6 of 20

(A)

NNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNNN

l%l

=0+
=0ou
=0

=0
=0
=—0oN
—Ooo
=N
—o

=0

¥ g i i i |Thex70e
: i i i Ihexiio
(B) ©)
site3

site2 A site5

] " =

S L 2
' (D)

4

site4

bits

coslior 10, ¢

AR L R
Y, ( cFl-usp - - - - [ - EEEEL- c s
. hex110 [lla ¢ G G C [
hex70c G BN G A e
sitel .
2 g hex70b el c ¢ e T T [@
similar to site6
USP binding site hex70a HcHEEI-B-BE: - &

Figure 2 Overrepresented motifs in the upstream control regions of the hexamerin genes. (A) Spatial distribution of the six overrepresented
DNA motifs in the 1.5 kb-long upstream control regions (UCRs) of the four honey bee hexamerin genes. Motif sequences are specified in Table 2. The
N series in the hex 70a UCR indicates that this DNA region is still undefined in the honey bee genome. (B) Putative co-regulatory network showing the
relationship between the six overrepresented motifs and hexamerin genes (orange circles). The site 1 motif (red square) is similar to the Usp binding
element (also named CF1) in D. melanogaster. Sites 2 to 6 (grey squares) are not similar to any of the D. melanogaster binding site sequences described
in the TRANSFAC database, and may be specific to hexamerin genes; (C) Based on the co-regulatory network, a scheme was constructed using the
number of sites shared among hexamerin gene UCRs. The thickness of the bars linking hexamerin genes (orange circles) is directly proportional to
the quantity of putative co-regulatory sites (the number of sites is indicated) shared by the four genes. (D) Alignment of the target sites similar to CF1-
Usp found in the 5' UCR of honey bee hexamerin genes. The graph shows the sequence conservation at each position while the height of symbols
indicates the relative frequency of each nucleotide at that position.

hexamerin genes in the fat body of workers, queens and
drones (see Additional file 11). Relative expression is
shown from the 5th larval instar throughout the pupal
and adult stages. Because the expression data on earlier
larval phases (2nd to 4th larval instars) was mostly
obtained using workers instead of queens and drones,
they are not shown here.

In the fat body of workers, hex 110 transcripts were
abundant from the 5th larval instar throughout the pupal
stage, with a decrease in the amount of transcripts nearby

the time of adult eclosion. But expression increased again
in adult workers. In contrast, in the fat body of drones
and queens, hex 110 expression was found basically in the
5th larval instar, extending up to the early pupal stage in
queens. The expression of hex 70a differs from hex 110
mainly in adults, which showed sex- and caste-specific
patterns of hex 70a transcription. Workers and drones
showed high levels of hex 70a transcripts up to the ages of
30 and 5 days, respectively. In 3- to 7-day-old virgin
queens, hex 70a expression was reduced in comparison
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Figure 3 Effect of juvenile hormone on the expression of the four
hexamerin genes. The hormone (diluted in acetone) was topically ap-
plied on the dorsum of 5tinstar larvae (feeding phase, L5F). Controls
were treated with acetone only. Gene expression was analyzed 24 h af-
ter treatment. Hexamerin transcript abundance analyzed by RT-PCR
followed by electrophoresis of the amplified cDNA on ethidium bro-
mide-stained agarose gels. The A. mellifera rp49 gene was used as a
loading control.

to the newly emerged ones, but increased again in older,
egg-laying queens. Comparatively, the expression of hex
70a is lower in adult queens than in adult workers. The
expression of the other two hexamerin genes, hex 70b
and hex 70c, was detectable only in the 5th larval instar of
females and males.

Together, the data summarized in Figure 5 highlight
that: (1) all the honey bee hexamerin genes are highly
expressed in the larval fat body of workers, queens and
drones, and (2) kex 110 and hex 70a were transcribed in a
caste- and sex-specific fashion in pupal and adult fat
body. These expression patterns suggest that in addition
to their primary role as storage proteins that supply
amino acids during non-feeding pupal development, hex-
amerins have different functions in the adult stage.

Using real-time RT-PCR we quantified the levels of the
four hexamerin transcripts in the fat body at two periods
of the honey bee life cycle: during larval-pupal transition
and in adults. Figure 6A shows that the transcriptional
profiles are similarly modulated, with an abrupt increase
in the quantity of transcripts in the 5th larval instar, fol-
lowed by a marked decrease in newly ecdysed pupae.
However, at definite points of this developmental period,
we found interesting differences among the honey bee
morphotypes. In workers and drones, the four hexamerin
transcripts reached maximal levels during the feeding
phase of the 5th larval instar (L5F). In queens, maximal
transcript levels were detected at the subsequent spin-
ning phase (L5S) (except for hex 70b transcripts, which
reached maximal levels in L5F). Moreover, the maximal
expression in workers and drones was significantly higher
than the maximal expression in queens (except for hex
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70c). Figure 6A also shows that in workers and drones at
the L5F phase, when expression of the four hexamerin
genes reached a maximum, the levels of hex 110/hex 70b
transcripts were much higher than the levels of hex 70a/
hex 70c transcripts.

Pearson's correlation coefficient (R) was used to evalu-
ate the relationship among these expression profiles. Fig-
ure 6B graphically represents the hexamerin genes
(orange circles) linked by bars. The greater the thickness
of the bar, the greater the R value. In queens, the expres-
sion profiles of sex 110 and hex 70c were the only posi-
tively correlated. In drones, by contrast, the expression
profiles of all the hexamerin genes except hex 70b/hex
110 were positively correlated. Similarly, in workers the
expression profiles of all but hex 70b/hex 110 and hex
70b/hex 70c were positively correlated. Therefore, work-
ers and drones share similar transcriptional profiles dur-
ing the larval-pupal transition that are distinct from those
exhibited by queens. In other words, workers and drones
differ from queens in the patterns of co-expression of the
four hexamerin genes.

Fat body from adult females was also used to quantita-
tively compare the levels of hex 70a and hex 110 tran-
scripts (the only ones found at this stage). We compared
age-matched workers and queens (3-day-old), but to
investigate the effect of mating in transcript levels, we
also included egg-laying queens in this analysis. Figure 7
shows that 3-day old workers have a significantly higher
quantity of both transcripts than queens, independent of
their reproductive status.

Expression of hexamerin genes in the gonads of
developing and adult workers, queens and drones
The expression of hexamerin genes was also investigated
in developing and adult female and male gonads using
RT-PCR (Figure 8; see Additional file 12). The only hex-
amerin gene apparently inactive in ovaries and testes is
hex 70c, as presumed from the complete absence of its
transcript in these organs. The levels of hex 70b tran-
scripts were abundant, but only in the larval gonads of
queens and drones. A high level of hex 110 mRNA was
found in the larval gonads of workers, queens, and
drones. Expression then decreases during the pupal stage
to be resumed exclusively in the ovaries of egg-laying
queens. Similarly, a relatively high level of hex 70a tran-
scripts was found in the gonads of workers and drones at
the larval/pupal stages, and in the ovaries of queens at the
pupal/early adult stages. This is followed by transcript
depletion in the gonads of workers and drones, but not in
the ovaries of virgin and egg-laying queens where hex 70a
expression is maintained, although at a low level,
throughout the adult stage.

In summary, the presence of hexamerin transcripts in
larval and pupal gonads of workers, drones and queens
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Figure 4 Evolutionary relationships among insect hexamerins and hemocyanins. The phylogenetic tree was inferred by bayesian method and
the posterior probabilities are represented at each node. [See Additional data for the accession numbers of hexamerins and hemocyanins included
in the tree (file 14), and for the alignment use in tree reconstruction (file 15)]. Symbols and letters in brackets indicate: ** very high-GIx content (>15%);
* high-Glx content (between 10% and 15%); A: arylphorin; M: methionine-rich; L: leucine-rich; ? indicates that amino acid composition could not be
determined. The first three letters of the protein's abbreviation represent the species: Cma:Cancer magister; Scu: Sinella curviseta, Pma:Perla marginata;
Cac: Chelidurella acanthopygia; Sam: Schistocerca americana; Cmo: Carausius morosus; Cse: Cryptotermes secundus; Pam: Periplaneta americana; Hme:
Hierodula membranacea; Rfl: Reticuliformis flavipes; Lmi: Locusta migratoria; Ame: Apis mellifera; Nvi: Nasonia vitripennis; Cfe: Camponotus festinatus; Tca:
Tenebrio castaneum; Tmo: Tenebrio molitor; Bmo: Bombyx mori; Hce: Hyalophora cecropia; Hze: Helicoverpa zea; Tni: Trichoplusia ni; Cfu: Choristoneura

fumiferana; Hce: Hyalophora cecropia; Hvi: Heliothis virescens; Dme: Drosophila melanogaster; Aga: Anopheles gambiae; Oat:Ochlerotatus atropalpus.

suggests roles in ovary and testis development, and in
spermatogenesis, which occurs during the pupal stage.
The higher expression of hex 110 in the ovaries of egg-
laying than virgin queens is remarkable, and suggests a
function in reproduction.

Discussion

Hexamerin genes and deduced proteins revealed striking
structural differences

The tandem organization of the hex 70a, 70b and 70c
genes in the honey bee genome supports the hypothesis
of origin by gene duplication, a common phenomenon

among insect hexamerins [27]. The separately located
hex 110 gene exhibits unusual features throughout its
sequence. It encodes a subunit that is longer than those
usually found, and which carries a very high proportion
of Glx (20.9%). Because these features are also displayed
by hexamerins found in some species of ants [28] and
wasps [29], it had been previously thought that they were
restricted to hymenopterans. In fact, two hexamerins in
the N. vitripennis wasp (NViHEX102 and NviHEX109)
exhibit such characteristics (see Figure 4). However, a
receptor in Drosophila, DmFBP1 (which is closely related
to its own ligand DmLSP1) [30], is also composed by a
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very high Glx content (20%) and has a high molecular
mass (116 kDa). We also identified hexamerins contain-
ing slightly lower Glx percentages (between 10% and
15%) among the dipterans, coleopterans and in the
isopteran included in the tree (see Figure 4). The physio-
logical significance of such a high proportion of glu-
tamine and glutamic acid in hexamerins remains to be
elucidated.

A conserved histidine residue was identified in each of
the four amino acid sequences. In the ancestral hemocya-
nins, six copper-liganding histidines confer the ability to
bind and transport oxygen. The insect hexamerins lost
most or all of the histidine residues and, thus, the oxygen-
binding function [31].

The ~70 kDa hexamerins in the honey bee were classi-
fied as arylphorins and/or methionine-rich, according to
their particular amino acid composition. Due to the
importance of aromatic amino acids in sclerotization, the
HEX 70a and HEX 70c arylphorins may contribute to

exoskeleton hardening and differentiation during pharate
adult development. HEX 70c is also rich in methionine,
and like HEX 70b (also a methionine-rich hexamerin) it
may act as a sulfur reserve for development toward the
adult stage.

The search for cis-acting elements in the UCR of each
hexamerin gene using bioinformatic analyses revealed a
total of six overrepresented DNA motifs. It was very
interesting to find out that all four hexamerin genes
exhibit potential binding sites for the protein Usp, thus
suggesting regulation by JH and/or ecdysteroids. Usp has
been primarily studied as part of the 20-hydroxyecdysone
(20E)-binding nuclear receptor complex [32,33]. How-
ever it was recently also identified as a potential target for
compounds based on a methyl farnesoid structure, like
JH [34]. The potential Usp binding motif is located near
the start codon of each hexamerin gene (see Figure 2A), a
conserved pattern that increases the likelihood of its
functionality. Using a hormone manipulation experi-
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ment, we recently demonstrated that hex 70b is induced
by JH and repressed by 20E [19]. In the current study we
expanded this experiment to investigate the action of JH
on the expression of the other honey bee hexamerin
genes. To make this approach comparative, we re-tested
the expression of hex 70b in the same fat body samples
used for the analysis of the other genes. The results
showed a strong and positive JH-influence on the expres-
sion of hex 70b and hex 70c, and a weaker effect on the
expression of hex 70a and hex 110. The observed differ-
ential effect of JH on expression levels suggests that the
JH titer that induces a hexamerin gene for maximal

expression may differ from the JH-threshold needed for
maximal expression of their homologous. Further studies
using a series of JH doses for treating aged-synchronized
honey bee larvae may confirm (or refute) this hypothesis.
These results are in accord with the proposed functional-
ity of the Usp regulatory element in UCRs.

In addition to the potential Usp binding motif, five
additional motifs (site2 to site6) were overrepresented in
the UCRs of all four hexamerin genes, suggesting co-reg-
ulation. In the context of metamorphosis, or larval-pupal
transition, this would assure the massive and synchro-
nized production of hexamerins in late larvae for using
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during pupal and pharate-adult development. In fact, all
four hexamerin genes reached their highest expression
level during the very same stage, the 5th larval instar (see
Figure 6A). Lending support to the idea of co-regulation,
we found that the transcriptional profiles of the hexam-
erin genes in each caste and sex during the larval-pupal
transition are in general positively correlated. Regulatory
factors could interact with the common sequence motifs,
thus influencing the correlated expression. However, the
transcriptional profiles of hex 70b/hex 110 in workers
and drones, and of hex 70b/hex 70c in workers, did not
show a positive correlation (see Figure 6B). Furthermore,
in metamorphosing queens, only the /ex 70c and hex 110
transcriptional profiles showed a significant Pearson's
correlation coefficient. Such differences might be due to
structural features in the architecture of each hexamerin
gene UCR, such as the type, number and spatial distribu-
tion of the overrepresented motifs, which raises the pos-
sibility of nuanced differences in the co-regulatory
mechanism.

Diversification of hexamerins associated with independent
radiation within insect orders

Based on amino acid sequence similarities and hexameric
structure, it has been proposed that arthropod hemocya-
nins gave rise to the insect hexamerins [31,35], which lost
the ability to bind Cu2+ ions. Therefore, in contrast to the
ancestral molecule, hexamerins do not bind and deliver

hemolymph oxygen, but mainly have a role as storage
proteins. The molecular phylogeny shown in Figure 4
shows a complex pattern of hexamerin evolution, with
independent radiation in each of the selected insect
orders. In general, our analysis resulted in a similar tree
topology as those published before [36], with the
hemimetabola (orthopteran and isopteran) hexamerins in
a basal position, followed by hymenopteran and
coleopteran hexamerins, which are basal to the lepi-
dopteran and dipteran ones. As previously noticed, these
evolutionary relationships are in good agreement with
phylogeny of insect orders [37].

Most of the information on hexamerin evolution
derives from studies on dipteran and lepidopteran spe-
cies, with a few studies on other holometabolous and
hemimetabolous orders, although data from an evolu-
tionarily less-derived order (Plecoptera) have been
recently published [38]. The main contribution of the
current phylogenetic analysis was to explore the evolu-
tionary relationship among the honey bee hexamerins
and their homologue sequences in other insect orders. It
is evident in our phylogenetic tree that the high molecu-
lar mass AmeHEX110 is located at the most basal posi-
tion among the holometabola hexamerins. AmeHEX110
shares this position with two probable orthologues,
NviHEX102 and NviHEX109. Similarly, the gene encod-
ing AmeHEX70a apparently has an orthologue,
NviHEX8]1, in the genome of N. vitripennis. Other poten-
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tial orthology relationship was exhibited by the honey bee
AmeHEX70c, and the ant CfeHEX2.

The molecular phylogeny also revealed a potential
orthology relationship outside the hymenopteran clade,
between the hexamerins from 7. molitor, TmoHEX2, and
T castaneum, TcaHEX2, but a definitive conclusion
would only be possible if T. molitor had its genome
sequenced. For the lepidopteran hexamerin sequences it
is more complicated to infer orthology relationships, at
least until they were available in public databases. Orthol-
ogy may be a reflection of functional equivalence,
although it is important to consider that in view of gene
loss and other events in evolution of a group of organ-
isms, genes from different species sharing high sequence
similarity may be not orthologues at all [39]. Functional
studies are therefore decisive to elucidate this complex
relationship among hexamerin genes.

A relevant observation taken from our molecular phy-
logeny is the well-supported split between dipteran hex-
amerins and the group formed by the hexamerin receptor
DmeFBP1 and Dme8100 plus Dme7320 (0.82 posterior
probability; Figure 4). It has already been suggested that
dipteran hexamerin receptors, which also belong to the

hemocyanin-hexamerin superfamily, form a separate
group in phylogenetic trees [37]. Whether these other
two DmeFBP1 paralogs have a similar function is still
unknown.

It is also obvious that most of the lepidopteran hexam-
erins used in tree reconstruction are methionine-rich
proteins, thus suggesting that they derived from an
ancestral molecule containing a high proportion of this
amino acid. We also observed that, except for
AmeHEX110 every basal hexamerin in each insect order
is an arylphorin, thus suggesting that insect hexamerins
have evolved from an ancestral arylphorin. Our phyloge-
netic analysis also supports the hypothesis of gene dupli-
cation events taking place mainly after the split of insect
orders.

Expression of hexamerin genes in larval fat body: the well-
known role in metamorphosis and a putative role in
binding JH and regulating caste differentiation

The four hexamerin genes were highly transcribed in the
larval fat body of workers, queens and drones, and are
probably involved in hexamerin synthesis for amino acid
storage to support metamorphosis and development
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toward the adult stage. However, these genes were differ-
entially co-expressed in the honey bee morphotypes, as
revealed by transcript quantification during the critical
period of larval-pupal transition. The most evident differ-
ence occurred during the feeding phase of the 5th larval
instar (L5F), where we observed a higher level of kex 110,
hex 70a and hex 70b transcripts in workers and drones
than in queens. This is a very interesting finding if con-
trasted to the caste and sex-specific JH titer at this stage,
which is higher in queens than in workers and drones
[26,40]. It is known that JH plays a central role in pheno-
typic caste differentiation in A. mellifera. This hormone
triggers specific physiological responses in the bipotent
female larvae, a high titer inducing development of a
queen and a low titer specifying the worker phenotype
[41,42]. The inverse relationship between levels of hex-
amerin transcripts and JH titers leads us to speculate that,
as was proposed for the termite Reticulitermis flavipes
[14,15,43,44], the honey bee hexamerins may function as
JH-binding proteins. By binding and controlling JH levels,
hexamerins were implicated in the process of JH-depen-
dent caste differentiation in this termite. By applying this
model to the honey bee, we may hypothesize that if JH
titer exceeded the binding capacity of hexamerins, it
would interact with target receptors and therefore cause
the bipotent female larva to develop as a queen. If not, the
larva would develop as a worker. Interestingly, all the four
hexamerin genes showed a significantly higher expression
in drone feeding larvae (low JH titer) than in queens at
the same stage (high JH titer), thus reinforcing our
hypothesis on a role for the honey bee hexamerins in
binding and controlling JH action. But this needs further
validation.

To our knowledge, hexameric JH-binding proteins have
been characterized only in orthopterans [2,3,45]. The
cDNA and predicted amino acid sequences of the high
affinity JH-binding hexamerin from L. migratoria (Lmi-
JHBS) show peculiar structural features. It is clear that
LmiJHBS is not closely related to any other hexamerin,
including the potential JH-binding hexamerin from R.
flavipes (RTHEX1) and the honey bee hexamerins (see
Figure 4). The lack of homology clearly indicates that
these hexamerins have evolved independently, and it is
unlikely that comparisons among their primary
sequences will bring to light amino acid regions or
domains that could be involved in JH binding. Such
regions or domains could not be identified in the
LmJHBS sequence [3]. Thus, functional binding assays
and determination of dissociation constants are required
to assess the potential role of hexamerins in binding JH
and, by extension, to verify the role of the honey bee hex-
amerins in caste determination.

An interesting finding is that insect hexamerins may
not directly bind JH but may be part of a multiprotein

Page 13 of 20

complex engaged in JH sequestration and transport. The
first demonstration of a physical interaction among JH-
binding proteins (both free and in a complex with JH),
two hexamerins (one of them is an arylphorin), and an
apolipophorin was recently provided [46]. This interac-
tion implies an important participation of hexamerins in
regulating JH levels, and action, even if they do not
directly bind to JH.

Re-induction of hexamerin gene expression in the adult fat
body: differential roles in workers and queens

In agreement with previous reports on hemolymph pro-
teins in the honey bee [23,47], lower levels of hexamerin
gene expression were found in adult workers in compari-
son to larvae. Of the four hexamerin genes, hex 70a and
hex 110 were the only ones with detectable expression in
the adult fat body. Their transcriptional profiles differed
conspicuously among adult queens, drones and workers.
Levels of hex 70a transcripts were very low in queens and
abundant in drones and workers. However, in drones, the
abundance is limited to the five first post-emergence
days, whereas, in workers, it is extended up to the 30th
day of adult life. These transcriptional profiles in workers
and drones match the respective HEX 70a profiles in
hemolymph [21], and are closely connected with adult life
duration. Workers live longer than drones [48,49], and
their respective patterns of sex 70a expression reflects fat
body metabolic activity and lifespan. But the higher
expression of hex 70a in the fat body of adult workers in
comparison to queens (see Figures 5 and 7) suggests an
important role in worker physiology. This is discussed
below.

The expression of hex 110 is somewhat different when
compared to that of hex 70a. Like hex 70a, the hex 110
gene is considerably active in the fat body of adult work-
ers, but it is practically silent in queens (see Figures 5 and
7) and drones (see Figure 5). Yet, in spite of the evident
presence of hex 110 transcripts in adult workers, a negli-
gible amount of HEX 110 subunits were detected in
hemolymph [20], indicating that this hexamerin does not
function as a storage protein at this stage. But a potential
function in the fat body of adult workers cannot be ruled
out, given its specific and abundant expression in this tis-
sue.

Our results are consistent with re-induction of hex 70a
and hex 110 expression in adult bees, although only the
product of hex 70a accumulates in hemolymph at this
stage. The presence of hexamerins in adult insects may
occur either because they were carried over from the lar-
val stage, or due to a specific induction in adults. As
examples, some lepidopterans that do not feed on protein
as adults may use the larval store of hexamerins for egg
production [5]; mRNAs for an adult-specific hexamerin
appears in Musca domestica females only after induction
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by a rich protein meal [50]. Differently, the presence of
HEX 70a in the adult honey bee results from gene re-
induction after a drastic reduction in transcript levels
during adult ecdysis (see Figure 5).

The honey bee queen continuously receives, via tro-
phallaxis, a proteinaceous glandular secretion, the royal
jelly, which is produced by nurse workers [51]. She may
not need to allocate amino acids from larval hexamerins
for egg production, since such compounds are continu-
ously derived from her protein-enriched diet. The struc-
tural nutrients and energy contained in royal jelly
administered to queens are not used for the synthesis and
storage of hexamerins (levels of hexamerin transcripts are
very low, or undetectable, in the fat body of adult queens;
see Figures 5 and 7) but must be mainly directed to vitel-
logenesis and egg production. In contrast to the queen,
workers normally do not produce eggs, although they
also have access to a rich source of dietary proteins. They
actively consume pollen when they are younger, i.e., dur-
ing the first two weeks of adult life [52]. Pollen consump-
tion increases the expression of hex 70a and hex 110 in
the fat body, and increases the abundance of HEX 70a in
hemolymph [20,21]. This is consistent with dietary pro-
tein consumption causing reinduction of both hexamerin
genes in adult workers, and thereby enabling the storage
of HEX 70a. Whether sex 110 mRNAs are translated and,
if so, why their subunits do not accumulate in hemo-
lymph are questions that remain unanswered.

Pollen consumption also causes the accumulation of
vitellogenin, the yolk protein precursor, in the hemo-
lymph of young workers [53]. Vitellogenin is continuously
produced and stored in hemolymph during the first two
weeks of adulthood to be subsequently depleted as
worker bees get older and become foragers [54-57]. HEX
70a follows a similar pattern.

Since workers normally do not reproduce and in gen-
eral have a short life, the question that remains unan-
swered is: why do they store proteins? We suggest that
the consumption of pollen by young workers exceeds
demand, and the excess is hoarded in the form of storage
proteins to be consumed later, when they become forag-
ers. Foragers rather eat nectar [58], which is composed
primarily by carbohydrates [59]. By this means, stored
proteins could provide amino acids for sustaining worker
basal metabolism during foraging. The well documented
observations that HEX 70a [21], vitellogenin [55-57], and
total hemolymph protein titers [60] decrease gradually in
foragers is consistent with this hypothesis.

The destination of proteins stored in worker hemo-
lymph would not be fixed, but dependent on the social
context. In case there is queen loss, workers may activate
their ovaries for drone production. Their protein reserves
would then be directed to meet reproduction demands.
Interestingly, workers accumulate storage proteins when
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they are younger and more prone to activate their ovaries
if separated from the queen. Also in the ant Camponotus
festinatus, hexamerins are possibly involved in important
facets of sociality. It was demonstrated that in the pres-
ence of larvae, adult workers do not store, but apparently
make use of hexamerins to nourish larvae. Conversely,
hexamerins accumulate in hemolymph of workers with
no larvae to feed. It was also observed that hexamerins
exist in great amounts in virgin queens and are depleted
when they seal themselves in a chamber to lay eggs to
found a new colony, thus indicating utilization for egg
production and rearing the first brood [11,12]. The high
levels of hexamerins stored by certain species of termites
were also found to be related to colony founding and to
the production of initial broods [13].

In adult honey bee workers, vitellogenin and HEX 70a
may be part of the above mentioned multiprotein com-
plex engaged in JH binding and sequestration [46], since
the presence of both in hemolymph coincides with a low
JH titer (in younger workers), and their depletion occurs
in synergy with JH titer increase (in foragers). If so, as
proposed for vitellogenin [61], HEX 70a also may be a
player in the physiological process of JH-regulated transi-
tion to forager.

Yet, HEX 70a may have developed another role in adult
workers. A protein fragment found in the honey bee
venom [62] matched HEX 70a N-terminal sequence. Its
function in the venom, and whether it is synthesized by
the venom gland or sequestered from hemolymph, was
not yet determined.

Hexamerin gene expression in gonads: a proposed role in
ovary and testis development and activity

Among solitary insects there is circumstantial evidence
supporting the hypothesis that hexamerins are also used
for reproduction. In lepidopteran species, for example, it
was established a correlation between egg production
and depletion of the larval reserve of hexamerins [4,5].
Autogenous mosquitoes that produce their first batch of
eggs without a feeding may use larval storage proteins,
mainly hexamerins, as amino acid source for this purpose
[6,7]. It has also been suggested that amino acids held in
storage proteins are used for provisioning eggs of Schisto-
cerca americana [8].

To shed light on whether the "adult" honey bee hexam-
erins are important or not for reproduction, we checked
for the presence of transcripts in the gonads. Except for
hex 70c, hexamerin transcripts were abundant in the
gonads of larvae and pupae, suggesting roles in ovary dif-
ferentiation, and also in spermatogenesis, which in
drones occurs during pupal stage and is finalized before
adult emergence. Two of the hexamerin genes, hex 70a
and hex 110, were also expressed in adult gonads, and this
was exclusively in queen ovaries. Interestingly, the
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expression of hex 110 is higher in the ovaries of mated,
egg-laying queens than in the young, virgin ones.

It is known that mating triggers changes in gene expres-
sion in Drosophila females [63]. Mating also elicits physi-
ological and behavioral changes in honey bee queens, and
although the molecular mechanisms underlying such
responses are largely unknown, it was verified that they
involve differential gene expression into the ovaries.
Based on gene ontology annotation, a function in oogen-
esis and reproduction was attributed to these differen-
tially expressed genes [64]. The high expression of hex
110 in the ovaries of egg-laying queens suggests a role
linked to ovary activity and reproduction.

Ovaries of egg-laying queens have a lower level of hex
70a transcripts than ovaries of newly emerged ones. But
HEX 70a subunits exist in equivalent amounts in the ova-
ries of both, newly emerged and egg-laying queens, as
confirmed by Western blots using a specific antibody
[21]. Therefore, ovarian HEX 70a molecules seem to have
a dual origin. It is produced by the fat body of egg-laying
queens (see Figure 5) and secreted in hemolymph [21,23],
implying that it could be incorporated into the ovaries in
addition to being synthesized by them. The function of
HEX 70a in the ovaries of virgin and egg-laying queens is
to be determined.

Conclusions

Our study revealed dramatic differences in structure,
organization and expression of the four hexamerin genes
of the honey bee, where these differences might have
arisen concurrently with their functional diversification.
The amino acid composition, motifs and conserved
regions were identified in the deduced protein subunits,
which were also used in a phylogenetic analysis to explore
their evolutionary relationship with homologue
sequences of other insect species. Analyses of the UCR of
each hexamerin gene revealed a total of six overrepre-
sented DNA motifs, indicating co-regulation. One of
these motifs is a potential binding site for the protein
Usp, and suggested gene regulation by JH. This hypothe-
sis was reinforced by manipulating JH-levels in experi-
ments in vivo, which resulted in JH-induction of the
expression of hexamerin genes in larval fat body. Appar-
ently under a high dietary protein input as occurring dur-
ing larval stage, JH induces hexamerins for a high
expression.

The detailed expression studies using fat body, ovaries
and testes revealed that: (1) the four hexamerin genes are
highly transcribed in the larval fat body, and are likely
involved in hexamerin synthesis for amino acid storage
and use during pupal stage; (2) in young adult workers,
the expression of kex 70a in the fat body is in accordance
with the idea of amino acid storage for a later support of
foraging; (3) the expression of hexamerin genes in larval
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and pupal gonads suggests a role in ovaries and testes dif-
ferentiation, and in spermatogenesis; (4) the expression of
hex 110 in the ovaries of egg-laying queens, was associ-
ated with ovary activity for egg production; (5) at definite
points of the honey bee development, the inverse rela-
tionship between the fat body levels of hexamerin tran-
scripts and JH titer suggests that hexamerins regulate JH
availability and, consequently, may be involved in the pro-
cesses of caste-differentiation and worker transition to
foraging.

Together, the findings of the present study are signifi-
cant in that they highlighted the potential participation of
hexamerins in important aspects of the life cycle of a
social insect, in addition to their primordial role in meta-
morphosis.

Methods

Honey bees

Africanized honey bees were collected from hives main-
tained at the apiary of the University of Sdao Paulo in
Ribeirdo Preto, Brazil. Developing queens (reared by
standard apicultural procedures), workers and drones
were staged according to Rembold et al [65], Michelette
and Soares [66], and Tozetto et al [67], respectively. Adult
workers and drones of known ages were obtained by
paint marking the newly emerged ones and returning
them to their hives to be collected a specified number of
days later. Adult virgin queens were used at the third day
after emergence, and egg-laying queens of unknown ages
were collected from colonies kept in our apiary.

Fat body and gonad samples used in hexamerin expression
studies

Transcripts for the four hexamerin genes were assessed in
the fat body of workers, queens and drones collected at
different ontogenetic stages (larval, pupal and adult). Lar-
vae were collected at the 4th and 5t instars, and individu-
ally sampled for total RNA extraction. As at the 4th instar
the fat body removed by dissection frequently resulted in
small quantities of total RNA, we opted to use the whole
larvae as fat body source. To optimize comparisons
within larval stage, the same was done for the 5% instar
larvae. The abdominal carcass (dorsal integument and
subjacent fat body) from pupae, pharate-adults and adults
was sufficient to obtain individual RNA amounts, and
then it was used as fat body source. Expression was also
investigated in the ovaries of queens and workers, and in
the testes of drones, during pre-imaginal and adult stages.
Ovaries and testes were carefully dissected and exhaus-
tively washed in Ringer saline to eliminate contaminant
fat body before being used for RNA extractions. Data
from our laboratory concerning hex 110 [20], hex 70b
[19] and hex 70a [21] gene expression in the worker fat
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body, and concerning that of sex 70a [21] in female and
male gonads, were used for comparisons.

Testing the effect of JH on the expression of hexamerin
genes

To test the effect of JH on the expression of hexamerin
genes, a commercial JH III (Fluka) was diluted in acetone
to make 10 pg per yul, and 1 pl was topically applied on 5t
instar worker larvae at the feeding phase (L5F). Control
larvae at the same age were topically treated with 1 pl ace-
tone. To obtain age-controlled worker larvae, the queen
was caged on a comb and left to lay eggs for 6 h. When
age-synchronized larvae reached the L5F stage, the comb
was retrieved from the hive and transported to the labo-
ratory for hormone treatment. The hormone (or acetone
only) was carefully deposited on each larva in its comb
cell using a micropipette. In this occasion, the comb was
mapped for further identification of treated and control
larvae, and thereafter they were returned to the hive.
Treated and control larvae were collected after 24 h for
RT-PCR analyses.

Characterization of hexamerin coding sequences (CDSs)
The previously described N-terminal sequences of two of
the honey bee hexamerins, HEX 70c (AYYAGRHTAD-
MFFLH) and HEX 110 (APNVKQRAADQDLLNKQQD-
VIQLLQKISQPIPNQELQNLG) [23], were individually
aligned against the Official Gene Set database [68,69].
Matching predicted amino acid sequences (GB13613-PA
and GB14361-PA) were identified, and the corresponding
nucleotide sequences (GB13613-RA and GB14361-RA)
were annotated in the Artemis 7.0 platform [22] and used
to design primers for experimental determination of the
complete hex 70c and hex 110 CDSs (a short hex 110
cDNA fragment of 180 bp had been previously cloned
and sequenced by our research group, [20]). The primers
[hex 70c (PIR and 3F; 2R and PIF), and kex 110 (5R and
2F; 2R and OF)] (see Additional file 13) were combined for
PCR amplification from first-strand cDNAs obtained by
reverse transcription (see RT-PCR analysis below) of total
RNA from 5th instar worker larvae.

Amplicons were purified and subcloned using the
TOPO TA-cloning kit (Invitrogen). Insert-containing
plasmids were subjected to sequencing reactions using
the primers described in Additional file 1 and M13-for-
ward and reverse universal primers. Dideoxy sequencing
was performed in an automatic sequencer (ABI Prism
310, Applied Biosystems) using BigDye Terminator v3.0
Cycle Sequencing Reaction (Applied Biosystems).
Sequences were analyzed using Sequencher (version 4.7,
Gene Codes Corporation), Artemis software and BLAST
algorithms.

For purposes of data comparison, we used the hex 70b
CDS, and the hex 70a CDS plus part of its 5' and 3' UTRs
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previously cloned and sequenced by our research group
([19,21]; see Additional file 14 for the accession num-
bers).

Characterization of potential regulatory sequences in UCRs
A pipeline for motif discovery was designed based on
reliable strategies previously proposed by Maclsaac et al
[70], and adapted to analyze the honey bee genome
[71,72]. This pipeline integrates three motif-detection
programs: AlignAce [73], MEME [74] and MDscan [75].
Honey bee intergenic databases were constructed for 1.5,
3 and 6 kb sequence sizes that were trimmed whenever
another open reading frame (ORF) was found to be flank-
ing these regions. These databases were exploited for
score calculations using group specificity scores (Church
scores) [76], ROC-AUC scores [77] and Enrichment
scores [78]. Two additional specific score metrics, the
MAP score from AlignAce and MDscan and the E-value
from MEME, were also used as a first filter for selecting
the most significant motifs (MAP > 5 and E-value < le-
05). The second filter was set up to decrease the amount
of spurious hits among the identified DNA motifs
(Church < 1e-04, ROC-AUC = 0.7 and P-value for enrich-
ment < le-04). The main criterion for identifying known
regulatory sites among the six overrepresented motifs
was the alignment of the PSSM (Position-Specific Scoring
Matrix) for each hexamerin motif with the D. melano-
gaster sites as described in the TRANSFAC database, ver-
sion 2008.2 [79]. Only the alignments passing a threshold
of 80% identity for each PSSM were considered as signifi-
cant matches. The correlation among hexamerin tran-
scription profiles in developing queens, workers and
drones, and the occurrence of DNA motifs in hexamerin
gene UCRs were represented as networks based on con-
cepts from graph theory [80] and complex networks
[81,82].

Molecular phylogenetic analysis

Hexamerins and hemocyanins were searched for in pub-
lic databases of protein sequences (Additional file 14) by
using HMMER [83] for identifying the hemocyanin C
(PF03723.5), N (PF03722.5) and M (PF00372.10) domains
as described in the Pfam database [84]. A multiple align-
ment was performed using Muscle [85] with default
parameters (Additional file 15). The phylogenetic tree
was reconstructed by bayesian inference (MrBayes v3.1.2)
using the Blosum model and gamma distribution of sub-
stitution rates. Metropolis-coupled Markov chain Monte
Carlo sampling was performed (with one cold and three
heated chains) setting the number of generations to
300,000 and trees were sampled every 100th generations.
The average standard deviation of split frequency was
0.005 after 300,000 generations. The posterior probabili-
ties were estimated by discarding the first 30% samples.
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RT-PCR analysis

The expression of hexamerin genes was evaluated in the
fat body and gonads of developing queens, workers and
drones by semi-quantitative RT-PCR using specific prim-
ers (hex 110: 2F and 2R; hex 70b: RT-PCR-F and RT-PCR-
R; hex 70c: JUF and JUR, see Additional file 13) to gener-
ate 659, 456 and 171 bp ¢cDNA fragments, respectively.
Total RNA was extracted from fat body, ovaries and testes
using Trizol reagent (Invitrogen). The RNA concentra-
tion of each extracted sample was measured using a
GeneQuant spectrophotometer (Pharmacia). Purity was
determined by the 260/280 nm ratio considering values
between 1.8 and 2. RNA integrity was verified using
denaturing agarose gel (1.2%) electrophoresis and ethid-
ium bromide staining. RNA samples were incubated at
37°C in the presence of 3 units of RNase-free DNase (Pro-
mega) for 40 min to eliminate contaminant DNA, fol-
lowed by 15 min at 70°C to inactivate the enzyme. First-
strand cDNA was synthesized by reverse transcription
using 2.5 pg of total RNA, SuperScript II reverse tran-
scriptase and an oligo dT(12-18) primer (Invitrogen).
Negative control reactions without the enzyme were also
prepared in parallel. After establishing the adequate
number of cycles to avoid saturation, aliquots of cDNAs
diluted 1:5 (v/v) in water were subjected to PCR (27
cycles of 30 s at 94°C, 1 min at 58°C and 1 min at 72°C).
The amplified products were analyzed by electrophoresis
in 1.2% agarose gels containing ethidium bromide. An A.
mellifera actin gene (GenBank accession number
AB023025), which is constitutively expressed during
development [86], was used to control for cDNA loading.
The primers used for actin gene amplification were ACT
- F and ACT - R (Additional file 13), and the thermal
cycling program was the same as described above. Primer
pairs used in RT-PCR analysis (as well as those specified
in Additional file 13) were designed to span at least one
intron. Therefore, possible contamination by genomic
DNA in RT-PCRs could be easily identified by the detec-
tion of a distinct, larger, band following electrophoresis in
ethidium bromide-stained agarose gels.

Real-time RT-PCR analysis

In order to quantitatively compare the levels of hexam-
erin transcripts in queens, workers and drones during the
larval-pupal transition and in adults, we used the AAC
method where the relative amount of transcripts is given
by 2-2AC,. (Applied Biosystems User bulletin #2; [87]). We
previously performed validation experiments to verify
the efficiencies of amplification of the targets and the
endogenous reference. The rp 49 gene [Gen-
Bank:AF441189], which is expressed in similar levels dur-
ing honey bee development [86] was used as the
endogenous reference. Amplification of rp 49 was done
with the primers R and F (Additional file 13). Specific
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primers were used to amplify hexamerin genes (hex 70a:
RTR and RTF; hex 70c: 2F and 1R; hex 110: 3R and 4F; hex
70b: RTR and RTF; Additional file 13). Using serial cDNA
dilutions, the efficiency (E) of the reactions was calcu-
lated (E = 10(1/slope)) for each gene and showed to be
approximately equal. Amplifications were conducted in a
7500 Real Time PCR System (Applied Biosystems) using
20 pL reaction volumes containing 10 uL. SYBR Green
Master Mix 2x (Applied Biosystems), 1 pL first-strand
¢DNA (0.25 pg/pL, prepared from total RNA extracted
from the fat body as described above for RT-PCR analy-
sis), 7.4 pL water and 1 pmol of each specific primer.
Reactions not including the SuperScript II reverse tran-
scriptase (Invitrogen), or cDNA template, were prepared
as negative controls. We used an initial cycle of 50°C for 2
min, a denaturation step of 95°C for 10 min, followed by a
two-step cycling condition (40 cycles of 95°C for 15 s, and
60°C for 1 min). Each run was followed by a melting curve
analysis to confirm the specificity of amplification and
absence of primer dimers. To check reproducibility, each
SYBR green assay was done in duplicate and repeated
with three independent samples. Baseline and threshold
were correctly set to obtain accurate C; values, which
were exported into an MS Excel spreadsheet (Microsoft
Inc.) for 2-AAC calculations.

Pearson's Correlation Coefficient R was used to verify a
possible association among the expression profiles of the
four honey bee hexamerin genes in queens, workers and
drones during the larval-pupal transition. The statistical
significance of the R values was evaluated using a t-test,
with R > 0.81 indicating 95% confidence that the variables
are truly correlated.

Additional material

Additional file 1 Complete coding sequence of the hex110 gene.
Exons are separated by asterisks. Primer sequences used for expres-
sion studies and gene sequencing are underlined. hex170 complete
coding sequence.

Additional file 2 Complete coding sequence of the hex70a gene.
Exons are separated by asterisks. Primer sequences used for expres-
sion studies and gene sequencing are underlined. Dashed lines indi-
cate 5'and 3' UTR regions. hex/0a complete coding sequence.
Additional file 3 Complete coding sequence of the hex70b gene.
Exons are separated by asterisks. Primer sequences used for expres-
sion studies and gene sequencing are underlined. hex70b complete
coding sequence.

Additional file 4 Complete coding sequence of the hex70c gene.
Exons are separated by asterisks. Primer sequences used for expres-
sion studies and gene sequencing are underlined. Dashed lines indi-
cate 5' and 3' UTR regions. hex70c complete coding sequence.
Additional file 5 HEX110 deduced amino acid sequence. Signal pep-
tide is indicated by a dotted line, and a dashed line shows Danty's
hexamerin motif [23]. Asterisks indicate glicosylation sites. The con-
served histidine is double underlined. HEX110 deduced amino acid
sequence.
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Additional file 6 HEX70a deduced amino acid sequence. Signal pep-
tide is indicated by a dotted line, and a dashed line shows Danty's
hexamerin motif [23]. Asterisks indicate glicosylation sites. The con-
served histidine is double underlined. LSP signature-1 motif is indi-
cated (+++). LSP signature-2 motif is in bold. Protease cleavage site is
underlined. The exopterygote and endopterygote conserved glycine-
14 is indicated (#). HEX70a deduced amino acid sequence.

Additional file 7 HEX70b deduced amino acid sequence. Signal pep-
tide is indicated by a dotted line, and a dashed line shows Danty's
hexamerin motif [23]. Asterisks indicate glicosylation sites. The con-
served histidine is double underlined. LSP signature-1 motif is indi-
cated (+++). LSP signature-2 motif is in bold. Protease cleavage site is
underlined. The exopterygote and endopterygote conserved glycine-
14 is indicated (#). HEX70b deduced amino acid sequence.

Additional file 8 HEX70c deduced amino acid sequence. Signal pep-
tide is indicated by a dotted line, and a dashed line shows Danty's
hexamerin motif [23]. Asterisks indicate glicosylation sites. The con-
served histidine is double underlined. LSP signature-1 motif is indi-
cated (+++). LSP signature-2 motif is in bold. The exopterygote and
endopterygote conserved glycine-14 is indicated (#). HEX70c deduced
amino acid sequence.

Additional file 9 Hydropathy profiles produced for HEX70a, HEX70b,
HEX70c and HEX110 sequences using Phobius http://phobius.sbc.su.se.
Hydropathy profiles of the deduced hexamerin sequences of the honey
bee.

Additional file 10 Multiple alignment including HEX 70a, HEX 70b,
HEX 70c and HEX110 using ClustalW 1.83. Multiple alignment of the
deduced hexamerin sequences of the honey bee.

Additional file 11 Expression of hexamerin genes in the fat body of
developing and adult workers, queens and drones. The abundance of
hex110, hex70a, hex70b and hex70c transcripts as detected by semi-
quantitative RT-PCR followed by electrophoresis of the amplified
cDNA on ethidium bromide-stained agarose gel using an A. mellifera
actin as a loading control. L5F and L5S: feeding and spinning phases
of the 5th larval instar. PP: pharate pupae. Pw, Pp, Pdp, Pb, Pbl, Pbm
and Pbd: successive phases of the worker and queen pupal stage. P1
to P13: successive phases of the drone pupal stage. NE: newly-
emerged adults. Numbers indicate adult age in days. Expression of hex-
amerin genes in the fat body of developing and adult workers, queens and
drones.

Additional file 12 Expression of hexamerin genes in the gonads of
developing and adult workers, queens and drones. The abundance of
hex110, hex70a, hex70b and hex70c transcripts as detected by semi-
quantitative RT-PCR followed by electrophoresis of the amplified
cDNA on ethidium bromide-stained agarose gel using an A. mellifera
actin as a housekeeping gene. L5F and L5S: feeding and spinning
phases of the 5th larval instar. PP: pharate pupae. Pw, Pp, Pb, Pbl, Pbm
and Pbd: successive phases of the worker and queen pupal stage. P1
to P13: successive phases of the drone pupal stage. NE: newly-
emerged adults. EL: egg-laying queens. Numbers indicate adult age
in days. Expression of hexamerin genes in the gonads of developing and
adult workers, queens and drones.

Additional file 13 Specific primers used for sequencing and expres-
sion analyses. as title.

Additional file 14 Accession numbers and references concerning to
hexamerins and hemocyanins included in molecular phylogeny anal-
ysis. as title.

Additional file 15 Multiple alignment used for phylogenetic tree

reconstruction. as title.

Abbreviations

cDNA: complementary DNA; RT-PCR: reverse transcription polymerase chain
reaction; UCR: upstream control region; CDS: coding sequence; UTR: untrans-
lated region; hex, hexamerin gene; HEX: hexamerin subunit; JH: juvenile hor-
mone; DNAse: deoxyribonuclease; Glx: glutamine/glutamic acid; Usp:
ultraspiracle.
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Abstract

Insect hexamerins have long been known as storage proteins that are massively synthesized by the larval fat body and
secreted into hemolymph. Following the larval-to-pupal molt, hexamerins are sequestered by the fat body via receptor-
mediated endocytosis, broken up, and used as amino acid resources for metamorphosis. In the honey bee, the transcript
and protein subunit of a hexamerin, HEX 70a, were also detected in ovaries and testes. Aiming to identify the subcellular
localization of HEX 70a in the female and male gonads, we used a specific antibody in whole mount preparations of ovaries
and testes for analysis by confocal laser-scanning microscopy. Intranuclear HEX 70a foci were evidenced in germ and
somatic cells of ovarioles and testioles of pharate-adult workers and drones, suggesting a regulatory or structural role.
Following injection of the thymidine analog EdU we observed co-labeling with HEX 70a in ovariole cell nuclei, inferring
possible HEX 70a involvement in cell proliferation. Further support to this hypothesis came from an injection of anti-HEX
70a into newly ecdysed queen pupae where it had a negative effect on ovariole thickening. HEX 70a foci were also detected
in ovarioles of egg laying queens, particularly in the nuclei of the highly polyploid nurse cells and in proliferating follicle
cells. Additional roles for this storage protein are indicated by the detection of nuclear HEX 70a foci in post-meiotic
spermatids and spermatozoa. Taken together, these results imply undescribed roles for HEX 70a in the developing gonads
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of the honey bee and raise the possibility that other hexamerins may also have tissue specific functions.

Citation: Martins JR, Anhezini L, Dallacqua RP, Simdes ZLP, Bitondi MMG (2011) A Honey Bee Hexamerin, HEX 70a, Is Likely to Play an Intranuclear Role in
Developing and Mature Ovarioles and Testioles. PLoS ONE 6(12): €29006. doi:10.1371/journal.pone.0029006

Received August 22, 2011; Accepted November 18, 2011; Published December 19, 2011

Copyright: © 2011 Martins et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Financial support was provided by the Fundacdo de Amparo a Pesquisa do Estado de Séo Paulo (FAPESP grants 05/03926-5 and 10/16380-9), which
also provided a fellowship to JRM (08/00541-3). The funders had no role in study design, data collection and analysis, decision to publish, or preparation of the

Competing Interests: The authors have declared that no competing interests exist.

Introduction

The larvae of holometabolous insects accumulate a large
quantity of proteins, carbohydrates and lipids which serve as
energy and structural compounds for sustaining metamorphosis up
to the adult stage [1]. The most abundant proteins in larval
hemolymph are the hexamerins, also known as larval serum
proteins, or simply, as storage proteins. Hexamerins are high
molecular mass molecules composed, by definition, of six subunits,
which can be either homo- or heteromers. Evolutionarily they are
derived from hemocyanins, but in contrast to the ancestral
molecule, they have lost the capacity of binding copper ions for
oxygen transport, and mainly have a role as storage proteins [2].

Hexamerins are massively synthesized by the larval fat body and
secreted in hemolymph. Following cessation of larval feeding in
preparation to the larval-to-pupal molt, these proteins are
sequestered from hemolymph by the fat body cells, via endocytosis
mediated by membrane receptors [3], and stored in the cytoplasm
in the form of granules [4]. As such, they can be processed and
used as amino acid source for development completion. In line
with the idea that the sole function of most hexamerins is to act as
amino acid reserves when feeding is no longer occurring, as during
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the pupal and pharate-adult stages, Roberts and Brock (1981) [5]
considered that hexamerins are the essential proteins for
metamorphosis, as vitellogenins are to embryogenesis.

The importance of hexamerins as amino acid storage proteins
during metamorphosis was initially demonstrated by injecting
larvae of the dipteran Calliphora vicina with ["*C]-phenylalanine
that was metabolically incorporated into hexamerin molecules
(then called calliphorins), and following the fate of the radioactive
carbon isotope. Using this strategy, Levenbook and Bauer (1984)
[6] verified that most of the soluble proteins from practically all
tissues of the developing pharate-adults became labeled. In a
similar experiment, labeled proteins were recorded not only in
adult somatic tissues (integument, thoracic muscle), but also in the
egg (chorion, yolk) of Actias luna, a moth that produces its eggs
during pharate adult development [7]. A correlation between egg
production and depletion of the larval reserve of hexamerins was
established in adult lepidopterans unable to eat (without mouth
parts) or that feed basically on nectar, a poor protein diet [7-10]
despite containing amino acids of supplemental nutritional value
[11]. There is also circumstantial evidence that amino acids held
in hexamerins are used for provisioning eggs of non-lepidopteran
species, such as, the mosquito Aedes atropalpus, which produces the
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first batch of eggs without a feeding [12,13], the cockroach Blaberus
discoidalis [14], the house fly Musca domestica [15], and the
grasshopper Schistocerca americana [16]. The high level of hexamer-
ins stored by Camponotus festinatus queen ants and by certain species
of termites was also related to the production of the first batch of
brood without access to food during colony founding [17-19].
Together, these results indicate that hexamerin residues are
recycled to make other proteins needed for tissues reconstruction
during metamorphosis and, in some insect species, for egg
production. Thus, after hexamerin breakdown in the fat body,
the released amino acid residues are reutilized and incorporated
into new proteins, although there is also evidence of incorporation
of hexamerins into tissues after partial degradation [20] or even
without degradation [4,21].

In general, hexamerins disappear from hemolymph within a few
days after adult eclosion. Nevertheless, in some insect species they
may persist in hemolymph up to the adult stage [14,22]. There is
also evidence of synthesis reinduction and even de novo synthesis in
adults, although at a lower rate [13,23].

A special class of hexamerins, the arylphorins, has received
special attention in view of their high content of aromatic amino
acids. In fact, arylphorins have long been presumed to be a source
of aromatic amino acids for exoskeleton sclerotization in
lepidopterans  [7,24-27]. Hexamerins from Locusta migratoria
[28,29] and Melanoplus sanguinipes [30] also play a role as
hemolymph juvenile hormone transporters, and the Larval
Hemolymph Protein-1 of Calliphora vicina has been confirmed as
a low affinity carrier protein for ecdysteroids [4]. Recently,
Zalewska et al. (2009) [31] demonstrated that hexamerins interact
with other proteins (juvenile hormone binding protein and
apolipophorin) in a multiprotein complex engaged in sequestration
and transport of juvenile hormone, thus inferring the involvement
of hexamerins in regulating juvenile hormone levels and action,
even when they do not directly bind to the hormone.

Based on the purported ability of binding and controlling
juvenile hormone levels, hexamerins have been linked to
important facets of social insect life histories. In the termite
Reticulitermes flavipes, the role of hexamerins has been associated to
the regulation of the juvenile hormone-dependent soldier caste
phenotype [32-35]. Also in honey bee larval development, the
inverse relationship between the levels of hexamerin transcripts in
the fat body and the juvenile hormone titer suggests that
hexamerins may act as players in the juvenile hormone-dependent
differentiation of the bipotent female larva towards a queen or a
worker phenotype [36]. In the social wasp Polistes metricus, one
hexamerin may be involved in caste-specific behaviors and in the
regulation of diapause, which is also conditional on a low titer of
juvenile hormone [37].

Except for the termite R. flavipes, most of the above mentioned
considerations on the roles of hexamerins in social insect life
histories are based on correlational or other circumstantial
evidence, still requiring experimental confirmation and in-depth
analysis at the cellular level.

In the highly eusocial honey bee, Ryan ez al. (1984) [38] were
the first to characterize a hexamerin subunit in the range of 75—
80 kDa. Later, four hexamerin subunits (including the one
previously described by Ryan [38]) were distinguished in honey
bee hemolymph samples by SDS-PAGE and N-terminal sequenc-
ing [39]. Since three of these subunits presented molecular mass in
the 70 kDa range, they were named HEX 70a, HEX 70b, and
HEX 70c. The other subunit migrated at a rate consistent with a
higher molecular mass and was named HEX 110. Studies
undertaken in our laboratory led to the characterization of the
full-length ¢DNAs encoding the four honey bee hexamerin
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Immunolocalization of HEX 70a in Honeybee Gonads

subunits. These studies enabled the characterization of the
structure of these genes and the prospection of overrepresented
sequence motifs indicative of mutual co-regulation in the
respective upstream control regions. It was also investigated the
evolutionary relationship between the honey bee hexamerins and
homologous proteins from other insect species. Furthermore, we
characterized the expression patterns of the four hexamerin genes
in the fat body and gonads of developing and adult workers,
queens and drones, as well as the hormonal- and nutritional-
dependent expression of these genes [23,36,40,41].

A honey bee arylphorin, HEX 70a, is the focus of the current
work. Through RT-PCR (semiquantitative and quantitative) and
western blot analyses using a specific antibody we had previously
demonstrated that, besides being strongly expressed in the larval
fat body, the HEX 70a transcript and protein subunit were also
present in the male and female gonads [23]. In the search for a
role of this hexamerin in ovaries and testes we designed
experiments for its immunofluorescence detection by confocal
laser-scanning microscopy. In parallel, a nucleoside analog of
thymidine coupled to a dye was used for prospection of dividing
cells in developing ovaries. To highlight structural aspects of the
gonads at the developmental stages here approached we used
rhodamine-phalloidin labeling for F-actin and DAPI-labeling for
cell nuclei, in addition to conventional histology.

Results

HEX 70a detection in ovarian cell nuclei in pharate-adult
workers

Ovary sections of a pharate-adult worker show the basic
structure of an ovariole stained with methylene blue and basic
fuchsin (Figure 1A), the actin array visualized through rhodamine/
phalloidin staining (Figures 1B, C), and foci of HEX 70a
immunodetected with anti-HEX70a/Cy3 (Figures E, F). DAPI
was used to highlight ovarian cell nuclet and to make ovariole
visualization easier (Figures 1B, C, D, F). At this initial stage of
pharate-adult development (~1 day after pupal ecdysis), each
ovariole consists of a distal terminal filament (not shown) and a
proximal germarium. In the germarium the germline cells, or
cystocytes, are beginning to be arranged in rosette-like structures
(circle in Figure 1A). Each rosette is a cystocyte clone derived from
a single cystoblast (oogonium) and will give rise to a single oocyte
and the accompanying trophocytes, or nurse cells. To better
visualize the structure of the ovariole at this developmental stage
(early pharate-adult) we used rhodamine/phalloidin for detection
of F-actin, and DAPI to stain the ovarian cell nuclet. In the upper
region of the germarium (upper part of Figure 1B) we could
visualize the dense actin complex typical of the polyfusomal region
in the center of each cystocyte rosette (arrowheads in Figure 1B).
In the lower region of the germarium (lower part of Figure 1B and
Figure 1C) the polyfusomes were converted into ring canals
(arrows in Figures 1B, C) that allow communication among the
germline cells, 1.e., among the cell destined to be the oocyte and its
associated nurse cells. Ovarioles characterized by such structural
arrangements, as detailed in Figures 1A-C, were prepared for
HEX 70a detection with anti-HEX 70a/Cy3. Figure 1D shows the
upper region of the germarium of an ovariole stained with DAPIL
Figure 1E illustrates the same ovariole region where foci of HEX
70a can be seen (merged image is shown in Figure 1F). The insert
in Figure 1F represents a control ovariole incubated with pre-
immune serum and stained with DAPI and Cy3. Comparison
among Figures 1D-F revels that HEX 70a is localized in the nuclei
of the germline cells (cystocytes), in close association with
chromatin (arrowheads in Figures 1D-F). Presumptive follicle

December 2011 | Volume 6 | Issue 12 | e29006



»

15 pm

Immunolocalization of HEX 70a in Honeybee Gonads

50 pm -

100 pm

Figure 1. Detection of HEX 70a in ovarioles of workers at the beginning of the pharate-adult development (~1 day after pupal
ecdysis) (the developmental stage is illustrated at the upper left corner of the figure). (A) Light microscopy of ovarioles (covered by their
respective peritoneal sheath) stained with methylene blue/basic fuchsin. Only the germarium is focused in this figure (the most anterior region of the
ovariole, or terminal filament, is not shown). A rosette formed by germline cells (oocyte and nurse cell precursors) is distinguishable (circle) in the
germarium. (B, C) Confocal microscopy image of rhodamine/phalloidin labeled F-actin (green) and DAPI-labeled cell nuclei (blue) showing aspects of
the structure of the ovarioles (peritoneal sheath removed) at the time they were used for HEX 70A detection. The actin-rich polyfusomes (arrowheads
in B) are seen in the center of the cystocyte rosettes in the upper region of the germarium. Ring canals derived from polyfusomes (arrows in B and C)
are apparent in the lower region of the germarium shown in B and in higher magnification in C. (D) Confocal microscopy of an ovariole (upper
portion of the germarium) stained with DAPI. (E) The same ovariole showing foci of HEX 70a detected with anti-HEX 70a/Cy3 (red). (F) The merged D
and E images. The insert in F shows a “control” ovariole (upper portion of the germarium) incubated with the pre-immune serum and subsequently
stained with Cy3/DAPI. Arrowheads in D-F show nuclei of germline cells. Arrows in D-F point to nuclei of follicle cell precursors. In all figures, the

upper portion of the germarium is oriented upward.
doi:10.1371/journal.pone.0029006.g001

cells (somatic cells) are not clearly evident at this stage, but were
tentatively indicated by arrows in Figures 1D-F. Like the germline
cell nuclei, the somatic cell nuclei show HEX 70a foci.

Colocalization of EAU and HEX 70a in the ovarian cell

nuclei of pharate-adult workers

EdU is a nucleoside analog of thymidine that incorporates into
DNA during the S-phase of the cell cycle, thus allowing the
detection of DNA replication for cell division when coupled to a
dye (Alexa Fluor 594). EAU was injected in early pharate adults
(~1 day after pupal ecdysis). The ovaries were dissected after 24 h
and prepared for confocal microscopy. Figures 2A-D show
confocal images of one of these ovaries. In Figure 2A the DAPI-
staining highlighted the cell nuclei in the base of the ovary and in
its constituent ovarioles. Only the germarium region is shown in
each ovariole. Figure 2B revealed intranuclear HEX 70a/Cy3 foci
spread throughout the ovary. By comparing Figures 2A and 2B we
identified regions of DAPI-stained nuclei in the ovarioles
(germarium) without HEX 70a/Cy3 foci. Therefore, HEX 70a
is not present in every ovarian nuclei. Figure 2C revealed EAU
incorporation in S-phase nuclei. In a comparative analysis, the
Figures 2B, C and the merged image seen in Figure 2D revealed
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that the nuclei labeled with EdU/Alexa Fluor also show HEX
70a/Cy3 labels, suggesting that HEX 70a may be somehow
involved in the S-phase events leading to cell proliferation in
ovarioles. However, HEX 70a has a nuclear localization even in
cells outside the S-phase, since the overlap between HEX 70a/
Cy3 and EAU/Alexa Fluor labels is not complete: for example, the
nuclei showing HEX 70a immunofluorescence at the right margin
of the ovary in Figure 2B do not show EdU fluorescence

(Figures 2C, D).

Expression of HEX 70a in ovarioles of egg laying queens

HEX 70a foci were also detected in ovarioles dissected from
adult queens. Figure 3A shows a schematic representation of an
ovariole of an egg-laying queen. The ovariole consists of a narrow
distal region, the terminal filament, an intermediate region, or
germarium, and a proximal region, the vitellarium. The terminal
filament contains typical coin-shaped somatic cells and putative
germline stem cells [42]. Cystocyte clusters are observed in the
upper region of the germarium, and in the lower region there are
growing oocytes associated with the polyploid nurse cells. In the
upper region of the vitellarium (Figure 3A), nurse cell and oocyte
chambers forming the pre-vitellogenic follicles are visible. The
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Figure 2. Colocalization of anti-HEX 70a/Cy3 and EdU/Alexa Fluor in the ovary of a pharate-adult worker (~2 days after pupal
ecdysis: seen at the upper left corner of the figure). (A) DAPI-stained ovarian cell nuclei (shown in blue). For clarity, the ovarioles are delineated
by dashed lines above the basal portion of the ovary. Only the germarium region is seen in each ovariole. (B) HEX 70a foci detected with anti-HEX
70a/Cy3 (red). (C) EdU/Alexa Fluor foci in S-phase ovarian nuclei (yellow). (D) Merged B and C images. Circles in B-D emphasize groups of cystocytes
(in the germarium region) showing double labeling (anti-HEX 70a/Cy3 and EdU/Alexa Fluor). The group of cystocytes encircled at the most right
position in D is shown in higher magnification in the insert. Cell nuclei on the right margin of the ovary in B (arrowheads) show HEX 70a/Cy3 but not

EdU/Alexa Fluor labels.
doi:10.1371/journal.pone.0029006.g002

lower region of vitellarium is the largest region of the ovariole
(shown in Figure 3B) and consists of a sequence of growing oocytes
involved by a layer of follicle cells (arrowheads) interspersed with
nurse cell chambers (arrows). In this region, the oocyte reaches its
maximum size, the nurse cells collapse, the chorion is formed and
the egg is finally released into the oviduct.

Figures 3C—E shows the lower region of the terminal filament.
In this region, HEX 70a is strongly associated with cell nuclei, but
foci of HEX 70a in the cytoplasm of filament cells were also
noticed (Figure 3D, E, arrows). HEX 70a was also localized in the
nuclei of the nurse cells (Figures 3F—H), as well as in the nuclei of
the somatic follicle cells (Figures 31-K), which cover the oocyte. In
both cell types, HEX 70a has exclusively an intranuclear
localization, but with a very distinct pattern of foci size and
distribution. HEX' 70a foci are small and scattered all over the
nuclei of the polyploid nurse cells and are larger and concentrated
in defined nuclear areas in the proliferating follicle cells.

Effect of anti-HEX 70a injection on ovariole width and
cuticle sclerotization

To strengthen the hypothesis that HEX 70a is involved in
ovariole cell proliferation we injected 24 h-queen pupae with anti-
HEX 70a (diluted in 0.9% NaCl) and measured the width of the
ovarioles soon after the adult ecdysis, under the expectation that
the specific antibody would reduce HEX 70a activity and, thus,
result in smaller ovarioles. Figure 4A shows that the antibody
injection significantly hampered ovariole growth (p=0.002) in
comparison with control queens injected with the vehicle only.

In parallel, 24 h-worker pupae were also injected with anti-
HEX 70a and the effect of this antibody on the hemolymph HEX
70a levels was examined. Western blots revealed a reduction of
54% (estimated by densitometric assessment in arbitrary units
obtained from HEX 70a bands normalized to the ~200 kDa
lipophorin loading control) in the levels of HEX 70a 4 h after
mjection of the antibody, followed by recovery to normal levels
within 72 h (Figure 4B). Given that HEX 70a is an arylphorin,
and as such, it may represent a source of aromatic amino acids for
cuticle formation, we also checked the progress of pigmentation
and sclerotization in anti-HEX 70a-injected workers, comparing
them to two control groups, injected with mouse IgG or only with
the antibody vehicle. Anti-HEX 70a injection produced a drastic
effect on cuticle formation. This effect was more evident in the
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cuticle of the hind legs that were not fully pigmented and
sclerotized. In anti-HEX 70a-treated bees, the hind leg cuticle is
clearer and softer than in the control groups (Figure 4C). Taken
together, the data shown in Figure 4 are consistent with the
proposed participation of HEX 70a in ovariole cell proliferation,
confirmed that the antibody is effective in reducing HEX 70a
levels, and furthermore, confirmed that HEX 70a is a genuine
arylphorin with a role in cuticle formation (in addition to being a
nuclear protein in the gonads).

Expression of HEX 70a in the testes

HEX 70a was also detected in the germ and somatic cells of
developing testes. Figure 5A shows a cross section of the upper
portion of a testiole dissected from a drone pupa (1 day after pupal
ecdysis). In this region we could observe cysts, i.e., groups of germ
cells (cystocytes or spermatogonia: arrows in Figure 5A) housed
within a somatic cell envelope (somatic cell nuclei pointed by
arrowheads in Figure 5A). Confocal microscopy on rhodamine/
phalloidin-labeled F-actin (green) and DAPI-labeled cell nuclei
(blue) (Figure 5B) highlighted the structure of this region of the
testiole. F-actin is an abundant component of the somatic cell
cytoplasm, and is also present in the ring canals (asterisks in
Figure 5B) that enable mutual communication for the germ cells.
Comparison of Figures 5C—E revealed foci of HEX 70a mainly in
the nuclei of the germ cells (thick arrows in Figure 5E) and somatic
cells (arrowheads in Figure 5E), but also dispersed in the cytoplasm
of the germ cells (thin arrows in Figure 5E). The small volume of
cytoplasm in the somatic cells impairs the accuracy in identifying
possible cytoplasmic HEX 70a foci in the confocal images.

Sections of the lower region of testioles dissected from drones at
an intermediate phase of the pharate adult development (~6 days
after pupal ecdysis) showed syncytial clusters of elongating
spermatids (Figures 6A, C, arrows). Actin cones were seen
assembled around the tip of the spermatid nuclei (Figures 6B, D,
arrows). Figure 6E shows DAPI-stained nuclei of spermatids in
syncytial clusters (arrows) and of somatic cells (arrowheads). In
Figure 6F, which is a preparation stained with anti-HEX 70a/
Cy3, and in the merged image (Figure 6G) we could verify that
HEX 70a was strongly localized to the posterior extremity of the
spermatid nuclei (Figures 6F, G inserts), as well as in the nuclei of
individualized spermatozoa (arrows in Figures 6F, G) and somatic
cells (arrowheads in Figures 6F, G).
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Figure 3. Immunolocalization of HEX 70a in the queen ovariole. (A) Schematic representation of an ovariole of an egg laying queen (seen at
the upper left corner): only the terminal filament, the germarium and early follicles initiating previtellogenic growth in the upper region of the
vitellarium are shown in A. Confocal microscopy images: (B) Part of an ovariole showing the middle and lower regions of the vitellarium labeled with
rhodamin/phalloidin (green) to highlight F-actin. The arrows and arrowheads show developing nurse cell- and oocyte- chambers, respectively. (C-E)
the terminal filament (the lower region is oriented downward) shows HEX 70a foci in the nuclei (D, E) and in cytoplasm (arrows in D, E). (F-H) Nurse
cell nuclei in the nurse cell chamber (lower region of the vitellarium as indicated by arrows in B). (I-K) Follicle cell nuclei covering an oocyte at the
lower region of the vitellarium (as indicated by arrowheads in B). (C, F, 1) DAPI-stained cell nuclei (blue); (D, G, J) anti-HEX 70a/Cy3-staining for HEX

70a detection (red) and (E, H, K) merged images.
doi:10.1371/journal.pone.0029006.9003

Discussion

HEX 70a in oogenesis and spermatogenesis of the honey
bee

Herein we show that the honey bee HEX 70a is localized in the
nuclei of ovarian and testis cells, thus implying in a yet undescribed
role for this hexamerin. In its native structure, HEX 70a is an
oligomer (data not shown). Similar to other proteins, HEX 70a
may be acting in the nucleus in the monomeric form, as recently
reported for royalactin, a 57 kDa monomer that functions as a
caste determining factor in the honey bee. Royalactin forms the
oligomere MRJP1, a member of the Major Royal Jelly Protein
family, which is present not only in royal jelly secreted by the
worker hypopharingeal glands, but also in hemolymph and other
tissues of the honey bee [43].

HEX 70a fulfills all the criteria established for classification as a
storage hexamerin. It has the three canonical hemocyanin
domains (N: PF03722.5, M: PF00372.10 and C: PF03723.5 -
Pfam database, [44]), which are typical of all hexamerins. It is
massively synthesized by the fat body during the larval feeding
stage and abundantly stored into larval hemolymph, remains in
high quantity in pupal and early pharate-adult hemolymph, and
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subsequently becomes less abundant [23,39]. This feature is in
conformity with the role in providing amino acids for pupal and
pharate adult development, just like the other hexamerins.
Furthermore, it contains a high proportion (18.2%) of aromatic
amino acids, which makes it a member of a subclass of
hexamerins, the arylphorins. HEX 70a is likely used for adult
cuticle construction. As demonstrated herein, the inactivation of
HEX 70a in vivo by injecting anti-HEX 70a into worker pupae
visibly hampered the process of adult cuticle formation. Interest-
ingly, the experimental decrease in HEX 70a in hemolymph
provoked through antibody-injection was sufficient to affect cuticle
formation, despite the presence of another arylphorin, HEX 70b,
in hemolymph at this stage [40]. This indicates that HEX 70a, or
the amino acids derived from its hydrolysis, have essential
participation in cuticle formation.

Previous experimental evidence in our laboratory had already
indicated that HEX 70a is a multifunctional protein. By means of
semiquantitative and quantitative RT-PCR and Western blot
analysis using anti-HEX 70a, we could show that the fat body is
not the only site of HEX 70a production, as the transcript and the
corresponding protein subunit were also detected in developing
gonads of workers, queens and drones, suggesting roles in ovary
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Figure 4. Effect of HEX 70a depletion on queen ovary growth and worker cuticle formation. (A) Width of the ovarioles of queens injected
with anti-HEX 70a in 0.9% NaCl or saline vehicle only. Measurements were made in two regions of the germarium of 120 ovarioles, 60 of them
dissected from 3 anti-HEX 70a injected queens (20 ovarioles per queen), and 60 from 3 control queens. Measurements obtained from bees injected
with the antibody, or the antibody vehicle only, were compared using Two-Way ANOVA and the post-hoc Holm-Sidak multiple comparison test
(Jandel SigmaStat 3.1 software, Jandel Corporation, San Rafael, CA, USA). (B) Western blot levels of HEX 70a in the hemolymph samples of workers at
4 and 72 h after injection with anti-HEX 70a or saline vehicle only (control). The levels of the ~200 kDa lipophorin in the same samples were used as
loading control. (C) Hind legs of workers injected with anti-HEX 70a in 0.9% NaCl, in comparison to workers injected with mouse IgG in 0,9% NaCl, or
those of the 0.9% NaCl injected group.

doi:10.1371/journal.pone.0029006.g004
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Figure 5. Inmunolocalization of HEX 70a in the testioles of drone pupae (1 day after pupal ecdysis; developmental stage shown at
the upper left corner). (A) Light microscopy section of a testiole stained with methylene blue/basic fuchsin showing a region containing groups of
cystocytes (spermatogonia) (arrows) involved by somatic cells (somatic cell nuclei pointed by arrowheads). (B) Confocal microscopy image showing
rhodamine/phalloidin labeled F-actin (green) and DAPI-labeled cell nuclei (blue); somatic cell nuclei are pointed by arrowheads; insert shows a
magnified image of a cyst containing cystocytes (cystocyte nuclei pointed by arrows) and ring canals (asterisks). (C-E) Confocal microscopy images of
a testiole from a drone taken at the same developmental phase, showing (C) DAPI-stained cell nuclei, (D) foci of HEX 70a detected with anti-HEX 70a/
Cy3 (red), and (E) the merged C and D images. In Figure 1E the thick arrows show germ cell nuclei, the thin arrows show HEX 70a foci in the

cytoplasm and the arrowheads show somatic cell nuclei.
doi:10.1371/journal.pone.0029006.g005

differentiation and testes maturation. HEX 70a transcripts and
protein subunits were also detected in the ovaries of adult queens
(but not in the worker bee hypopharyngeal glands) [23].

Following up on this question, the immunodetection of HEX
70a in the gonads now evidenced an association of this protein
with nuclei of germline and somatic cells. Such localization was
completely unexpected for a storage protein, implying regulatory
or structural roles in the nuclei. The nuclear colocalization of
HEX 70a with the S-phase marker EdU furthermore indicated
that HEX 70a may play a role in DNA replication for cell
proliferation or polyploidization. However, there are also ovariole
cell nuclei showing HEX 70a immunofluorescence, but not EAU
fluorescence (the reverse was not observed). This does not exclude
a possible HEX 70a role in cell proliferation, but may indicate that
HEX 70a does not have an exclusive role in the S-phase of the cell
cycle, or that the stability of the protein within the nuclei is not
restricted to the S-phase.

The hypothesis that HEX 70a is involved in cell proliferation
received support from experiments where anti-HEX 70a antibody
was injected into queen pupae, revealing negative effects on
ovariole enlargement, which likely occurs via cell proliferation.
Consistent with this hypothesis, HEX 70a was localized in the
nuclei of the cystocytes in the ovaries of early pharate-adult
workers. Cystocytes are mitotically active, as shown here by EdU
labeling, and through BrdU (5-bromo-2'deoxy-uridine) labeling
[42]. Each cystocyte proliferates to form a clone of about 48 or
more cells [45,46] which is arranged as a rosette and contains a
germline-specific organelle, the polyfusome [47]. Actin was shown
to be a prominent fusome marker in the center of the rosettes
[48,49]. Only later in development will one cystocyte in each
rosette enter meiosis and begin to grow and then become
morphologically distinguishable from the nurse cell-destined
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cystocytes. As the oocyte differentiates, the rosettes are gradually
transformed into initial follicles, with the fusomes being converted
into the ring canals that connect the developing oocyte with the
nurse cells, and the nurse cells with each other. Each growing
oocyte/nurse cell cluster becomes surrounded by somatic follicle
cells and will be partitioned into an egg chamber, where oogenesis
and vitellogenesis proceed, and a trophic chamber (or nurse cell
chamber) [42,46,50]. Whilst this is the common pattern in queens,
progressive oogenesis in workers it will only take place if they are
released from the repressor effect of queen pheromone [51].
Different from the oocyte, which enter meiosis and remains
transcriptionally silent, nurse cells undergo a series of endomitotic
cycles [46,52]. This characteristic, typical of the meroistic ovary, is
an evolutionary strategy to increase the synthesis of material and
organelles at a high rate during oogenesis, and export them to the
growing oocyte through the ring canals [53,54]. During oogenesis
of the honey bee, the somatic follicle cells become a thick
epithelium around the growing oocyte and a flattened cell layer
around the joined nurse cells [55]. To account for the intense
oocyte growth during oogenesis and vitellogenesis, the follicle cells
that surround the oocyte must undergo several rounds of mitotic
divisions. Unpublished data from our laboratory (Macedo LMF,
personal communication) documented the significant increase in
follicle cell number in the growing follicles of the honey bee.
Clonsistent with a role in DNA replication, HEX 70a was localized
in the polyploid nuclei of nurse cells and in the proliferating follicle
cells covering the growing follicle in queen ovarioles. The pattern
of HEX 70a foci in the nucleus, however, is distinct for nurse and
follicle cells, perchance reflecting their respective physiological
status. HEX 70a was also localized in the terminal filament cells
where mitotically active BrdU labeled nuclei, probably stem
germline cell nuclei, were demonstrated by Tanaka and Hartfelder
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Figure 6. Immunolocalization of HEX 70a in the testioles of pharate-adult drones (~6 days after pupal ecdysis; developmental
stage shown at the upper left corner). (A, C) Light microscopy of the testiole stained with methylene blue/basic fuchsin. Syncytial cluster of
spermatids are evident (arrows). (B, D) Confocal microscopy images showing rhodamine/phaloidin labeled F-actin (green) and DAPI-labeled cell
nuclei (blue). The association of actin with spermatid heads in the syncytial clusters is evidenced in B (arrows) and in the similar and amplified D
image (arrows). (E-G) Confocal microscopy showing (E) DAPI-stained nuclei in the syncytial cluster of spermatids (asterisks) and in a cyst somatic cell
nuclei (arrowhead); (F) HEX 70a foci detected with anti-HEX 70a/Cy3 (red) at the posterior end of the spermatid nuclei in the syncytial cluster (shown
in higher magnification at the upper left side): arrows point to individualized spermatozoa and the arrowhead points to a cyst somatic cell nuclei. (G)
The merged E-F images showing the amplified syncytial cluster of spermatids (insert), individualized spermatozoa (arrows) and a cyst somatic cell

nuclei (arrowhead).
doi:10.1371/journal.pone.0029006.g006

(2004) [42]. Interestingly, only in this ovariole region we were able
to distinguish HEX 70a foci in the cytoplasm in addition to the
nuclear focal spots. We were unable to localize HEX 70a in the
nuclei of meiotic oocytes.

Intranuclear foci of HEX 70a were also detected in the germ
and somatic cells of the male gonad during its early and late
development. Unambiguous cytoplasmic foci of HEX 70a were
observed only in the earlier stages of testis development and in the
terminal filament of the ovarioles. As spermatogenesis and
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oogenesis progresses the foci of HEX 70a become exclusively
intranuclear.

In newly-ecdysed drone pupae, the clusters of dividing
secondary spermatogonia, also termed cystocytes, become envel-
oped by actin-rich somatic cells and in the interior of these cyst
capsules they develop in spermatocytes, which then initiate the
meiotic division [52,56]. Within the cyst, the germ cells remain
connected by cytoplasmic bridges, the ring canals, similar to what
is seen in the ovarioles. Thus, the presence of HEX 70a in the
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male cystocyte and somatic nuclei may also be tentatively
associated to cell proliferation. However, as discussed below,
HEX 70a was in addition detected in the nucleus of the non-
proliferating spermatids and individualized spermatozoa.

In the honey bee drone, the entire process of spermatogenesis,
from the undifferentiated male germ cell to the formation of the
motile sperm occurs during postembryonic development and is
essentially concluded before emergence of the drone from the
brood cell. The spermatozoa then migrate from the testioles to the
seminal vesicles where they are stored for a few days before
copulation during the nuptial flight [45]. Spermatogenesis in the
honey bee is distinguished by (1) an atypical meiosis (drones are
originated from haploid eggs) during which the spermatocytes
remain interconnected by cytoplasm bridges, (2) formation and
subsequent elimination of supernumerary centrioles in association
with the first meiotic division, and (3) unequal division of the
secondary spermatocyte [57].

During spermatogenesis in Drosophila melanogaster, a cyst of 64
syncytial spermatids derived from a single germ cell precursor
elongates as the axonemes of the sperm tails are formed. These
syncytial spermatids become finally separated into individual
sperm in a process named individualization, which occurs
simultaneously for all 64 spermatids. Actin polymerization is
important for individualization, and this process is mediated by
cones of actin that assemble around each sperm nucleus. Actin
cones acquire triangular shape and move away from the sperm
nucleus, causing the formation of the cystic bulge, the residual
body which contains cytoplasm and organelles that will be
discarded. This process ultimately leads to the transition from
syncytial spermatids to individualized spermatozoa [58].

During spermiogenesis of the honey bee, we could detect foci of
HEX 70a at the syncytial spermatid nuclei, posteriorly to the
assembled actin cones, and also in the nuclei of individualized
spermatozoa. The presence of HEX 70a in the nuclei of
differentiating spermatids and in the spermatozoa certainly cannot
be associated to cell proliferation, but suggests a novel, distinct role
for this protein also during the spermiogenesis. This is a
completely novel finding concerning a hexamerin function that
requires further investigation.

Hexamerins — more than just storage proteins for
metamorphosis

Almost 20 years ago it was demonstrated that fat body tissue or
fat body extracts (from lepidopteran species) were efficient in
stimulating  vitro proliferation of larval midgut stem cells of some
lepidopterans [59-61]. Curiously, the fat body factor that induced
cell proliferation was later identified as being a 77 kDa arylphorin
subunit (o-arylphorin) [62]. Purified a-arylphorin stimulated
midgut stem cell proliferation at a very low concentration, which
excludes a simple nutritional effect. Experiments using BrdU
labeling confirmed that arylphorin induces DNA synthesis. The
mitogenic-stimulating activity of arylphorin was also observed
vivo n insects that showed increased growth rates after being fed on
artificial diets containing arylphorin [62-64]. Therefore, experi-
mental approaches very distinct from those utilized herein, have
led to the same conclusion, i.e., that arylphorins have a role in cell
proliferation.

Our results brought to light entirely unsuspected roles for a
storage protein. The presence of HEX 70a in the nuclei of
germline and somatic cells in ovaries and testes suggests function in
regulation, structural nuclear organization and/or cell prolifera-
tion. These gonadal functions of a larval storage protein are
novelties that clearly deserve further investigation.
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Materials and Methods

Bee sampling

Africanized honey bee workers and drones in different
developmental stages (pupal, pharate-adult and adult) were
collected from hives maintained at the apiary of the University
of Sdo Paulo in Ribeirdo Preto, Brazil. Queens were reared
according to standard apicultural methods. Some queens were
collected soon after pupal ecdysis and some were collected at
emergence and introduced in dequeened hives to be collected
later, after mating and the onset of egg laying activity. Pupae and
pharate-adults were staged according to the criteria established by
Michelette and Soares (1993) [65] (workers), Tozetto et al. (2007)
[66] (drones) and Rembold et al. 1980 [67] (queens), which are
based on the progress of eye coloration, from white to dark-brown,
and absence or presence and grade of exoskeleton tanning. Before
dissection, adult bees were anesthetized with gaseous nitrogen.

Conventional light microscopy

Gonads were dissected and briefly rinsed in Ringer saline (NaCl
0.17 M, KCI 0.01 M, CaCly, 0.003 M) and kept for 24 hours in
cold (4°C) fixative (4% paraformaldehyde in 0.1 M phosphate
buffer, pH 7.3), dehydrated in a graded ethanol series and then
embedded in methacrylate resin (Historesin, Leica). Sections of
4 um thickness were stained with methylene blue and basic fuchsin
and mounted in Entellan (Merck) to be examined and photo-
graphed using an Axioskop II photomicroscope (Zeiss).

Confocal microscopy

F-actin and nuclei staining. After dissection in phosphate
buffered saline (PBS;:137 mM NaCl, 2.7 mM KCIl, 10 mM
NaoHPOy,, 1.7 mM KHyPO,, pH 7.4), ovaries and testes were
cleaned as much as possible of trachea and immersed in a honey
bee-specific tissue culture medium [68] for separating individual
ovarioles and testioles and removal of the peritoneal sheath.
Opvarioles and testioles were then fixed for 30 min in 240 puL PBS,,
200 pL 37% formaldehyde (Merck), 8 uL. Triton X-100 (Sigma)
and 2 pL. rhodamine-phalloidin 1:100 v/v (Invitrogen). After
being washed twice in 0.2% Triton X-100 in PBS; (0.2% TPBS)
and 0.1% rhodamine -phalloidin for 20 min each, a third 20 min-
wash was done in 0.2% TPBS without rhodamine -phalloidin.
Ovaries and testioles were then incubated for 5 min in DAPI (4',6-
diamidino-2-phenylindole) 1:8000 v/v (Sigma) in 0.2% TPBS and
then rinsed five times in 0.2% TPBS. Slides were mounted in
glycerol 80% (Merck) and examined under a Leica TCS-SP5
confocal microscope (Leica Microsystems).

HEX 70a immunolocalization. A custom-made polyclonal
anti-HEX 70a specific antibody (Affinity BioReagents, Golden,
CO, USA) was produced from the sequence SYKMHQKPYNKD
of the HEX 70a subunit predicted from the fully sequenced cDNA
[23]. This antibody was used in whole mount preparations of
ovarioles and testioles from bees in different developmental stages.
The pre-immune serum was used as negative control.

Ovarioles and testioles were fixed for 20 min in 4% parafor-
maldehyde in PBS;, permeabilized with 0.1% Triton X-100 in
PBS, (0.1% TPBS) for 15 min (five washes), blocked with 1% BSA
for 30 min and incubated in 5% normal goat serum for 30 min.
Ovarioles and testioles were incubated with anti-HEX 70a at a
concentration of 1:50 in 0.1% TPBS, 1% BSA and 5% normal
goat serum for 16 h at 4°C. This was followed by five washes of
20 min in 0.1% TPBS, blocking with 1% BSA for 20 min (two
washes) and incubation in 5% normal goat serum for 30 min. A
Cy3-conjugated goat anti-rabbit antibody (Sigma, 1:200 dilution)
was added to the preparations, which were incubated for 2 h at
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room temperature. Ovaries and testioles were then incubated in
DAPI (4',6-diamidino-2-phenylindole) 1:8000 v/v (Sigma) in 0.1%
TPBS for 5 min and then rinsed five times in 0.1% TPBS. Slides
were mounted in glycerol 80% (Merck) and examined under a
Leica TCS-SP5 confocal microscope (Leica Microsystems).

EdU and HEX 70a colocalization. Newly ecdysed worker
pupae (Pw phase) collected from hives and kept in an incubator at
34°C and 80% relative humidity for 24 h were injected with 1 ul
of a 40 pM 5-cthynyl-2'deoxyuridine (EdU, Click-iT™ EdU
Imaging Kits — Invitrogen) solution in Ringer saline. The injection
was administered into the abdominal hemocoel. After 24 h the
injected bees were dissected for extraction of the ovaries. The
ovaries were fixed in 3.7% formaldehyde in PBS; for 30 min and
subsequently transferred to the Click-iT™ EdU Imaging Kits
reaction mixture (43 pl 10X reaction buffer; 38 pl distilled water;
20 ul copper sulphate; 1.2 ul Alexa Fluor 594; 50 ul reaction
buffer additive) where they remained for 30 min. The
permeabilization and HEX 70a localization were performed as
described above.

Effect of anti-HEX 70a on hemolymph levels of HEX 70a

and on cuticle sclerotization

Treatment of workers and queens with anti-HEX
70a. Newly ecdysed queen and worker pupae (Pw phase) were
collected from hives and maintained in an incubator at 34°C and
80% relative humidity for 24 h before receiving an injection of
1 pl (1 pg) of the anti-HEX 70a antibody, diluted in 0.9% NaCl,
into the abdominal hemocoel. Controls received 1 pl of 0,9%
NaCl or 1 ul (1 ug) of mouse IgG (ECL™ Western Blotting
Analysis System, Amersham Biosciences) in 0,9% NaCl. The
injected queens and workers, and their respective control groups,
were maintained in the incubator until the adult ecdysis. Since
HEX 70a is an arylphorin, and as such it may be implicated in
cuticle formation, the progress of pigmentation and sclerotization
was followed daily until adult ecdysis. Following adult ecdysis of
the control worker bees, the hemolymph was collected from both
worker groups (control and experimental) for Western blot analysis
to attest the levels of free HEX 70a. Queens had their ovarioles
dissected soon after adult ecdysis and stained with DAPI for
measurement of width.

Western blot. The hemolymph samples from the newly
ecdysed adult workers injected with anti-HEX 70a or with saline
vehicle only were centrifuged at 2000 xg for 1 min at 4°C. Total
protein was quantified [69] in the supernatants and samples
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Abstract: Hexamerins are storage proteins with primordial functions in insect
metamorphosis. They are actively secreted by the larval fat body and stored in the
hemolymph. During metamorphosis they return to the fat body to be processed. For
decades, these proteins were thought to exclusively function as an amino acid source for
tissue reconstruction during the non-feeding pupal and pharate adult stages and, in some
species, for egg production. Recently, new findings have linked the hexamerins to caste
polyphenism and gonad development in social insects. To explore the roles of hexamerins
during the honey bee metamorphosis, we used specific antibodies in expression analysis by
western blot, in situ immunolocalization by confocal laser-scanning microscopy, and in vivo
injections to lower their endogenous levels. Our expression analysis highlighted the
changing expression patterns in the fat body and hemolymph during development, which is
consistent with the temporal dynamics of hexamerin secretion, storage and depletion.
Confocal microscopy showed hexamerin expression in the cytoplasm of both types of fat
body cells, trophocytes and oenocytes. Notably, hexamerin foci were also found in the
nuclei of these cells, thus confirming our western blot analysis of fat body nuclear-enriched
fractions. We also observed that the decrease in soluble hexamerins in antibody-treated
pharate adults led to a precocious adult ecdysis, perhaps in response to the lack (or decrease)
in hexamerin-derived amino acids. Taken together, these findings indicate that hexamerins
have other functions in addition to their well-established role as amino acids sources for
development.
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1. Introduction

The fat body is an abundant tissue in the insect abdomen where it is localized subjacent to the
epidermis (parietal fat body) and around the gut (visceral fat body). It is also found in association with
the gonads, muscles and regions outside the abdomen [1]. The trophocyte, the basic fat body cell type,
the oenocyte, another important cell, and other less common cells in some insect species, such as the
urocytes and mycetocytes, have long been identified as the structural components of the fat body [2].
The fat body is bathed in the hemolymph, which is important for optimizing the secretion and uptake
of molecules in spite of the basal lamina that interfaces between the tissue and the circulating fluid [2].

The fat body has a primordial role in the intermediary metabolism. During the larval stage, it is
actively engaged in the metabolism of lipids and carbohydrates and in the synthesis and secretion of
proteins, which are stored in large quantities in the hemolymph [1; 3]. Hemolymph storage proteins
were first identified by Munn et al. [4-6] and Munn and Greville [7] in Calliphora. Wyatt and Pan [8]
later identified these proteins in the hemolymph of several insects, thus confirming their general
occurrence. The storage proteins have also been referred to as larval serum proteins in the literature.
Some storage proteins have even been named according to the insect genus where they were identified,
for example, calliphorin (from Calliphora), manducin (from Manduca) and others [9; 10]. The name
hexamerins, which has been privileged, refers to their hexameric structure.

The diverse amino acid compositions of the hexamerins have been used to classify them. For
example, arylphorins are named for their high content of aromatic amino acids; there are also
methionine-rich hexamerins and other types [10]. Phylogenetically, the hexamerins belong to the
hemocyanin family, although they have lost the ability to bind and transport oxygen [11].

The hexamerins are mainly synthesized by the larval fat body and are secreted in the
hemolymph. In general, the titer of these proteins in the hemolymph is highest at the end of the larval
feeding stage, but the titer then progressively decreases, due to their uptake by the fat body during and
after metamorphosis. Munn and Greville [7] originally proposed that the hexamerins are the protein
reserves in the fat body during the development of the post-metamorphic non-feeding stages (pupae
and pharate adults). In Calpodes [12] and in Hyalophora cecropia [13], hexamerins form membrane-
bound protein storage granules in the fat body cell cytoplasm. Storage proteins were also isolated from
the fat body of Bombyx mori [14], presumably from protein granules, and the uptake of hemolymph
proteins into fat body granules was demonstrated in Drosophila [15].

Hexamerins may have other functions in addition to being storage proteins. In grasshoppers,
they may play a role as hemolymph juvenile hormone transporters [16-18]. It was also demonstrated
that hexamerins interact with other proteins in a multiprotein complex engaged in sequestration and
transport of juvenile hormone, thus regulating its levels and actions [19], including the action on caste
determination in social insects. In the termite Reticulitermes flavipes, a hexamerin has been associated
to the regulation of the juvenile hormone-dependent soldier caste phenotype [20-23].
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To our knowledge, Ryan et al. [24] were the first to characterize a hexamerin in the honey bee.
They identified a 74 kDa hexamerin subunit in the larval hemolymph using an antiserum against a M.
sexta arylphorin. Years later, Danty et al. [25] analyzed the expression of the 74 kDa hexamerin
subunit and the other three hexamerin subunits of the honey bee. The respective N-termini were
sequenced, and they were named HEX 70a, HEX 70b, HEX 70c and HEX 110, corresponding to the
approximate molecular mass determined by SDS-PAGE migration. Our laboratory further
characterized the cDNAs encoding all four hexamerin subunits, their transcriptional profiles in the
developing fat body, their regulation by morphogenetic hormones, and their expression dependent on
nutritional intake. We also looked for potential regulatory motifs shared by the four hexamerin genes
in the 5° upstream control regions, which could indicate that they are co-regulated [26-29]. In addition,
we investigated the expression of the honey bee hexamerins outside the fat body. Interestingly,
transcripts for HEX 110, HEX 70a and HEX 70b were detected by qRT-PCR in the developing female
and male gonads [29]. Furthermore, the presence of HEX 70a was confirmed in the developing ovaries
and testes by antibody staining and confocal microscopy. Surprisingly, foci of HEX 70a were found
not only in the cytoplasm of the gonadal germ and somatic cells but also in their nuclei [30]. These
results indicated that at least in the gonads, the hexamerins have alternative roles. The presence of foci
of HEX 70a in the nuclei of gonadal cells prompted us to look for the localization of hexamerins in the
fat body cells. We also compared the temporal dynamics of hexamerins expression in the fat body and
hemolymph. In hopes of highlighting the importance of hexamerins in honey bee post-metamorphic
development, we lowered their levels in pharate adults and examined the survival and the timing of
adult ecdysis.

2. Experimental section

2.1. Bee sampling

Honey bee workers (Apis mellifera, Africanized) in different developmental stages (5th instar
larvae, pharate pupae, pupae and pharate adults) and adults (newly-emerged, nurses and foragers) were
collected from hives maintained at the apiary of the University of Sdo Paulo in Ribeirdo Preto, SP,
Brazil.

2.2. Sample preparation for SDS-PAGE and western blot

Hemolymph was collected from the 5th instar larvae in the feeding (L5F) and spinning (L5S)
phases, pharate pupae (PP), pupae (white-eyed/unpigmented cuticle, Pw phase), pharate adults at the
Pb phase (brown-eyed/unpigmented cuticle) and Pbm phase (brown-eyed/intermediarily pigmented
cuticle), newly ecdysed adults (Ne), nurse bees (Nu) and forager bees (Fo). Hemolymph from
individual bees in each developmental phase was collected from a small lateral incision at the
abdominal tergites, using microcapillary tubes previously washed in phenylthiourea solution in water.
The hemolymph was mixed with protease inhibitors cocktail (Protease Inhibitor Cocktail Tablets —
Roche Applied Science) at the proportion of 10:1 (v/v), and centrifuged at 2,000 x g for 1 min at 4°C.
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The supernatants were used for protein separation by SDS-PAGE and hexamerin identification by
western blot and reaction with the specific anti-hexamerin antibodies.

The fat body was quickly dissected from the same bees from which the hemolymph was
collected, placed in microtubes, frozen in liquid nitrogen, powdered with the aid of a small glass
pestle, and centrifuged at 10,000 x g for 10 min at 4°C. The supernatants were used for SDS-PAGE
followed by western blot and membrane incubation with each anti-hexamerin antibody.

Nuclear fractions from the fat body of 5th instar larvae at the spinning phase (L5S) were
obtained by using a procedure based on Kirankumar et al. [31]. After being dissected in PBS; (137 mM
NaCl, 2.7 mM KCI, 10 mM Na,HPO,4, 1.7 mM KH,POy4, pH 7.4), the fat body was rinsed 3 times in
PBS; and gently centrifuged at 250 x g for 15 min at 4°C in 1.5 mL PBS; containing 25 pL protease
inhibitors cocktail. The pellet was resuspended in 1 mL HEPES buffer (SmM HEPES pH 8.5
containing 0.1 mM CaCl, and 10 pL protease inhibitors cocktail), homogenized by passing through a
13 x 0.45 mm Injex"™ needle for 10 times, and centrifuged at 1000 x g for 5 min at 4°C. Once again,
the pellet was resuspended in 150 pL urea/Chaps buffer (8 M urea and 2% Chaps) containing 2,5 uL
protease inhibitors cocktail, sonicated (ultrasonic equipment T14, 40 kHz, Thorton Eletronica Ltda,
Brazil) (3 cycles of 5 min on ice followed by 5 min under vortex), and centrifuged at 20000 x g for 30
min at 4°C. The supernatant served as the source of crude nuclear proteins. Total protein was
quantified [32] in the supernatants and samples containing 5 pg of total protein were used for SDS-
PAGE and western blot.

SDS-PAGE [33] was carried out at 15-20 mA and 4°C using 7.5% polyacrylamide gels
measuring 100 x 120 x 0.9 mm. Following electrophoresis, the proteins were transferred to
nitrocellulose membranes (ImmunBlot™ PVDF Membrane, Bio-Rad). The membranes were stained
with 0.5% Ponceau in 1% acetic acid to check the migration of the sample proteins as well as the
migration of the molecular mass markers (205, 116, 97.4, 66, 45 and 29 kDa, Sigma). Non-specific
binding sites were blocked by incubating the membranes for 16 h in 10% non-fat dried milk in PBS,
(50 mM Tris, 80 mM NacCl, 2 mM CaCl,, pH 8.5). Hexamerins subunits were detected by incubating
the membranes for 1 h, at room temperature, with each hexamerin antibody diluted 1:5000 (HEX 70a)
or 1:1000 (HEX 110, HEX 70b and HEX 70c) in 10% non-fat dried milk in PBS,. The membranes
were washed thoroughly in 0.05% Tween 20 in PBS; (TwPBS) and subsequently incubated for 1 hin a
horseradish peroxidase labeled anti-rabbit IgG secondary antibody (GE Healthcare), diluted 1:12000 in
TwPBS. After washing in TwPBS, the detection was carried out by using the ECL System (ECL™
Western Blotting Analysis System, GE Healthcare).

2.3. Immunolocalization of the hexamerins in the fat body cells

Custom-made polyclonal hexamerins specific antibodies (Affinity BioReagents, Golden, USA;
Rheabiotech, Brazil) were produced from the sequences NLYTKYHGQYP, SYKMHQKPYNKD,
TFNLVENLDNYNDKEAVNEF, RNYDMESNMDMYKDKNVVQK of the HEX 110, HEX 70a,
HEX 70b and HEX 70c subunits, respectively, predicted from the fully sequenced cDNAs [20;21].
These antibodies were used in whole mount preparations of the fat body from worker pharate pupae
(PP phase) prepared as follows: the fat body was fixed for 20 min in 4% paraformaldehyde in PBS;,
permeabilized with 0.1% Triton X-100 in PBS; for 5 min (three washes), and blocked with 0.6%
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Triton X-100 in PBS; containing 5% BSA for 5 min (five washes). This was followed by incubation in
this same solution containing 10% goat serum for 1 h. The fat body was then reincubated with each
hexamerin antibody at a concentration of 1:50 in 0.6% Triton X-100 in PBS; plus 5% BSA and 10%
goat serum for 16 h at 4°C. This was followed by three washes of 5 min and five washes of 20 min in
0.6% Triton X-100 in PBS; plus 5% BSA and subsequent incubation in Alexa Fluor 488 (1:200,
Invitrogen) for 2 h at room temperature. The samples were rinsed again (three washes of 5 min and
five washes of 20 min in 0.6% Triton X-100 in PBS; containing 5% BSA). To stain the cell nuclei, the
fat body was subsequently incubated for 15 min in 1 pg propidium iodide (Invitrogen) diluted in 500
pL of 0.6% Triton X-100 in PBS;. Propidium iodide is an intercalating molecule that binds DNA and
RNA. After rinsing five times in 0.6% Triton X-100 in PBS;, the fat body was transferred to glass
slides, mounted on glycerol 80% (Merck) and examined under a Leica TCS-SP5 confocal microscope
(Leica Microsystems).

2.4. Injection of antibodies against hexamerins

Pupae (Pw phase) were collected from hives and maintained in an incubator at 34°C and 80%
relative humidity for 24 h before receiving an injection of 1 uL of an antibody (1 pg in 0.9% NaCl)
against one of the hexamerins into the abdominal hemocoel. Controls received 1 pL of 0.9% NaCl or 1
pL of mouse IgG (1 pg in 0.9% NaCl). The injection was ministered soon after apolysis when the bees
have initiated the pharate adult development (Pp phase). The injected pharate adults were maintained
in the incubator, at the same conditions mentioned above, up to the adult ecdysis. The hemolymph or
fat body was collected 4 h and 24 h after the injection for Western blot analysis to attest the levels of
soluble hexamerins. Survival as well as the time elapsed to the adult ecdysis were verified.

3. Results

3.1. Dynamics of hexamerin expression in the hemolymph and fat body during and after
metamorphosis

We verified the expression of the four hexamerins in the hemolymph and fat body during
precise developmental time points by western blotting (Figure 1). In 5™ instar feeding larvae (L5F), all
hexamerins exist in a larger quantity in the hemolymph than in the fat body, indicating intense
secretion to the hemolymph. During the next developmental phase when the 5™ instar spinning larvae
(L5S) prepare for the metamorphic molt, the abundance of all hexamerins increases in the fat body.
Based on what is known about the exchange of hexamerins between the fat body and hemolymph, this
increase may denote the resorption of hexamerins into the fat body, via sequestration from the
hemolymph. From the L5S time point to the pharate adult phases (Pb, Pbm), the hexamerins still
remain relatively abundant in the fat body, although HEX 110 is the least abundant. The abundance of
all hexamerins in the fat body decreases to basal levels near the time of adult ecdysis, i.e., at the end of
the last pharate adult phase, Pbd (not shown in Figure 1). However, HEX 70a levels increase again in
the adults, where this protein persists, even in foragers. The persistence of HEX 70a in the hemolymph
of adult workers was first demonstrated by Coomassie Blue stained SDS-PAGE [25]. Since HEX 70a
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comigrates with the small lipophorin subunit (ApoLp-II) [34], we used the specific antibody to verify
and confirm its persistence in adults [28]. This result was reinforced by the detection of HEX 70a
transcripts in adult workers, from the emergence up to 30 days of the adult life [28, 29].

The depletion rate of HEX 70b, HEX 70c and HEX 110 in the hemolymph is variable; HEX
70b is depleted earlier. The depletion of hexamerins is consistent with their function as amino acid
sources for pupal and pharate adult development.
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Figure 1. Western blot analysis of the four hexamerins (HEX 110, HEX 70a, HEX 70b
and HEX 70c¢) in the hemolymph and fat body of developing Apis mellifera workers. L5F
and L5S: feeding and spinning 5" instar larvae. PP: pharate pupae. Pw: pupae. Pb, Pbm:
successive phases of pharate adults. NE: newly ecdysed adults. Nu: nurse bees. Fo: forager
bees. The western blots showing HEX 70a in the fat body and in the hemolymph of pharate
adults (Pb and Pbm phases) and adults (3 days old Nu and 24 days old Fo) were shown
previously (see Fig. 2 in [28].

Hemolymph

HEX 110 _
— ey

Hemolymph

HEX 70a
Fat body

Hemolymph
HEX 70b
Fat body

Hemolymph

HEX 70c

Fat body

L5F L5S PP Pw Pb Pbm Ne Nu Fo

3.2. Detection of hexamerins in isolated fat body cell nuclei

All hexamerins were detected in the nuclear fraction obtained from the fat body, as
demonstrated by SDS-PAGE and western blot analysis using specific antibodies (Figure 2).
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Figure 2. Hexamerins detected by western blot analysis in isolated fat body nuclei.

- HEX 110

- HEX 70b

B HEX 70c

3.3. Immunolocalization of hexamerins in the cytoplasm and nucleus of fat body cells

We detected foci of all the honey bee hexamerins in the trophocytes (Figure 3) and oenocytes
(Figure 4) in the fat body of pharate pupae (PP) by antibody staining and confocal microscopy.
Preparations without the specific (primary) antibodies in Figures 4A-C are the “controls” of the
immunolocalization procedures shown in Figures 3 and 4.

In the trophocytes, foci of HEX 110 (Figure 3A-C), HEX 70a (Figure 3D-F), HEX 70b (Figure
3G-I) and HEX 70c (Figure 3J-L) were evident in the nucleus and in the cytoplasm. The nuclear foci
of HEX 110 (Figure 3A, C) and HEX 70a (Figure 3D, F) were more evident than the nuclear foci of
HEX 70b (Figure 3G, I) and much more evident than the nuclear foci of HEX 70c (Figure 3J, L). The
cytoplasmic foci of all four hexamerins were visualized as dense granules of different sizes or as large
cytoplasmic inclusions, similar to the protein granules (heterophagic vacuoles) formed by fusing
vesicles containing hemolymph proteins described by a previous study [12]. In the trophocytes shown
in Figure 3G, we could see HEX 70b foci regularly localized at the cell surface. Hemolymph proteins
have been described to concentrate at the cell surface before endocytosis occurs inside vesicles, which
subsequently are separated from the cell membrane to form protein granules [12]. Interestingly, the
trophocytes incubated with anti-HEX 70b (Figure 3G) and anti-HEX 70c (Figure 3J) show large
granules of different densities near the cell surface, which suggests that they were derived from
endocytosis of these hexamerins.

A profusion of red inclusions were revealed in the cytoplasm of the trophocytes stained with
propidium iodide (see Figures 3B, E, K and the respective merged images 3C, F, L). Propidium iodide
is a dye commonly used to visualize nuclear DNA, but it also binds to RNA. The red inclusions in the
trophocyte cytoplasm apparently are autophagic vacuoles containing DNA and ribosomal RNA
products remnants of mitochondria and RER recycling. At the time of protein granule formation in the
pre-metamorphic fat body of Calpodes ethlius, cell organelles are isolated by membranes in
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autophagic vacuoles. RER-specific autophagic vacuoles may fuse with heterophagic vacuoles
containing sequestered hemolymph proteins that form protein/RNA granules [12; 35; 36]. Similar to in
C. ethlius [35], the red inclusions in the trophocyte cytoplasm (Figure 3B, E, H, K) are also
characterized by the presence of an uncolored central region that matches the crystalline material in the
center of the granules containing proteins and ribosomal RNA.

Hexamerins were also localized in the oenocytes (Figure 4A-O). The oenocytes prepared
without the specific (primary) antibodies in Figures 4A-C are the ‘controls’ of the immunolocalization
procedure. The patterns of immunolocalization of HEX 110 (Figure 4D-F) and HEX 70a (Figure 4G-I)
are similar, with evident foci of both proteins in the nuclei and smaller scattered foci in the cytoplasm.
The other two hexamerins, HEX 70b (Figure 4J-L) and HEX 70c (Figure 4 M-O), were localized
exclusively in the oenocyte cytoplasm, and HEX 70c is limited to the peripheral cytoplasm.

Figure 3. Confocal microscopy for detection of hexamerins in the trophocytes of pharate
pupae (PP phase). Alexa Fluor 488-stained trophocytes: preparations with (A) anti-HEX
110, (D) anti-HEX 70a, (G) anti-HEX 70b and (J) anti-HEX 70c for detection of the
respective hexamerins (green foci). (B, E, H, K) Propidium iodide-stained cell nuclei (red).
At the right column the merged images show: (C) HEX 110, (F) HEX 70a, (I) HEX 70b
and (L) HEX 70c in the nuclei (yellow foci) and in the cytoplasm (green foci). Large
hollowed arrowheads: nuclear foci of hexamerins. Small arrowheads: hexamerins in small
granules near the cell surface. Large hollowed arrows: hexamerins in large cytoplasm
granules. Small arrows: hexamerins in small cytoplasm granules. The cell in the center of
Figures J, K and L is an oenocyte. The profusion of red inclusions in the trophocyte
cytoplasm (B, E, K) are propidium iodide stained nucleic acids (DNA/ribosomal RNA),
apparently derived from remnants of mitochondria and RER sequestered in autophagic
vacuoles.
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Figure 4. Confocal microscopy for detection of hexamerins in the fat body oenocytes of
pharate pupae (PP phase). Alexa Fluor 488-stained enocytes: preparations (A) without the
specific (primary) antibody (control) or with (D) anti-HEX 110, (G) anti-HEX 70a, (J)
anti-HEX 70b or (M) anti-HEX 70c for detection of the respective hexamerins (green
foci). (B, E, H, K, N) Propidium iodide-stained cell nuclei (red). At the right column the
merged images show: (C) the control without the antibody, (F) HEX 110 and (I) HEX 70a
mainly in the nuclei (yellow foci) but also in the cytoplasm (green foci), (L) HEX 70b in
the cytoplasm (green foci), (O) HEX 70c at the cytoplasmic periphery (green foci).
Arrowheads: nuclear foci of hexamerins. Arrows: hexamerin foci in the cytoplasm.
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3.4. Injection of antibodies against hexamerins in pharate adults: effect on survival and timing to adult
ecdysis

The injection of each antibody against the hexamerins resulted in decreased levels of these proteins
as shown by western blot analysis of the hemolymph or fat body (Figure 5A). At the 24 h post-
injection time point, the bees were at the beginning of the Pb pharate adult phase. At this stage, HEX
110 decreases in the hemolymph and the levels of HEX 70c will fall somewhat later (before the Pbm
phase) (see Figure 1). HEX 70a remains high as previously demonstrated (see Fig. 2 in [28]). We
verified that 4 h after the injection of anti-HEX 110 or anti-HEX 70a, the levels of the respective
hexamerins decreased in the hemolymph. However, normal levels of HEX 70a were recovered 24 h
after the injection. A decrease in the hemolymph levels of HEX 70c was observed 24 h after the
injection (Figure 5A). Because the level of HEX 70b is normally very low in the hemolymph during
the Pb phase (see Figure 1) and thus impairs the analysis of the effect of anti-HEX 70b, we used the fat
body, where the level of this hexamerin is still high (see Figure 1), in the western blot analysis shown
in Figure 5A. This figure illustrates that the injection of the antibody caused HEX 70b depletion in the
fat body.

The injections did not significantly affect survival (p = 0.524) up to adult ecdysis (Figure 5B), but
the bees injected with the antibodies against hexamerins underwent adult ecdysis significantly earlier
than the controls injected with 0.9% NaCl or anti-mouse (p = 0.019) (Figure 5C).
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Figure 5. Effect of the injection of anti-hexamerins in pharate adults. (A) Western blots
showing depletion of HEX 110, HEX 70a and HEX 70c in the hemolymph, and depletion
of HEX 70b in the fat body of pharate adults, 4 and 24 h after injection with 1 pg of the
respective antibodies diluted in 0.9% NaCl. Control groups were injected with 0.9% NaCl
or with 1 ug of anti-mouse in 0.9% NaCl. The western blot showing the effect of anti-
HEX 70a on HEX 70a depletion was previously shown (see Fig. 4 in [30]). (B) All the bee
groups (each containing 22 bees) showed similar survival rates, regardless of anti-
hexamerin injection (p = 0.524). (C) The injected and control groups significantly differed
in the time elapsed to the adult ecdysis (p = 0.019). Data were analyzed using Kaplan-
Meier survival analysis: Log-Rank followed by multiple comparison procedures ()’ test)
(R statistical software, version 2.15.0) .
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321 4. Discussion and Conclusions
322 During the metamorphic molt in holometabolous insects, the fat body changes its typical larval

323  architecture, made of layers or clumps of cells, to dissociated individual cells that lose their adhesion
324  to each other [37]. The fat body cells are mostly free in the hemolymph of the honey bee at the pharate
325  pupae stage [38; 39]. At the following pupal and early pharate adult stages, there is a switch from
326  synthesis and secretion of hexamerins, to their sequestration. Studies establishing the correlation
327  between the depletion of hexamerins from the hemolymph and the appearance of granules in the
328  trophocyte cytoplasm predicted that the sequestered hexamerins are stored in these granules for further
329  utilization [12; 13]. This dynamic swap was apparent when we compared the levels of HEX 70b in the
330  hemolymph and fat body of metamorphosing honey bees. There was a progressive decrease of HEX
331  70b in the hemolymph of pharate pupae (PP phase), pupae (Pw phase) and early pharate adults (Pb
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phase) as it increased in the fat body (see Figure 1). HEX 70c also showed a similar dynamic, although
not as distinctly. The HEX 110 behavior was somewhat different because we could not see a clear
increase of this hexamerin in the fat body. Like the majority of the hexamerins, HEX 70b, HEX 70c
and HEX 110 are essentially ‘metamorphosis proteins’, as such, their abundance lowers to basal levels
at adult ecdysis. However, as reported previously [25; 28], HEX 70a persists even in adults (see Figure
1). Based on the contrasting expression profiles of the fat body and hemolymph, HEX 70b may be
considered as the most stereotypical hexamerin in the honey bee.

Hexamerin foci were detected in small and large spheroid inclusions, similar to protein
granules of different sizes, in the cytoplasm of the trophocytes from pharate pupae. The appearance of
protein granules in the fat body of A. mellifera shortly before pupation was reported decades ago by
Bishop [40; 41]. Using schematic illustrations, Snodgrass [38] referred to the localization of these
granules in the periphery of the trophocyte cytoplasm in the honey bee pharate pupae and also
commented that the number of these protein granules continues to increase during the early part of the
pupal stage and then disappears near the time of adult ecdysis. Poiani and Cruz-Landim [42] also
found large amounts of protein granules in the trophocytes from pharate pupae. The spheroid
inclusions, or granules, stained with anti-HEX 70c and with anti-HEX 70b in the trophocytes were
mainly localized at the cytoplasmic periphery (see Figure 3G, 1, J, L), similar to the protein granules
described by Snodgrass [38]. Apparently, the observed granules are involved in the storage and
recycling of HEX 70b and HEX 70c. Granules stained with anti-HEX 110 and anti-HEX 70a were less
abundant in the trophocytes, but this may be due to fat body regionalization. In D. melanogaster, the
rate of protein granule formation differs among regions of the fat body [43]. Because we used
dissociated fat body from pharate pupae whole body, the trophocytes shown in Figure 3 may come
from different regions. Small protein granules are initially formed in the trophocytes and grow by
fusing with other granules [12]. It is then possible that the fusion of protein granules is just starting in
the trophocytes shown in Figures 3A (stained with anti-HEX 110) and 3D (stained with anti-HEX
70a).

The presence of hexamerins in the cytoplasm of the trophocytes was expected, but we also
found small foci of hexamerins in the oenocyte cytoplasm. Oenocytes differ from trophocytes in
embryological origin, morphology, and biochemical and physiological functions; they are required for
lipid processing, larval growth, the production of pheromone and developmental signaling [37; 44].
Because storage proteins were up to now described in the trophocytes, which are the cells that
accumulate proteins in granules and cell inclusions, it was surprising to find hexamerins in the
oenocytes. Even more remarkable was, however, to detect the four hexamerins in the nuclei of the
trophocytes and HEX 110 and HEX 70a in the nuclei of the oenocytes.

The immunolocalization of the hexamerins in the fat body cell nuclei confirmed the western
blot results (Figure 2), which revealed the presence of the four hexamerins in fat body nuclear-
enriched fractions.

Previously, our laboratory showed that HEX 70a is localized in the nuclei of ovarian and testis
cells, which implied a novel role for this hexamerin in the gonads. The nuclear colocalization of HEX
70a with the cell cycle S-phase marker EdU further indicated that HEX 70a may play a role in DNA
replication for cell proliferation or polyploidization [30]. This hypothesis is supported by previous
experiments demonstrating that a fat body hexamerin (a 77 kDa arylphorin subunit) in lepidopterans



374
375
376
377
378
379
380
381
382
383
384
385
386
387
388
389
390
391
392
393
394
395
396
397
398
399
400
401
402
403
404
405
406
407
408
409
410
411
412
413
414
415

Insects 2012, 3 17

was efficient in stimulating the in vitro proliferation of larval midgut stem cells. Furthermore,
experiments using BrdU labeling confirmed that arylphorin induces DNA synthesis and has mitogenic-
stimulating activity in vivo [45-50].

However, in contrast to the honey bee ovarian cystocytes, which are mitotically active as
shown by BrdU (5-bromo-29deoxy-uridine) labeling [51] and also by EdU labeling [30], the
trophocytes in the pharate pupae fat body are not engaged in cell division, but rather in cell
dissociation for metamorphosis. Therefore, the function of hexamerins in the fat body nucleus of
pharate pupae is certainly not related to cell proliferation. Interestingly, a storage protein (SP2) from
the hemolymph of Bombyx mori, which shows 25-30% similarity with the honey bee hexamerins,
suppressed nuclear fragmentation and apoptotic body formation in HeLa cell cultures [52]. This
intriguing result may indicate that at the pharate pupae stage, the hexamerins protect the fat body cells
from cell death during metamorphosis.

This dual function, regulation of cell proliferation and protection against apoptosis, has been
demonstrated for a protein kinase, CK2, which has long been linked to cell proliferation, but which
also acts as an anti-apoptotic protein in cancer cells [53]. CK2 inactivates proteins involved in
promoting apoptosis, and has been associated to cell survival through the regulation of the function of
proteins with roles in transcription, cell signaling, cell-cycle control and DNA repair [54, 55]. The
same way it was inferred for hexamerins, CK2 translocates from the cell cytoplasm to the nucleus.
Putative substrates for CK2 in the nucleus may include growth factors and non-histone proteins,
including transcript factors; chromatin as well as the nuclear matrix should be the preferential targets
for CK2 association in the nucleus [53].

Our previous data [30] strongly suggested a function of hexamerins in gonadal cell
proliferation. The current data allow us to suggest a complementary role of nuclear hexamerins in
protecting fat body cells from cell death during the metamorphic transition. It is noteworthy that few
trophocytes in our histological preparations were labeled with anti-HEX/Alexa fluor, being the
enocytes labeled more frequently. Labeled cells may be those that were preserved from apoptosis.

Supporting our data indicating the presence of hexamerins in cell nucleus, Begna et al. [56]
also detected HEX 110 in the nuclear proteome of worker and queen honey bee larvae in the 4th and
S5th instars by using nuclear protein enrichment, two-dimensional electrophoresis and mass
spectrometry.

Here, we have also shown that the injection of each antibody at the working concentration of 1
pg in the hemocoele of early pharate adults caused partial or total depletion of hexamerins 4 h and/or
24 h post-injection. Depletion of hexamerins did not result in significant mortality in comparison to the
control groups. However, the timing of pharate adult development and the ecdysis to the adult stage
were significantly accelerated. By cross-reacting with hexamerins and hence inactivating them, the
injected antibodies may have disturbed the utilization of these proteins for pharate adult development.
Interestingly, a precocious ecdyse was observed independently of the type of the injected anti-
hexamerin antibody. In spite of the differences in the effectiveness of the knockdowns, resulting in
total or partial depletion of the hexamerins, or even depletion followed by recovery to normal levels,
all the anti-hexamerin-treated bees ecdysed earlier than the controls. Though consistent, this result is
difficult to explain, and the complexity increases even more when it is considered that in the
hemolymph, the subunits may combine to form a heteromeric hexamerin. If so, by cross-reacting with
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the specific subunit in the heteromer, the antibody indirectly also precipitates non-specific subunits.
This would tentatively explain the similar effect of injection of each specific antibody on ecdysis
timing. In this context, further studies on the interaction of the subunits and structural organization of
hexamerins are relevant.

While pupae and pharate adults do not feed, their development is supported by the endogenous
stocks of nutrients accumulated during the larval stage. Hexamerins are the main storage proteins in
the larval hemolymph and the main source of amino acids for pupal and pharate-adult development.
Functioning as nutritional sensors, the natural depletion of hexamerins may play a critical role in
signalizing the onset of adult ecdysis. It is possible that the decrease in soluble hexamerins in
antibody-treated pharate adults induced a precocious adult ecdysis in response to the lack (or decrease)
in hexamerin-derived amino acids.

It is known that metamorphosis in insects is initiated by an as yet largely unknown size-sensing
mechanism [57], where the nutritional status of the larvae has an important role in controlling its final
size and the onset of the metamorphic molt. Entry into the metamorphic molt depends on a size
threshold, or critical weight, at which endocrine events lead to cessation of feeding and onset of
metamorphosis [58; 59]. We hypothesize that a nutrient-sensing signal also functions in pharate adults,
thus controlling developmental timing to adult ecdysis, which may be disturbed by the depletion of
storage proteins. This hypothesis requires further investigations.

Taken together, our results enhance the understanding of the functions of hexamerins. Clearly,
the combined use of molecular biology, genetic and biochemical tools are needed to specify the
nuclear function of hexamerins in the fat body during insect development.
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